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ABSTRACT: Proton-coupled electron transfer (PCET) is a fundamental redox process and has clear advantages in selectively
activating challenging C−H bonds in many biological processes. Intrigued by this activation process, we aimed to develop a facile
PCET process in cancer cells by modulating proton tunneling. This approach should lead to the design of an alternative
photodynamic therapy (PDT) that depletes the mitochondrial electron transport chain (ETC), the key redox regulator in cancer
cells under hypoxia. To observe this depletion process in the cancer cell, we monitored the oxidative-stress-induced depolarization of
mitochondrial inner membrane potential (MMP) using fluorescence lifetime imaging microscopy (FLIM). Typically, increasing
metabolic stress of cancer cells is reflected in a nontrivial change in the fluorophore’s fluorescence lifetime. After 30 min of
irradiation, we observed a shift in the mean lifetime value and a drastic drop in overall fluorescence signal. In addition, our PCET
strategy resulted in drastic reorganization of mitochondrial morphology from tubular to vesicle-like and causing an overall depletion
of intact mitochondria in the hypodermis of C. elegans. These observations confirmed that PCET promoted ROS-induced oxidative
stress. Finally, we gained a clear understanding of the proton tunneling effect in the PCET process through photoluminescence
experiments and DFT calculations.
KEYWORDS: proton tunneling, proton-coupled electron transfer, photodynamic therapy, metal free, fluorenone derivatives

Proton-coupled electron transfer (PCET) is a well-known
fundamental redox process where a proton and electron are
simultaneously transferred to the respective proton and electron
accepting site.1,2 However, it is unclear whether the PCET
occurs as a concerted process without intermediate formation or
as a multistep pathway where either the electron (ET = Electron
Transfer) or the proton (PT = Proton Transfer) relocates in two
separate steps. Nevertheless, the total Gibb’s free energy
(ΔGPCET) is considerably more negative than its values for the
individual processes (ΔGET or ΔGPT).3−6 In this context, it
should be noted that the rapid proton tunneling results in faster
rates of PCET, which affects catalysis. However, this tunneling
does not alter the thermodynamic characteristics of the
respective chemical reactions; rather, it enhances PT if it is
involved in the rate-determining step.7−11 Notably, PCET
behaves similarly to traditional hydrogen atom transfer (HAT).

However, PCET has clear advantages for the activation of many
organic molecules that are impossible to achieve via HAT.12,13

In particular, simultaneous breaking and formation of bonds via
HAT must always be considered, with regard to the respective
bond strengths. This could be a significant drawback when
cleaving a particularly strong bond, which makes the design of
robust HAT-mediated strategies challenging. For example,
many protic functional groups such as alcohols or amines have
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bond strengths of more than 100 kcal mol−1, which is certainly
quite high for designing a robust HAT reagent. If these bond
strengths are provided by the HAT reagent, this could create
additional selectivity issues inside the molecule due to the
presence of weaker bonds.14,15 Considering all these factors,
PCET is an energetically less demanding process and plays many
key roles in biological processes such as photosynthesis,
enzymatic catalysis, respiration, nitrogen fixation, and many
others (Scheme 1A).16,17

Photodynamic therapy (PDT) has emerged as an alternative
treatment for cancer patients (Scheme 1B). PDT requires a
photosensitizer that, under the light irradiation, generates an
excited singlet state.18−22 After formation of this singlet excited
state, there are two possibilities: (i) relaxation to the ground
state and (ii) intersystem crossing into a less energetic triplet
excited state.23−25 Due to the relatively longer lifetime26,27 as
well as the spin angular momentum conservation,28 PDT
proceeds efficiently via the triplet excited state, generating
reactive oxygen species (ROS) such as hydroxy radicals (·OH),
superoxide radical anions (O2

•−), or singlet oxygen molecules

(1O2). While highly reactive hydroxy radicals are immediately
quenched through interacting with biomolecules at the site of
their formation, singlet oxygen plays the key role as a ROS in the
PDT, due to the fast reaction rate constant of ≈1−3 × 109 M−1

s−1 for singlet oxygen generation (fast as compared to electron
transfer processes with reaction rate constants smaller than 1 ×
107 M−1 s−1).29−31 From this comparison, it becomes clear that
the presence of oxygen is essential for designing an efficient
PDT, although most of cancer cells grow under hypoxia (oxygen
is not available in sufficient amounts).32 Indeed, there exists
several strategies for enhancing the effect of PDT under hypoxia;
however, for instance, in type-I PDT, despite the lower demand
for oxygen, type-I photosensitizers still necessitate interaction
with O2, which can be supplemented through the subsequent
reaction process.33−35 Thus, the design of alternative PDTs that
work efficiently in the absence of oxygen or under low
concentration of oxygen is highly desirable.36,37 For these
alternative PDTs, the mitochondrial electron transport chain
(ETC), which essential for the redox regulation in cancer cells
under hypoxia, is depleted via the disruption of 1,4-

Scheme 1. Photodynamic Therapy Using PCET
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dihydronicotinamide adenine dinucleotide (NADH).38−41 In
general, NADH acts as the key electron source in the ETC, so
that its depletion directly affects the redox reactivity in cancer
cells. In this way, cancer cells are destroyed in a highly selective
manner under hypoxia. In particular, this route requires one to
consider an alternative oxidant such as cytochrome c (cyt c), a
heme protein that is localized in the compartment between the
inner and outer mitochondrial membranes. Notably, the redox
activity of cyt c is attributed to the presence of an iron (Fe) atom
in the porphyrin ring, and the transfer of electrons between cyt c
and its redox partners involves the conversion between ferrous
(FeII) and ferric (FeIII) forms.42−44

Recently conducted detailed investigations of the NADH:u-
biquinone oxidoreductase-mediated PCET triggered our
interest in designing a PCET-based depletion approach for
cancer therapy.45 Particularly, a remarkable charge-transfer
process between NADH and a protein-bound flavin (FMN)
cofactor was initiated via an ET between the aromatic ring
systems of the cofactors. Inspired by this insight, we aimed to
design a PCET-based photocatalyst that could trigger the
depletion of NADH in cancer cells (Scheme 1C). The previous
observation of the prevalence of carbonyl functionalities in
PCET has led us to consider them as potential photocatalysts for
this process.45 In particular, the generation of ketyl radicals
through PCET is more energetically favorable than the one-
electron reduction of carbonyl groups to generate ketyl radicals
through outer-sphere electron transfer.46 In addition, due to the
relatively weak O−H bond in ketyl radicals, they can serve as a
source of H• and can subsequently return to carbonyl groups.
Moreover, PCET is enhanced by the presence of a carboxylic
acid functional, which lead us to surmise that the direct
installation of this functional group in the photocatalyst could be
beneficial for the depletion of the NADH moiety.47 In general,
the acid group plays a crucial role in facilitating a mechanism that
involves hydrogen atom transfer at a distinct oxygen atom,
resulting in a degenerate isomerization process and unstrained
transition state. This mechanism is also observed in carboxylic
acid dimers, where it is responsible for proton tunneling. This, in
turn, facilitates the transfer of protons from NADH to the
photocatalyst.48,49 Additionally, the presence of carboxylic acid
functional groups can modulate solubility and lipophilicity.50

For observing PCET in cancer cells, we utilized fluorescence
lifetime imaging microscopy (FLIM) of mitochondria.51 In fact,
previous reports demonstrated that changes in the excited-state
fluorescence lifetime (FLT) can directly report on mitochon-
drial membrane potential variations, which are correlated with
the cellular metabolic state.52 Particularly, the FLT is highly
sensitive to the microenvironment and can be used as a direct
identifier for disorder in cancer cells.

Our main goal was to develop a robust photocatalyst that uses
PCET for depleting NADH under biological conditions. To
prove the concept, we triggered NADH depletion with
fluorenone derivatives (FLn), which can be activated by blue
light irradiation with an LED (λ = 456 nm, 24 W). Indeed, we
observed that NADH was oxidized to NAD+ only in the
presence of FL5 (Scheme 2). For the quantification of this
transformation, we employed 1H NMR and observed that some
of the peaks (such as chemical shift between 8.8 and 8.2 ppm)
were slightly shifted due to interactions in the mixtures (Scheme
2). Our initial investigations revealed a turnover number (TON)
of 20.6 in the presence of the photocatalyst FL5 (Table S1, entry
1). To verify the role of the two carboxylic acid groups in FL5,
we carried out further investigations with different photo-

catalysts that had either one or no carboxylic acid group (FL1−
4, entries 2−5, Table S1). We observed lower TONs in the
presence of the photocatalysts FL1−4, which clearly indicated
the importance of the two carboxylic acid groups under the
biological conditions.

To further increase the TON, we reduced the photocatalyst
loading. This increased the TON to 51 (entry 6, Table S1). By
decreasing the reaction time, and varying additives, solvent
system, and light sources (entries 7−10), we could increase the
TON further to 56.6 within 3 h! To clarify the importance of
light, photocatalyst, and O2 in this reaction, we performed
control experiments that indicated that the presence of all these
parameters was essential for this transformation (entries 12−
14).

To further investigate the depletion of NADH under hypoxia,
we investigated our optimized catalytic conditions in the
absence of O2, but with cytochrome c (cyt c) as the main
oxidant. Generally, cyt c is a small heme protein, which plays the
major role in cell apoptosis.38 It is loosely associated with the
inner membrane of the mitochondrion and participates in redox
reactions via the transformation of its Fe− center between
Fe(II) and Fe(III), which makes it an important component in
mitochondrial ETC. We thus considered cyt c as the terminal
electron acceptor under hypoxia for the oxidation of NADH in
the presence of FL5 and monitored this with UV−vis
spectroscopy (Scheme 3). As it occurs, the absorption peaks
at 420, 520, and 550 nm increase in time, clearly indicating the
reduction of cyt c(FeIII).38 In addition, the conversion of NADH
to NAD+ could be monitored by the increasing and decreasing
absorption peaks in the range from 250 to 370 nm (more details
in Figure S3). It is worth noting that the linear behavior of
absorption of the band 550 nm in time could be attributed to the
similar reduction rate within 1 h.

Encouraged by the reactivity of our photocatalyst, we
investigated the extent of FL5’s photocytotoxicity in human
breast adenocarcinoma cells (MCF7). For this purpose, cells
were treated with 200 μM FL5 and irradiated with blue laser

Scheme 2. 1H NMR of NADH, NAD+, and Model
Photocatalytic Reaction with Irradiation of Light

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.4c00815
JACS Au 2024, 4, 4856−4865

4858

https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00815/suppl_file/au4c00815_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00815/suppl_file/au4c00815_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00815/suppl_file/au4c00815_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00815/suppl_file/au4c00815_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00815?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00815?fig=sch2&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00815?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


light (λrad = 460−480 nm) for 60 min. To visualize the cytotoxic
effect of FL5, we employed FLIM to image mitochondria
labeled with the fluorescent probe tetramethyl rhodamine
methyl ester (TMRM, λexc/emi = 548/574 nm). This dye is
routinely exploited for detecting changes in mitochondrial
membrane potential (MMP).53 In fact, the TMRM is the
preferred fluorophore for quantitative MMP measurements
because it does not aggregate in cell membranes and shows
minimal interaction with membrane proteins. Thus, the trans-
mitochondrial membrane distribution of TMRM directly
correlates with the membrane potential following Nernst
equation.54 MMP is critical for maintaining the physiological
function of ETC to generate ATP. A significant loss of MMP
renders cells depleted of energy, leading to subsequent cell
death. Usually, one monitors the TMRM fluorescence intensity
for quantifying variations in MMP.55 However, intensity-based
measurements are often prone to concentration-dependent
artifacts. As an alternative, FLIM is concentration-independent
and robust against intensity-based artifacts. Recent work has
shown that autofluorescence-based NADH/NADPH FLIM56

and TMRM-FLIM can discriminate metabolically different cells
based on MMP.53 Furthermore, it has also been demonstrated
that the excited-state fluorescence lifetime of TMRM in human
colorectal carcinoma cells (HCT116) decreases upon gradual
loss of MMP after treatment with the mitochondrial uncoupling
agent, trifluoromethoxy carbonylcyanide phenylhydrazone
(FCCP).53 Accordingly, we used FLIM for imaging TMRM-
stained mitochondria on FL5-treated and blue-light-irradiated
MCF7 cells using a custom-built confocal microscope equipped
with fast-timing electronics. In particular, we acquired FLIM
data sets at three different time points, under “dark” conditions
(with FL5 but no blue light irradiation), after 30 min, and after
60 min of blue light irradiation. We determined fluorescence
lifetimes by tail-fitting measured time-correlated single photon
counting (TCSPC) histograms with a multiexponential decay
model. FLIM imaging was performed in triplicates for each
condition examined, and representative images are demon-
strated in Scheme 4. Scheme 4A,B shows corresponding average
fluorescence lifetime values and fluorescence intensities,
respectively, for a representative set of MCF7 cells. In Scheme
4C, fluorescence lifetime values of TMRM from one
representative cell (marked with a white circle) for each of the
imaging conditions are plotted. We observed a reduction in
average fluorescence lifetime from 2.3 ns under “dark” to 1.5 ns
after 30 min of blue light exposure. Beyond that, the average

lifetime after irradiation remains constant at 1.5 ns even after 60
min of irradiation, which strongly indicates that blue light
irradiation for the initial 30 min was sufficient for the
photoactivation of FL5. However, the presence of a second
cell in the same ROI (Scheme 4A) exhibits an increase in average
FLT (fluorescence lifetime). As demonstrated earlier for
HCT116 cells treated with FCCP,53 depolarization of MMP is
manifested by an increase in TMRM FLT. Therefore, to avoid
any ambiguous inference from our FLIM data, we decided to
compare fluorescence intensities instead. As illustrated in
Scheme 4D, when we compared the fluorescence intensity
(photons) recorded from the full image ROI, it manifests a
drastic drop after 30 min of blue light irradiation and drops
further after 60 min of exposure. It is well-known that in case of
loss of MMP, TMRM is dispersed throughout the cell cytosol
and fluorescence signal at mitochondria drop dramatically. Loss
of MMP indicates bioenergetic and metabolic stress and might
result in the release of apoptotic factors leading to cell death. To

Scheme 3. Photocatalytic Oxidation of NADH with FL5 and
cyt c under Hypoxia

Scheme 4. FLIM Imaging of MCF7 Cells Treated with FL5a

aA. FLIM images of MCF7 cells treated with 200 μM of FL5 and
stained with TMRM. Left panel shows cells stained and treated with
FL5 but no irradiation. Middle and right panels depict the same cells
after 30 and 60 min of irradiation, respectively. B. Fluorescence
intensity images of same cells as in panel A. C. Comparative plot of
fluorescence lifetime values of TMRM in a representative cell under
dark (left), after 30 min of photoirradiation (middle), and after 60
min of photoirradiation (right) FLIM images of MCF7 cells stained
with TMRM for two sets of control experiments. D. Comparison of
fluorescence intensity (photons) recorded from the full image ROIs in
panel B. It manifests a drastic drop after 30 min of blue light
irradiation and drops further after 60 min of exposure. E. Cells were
not treated with FL5 and imaged under dark (left panel), irradiated
for 30 (middle panel), and 60 min (right panel).
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validate our findings further, two independent sets of control
measurements were also performed. In the first set, we did not
treat cells with FL5 (Scheme 4E). In the second set, cells were
treated with FL5 but without blue light irradiation (FigureS4 in
the Supporting Information). To our delight, we did not observe
any obvious change in fluorescence lifetime up to 60 min, which
clearly confirmed that both the presence of photocatalyst and
light are essential. Furthermore, we also conducted TMRM-
FLIM experiments on MCF7 cells treated with FL1 and FL4
(Figures S5 and S6) and did not observe obvious changes in
FLT values.

Inspired by the results of our FLIM experiments, we
performed CellROX assays on MCF7 cells to confirm whether
the photoactivated photocatalyst (FL5) led to any intracellular
oxidative stress and generation of ROS species.57,58 In a
CellROX assay, a cell-permeant fluorogenic probe (CellROX
Orange Reagent) is utilized for measuring the oxidative stress in
living cells. It relies on the membrane-permeable dye CellROX
Orange Reagent, which is nonfluorescent in its reduced state but
exhibits bright orange fluorescence when oxidized by ROS, with
the maximum absorption/emission wavelengths of ∼545/565
nm. To investigate this, MCF7 cells were treated with 5 μM
CellROX and were irradiated with blue laser light in the
presence of 200 μM of FL5. In fact, after irradiation for 30 min,
we observed an increased brightness and global increase in
fluorescence intensity of these cells (Scheme 5B) as compared to

the control (without FL5 treatment irradiation) (Scheme 5A).
Since ROS serves as the main oxidizing agent of CellROX to
generate a fluorescent product, the observed strong increase in
fluorescence of CellROX orange affirms the buildup of
intracellular ROS under normoxia upon FL5 treatment and
photoirradiation (CellROX is known to detect O2

− and •OH).
For further proving the formation of H2O2, photogenerated
H2O2 was detected and analyzed in the presence of
triphenylphosphine (PPh3) by GC-MS (see Figure S2 in the
Supporting Information).

Next, we investigated the effect of FL5 treatment and
photoirradiation on hypodermal mitochondria of the live
nematode C. elegans. For this purpose, we took advantage of
worms that bear mutation within the src-1 gene, an orthologue
of several human proto-oncogenes. [//wormbase.org]. The src-
1 mutant worms were cultured on an NGM agar plate containing
100 nM TMRM for 2 days in the dark to ensure strong staining
of hypodermal mitochondria. Then, worms were treated with
200 μM of FL5 on NGM plates, placed for microscopy on an

agar pad in 500 μM of FL5, and irradiated with blue light (λrad =
460−480 nm) for 30 min. FLIM imaging was performed using a
custom-built confocal microscope, as described before for
MCF7 cells. In case of FL5-treated and photoirradiated
hypodermis sections, we obtained a shift in mean fluorescence
lifetime value of TMRM from 2.7 ns under “dark” to 2.1 ns after
30 min of blue light exposure (Scheme 6A,B). Most importantly,

we also observe that photoactivation of FL5 upon blue light
exposure for 30 min resulted in a drastic reorganization of
mitochondrial morphology in the worm’s hypodermis from
tubule-like (Scheme 6A) to vesicle-like and led to the loss of
TMRM-stained functional mitochondria with intact membrane
potential (Scheme 6B). Interestingly, a similar transition of the
mitochondrial structure from tubular to donut or blob shape was
previously observed in cells upon oxidative stress.59 In this
previous study, calcium uptake in mitochondria was found to be
an important mediator in the mitochondrial shape transition.
Furthermore, it was also demonstrated that generation of
mitochondrial ROS led to a change in shape from tubular to
donut or blob shapes. Mitochondrial organization in hypo-
dermis of non-FL5-treated worms was similar before and after
irradiation (Scheme 6C,D). These sets of experiments confirm,
first, that FL5 freely permeates into the hypodermis of intact
worms. Second, transition of mitochondrial shape and the loss of
intact mitochondria (hence, MMP) stronglyindicates bioen-
ergetics and metabolic stress as that correlates with our previous
observations on MCF7 cells.

To further examine the photocytotoxicity of FL5, a viability
assay of MCF7 with FL5 was carried out as described earlier
(Scheme 7).60,61 MCF7 cells were stained with a viability marker
(Acridin/Propidium iodide (PI) logos #F23001) and counted
with an automated fluorescence cell counter LUNA FX7
(https://logosbio.com/luna-fx7/) to determine the ratio

Scheme 5. CellROX Assay on MCF7 Cellsa

aA. Confocal micrographs of a set of MCF7 cells reacted with 5 μM of
CellROX. Only autofluorescence is visible. B. Cells treated with FL5
and exposed to blue light for 30 min manifesting a strong increase in
fluorescence signal.

Scheme 6. FLIM Images of TMRM-Stained Mitochondria in
Hypodermis of a Live FL5-Treated C. elegansa

aA. An FL5-treated worm, tubular mitochondrial organization before
irradiation under dark conditions. B. Reorganization of tubular
structures of mitochondria into vesicular spheroids due to oxidative
stress after irradiation for 30 min in the same worm. C. No treatment
with FL5, FLIM image under dark conditions shows healthy tubular
mitochondria. D. After irradiation for 30 min, morphology of
mitochondria remains as before.
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between live and dead cells. In particular, cells were seeded in 3.5
cm ibidi glass-bottom dishes (ibidi no. 81158; for details on cell
culture, see Supporting Information). At first, we conducted a
viability assay on MCF7 cells treated with 0, 50, 100, 200, 400,
and 800 μM of FL5 followed by blue light irradiation for 2 h
(Figure S7). These cell counting experiments confirm that for
200 μM FL5 treated cells, the viability drops to ∼50%, indicating
the half-maximal inhibitory concentration (IC50) dose. Hence,
we continued further investigations using 200 μM of FL5. For
quantifying the number of live and dead cells, cells were first
treated with 200 μM of FL5 and irradiated with blue light for 2
h; second, cells were treated with 200 μM of FL5 but not
irradiated; and finally, cells were neither treated with FL5 nor
irradiated. In contrast to our FLIM measurements, we now
increased the duration of photoirradiation from 60 to 120 min.
This was done because, although a minimum of 30 min
irradiation was enough to induce oxidative stress as seen by the
reduction in TMRM fluorescence, it was not enough to induce
cell death. Hence, cells were monitored after blue light
irradiation for 60, 90, and 120 min, and we found that a
minimum irradiation time of 120 min is required to induce cell
death. Furthermore, we also checked the phototoxicity of blue
light irradiation in the absence of FL5 and ruled out any possible
cytotoxic effects of irradiation alone. Scheme 7 presents the
results of cell counting assays for MCF7 cells from three
different passages in three different days (noted as batches 1, 2,
and 3). Scheme 7A−C shows bar histograms depicting the
number of dead cells/mL (purple), number of live cells/mL
(green), and total number of cells/mL (orange) for each of the
batches. For all batches, a substantial increase in the number of
dead cells (∼39%) was observed after treatment with FL5
followed by irradiation (Scheme 7A). In contrast, we observed
an insignificant reduction of the number of live cells for FL5-
treated that were not exposed to blue light (Scheme 7B), similar
to the “no treatment” control batch (∼6%) (Scheme 7C). These
findings confirmed that photoactivated FL5 was indeed capable
of inducing cell death in tumor cells. Finally, yet importantly, we

compared the fraction of viable MCF7 cells under different
conditions. As shown in Scheme 7D, cells, which received FL5
treatment and irradiation, showed a significant drop in viability
to 52 ± 8% (dark orange), from an initial viability of 93 ± 5%
(violet) for the no-treatment controls. For MCF7 cells that
received FL5 treatment but no irradiation, a minor drop in
viability to 85 ± 4% was observed (green bar, Scheme 7D). The
mean values and standard deviations of cell viability were
calculated by dividing the number of live cells by the total
number of cells using cell counting data from three batches
(batches 1−3, Scheme 7).

To further corroborate the experimental findings, density
functional theory calculations for different photocatalysts were
performed (FL1, FL4, and FL5 in Scheme 8).62 The reaction

started with light absorption of chromophore FLn (A), which
resulted in its excitation to the singlet excited state that decayed
into a long-lived triplet state (B). Here, we considered that the
reactions take place on the triplet potential energy surface. The
reaction proceeds with NADH approaching photocatalyst FLn
in its lowest triplet state, and a single electron transfer occurs
from NADH to FLn, forming a charge-transfer complex (C). A
spin density plot (Figure S8A) shows that, indeed, FLn− and
NADH+ were formed. In an almost barrierless way, thus almost
simultaneously, a proton was transferred to form the NAD and
FLn radicals (D). Thus, this process resembles a proton-coupled
electron transfer. The NAD radical can react further, and the
photocatalyst (FLn) can regenerate by oxidation with O2, first
forming an FLn-O2 complex (E) and, subsequently, by
elimination of •OOH, forming a van der Waals complex,
leading to the return of FLn to its ground state (F). Ultimately,
H2O2 is formed.

The reaction without a photocatalyst (NADH + O2 → NAD•
+ HOO•) has a ΔEr of 20.54 kcal/mol (ΔGr

298 = 17.17 kcal/
mol) and an activation energy of ΔEa of 18.21 kcal/mol (ΔGr

298

= 23.23 kcal/mol). After the TS, a van der Waals complex is
formed that lies 11.62 kcal/mol (ΔG298 = 18.09 kcal/mol) above
the energy level of the reactants. This hydrogen atom transfer is
endothermic and does not proceed easily. The photocatalyst
clearly facilitates this step by allowing electron and proton
transfer to occur almost simultaneously. This implies that the
tunneling probability of the proton has also to be taken into
account.62

The reaction and activation energies for the photocatalyzed
steps are summarized in Table S3, together with the electron
affinities and excitation energy of the lowest triplet state for FLn.

Scheme 7. Viability Assay of MCF7 Cells Treated with FL5a

aA. Bar plots showing cells/mL counted after FL5 treatment and blue
light irradiation for 120 min. A significant number of dead cells are
observed for each batch. B. Counting results for cells treated with FL5
but without irradiation. C. Cells that received no treatment with FL5
and no irradiation were done. D. Comparison of viability percentages
from counted cells in three batches shows a substantial drop in cell
viability in case of cells with photoactivated FL5.

Scheme 8. Free Energy Profiles of the Oxidation of NADH
Catalyzed by FLn under Normoxia

The unit of all energies is kcal/mol.
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The overall reaction energetics is (obviously) the same as for the
noncatalyzed reaction. However, after initial photoexcitation to
the triplet state of FLn, the reaction is downhill. The excitation
toward 3FLn is the same for all three considered compounds.
However, a large difference is found in the SET step from B to C:
for FL1, it is exothermic by 23.23 kcal/mol (ΔG298 = −9.05
kcal/mol), while for FL5, this step is much more exothermic, ΔE
= −37.18 kcal/mol (ΔG298 = −22.77 kcal/mol). This significant
difference is caused by the higher electron affinity (EA) of FL5
compared to FL1, which is already the case for the ground state,
and is even more enhanced in the triplet state due to the
presence of the electron withdrawing carboxylic groups. Figure
S8B shows the spin density calculated for FL5−. The negative
charge on FL5 is delocalized also over the COOH groups, which
stabilizes the negative charge even more. The calculations
indicate that the higher activity of FL5 over FL1 can be linked to
the significantly higher electron affinity of FL5 in its triplet state.
The −COOH groups stabilize the anion by delocalization of the
negative charge. Other substituents that can stabilize a negative
charge are also expected to result in higher activity.

Furthermore, for examining the steady-state photolumines-
cence (PL) (Scheme 9A) of FL1, FL4, and FL5, 10 mg of

photocatalyst were completely dissolved in 1 mL of DMSO. The
PL emission maximum of FL1 is at 518 nm, FL4 is at 505 nm,
and FL5 is at 491 nm. To understand charge carrier generation
and recombination, we measured the PL decays of FL1, FL4,
and FL5 at their respective emission wavelengths (Scheme 9B).
For all samples, the PL decay profiles were recorded with
TCSPC and fitted with a biexponential decay function. Average
PL lifetimes are 13.67 ± 0.01 ns for FL1, 4.98 ± 0.01 ns for FL4,
and 1.57 ± 0.02 ns for FL5. These lifetimes were found to
decrease substantially from FL1 to FL5 upon addition of
carboxylic acid groups, as can be seen from the fit parameters in
Table S2. Especially, the long-lifetime recombination (τ2)
decreased from 13.70 ns (FL1) to 2.96 ns (FL5), along with an
increase of the amplitude of the fast recombination component
(A1), from 17% in FL1 to 92% in FL5. Such a significant
difference suggests that apart from the radiative and non-
radiative recombination, another major factor affects the carrier
recombination dynamics. For confirmation, we also calculated
the rate of electron transfer in FL5, where two carboxylic acid
functional groups are present, and in FL4, where one carboxylic
acid functional group is present. The rate of electron transfer in
FL5 was found to have a larger effect than for FL4 (more details
in Supporting Information). These results confirm that the
incorporation of carboxylic groups promotes efficient proton
tunneling and the higher electron affinity of FL5.

Combining the results of our experimental investigations with
DFT calculations, we propose the mechanisms shown in
Scheme 10 for the photocatalytic oxidation of NADH under

normoxia and hypoxia. Under normoxia, the photocatalyst is
activated by blue light and reductively quenched by NADH (I)
via an electron transfer (ET) proton transfer (PT) process,
resulting in the formation of NAD• (II). Oxygen (IV) is the key
electron acceptor to regenerate the photocatalyst and form the
resulting radical V. II is further oxidized by V to provide NAD+

(III) and H2O2 (VI), which was probed with the measurements
of oxidative stress. Under hypoxia, cyt c (FeIII) (VII) was used as
an electron acceptor instead of O2 and resulted in the
photocatalytic depletion of NADH under hypoxia.

In summary, a PCET process has been developed that leads to
the efficient depletion of NADH and disruption of the electron
transport chain (ETC). A functionalized photocatalyst with two
carboxylic acid groups exhibited an enhanced oxidation ability
and stabilized the intermediates during electron transfer.
Furthermore, the presence of carboxylic acid groups improved
the solubility of the photocatalyst, facilitating the electron
transfer inside tissues or in cancer cells.63 Our experimental
studies and detailed mechanistic analyses contribute to a
comprehensive understanding of the redox processes connected
with PCET and the modulation of the triplet excited state. We
believe that this study will spur the development of more
effective strategies for photodynamic therapy.
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