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Abstract. Cherenkov radiation (CR) is an optical light that is emitted during the decay of beta-particle-
emitting radionuclides, such as '8E which is present in ['8F]-fluorodeoxyglucose, a well-known
tracer used in positron emission tomography. The CR emission occurs from relaxation of molecules
of the dielectric medium surrounding the emitted beta-particle. The Cherenkov radiation energy
transfer (CRET) to a CR acceptor, such as subphthalocyanine, was analyzed. Subphthalocyanine is
a unique concave-shaped 14 -electron fluorophore with optical properties. The relevance of such a
CR emitter/acceptor couple to performing CRET is discussed.

Keywords. Cherenkov radiation energy transfer (CRET), Subphthalocyanine, Cherenkov lumines-
cence imaging (CLI).
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1. Introduction

Cherenkov radiation (CR) is emitted during radionu-
clide decay when a beta particle is released at a speed
that causes the surrounding molecules from the di-
electric medium (along the track of the particle) to
attain an excited/polarization state. Subsequent re-
laxation of the surrounding molecules proceeds with
light emission, which is called Cherenkov radiation.
Overall, such a CR emission occurs when the energy
of the beta particle is so high that it can travel even
faster than light in a given dielectric medium [2-14]
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(which is a medium that could be polarized by an
electric field). Hence an analogy can be drawn:
the noise emitted when airplanes break the sound
barrier may somehow compare with CR, which is
emitted when beta particles break the light barrier in
a dielectric medium.

The history of CR [2-14] began from its prediction
by Oliver Heaviside in 1888, then Arnold Sommerfeld
in 1904, and followed by its first observation by Marie
Curie who detected its emission from radium sam-
ples in the 1910s. Later in the 1920s, Lucien Mallet
demonstrated that it was emitted from transparent
bodies and could record its spectrum. Then Pavel
Cherenkov, a graduate student of Sergei Vavilov at
the Lebedev Institute (FIAN), demonstrated its origin
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CR Emitter

CR Acceptor

Figure 1. (A) CR emitter: ['®F]-fluorodeoxyglucose (['®F]-FDG). Inset (left): CR as seen in pools that cool
nuclear rods. (B) CR acceptor: subphthalocyanine (SUB).

and properties and that it consists of a continuous
spectrum. Ilya Frank and Igor Tamm subsequently
performed the theoretical interpretation of this emis-
sion, and they were awarded the Nobel Prize in 1958
together with Pavel Cherenkov. About 100 years after
the first observation of CR, the development of a sen-
sitive camera allowed the use of CR in a variant of op-
tical imaging named Cherenkov luminescence imag-
ing (CLI), first in 2009 in preclinical settings [15-18]
and later in 2013 in clinical settings [19,20].

Cherenkov radiation is an alternative light source
to perform fluorophore photoactivation, which orig-
inates from atomic decay (radionuclides) and sur-
rounding molecules relaxation. Cherenkov radia-
tion energy transfer (CRET) to fluorophores is ex-
pected to be eYcient as long as there is a good
match/overlap between the CR emission spectrum
and the fluorophore absorption spectrum [21-27],
which roughly falls in the 300-600 nm window of
the electromagnetic spectrum. It is required that
the optical properties of both the CR emitter and
the CR acceptor are acceptable. This means a high
CR quantum vyield for the former and high bright-
ness B for the latter (with high values of either
one or both of its components: fluorescence quan-
tum yield "r and molar coeYcient absorption ).
These matters related to CRET will be addressed on
choosing two partners of interest for future biomed-
ical applications, such as '8F as the CR emitter
and subphthalocyanine (SUB) as the CR acceptor
(Figure 1).

2. Results and discussion

2.1. Synthesis and radiosynthesis of CR emitter
and CR acceptor

2.1.1. CR emitter:  fluorine-18 (*®F) in ['8F]-
fluorodeoxyglucose ['®F]-FDG

Fluorine-18 (18F) is the most widely used radionu-
clide for positron emission tomography (PET) imag-
ing in clinical settings [28-31]. Fluorine-18 emits
a positron ( 7) that annihilates on reaction with
an electron to produce two gamma rays that are
detected and used for PET imaging purposes. The
actual study focuses on the ability of the positron
to trigger the emission of CR with the surrounding
dielectric medium. ['®F]-fluorodeoxyglucose (['®F]-
FDG) is synthesized by electrophilic or nucleophilic
fluorination [28-31] (Figure 2). In electrophilic fluo-
rination, tri-O-acetyl-D-glucal reacted with [18F]-F,
or ['8F]-CH3CO,F to produce a mixture of fluori-
nated molecules. From among these molecules, the
difluoroglucose derivative was isolated and subse-
quently hydrolyzed to form ['®F]-FDG (in 8% yield
in 2 h). In nucleophilic fluorination, the ['®F]-Fi ion
is in the presence of Kryptofix 222™, a cyclic crown
ether that binds the potassium ion, which prevents
the formation of poorly reactive ['®F]-KF and makes
[18F]-Fi more reactive in the nucleophilic substitu-
tion. The radioactive anion will displace the triflate
leaving group in tetra-O-acetyl-triflate mannose to
form ['®F]-FDG.
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Figure 2. ['8F]-fluorodeoxyglucose (['®F]-FDG) synthesis, following the electrophilic (A) and nucle-

ophilic (B) fluorination reactions [28-31].

2.1.2. CR acceptor: subphthalocyanine

Subphthalocyanines (SUB, also reported with the
acronym SubPc in the literature) are 14- electron
macrocycles that are reported as fluorophores of in-
terest for fluorescence imaging [32,33]. Their shape is
unique; they have a domed concave structure, which
is an appealing feature in biomedical applications
because it does not favor aggregation, a deactivation
phenomenon in fluorescence imaging.

The first step in SUB platform synthesis (Figure 3)
is the dicyanobenzene cyclotrimerization reaction
that is typically achieved in 1,2-dichlorobenzene
as a solvent under inert atmosphere in the pres-
ence of boron trichloride to form golden sparkling
chlorosubphthalocyanine dye (SUB-CI, 1) of approx-
imately 58% yield. Subsequent reaction of 1 with
phenol/hydroxyaryl-containing reagents leads to
the replacement of the axial chlorine atom with
the corresponding aryloxy substituent of inter-
est, also of 60-64% yield (which corresponds to
35-37% overall yield in 2 and 3). The first ratio-
nale of such an addition was to further address the
three-dimensional feature of the dye, that is, subse-
quently preventing aggregation. The second ratio-
nale was to conveniently aVord a chemical function-
ality for further derivatization of SUB platforms as
with nitrophenoxy substituent in SUB-PH 2 (which
could be reduced into an amine for further conjuga-
tion). The third rationale was to append a UV/blue

absorbing fluorophore to produce a SUB-COUM
3 dyad, which could undergo more CR absorption
and contribute to its transfer toward a less energetic
wavelength potentially less absorbed by biological
tissues.

2.2. Luminescence studies: CR emitter,
CR acceptor, and their combination to
achieve CRET

2.2.1. CRemitter: 18F
Theory [31]

t Fluorine-18 ('$F) is a “neutron-deficient” or
“proton-rich” radionuclide that decays by
emitting a positron ( 7) particle, a neutrino
( ), and its daughter radionuclide '§0 (the
atomic number of which is one unit less than
that of its starting lgF parent):

Brpullo™ —
+ 18F decay follows the radioactivity decay law
(Equation (1)):
Ay~ Agei-t (1)

Parameters of the equation: A, activity
at time t; Ap, activity at t — 0; ,, decay
constant—it is the probability of disinte-
gration per unit time and it is related to
the half-life (0.693/t;,2); t1/2, half-life of the
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Figure 3. Syntheses of subphthalocyanine (SUB) targets bearing three distinct axial features: a chlorine
atom (SUB-CI, 1), a nitrophenoxy group (SUB-PH, 2), and a coumarin (SUB-COUM, 3) [32,33].

mn—»CR

radionuclide

Figure 4. Emission of the Cherenkov Radiation
(CR) from radionuclides, and as it is seen in
pools that cool nuclear rods.

radionuclide, the time the starting activity
drops to one half—it is related to activity A

and the number of radioactive atoms N; ac-
tivity of a radionuclide, or radioactivity, is the
disintegrationrate: A~ ,N ~ jdN/dt.

Equation (1): radioactivity decay law.

To achieve CR emission (Figure 4), the energy
of the beta particle emitted by a radionuclide
during the decay process has to be beyond
the Cherenkov threshold. Cherenkov emis-
sion occurs above this threshold, which is a
function of the nature of the medium. When
the medium is water, the Cherenkov thresh-
old is 264 keV. The energy of the beta particle
emitted by a radionuclide such as fluorine-18
('8F) is 634 keV, which makes it a good candi-
date for CLI because it is about 2.5-fold be-
yond the Cherenkov threshold [2-14].

The number of Cherenkov photons emitted
follows the equation reported by Ilya Frank
and Igor Tamm (Equation (2)) [2-14]:

1 1 i 1 1

21 =2 fl2-2

dN _
2

ax 2)
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Parameters of the equation: dN/d x, num-
ber of photons per unit of path length whose
wavelength is between the | 1 and | » inter-
vals; , ne structure constant (1/137); , ve-
locity of the particle (in the medium) divided

by thatin vacuum (c); ~, refractive index (RI).

Equation (2): determination of the number
of Cherenkov photons generated during ra-
dionuclide decay.

2 The number of optical photons (400—800 nm)
per nuclear decay is reported to be 0.8-1.4
photons per decay of ®F atom ona 50 m
step path [15-18]. A Monte Carlo simulation
showed that CR emitted from *8F is con ned
within 0.3 mm [15-18].

2 CRyield is a function of three parameters:
® A—energy of the beta particle
 B—activity loaded
® C—RI of the medium

Experiment

Three parameters governing radiance/CR vyield
were examined throughout the studies. The emission
of CR was recorded both on a spectro uorometer and
on an optical imager.

® A—energy of the beta particle. Experiments were
conducted on the spectro uorometer. The uores-
cence cell was lled with a solution of a [ 18F]-FDG
(34.5 MBQq) and recording was achieved on a biolu-
minescence mode (no laser irradiation) with maxi-
mum open slits and maximum scans. Under the ex-
perimental conditions, a spectrum develops, which

is UV/blue weighted (Figure 5). The CR prole is
the same from one radionuclide to another. When
the energy of the beta particle is raised, such as °Y
(E A2.2 MeV), the luminescence intensity is raised
compared to ®F (E /A0.63 MeV). Hence, *°Y ap-
pears as a more appealing CR emitter than 8F How-
ever, the latter was chosen because of its ready avail-
ability and for cost reasons.

® B—activity loaded. 96-well plates were lled with
5-25 MBq (0.135-0.676 mCi) [*®F]-FDG solution
and the remainder of the medium with water. CLI
luminescence studies were performed on the optical
imager, with images recorded just a few minutes
after sample deposition, using an open Iter mode.

Photon emission is a function of activity: a rise in ac-
tivity (with no change in medium composition) sub-
sequently leads to a corresponding rise in radiance.
The radiance of several activities has been measured
by detecting all emitted photons (no lter used) for

1 s (Figure 6).

o

C—RI of the medium. The value of the mea-
sured radiance varied depending on the nature of
the co-solvent. The co-solvent with the highest RI
led to the highest radiance as expected from Equa-
tion (1) (Figure 7). Hence, when DMSO with RI A&
1.477 was used as the co-solvent, a radiance was
measured that was 1.2-1.5 times as much as that of
other co-solvents, the RIs of which were lower, that
is, in the 1.3 range. Conversely a striking observa-
tion could be made: although the methanol Rl value
was slightly lower (1.328) than that of serum (1.34),
its radiance evolved the other way around. This may
possibly be explained because the Rl value is the av-
erage of values recorded on the whole UV-vis win-
dow. Although the RI value of methanol measured at
400 nm is noticeably higher (1.374) (Figure S1) than
that measured at 700 nm (1.320), the reported value
(1.331) [34] corresponds to the average value of all
other measured Rls at various wavelengths. Hence,
at 400 nm, which corresponds to a region of the
spectrum where CR emission is more intense, the RI
value for methanol (1.374) is higher than that of wa-
ter (1.34).

2.2.2. CR acceptor:SUB ( uorescence studies)

The optical properties of subphthalocyanine mea-
sured in toluene indicate a maximal absorption at
562 nm and emission at 572 nm (i.e. 10 nm Stokes
shift). It was noted that the uorescence quantum
yield ©r measured in toluene of the subphthalo-
cyanine dropped when the axial chlorine atom was
substituted (0.32 for 1, 0.17 and 0.19 for 2 and 3,
respectively).

2.2.3. CRET studies

Rationale. Hence, studies reported in Sections 2.2.1
(Figure 5) and 2.2.2 (Figure 8) indicate that the
spectral overlap between the CR acceptor and the
CR emitter is optimum (Figure 9A). Hence, subse-
quent CRET studies on the optical imager could
be performed, the concept of which is depicted in

Figure 9B,C, and CLI images displayed in Figure 10.
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Figure 5. Cherenkov radiation emission spectra of [ *8F]-FDG (34.5 MBq) and [ °°Y]-YCl; (13.2 MBq) [24].

Figure 6. Measured radiance as a function of
activity in [ 18F]-FDG [1].

Experiment. It was performed in 96-well plates and
consisted in mixing a solution of the CR emitter to

a solution of the CR acceptor. Hence, a few micro-
liters of a [ 18F]-FDG solution that corresponds to ap-
proximately 10 MBq (0.270 mCi) was added to a so-
lution of 1 mM of subphthalocyanine  SUB-PH 2 or
SUB-COUM 3. As the radionuclide half-life has to
be taken into account at all times ( 8F half-life is
109.8 min) and because the [ 8F]-FDG provider did
not furnish the same volumetric activity (depend-
ing on multiple parameters such as the time of de-
livery and the starting time of the experiment), ex-
treme care had to be taken with the volume added to

a well. Hence, adding 10 MBq could vary from 15 L

up to 45 L depending on the volumetric activity of
the stock solution of the purchased radionuclide. To
ensure the medium maintains the same composition
(and hence the same RI), all controls were diluted the
same way.

The rstwellwas lled with[ '8F]-FDG CR emitter
(column 1), the second and third with both CR emit-
ter and subphthalocyanine CR acceptor SUB-PH 2
(column 2) or SUB-COUM 3 (column 3), respectively.
[18F]-FDG was provided in solution in physiological
serum, in which subphthalocyanines 2 and 3 are not
soluble. As a result, the latter were dissolved in an
organic solvent that could remain miscible with wa-
ter, such as DMSO. Such a co-solvent was also added
to the FDG-containing well to ensure that conditions
remain comparable.

Results. A rst series of radiance measurements were
achieved using the 520 § 20 nm lter. Radiance
measured in wells from column 1 that contain  only
CR emitters without SUB probes was 1.5-fold higher
than that measured in wells from columns 2 and 3
that contain both CR emitters and SUB probes. This
Iter overlays a window where the CR spectral emis-
sion is signi cant, which explains why the radiance
measured in wells from CR-emitter-only column 1 is
high. Conversely, the SUB platform absorbs CR in
this window as a result of a good spectral overlap of
both while SUB is not yet detected in such a win-
dow. Overall, this explains such a drop in radiance
from CR-only wells compared to wells containing CR-
absorbing molecules.
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Figure 7. Measured radiance of solutions containing[ 8F]-FDG emitter (35 L solution) and a co-solvent
(65 L)suchasserum (1), DMSO (2), and CH30H (3) [1]. Radiance values are also reported in a diagram
depicted in Figure S2.

Figure 8. Top: Overlay of selected emission Iters on the optical imager with subphthalocyanine SUB-
PH 2 absorption spectrum (black) and emission spectrum (red) measured in DMSO/H >0 60/40 vol.
Bottom: Subphthalocyanine SUB-COUM 3 spectra: absorption (blue), emission (orange), and excitation
(gray) spectra recorded in pure DMSO [1,32,33].
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