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ABSTRACT

TSPO, an 18-kDa translocator protein, is a peripheral-type benzodiazepine receptor that has been associated

to a variety of biological activities such as apoptosis, steroidogenesis, and cell proliferation. Because TSPO
overexpression has been found in various forms of cancer, it has recently become one of the most appealing
biological targets for cancer therapies and detection. In order to create new optical imaging agents for improved
diagnostics, we synthesized a novel dimeric fluorescent TSPO ligand based on PRB28 structure and SCy5.5.
Following the preparation of the novel TSPO ligand, in vivo and ex vivo imaging tests were performed to examine
the tumor uptake characteristics of the fluorescent TSPO ligand in a glioma animal model, and it was found that
novel TSPO ligand was accumulated in glioma. These results suggested that novel dimeric fluorescent TSPO

ligand will be applied to detect glioma.
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Introduction

The translocator protein (18 kDa) (TSPO), which
was previously categorized as a kind of peripheral
benzodiazepine receptor, is a five transmembrane
sphere protein found primarily on the outer surface
of mitochondrial membranes [1, 2]. TSPO is also dis-
tributed predominantly in steroid-producing organs,
including the brain [3-7]. From hydropathy charac-
terization of the 169-amino-acid TSPO, the structure
of TSPO was experimentally confirmed as five trans-
membrane helices [8].

Moreover, TSPO has been associated with a variety

of fundamental biological functions, including ste-
roidogenesis, heme biosynthesis, oxidative stress, cell
proliferation and differentiation, cell cycle, mitochon-
drial respiration, mitochondrial membrane potential,
and so on [1]. Aberrant TSPO expression was con-
nected with multiple forms of cancer including breast,
colon, prostate, and ovarian tumors, as well as astro-
cytoma, hepatocellular, and endometrial carcinomas
[9,10]. Furthermore, because TSPO overexpression is
associated with microglial activation in the brain, par-
ticularly in the central nervous system, and TSPO levels
are lowest in resting microglia, TSPO may be a feasible

biomarker for inflammatory neurodegenerative disor-
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ders such as Alzheimer’s disease, Parkinson’s disease,
Huntington’s disease, and multiple sclerosis [11].

Many clinical studies have used TSPO ligands. The
first synthesized TSPO ligand was built on the iso-
quinoline carboxamide structure (PK11195), which
specifically binds to the peripheral benzodiazepine
receptor, classified as TSPO ligand with high affinity
(12]. ['C]-PK11195, a PET tracer of this TSPO ligand,
has been used to detect brain inflammation in patients
with neurodegenerative disorders such as Huntington's
disease and Parkinson's disease [13]. With the tremen-
dous achievements in this area, various TSPO ligands
have been discovered, including phenoxyaryl acetamide
(PBR28 and DAA1106), imidazopyridin-acetamide and
its bioisosteric structures (CB148, DPA-713, and DPA-
714), and indoleacetamides (SSR180575) [14].

Optical imaging is defined as a concept of non-in-
vasive molecular imaging that utilizes simple and low-
cost equipment, making it more reasonable and con-
trollable for clinical imaging and preclinical research
[15]. Furthermore, optical tracers could be stored,
supplied, and used, with the added benefit of being
mass-produced on a large scale [16]. One may also use
several probes that emit a wide range of colors and si-
multaneously calculate the signals from different chan-
nels, allowing for the examination of various molecular
properties at the same time [17, 18].

Near-infrared (NIR) fluorophores have recently
emerged as new fluorescent agents, with benefits such
as low background fluorescence signals and good pene-
tration in deep tissues [19-21]. Many NIR fluorescence
probes have been produced for a variety of applica-
tions, based on a wide range of materials such as small
organic molecules, inorganic materials, or composites
of organic and inorganic materials [22-24]. Small or-
ganic compounds, in particular, have been frequently
employed due to their small size, flexibility in design,
and biocompatibility [25, 26].

Gliomas are tumors that arise from glial cells and are
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the most common kind of cancer in the brain, particu-
larly in the central nervous system (CNS). Glioblasto-
ma multiforme (GBM) is the most lethal kind of glio-
ma tumor, with a prognosis of just 1-2 years of survival
dependent on the stage of isocitrate dehydrogenase
(IDH) [27]. Glioblastomas have various features that
contribute to their malignancy, including a rapid pace
of development, extensive vascularization, and highly
penetrative features. Therefore, molecular imaging,
also known as non-invasive methods, such as X-ray
computed tomography (CT), magnetic resonance im-
aging (MRI), positron emission tomography (PET),
and others, has been developed over years in clinical
investigations for the diagnosis of glioma [28].

Optical imaging probes based on TSPO ligands have
now been used for the diagnosis of a range of diseas-
es. For example, Kozikowski et al. [29] synthesized a
TSPO optical probe using 4-chloro-7-nitrobenzofu-
razan (NBD chloride) and used it to visualize C6 rat
glioma cells and MA-10 Leydig. Because a wide range
of effective TSPO ligands have been discovered in re-
cent years, the formation of novel fluorescence probes
based on novel TSPO ligand moiety with high affinity
to TSPO is a significant and important study. Partic-
ularly, PBR28 ligands containing moieties N-(2-hy-
droxybenzyl)-N-(4-phenoxypyridin-3-yl)acetamide
have demonstrated substantial benefits in terms of
selective target of TSPO, such as high affinity for na-
no-molar binding to TSPO and considerably improved
signal-to-background noise ratio in several studies [30-
32]. Herein, we describe protocol for the synthesis and
evaluation of a new dimeric fluorescent TSPO ligand
to examine its potential imaging abilities in a glioma

cancer model (Scheme 1 and Scheme 2).

Materials

All reagents and solvents used for reactions were
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Scheme 1. Synthetic procedures for preparation of N-(2-hydroxybenzyl)-N-
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Reaction condition: (a) compound 5, K2COs, acetonitrile, 80 °C, 19 h; (b) TFA, CH2Cl, r.t., 3 h; (c) Boc:O, THF, r.t.,, 1

h; (d) TsCl, ag. NaOH, H20/THF, r.t., overnight.

commercially available and used without any purifi-
cation. Solvents for extraction and chromatography
were reagent grade and used as received. Thin-layer
chromatography as aluminum sheets coated with silica
gel 60 Fass (Merck, Germany) were used to monitor
the progress of these reactions. The products were de-
tected by UV light (254nm) exposure or KMnOs stain.
Flash column chromatography was performed using
Merck silicagel 60 (0.040-0.063 mm) and eluted with
proper mixture of solvents. Melting points of products
were determined by a Stuart SMP10 melting point
Apparatus (Cole-Parmer Ltd., UK). Nuclear magnetic
resonance spectra (‘H and "°C) were recorded on a 400
MHz spectrometer (Bruker, US) at room temperature
in deuterated solvents with tetramethylsilane (TMS) as
an internal reference. The chemical shift values were

reported in § units (ppm) relative to residual chloro-
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form or dimethyl sulfoxide (DMSO), and the coupling
constants (J) were quoted in hertz (Hz). High-resolu-
tion mass spectrometry was carried out by Mass Spec-
trometry Service of Jeonbuk National University and

Korea Basic Science Institute.

Procotol

1. Synthesis of N-(2-hydroxybenzyl)-N-(4-
phenoxypyridin-3-yl)acetamide (2)

The synthesis of the core TSPO structure (compound
2) was performed using 4-chloro-3-nitropyridine as
starting material according to previously reported
method [33].



2. Synthesis of tert-butyl(2-(2-(2-((N-(4-
phenoxypyridin—-3-yl)acetamido)methyl)
phenoxy)ethoxy)ethyl)carbamate (6)

2.1) Compound 5 (3.00 g, 8.97 mmol) in anhy-
drous acetonitrile (10 mL) was added to a mixture
of 2-(2-((tert-butoxycarbonyl)amino)ethoxy)ethyl
4-methylbenzenesulfonate (compound 3) (3.91 g, 10.76
mmol) and K2CO:s (4.95 g, 35.89 mmol) in anhydrous
acetonitrile (20 mL) at room temperature.

2.2) The mixture was heated to 80 °C and stirred for
19 h. The reaction mixture was quenched with H.O (20
mL) and extracted with ethyl acetate (20 mLXx2).

2.3) The combined organic layer was dried over
anhydrous Na:SOs, filtered, and concentrated under
reduced pressure.

2.4) The crude product was purified by flash column
chromatography using n-hexane/ethyl acetate (1:2 to
1:4) as the eluent on silica gel to yield compound 6.

3. Synthesis of N-(2-(2-(2-aminoethoxy)
ethoxy)benzyl)-N-(4-phenoxypyridin-3-yl)
acetamide (7)

3.1) Compound 6 (4.00 g, 7.67 mmol) was added to
the mixture of TFA/CH:Cl: (1:1, v/v) (5 mL).

3.2) The reaction mixture was stirred at room tem-
perature for 3 h.

3.3) The reaction mixture was quenched with sat-
urated solution of NaHCOs (20 mL), extracted with
dichloromethane (20 mL X 2), and washed with brine
(20 mL).

3.4) The combined organic layer was dried over
anhydrous Na:SOs, filtered, and concentrated under

reduced pressure to yield compound 7.

4. Synthesis of tert-butyl
(2-(2-hydroxyethoxy)ethyl)carbamate (4)
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4.1) Di-tert-butyl dicarbonate (14.8 g, 68.48 mmol)
was added to 2-(2-aminoethoxy)ethan-1-ol (6.00 g,
57.06 mmol) in anhydrous tetrahydrofuran (25 mL) at
room temperature.

4.2) After being stirred at room temperature for 1
h, the reaction mixture was quenched with saturated
NaHCO:s (20 mL), extracted with ethyl acetate (20
mL), and washed with brine (20 mL).

4.3) The organic layer was dried over anhydrous
Na:SOs, filtered, and concentrated under reduced pres-
sure.

4.4) The residue was purified by flash column chro-
matography using n-hexane/ethyl acetate (2:1 to 1:1) as

the eluent on silica gel to yield compound 4.

5. Synthesis of 2—(2—((tert-butoxycarbonyl)amino)
ethoxy)ethyl 4—-methylbenzenesulfonate (5)

5.1) To compound 4 (10.65 g, 48.0 mmol) in tetrahy-
drofuran (10 mL), NaOH (3.84 g, 96.0 mmol) in water
was added at room temperature.

5.2) The reaction mixture was cooled to 0 °C. p-Tolue-
nesulfonyl chloride (10.98 g, 57.6 mmol) in tetrahydrofu-
ran (20 mL) was added dropwise to the reaction mixture.

5.3) After being stirred at room temperature for
overnight, the reaction mixture was concentrated un-
der reduced pressure, then quenched with water (30
mL), and extracted with dichloromethane (30 mL x 2).

5.4) The combined organic layer was dried over
anhydrous Na:SOq, filtered, and concentrated under
reduced pressure.

5.5) The residue was purified by flash column chro-
matography using n-hexane/ethyl acetate (1:1) as the

eluent on silica gel to yield compound 5.

6. Synthesis of Benzyl (7,11-dioxo-1,17-bis(2-
((N=(4-phenoxypyridin-3-yl)acetamido)
methyl)phenoxy)-3,15-dioxa-6,12-
diazaheptadecan—8-yl)carbamate (8)
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6.1) N-Benzyloxycarbonyl-L-glutamic acid (0.31 g,
1.11 mmol), HOBt (0.449 g, 3.33 mmol), and 1-Eth-
yl-3-(3-dimethylaminopropyl)carbodiimide (EDC)
(0.469 g, 3.33 mmol) was dissolved in anhydrous DMF
(10 mL).

6.2) The mixture was stirred at room temperature
for 15 minutes.

6.3) Compound 7 (1.400 g, 3.33 mmol) and Et:N
(5.55 mmol, 0.77 ml) in anhydrous DMF (5 mL) was
added to the mixture.

6.4) After being stirred for 14 h at room temperature,
the reaction mixture was quenched with water (40 mL)
and extracted with ethyl acetate (40 mL X 3).

6.5) The combined organic layer was dried over
anhydrous Na:SOs, filtered, and concentrated under
reduced pressure.

6.6) The crude product was purified by flash column
chromatography using dichloromethane/methanol
(30:1 to 20:1) as the eluent on silica gel to yield com-
pound 8.

7. Synthesis of 2-amino-N',N°-bis(2-
(2-(2-((N-(4-phenoxypyridin—3-yl)
acetamido)methyl) phenoxy)ethoxy)ethyl)
pentanediamide (9)

7.1) To the mixture of compound 8 (0.400 g, 0.37
mmol) and thioanisole (0.230 g, 1.83 mmol), TFA (6
mL) were added at room temperature.

7.2) The reaction mixture was stirred at room tem-
perature for 24 h.

7.3) The mixture was quenched with saturated sodi-
um bicarbonate (10 mL) and extracted with dichloro-
methane (20 mL X 2).

7.4) The combined organic layer was concentrated
under reduced pressure.

7.5) Dichloromethane (5 mL X 5) was added to
crude product and concentrated under reduced pres-

sure until thioanisole was fully removed.
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7.6) The crude mixture contained compound 9 was
used directly for next reaction without further purifi-

cation.

8. Synthesis of Potassium3-(6-((7,11-dioxo-
1,17-bis(2-((N-(4-phenoxypyridin—-3-yl)
acetamido)methyl)phenoxy)-3,15-dioxa—
6,12-diazaheptadecan—-8-yl)amino)-6-
oxohexyl)-1,1-dimethyl-2-((1E,3E,5E)-
5-(1,1,3-trimethyl-6,8-disulfonato-1,3-
dihydro-2H-benzolelindol-2-ylidene)penta—
1,3-dien-1-yl)-1H-benzo[elindol-3-ium~-
6,8—disulfonate (10)

8.1) Compound 9 (0.0855 g, 0.0897 mmol) and Et:N
(0.05 g, 0.538 mmol) were dissolved in DMSO (0.7
mL).

8.2) The mixture was stirred at room temperature
for 15 min, and SCy5.5 (0.02 g, 0.0179 mmol) was add-
ed to reaction mixture.

8.3) After being stirred for overnight at room tem-
perature under the dark condition, the crude mixture
was purified by MPLC using methanol gradient in wa-
ter to yield compound 10.

9. In vivo and ex vivo fluorescence imaging

9.1) A FOBI Imaging System was used to perform in
vivo fluorescence imaging and ex vivo biodistribution
studies (NeoScience, Republic of Korea).

9.2) PBS was used to dilute the stock aqueous solu-
tion of dimeric TSPO ligand in ethanol.

9.3) C6 glioma tumor-bearing mice were injected
intravenously with 20 nmol of ligand, and imaging was
acquired after 6 hours.

9.4) The anesthetic mice were sacrificed by cervical
dislocation after 6 hours of imaging. The organs were
then gathered and placed in a plastic Petri dish (tumor,

heart, liver, stomach, spleen, liver, lung, and kidneys).



9.5) Using organs of glioma mice model, ex vivo im-
aging, and fluorescence distribution calculations were

obtained via a FOBI imaging system.

Representative Results
1. Synthesis of core TSPO structure 2

The structure of compound 2 was confirmed by
'H-NMR, “"C-NMR (synthesis yield from starting
material: 60%). "H NMR (400 MHz, CDCl:) & 9.24 (s,
1H), 8.43 (d, ] = 5.6 Hz, 1H), 8.33 (s, 1H), 7.41-7.37 (m,
2H), 7.28-7.20 (m, 2H), 6.94-6.92 (m, 1H), 6.78-6.63
(m, 5H), 4.87 (q, ] = 12.4 Hz, 2H), 2.02 (s, 3H); °C
NMR (100 MHz, CDCL) & 173.6, 161.0, 156.2, 152.7,
151.2, 150.5, 131.3, 130.4 (2C), 128.0, 126.4, 121.5,
120.7 (2C), 119.4, 117.8, 110.7, 106.5, 50.3, 21.8.

2. Synthesis of linker 5

The structure of the compound 5 was confirmed by
'H-NMR, "C-NMR (synthesis yield: 86%). 'H H NMR
(400 MHz, CDCLs) 6 7.83 (d, J = 8.4 Hz, 2H), 7.38 (d,
J = 8.0 Hz, 2H), 4.19-4.17 (m, 2H), 3.66-3.63 (m, 2H),
3.46 (t, ] = 5.2 Hz, 2H), 3.25-3.22 (m, 2H), 2.47 (s, 3H),
1.46 (s, 9H); "C NMR (100 MHz, CDCls) § 155.9,
144.9, 132.9, 129.8 (2C), 128.0 (2C), 79.4, 70.4, 69.1,
68.4, 60.4, 28.4 (3C), 21.7.

3. Synthesis of core TSPO structure with linker 7

The structure of the compound 7 was confirmed by
'H-NMR, "C-NMR (synthesis yield: 99%). 'H NMR
(400 MHz, CDCL) § 8.34 (s, 1H), 8.28 (s, 1H), 7.44-7.39
(m, 2H), 7.35 (dd, J = 7.2, 1.6 Hz, 1H), 7.29-7.25 (m,
1H), 7.23-7.19 (m, 1H), 6.88-6.83 (m, 3H), 6.77 (d, ] =
8.0 Hz, 1H), 6.53 (d, J = 5.6 Hz, 1H), 5.12 (g, ] = 14.0
Hz, 2H), 3.96-3.93 (m, 2H), 3.73-3.63 (m, 4H), 3.60 (t,
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J = 4.8 Hz, 2H), 2.96 (bs, 1H), 2.86 (bs, 1H), 2.00 (s,
3H); "C NMR (100 MHz, CDCls) & 170.6, 160.8, 156.9,
153.2, 151.7, 150.3, 131.9, 130.3 (2C), 129.1, 128.5,
126.0, 124.8, 120.8, 120.7 (2C), 111.2, 110.3, 72.3, 69.4,
67.3,46.3, 41.4, 22.3.

4. Synthesis of the novel dimeric fluorescent
TSPO ligand 10

The structure of the compound 10 was confirmed by
'H-NMR, "C-NMR (synthesis yield: 42%). 'H NMR
(400 MHz, CDsOD) 6 9.12 (d, ] = 9.6 Hz, 1H), 8.78 (s,
1H), 8.64 (s, 1H), 8.44 (t, ] = 12.8 Hz, 1H), 8.30-8.23 (m,
5H), 8.15 (s, 1H), 7.74-7.71 (m, 1H), 7.48-7.39 (m, 5H),
7.38-7.17 (m, 11H), 6.95-6.91 (m, 6H), 6.86-6.76 (m,
4H), 6.64-6.54 (m, 3H), 6.37 (dd, J = 13.6, 4.8 Hz, 1H),
5.16-5.08 (m, 3H), 5.06-4.91 (m, 4H), 4.64 (s, 1H), 4.11
(s, 1H), 4.00-3.89 (m, 4H), 3.80-3.65 (m, 2H), 3.64-3.50
(m, 7H), 3.46-3.42 (m, 2H), 3.14-3.36 (m, 3H), 3.34-
3.32 (m, 9H), 2.53-2.51 (m, 2H), 2.47-2.43 (t, ] = 7.2
Hz, 2H), 2.31-2.22 (m , 2H), 2.14-2.07 (m, 2H), 2.05-
1.97 (m, 6H), 1.91-1.83 (m, 2H); "C NMR (100 MHz,
CD:OD) §173.6, 173.3, 172.9 (2C), 172.8, 171.5 (2C),
161.4 (2C), 157.4, 157.2 (2C), 153.6, 153.0 (2C), 150.9
(2C), 150.2 (2C), 149.2, 131.4 (2C), 131.4 (2C), 130.9,
130.8, 130.2 (4C), 130.1 (2C), 129.3 (2C), 129.3 (2C),
129.7, 128.3, 128.3, 128.3, 128.2, 128.2 (2C), 127.3,
126.0 (2C), 125.6, 124.2 (2C), 124.1, 123.4, 121.9, 121.8,
120.5 (4C), 120.4 (2C), 120.3, 120.1, 111.3 (2C), 111.0,
110.6 (2C), 69.2, 69.1 (2C), 67.5, 67.3 (2C), 67.2, 56.3,
52.8, 51.3, 50.8, 46.3, 46.2 (2C), 39.2 (2C), 39.1, 37.9,
33.7,30.9, 26.6, 26.4, 25.1, 24.9, 21.1 (2C), 16.1.

4. In vivo and ex vivo fluorescence imaging
A set of photographs collected under white and red
light to visualize in vivo biodistribution, accumulation

of a new dimeric TSPO ligand conjugated with
SCy5.5 were shown in Figure 1. The distribution of
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Figure 1. /n vivo and ex vivo imaging study of dimeric fluorescent TSPO ligand (10) in glioma mouse model.
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the chemical in all organs of the mice was observed
after 1 hour of administration. The dimeric TSPO
fluorescent ligand favored accumulation in the tumor
region after 6 hours. For 6 hours after injection, in vivo
and ex vivo tumors treated with of the mice retained
the strong signal and high tumor-to-normal contrast
growth. As demonstrated in Figure 2, the stomach had
the maximum fluorescence intensity, followed by the
lung, tumor, and liver. A little fluorescence signal was
seen in the kidney and muscle. Furthermore, in the
glioma mouse model injected with the new dimeric

TSPO fluorescent ligand, the heart and spleen showed
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essentially minimal fluorescence signal.

Discussion

The synthetic procedure of PBR28-based structure
has been established in the previous literature [33].
First, a four-step protocol was used to produce the
N-(2-hydroxybenzyl)-N-(4-phenoxypyridin-3-yl)
acetamide motif (compound 2), beginning with
4-chloro-3-nitropyridine. The TSPO ligand was then

attached to the glutamine spine through amide linkage,



followed by the conjugation of dimeric TSPO ligand
with NIR probe (SCy5.5). The overall yield for synthe-
sizing the final product (compound 10) is 21%. Despite
the ease with which PBR28-based TSPO ligands may
be synthesized, the conjugation with SCy5.5 in the last
step has the lowest yield of the whole procedure.
Because of the safety and popularity of the C6 glioma
cell line [34], we performed TSPO in vivo and ex vivo
research on xenograft mice with C6 glioma tumor to
investigate the behaviors of dimeric TSPO ligand with
NIR probe, SCy5.5. The mice were given 20 nmol of
TSPO ligand through tail vein injection and photos
were taken 6 hours later (Figure 1). After 6 hours of
imaging, an ex vivo biodistribution research was per-
formed, and the results indicated that the fluorescent
ligands accumulated only in particular organs such as
the kidneys, tumor, liver, lung, and stomach (Figure 1
and 2). Because of the modest expression of TSPO in
the kidney [35], the dimeric TSPO targeting moiety
can be detected in the kidney. This TSPO expression
can explain the sufficient signal by ligand absorption in
this organ. The fluorescence intensity signal in tumors
shows that the new dimeric TSPO ligand conjugated
with NIR probe may efficiently identify glioma. The
increased uptake in the liver might be due to hepa-
tobiliary excretion or non-target uptake unrelated to
TSPO. Besides, the modest expression of TSPO in the
lung might explain our compound's uptake signal [36].

Conclusion

In conclusion, we successfully achieved N-(2-hy-
droxybenzyl)-N-(4-phenoxypyridin-3-yl)acetamide
based structure (PBR28 structure) (compound 2) for
targeting translocator protein (TSPO) from commer-
cially available starting materials. Also, the novel TSPO
fluorescent ligand (compound 10) were produced via

amide linkage with glutamine spine, and conjugated

Journal of Radiopharmaceuticals and Molecular Probes

with SCy5.5, a NIR probe in 21% yield. After 6 hours
of injection, in vivo and ex vivo tumor imaging of mice
injected with compound 10 maintained a robust signal
and a high tumor-to-normal contrast. These results
proved that our compound 10 could be a promising

TSPO ligand for the diagnosis of glioma.
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