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ABSTRACT: The current anticancer therapies are limited by their
lack of controlled spatiotemporal release at the target site of action.
We report a novel drug delivery platform that provides on-demand,
real-time, organelle-specific drug release and monitoring upon
photoactivation. The system is comprised of a model anticancer
drug doxorubicin, an alkyltriphenylphosphonium moiety to target
mitochondria in cancer cells, and a hydroxycinnamate photo-
activatable linker that is covalently attached to the drug and
mitochondria-targeting moieties such that it can be phototriggered
by either UV (one-photon) or NIR (two-photon) light to form a
fluorescent coumarin product and facilitate the release of drug payload. The extent of drug release is quantified by the fluorescence
intensity of the coumarin formed. Further, the photoactivatable prodrug accumulates in the mitochondria and shows light-triggered
temporally controlled cell death. In the future, our platform can be tuned for any biological application of interest, offering immense
value in biomedicine.

■ INTRODUCTION

Targeted delivery and controlled release of drugs is of
enormous interest in the field of cancer. The therapeutic
index of a drug is greatly enhanced if it can be delivered to a
desired site of action in high amounts while being released in a
controlled manner to minimize side effects.1,2 To address the
delivery problems with pharmaceuticals, various prodrug
strategies have been utilized in the literature to achieve site-
selective activation of prodrugs based on factors like pH,3

redox,4 reactive oxygen species,5 enzymes,6 temperature,7 and
light.8 Among these, light-triggered drug delivery systems
(DDSs) are more superior since the release of drug can be
modulated by simply adjusting the wavelength, intensity, or
time of exposure of light to attain high-precision spatiotem-
poral control over the process.9 To date, different light-
responsive DDSs have been developed using well-known
photocleavable groups such as o-nitrobenzyl,8a,b,10 coumar-
inyl,8a,c,11 anthracenyl,12 quinolinyl,8a,13 p-hydroxyphenacy-
l,8a,14 and o-hydroxycinnamate.8a,15 Within these, coumar-
inyl-,8c,11 p-hydroxyphenacyl-, and o-hydroxycinnamate-based
systems have gained more traction due to their two-photon
phototriggering capability. In the past few years, researchers
have demonstrated o-hydroxycinnamate platforms for the
uncaging of alcohols with real-time monitoring using one-
and two-photon irradiation.15c,d,g The groups of Zhang and
Wang have reported an o-hydroxycinnamate-based theranostic
prodrug system for tumor selected controlled release of
anticancer drugs triggered by hypoxia (internal stimuli) and

UV-light (external stimuli).16 The challenge, however, remains
how to photorelease the therapeutic drug upon delivery to an
individual organelle at a specific time to ensure its maximum
utilization without dispersing the drug all over the tissue.
To this end, mitochondria-targeting DDSs have attracted

considerable attention in the past few years due to the growing
evidence that mitochondrial dysfunction is responsible for a
wide variety of human pathological conditions such as cancer,
neurodegeneration, diabetes and obesity.17 Mitochondria are
well-known to be the powerhouses in eukaryotic cells, needed
for essential energy production and their survival. However,
they also play a pivotal role in initiating apoptotic pathways for
programmed cell death, which is regarded as the major mode
of battle in cancer therapy. Therefore, a strategy based on
mitochondria-targeted therapy is a promising approach for
effective cancer treatment. A few recent reports in the literature
specifically focus on nanomaterial-based DDSs for light-
triggered drug release in mitochondria. For example, Cui et
al. have demonstrated this concept using thermoresponsive
liposomes with high photodynamic therapeutic efficacy in
combination with photothermal effect upon near-infrared
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(NIR) light irradiation.18 Qu and Ren have reported aptamer-
conjugated mesoporous silica-encapsulated gold nanorods
loaded with various hydrophobic therapeutic agents for
mitochondria-targeted chemo-photothermal therapy.19 In an
another report, Dhar and co-workers have developed a drug
delivery vehicle based on biodegradable polymer-encapsulated
photosensitizer (drug) that initiates apoptosis upon light
activation.20 And to the best of our knowledge, there exists
only a single report on mitochondria-targeted small-molecule
photocaged rhodamine dye which allows real-time monitoring
of anticancer drug.21 However, this system too shows
phototriggered drug release using green light (546 nm)
which does not fall in the phototherapeutic window (650−
850 nm), where the light has maximum penetration and least
harmful effects on human tissues.22

In this paper, we have developed a mitochondria-targeted o-
hydroxycinnamate-based UV and NIR photoactivatable DDS
(MTPDDS) that provides full temporal-control over drug
release with real-time monitoring (Figure 1). Although, UV-
light activated o-hydroxycinnamate DDS have been reported
earlier,16 there is no analogue of such a system in the
phototherapeutic window, which hinders their biomedical
applications. Our MTPDDS has three distinct constituents:
(1) a chemotherapeutic drug, (2) a targeting moiety for site-

selective delivery, and (3) a photoactivatable compound
chemically appended to the chemotherapeutic drug and the
targeting moiety at either end to facilitate drug release upon
photoirradiation. The o-hydroxycinnamic platform serves as a
phototriggerable group that can be excited with UV- or NIR-
light via two-photon excitation. In addition, a widely used
alkyltriphenylphosphonium (TPP) moiety23 is conjugated with
the phototriggered compound to achieve its successful delivery
to the mitochondria. The acid functionality of the photo-
triggered compound is employed for caging a model anticancer
drug doxorubicin (DOX), to demonstrate mitochondrial
delivery. The nonfluorescent o-hydroxycinnamic amide under-
goes photoinduced isomerization followed by cyclization,
which facilitates the release of DOX together with the
formation of a fluorescent coumarin coproduct in a 1:1
stoichiometric ratio (see Figure 1). The formation of this
fluorescent coumarin product serves as a reporter to quantify
substrate delivery and provides a much better control over
drug release as and when required. This knowledge is highly
desirable to obtain a quantitative drug release profile while
greatly aiding in the decision making for dose administration
and thereby minimizing side effects.

Figure 1. The o-hydroxycinnamate platform for targeted photoactivated drug release. A mitochondria-targeted photoactivatable drug delivery
system (MTPDDS) that undergoes photochemical reaction upon one- or two-photon irradiation and releases a covalently bound drug along with a
fluorescent coumarin coproduct in a 1:1 stoichiometric ratio.

Figure 2. Schematic routes for MTPDDS synthesis. (a) K2CO3, acetone, 50 °C, 5 h; (b) Ph3PCHCOOC2H5, toluene, 60 °C, 3 h; (c) NaOH,
EtOH, RT, overnight; (d) doxorubicin hydrochloride, EDC/HOBt, Et3N, DMF, 0 °C to RT, overnight; and (e) (4-azidobutyl)-
triphenylphosphonium bromide (5), CuSO4, sodium ascorbate, THF/H2O (10:1 v/v), RT, 6 h.
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■ RESULTS AND DISCUSSION

Design, Synthesis, and Characterization of MTPDDS.
A key feature of our system relied on building a stable but
phototriggerable chemical linkage between the drug and the
mitochondria-targeting moiety to allow spontaneous release of
the covalently bound drug upon photoirradiation (Figure 2).
Realizing this strategy involved a synthetic approach wherein
the phototriggerable compound 2,4-dihydroxycinnamic acid
was covalently bound to the model drug DOX, a DNA
topoisomerase II inhibitor, to release the drug in a controlled
fashion. For this, the commercially available 2,4-dihydrox-
ybenzaldehyde was used as a building block for the
photoactivatable compound and reacted with propargyl
bromide to isolate 4-propargyloxy-2-hydroxybenzaldehyde
(1). The formyl group of the synthesized compound was
further reacted with carboethoxymethylidenetriphenylphos-
phorane by the Wittig reaction to obtain the phototriggerable
o-hydroxy-trans-cinnamic ester (2) and its subsequent
hydrolysis gave o-hydroxy-trans-cinnamic acid (3). The
carboxylic acid group of the phototriggerable compound was
then used for DOX caging through EDC/HOBt coupling to
provide a phototriggerable caged DOX (4). Finally, the
propargyl group of the phototriggerable caged DOX was
made to undergo a Click reaction with the mitochondria
targeting moiety, (4-azidobutyl)triphenylphosphonium bro-
mide (5), to yield MTPDDS. The synthesis of a reference
coumarin compound for comparison is described in the
Supporting Information. A model photocaged compound
(MPC) was also synthesized by reacting phototriggered o-
hydroxy-trans-cinnamic acid (3) with phenylethyl amine.
Detailed synthetic procedures and characterization for this
are also provided in the Supporting Information (Schemes S1
and S2 and Figures S1−S8).
The photophysical properties of MTPDDS and reference

coumarin were studied in MeCN/PBS (100 mM, pH 7.3) (1:1
v/v). The MTPDDS showed absorption peaks at 289 nm, 323

nm and ca. 490 nm (Figure S9a). The presence of peak at ca.
490 nm suggested the successful conjugation of o-hydroxy-
trans-cimmanic acid to DOX. Similarly, reference coumarin
showed a strong absorption peak at 321 nm and an emission at
385 nm (Figure S9b). The absorption band at 323 nm in
MTPDDS was used for photoexcitation, and the quantum
yield (Φ) for reference coumarin was determined as 16.6% in
MeCN/PBS using quinine sulfate (Φ = 54%) as the reference.
The solid-state structure of MPC was also characterized by X-
ray crystallography (Figure S10 and Tables S1 and S2), which
confirmed trans conformation of the aliphatic double bond
[C(10)−C(11)].

In Vitro Photo-Triggered Drug Release. The release
kinetics of DOX was evaluated by photoirradiating the
MTPDDS solution (50 μM) using a UV lamp (365 nm, 1.2
mW/cm2), and the drug release was monitored by absorption
and emission spectroscopy, mass spectrometry and high-
performance liquid chromatography (HPLC). To monitor
DOX release by absorption spectroscopy, MTPDDS was
exposed to UV light of 365 nm, and the absorbance spectra
were recorded every 5 min of photoirradiation. The results
showed that the absorbance gradually decreased with time and
eventually saturated after 30 min (Figures 3a and S11a).
Further, the drug release was also studied by measuring the
emission spectra of the coumarin product (λex = 325 nm) after
photoexposure of MTPDDS at 365 nm for 2−40 min. Before
irradiation, no emission of MTPDDS was observed at 385 nm
(λem of coumarin product), suggesting that there was no
formation of coumarin product. However, upon photo-
irradiation, the emission intensity of coumarin product
gradually increased and saturated after 35 min (Figures 3b,c
and S11b). In this way, the formation of fluorescent coumarin
product was found to be useful for controlled and real-time
monitoring of drug release. Further, the mass spectra of
MTPDDS measured before and after photoirradiation
confirmed that MTPDDS photochemically converted into

Figure 3. Phototriggered in vitro drug release. The DOX released fromMTPDDS (50 μM) in 1:1 MeCN and phosphate buffer (100 mM, pH 7.3)
monitored using UV−vis and fluorescence spectroscopy and HPLC upon photoirradiation (365 nm, 1.2 mW/cm2) at 25 °C. (a) UV−vis spectra of
MTPDDS recorded every 5 min of photoirradiation. (b) Time-resolved fluorescence spectra of the formed coumarin product (λex = 325 nm) upon
photoirradiation of MTPDDS. (c) The amount of DOX released from MTPDDS in the presence (red, solid square) and absence (black, solid
square) of photolysis as a function of time. (d) HPLC chromatograms ofMTPDDS measured at 480 nm at various photoexposure time points. (e)
Kinetic plots ofMTPDDS conversion (%) to DOX corresponding to the HPLC chromatograms shown in (d). (f) DOX (%) released under “OFF”
and “ON” conditions. “OFF” and “ON” signify the switching off (48 h) and on (5 min) of the light source, respectively. Error bars signify one
standard deviation (±1 SD) from three independent experiments.
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coumarin and released DOX in a 1:1 molar ratio (Figures S12
and S13).
Next, we examined DOX release from MTPDDS by

carefully monitoring the photochemical reaction using RP-
HPLC. HPLC chromatograms were recorded before and after
irradiation by monitoring the release of coumarin product and
DOX at 325 and 480 nm, respectively. A single peak of
MTPDDS was observed at the retention time of 7.5 min in
HPLC before photoexposure. However, the intensity of this
peak gradually decreased upon photoexposure with the
formation of two new peaks at 6.4 and 2.7 min, corresponding
to coumarin product and DOX, respectively (Figures 3d and
S14a). Quantification of the HPLC chromatograms suggested
89% conversion of MTPDDS to coumarin and covalently
bound drug (DOX) in a 1:1 stoichiometric ratio upon 40 min
of photoirradiation (Figures 3e and S14b). This result was in
agreement with our data obtained from absorption and
emission spectroscopy. We have also examined the effect of
pH in drug release profile from our prodrug (MTPDDS) after
photoirradiation. The results show that the drug release profile
does not change over a wide pH range of 4−9 (Figure S15).
The prodrug also remains stable over this entire pH range.

Interestingly, there was no drug release even after 30 days of
incubation of MTPDDS in the absence of light, but the drug
could subsequently be released upon photoirradiation, which
established the high robustness, chemical stability, light
sensitivity, and temporal behavior of our system. The
mechanism of photouncaging reaction was believed to be
MTPDDS prodrug photoisomerization from o-hydroxy-trans-
cinnamic amide to o-hydroxy-cis-cinnamic amide intermediate
followed by lactonization,15d which subsequently releases DOX
and fluorescent coumarin coproduct in a 1:1 stoichiometric
ratio (Figure S16).
To demonstrate the precise control over photoactivatable

drug release in our system, we monitored the phototriggered
uncaging reaction using an alternating ON/OFF switch. For
this, MTPDDS was incubated for 24 h in the dark (OFF) and
then exposed to UV light for 5 min (ON). The solution was
then again incubated for 48 h in the dark (OFF) followed by
exposure to UV light for 5 min (ON) and so on. This cycle was
repeated six times over a period of 13 days to estimate the
repeatability and trigger-induced release capability of our
system. We observed a stepwise drug release only upon
photoirradiation and no release in its absence (Figure 3f),

Figure 4. Cellular uptake and subcellular localization. (a) Flow cytometry dot plots of HeLa cells treated with MTPDDS (20 μM) for different
incubation periods. The control represents untreated cells. Each data point indicates mean ±1 SD (n = 3). (b) Subcellular localization ofMTPDDS
(10 μM) in HeLa cells examined by fluorescence microscopy: (A) fluorescence image of cells treated with MTPDDS, (B) mitochondrial staining
with Mito Tracker Green FM, (C) nuclear staining with Hoechst 33342, and (D) upon merging of images A, B, and C. Scale bar = 10 μm. (c)
Percentage uptake ofMTPDDS (20 μM) within mitochondria of HeLa cells monitored by fluorescence spectroscopy. The fluorescence intensity of
cells treated with MTPDDS was considered as 100% which represent as a “whole cells”. Error bars signify standard deviation obtained from three
independent experiments.
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highlighting the on-demand and precise control over drug
release in our system.
Cellular Uptake and Subcellular Localization. The

events of phototriggered uncaging reaction encouraged us to
study the uptake of MTPDDS in cancer cells. The uptake of
any compound inside cells is greatly influenced by its
lipophilicity.24,25 Therefore, we determined the lipophilicity
(log Po/w value) of MTPDDS by measuring its partition
coefficient in an n-octanol/water system using the classical
flask-shaking technique.25 The value of lipophilicity was found
to be 3.7, indicating the lipophilic nature of MTPDDS. Next,
we examined the uptake ofMTPDDS in human cervical cancer
(HeLa) cells using fluorescence activated cell sorter (FACS)
analysis. The uptake of MTPDDS increased with the
incubation time from 2.8% at 0 h to 6.04% in 1 h and
29.5% in 2 h (Figure 4a). Whereas, the maximum amount of
uptake of free DOX in HeLa cells was found to be 62% at 3 h
(Figure S17). To further investigate the subcellular localization
of MTPDDS inside HeLa cells, we performed a colocalization
study with fluorescence microscopy imaging using organelle
staining dyes. For this, the cells were treated with MTPDDS,
followed by mitochondrial (Mito Tracker Green FM, 200 nM)
and nuclear (Hoechst 33342, 500 nM) staining dyes (Figures
4b, S18, and S19). The imaging results revealed an overlap in
the fluorescence intensity ofMTPDDS (red) with that of Mito
Tracker Green FM dye (green), making the cells appear overall
yellow in color (Figures 4b(D), S18(D,E), and S19(D,E)).
The extent of colocalization was also estimated using a scatter
plot which clearly showed a complete overlap of the red and
green signals (Figure S18(F)), confirming that our designed
MTPDDS prodrug selectively accumulated in the mitochon-
dria of the living HeLa cells. Furthermore, the mitochondrial
uptake kinetics of MTPDDS was determined in HeLa cells
using a mitochondria extraction kit by fluorescence spectros-
copy. The maximum uptake of MTPDDS in mitochondria was

determined to be 92% within 2 h (Figure 4c). This finding was
in good agreement with the fluorescence imaging results.

UV-Light-Triggered Controlled Drug Release. In order
to evaluate the drug release in cancer cells, MTPDDS was
exposed to 365 nm light, and the formation of coumarin
product was investigated by fluorescence microscopy. The
appearance of blue color in the micrographs confirmed the
formation of coumarin product and thus the successful release
of DOX inside HeLa cells (Figure 5a). To further quantify
these results, the cells were lysed after different durations of
exposure to UV light, and the cell lysate was analyzed using
fluorescence spectroscopy. The increase in blue fluorescence
intensity with photoirradiation time (Figure 5b) confirmed the
intracellular release of DOX in HeLa cells, paving the way for
real-time monitoring and controlled release of drug with
subcellular accuracy. To examine whether the released DOX
from prodrug accumulated in mitochondria or diffused to
other organelles, cells treated with MTPDDS were irradiated
with 365 nm light for 15 min, and then the accumulation of
DOX was monitored by microscopy imaging. The imaging
results suggested that the released drug mostly accumulated
within mitochondria even after 4 h postirradiation (Figure
S20).

Evaluation of Photocytotoxicity in UV-Light. To check
the efficacy of our approach for eradication of cancer cells, the
activity of MTPDDS prodrug was evaluated in human cervical
cancer (HeLa), human liver cancer (Huh-7), and human
glioblastoma (LN-229) cell lines using MTT assay. For this,
the cells were incubated with MTPDDS (20 μM) for 2 h and
then exposed to UV light (365 nm, 1.2 mW/cm2) for different
time periods. The cells were then incubated for another 72 h
before finally being treating with the MTT reagent. Control
experiments were performed without MTPDDS, without
irradiation or both. The results showed that MTPDDS in
the absence of light had negligible cytotoxicity, which

Figure 5. Light-triggered controlled drug release and photocytotoxicity. (a) Optical micrographs of HeLa cells treated with MTPDDS (10 μM)
followed by photoirradiation at 365 nm for 10 min: (A) under bright-field, (B) using fluorescence microscopy showing formed coumarin product,
and (C) after merging of images A and B. Scale bar = 10 μm. (b) Controlled drug release determined by measuring the blue fluorescence intensity
of formed coumarin product using fluorometric analysis. The cells incubated with MTPDDS (20 μM) were irradiated with 365 nm light for
different time periods. (c) MTT assay performed with HeLa cells treated with MTPDDS (20 μM) for 72 h to determine their viability in the
absence or presence of light (365 nm, 1.2 mW/cm2). The effect of photoirradiation was studied for varying time durations. Error bars signify
standard deviation obtained from three independent experiments.
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suggested that DOX was not released from the prodrug in this
case (Figures 5c and S21). Similarly, high values of cell viability
were obtained with cells exposed to UV light for 30 min
without any prodrug treatment. In contrast, cells treated with
MTPDDS in the presence of UV light showed significantly
reduced viability that increased as a function of light exposure;
cells treated for 30 min showed more than 40% cell death. This
temporal control was not possible with free DOX (taken at
equivalent molar ratio as MTPDDS), which instantaneously
killed all the cells (Figure 5c). We believe that the lower
efficacy of MTPDDS is partially linked to less uptake of our
prodrug in the cells due to its moderate water solubility and
high lipophilicity. In order to increase the water solubility and
reduce the lipophilicity of our prodrug system for any potential
biological application, one could replace the lipophilic
triphenylphosphonium moiety with any water-soluble mito-
chondria-targeting peptide or by using a less hydrophobic drug.
Nevertheless, as a proof-of-concept, the system shows excellent
applicability for spatiotemporally controlled drug release as per
the biological application of interest.
NIR-Triggered Drug Release and Photocytotoxicity.

The results of our in vitro drug release study further motivated
us to evaluate the controlled drug release using NIR-light. The
NIR-light has a far greater depth of penetration into a tissue
than visible or UV-light due to its reduced absorption and
scattering by water and other biological substances and least
harmful effects on human tissues.22,26 Thus, the NIR-triggered
drug release system is ideal for any potential clinical
application. Earlier, Jullien and co-workers showed that o-
hydroxy-trans-cinnamate undergoes phototriggered cyclization
reaction and transformation to coumarin and releases alcohol
by two-photon NIR laser light irradiation.15c,d Inspired by this,
we explored our phototriggered system for NIR-controlled
drug release as a proof-of-concept. For this, the MTPDDS was
exposed to NIR femtosecond laser light using two-photon
excitation at 700 nm (50 mW), and the drug release was
monitored by fluorescence spectroscopy (Figure 6a,b). Like-
wise drug release in UV-light, a temporally controlled DOX
release was observed upon NIR-light exposure to MTPDDS.
The result showed maximum 32% drug release after 22 min
NIR-light irradiation as compared to 83% release after 40 min
UV-light exposure. Although the amount of drug release is less
in NIR-light as compared to the UV-light, the NIR light has
various advantages over UV light in terms of clinical
application. Hence, the cytotoxicity of MTPDDS in HeLa

cells was examined with two-photon NIR-light irradiation
using MTT assay (Figure 6c). Accordingly, cells were
incubated with MTPDDS (20 μM) for 2 h and then irradiated
with NIR-light (700 nm, 50 mW), followed by further
incubation for 72 h before addition of MTT reagent. The
cell death was found to be 29% after 30 min NIR-light
irradiation with MTPDDS, whereas negligible cytotoxicity was
observed with cells irradiated with NIR-light without treatment
of MTPDDS. Notably, a temporally controlled cell death was
also observed, wherein cell viability decreases with prodrug as a
function of increase in light exposure time. The results revealed
that our phototriggered system can be activated by two-photon
NIR-light to control drug release and cell death, which could
be thus useful in future for medicinal therapy.

■ CONCLUSIONS
In summary, we have developed an o-hydroxycinnamate-based
unique drug delivery platform that provides on-demand,
temporally controlled, and organelle-specific drug release
with real-time monitoring by either UV (one-photon) or
NIR (two-photon) light irradiation. In our designed system,
we have successfully combined the mitochondria-targeting
ability of alkyltriphenylphosphonium, anticancer properties of
DOX, and photocleavable property of hydroxycinnamate
moiety in-a-single platform to form MTPDDS that releases
drug and showed spatiotemporally controlled cancer cell death
upon photoirradiation. The phototriggered isomerization of
MTPDDS led to the formation of fluorescent coumarin and
DOX products in a 1:1 molar ratio. The formation of
fluorescent coumarin product serves as a reporter to quantify
drug release. The drug was precisely released only in the
presence of light, which demonstrated its chemical stability and
robustness. The light-mediated drug release was also directly
proportional to cell death, and no cell death was seen in the
absence of light, suggesting the highly specific nature of our
DDS. The site-selective accumulation of the phototriggered
prodrug in the mitochondria was examined by fluorescence
microscopy. In MTPDDS, the imaging of released coumarin
product was performed in the UV region, since it has an
emission band at 385 nm. However, the emission of the
coumarin reporter can be shifted to higher wavelengths for in
vivo imaging applications by an appropriate substitution on the
aromatic ring or extending the π-conjugation in the aromatic
moiety of photocactivatable linker. The salient features of our
designed system are truly “first-in-class”, and its versatile design

Figure 6. NIR-triggered drug release and photocytotoxicity. The DOX released from MTPDDS (50 μM) in 1:1 MeCN and phosphate buffer (100
mM, pH 7.3) upon two-photon NIR femtosecond laser light irradiation (700 nm, 50 mW) at 25 °C monitored using fluorescence spectroscopy. (a)
Fluorescence spectra of the coumarin product formed (λex = 325 nm) upon photoirradiation of MTPDDS. (b) DOX released (%) from MTPDDS
was measured in the presence (red, solid circle) and absence (black, solid circle) of NIR-irradiation as a function of time. (c) Cell viability as
determined by MTT assay in HeLa cells treated without (−) or with (+) the MTPDDS (20 μM) and irradiated with two-photon NIR laser (700
nm, 50 mW) for 15 and 30 min, followed by 72 h incubation. Error bars signify standard deviation obtained from three independent experiments.
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could be adapted in the future for any desired biomedical
application by simply replacing the drug (e.g., anticancer drugs,
anti-inflammatories, steroids) and targeting group (e.g., cancer-
cell targeting, organelle targeting, receptor-binding peptides,
etc.) to control drug-dosing, reduce chemotherapeutic side
effects, and overcome drug resistance.

■ EXPERIMENTAL SECTION
Materials. Solvents were distilled under nitrogen from calcium

hydride (CH2Cl2), magnesium chips (MeOH), or sodium/benzo-
phenone (THF). Toluene, MeCN, DMF, and DMSO were used as
HPLC grade without further drying. The 2,4-dihydroxybenzaldehyde,
propargyl bromide, potassium carbonate, carboethoxymethylidene-
triphenylphosphorane, (4-bromobutyl)triphenylphosphonium bro-
mide, 7-hydroxycoumarin, sodium phosphate dibasic, and sodium
phosphate monobasic were purchased from Alfa-Aesar. Doxorubicin
hydrochloride and triethylamine (Et3N) were obtained from Sigma-
Aldrich, and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)
and 1-hydroxybenzotriazole hydrate (HOBt) were sourced from SRL.
Sodium hydroxide, sodium azide, copper sulfate, sodium ascorbate,
and 2-phenylethyl amine were purchased from Central Drug House
(CDH). Trypsin, Dulbecco’s modified Eagle medium (DMEM), fetal
bovine serum (FBS), 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenylte-
trazolium bromide (MTT), Dulbecco’s phosphate-buffered saline
(PBS), penicillin streptomycin solution (pen-strep), and 24-well
plates were procured from Thermo Fischer Scientific. Mito Tracker
Green FM and Hoechst 33342 were sourced from Invitrogen.
Mitochondria extraction kit was purchased from Sigma-Aldrich
(catalog: MITOISO2). Thin-layer chromatography (TLC) was
sourced from Merck, Germany. UV lamp (Spectroline, ENF-260C/
FE, 6 W/365 nm short/long wave UV lamp) was procured from
Sigma-Aldrich. The purity of the compounds 1−5, reference
coumarin, and MPC were found to be ≥95% by NMR and high-
resolution mass spectra, while the purity of final compound
(MTPDDS) utilized for biological evaluation was determined to be
≥95% by NMR, high-resolution mass spectra and RP-HPLC.
Synthesis and Characterization. Compound 1. 2,4-Dihydrox-

ybenzaldehyde (500 mg, 3.62 mmol, 1 equiv) and K2CO3 (500 mg,
3.62 mmol, 1 equiv) were suspended in 6 mL of acetone, and the
mixture was stirred at room temperature for 20 min under argon
atmosphere. Propargyl bromide (411 μL, 5.43 mmol, 1.5 equiv) was
added dropwise to the above reaction mixture and then heated at 50
°C for 5 h. The progress of the reaction was monitored by TLC
analysis using DCM/hexane (1:1). After completion of reaction,
acetone was evaporated on a rotary evaporator, and the resulting
residue was taken in DCM (30 mL), which was washed with distilled
water (3 × 25 mL) and brine (25 mL). The organic layer was then
dried over anhydrous MgSO4, filtered, and evaporated to dryness
under reduced pressure. The resulting crude product was then
purified by silica gel column chromatography using DCM/hexane
(1:1) as the eluent to obtain the product as an off-white solid (282
mg, 44%).

1H NMR (500 MHz, CDCl3): δ (ppm) 11.46 (s, 1H), 9.74 (s,
1H), 7.46 (d, J = 8.7 Hz, 1H), 6.61 (dd, J = 8.7, 2.3 Hz, 1H), 6.53 (d,
J = 2.3 Hz, 1H), 4.74 (d, J = 2.4 Hz, 2H), 2.58 (t, J = 2.4 Hz, 1H). 13C
NMR (125 MHz, CDCl3): δ (ppm) 194.58, 164.54, 164.26, 135.34,
115.71, 108.69, 101.85, 77.30, 76.79, 56.08. IR (ATR) ν (cm−1): 3238
m (C−H), 2922 w, 2851 w (aldehyde C−H), 2129 m (CC),
1633 sh, 1382 m, 1286 s, 1215 s, 1186 s, 835 m, 742 m, 642 m. ESI-
MS (m/z): calculated 177.0552 [M + H]+, found 177.0583.
Compound 2. A mixture of compound 1 (300 mg, 1.70 mmol, 1

equiv) and carboethoxymethylidenetriphenylphosphorane (890 mg,
2.55 mmol, 1.5 equiv) in 2.7 mL of dry toluene was heated at 60 °C
under argon atmosphere in dark for 3 h. Then the reaction mixture
was allowed to cool to room temperature, and subsequently toluene
was evaporated under reduced pressure. The obtained crude product
was purified by silica gel column chromatography using hexane/
EtOAc (1:1) to afford the product as light yellow crystalline solid
(415 mg, 99%).

1H NMR (500 MHz, acetone-d6): δ (ppm) 9.23 (s, 1H), 7.89 (d, J
= 16.1 Hz, 1H), 7.53 (d, J = 8.5 Hz, 1H), 6.55 (m, 2H), 6.46 (d, J =
16.1 Hz, 1H), 4.75 (d, J = 2.4 Hz, 2H), 4.15 (q, J = 7.1 Hz, 2H), 3.09
(t, J = 2.4 Hz, 1H), 1.24 (t, J = 7.1 Hz, 3H). 13C NMR (125 MHz,
acetone-d6): δ (ppm) 166.96, 160.54, 157.85, 139.55, 130.17, 115.65,
115.39, 107.00, 102.39, 78.50, 76.45, 59.50, 55.47, 13.81. IR (ATR) ν
(cm−1): 3319 br, 3265 m (C−H), 2127 (CC) w, 1683 s (C
O), 1612 m, 1274 m, 1184 m, 977 m, 856 w, 797 w. ESI-MS (m/z):
calculated 247.0970 [M + H]+, found 247.1016.

Compound 3. Compound 2 (200 mg, 0.81 mmol, 1 equiv) was
dissolved in 10 mL of EtOH and cooled to 0 °C. To this chilled
solution, 2.0 M NaOH (4.7 mL) was added dropwise, and then the
reaction was allowed to stir at room temperature in the dark for
overnight. Then the reaction was cooled to 0 °C and acidified with 1.0
M HCl to keep pH 1−3. Next, the solvent was removed on a rotary
evaporator, and the resulting aqueous phase was extracted with
EtOAc (3 × 25 mL). The combined organic phase was further
washed with brine (25 mL), dried over anhydrous MgSO4, filtered,
and evaporated to achieve the product as white solid (160 mg, 90%).

1H NMR (500 MHz, DMSO-d6): δ (ppm) 12.05 (s, 1H), 10.35 (s,
1H), 7.73 (d, J = 16.1 Hz, 1H), 7.53 (d, J = 8.5 Hz, 1H), 6.49 (m,
2H), 6.38 (d, J = 16.1 Hz, 1H), 4.77 (d, J = 2.1 Hz, 1H), 3.62 (s, 1H).
13C NMR (125 MHz, DMSO-d6): δ (ppm) 168.80, 160.33, 158.44,
139.88, 130.46, 116.29, 115.29, 107.06, 102.60, 79.45, 78.95, 55.90.
IR (ATR) ν (cm−1): 3279 w (C−H), 3205 br, 2851 w, 2135 w
(CC) m, 1664 m, 1431 m, 1269 m, 1186 m, 982 s, 872 m, 651 w.
ESI-MS (m/z): calculated 219.0657 [M + H]+, found 219.0661.

Compound 4. Compound 3 (5 mg, 0.023 mmol, 1 equiv) was
dissolved in 250 μL of DMF and cooled to 0 °C. To this cooled
solution, EDC (13 mg, 0.068 mmol, 3 equiv) was added and stirred
for 10−15 min at 0 °C. Then, HOBt (7 mg, 0.046 mmol, 2 equiv) was
added and allowed to stir at 0 °C for another 10−15 min. To the
above mixture, Et3N (6.3 μL, 0.046 mmol, 2 equiv) and DOX (14.6
mg, 0.025 mmol, 1.1 equiv) were added and allowed to stir at 0 °C for
additional 2 h and then at room temperature for overnight in dark
under argon atmosphere. Then the reaction was diluted with
saturated NaHCO3 solution (30 mL) and extracted with EtOAc (5
× 30 mL). The combined organic phase was dried over anhydrous
MgSO4, filtered, and evaporated on a rotary evaporator. The resulting
crude material was then purified by silica gel column chromatography
using DCM/MeOH (10:1) as an eluent to obtain the product as red
solid (9.3 mg, 54%).

1H NMR (500 MHz, DMSO-d6): δ (ppm) 14.05 (s, 1H), 13.24 (s,
1H), 10.16 (s, 1H), 7.90 (d, J = 4.5 Hz, 2H), 7.70 (d, J = 8.3 Hz, 1H),
7.63 (t, J = 5 Hz, 1H), 7.49 (d, J = 15.8 Hz, 1H), 7.33 (d, J = 8.3 Hz,
1H), 6.61 (d, J = 15.8 Hz, 1H), 6.45 (m, 2H), 5.51 (s, 1H), 5.24 (d, J
= 2.5 Hz, 1H), 4.94 (t, J = 4.0 Hz,, 1H), 4.89 (t, J = 5.9 Hz, 1H), 4.85
(d, J = 6 Hz, 1H), 4.73 (d, J = 2.1 Hz, 2H), 4.59 (d, J = 5.8 Hz, 2H),
4.20 (q, J = 6.4 Hz, 1H), 4.09 (m, 1H), 3.97 (s, 3H), 3.60 (t, J = 2.2
Hz, 1H), 2.97 (m, 2H), 2.22 (d, J = 13.9, 1H), 2.12 (m, 1H), 1.98 (m,
1H), 1.89 (td, J = 12.9, 3.4 Hz, 1H), 1.47 (dd, J = 12.1, 3.9 Hz, 1H),
1.13 (d, J = 6.5 Hz, 3H). 13C NMR (125 MHz, DMSO-d6): δ (ppm)
214.29, 187.01, 186.91, 165.50, 161.25, 159.48, 157.81, 156.59,
154.98, 136.67, 136.03, 135.13, 134.56, 134.30, 129.40, 120.48,
120.17, 119.45, 116.08, 111.25, 111.12, 106.81, 102.67, 100.89, 79.57,
78.86, 75.45, 70.46, 68.63, 67.20, 64.16, 57.04, 55.83, 45.51, 40.88,
37.16, 22.58, 17.53, 14.42. IR (ATR) ν (cm−1): 3356 br, 2920 sh,
1724 w (CO), 1608 m (CC), 1578 m (N−H), 1283 m (C−O−
C), 1080 w (C−O), 977 m, 873 w. ESI-MS (m/z): calculated
782.1851 [M + K]+, found 782.1802.

(4-Azidobutyl)triphenylphosphonium Bromide (5). (4-
Bromobutyl)triphenylphosphonium bromide (500 mg, 1.04 mmol, 1
equiv) and sodium azide (204 mg, 3.13 mmol, 3 equiv) were
suspended in 10 mL of DMF and heated at 85 °C under an argon
atmosphere for overnight. Then the reaction was allowed to cool to
room temperature, diluted with DCM (40 mL), and extracted with
distilled water (3 × 30 mL). The organic phase was dried over
anhydrous MgSO4, filtered, and evaporated on a rotary evaporator to
afford the product as reddish-orange oil (398 mg, 87%).
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1H NMR (500 MHz, CDCl3): δ (ppm) 7.79 (m, 9H), 7.67 (m,
6H), 3.84 (m, 2H), 3.40 (t, J = 6.1 Hz, 2H), 1.96 (m, 2H), 1.69 (m,
2H).
Mitochondria-Targeted Photoactivatable Drug Delivery System

(MTPDDS). Compounds 4 (12 mg, 0.016 mmol, 1 equiv) and 5 (14.2
mg, 0.032 mmol, 2 equiv) were suspended in 680 μL of THF and
stirred at room temperature. To this, CuSO4·5H2O (0.8 mg, 0.0032
mmol, 0.2 equiv) and sodium ascorbate (1.6 mg, 0.008 mmol, 0.5
equiv) in deionized water (68 μL) were added, and the reaction was
allowed to stir at room temperature in dark under argon atmosphere
for 6 h. The course of reaction was monitored by TLC analysis using
DCM/MeOH (10:1). After completion of the reaction, the solvent
was removed under reduced pressure, and the resulting crude material
was washed with DCM to remove the unreacted azide. Finally, the
precipitate was then washed with 1:1 CHCl3/MeOH to remove the
CuSO4.5H2O and sodium ascorbate to yield product as dark red solid
(16.4 mg, 86%).

1H NMR (500 MHz, DMSO-d6): δ (ppm) 14.03 (s, 1H), 13.26 (s,
1H), 10.26 (s, 1H), 8.17 (s, 1H), 7.88 (m, 6H), 7.78 (m, 15H), 7.63
(m, 1H), 7.49 (d, J = 15.7 Hz, 1H), 7.32 (d, J = 8.5 Hz, 1H), 6.61 (d,
J = 15.8 Hz, 1H), 6.52 (m, 2H), 5.51 (s, 1H), 5.24 (s, 1H), 5.05 (s,
2H), 4.94 (s, 1H), 4.59 (s, 2H), 4.44 (m, 2H), 4.21 (m, 1H), 4.09 (m,
1H), 3.96 (s, 3H), 3.49 (s, 1H), 2.97 (q, J = 18.0 Hz, 2H), 2.23 (d, J =
13.6 Hz, 1H), 2.12 (m, 1H), 2.01 (m, 2H), 1.89 (t, J = 11.2 Hz, 1H),
1.49 (m,, 3H), 1.34 (d, J = 9.4 Hz, 1H), 1.23 (s, 2H), 1.14 (d, J = 6.1
Hz, 3H). 13C NMR (125 MHz, DMSO-d6): δ (ppm) 213.91, 186.56,
186.48, 165.09, 160.80, 159.81, 157.57, 156.16, 154.54, 142.43,
134.98, 133.62, 133.54, 130.33, 130.23, 129.04, 124.61,120.01,
119.76, 119.51, 119.01, 118.78, 118.66, 118.09, 117.90, 115.33,
110.80, 110.66, 106.09, 102.18, 100.47, 75.00, 70.04, 68.21, 66.76,
63.73, 60.97, 56.60, 49.83, 49.43, 48.14, 45.09, 40.43, 36.71, 32.11,
31.57, 30.29, 30.15, 29.87, 29.03, 25.15, 22.12, 19.79, 19.38, 18.78,
17.10.. IR (ATR) ν (cm−1): 3290 br, 2922 m, 1724 w (CO), 1653
m, 1604 m (CC), 1587 m (N−H), 1282 m (C−O−C), 1018 m
(C−O), 981 m, 723 w. ESI-MS (m/z): calculated 1103.3839 [M]+,
found 1103.2312.
Drug Release Study by UV−vis Spectroscopy. The kinetics of

drug release was monitored upon photoexposure of MTPDDS by
UV−vis spectroscopy. MTPDDS (50 μM) was dissolved in 1:1
MeCN/PBS and exposed to the light (365 nm, 1.2 mW/cm2) for 0−
30 min. The MTPDDS solution (50 μM) was taken in a quartz
cuvette and exposed to light at a distance of 2 cm from the UV lamp.
Each time, the solution was exposed to the light for 5 min followed by
incubation for 30 min at 25 °C before recording the absorption
spectrum.
Drug Release Study by Fluorescence Spectroscopy. The

drug release was also studied upon photoexposure (365 nm, 1.2 mW/
cm2) of the MTPDDS solution (50 μM) in 1:1 MeCN/PBS via
fluorescence spectroscopy. The exposure of sample to light was
performed at a distance of 2 cm from the light source. The
fluorescence spectra of MTPDDS were measured after several
durations of photoirradiation (t = 2, 3, 5, 10, 15, 20, 25, 30, 35,
and 40 min) followed by incubation at 25 °C for 1 h after each
photoirradiation event. The drug release from MTPDDS was
monitored by measuring the emission intensity of coumarin product
(λex = 325 nm and λem = 385 nm). For the dark control experiment, a
similar procedure was followed without exposure of MTPDDS to UV
light.
Drug Release Study by Mass Spectrometry. The drug release

study was also characterized using mass spectrometry by recording the
mass spectra of MTPDDS (50 μM) in 1:1 MeCN/PBS before and
after photoexposure. The solution of MTPDDS was exposed to UV
light (365 nm, 1.2 mW/cm2) for 30 min, followed by incubation for 3
h at 25 °C before recording the mass spectra.
Drug Release Study by HPLC. The time-dependent drug release

study was also performed using HPLC. The MTPDDS solution (50
μM) in 1:1 MeCN/PBS (100 mM, pH 7.3) was taken in a
fluorescence quartz cuvette and exposed to UV light (365 nm, 1.2
mW/cm2) at a distance of 2 cm from the light source. Each time, the
MTPDDS solution was exposed to UV light for 5 min and then

incubated at 25 °C for 1 h. An aliquot (10 μL) was taken from the
MTPDDS solution after each photoirradiation event and analyzed by
RP-HPLC using MeCN/water (1:1), both containing 0.1% TFA in
the mobile phase, at a flow rate of 1.0 mL/min. The chromatograms
were analyzed at 325 and 480 nm. The relative percentage of
conversion of MTPDDS to the coumarin product and DOX was
determined by comparing their relative HPLC peak areas at each time
point.

Cell Culture. Human cervical cancer (HeLa), human liver cancer
(Huh-7), and human glioblastoma (LN-229) cells were procured
from the National Center for Cell Science (NCCS) Pune. The cells
were cultured in high-glucose DMEM containing 10% FBS and 1%
penicillin-streptomycin at 37 °C in a 5% CO2 humidified incubator.
When the cells reached 90% confluency, they were trypsinized,
centrifuged, and redispersed in complete medium. The cells were
seeded in 96-well cell culture plates at a density of 9000 cells/well or
in glass well 35 mm μ-dish at a density of 2 × 105 cells/dish and
cultured for 24 h at 37 °C in 5% CO2 incubator.

Cellular Uptake. HeLa cells were seeded in 24-well plates at a
density of 5000 cells/well. The cells were washed twice in PBS and
incubated with 20 μM of MTPDDS solution (prepared in complete
cultured media containing 1% DMSO) for 0, 1, and 2 h at 37 °C.
Following incubation, the cells were washed twice with PBS followed
by trypsinization and resuspended in 500 μL of Hanks’ balanced salt
solution (HBSS). Then the red fluorescence of MTPDDS in HeLa
cells was recorded using a flow cytometry (FACS-LSR Fortessa; BD
Biosciences, U.S.A.). Approximately, 5000 cells were counted for each
sample. BD FACS-DIVA Software was used to acquire the cells for
each measurement. Data were analyzed using FlowJo software (Tree
Star).

Subcellular Localization. The localization of MTPDDS inside
cells was determined by fluorescence microscopy. For this,
colocalization experiments were performed using organelle staining
dyes. HeLa cells were seeded in 35 mm glass bottom plates μ-slides
(iBidi, Germany) at a density of 2 × 105 cells 1 day prior to the
experiments. The cells were treated with 10 μM of MTPDDS for 90
min in DMEM complete media. Mito Tracker Green FM (200 nM)
and Hoechst 33342 (500 nM) dyes were added in the last 30 min of
incubation. The media was then removed, and the cells were washed
thoroughly with PBS (4 × 1 mL) before performing microscopy
imaging. Images were obtained using an inverted fluorescence
microscope (Olympus IX70, Tokyo, Japan) equipped with a digital
camera (DP71, Olympus). MTPDDS fluorescence was analyzed with
TRITC filter set (λex/λem = 520/596 nm). Hoechst fluorescence was
analyzed with DAPI filter (λex/λem = 350/460 nm), and Mito Tracker
Green fluorescence was analyzed with FITC filter set (λex/λem = 485/
525 nm). The extent of colocalization was calculated by scatter plot
using Mander’s overlap coefficient and Pearson’s correlation
coefficient (PCC).

Mitochondrial Uptake Kinetics. The mitochondrial uptake of
MTPDDS in HeLa cells was examined by fluorescence spectroscopy.
For this, 4 × 108 cells were treated with the MTPDDS (20 μM) and
then incubated for different time periods (0.5 h, 1 and 2 h), followed
by extraction of mitochondria using a mitochondria extraction kit
(Sigma-Aldrich, catalog: MITOISO2). The uptake of MTPDDS in
mitochondria was determined by monitoring its intensity (λex = 480
nm, λem = 590 nm) by fluorescence spectroscopy using a SpectraMax
i3x microtiter plate reader (Molecular Devices LLC, USA). The
fluorescence intensity of cells treated with MTPDDS was considered
as 100%, which represents as a “whole cells”.

Controlled Drug Release. The intracellular release of DOX was
determined by measuring the intracellular fluorescence intensity of
the formed coumarin product upon photoexposure of MTPDDS.
Briefly, cells were plated in a 96-well culture plate at a density of 2 ×
104 cells/well. The cells were then treated with MTPDDS (20 μM)
and incubated at 37 °C for 2 h in the dark. After 2 h, the media was
removed, and cells were washed with cold PBS (2 × 1 mL), followed
by irradiation with UV light (365 nm, 1.2 mW/cm2) for 5, 10, 20, and
30 min and again incubated at 37 °C for 2 h. The cells were lysed
using 200 μL of lysis buffer (50 mM Tris-HCL, 150 mM NaCl, 0.1%
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NP40, 0.1% SDS, 0.1% sodium deoxycholate, 1% Triton X-100), and
the release of DOX was determined by measuring the blue
fluorescence intensity of the formed coumarin product (λex = 325
nm, λem = 385 nm) in the cell lysate by fluorometric analysis with
Varioskan LUX Multimode Microplate Reader (Thermo Fisher
Scientific).
Photocytotoxicity Assay in UV-Light. In vitro photocytotoxicity

was assessed by MTT assays. A 40 μM stock solution of MTPDDS
was prepared in a complete cultured media containing 1% DMSO.
For the cytotoxicity assay, cells were cultured at a concentration of
9000 cells/well in 96-well cell culture plates with DMEM (100 μL)
and incubated at 37 °C for 24 h. Then, the media from 96-well cell
cultured plates were removed and replaced with 100 μL of fresh
medium. To this, 100 μL of MTPDDS (40 μM) stock solution was
added to reach a final MTPDDS concentration of 20 μM in 200 μL
total volume. The cells were incubated with MTPDDS for 2 h in a
CO2 incubator in the dark, and then the media were removed from
the cultured plates and replaced with 200 μL of fresh medium. Next,
the cells were irradiated with or without UV light (365 nm, 1.2 mW/
cm2) for different time periods (10, 20, and 30 min), followed by
further incubation in the dark for 72 h. Subsequently, the cells were
washed with PBS followed by the addition of 100 μL of fresh cultured
media and 20 μL of MTT solution (5 mg/mL in PBS) to each well
and incubated for 2 h. The media was then discarded, and 100 μL of
DMSO was added to each well to dissolve the formazan crystals
formed by the living cells. The cell viability was determined by
measuring absorbance at 550 nm using SpectraMax i3x microtiter
plate reader (Molecular Devices LLC, USA).
NIR-Triggered Drug Release. The two-photon irradiation

experiments were performed with femtosecond (fs) pulses (pulse
width ∼100 fs) centered at 700 nm (average power ∼50 mW). The
source is an optical parametric amplifier operating at 700 nm and
pumped by a Ti-sapphire mode-locked regenerative femtosecond
amplifier at 800 nm (1 kHz, 35 fs, Astrella, Coherent). TheMTPDDS
(50 μM) solution was irradiated for 2 min before recording
fluorescence spectra every time. While irradiating the sample, we
ensured maximum exposure of the sample with the laser light by
making light pass through the solution from the top. Irradiation with
700 nm laser light ensured two-photon absorption in the sample. For
fluorescence measurements separately, 1 mW from a continuous wave
(CW) He-CD laser at 325 nm (KIMMON, Japan) was used for
excitation. The fluorescence was collected using a lens and sent to a
spectrometer (iHR550, Horiba Jobin Yvon, USA) for recording the
spectra.
Photocytotoxicity Assay in NIR-Light. The experimental

protocol was similar to photocytotoxicity assay in UV-light with
slight modification. Briefly, the cultured cells (9000 cells/well) in 96-
well plates containing DMEM (100 μL) were treated with 100 μL of
MTPDDS (40 μM) stock solution to reach a final MTPDDS
concentration of 20 μM in 200 μL total volume. The cells were
incubated with MTPDDS for 2 h in a CO2 incubator in the dark, and
then the media were removed from the cultured plates and replaced
with 200 μL of PBS. Subsequently, the cells were irradiated with or
without NIR femtosecond laser light using two-photon excitation at
700 nm (50 mW) for 15 and 30 min. After photoexposure, PBS was
removed and replaced with 200 μL of DMEM and further incubated
for 72 h in dark. Next, the cells were washed with PBS, followed by
addition of 200 μL of fresh cultured media and 20 μL of MTT
solution (5 mg/mL in PBS) to each well and incubated for 2 h. The
media was then discarded, and 200 μL of DMSO was added to each
well to dissolve the formazan crystals formed by the living cells. The
cell viability was determined by measuring absorbance at 550 nm.
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