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Cherenkov Radiation Mediated In Situ Excitation of Discrete

Luminescent Lanthanide Complexes

Alexia G. Cosby, Shin Hye Ahn, Eszter Boros*

Abstract: Lanthanide luminescence, while ideal for in vivo
applications owing to sharp emission bands within the optical
window, requires high intensity, short wavelength excitation of small
organic “antenna” chromophores in vicinity of the lanthanide
complex to access excited f-orbital states via intersystem crossing.
Here, we explored Cherenkov radiation of the radioisotopes '°F and
82Zr as an in situ source of antenna excitation. The effective inter-
and intramolecular excitation of the terbium(lll) complexes of a
macrocylic polyaminocarboxylate ligand (q = 0, ¢ = 47%) as well as
its analogue functionalized to append an intramolecular Cherenkov
excitation source (q = 0.07, ¢ = 63%) was achieved. Using
conventional small animal fluorescence imaging equipment, we have
determined a detection limit of 2.5 nmol Tb(lll) complex in presence
of 10 uCi of "®F or *Zr. Our system is the first demonstration of the
optical imaging of discrete luminescent lanthanide complexes
without external short-wave excitation.
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Scheme 1. Schematic description of CR mediated excitation of a discrete,
luminescent lanthanide complex.

In order to furnish a lanthanide complex with significant ¢
and comparable to organic fluorophores suitable for in vivo
applications, several design criteria were considered as
essential: 1. Incorporation of an antenna in vicinity of the metal
center to allow for efficient excitation and intersystem crossing to
the f-orbital centered excited state 2. Full coordinative saturation
to limit access of H,O to the first coordination sphere, preventing
vibrational, radiationless deexcitation, 3. Hydrophilicity and high
kinetic inertness of the over-all complex to ascertain
biocompatibility, 4. Structural handles for functionalization for
covalent introduction of the CR source.

Here, we tested Tb/Eu/La(lll) complexes with and without
presence of an antenna to probe efficiency and detection limit
for intermolecular excitation using 10-30 pCi '®F or ®Zr, which
corresponds to typical quantities of activity employed for in vivo
PET imaging studies."*"® Subsequently, we designed and
synthesized a Tb(lll) complex that allows for covalent
attachment of the CR emitting isotope %°Zr, generating a Tb(lll)
complex with an intramolecular CR source (Scheme 2).
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Scheme 2. Structure of lanthanide complexes [Ln(DOTA)], [Ln(L1)] and
89Zr[Ln(L2)] investigated in this work.

Table 1. Summary of hydration number, quantum yields and extinction
coefficient for complexes evaluated.

Complex Hydration Quantum yield ¢  Brightness B (¢
number q el x ¢) [M'em™

[Tb(DOTA)I 0.96 0.1% 20.0

[Eu(DOTA)] 1.00 0.1% 1.96 ‘

[La(DOTA)] 1.00 - - —

[Tb(L1)] 0.00 47%

[Eu(L)] 0.02 1.5%

[La(L1)] 0.00 -

[Tb(L2)] 0.07 63%

[a] Quantum yield calculations were carried out as reported previ“
relative to Ru(bipy); as a reference standard in H,O. The estimated relative

error is 10-15%.%°
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a commercial small animal fluorescence optical imaging scanner.
Radiance emission was collected between 515 — 840 nm and
quantified using ROI analysis. We observed increasing signal
intensity proportional to increasing concentration of lanthanide
for terbium(lll) and europium(lIl)
emission intensity of complexes [
enhanced by orders of magnitude
corresponding [Eu(DOTA)]
1A, Figure S13, Supporting

- 3.0
- x108
L 2.0
= s 1.0
600 450 350 200 50
Quantity of complex (nmol)
Radiance
(p/seclcm?/sr)
1.5x10%7 o [Th(LA)I, 10 pCi &zr
m  [Tb(L1)], 10 puCi 18F
o [Tb(L1)], 30 uCi &zr %
1ox106] B [Tb(L1)]", 30 uCi '8F s}
g2 @
55 ]
T O
g4
= s0x105 E
o i i
a . i
3
o.c? T T T T .
0 100 200 300 400 500

Quantity of complex (nmol)

Figure 1. (A) Images of phantoms to quantify radiance emerging from 897r (10
uCi) doped samples containing increasing quantities of lanthanide complex.
(B) Quantified radiance for complex [Tb(L1)] in presence of 10 or 30 uCi of
89. 18

Zror °F.

This indicates that excitation of the antenna by CR is the
dominant excitation pathway. As expected, complexes of
lanthanum show no enhanced emission in presence of a CR
emitting source (Figure 1A). The lanthanide-based emission is
further confirmed by detection of the characteristic emission
bands of [Tb(L1)] using conventional fluorescence
spectrophotometry (Figure S12, Supporting Information). The
picolinate antenna of L1 is not suited to produce a strongly
emissive Eu complex, which is reflected in the comparatively low
radiance enhancement obtained for [Eu(L1)]" (Figure 1A) and
the low quantum yield value. We note a non-linear increase of
radiance especially at high concentrations of lanthanide,
indicating that a finite amount of photons is released by a given
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amount of activity and thus a limit of excitation is reached.®
Increase of activity to 30 uCi ®F or ¥Zr in samples leads to
proportionally enhanced emission intensity, followed by
saturation of the maximum intensity (Figure 1B, Table S2,
Supporting Information).

CR mediated excitation of the antenna to indirectly produce
lanthanide luminescence emission opens possibilities for
multimodality and sensing applications in vitro and in vivo.
However, the absorption of short wavelength CR by proteins can
strongly attenuate efficient intermolecular excitation (Figure S16,
S17). To address this, we designed a Tb(lll) complex with an
appended desferrioxamine to incorporate *Zr as an
intramolecular CR source. The synthesis of the corresponding
L2 ligand was achieved through step-wise functionalization of
DO2A'Bu with 1, followed by alkylation with 3. Debenzylation
and subsequent amidation with desferrioxamine mesylate yields
5, which is followed by deprotection of the tBu protective groups
and complexation with Tb(lll) to afford [Tb(L2)] (Scheme 3).
[Tb(L2)]" exhibits a ¢ of 63% and a q = 0.07, thus representing a
suitable functionalized analogue of [Tb(L1)]" (Table 1) and
confirming complexation exclusively by the polyaza-macrocycle.
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Scheme 3. Synthesis of [Tb(L2)]: (i) K.COs,
MeCN, 70 °C, 18 h (iii) 10% w/w Pd/C , H,, MeOH;
HBTU, DIPEA, DMF, 40 °C, 18 h (v) TFA/DCM 1:1, rt,
pH 7.
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Figure 2. s of egZr[Tb(L2)] and [Tb(L2)] using analytical
method
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To compare [Tb(L2)]" with an intramolecular CR source with
[Tb(L1)], we first carried out the direct radiolabeling of [Tb(L2)]
using ¥Zr-oxalate. Radiolabeling proceeds quantitatively within
10 minutes at room temperature, producmg the radiolabeled,
bimetallic complex %9Zr[Tb(L2)] ure 2). Subsequently,
solutions with varying amounts of [Tb 1 — 10 nmol) were
incubated with 10 pCi of **Zr-oxalate, fol LC analysis
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Figure 3. (A) Images of phantoms to quantify of radiance emerging from 897r
doped samples containing lanthanide complexes [Tb(L1)] and [Tb(L2)] at
Tb(lll) concentrations ranging from 0.1-10 nmol. (B) Quantified radiance for
complexes [Tb(L1)] and ®*Zr[Tb(L2)] with 10 uCi of *zr.

Studies on distance and concentration effects between CR and
luminescent lanthanide are required as indicated by the detected
difference in emission intensity for [Tb(L1)] and ®°Zr[Tb(L2)]
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observed at 10 nmol, specifically for intramolecular systems of
the L2 type, but are beyond the scope of this communication."

In summary, we have successfully employed CR-emissive
radioisotopes to excite the antenna of discrete luminescent
lanthanide complexes in an inter- and intramolecular fashion.
Solutions of > 2.5 nmol %Zr —doped [Tb(L1)] and %°Zr[Tb(L2)]
complex produce luminescence detectable by a conventional
small animal fluorescence imager. The in situ excitation of
discrete luminescent lanthanide complexes opens possibilities
for in vivo applications of lanthanide luminescence in tandem
with PET imaging or radiotherapy.

Experimental Section

Experimental details on chemical synthesis, sample preparation,
analytical methods and raw data of photophysical
measurements are provided in the Supporting Information.
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COMMUNICATION

Exciting isotopes: Cherenkov
radiation, emitted by clinically
utilized radioisotopes, was employed
as an in situ, inter- and
intramolecular excitation source for
biocompatible, discrete terbium(lil)
complexes. The successful detection
of the emitted lanthanide
luminescence with conventional
bioimaging equipment is
demonstrated.
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