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Abstract. Cannabinoids are emerging as promising antitumor drugs. However, complete tumor eradication
solely by cannabinoid therapy remains challenging. In this study, we developed a far-red light activatable
cannabinoid prodrug, which allows for tumor-specific and combinatory cannabinoid and photodynamic therapy.
This prodrug consists of a phthalocyanine photosensitizer (PS), reactive oxygen species (ROS)-sensitive linker,
and cannabinoid. It targets the type-2 cannabinoid receptor (CB2R) overexpressed in various types of cancers.
Upon the 690-nm light irradiation, the PS produces cytotoxic ROS, which simultaneously cleaves the ROS-
sensitive linker and subsequently releases the cannabinoid drug. We found that this unique multifunctional
prodrug design offered dramatically improved therapeutic efficacy, and therefore provided a new strategy
for targeted, controlled, and effective antitumor cannabinoid therapy. © 2018 Society of Photo-Optical Instrumentation
Engineers (SPIE) [DOI: 10.1117/1.JBO.23.10.108001]
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1 Introduction
Photodynamic therapy (PDT) is an attractive treatment strategy
that is minimally invasive with little to no systemic toxicity.1,2

PDT utilizes photosensitizers (PSs) to harvest the power of light
and transform it into reactive oxygen species (ROS), a powerful
cancer-killing grenade. The ROS are short-lived, limiting the
effect of PDT to the irradiated area only. Currently, several
drugs have been approved across the globe for PDT treatment.
Most notably, Photofrin® was approved back in 1993 in Canada
for bladder cancer treatment and later for other cancers and
diseases by FDA in the US and other regions in the world.3

A major drawback of common PSs is their lack of specific
uptake. Even though PDT toxicity is limited in the region
exposed to light irradiation only, normal cells in the same region
still suffer from unnecessary PDT damage. This limitation can
be overcome by adding targeting ligand to the PS design. With
the introduction of a targeting moiety, PDT benefits from two
advantages: (1) specific targeting can lead to significant higher
uptake in malignant cells, which leads to more efficient treat-
ment outcome with fewer damage to innocent cells and
(2) lower dose of PSs would be needed for similar therapeutic
efficacy, which further lowers side effects of the treatment.
Previously, our lab developed PDTagents that specifically target
type-2 cannabinoid receptor (CB2R)

4,5 or translocator protein6,7

with successful anticancer therapy outcome in murine tumor
models.

In addition to targeting functionality, a new advance of PDT
agent design is to include ROS-cleavable linker for on-demand
drug release. We developed a heterobifunctional thioketal linker

for such a purpose.8 The You laboratory recently reported
several prodrugs that can be activated by ROS produced from
PS and encouraging combinatory therapeutic effects have been
observed.9–12 For example, they synthesized a light-activatable
paclitaxel prodrug for combined PDT and chemotherapy.13

As compared to the non-ROS-cleavable analog, this light-
activatable paclitaxel prodrug showed greatly improved thera-
peutic outcome in ovarian cancer cells. However, this prodrug
has aggregation issues in aqueous solution and is lack of
targeting functionality. In a more recent study, polyethylene
glycolylated folic acid molecules with different sizes of poly-
ethylene glycol (PEG) were attached to the light-activatable
paclitaxel prodrug for improved water solubility and targeted
delivery.14 Unfortunately, these targeted prodrugs still suffer
from aggregation issue and the structures involve many compo-
nents, including a phthalocyanine PS, folic acid, PEG, ROS-
cleavable linker and paclitaxel. It is more desirable to develop
a water soluble, targeted, and light activatable prodrug with
a relatively simply design.

In this study, we synthesized a light-activatable cannabinoid
prodrug, IR700DX-TK-mbc94, for combined and target-
specific PDT and cannabinoid therapy. This prodrug consists of
only three components: a highly hydrophilic phthalocyanine PS,
ROS-sensitive thioketal linker, and cannabinoid. Cannabinoids
have attracted great attention as promising antitumor drugs as
they can produce ROS, inhibit pro-metastatic Id1 gene expres-
sion, and upregulate autophagy-mediated cell death.15 The
cannabinoid molecule we chose targets CB2R overexpressed
in various types of cancers, such as glioma, lymphoma, skin,
prostate, lung, and breast cancer.16,17 Upon light irradiation,
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the PS produces cytotoxic ROS, which simultaneously cleaves
the ROS-sensitive linker and subsequently releases cannabinoid
drug. Therefore, this prodrug offers targeted and on-demand
combinatory PDT and cannabinoid therapy with a simple
design. We found that treatment with IR700DX-TK-mbc94
caused remarkably improved therapeutic outcome as compared
to nonactivatable IR700DX-mbc94.

2 Materials and Methods

2.1 General

All solvents used are of ACS or HPLC grade (Fisher Scientific,
Pittsburgh, Pennsylvania). The PS, IR700DX-NHS ester, was
purchased from LI-COR Bioscience (Lincoln, Nebraska). 1H
and 13C NMR spectra were recorded at 25°C on the Brucker
Avance III 400 MHz. Unless otherwise specified, chemical
shifts δ were expressed in parts per million (ppm) based on
tetramethylsilane (TMS) in CDCl3 (δ 0.00 ppm), residue
dimethyl sulfoxide (DMSO) (δ 2.50 ppm), or residue CHCl3
(δ 77.16 ppm), and coupling constants J are given in Hz.
Coupling patterns are abbreviated as s (singlet), d (doublet),
t (triplet), q (quartet), quin (quintet), dd (doublet of doublets),
ddd (doublet of doublet of doublets) and m (multiplet).
Electrospray mass spectra were recorded on SYNAPT G2S
TOF-MS mass spectrometer (Waters, Milford, Massachusetts)
in positive ion mode. 7-Diethylamino-3-(4’-maleimidyl-
phenyl)-4-methylcoumarin (CPM) was obtained from Fischer
Scientific. The following instruments, supplies and assay kits
were used for in vitro studies: Synergy™ H4 Hybrid Multi-
Mode Microplate Reader (BioTek, Winooski, VT), 96-well opti-
cal black plates (Fisher Scientific), CellTiter-Glo Luminescent
Cell Viability Assay kit (Promega, Madison, Wisconsin).

2.2 Synthesis of IR700DX-TK-mbc94

Mbc94,18 IR700DX-mbc94,6 and heterobifunctional thioketal
linker 18 were synthesized based on previously reported methods.

5-(4-chloro-3-methylphenyl)-1-(4-(20,20,20-trifluoro-14,14-
dimethyl-10,19-dioxo-13,15-dithia-2,9,18-triazaicosyl)benzyl)-
N-((1R,4R)-1,3,3-trimethylbicyclo[2.2.1]heptan-2-yl)-1H-pyra-
zole-3-carboxamide (2a): The heterobifunctional thioketal
linker 1 (7.0 mg, 22 μmol) and N,N,N’,N’-Tetramethyl-O-
(1H-benzotriazol-1-yl)uronium hexafluorophosphate (HBTU)
(9.5 mg, 25 μmol) were dissolved in dimethylformamide
(DMF) (1.25 mL) at 0°C. Diisopropylethylamine (DIEA)
(6.3 μL, 67 μmol) was added to the mixture. The mixture
was stirred in ice bath for 2 h. Next, a solution of mbc94
(14 mg, 20 μmol) in DMF (0.20 mL) was added to the mixture.
The resulting mixture was then warmed to room temperature and
stirred for additional 2 h. The reaction mixture was quenched by
water (0.5 mL) and evaporated to dryness. The resulting mixture
was separated using column chromatography with an eluent of
dichloromethane/methanol = 100: 6 to yield 2a (14 mg, 80%) as
a clear oil. 1H NMR (400 MHz, chloroform-d, TMS) δ 8.06
(br s, 1H), 7.40 (d, J ¼ 8.0 Hz, 2H), 7.33 (d, J ¼ 8.2 Hz, 1H),
7.13 (d, J ¼ 1.8 Hz, 1H), 7.07–6.97 (m, 3H), 6.91
(d, J ¼ 9.8 Hz, 1H), 6.74 (s, 1H), 6.44 (br m, 1H), 5.32
(s, 2H), 4.12 (s, 2H), 3.74 (d, J ¼ 9.6 Hz, 1H), 3.68
(quin., J ¼ 6.7 Hz, 1H), 3.53 (q, J ¼ 6.0 Hz, 2H), 3.16
(q, J ¼ 7.4 Hz, 1H), 3.11 (q, J ¼ 6.3 Hz, 2H), 3.01–2.90
(m, 2H), 2.81 (t, J ¼ 7.0 Hz, 4H), 2.78 (s, 1H), 2.45
(t, J ¼ 6.8 Hz, 2H), 2.32 (s, 3H), 1.80 (d, J ¼ 2.4 Hz, 1H),

1.76–1.58 (m, 4H), 1.54 (s, 7H), 1.47–1.35 (m, 9H), 1.35–
1.16 (m, 9H), 1.12 (s, 3H), 1.08 (s, 3H), 0.84 (s, 3H). 13C
NMR (100 MHz, chloroform-d, TMS) 172.1, 162.8, 157.7
(q, J ¼ 36.5 Hz), 146.1, 145.2, 144.7, 138.0, 137.9, 137.5,
136.9, 135.6, 134.7, 131.5, 131.4, 131.2, 130.3, 129.6, 129.2,
128.4, 127.8, 127.41, 127.40, 127.1, 116.0 (q, J ¼ 286 Hz),
106.7, 77.3, 63.4, 56.4, 55.3, 53.4, 51.9, 48.6, 48.1, 48.0, 43.3,
42.7, 40.8, 39.6, 39.2, 39.1, 38.6, 35.5, 31.0, 30.8, 29.7, 29.0,
28.8, 27.3, 26.1, 26.0, 25.8, 25.6, 25.5, 21.3, 20.0, 19.9, 19.7,
17.8. MS electrospray ionization (ESI):m∕z ¼ 891.4052, calcd.
for C45H63ClF3N6O3S2

þ m∕z ðMþ HÞþ ¼ 891.4038.
1-(4-(17-amino-14,14-dimethyl-10-oxo-13,15-dithia-2,9-

diazaheptadecyl)benzyl)-5-(4-chloro-3-methylphenyl)-N-((1R,4R)-
1,3,3-trimethylbicyclo[2.2.1]heptan-2-yl)-1H-pyrazole-3-carbox-
amide (2b): A solution of 2.4 M lithium hydroxide in water
(50 μL, 0.12 mmol) was added to a solution of trifluoroaceta-
mide 2a (14 mg, 16 μmol) methanol (1.0 mL). The reaction
mixture was heated at 50°C for 4 h. The reaction mixture was
evaporated to dryness and the product was purified using
column chromatography with an eluent of dichloromethane/
methanol/ammonia = 100:10:0.1 to 100:20:0.1 to 100:100:0.1
to yield 2b (9.8 mg, 79%). 1H NMR (400 MHz, chloroform-
d, TMS) δ 9.71 (br s, 2H), 8.15 (br s, 3H), 7.42 (d, J ¼ 8.2 Hz,
2H), 7.36 (d, J ¼ 8.2 Hz, 1H), 7.15 (dd, J ¼ 1.9, 0.4 Hz, 1H),
7.09 (s, 1H), 7.07 (s, 1H), 7.02 (ddd, J ¼ 8.2, 2.2, 0.6 Hz, 1H),
6.90 (d, J ¼ 9.6 Hz, 1H), 6.79 (s, 1H), 5.96 (t, J ¼ 6.0 Hz, 1H),
5.30 (s, 2H), 4.09 (br s, 2H), 3.80 (dd, J ¼ 9.7, 1.5 Hz, 1H),
3.20 (quin., J ¼ 6.7 Hz, 2H), 3.11 (br s, 2H), 2.98–2.87
(m, 5H), 2.44 (t, J ¼ 6.2 Hz, 2H), 2.35 (s, 3H), 1.80
(d, J ¼ 3.3 Hz, 1H), 1.77–1.63 (m, 4H), 1.58 (s, 6H), 1.53–1.44
(m, 3H), 1.44–1.36 (m, 3H), 1.36–1.21 (m, 6H), 1.16 (s, 3H),
1.11 (s, 3H), 0.87 (s, 3H).

IR700DX-TK-mbc94 (3): IR700DX-NHS (4 mg, 2 μmol)
and 2b (9.8 mg, 12 μmol) were dissolved in DMSO (1 mL).
The resulting mixture was stirred under Ar atmosphere and
dark condition at room temperature for 2 days. Water (15 mL)
was added before the mixture was lyophilized to give a green
paste. The solid residue was washed with ethyl acetate
(5.0 mL × 3) and redissolved in methanol. The methanol
solution was evaporated to dryness and dried under vacuum
to yield compound 3 as a green powder (2.2 mg, 41%).
1H NMR (400 MHz, DMSO-d6) δ 9.68 (m, 5H), 9.54
(m, 1H), 9.35 (d, J ¼ 7.5 Hz, 1H), 8.48–8.34 (m, 7H), 7.98
(d, J ¼ 8.2 Hz, 1H), 7.37 (d, J ¼ 8.3 Hz, 2H), 7.31 (d,
J ¼ 8.2 Hz, 1H), 7.29–7.22 (m, 2H), 7.11 (dd, J ¼ 8.1, 2.1 Hz,
1H), 7.00 (d, J ¼ 8.0 Hz, 2H), 6.78 (s, 1H), 5.42 (s, 2H), 4.94 (t,
J ¼ 5.6 Hz, 2H), 4.05 (s, 2H), 3.69 (s, 1H), 3.13–3.02 (m, 5H),
2.91–2.81 (m, 4H), 2.81–2.62 (m, 30 H), 2.37 (t, J ¼ 7.3 Hz,
2H), 2.26 (s, 3H), 2.12 (t, J ¼ 7.6 Hz, 2H), 2.00–1.90 (m, 4H),
1.84 (s, 1H), 1.75–1.70 (m, 1H), 1.70–1.50 (m, 20H), 1.47
(s, 6H), 1.45–1.37 (m, 5H), 1.36–1.11 (m, 7H), 1.08 (s, 3H),
1.00 (s, 3H), 0.78 (s, 3H), −1.03 (s, 4H), −2.19 (s, 4H),
−2.85 (s, 12H). MS (ESI): m∕z ¼ 1355.6840, calcd. for
C114H158ClN17Na6O27S8Si3

2þ m∕z ðMþ 6NaÞ2þ ¼ 1355.3842
(Fig. 1).

2.3 Synthesis of mbc94-SH and mbc94-TTPA

3-(Tritylthio)propionic acid 5.9 mg (17 μmol), HBTU (8 mg,
21 μmol), and DIEA (3.9 mg, 30 μmol) were dissolved in
anhydrous DMF (0.6 mL) under argon atmosphere at 0°C with
stirring. Mbc94 (12 mg, 17 μmol) dissolved in anhydrous DMF
(0.6 mL) was added dropwise to the mixture after which the
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reaction mixture was slowly warmed to room temperature and
stirred for additional 16 h. The resulting mixture was dried
and separated by column chromatography using a gradient of
2% to 5% methanol in dichloromethane. The desired product
(mbc94-TTPA) was yielded as an oil (10.7 mg). The trityl pro-
tection was subsequently removed by dissolving the product in
dichloromethane (1.0 mL) and trifluoroacetic acid (0.3 mL) at
−20°C followed by addition of triethylsilane (50 μL). After
removal of solvent, the mixture was separated by column chro-
matography using a mixture of dichloromethane/methanol/
ammonia = 100:5:0.5 to yield the final compound (mbc94-
SH) as an oil (1 mg, 7% after two steps).

1H NMR of mbc94-TTPA (400 MHz, CDCl3) δ 7.44-7.36
(m, 7 H), 7.36-7.30 (m, 2H), 7.29-7.17 (m, 7H), 7.17-7.10 (m,
2H), 7.07-6.91 (m, 4H), 6.81 (s, 1H), 5.62 (t, J ¼ 8.1 Hz, 1H),
5.29 (s, 2H), 3.94 (s, 1H), 3.80 (dd, J ¼ 12.7, 1.7 Hz, 1H), 3.08
(q, J ¼ 9.1 Hz, 2H), 3.00-2.86 (m, 4H), 2.76 (t, J ¼ 9.5 Hz,
2H), 2.50-2.42 (m, 2H), 3.28 (s, 1H), 2.22 (t, J ¼ 9.4 Hz, 1H),
2.05 (t, J ¼ 9.4 Hz, 1H), 1.82-1.18 (m, 17H), 1.16 (s, 3H),
1.10 (s, 3H), 0.85 (s, 3H).

1H NMR of mbc94-SH (400 MHz, CDCl3) δ 7.33
(t, J ¼ 10.0 Hz, 3H), 7.19-6.87 (m, 6H), 6.79 (s, 1H), 5.62
(t, J ¼ 8.1 Hz, 1H), 6.66-6.45 (br s, 1H), 5.25 (s, 2H), 3.88
(s, 2H), 3.80 (dd, J ¼ 13.1, 1.9 Hz, 1H), 3.20 (q, J ¼ 9.2 Hz,
2H), 3.00 (t, J ¼ 8.9 Hz, 2H), 2.75 (t, J ¼ 9.4 Hz, 2H), 2.56
(t, J ¼ 8.7 Hz, 2H), 2.33 (s, 1H), 1.84-1.92 (m, 17H), 1.25
(s, 3H), 1.17 (s, 3H), 1.10 (s, 3H).

2.4 Competitive Binding Study

The binding affinities of IR700DX-TK-mbc94, IR700DX-
mbc94, and mbc94-SH to human CB2 receptor were determined
using established radioligand displacement assays.18,19 Briefly,
binding studies were carried out using 50 μL of 3 nM

½3H�CP-55940 with 100 μL of 5 μg human CB2 membrane
protein (PerkinElmer Life Sciences), 30 μL of binding buffer
(50 mM Tris-HCl, 2.5 mM EGTA, 5 mM MgCl2, and
0.5 mg∕mL fatty acid free-bovine serum albumin), and
20 μL of substrate at various concentrations. After 1 h of incu-
bation at 30°C, the mixture was filtered through UniFilter GF/B
(PerkinElmer) and washed three to four times with ice cold
washing buffer (50 mM Tris-HCl, 2.5 mM EGTA, 5 mM
MgCl2, 2% bovine serum albumin, pH 7.4). After the plates
were dried overnight, 30 μL of MicroScint O (PerkinElmer)
was added to each well. The filter plate was kept in dark for
15 min before being counted using a TopCount scintillation
counter (PerkinElmer). Inhibition constants (Ki) were calculated
using GraphPad Prism 7.

2.5 Development of CPM Assay

A mixture of tested compound (5 μM of IR700DX-TK-mbc94
or IR700DX-mbc94, or 1 μM of disulfide 4 or thiol 5) and
100 μM of CPM in PBS buffer were added to 96-well plate.
The light irradiated groups were irradiated with LED light
(L690-66–60, Marubeni America Co., New York, New York)
at wavelengths of 670 to 710 nm (peak at 690 nm) and a
power density of 30 mW∕cm2 for 30 min (54 J∕cm2). The con-
trol groups were kept under ambient light for 30 min. The results
were obtained using fluorescence plate reader with an excitation
wavelength of 384 nm and emission wavelength of 470 nm to
quantify the amount of activated CPM.

2.6 Time-Dependent CPM Assay Study

Amixture of tested compounds (5 μM of IR700DX-TK-mbc94,
IR700DX-mbc94 or IR700DX) and 100 μM of CPM in PBS
buffer was added to 96-well plate. The light irradiated groups
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were irradiated with LED light at wavelengths of 670 to 710 nm
and a power density of 30 mW∕cm2 as measured with an optical
power meter (PM100, Thorlabs) for 5-min interval up to 30 min
total irradiation time. The results were obtained using fluores-
cence plate reader with an excitation wavelength of 384 nm and
emission wavelength of 470 nm to quantify the amount of acti-
vated CPM.

2.7 ROS Production

To determine the types of ROS produced by IR700DX-TK-
mbc94 and IR700DX-mbc94, 5 μM of IR700DX-TK-mbc94
or IR700DX-mbc94 was irradiated with LED light at wave-
lengths of 670 to 710 nm and a power density of 30 mW∕cm2

5-min interval up to 30-min total irradiation time. ROS produc-
tion was determined using 10 μM of the free-radical indicator,
aminophenyl fluorescein (APF, Molecular Probes), or 10 μM of
the singlet oxygen (1O2) sensor green (SOSG, Molecular
Probes). Fluorescence intensities of APF at 500 nm (excitation
at 480 nm) or that of SOSG at 520 nm (excitation at 500 nm)
were recorded using a Synergy™ H4 hybrid multimode micro-
plate reader.

2.8 Cell Culture

CB2-mid DBT is a transfected mouse delayed brain tumor
cell line expressing CB2R at the endogenous levels.20 CB2-
mid DBT cells were cultured in DMEM containing 10% fetal
bovine serum, 4 mM glutamine, 100 units∕mL penicillin, and
100 μg∕mL streptomycin, the same methods as described in
our previously published work.21

2.9 In Vitro PDT Study

CB2-mid DBT cells were grown to confluence in T75 flasks,
harvested, seeded into 96-well optical plates, and incubated
in a water-jacketed incubator for 24 h prior to treatment.
Cells were incubated with 0.5 or 1 μM of IR700DX-TK-
mbc94 or IR700DX-mbc94 at 37°C overnight and cell medium
was then replaced with fresh medium to remove unbound PS.
Next, cells were irradiated with an LED light with wavelengths
of 670 to 710 nm and a power density of 30 mW∕cm2 for
30 min, as measured with an optical power meter (PM100,
Thorlabs). Cell viability was determined by CellTiter-Glo
Luminescent Cell Viability Assay kit (Promega) right after or
24-h post-PDT treatment. For light dose-dependent PDT
study, cells were treated with 1 or 2 μM of IR700DX-TK-
mbc94 and three light doses were used, including 18 J∕cm2

(10 min of 30 mW∕cm2 irradiation), 36 J∕cm2 (20 min), and
54 J∕cm2 (30 min). Cell viability was measured right after
PDT treatment.

2.10 Blocking Study

For the blocking group, cells in serum free medium was
pretreated with 10 μM of the blocking agent SR144528 for
30 min, before being treated with 1 μM of IR700DX-TK-
mbc94 for additional 30 min. Cells were then washed twice
with serum free medium and fluorescence intensities at Ex/
Em 620∕690 nm were recorded using a Synergy™ H4 hybrid
multimode microplate reader.

2.11 Data Processing

All data given in this study are the mean� standard error of the
mean (SEM) of n independent measurements (n ¼ 4 for in vitro
study). Statistical analyses were performed using the student
t-test method, with p values < 0.05 considered statistically
significant. Graphs were processed using GraphPad Prism 7
(GraphPad Software, Inc., La Jolla, California).

3 Results
Previously, we described the synthesis of compound 1,8

a heterobifunctional ROS-responsive thioketal linker, where
the two distinct functional groups provide readily assessable
point for conventional amide coupling. This unique feature ren-
ders compound 1 an excellent ROS-activatable linker connect-
ing two functionalities, a phthalocyanine PS, IR700DX and
a cannabinoid, mbc94 (Fig. 2). Intermediate 2a was prepared
by coupling mbc94 and 1 via amide coupling using HBTU.
The trifluoroacetamide protection was then removed using base
hydrolysis to give 2b. Finally, 2b was mixed with IR700DX-
NHS in dimethyl sulfoxide to yield compound IR700DX-TK-
mbc94 (3). To study the therapeutic effect of the activated pro-
drug, we also synthesized mbc94-SH by attaching 3-(tritylthio)
propionic acid to mbc94 through amide coupling, followed by
deprotection of the thiol group in an acidic condition (Fig. 3).
We found that IR700DX-TK-mbc94 and IR700DX-mbc94
efficiently displaced the high-affinity radioligand ½3H�CP-55940
(Kd ¼ 0.39 nM) from human CB2R protein with similar
nanomolar affinities (Ki ¼ 2.67� 1.78 nM for IR700DX-TK-
mbc94 versus 1.86� 1.38 nM for IR700DX-mbc94), which are
roughly 20-fold higher than mbc94-SH (Ki ¼ 47.7� 16 nM).

To validate the hypothesis that the thioketal linker is
cleavable by the in situ generation of ROS, we quantified the
amount of thiol generation upon light irradiation. We originally
attempted to use the classic Ellman’s assay for thiol
quantitation.22,23 Unfortunately, this method is not suitable as
the Ellman’s reagent is prone to artifacts from redox reaction,
which is inevitable due to the ROS generation. We therefore
used the 7-diethylamino-3-(4’-maleimidylphenyl)-4-methyl-
coumarin (CPM) assay24,25 to determine the ROS-induced
thioketal cleavage. CPM is a weakly fluorescent compound
but its fluorescent can be activated upon reaction with thiol
via maleimide-thiol coupling reaction.26,27

Upon light irradiation, IR700DX generates ROS, which can
cleave the nearby thioketal linker and subsequently produce two
thiol fragments and one acetone. As expected, over the 30-min
light irradiation period, we observed steady increase of fluores-
cence from CPM mixed with IR700DX-TK-mbc94 (Fig. 4).
Light irradiation of IR700DX-mbc94 and IR700DX caused
similarly low level of CPM fluorescence and the vehicle group
showed negligible signal, suggesting that ROS production alone
may also lead to CPM fluorescence activation. Nevertheless,
CPM fluorescence caused by light activation of IR700DX-
TK-mbc94 is much higher than the other groups (p < 0.0001).
To investigate whether the increased CPM fluorescence may be
caused by higher level of ROS production, we further compared
type I and type II ROS produced from IR700DX-TK-mbc94 and
IR700DX-mbc94 (Fig. 5). Under the same dose of light irradi-
ation, IR700DX-TK-mbc94 produced almost the same amount
of type I (APF indicating free radical, RFU APF: 7731 for
IR700DX-TK-mbc94 versus 7760 for IR700DX-mbc94 after
30-min irradiation), and less amount of type II (SOSG indicating
singlet oxygen, RFU SOSG: 8901 for IR700DX-TK-mbc94
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versus 11412 for IR700DX-mbc94 after 30-min irradiation,
22% less) ROS than IR700DX-mbc94, indicating that ROS pro-
duction did not contribute to the increased CPM fluorescence in
the IR700DX-TK-mbc94 group. These combined data suggest
that thiol production from IR700DX-TK-mbc94 dominated the
CPM fluorescence activation.

The in vitro therapeutic results are summarized in Fig. 6. To
demonstrate the advantages of the light-activatable combination

therapy strategy, all therapeutic results are compared between
IR700DX-TK-mbc94 and the nonactivatable IR700DX-mbc94
analog. Experimental setup is demonstrated in Fig. 7. To ensure
uniformed light irradiation, light dose was determined using
an optical power meter and each group of cells (n ¼ 4) was posi-
tioned in the center of the irradiated region. We first treated
CB2Rþ mouse delayed brain tumor CB2-mid DBT cells with
two concentrations (0.5 and 1 μM) of IR700DX-TK-mbc94
or IR700DX-mbc94, washed unbound PSs, and applied light
irradiation [Figs. 6(a) and 6(b)]. We found that right after light
irradiation, 59% death was observed in cells treated with 1 μM
of IR700DX-TK-mbc94, whereas no significant cell death was
seen in the IR700DX-mbc94 treatment group (p < 0.0001).
After these cells were incubated for additional 24 h, the
IR700DX-TK-mbc94 treatment group showed increased cell
death to 97% and the IR700DX-mbc94 group showed 74%
cell death (p ¼ 0.001), suggesting that programmatic apoptotic
cell death was involved in both groups, but necrosis was only
involved in the IR700DX-TK-mbc94 group. At the lower PS
concentration (0.5 μM), no significant cell death was observed
in either group right after light irradiation; however, after addi-
tional 24 h incubation, the IR700DX-TK-mbc94 group showed
78% cell death as compared to insignificant cell death in the
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IR700DX-mbc94 group (p < 0.0001). In addition, we found
that the cellular uptake of IR700DX-TK-mbc94 group can be
significantly blocked by the CB2R ligand SR144528 [44%
blocking effect, p ¼ 0.02, Fig. 6(c)], supporting target-specific
binding of IR700DX-TK-mbc94. We also studied light dose-de-
pendent therapy using three light doses (18, 36, and 54 J∕cm2)

and two concentrations (1 and 2 μM) [Fig. 6(d)]. It is obvious
that higher light dose or concentration led to greater cell death.
Interestingly, mbc94-SH alone did not cause significant cell
death (Fig. 8). We also found that although light treatment
using IR700DX-TK-mbc94 caused almost complete death of
CB2-mid DBT cells, the same treatment appears to be safe to
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HEK-293 normal cell control (Fig. 9). These data suggest that
IR700DX-TK-mbc94 is remarkably effective in treating cancer
cells in a target-specific manner.

4 Discussion
The combination of multiple therapeutics for cancer treatment
has gained growing interest. Such a practice usually leads to
enhanced outcome. In some cases, more favorable synergistic
effects are achieved, offering remarkable therapeutic outcome

and fewer side effects. Recently, we demonstrated the synergis-
tic outcome by combing two PDT agents that bind to distinct
cellular localization.6 Although combination therapy can be
easily realized by administration of multiple therapeutics indi-
vidually, a more attractive approach is targeted delivery of thera-
peutics to the tumor site in one package, where they can be
activated or released on demand. This approach is likely to fur-
ther improve the therapeutic outcome and safety. Often, a cleav-
able linker is included in the drug delivery system design that is
sensitive to conditions associated with tumor cells or micro-
environment, such as protease, acidic pH, and oxidative
stress.28 Although dozens of cleavable linkers have been devel-
oped, the cleavage is usually controlled only spatially, but not
temporally. In addition, these drug delivery systems are typically
difficult to develop, involving multifunctional nanosystems or
small molecules with many components. Here, we aimed to
develop a multifunctional prodrug, which has a simple design
but allows for targeted combinatory therapy and on-demand
activation both spatially and temporally. This was achieved
by utilizing a unique ROS-activatable heterobifunctional linker,
a CB2R-targeted cannabinoid prodrug, and a highly hydrophilic
PS with six sulfonate groups.

One interesting finding is that both IR700DX-TK-mbc94
and IR700DX-mbc94 bind to CB2R with a much higher
(∼20 folds) affinity than mbc94-SH. This is surprising because
typically attachment of a large dye molecule to a small targeting
ligand compromises the binding, as we have observed in our
previous studies.19,29 Although the exact binding mechanism
is yet to be investigated, it is possible that IR700DX facilitated
the interaction by binding to additional sites on CB2R. It has
been previously reported that phthalocyanine dyes can bind
to certain proteins.30 It is noteworthy that the binding affinity
of IR700DX-mbc94 to CB2R has been previously reported
by us determined by live cell fluorescence binding study
(Kd ¼ 42 nM), which is considerably lower than the binding
affinity reported in this study (Ki ¼ 1.86 nM). However, such
a significant difference is not surprising, because the previous
binding study used live murine cells but human CB2R protein
was used in this binding study. Our previous study has shown
that largely different binding affinities were determined when
protein versus intact cells were used.31 In addition, human and
mouse CB2Rs only share 82% amino acid identity.32

Fig. 7 In vitro PDT study using 96-well plates. (a) LED light was used to irradiate cells treated with
IR700DX-TK-mbc94 or IR700DX-mbc94. (b) To ensure uniformed light irradiation, light dose was deter-
mined using an optical power meter and each group of cells (n ¼ 4) was positioned in the center of the
irradiated region. Other groups of cells were positioned outside of the irradiated region.
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IR700DX-TK-mbc94 and IR700DX-mbc94 share the same
PS and therefore, the amount of ROS produced from each agent
is presumed to be the same. However, based on the SOSG stud-
ies, the singlet oxygen produced from IR700DX-TK-mbc94
appears to be less than that from IR700DX-mbc94. This is in
fact expected because some singlet oxygen produced from
IR700DX-TK-mbc94 was consumed to cleave the ROS-activat-
able thioketal linker and therefore not able to be detected by
SOSG. Because singlet oxygen is the main phototoxicity source
from IR700DX,4 such loss of singlet oxygen would reduce the
therapeutic outcome of IR700DX-TK-mbc94 as compared to
IR700DX-mbc94. In contrast, we found that IR700DX-TK-
mbc94 produced much higher therapeutic outcome than
IR700DX-mbc94, suggesting that the ROS-activated prodrug,
mbc94-SH, greatly contributed to the treatment. Interestingly,
mbc94-SH alone, even with a concentration of 5 μM, did not
show significant therapeutic effect, whereas IR700DX-TK-mbc94
treatment with much lower concentrations caused dramatic cell
death. We speculate that IR700DX-TK-mbc94, which has a
higher binding affinity to CB2R than mbc94-SH, facilitated deliv-
ery of mbc94-SH to the target site. As a result, mbc94-SH cleaved
from IR700DX-TK-mbc94 is more effective than if it is directly
used to treat CB2Rþ cells. It is also possible that the remarkable
therapeutic outcome from IR700DX-TK-mbc94 is attributed to
the synergism between PDT and cannabinoid therapy.

5 Conclusions
In conclusion, we developed a far red light-activatable
prodrug, IR700DX-TK-mbc94, which binds to CB2R with
a nanomolar affinity and synergizes PDT and cannabinoid
therapy. IR700DX-TK-mbc94 showed superior efficacy than
IR700DX-mbc94 in the therapeutic studies. With many
favorable features including targeting specificity, on-demand
activation, combinatory therapy, high hydrophilicity and safety,
IR700DX-TK-mbc94 has great potential in treating CB2R-
positive tumors.
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