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ABSTRACT: A red-absorbing, water-soluble, and iodinated resorufin derivative (R1) that can be selectively activated with a
monoamine oxidase (MAO) enzyme was synthesized, and its potential as a photodynamic therapy (PDT) agent was evaluated. R1
showed high 1O2 generation yields in aqueous solutions upon addition of MAO isoforms, and it was further tested in cell culture
studies. R1 induced photocytotoxicity after being triggered by endogenous MAO enzyme in cancer cells with a much higher
efficiency in SH-SY5Y neuroblastoma cells with high MAO-A expression. Additionally, R1 displayed differential cytotoxicity between
cancer and normal cells, without any considerable dark toxicity. To the best of our knowledge, R1 marks the first example of a
resorufin-based photosensitizer (PS) as well as the first anticancer drug that is activated by a MAO enzyme. Remarkably, the target
PDT agent was obtained only in three steps as a result of versatile resorufin chemistry.
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Photodynamic therapy (PDT) is a clinically approved
treatment modality, which utilizes singlet oxygen (1O2) as

a primary cytotoxic agent to kill the cells of interest.1−4 PDT
has been recognized as a promising alternative to conventional
therapies as it offers minimally invasive procedures, oppor-
tunities for repeated application, negligible drug resistance, and
immune system activation against tumors.1 In a typical PDT
action, generation of singlet oxygen is satisfied by combining
three key components: light, a photosensitizer (PS), and
molecular oxygen (3O2).

4 Despite its high therapeutic potential
and clear advantages, broader acceptance of PDT in clinical
practices is mainly restricted due to the limited penetration of
the light through tissues and lack of cancer cell selectivity.5

Although PDT has inherent selectivity to some extent, which
arises from the fact that the excitation light can be precisely
delivered to the tumor region, this mode of selectivity is not
sufficient to eliminate undesired photodamage on skin and
eyes as well as on other healthy cells.5,6 Accordingly,
conventional PDT drugs leave patients photosensitive up to
months, forcing them to stay away from sunlight and in some
cases even indoor light to avoid healthy cell death and severe
post-treatment pain.6 Among strategies to improve selectivity,
activatable PSs have recently gained significant interest in the
design of new generation PDT agents.5,7 A similar approach is
also widely used to design selective fluorophores for activity-
based sensing applications.8 In an activatable PDT approach, a

cage group is covalently attached to PS and when the cage is
cleaved, the PS goes from an OFF state to an ON state as a
result of remarkable changes in their photophysical proper-
ties.5,7 The 1O2 generation occurs only when a PS at an ON
state is illuminated. In general, caged groups are cleaved by
tumor-associated stimuli that are differentially expressed by
cancer cells, or better yet-specific to the type of cancer, and so
the cleavage happens at the tumor site while sparing healthy
tissue.9−11 In the literature, the most widely used strategy is to
employ biothiols9 and hydrogen peroxide10 as cancer related
stimuli to accomplish the activation of PSs. Additionally, there
are plenty of acidic pH activatable PSs11 that take advantage of
the acidic microenvironment to control the photocytotoxicity.
Enzymes that are overexpressed in tumors have also attracted
considerable attention in the design of activatable PSs
especially after the role of certain enzymes in tumorigenesis
became clear over the years.5,7,12 Nevertheless, the majority of
activatable PSs in the literature are based on first-generation
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porphyrin and phthalocyanine skeletons,5,13 which tend to
form aggregates in aqueous medium due to their hydrophobic
nature or several other PSs that absorb at shorter wavelengths
with limited tissue penetration depth. In this context, great
effort has been put forth to design red-shifted, water-soluble,
and activatable PS cores in recent years.14−17 However, PSs
that show apparent differential cytotoxicity between cancer and
healthy cells still remain elusive.
Resorufin is a long-known and highly attractive fluorescent

probe due to its favorable properties such as water solubility,
red-shifted absorption/emission signals, high fluorescence
quantum yield, and absorption coefficient.18 Furthermore, it
is well-established that 7-hydroxy substitution on a resorufin
core shifts the absorption maximum to shorter wavelengths
and effectively quenches the fluorescence, which allows the
design of activatable imaging probes.18−20 In principle, the
resorufin core can be easily adapted into PDT studies if an
intersystem crossing (ISC) pathway, a required transition for
1O2 generation, can be satisfied.
Monoamine oxidase (MAO) is a flavin-dependent oxido-

reductase that catalyzes the oxidative deamination of amines to
aldehydes and has two isoforms: MAO-A and MAO-B.21

Recent studies have shown that MAO is overexpressed in
several cancer cells, which is associated with tumor progression
and metastasis as high MAO activity causes redox imbalance
and triggers oxidative stress.22−25 However, it has not yet been
utilized in the scope of any therapeutic approach. Here, we
report for the first time the conversion of fluorescent resorufin
to an effective PS, which can be activated by a MAO enzyme
selectively in cancer cells.
In the design of our PS R1, iodine was incorporated on to

the core structure in order to facilitate heavy atom-mediated
ISC. The core was also decorated with a propylamine cage
group, which is known to be selectively removed by MAO
isoforms,19,26 to block the 1O2 generation even under
illumination (Figure 1). MAO-induced selective oxidation of

amine and following β-elimination are expected to remove the
cage group and consequently generate the corresponding
active drug only in targeted cancer cells (Figure S1), where
MAO expression is high, while sparing the noncancerous cells
with low MAO activity.27,28

In the synthesis of R1 (Figure 2), initially commercially
available resorufin was reacted with Boc-protected 3-
bromopropyl amine in the presence of Cs2CO3 to give
compound 1. Iodination was performed under the influence of
iodine and iodic acid to yield iodo-resorufin derivative 2.
Unlike fluorescein derivatives, the iodination required much
stronger conditions and resulted in only monoiodination
compared to tetra-halogenations, which are quite common in
the fluorescein core.29 Standard Boc deprotection utilizing
TFA was achieved in high yield to give the target compound

R1. The synthesis was completed in three steps with 34%
overall yield.
After completing the synthesis, we first investigated the

photophysical properties of R1 and its response to MAO
isoforms (Figure 3a). R1 exhibited a blue-shifted absorption

maximum centered at 500 nm with a shoulder at 408 nm in
aqueous solutions as a result of O-alkylation. Upon reacting
with MAO-A/B for 3 h, absorption maxima were red-shifted
(ca. 100 nm) and new peaks appeared at 588 and 595 nm
respectively with a stronger signal in the case of MAO-A.
Noticeable red-shift (ca. 25 nm) was observed compared to
nonhalogenated parent resorufin core (Figure 3a, Table S1).
R1 is almost nonfluorescent in aqueous solutions before
addition of the enzyme (Figure S2). After treating R1 with
MAO-A/B, very small increase in emission signals at 620 nm
were detected over 3 h as a result of effective ISC (Figure S2,
Table S1). Photostability of R1 was confirmed by monitoring
the absorption signal at 500 and 408 nm under continuous
light (595 nm, 20 mW/cm2) irradiation (Figure S3).
Lipophilicity value (LogP) is another vital parameter for any
drug candidate in perspective of molecular biology and
pharmacology. In this direction, the LogP value of R1 was
calculated and found to be 0.412 ± 0.020, which is very similar
to the parent resorufin core (0.427 ± 0.036).30 It is a very well-
known fact that MAO produces hydrogen peroxide (H2O2) as
a catalytic byproduct.24 Absorption spectra of H2O2 treated R1
showed no change, clearly indicating that H2O2 is not reacting
with R1 (Figure S4).
The 1O2 generation capacity of R1 was initially evaluated

chemically by using a water-soluble anthracene-based trap
molecule 2,2′-(anthracene-9,10-diyl)bis(methylene)dimalonic
acid (ADMDA) (Figure S5) in aqueous solutions. Upon

Figure 1. Molecular structure of R1 and its activation with MAO
isoforms.

Figure 2. Synthetic pathway for R1.

Figure 3. (a) Absorption spectra of R1 (10 μM) before and after
addition of MAO-A/B (20 μg/mL) and resorufin (10 μM) in PBS
(1% DMSO, pH 7.4). (b) Relative 1O2 generation efficiency of R1
(10 μM) before and after addition of MAO-A/B (20 μg/mL) in PBS
buffer (pH 7.4, 1% DMSO). During the first 2 min, the samples were
kept in the dark.
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irradiation of MAO-A/B treated R1 with a 595 nm LED (20
mW/cm2), a gradual decrease in the absorbance of ADMDA at
380 nm was detected in each case, proving the photosensitized
1O2 generation (Figures 3b and S6−S7). No detectable
decrease was observed in trap absorbance when R1 was
irradiated in the absence of an enzyme (Figures 3b and S8).
The 1O2 quantum yields were calculated by using methylene
blue (ΦΔ = 0.52 in PBS buffer)31 (Figure S9) as a reference
and found to be 0.37 and 0.28 for R1+MAO-A/B, respectively
(Table S1). Different 1O2 yields can be attributed to different
cleavage yields of MAO isoforms as evidenced from the higher
absorption signal of R1+MAO-A. We further demonstrated the
1O2 generation by monitoring the phosphorescence signal of
1O2 at 1270 nm in aqueous solutions. Both R1+MAO-A/B
gave emission peaks but with a stronger signal in the case of
MAO-A, while no sign of 1O2 generation was observed in the
case of untreated R1 (Figure S10), which are all consistent
with the trap experiments.
Next, we investigated the in vitro PDT effect of R1 in

cancerous MCF-7 (breast cancer, MAO positive)32,33 and SH-
SY5Y (neuroblastoma, high MAO-A activity)34,35 and normal
NIH/3T327,28 cells (Table S2). Cells were initially irradiated
with a LED light (595 nm, 20 mW/cm2) for 4 h before
cytotoxicity was examined by MTT assay in order to see the
performance of R1 clearly. Cell viabilities decreased gradually
in both cancer cells as the drug concentration increases
(Figures 4 a and S11); however, the potency of R1 was found
to be substantially higher on SH-SY5Y (IC50 = 0.42 μM) cells
compared to MCF-7 cells (IC50 = 4.0 μM). These results
demonstrate that R1 can be activated by an endogenous MAO
enzyme and induce PDT action in SH-SY5Y and MCF-7 cell

cultures with a much higher efficiency in MAO-A expressing
SH-SY5Y cells. R1 exhibited substantially lower phototoxicity
in noncancerous NIH/3T3 cells (IC50 = 6.5 μM) compared to
SH-SY5Y cells, when the same drug doses were employed, and
the differential activation appeared to be more pronounced at
slightly higher concentrations. As shown in Figures 4a and S12,
NIH/3T3 cells incubated with 2.5 μM R1 maintained 70% cell
viability, while SH-SY5Y cells showed only 3% viability at the
same concentration. Additionally, R1 showed negligible dark
toxicity in both cell types. Although there are numerous factors
affecting the efficacy of PDT agents, different photocytotox-
icities in three cell lines can be largely attributed to different
MAO activities. mRNA expression data imply that the
transcript level of MAO-A in SH-SY5Y is 3.74-fold compared
to that of MCF-7 (10.1 pTPM/2.7 pTPM).36−38 Additionally,
MAO-B transcript levels are much lower than MAO-A in both
cell lines, but still SH-SY5Y has better expression (3-fold).36−38

These values suggest that total MAO activity in SH-SY5Y cells
is higher than MCF-7 cells. This is in line with the R1 IC50
values that were detected in these cells. On the other side, it is
a known fact that the MAO activity is very low in NIH-3T3
cells.27,28 This is also in good correlation with our cytotoxicity
results.
Photocytotoxicity of R1 in SH-SY5Y and NIH-3T3 cells was

also tested upon 30 min irradiation to see its performance
under shorter irradiation time. IC50 value of R1 increased to
1.90 μM in cancer cells, while no cytotoxicity was observed in
normal cells (Figures 4b and S13, Table S2). Thus, R1 also
shows selective phototoxicity upon 30 min irradiation.
Moreover, it was shown that the light source did not cause
any toxicity during 4 h irradiation (Figure S14), and the
phototoxicity index of R1 was found to be in acceptable limits
(Table S2).39 As a result of in vitro cytotoxicity experiments,
SH-SY5Y neuroblastoma cells were chosen as a model cell line
for detailed imaging studies.
To further support intracellular 1O2 activity, generation of

1O2 was also monitored in SH-SY5Y cells by using cell
permeable reactive oxygen species (ROS) sensor 2′,7′-
dichlorofluorescein diacetate (DCFH2-DA), which emits
green emission upon oxidation. Irradiation of R1 and
DCFH2-DA incubated SH-SY5Y cells gave a strong green
emission, which clearly indicates the ROS generation (Figure
5). As DCFH2-DA is not selective toward 1O2, we pretreated a
group of SH-SY5Y cells with NaN3, a known

1O2 quencher,
40

Figure 4. In vitro cell viability of SH-SY5Y and NIH/3T3 cells. The
cells were incubated with varying concentrations of R1 and either
kept in dark or irradiated for (a) 4 h or (b) 30 min with a 595 nm
LED (20 mW/cm2).

Figure 5.Monitoring ROS production by using sensor DCFH2-DA in
(a) SH-SY5Y and (b) NIH/3T3 cells. Cells were incubated with R1
for 3 h and irradiated with a LED (20 mW/cm2) for 30 min. For
inhibition experiment, SH-SY5Y cells were incubated with clorgyline
(0.1 μM) for 30 min in advance. Scale: 50 μm.
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in order to show that the generated ROS is actually 1O2. The
emission was quenched in NaN3 treated cells, suggesting R1
produces 1O2 as a primary cytotoxic agent (Figure S15). In
order to prove the activation of R1 is triggered by MAO-A,
ROS imaging was also repeated in the presence of a specific
MAO-A inhibitor clorgyline.41 ROS sensor showed no obvious
fluorescence signal in inhibitor treated SH-SY5Y cells as MAO-
A activity was significantly diminished (Figure 5). Similarly,
very weak fluorescence in normal NIH/3T3 cells is in good
agreement with the MTT results. As additional control
experiments, a group of SH-SY5Y cells were incubated with
R1 and the sensor but kept under dark and another group of
cells were irradiated with a 595 nm LED after incubating ROS
sensor only without R1. No remarkable fluorescence was
detected in both cases as expected (Figure S15).
Photoinduced cell death was further confirmed under

confocal microscopy. In this direction, R1 (2.5 μM) treated
SH-SY5Y cells were stained with annexin V-FITC and
propidium iodide (PI). Annexin V-FITC selectively binds to
phosphatidylserines, which are flipped to the extracellular side
of the cell membrane during early apoptosis, and emits green
fluorescence. On the other side, red-emitting PI stains the late
apoptotic or necrotic cells as it can only permeate through the
leaky cell membrane of the dead cells. As shown in Figures 6

and S16, both green and red emission were detected after PDT
action, clearly indicating the efficient cell death. When SH-
SY5Y cells were kept under the dark, no fluorescence was
observed, supporting the lack of dark cytotoxicity.
In summary, we have synthesized a MAO-activatable

iodinated resorufin derivative (R1), which can be obtained
only in three steps, and evaluated its 1O2 generation capacity.
R1 showed high 1O2 quantum yields in aqueous solutions in
the presence of MAO and was further tested in cell culture
studies. Our results showed that R1 is highly efficient in SH-
SY5Y cancer cells with high MAO-A expression, and it can
successfully induce differential cytotoxicity between cancer and
normal cells. This work introduces a new activatable PS
platform, which holds a great promise toward realization of
highly effective and cancer cell selective PDT drugs. We
believe that heavy atom decorated resorufin cores can be
modified with different cage groups to target a variety of cancer
cells and more importantly π-extension on the resorufin core
may lead to further red-shifted PSs that are suitable for in vivo
PDT action. Our work along these directions is in progress.
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■ ABBREVIATIONS

MAO, monoamine oxidase; MAO-A, monoamine oxidase-A;
MAO-B, monoamine oxidase-B; PDT, photodynamic therapy;
PS, photosensitizer; PBS, phosphate buffer saline; ISC,
intersystem crossing; H2O2, hydrogen peroxide; DMSO,
dimethyl sulfoxide; ADMDA, 2,2′-(anthracene-9,10-diyl)bis-
(methylene)dimalonic acid; MTT, 3-(4,5-dimethylthiazolyl-
2)-2,5-diphenyltetrazolium bromide; ROS, reactive oxygen
species; PI, propidium iodide; DCFH2-DA, 2′,7′-dichloro-
fluorescein diacetate; HR-MS, high resolution mass spectrom-
etry; OD, optical density; LED, light emitting diode; FITC,
fluorescein isothiocyanate; IC50, half maximal inhibitory
concentration
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