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ABSTRACT: The emerging field of photoredox catalysis in
mammalian cells enables spatiotemporal regulation of a wealth of
biological processes. However, the selective cleavage of stable
covalent bonds driven by low-energy visible light remains a great
challenge. Herein, we report that red light excitation of a
commercially available dye, abbreviated NMB+, leads to catalytic
cleavage of stable azo bonds in both aqueous solutions and hypoxic
cells and hence a means to photodeliver drugs or functional
molecules. Detailed mechanistic studies reveal that azo bond
cleavage is triggered by a previously unknown consecutive two-
photon process. The first photon generates a triplet excited state,
3NMB+*, that is reductively quenched by an electron donor to
generate a protonated NMBH•+. The NMBH•+ undergoes a disproportionation reaction that yields the initial NMB+ and two-
electron-reduced NMBH (i.e., leuco-NMB, abbreviated as LNMB). Interestingly, LNMB forms a charge transfer complex with all
four azo substrates that possess an intense absorption band in the red region. A second red photon induces electron transfer from
LNMB to the azo substrate, resulting in azo bond cleavage. The charge transfer complex mediated two-photon catalytic mechanism
reported herein is reminiscent of the flavin-dependent natural photoenzyme that catalyzes bond cleavage reactions with high-energy
photons. The red-light-driven photocatalytic strategy offers a new approach to bioorthogonal azo bond cleavage for photodelivery of
drugs or functional molecules.

■ INTRODUCTION
Flavin-dependent enzymes are versatile and important bio-
catalysts.1−3 They participate in numerous natural trans-
formations, including glucose oxidation4,5 and quinone6/
nitro7/azo8 reduction. The cleavage of azo bonds catalyzed by
flavin-dependent azoreductase has been essential in targeted
prodrug activation and hypoxic microenvironment detection in
tumors and colons.9−13 Harnessing the energy of light to mimic
the natural azoreductase for the cleavage of azo bonds holds
great promise to regulate diverse biological processes14 such as
prodrug activation,15 aptamer/antibody recognition,16 and gene
silencing17 in mammalian cells. However, the nitrogen−
nitrogen double bond has a bond energy of 418 kJ/mol.18 The
cleavage of the first nitrogen−nitrogen bond is approximately
half (209 kJ/mol). Therefore, a single photon energy less than
2.2 eV would be insufficient to initiate azo bond cleavage. That
energy corresponds to a photon wavelength shorter than 563
nm. The use of low-energy photons with wavelengths in the
biological windows (650−900 nm and 1000−1700 nm)19,20 to
drive energy-demanding azo bond cleavage in biological
environments remains a great challenge.
The natural flavin-dependent DNA photolyase offers an

excellent example of breaking energy-demanding C−C bonds
for repairing photodamaged DNA.21 Nature’s strategy is to
accumulate multiple photon energies through consecutive
photon excitation to achieve a potent excited state for energy-

demanding redox chemistry. As shown in Scheme 1, the inactive
semireduced radical FADH• was first reduced to FADH−

through a visible photon.22 FADH− was then excited to
FADH−* by the second UV photon to accomplish the cleavage
of the thermodynamically stable cyclobutene ring.23 Nonethe-
less, high-energy visible and UV photons are still required.

In the study reported herein, we discovered that both
commercially available methylene blue (MB+) and a derivative,
new methylene blue (NMB+), enable selective and efficient azo
bond cleavage through photocatalytic reduction, specifically
utilizing red light. The photocatalytic turnover frequency
(TOF) for azo bond cleavage is on par with natural
azoreductase, with a turnover number (TON) over 6.
Intriguingly, the application of intracellular photocatalysis
showcases the simultaneous reductive activation of a prodrug
and a fluorescent probe that were initially linked by the azo
bond. Detailed mechanistic study reveals a fascinating
consecutive two-photon mechanism in which a key red-light-
absorbing charge transfer complex formed between LNMB and
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the azo substrate was identified. This charge transfer complex-
mediated low-energy photon accumulation mechanism is
reminiscent of flavin-dependent natural photoenzymes but is
also significantly different in terms of extending the photo-
excitation wavelength to the red region.

■ RESULTS
Photophysical and Redox Properties of NMB+. NMB+

has a strong visible absorption band in the red region (550−700
nm) due to the n−π* transition associated with the C�S+

chromophore group in the phenothiazinium scaffold. In water,
NMB+ displays its absorption maximum at 630 nm (εmax =
56 174 M−1 cm−1) with a shoulder peak at 593 nm, which arises
from the dimer in the aqueous environment (Figure 1a and
Figure S1).24 Additionally, NMB+ shows red to near-infrared
fluorescence with the emission peak at 653 nm.

Cyclic voltammetry (CV) analysis ofNMB+ reveals reversible
two-electron reduction peaks (E1/2 = −0.10 V vs NHE) and an
irreversible oxidation peak (Ep = 1.54 V vs NHE) (Figure S2).
These CV data suggest that NMB+ undergoes a single electron
transfer to form semireduced NMB+ (NMB•) and then further

Scheme 1. Photocatalytic C−C Bond Cleavage by Flavin-Dependent Natural DNA Photolyase and Nature-Inspired
Photocatalytic Azo Bond Cleavage with Red Light in Mammalian Cells in This Work

Figure 1. Ground state UV−vis characterizations of NMB+ and its ground state ionic associations with OS. (a) UV−vis absorption and fluorescence
spectra ofNMB+ (λex = 610 nm) and LNMB (λex = 320 nm) in water. (b) Stepwise structural changes ofMB+[Cl−] andNMB+[Cl−] upon reduction.
(c) Absorption spectra ofNMB+ (5 μM), OS (50 μM), and their solution mixture; the dark blue line is the calculated spectrum from the sum ofNMB+

and OS. (d) Absorption spectral changes of the mixture of LNMB (5 μM) and OS (50 μM) under an inert atmosphere within 10 min.
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gets fully reduced to leuco-NMB+ (LNMB) (Figure 1b). The
CV profile ofNMB+ closely resembles that ofMB+. The UV−vis
absorption spectrum of LNMB, obtained through chemical
reduction with stoichiometric Na2S2O4, shows no absorption in
the visible region, rendering it colorless. It displays an absorption
maxima at 321 nm and an emission maxima at 476 nm.
Additional photophysical properties of NMB+ and MB+ are
summarized in Table S1.
To evaluate the photoenzyme-like property of NMB+, the

anionic azo prodrug olsalazine (OS) was selected as the model
substrate.25 The absorption spectra of cationic NMB+ show a
bathochromic shift upon the addition of OS in pH = 3.7 acetic
acid−acetate buffer solution, attributed to ionic association
(Figure 1c).26 On the other hand, colorless LNMB, produced
through photoreduction in the presence of the sacrificial
electron donor nicotinamide adenine dinucleotide (NADH)
(Figure S3), generates a new absorption band in the red region
(637 nm) upon the addition of OS under an Ar atmosphere
(Figure 1d). This absorption band persists even upon the
addition of excess Na2S2O4 as the chemical reductant (Figure
S4a). When the atmosphere is switched from Ar to air, the new
absorption band at 637 nm gradually blue-shifts to 629 nm
(Figure S4b). Notably, MB+ also displays similar spectral
changes to OS (Figures S5 and S6).
The ground state association between LNMB and the OS was

explored using proton nuclear magnetic resonance (1H NMR)
and UV−vis absorption spectra. Incrementally increasing the
ratio of LNMB to OS in D2O (from 1:8 to 1:0.5) led to a
discernible downfield shift (0.1 ppm) of the protons on the
aromatic rings of the OS, indicative of ground state association.
To elucidate the specific binding mode of LNMB with OS, we
constructed a Job plot through the titration of OS to LNMB.
The most pronounced change in absorbance within the newly
emerged absorption band occurred at a mole fraction of
approximately 0.5. This suggests a 1:1 bindingmode be themost
likely between the two molecules (Figure 2a). Furthermore, we
determined the binding constant (Ka) of LNMB with OS by
observing the changes in absorbance in the red region following
the incremental addition of OS to LNMB (Figure 2b). Using a
modified Benisi−Hildebrand analysis,27 we calculated a Ka value
of 2.4 × 104 M−1 for LNMB. Notably, LMB displayed a similar
binding mode to OS but with a higher Ka value of 3.3 × 104 M−1

(Figures S7 and S8). These results collectively elucidate the
ground state interaction between the photocatalysts and the azo
prodrug.

Photocatalytic Azo Bond Cleavage. We selected four azo
prodrugs for our study: olsalazine (OS), balsalazide (BS),
sulfasalazine (SS), and SA-azo-C, where SA represents salicylic
acid and C is coumarin (Figure 3a). The first three prodrugs are
FDA-approved drugs.25 Notably, OS, BS, and SS can be
activated by the azoreductase from anaerobic bacteria in the
colon,28 releasing the active drug mesalazine (MS). Besides MS,
SA-azo-C also releases the fluorescent probe coumarin 120 (C)
upon reductive cleavage of the azo bond. All azo prodrug
substrates show n−π* transition bands in the visible light region
(400−500 nm), characteristic of thermodynamically stable
trans-photoisomers (Figure S11). Due to fast photochemical
isomerization and rotation-mediated nonradiative decay of the
singlet excited state,29 the fluorescence of these azo prodrugs is
entirely quenched, in contrast to the highly fluorescent
coumarin (Figure S12). CV studies indicate that all azo
prodrugs have irreversible 4e−, 4H+ cathodic peaks with Ep
ranging from −0.57 to −0.85 V vs NHE,30 suggesting that their

reduction demands substantial energy and directly yields the
fully reduced aromatic amine, i.e., the drug MS (Figure S13).

To activate the azo prodrugs, we employed a photocatalyst
(PC), eitherNMB+ orMB+, andNADH as the electron donor in
a 0.2 M pH 3.7 acetic acid−acetate buffer solution. The solution
was illuminated with a 655 nm laser (400 mW/cm2). NMB+

demonstrated remarkable photocatalytic efficiency in activating
the azo prodrugs within 1 h under standard reaction conditions
(Table 1 and Table S2). Among the prodrugs, OS showed the
highest photocatalytic conversion yield, approaching unity.
Notably, bothMB+ andNMB+ displayed TOFs in the range 10−
140 h−1 across the azo prodrug series (TON > 6). NMB+ had
slightly better photocatalytic performance compared to MB+

within the same order of magnitude. In some cases, they were
superior to natural flavin-dependent azoreductase in terms of the
TOF (Figure S15). The photocatalytic efficiency could be
further improved with higher laser power and lower pH values,
as observed with NMB+ and OS (Figures S16 and S17).

HPLC analysis was employed to monitor potential side
reactions during the photocatalytic activation of the OS. The
result revealed the formation of MS as the sole product (Figure
3b). This observation is consistent with nearly quantitative azo

Figure 2. Ground state association of LNMB with OS. (a) Job plot for
LNMB with OS by monitoring the maximum change of absorbance at
637 nm. (b) UV−vis absorption spectra of LNMB (20 μM) upon
titration of OS. The inset shows the absorbance change at 637 nm with
a modified Benisi−Hildebrand analysis.
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bond cleavage and release of the active drug. Additionally,
changes in the UV−vis absorption spectra during the photo-
activation of OS provided more insight (Figure 3c). Before
irradiation, NADH and OS displayed characteristic absorption
peaks in theUV region. The absorption in the blue region (400−
500 nm) belonged solely to OS, and the red region (550−700
nm) belonged toNMB+. During irradiation, the absorption peak
in the red rapidly bleached within 30 s, concurrently with a swift
decrease of absorption in the UV and blue regions. These
spectral changes were attributed to the reductive cleavage of the
OS azo bond and oxidation of NADH. The absorbance kinetic
trace at 450 nm, where only OS absorbed appreciably, showed a
sensitive response to 655 nm light on−off cycles. The absorption
decreased during light exposure but remained unchanged during
light-off periods (Figure 3d), clearly indicating the indispens-
ability of light for the reductive cleavage of the OS azo bond.

The control experiments revealed the essential role of several
factors, including the PC, light, electron donor (NADH), and
inert atmosphere, for the successful photocatalytic activation of
azo prodrugs, as outlined in Table S3. Additionally, a series of
red-light-absorbing dyes (Figure 4a,b) were selected for
comparison in photocatalytic prodrug activation. Among these
dyes, BB3 and BB12 share a phenoxazine scaffold. These two
dyes displayed negligible photocatalytic activity. This lack of
activity is likely because of short excited state lifetimes of these
dyes typically on the order of several nanoseconds so that
NADH at low concentration (200 μM) would be inefficient to
quench the excited state PC.31 ZnPC and Ce6 are traditional
triplet photosensitizers with phthalocyanine/porphyrin scaf-
folds. They also demonstrated negligible photocatalytic activity
although having a long-lived triplet excited state. This is likely
due to their insufficiently low excited state redox potential for
photoreduction. Only GS and thionin, characterized by the
phenothiazine scaffold and a cationic D−A resonance structure,
showed measurable photocatalytic activities toward OS.
Comparing their molecular structure to that of NMB+ and
MB+, we can deduce that the presence of a reversible two-
electron/one-proton phenothiazine scaffold with a heavy atom-
enhanced triplet excited state is necessary for the molecular PC
in photocatalytic azo prodrug activation, especially at low
concentrations of the electron donor and the substrate (μM
range). These mild conditions offer unique advantages for
photocatalytic azo prodrug activation within cellular micro-
environments.

Figure 3. Photocatalytic azo prodrug activation. (a) Molecular structures of azo prodrugs, MS, and coumarin 120. (b) HPLC analysis. (c) Absorption
spectral changes upon photocatalytic OS activation under standard reaction conditions. (d) Time-resolved photocatalytic OS activation kinetic traces
monitored at 450 nm by on−off switching of the external 655 nm laser.

Table 1. Photocatalytic Azo Prodrug Activation

PC prodrug TOF (h−1) conversion (%) yield (%)

NMB+ OS 143 95.8 88.5
BS 41 93.3 85.7
SS 31 66.0 64.7
SA-azo-C 39 88.8 80.9

Figure 4. Red-light-absorbing PCs in control experiments. (a) Molecular structures of control PCs and (b) absorption spectra of control PCs in water.
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Transient Absorption Spectroscopy. Nanosecond tran-
sient absorption spectroscopy was employed to investigate the
kinetics of the excited state and the semireduced state ofNMB+.
Figure 5a displays the absorption difference spectra of the triplet

excited states of NMB+ after 640 nm pulsed-laser excitation in
pH 3.7 acetic acid−acetate buffer solution under an inert
atmosphere. It revealed two excited state absorption (ESA)
bands at 330−510 nm and 660−800 nm, with peaks at 370 and
700 nm, as well as a ground state bleach (GSB) in the range of
510−660 nm. The triplet excited state lifetime of NMB+ was
determined to be 5.0 μs (Figure S18). Similarly, theMB+ excited
state displayed similar transient absorption features and a triplet
excited state lifetime of 4.2 μs (Figure S18).

* + ++ • +NMB NMBHQ HQ (1)

+• + •+NMB NMBHH (2)

+ +•+ + +NMBH NMB LNMB2 H (3)

Reductive quenching of 3NMB+* in the presence of excess
hydroquinone (HQ) as the electron donor generated the
transient absorption spectra of the semireduced NMB• right
after the laser pulse (eq 1), as shown in Figure 5c and Figure S19.
The characteristic absorption bands of NMB• were observed in
the 330−550 nm range and the near-infrared (NIR) region
(700−1000 nm). NMB• would then accept a proton and
generate NMB+ and LNMB through disproportionation (eqs 2
and 3). The bimolecular disproportionation was found to be
diffusion-controlled with a fitted rate constant kdisp = 6.6 × 109
M−1 s−1 (Figure S20).

[ ]* + +• +LNMB NMBOS OS H (4)

When OS was present in NMB+ solution, no photoinduced
electron transfer (PET) was observed between 3NMB+* and OS
despite a slight decrease in the triplet excited state lifetimes
(Figure S21). Then, the [LNMB-OS] ground state was obtained
by the addition of excess chemical reductant Na2S2O4 to the
solution of 1 to 10 molar ratio of NMB+ and OS. After 640 nm
pulsed laser excitation into the newly formed [LNMB-OS]
absorption band, a relatively weak transient absorption spectrum
appeared that matched the spectrum of NMB•, as illustrated in

Figure 5. Nanosecond transient absorption spectra. (a) Absorption
difference spectrum of NMB+ (5 μM) in acetic acid−acetate buffer
solution at 50 ns time delay after pulsed laser excitation. (b) Absorption
difference spectrum of OS (100 μM) in 0.1 M Na2S2O4 aqueous
solution at an applied bias of −1.2 V vs NHE. (c) Absorption difference
spectrum of NMB+ (5 μM) in HQ (5 mM) aqueous solution at 30 μs
time delay after pulsed laser excitation. (d) Absorption difference
spectrum of NMB+ (5 μM) in the presence of Na2S2O4 (10 μM) and
OS (50 μM) in acetic acid−acetate buffer solution at 10 μs time delay
after pulsed laser excitation (λex = 640 nm).

Figure 6. Photocatalytic SA-azo-C activation in solution and hypoxic cells. (a) Photocatalytic SA-azo-C activation in pH = 6.8 Tris buffer solution and
(b) fluorescence spectral changes of the ongoing photocatalytic reaction shown in (a) within 1 h (λex = 405 nm). (c) Confocal microscopic images of
hypoxic HeLa cells under the indicated conditions. Images in the left column (blue channel, λex = 405 nm, λem = 470 ± 50 nm) represent blue
fluorescence of decaged coumarin 120; images in the middle column (red channel, λex = 633 nm, λem = 690 ± 50 nm) represent red fluorescence of
NMB+; images in the right column are overlaps of the above two channels. Scale bar: 50 μm. (d) Normalized fluorescence intensity collected from the
blue fluorescence channel. Data are represented as mean ± SD (n = 3 independent samples). **p < 0.001. (e) Colocalization between the blue and red
fluorescence channel in the region of interest (ROI).
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Figure 5c and d. The characteristic absorption band in the NIR
region (700−1000 nm) suggested that the transient absorption
signal originated from NMB•, not 3NMB+*. This indicates that
red-light excitation of the charge transfer complex yields NMB•

and OS− as the charge-separated state (eq 4). The charge-
separated state returns to the original charge transfer complex
within hundreds of microseconds (Figure S22). Similar transient
absorption spectra were obtained when LNMB was replaced by
LMB (Figure S23).

Photocatalytic Azo Prodrug Activation in Hypoxic
Cells. The application of molecular photoactivated agents for
cancer photodynamic therapy is severely restricted in hypoxic
microenvironments.32 As an alternative approach, photo-
catalytic therapy has garnered significant attention in recent
years due to its oxygen-independent characteristics.33−35 One
example involves the photoactivation of prodrugs and the
disruption of electron transport with NADH depletion.36,37

Building upon the demonstrated efficient azo bond cleavage
with red light, our objective was to visualize the activation of
photocatalytic azo prodrugs in living hypoxic cells. To achieve
this, the nonfluorescent azo-caged SA-azo-C was selected as the
model prodrug and NMB+ as the model PC. Notably, NMB+

and SA-azo-C showed suitable biocompatibility based on the
cytotoxicity test (Figures S24 and S25). Before proceeding with
in vitro experiments, we first monitored the photocatalytic
activation of SA-azo-C using fluorescence turn-on under
simulated cellular pH environments (pH = 6.8 Tris buffer
solution). As shown in Figure 6a,b, laser irradiation (655 nm) of
a solution containing SA-azo-C (50 μM), NMB+ (50 μM), and
NADH (200 μM) under an inert atmosphere led to a gradual
increase in fluorescence, consistent with the photouncaging of
fluorescent coumarin 120. The yield of activated MS, calculated
from the fluorescent intensity of an equivalent amount of
coumarin 120, was measured to be 46.9% within 1 h.

NMB+was selected as themodel PC for in vitro photocatalytic
azo prodrug activation under hypoxia. As shown in Figure S26,
SA-azo-C has the highest binding constant with LNMB and did
show the highest activation efficiency. However, there is no
obvious relationship between the binding constant and
activation in the other three azo prodrugs. To visualize the
photocatalytic process, confocal laser scanning microscopy
(CLSM) was employed to monitor the fluorescence turn-on
from the caged prodrug SA-azo-C. HeLa cells were incubated
withNMB+ and SA-azo-C, followed by irradiation with a 655 nm
laser (20 min, 20 mW/cm2) under hypoxic conditions (0.1%
O2). Figure 6c−e demonstrate that decaged coumarin 120
displayed significant blue fluorescence, which colocalized with
the red fluorescence ofNMB+with a high Pearson colocalization
coefficient (PCC) of 0.79. The substantial PCC indicates
considerable photocatalytic activation of SA-azo-C in hypoxic
cells; that is to say, the red fluorescence of NMB+ and blue
fluorescence of coumarin 120 overlappedmost significantly after
photoinduced electron transfer from LNMB to OS. It is worth
noting that the observed weak blue fluorescence in the absence
of NMB+ can be attributed to the presence of endogenously
overexpressed azoreductase in hypoxic cancer cells as previously
reported.9,28,38 The Supporting Information (Figures S27−S29)
provides the results of the control experiments. The CLSM data
revealed excellent photocatalytic SA-azo-C activation byNMB+,
effectively depleting cellular electron donors in hypoxic cells.

■ DISCUSSION
Practical biomedical applications involving photochemistry
generally require the use of low-energy photons in the so-called
biological windows (650−900 nm and 1000−1700 nm).19,20

The need for both low-energy light and bond cleavage reactivity
provides a conundrum, as the energy of the absorbed photon
sets a thermodynamic limit as to what type of bonds can be
cleaved. The discovery of red light reactivity in azo bond
cleavage, despite the ostensible mismatch of photon and bond
energy, requires a thorough investigation into the underlying
mechanism. In the discussion below, emphasis is placed on the
elucidation of the proposed two-photon catalytic mechanism
governing azo bond cleavage, along with its profound
implications for the broader domain of bioorthogonal bond
cleavage reactions.

Two-Photon Catalytic Mechanism. As a classical photo-
catalyst or photosensitizer, MB+ and its derivatives have
garnered significant attention for their photochemical properties
and applications.37,39−41 The photocatalytic mechanism ofMB+

predominantly involves single-electron transfer (SET). In most
scenarios,MB+ acts as a potent photooxidant (Ered* = +1.42 V vs
NHE).39 The excited state redox potential for oxidative
quenching (Eox* = −0.12 V vs NHE) is considerably less negative
and unfavorable for challenging bond cleavage, such as the stable
azo bond. The results shown above in which NMB+ or MB+

could readily catalyze the cleavage of azo bonds in the presence
of NADH and red light are quite surprising. The question is why
photocatalysis could indeed occur.

To investigate the mechanism, we selected OS as the model
substrate with an irreversible redox potential for reduction at Ered
= −0.85 V vs NHE and a quasi-reversible redox potential for the
first oxidation at Eox = +0.84 V vs NHE (Figure S14).NMB+was
chosen as the model PC for the subsequent discussion. The
steady and transient absorption spectra (Figure 1d and Figure
S30) clearly indicate that neither LNMB nor NMB• could
reduce OS. Direct azo bond cleavage through triplet excited
state OS is also highly unlikely, as free energy from 3NMB+* is
too low (1.73 eV)42 to do the energy transfer.

We propose a multiphoton-driven catalytic cycle for the
photocatalytic activation of azo bond-containing prodrugs. Two
potential reaction pathways emerge in the multiphoton
excitation photoredox catalysis: (I) consecutive excitation
leading to doublet excited states via NMB•; (II) consecutive
excitation of the charge transfer complex formed between the
prodrug and LNMB. Each hypothesis is further explored in the
discussion below. Note that the first hypothesis relating to
doublet excited states for a number of organic photocatalysts
was often invoked in some recent studies on organic photoredox
catalysis.43−47

One of the drawbacks of the doublet excited states for
photocatalysis is their extremely short lifetimes (τ ∼ 10 ps to 5
ns),43,48 which limits diffusional encounters occurring at low
concentrations.47,49 Due to the rapid disproportionation
reaction of NMB• (kdisp = 6.6 × 109 M−1 s−1), a negligible
amount of NMB• would be present in the steady state to be
photoexcited again. The low micromolar concentration of
prodrugs precludes the SET from the doublet excited state of
NMB•. Therefore, we believe that the doublet excited state
pathway via NMB• is less likely.

Drawing inspiration from photobiocatalytic organic synthesis
by flavin-dependent enzymes,50−52 we think the photocatalytic
mechanism based on hypothesis (II) shown in Scheme 2 is more
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likely. In this scenario, colorless LNMB forms a red-absorbing
charge transfer complex with the azo prodrug. Excitation of this
new charge transfer (CT) band activates azo prodrugs through
photoreduction within the charge transfer complex. Subse-
quently,NMB• recovers to NMB+ and LNMB via disproportio-
nation, thereby completing the catalytic cycle.
The linchpin in this mechanism is the charge transfer complex

formed between LNMB and the azo prodrugs. Given the pKa of
analogue LMB (5.8)53 and salicylic acid (2.9)54 on OS, the ion-
paired charge transfer complex (cationic electron-rich LNMB
and anionic electron-poor azo prodrugs) could be formed in a
mildly acidic solution of which the pH is between 2.9 and 5.8.
Loss of ionic association in the charge transfer complex beyond
the pH range aligns with the observed pH-dependent TOF of
photocatalytic azo prodrug activation, where the TOF decreased
sharply with an increase in pH (Figure S17). 1H NMR titration
experiments corroborate with the ionic association between
LNMB and OS. Upon the titration of cationic LNMB, the
proton resonance signal of anionic OS displays a downfield shift
due to a reduced shielding effect. Moreover, the emergence of a
new absorption band in the red, as observed in Figure 1d and
Figure S6, substantiates CT between LNMB and OS within the
charge transfer complex.
First-principles calculations were performed to elucidate the

atomic configuration and energy gaps of the charge transfer
complexes for the [LNMB-OS] and [LMB-OS] ground states.
Using the stochastic surface walking (SSW) global optimization
method combined with the neural network (NN) potential
energy surface,55,56 the global minimum and configuration
energy spectra of the [LNMB-OS] are illustrated in the lower
left of Scheme 2 and Figures S31 and S32. In the [LNMB-OS]
charge transfer complex, both LNMB and OS entities adopt an
approximately planar conformation due to the rigidity of the
benzene group. The computed energy gap of the [LNMB-OS] is

1.88 eV, where the HOMO and LUMO are entirely localized on
LNMB and OS, respectively, in the ion-paired [LNMB-OS]
ground state, indicating the supramolecular charge transfer
character in the charge transfer complex. Notably, the hydrogen
bonding between the −NH− group of LNMB and the −COOH
group of OS may also contribute to the formation of the
[LNMB-OS]. The density functional theory (DFT) computa-
tional result is in excellent agreement with the experimentally
observed low-energy absorption peak (637 nm/1.95 eV, Figure
1c) in the UV−vis absorption spectra of [LNMB-OS]. Hence,
we reasonably believe that the absorption of [LNMB-OS] in the
red region is originated from the charge transfer from LNMB to
OS. Notably, LMB displayed a similar structural binding mode
and charge transfer energy matching compared to LNMB
according to experimental and computational results (Figures
S6, 33 and S34).

The transient absorption spectroscopy study provided
incontrovertible evidence of this mechanism. Upon pulsed-
laser excitation of the CT absorption band in the red region, the
consistent absorption characteristics of NMB• clearly showed
up in the longer time delay range (10 μs to 2 ms) with consistent
recovery rate constants in the red andNIR region (Figure 5d and
Figure S22). It was observed that 3NMB+*, quenched by theOS,
showed no absorption beyond 10 μs (Figure S21). This
characteristic absorption signal could be attributed to only the
charge transfer in the ion-paired charge transfer complex,
resulting in the generation ofNMB• and reduced OS. In light of
the aforementioned discussion, the full photoredox catalytic
cycle involving charge-transfer-mediated photocatalytic activa-
tion of azo prodrugs through two red photons has been
established and elucidated.

Implication for Broader Bioorthogonal Bond Cleavage
Reactions. The selection of a PC for the photocatalytic
reductive cleavage of azo bonds under red light has been

Scheme 2. Energy Diagram and Proposed Photoredox Catalytic Cycle
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identified as both characteristic and broad, specifically those
with a phenothiazine scaffold and cationic D−A resonance
structure. More importantly, these series of PCs display
negligible photocatalytic activities toward breaking stronger
bonds such as the C−C bond. It is of significant interest to
develop photocatalytic selective bond cleavage reactions in
complex environments based on the developed PCs.
Bioorthogonal cleavage reactions (BCRs) have emerged as

powerful tools for reactivating target components caged by
protecting groups.57,58 Among the most reported BCR systems,
linker bond cleavage is initiated from the “consumption” of the
protecting group. If the bioactive component recovers its
bioactivity by light-triggered BCRs, the specific caged type is
called “photocaged”. Photoactivated chemotherapy
(PACT)59−61 is one of the emerging photocaged methods for
treating diseases like cancer in which intracellular oxygen is no
longer a necessity. Yet most reported light absorbers applied in
PACT are based on noble metal compounds and have limited
light absorption in the biological window. The photoreleased
chemodrug is also very often limited to only one species.62,63

Azo bonds, as unique chemical entities, hold immense
promise for serving dual functions as both the linker and
protecting group, thereby offering more alternative functional
molecules on the other side of the azo bond (Scheme 3).
However, despite their potential advantages, photocatalytic
cleavage of azo bonds in cells still presents a significant challenge
due to their intrinsic high chemical stability. Overcoming this
obstacle and achieving efficient bond cleavage selectively in
cellular environments is a challenging task. The successful
demonstration of releasing both a fluorescent probe and a
mesalazine drug from selective azo bond cleavage with red light
highlights the innovative photocatalytic strategy to navigate the
intricate interplay between chemical reactivity and biological
complexity. This achievement not only expands the toolbox of
bioorthogonal chemistry but also paves the way for tailoring
novel and finely tuned cellular responses through precise control
of azo bond cleavage.

■ CONCLUSION
The potent photoredox reactivity of methylene blue (MB+) and
its structural analogue new methylene blue (NMB+) was shown
to cleave the thermodynamically stable azo bonds under red
light excitation. Ground state spectroscopic data revealed the
ionic association between reduced NMB+ (LNMB) and azo
substrates in 1 to 1 ratio with the association equilibrium
constant Ka on the order of 103 to 105 M−1. DFT indicated that
the ionic association resulted in a new charge transfer transition
from LNMB to an azo substrate with a HOMO−LUMO gap of

1.88 eV, in good agreement with the experimentally observed
position of the charge transfer band. The charge transfer
complex formed after reductive quenching of NMB+* enabled
its absorption of the second red photon, which led to the
reductive cleavage of the azo bond. The consecutive two-photon
catalytic strategy circumvents the conundrum in the emerging
field of photoredox catalysis in mammalian cells where both low-
energy light in the so-called biological windows and stable bond
cleavage are needed. The consecutive two-photon absorption
mechanism also significantly differs from the direct two-photon
absorption where the absorption cross section is rather low. The
successful application of red light induced cleavage of azo bonds
for photodelivery of drugs and fluorescent probes in mammalian
cells signifies a substantial advancement in the field of
photocatalytic bioorthogonal cleavage reactions and azo
prodrug activation. The advantage of caging two bioactive
molecules using azo bonds can be further exploited in the
broader bioorthogonal bond cleavage reactions.
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