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Multlplex and In Vivo Optical Imaging of Discrete Luminescent
Lanthanide Complexes Enabled by In Situ Cherenkov Radiation

Mediated Energy Transfer

Kirsten E. Martin, Alexia G. Cosby, and Eszter Boros*

E_

ol —— |

= e ——

Multiplex Imaging

In Vivo Optical Imaging

Luminescence
570 nm ON

(&)
ﬁ . .-.?E/E\'I/'\ CRET
| [~

Luminescence
ON

1 E
» M
| [

620 nm

—&

thus allow efficient energy transfer with excitation

wavelengths of 250-350 nm. This complicates bioimaging applications, as short-wavelength
excitation light has very limited tissue depth penetration. owing

produces narrow emission bands independent of the metal
coordinative environment, (ii) long luminescence lifetimes,
and (iii) diminished photobleaching and self-quenching
effects.!” Emission maxima vary depending on the
lanthanide, such as Tb(III), which emits green (Aem = 490,
545 nm), or Eu(I1I), which emits red (Aem= 613, 690 nm).?

Despite the advantages of lanthanide luminescence
emission® and its increasingly widespread application in
bioassays, lanthanide complexes have remained
underexplored

luminescent lanthanide complexes, we have introduced the

application of Cherenkov radiation (CR) as an in situ
excitation source. Radioisotopes that meet the energy
requirement to generate CR, such as positron emitters '3F or
87r,° provide an alternative source of short-wavelength light
for lanthanide excitation.!®!! CR in aqueous solutions is
continuous, and its intensity exhibits a 1/A?> dependence. As
a consequence, intensity is significantly enhanced below 400
nm, which correlates well with the ideal excitation
wavelengths
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for bioimaging applications beyond cell assays and the imaging
of translucent,

pubs.acs.org/JACS
multicellular  organisms.>

Due to the
Laporteforbidden nature of the 4f-f transitions, excitation of

T —

aromatic chromophores (“antennas”) followed by intersystem

crossing and energy transfer is typically required to access
lanthanide luminescence.’”® The antenna must possess a triplet

state energy that is comparable to lanthanide acceptor states and
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Figure 1. Schematic depiction of the in situ CRET-mediated excitation of discrete, targeted Ln(III) complexes. Specifically, we propose to
expressed in a subpopulation of cancer cells can be used to selectively illuminate these cells when colocalized with the CR source. The in

use the clinically employed PET agent ['F]-FDG as a CRET source that exhibits uptake in cancer cells broadly due to the overexpression of
GLUT-1 transporters. Here, we propose that discrete luminescent lanthanide complexes functionalized with a targeting vector that is only

situ excitation of these probes enables wavelength selective multiplex imaging and the detection of long wave emission of Ln(III) complexes
with conventional optical imaging tools, obviating the need for high intensity laser excitation sources or time-resolved luminescence
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Figure 2. Complexes explored in this work.
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of lanthanide antennas.'?"'* We have successfully established
CRET as a means to excite discrete luminescent lanthanide
complexes and employ CRET excitation to estimate
quantum yields of Tb(III) complexes in a high-throughput
manner.'>!® Motivated by our results, we posited that
functionalized, high quantum yield Tb(IIl) and Eu(IIl)
complexes bore potential for multiplexed and even targeted
in vivo optical imaging when combined with a CR-emissive
positron emission tomography (PET) radiopharmaceutical
(Figure 1). The latter has been widely regarded as not
feasible without specialized means of excitation such as two-
photon excitation/upconversion and custom-built laser
photon sources®!” and even if enabled, is further complicated
by the need of exceedingly large quantities of lanthanide ion
to produce a detectable luminescence signal. Indeed, the in
situ excitation and in vivo imaging of luminescent quantum
dots with CRET have been reported, but nanoparticles
typically govern biological behavior and exhibit
characteristic off-target uptake in the spleen, lungs, or
liver.'®! Discrete molecular systems do not suffer from this
predicament, yet have widely been considered not suitable
to produce signal above the limit of detection even when
compound quantities in the pmol range are employed.

Here, we demonstrate the feasibility of multiplexed
imaging with discrete, luminescent Tb(III)- and Eu(III)-
based imaging probes with optimized optical properties
using conventional optical imaging equipment. We also
probed the compatibility of these probes for in vivo imaging
in conjunction with the widely clinically available PET
tracer ['®F]-fluorodeoxyglucose (FDG) and show that
targeted Eu(IIl) probes can produce a persistent emission
signal in mouse tumor xenografts in vivo and ex vivo.

. RESULTS AND DISCUSSION

Ligand Design and Complex Synthesis of Eu(lll)
Chelates. Our first challenge represented the synthesis of an
Eu(IIl) chelate with suitable optical and robust chemical
properties to withstand implementation of bioconjugation.
On the basis of our work on the CRET mediated excitation
of Tb(III), complexes with quantum yields below 10% were
not deemed suitable.">'® Competing, nonradiative de-
excitation processes result in considerably lower quantum
yields of Eu(Ill) complexes when compared with their
Tb(III) analogues. While heteroarylalkyne linked antennas
have been used extensively to produce inert, high quantum
yield Eu(III) complexes suitable for time-resolved in vitro
imaging,”*?* the diminished solubility and incompatibility
with acidic deprotection conditions commonly employed for
orthogonal peptide conjugation chemistry were not desirable
for our particular applications. Efficient energy transfer from
the antenna T) to the D1 Eu(Ill) excited state requires a Ti
energy of >22 000 cm™! to enable efficient energy transfer to
SDiat 19 000 cm™.% Following the work of Quici et al, we
synthesized a tetraazamacrocyclic-based chelator containing

a phenanthroline antenna (DO3Aphen, Figure 2), which had
been identified to produce robust O, of >20%.%°

Chemical synthesis was achieved following previously
published procedures.?®?® In short, commercially available
dimethylphenanthroline ~ was used to  synthesize
acetoxymethylphenathroline in two steps, which was
deacetylated under basic conditions and mesylated for
subsequent alkylation to DO3AtBu?’ (Scheme S1). Removal
of the tert-butyl protecting groups under acidic conditions
yields DO3Aphen, which was complexed with a europium
triflate salt in water, by increasing the pH to between 7 and
7.5 with 0.1 M NaOH. Complex formation was monitored
by analytical HPLC and observation of the characteristic
europium-based red emission of the resulting complex
[Eu(DO3Aphen)]. To probe the sensitivity of europium
complexes to O-H mediated de-excitation, a monohydrated
complex analogue [Eu(DO2Aphen)]* was also synthesized
in analogous manner to [Eu(DO3Aphen)] using the
protected macrocycle DO2A-tBu?’ for alkylation, which was
then deprotected under acidic conditions and complexed as
described above (Scheme S2). We determined inner-sphere
hydration number (q) of both complexes using Horrocks’
equations and employed the established gradient-based
method to determine quantum yield.?”*'*2 [Eu(DO3Aphen)]
was confirmed to be a g = 0 complex and possesses a
moderate quantum yield of 15%. The [Eu(DO2Aphen)]*
complex was confirmed to be a q = 1 complex and,
correspondingly, possesses a decreased quantum yield of
5%. This significant decrease in quantum yield highlights the
necessity for europium complexes to efficiently exclude
inner-sphere hydration for viable applications in the context
of CRET imaging (Table 1).
Table 1. Photophysical Characterization Including
Gradient-Based QY (®.n), Inner-Sphere Hydration Number

(g), and Luminescent Lifetimes (t) Determined in H,O or D,0

DLna T, H0 T, D20 ab
complex (%) (ms) (ms)
[Eu(DO3Aphen)] 15 1.27 1.79 0
[Eu(DO2Aphen)]* 5 0.58 1.82 111
[Eu(DO2Aphen)-DUPAT 10 1.17 1.73 0
[Th(DO3Apic)]"* 47 2.83 275 0
[Th(DO2Apic)-DUPA] 38 1.09 1.13 0

aReported with an error of *10-15%. bReported with an error of
+20%.%7

The kinetic inertness of [Eu(DO3Aphen)] and
[Tb(DO3Apic)] was investigated with a
diethylenetriaminepentaacetic acid (DTPA) challenge.*=°
In presence of 1000x excess DTPA in Dulbecco’s phosphate
buffered saline (DPBS, pH 7.4), the antenna absorption peak
of [Eu(DO3Aphen)] remained centered at 285 nm
(characteristic of complex) rather than 275 nm (characteristic
of unchelated ligand), indicating no transchelation occurred
over 14 days. Additionally, the retention time of the samples
remained consistent with that of the complex (tr complex,
5.02 min; tr ligand, 4.85 min), further affirming that the
DO3Aphen scaffold was sufficiently inert for prospective
biological applications (Figures S53-S55). [Tb(DO3Apic)]
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Figure 4. Multiplexed imaging of nonfunctionalized complexes: (A) emission filter windows (W1, 570 nm; W2, 620 nm) overlaid with the
luminescence spectra of [Eu(DO3Aphen)] and [Tb(DO3Apic)]~; (B) quantified radiance of the complexes in the presence of 8 uCi of Na'®F
using region of interest analysis; (C) phantom images of the nonfunctionalized complexes with emission filters (W1 and W2) in the presence

of 8 uCi of Na'®F.

exhibited comparable kinetic stability under identical
conditions (Figures S56-S58). Identical results were
produced at pH 6.5, indicating that the complexes were
sufficiently inert under conditions mimicking acidic tumor
microenvironments (Figures S59 and S60).

Optical Imaging of Eu(lll) Complexes Using CRET
Excitation. To assess the suitability of newly synthesized
Eu(Ill)  complexes and  determine  appropriate
functionalization strategies, we evaluated the CRET-
mediated excitation of the nonfunctionalized model
complexes using optical imaging of phantoms containing 10
uCi of Na'®F. We selected this quantity of radioactivity as
this is a typical quantity of activity used in in vivo PET
imaging.’%7

Solutions of 1-150 nmol of [Eu(DO3Aphen)] and
[Eu(DO2Aphen)]" in DPBS were doped with 8 uCi of Na'®F
and imaged on a conventional small animal scanner, with
blocked excitation and emission collected from 500 to 845
nm (Figure 3). Region of interest (ROI) analysis revealed
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Figure 3. CRET excitation of [Eu(DO3Aphen)] and [Eu-
(DO2Aphen)]" showing the impact of hydration on radiance output.

increased signal intensity of [Eu(DO3Aphen)] compared to
[Eu(DO2Aphen)]", a result in accordance with their
respective quantum yields: significant decrease in radiance
was observed for the [Eu(DO2Aphen)]* complex (Figure
S63). Radiance of [Eu(DO3Aphen)] could be detected with
a limit of detection (LOD) of 10 nmol of complex, while
[Eu(DO2Aphen)]" possessed a significantly increased limit
of detection of 50
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nmol underscoring that quantum yields of at least 10% are
required for the detection of biologically relevant optical
probe compound concentrations.

Multiplex Optical Imaging. The differential optical
emission properties of the Eu(Ill) and Tb(III) complexes
enable detection at different wavelengths of emission (Figure
4A). To validate this concept, we carried out CRET imaging
experiments with the nonfunctionalized Eu(IIT) and Tb(III)
complexes. The previously studied [Tb(DO3Apic)]
complex was synthesized as described" and solutions of
0.4-80 nmol of [Eu(DO3Aphen)] and [Tb(DO3Apic)]™ in
DPBS were doped with 10 pCi of Na!8F and imaged (Figure
4C). Emission of the two complexes was observed using 40
nm bandpass emission filters centered at 570 and 620 nm.
Region of interest (ROI) analysis (Figure 4B) revealed that
for complex quantities of 10 nmol with imaging centered at
570 nm, emission of [Tb(DO3Apic)]” was 4.6x greater than

that of [Eu(DO3Aphen)]. At the same concentration with
wavelength detection centered at 620 nm, emission of
[Eu(DO3Aphen)] was 5.3x greater than that of
[Tb(DO3Apic)]". Discernable, wavelength selective
emission was detected with probe as little as 4 nmol. This
initial proof-of-concept study validates the feasibility of
multiplexed optical imaging using Eu(IIl) and Tb(III)
complexes and can enable the simultaneous imaging of two
targets without the need for time-resolved spectral
deconvolution.>**

Synthesis of Targeted Peptide Conjugates. To assess the
use of discrete Tb(IIT) and Eu(Ill) complexes for targeted
applications, conjugated versions of model complexes were
synthesized. The phenanthroline-based system was
functionalized using the linker-functionalized dipeptide, 2-
[3-(1,3dicarboxypropyl)ureido]pentanedioic acid (DUPA).
DUPA targets the prostate-specific membrane antigen
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Figure 5. (A) Phantom image of 40 and 10 nmol of [Tb(DO2Apic)-DUPA] and [Eu(DO2Aphen)-DUPA]" in the presence of 20 pCi Na'SF.
(B) Samples shown in (A) overlaid with 2 mm tissue sample (muscle) demonstrating detectable emission for 40 and 10 nmol of
[Eu(DO2Aphen)DUPA]™ (C) In vivo optical imaging of 22 pCi ['®F]-FDG and 40 nmol [Eu(DO2Aphen)-DUPA]" probe at 8 min following
intratumoral administration. (D) Excised tumors imaged at 1 and 3 h postinjection (p.i.) demonstrate the persistent, detectable emission signal
of [Eu(DO2Aphen)-DUPA]". Tissue digestion and subsequent quantitation of residual Eu(IIl) indicate retention of 53% ID/g of the

administered probe.
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(PSMA),* which is highly overexpressed in metastasizing
prostate cancer cells* and serves as an ideal initial proof-of-
concept targeting vector. A variety of PSMA targeting
fluorophores have been studied in preclinical animal
models.*'™* The functionalized ligand, (DO2Aphen)-
DUPA), was synthesized stepwise from the tert-butyl
protected DO2Aphen ligand (Scheme S3). A
benzylbromoacetate arm was installed under stepwise
alkylation  conditions;  however, the  subsequent
debenzylation of the orthogonally protected carboxylic acid
proved difficult, as under even mild conditions, significant
concomitant loss of the phenanthroline antenna occurred.
Mixtures of unreacted starting material, the expected
product, and material lacking the antenna while still retaining
the benzyl arm were produced. Though these products could
be easily separated by HPLC purification, the overall yield
of desired product was significantly reduced. The
orthogonally protected ligand was then amidated with the
tert-butyl protected form of aminopentyl-functionalized
DUPA (Scheme S3).3* The ligand was deprotected and
complexed as described above to afford a functionalized
molecule, [Eu(DO2Aphen)-DUPA]*. The corresponding
complex was characterized for its photophysical properties
and exhibited a slight decrease in quantum yield, (OLa= 10%,
Table 1) despite confirmation of a q = 0 complex. Likely
through steric bulk or direct coordination of the amide, the
coordination environment excludes the coordination of a
water molecule.

As a corresponding Tb(III)-based probe, we capitalized on
established chemical synthesis and characterization to
produce [Tb(DO2Apic)-DUPA]. The corresponding
functionalized version of the ligand had been successfully
synthesized and characterized in the context of imaging with
lanthanum isotopes.** We pursued the previously reported
synthetic approach to produce the corresponding Tb(III)
complex, which produced a quantum yield @ = 38% and
retained the ability to exclude inner sphere hydration in
accordance with the nonfunctionalized parent Tb(III)
complex.

Following synthesis and photophysical characterization
(Table 1), we conducted a multiplex imaging experiment in
direct analogy with the nonfunctionalized compounds and
found that discernible wavelength-selective luminescence
emission using 570 or 620 nm bandpass filters was retained
(Figure S65).

In Vitro and in Vivo Optical Imaging for Targeted
Complexes. With PSMA-targeting constructs in hand, we
sought to investigate the potential of these compounds to be
utilized as optical probes in vivo. We posited that ['*F]-FDG,
a PET imaging agent targeting GLUT-1, overexpressed in
most cancer subtypes, may be ideally suited to serve as an in
situ CRET source (Figure 1). First, we determined the ability
of [Tb(DO2Apic)-DUPA] and [Eu(DO2Aphen)-DUPA]" to
produce luminescence emission that exhibits tissue
penetration. Figure 5A and Figure 5B show phantoms
imaged before (A) and after (B) the introduction of a 2 mm
muscle tissue slice. Compound quantities were selected in
accordance with the previously determined LODs, and 20
uCi of Na'®F was employed as a CRET only reference and

as an in situ excitation source for all samples. As visible in
Figure 5B, both [Eu(DO2Aphen)-DUPA]" samples (10 and
40 nmol) provide detectable emission, while the CRET only
and Tb(IIT)mediated signal is efficiently attenuated by tissue.
The emission of the Tb(IIT) complex is predominantly green
(Aem = 490, 545 nm) and thus attenuated more strongly.
Additionally, we hypothesize that the comparably low ®ra
quantum yield of <40% may also contribute to failure to
detect the corresponding emission.

Efficient tissue penetration of red-emissive Eu complexes
motivated evaluation of CRET-mediated excitation of the
targeted [Eu(DO2Aphen)-DUPA]" in a murine xenograft
PSMA-expressing tumor model. To closely control
administered activity and optical probe, we chose
intratumoral administration of either only 22 uCi ['®F]-FDG
or 40 nmol of [Eu(DO2Aphen)-DUPA]" coadministered
with 22 uCi ["®F]-FDG. Mice were subsequently imaged at
8 min postinjection (Figure 5C), followed by tumor resection
and ex vivo imaging of the two masses at 1 and 3 h
postinjection (Figure 5D). Both in vivo and ex vivo images
demonstrate detectable luminescence emission by the
[Eu(DO2Aphen)DUPA]" construct, even after prolonged
exposure, partial radioactive decay, and clearance of the
Eu(IIl) probe. Inductively coupled plasma optical emission
spectroscopy (ICP-OES) revealed that the tumor had
retained 0.78 nmol of Eu(IIl) probe, yet ex vivo imaging in
the presence of 27 uCi and 13 puCi of ['*F]-FDG provided
excellent tumor conspicuity, indicating that prospective,
systemic administration of detectable Eu(IIl) probe doses is
feasible. We currently cautiously hypothesize that an
increased blue light emission of tissue (n > 1.35) with a
refractive index greater than water (n = 1.33) is responsible
for the detectability of the Eu(Ill) emission in vivo.
Experiments to investigate this effect are ongoing.

. CONCLUSIONS

The magnetic and optical properties of discrete lanthanide
complexes provide unique opportunities for bioimaging
applications. Undoubtedly, Gd(III)- or Eu(Il)-based
magnetic resonance imaging (MRI) has long been
considered the most compatible with targeted in vivo
imaging using discrete molecular complexes. In vivo optical
imaging, while conceptually feasible as lanthanides Eu(III),
Sm(IIT), Tm(I1I), Ho(III), Yb(III), and Nd(III) emit in the
NIR optical window, has remained underexplored due to
inherently low ®Lsand/or indirect means of excitation which
require tissue-impermeable, short wavelength excitation.
Here, we show for the first time that in situ excitation of
discrete Tb(III) and Eu(Il) complexes using Na'F as a
CRET source enables multiplex imaging using conventional
optical imaging equipment. Optical imaging of Tb(IIl) or
Eu(IIl) phantoms in the presence of a CRET source is
possible at concentrations as low as 4 nmol (20 pM) and in
vivo optical imaging as low as 10 nmol (50 pM) with Eu(III).
Of note, this represents an order of magnitude lower probe

F https://doi.org/10.1021/jacs.1c04264 J. Am. Chem. Soc. XXXX, XXX, XXX-XXX
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concentration as what is typically required for Gd(II)-
enhanced MRI imaging**~* or for organic sensor probes.*’-°
The required probe concentration can be further lowered by
enhancing the quantum yield Q®L,, especially for Eu(III)
probes, further decreasing the limit of detection by at least 1
order of magnitude, in line with targeted, organic optical
probes.’!™3 Efforts to enhance ®ru of conjugated BEu(IIl)
complexes while retaining aqueous solubility and devising
means to systemically administer both the CRET source and
lanthanide probe to illuminate cancer targets in an orthotopic
tumor model are currently ongoing.

Lastly, we highlight that our work unlocks targeted,
luminescent lanthanide coordination complexes as a to-date
untapped compound class with potential for in vivo optical
imaging.

. EXPERIMENTAL SECTION

All starting materials were purchased from Acros Organics, Alfa
Aesar, Macrocyclics, Sigma-Aldrich, or TCI America and used
without further purification. NMR spectra (‘H, '*C) were collected
on a 700 MHz Advance III Bruker, 500 MHz, or 400 MHz Bruker
instrument at 25 °C and processed using TopSpin 4.0.7. Chemical
shifts are reported as parts per million (ppm). Low-resolution
electrospray ionization (ESI) mass spectrometry and high-
resolution (ESI) mass spectrometry were carried out at the Stony
Brook University Center for Advanced Study of Drug Action
(CASDA) with a Bruker Impact Il UHR QTOF MS system. UV-vis
spectra were collected with the NanoDrop 'C instrument
(AZY1706045). Spectra were recorded from 190 to 850 nm in a
quartz cuvette with 1 cm path length. Luminescence measurements
were carried out on a Hitachi F-7100 FL spectrophotometer.
Wavelength scans were collected by exciting at the appropriate
wavelength (283 nm for Eu(Ill) and 282 for Tb(III)) for antenna-
mediated excitation and minimization of scattering interference.
Emission spectra were collected from 300 to 800 nm, with 1.0 nm
excitation and 5.0 nm emission slit widths, 1200 s scan time, 0.05 s
response time, and PMT voltage = 400 V. Quantum yield
measurements for europium were carried out using Ru(bipy); as
standard (Aex = 450 nm). Terbium quantum yield measurements
used [Tb(DO3Apic)]- (QY= 47%) as a standard. Lifetime
measurements were executed using the following settings: scan
time 20 ms; chopping speed of 40 Hz; excitation wavelength of
255.0 nm (with the exception of [Eu(DO2Aphen)]” which was
excited at 285.0 nm) and emission wavelength of 555.0 nm; 0 s
delay; excitation and emission slit widths of 10 nm each; 0.5 s
response. Complexes were dissolved in H>O or D,O, and samples
were resuspended and lyophilized in D,O repeatedly prior to
measurement. A quartz cuvette with a 1 cm path length was used.
ICP-OES was carried out using an Agilent 5110 inductively
coupled plasma optical emission spectrometer. A 10-point standard
curve or a 6-point standard curve with a check standard with respect
to europium or terbium was used, and fits were found to be at least
R? of 0.999. Concentrations were then back calculated to the stock
sample concentration. IVIS Lumina series III from Caliper
LifeSciences small animal imager was used for imaging. All scans
were collected with blocked excitation and either open emission
filter or selected emission filters as discussed. The open emission
filter runs from 500 to 875 nm, with an average bandwidth of 20 nm

and a collection time of 5 min. Images were analyzed with Living
Image software (version 4.3.1). Preparative HPLC was carried out
using a Shimadzu HPLC-20AR equipped with a binary gradient,
pump, UV- vis detector, manual injector on a Phenomenex Luna
C18 column (250 mm x 21.2 mm, 100 A, AXIA packed). Method
A (preparative purification method): A = 0.1% TFA in water, B =
0.1% TFA in MeCN. Gradient, 0-5 min: 95% A. 5-24 min: 5-95%
B gradient. Analytical reversed phase HPLC of compounds was
performed with a Shimadzu system, equipped with a CBM-20A
interface, SIL-20A HT autosampler, SPD-20AV UV detector,
LabLogic dual scan-RAM radio-HPLC detector, and a LC-20AB
pump. A reversed-phase C18 column (Phenomenex Luna 5 pm
Cis(2) 100 A, LC column 150 mm x 3 mm) was used for analytical
purposes. The mobile phase consisted of 0.1% TFA in deionized
water (A) and 0.1% TFA acetonitrile (B). A gradient of solvent B
(5-95% over 20 min) at a flow rate of 0.8 mL/min was used for
analytical characterization runs (method C).

Synthesis of [Eu(DO2Aphen)-DUPA]*. Benzyl{7-[(6-methyl-
4,5diaza-3-phenanthryl)methyl]-4,10-bis(tert-
butoxycarbonylmethyl)1,4,7,10-tetraaza-1-cyclododecyl}acetate
(7). Benzyl bromoacetate (2.9 puL, 0.018 mmol), 6 (7.4 mg, 0.012
mmol), and K>CO3 (16.9 mg, 0.122 mmol) were combined in dry
MeCN (5 mL) and refluxed overnight. K,COs; was filtered out, and
the filtrate was concentrated. The resulting residue was purified
using reverse phase preparative HPLC (method A) with pure
product eluting at 16.6 min. Fractions containing product were
pooled and solvent was removed in vacuo to afford pure 7 (4.7 mg,
51% yield). '"H NMR (CD;OD, 700 MHz): § 9.06 (br s, 1H), 8.24
(m, 5H), 7.44 (m, 5H), 5.36 (s, 2H), 5.19, 4.16 (s, 2H), 4.03-3.33
(m, 16H), 3.30-3.02 (m, 16H), 3.19 (s, 3H), 1.40 (s, 18H). 3C{'H}
NMR (CDs;OD, 175 MHz): 6 174.2, 167.5, 159.5, 139.5, 137.3,
136.4, 130.7, 129.9, 129.6, 129.5, 129.3, 127.9, 127.9, 86.7, 84.0,
69.1, 67.5, 61.1, 60.1, 55.6, 49.8, 28.4, 21.6. ESI- MS calcd for
C43HssNeOg: 754.44. Found: 755.4 [M + H]Jr and 378.3 [M +
2H]*.

{7-[(6-Methyl-4,5-diaza-3-phenanthryl)methyl]-4,10-bis(tert-
butoxycarbonylmethyl)-1,4,7,10-tetraaza-1-cyclododecyl}acetic
Acid (8). To a solution of 7 (16.6 mg, 0.022 mmol) in MeOH (5
mL), a suspension of Pd/C (1.2 mg, 7% w/w) in MeOH (1 mL) was
added. The flask was evacuated and charged with H (1 atm), and
then the mixture was stirred at room temperature for 5 h. The
reaction mixture was filtered, and the solvent was removed in
vacuo. The resulting oil was purified with reverse phase preparative
HPLC (method A) with the product eluting at 13.6 min. The
fractions containing product were combined and the solvent was
removed in vacuo to afford 8 (5.4 mg, 37% yield). 'H NMR
(CDs0OD, 700 MHz): 6 8.63 (s, 1H), 8.57 (d, 1H), 8.09 (d, 1H), 8.05
(d, 1H), 8.00 (s, 1H), 7.89 (d, 1H), 4.93 (s, 2H), 3.96- 3.44 (m,
12H), 3.29-3.03 (m, 8H), 3.02 (s, 3H), 1.20 (s, 18H). 3C{'H} NMR
(175 MHz, CD;0D): 6 172.3, 160.5, 139.3, 130.5, 129.5, 129.2,
128.4, 127.6, 126.6, 126.5, 83.5, 59.4, 55.5, 55.3, 52.7,

50.4, 49.5, 28.3, 24.2. ESI-MS calcd for Cs3sHs5:NgOg: 664.39.
Found: 665.4 [M + H]"and 333.4 [M + 2H]*".

Di-tert-butyl 2-(3-{4-[5-(2-{7-[(6-methyl-4,5-diaza-3-
phenanthryl)methyl]-4,10-bis(tert-butoxycarbonylmethyl)-
1,4,7,10-tetraaza-1cyclododecyl}lacetylamino)pent
ylaminol]-4-01xo0?-1-1tert
butoxycarbonylbutyl}ureido)glutarate (9). 8 (1.5 mg, 0.002 mmol)
was added to a solution of DIPEA (0.45 pL, 0.027 mmol) and
HBTU (1.3 mg, 0.003 mmol) in DMF (5 mL). The mixture was
allowed to stir for 15 min, and then a solution of di-tert-butyl (R)-

G https://doi.org/10.1021/jacs.1c04264 ). Am. Chem. Soc. XXXX, XXX, XXX-XXX
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2-(3-((R)-4-(5aminopentylamino)-4-oxo-1-tert-
butoxycarbonylbutyl)ureido)glutarate’* (1.3 mg, 0.002 mmol) in
DMF (2 mL) was added. The reaction was stirred overnight at room
temperature, and the solvent was then removed in vacuo. The crude
product was purified using reverse phase preparative HPLC
(method A) with the product eluting at 19.2 min (1.6 mg, 58%
yield). 'H NMR (CD;OD, 700 MHz): &
8.71 (s, 1H), 8.61 (s, 1H), 8.24 (s, 1H), 8.12 (q, 2H), 7.95 (s, 1H),
5.02 (s, 2H), 4.22 (m, 1H), 4.15 (m, 1H), 3.98 (s, 2H), 3.93-2.91
(m, 20H), 3.67 (s, 4H), 3.19 (m, 4H), 3.06 (s, 3H), 2.28 (m, 4H),
2.08 (m, 2H), 1.84 (m, 2H), 1.50 (m, 4H), 1.49, 1.47, 1.32 (s, 45H),
1.38 (m, 2H). ESI-MS calcd for CssHi02N19O13: 1218.76. Found:
1219.8 [M + H]*and 610.6 [M + 2H"]*".
2-(3-{4-[5-(2-{4,10-Bis(carboxymethyl)-7-[(6-methyl-4,5-diaza-
3phenanthryl)methyl]-1,4,7,10-tetraaza-1-
cyclododecyl}acetylamino)pentylamino]-1-carboxy-4-
oxobutyl}lureido)glutaric Acid ((DO2Aphen)DUPA). 9 (1.6 mg,
0.001 mmol) was dissolved in a solution of 1:2 DCM/TFA (1.5 mL)
and stirred at room temperature overnight. The solvent was
removed in vacuo, and the product was redissolved in H>O. The
solution was then lyophilized to yield (DO2Aphen)-DUPA as a
white solid (0.8 mg, 65% yield). 'H NMR (CD;OD, 700 MHz): &
8.98 (d, 1H), 8.70 (s, 1H), 8.22 (q, 2H), 8.12 (d, 2H), 4.97 (s, 2H),
4.27 (q, 1H), 4.23 (q, 1H), 4.02 (br s, 2H), 3.66-3.05 (m, 16H), 3.51
(m, 4H) 3.16 (s, 3H), 2.38 (m, 2H), 2.31 (m, 2H), 2.16 (m, 2H),
2.11 (m, 2H), 1.86 (m, 4H), 1.59 (m, 4H), 1.42 (m, 2H). HRMS
caled for C44HgaN19O13: 938.4498. Found: 939.4560. HPLC: tg =
6.3 min (method C).

Synthesis and Characterization of Eu Complexes. To a solution
of ligand dissolved in water, 1 equiv of Eu(OTf)s salt was added.
The pH was adjusted to 7.0-7.5 using 0.1 M NaOH. The complex
was then purified via SepPak (Waters Sep-Pak Cis Plus short
cartridge, 360 mg sorbent per cartridge, 55-105 pm particle size).
The fractions containing product were pooled and lyophilized,
yielding white solids. [Eu(DO3Aphen)] product eluted in 90:10
(HzO/MeCN). HRMS caled for C28H33EUN6062 702.1674,
700.1660. Found: 723.1546 [M + Na]™. Re= 5.7 min (method C).
[Eu(DO2Aphen)]" product eluted in 90:10 (H.O/MeCN). HRMS
caled for Ca6H3 1 EuNgO4: 644.1619. Found: 643.1675 and 645.1692
[M + H]". R;= 5.7 min (method C). [Eu(DO2Aphen)-DUPA]"
product eluted in 90:10 (HoO/MeCN). HRMS calcd for
Ca4HsoEuN;9O13: 1089.3554. Found: 1087.3538 and 1089.3558 [M
+ H]". R = 6.3 min (method C). The kinetic inertness of
[Eu(DO3Aphen)] and [Tb(DO3Apic)]- was investigated with a
diethylenetriaminepentaacetic acid (DTPA) challenge. The
complexes in 1x DPBS (pH 7.4) [(Eu(DO3Aphen)], 1.85 mM, 20
uL; [Tb(DO3Apic)]-, 0.48 mM, 230 puL) were combined with
1000x excess DTPA ([Eu(DO3Aphen)], 75 mM, 492 pL; [Tb-
(DO3Apic)]-, 150 mM, 741 pL) and excess buffer (total volume of
each sample, 2 mL), and the UV-vis spectrum and analytical HPLC
trace were recorded over 14 days. UV-vis spectra were collected
with the NanoDrop !C instrument (AZY 1706045), and spectra were
recorded from 190 to 850 nm in a quartz cuvette with 1 cm path
length. For [Eu(DO3Aphen)] absorbance maximum at 285 nm is
characteristic for the complex and at 275 nm it is characteristic of
the unchelated ligand. The retention times of the complex and
uncomplex ligands were 5.02 and 4.85 min, respectively. For
[Tb(DO3Apic)] absorbance maximum at 275 nm is characteristic
for the complex and at 268 nm it is characteristic of the unchelated
ligand. The retention times of the complex and uncomplex ligands
were 1.55 and 1.52 min, respectively. UV-vis measurements were
collected daily, and HPLC analysis was conducted every 48 h with

a standard of complex and free ligand run alongside the challenge
samples.

Phantom Preparation, Imaging, and Image Processing.
Concentrations of each lanthanide complex were diluted, and 200
uL aliquots of dilutions were prepared in 1x DPBS buffer to which
10 pL of Na'8F (10 or 20 uCi) was added to produce a final volume
0of 210 pL. IVIS Lumina series III from Caliper LifeSciences small
animal imager was used for imaging. All scans were collected with
blocked excitation and either open emission filter or selected
emission filters as discussed. The open emission filter measures
from 500 to 875 nm, with an average bandwidth of 20 nm and a
collection time of 5 min. Images were analyzed with Living Image
software (version 4.3.1). Regions of interest (ROI) were determined
in triplicate with the ROI tool for each concentration. Radiance
values for each complex are subtracted from the Cherenkov-only
sample (Na'®F in 1x DPBS buffer).

In Vitro and in Vivo Imaging. To assess the quenching effects of
tissue, phantom images of [Eu(DO2Aphen)-DUPA]* and
[Tb(DO2Apic)-DUPA] were collected in the presence of 2 mm
turkey slices. Solutions of 10 and 40 nmol of [Eu(DO2Aphen)-
DUPA]* and [Tb(DO2Apic)-DUPA] in 1x DPBS were doped with
20 uCi of Na'®F and imaged. Turkey slices (2 mm thickness) were
layered on top of the phantoms, and the samples were reimaged. All
animal experiments and procedures were performed in accordance
with the National Institutes of Health’s “Guide for the Care and Use
of
Laboratory Animals” and approved by Institutional Animal Care
and Use Committee (IACUC) at Stony Brook Medicine. Male Ncr
mice (Taconic Biosciences, Rensselaer, NY) were inoculated
subcutaneously on the right and left shoulders with 1.0 x 10°PSMA
positive PC-3 PIP cells suspended in Matrigel (1:2
DPBS/Matrigel). When the tumors reached a suitable size, mice
were anesthetized with isoflurane and a mixture of
[Eu(DO2Aphen)-DUPA]" (40 nmol) and ['"*F]-FDG (100 or 22 pCi,
NCM-USA, Bronx, NY) was injected intratumorally to the right
shoulder. A corresponding volume and activity of saline and ['*F]-
FDG (100 or 22 uCi) were injected intratumorally to the left
shoulder. Mice were imaged at 5 min (100 pCi) and 8 min (22 uCi)
p.i. with the IVIS Lumina series I1I small animal imager. Mice were
sacrificed 3 h p.i. (100 pCi dose) and 1 h p.i. (22 uCi dose), and
tumors were extracted and imaged. Tumors were digested with
concentrated nitric acid, diluted, and remaining Eu content was
determined by ICP-OES.
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