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ABSTRACT: Discrete luminescent lanthanide complexes repre-
sent a potential alternative to organic chromophores due to their
tunability of optical properties, insensitivity to photobleaching, and
large pseudo-Stokes shifts. Previously, we demonstrated that the
lack of depth penetration of UV excitation required to sensitize
discrete terbium and europium complexes can be overcome using
Cherenkov radiation emitted by clinically employed radioisotopes
in situ. Here, we show that the second-generation europium
complexes [Eu(III)(pcta-PEPA2)] and [Eu(III)(tacn-pic-PEPA2)] (Φ
= 57% and 76%, respectively) lower the limit of detection (LoD) to
1 nmol in the presence of 10 μCi of Cherenkov emitting isotopes,
18F and 68Ga. Bifunctionalization provides access to cysteine-linked peptide conjugates with comparable brightness and LoD. The
conjugate, [Eu(tacn-(pic-PSMA)-PEPA2)], displays high binding affinity to prostate-specific membrane antigen (PSMA)-expressing
PC-3 prostate cancer cells in vitro and can be visualized in the membrane-bound state using confocal microscopy. Biodistribution
studies with the [86Y][Y(III)(tacn-(pic-PSMA)-PEPA2)] analogue in a mouse xenograft model were employed to study
pharmacokinetics. Systemic administration of the targeted Cherenkov emitter, [68Ga][Ga(III)(PSMA-617)], followed by intratumoral
injection or topical application of 20 or 10 nmol [Eu(III)(tacn-(pic-PSMA)-PEPA2)], respectively, in live mice resulted in statistically
significant signal enhancement using conventional small animal imaging (620 nm bandpass filter). Optical imaging informed
successful tumor resection. Ex vivo imaging of the fixed tumor tissue with 1 and 2 photon excitation further reveals the accumulation
of the administered Eu(III) complex in target tissues. This work represents a significant step toward the application of luminescent
lanthanide complexes for optical imaging in a clinical setting.

■ INTRODUCTION
The most common treatment for cancer is the surgical
resection of cancerous tissue.1−3 Accurate margin delineation
is imperative; residual tumor cells can result in a resurgence of
the tumor, often with lethal consequences.4,5 This needs to be
balanced by the preservation of as much healthy tissue as
possible to keep any functional impairment to a minimum.6

Diagnostic tools that can better inform the surgeon’s decision-
making process are therefore desirable. Various intrasurgical
imaging techniques can be employed for this purpose.7

Fluorescence imaging offers advantages such as high spatial
and temporal resolution, a low limit of detection, and low cost
while limiting the invasive nature of the procedure.8−10 State of
the art fluorescence-guided surgery currently relies predom-
inantly on nontargeted constructs that are directly adminis-
tered at the site of interest,11 but “smart probes” that only
accumulate in target tissues or increase/change their emissive
properties in target tissues are entering preclinical and clinical
trials.3,12−16

Most fluorescent probes exhibit optical properties arising
from hyperconjugation of pi-/aromatic systems of organic
chromophores, excitation of spin- and Laporte-allowed
transitions that undergo de-excitation by vibrational de-
excitation and fluorescence emission while preventing
competing intersystem crossing processes.17,18 These con-
structs are characterized by their broad emission bands,
susceptibility for photobleaching, and limited tunability of
emission properties and chemical functionalization (Figure
1).19

Metal-based luminescent probes can provide a potential
alternative.20 Specifically, lanthanide complexes have narrow
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emission bands in the visible and near IR regions, arising from
f−f orbital transitions that are characteristic of each
lanthanide.21−24 Since f−f transitions are Laporte and
frequently also spin forbidden, their direct excitation is
challenging. Excitation can be achieved indirectly through an
organic chromophore, which populates the corresponding
lanthanide excited state by energy transfer (antenna
effect).25,26 The indirect sensitization pathway renders
lanthanide complexes less prone to photobleaching and
degradation, while the long-lived nature of the de-excitation
process provides opportunities for time-resolved imaging.
Previous work by Tripier̈, Maury, and Parker has demonstrated
that Eu(III) probes incorporating picolyl-aryl-alkynes can
produce probes with improved quantum yields suitable for
fixed cell and zebrafish imaging with Eu(III) and Sm(III) using
two-photon (2P) excitation.27−29

A major hurdle to the in vivo application of lanthanides as
optical probes is their need for either short-wave excitation
<400 nm, which inherently exhibits limited tissue depth
penetration, or alternatively low-intensity 2P excitation for
efficient sensitization. Previously, we have demonstrated that in
situ excitation by CR can provide a suitable excitation source,
efficiently sensitizing Tb(III) and Eu(III) luminescence.30−32 CR
is emitted by radioactive isotopes that decay by emission of a
charged particle with an energy greater than the threshold
energy of 264 keV in water.33 The clinically employed
positron-emitting radionuclides 18F (t1/2 = 109 min, βavg =
0.25 MeV, 97% positron decay) and 68Ga (t1/2 = 68 min, βavg =

0.89 MeV, 89% positron decay) are well suited for this
purpose; others have also shown that radiation-induced
particle emissions can be absorbed by nanoparticles and
harnessed for photodynamic therapy.34,35

Our previous work32 identified Eu(III) probes as compatible
with in vivo applications in small animal tumor models due to
the characteristic red emission at 597 and 621 nm, which falls
in the first biological window where the light absorption of
t issue forms a local minimum.36 However , the
[Eu(III)(DO3Aphen)] complexes exhibited limited brightness,
requiring the concurrent intratumoral administration of both
the Eu(III) probe and Cherenkov emitter, indicating that
significant improvements to the probe design were necessary to
improve clinical viability.
Here, we demonstrate how an improved probe design and a

compact functionalization approach produce the first discrete
bifunctional Eu(III) complex suitable for in vitro and in vivo
imaging of cancer cells. These compounds enable tumor
resection via luminescence-guided surgery in a mouse
xenograft model following the systemic administration of a
clinical 68Ga-radiopharmaceutical as the in situ excitation
source. The excised, fixed tumor tissue can be subsequently
analyzed for tumor margins using conventional one-photon
(1P) luminescence microscopy.

■ RESULTS AND DISCUSSION
Probe Design and Synthesis. Our previous chemical

design incorporated a phenanthroline antenna, which did not

Figure 1. Comparison of optical imaging using organic fluorophores (left) with Cherenkov radiation mediated energy transfer (CRET)-based
luminescent lanthanide probes (right). The corresponding Jabłonśki (left) and Dieke (right) diagrams are given with ex; excitation, em; emission,
isc; inter-system crossing, et; energy transfer, and bet; back energy transfer.

Figure 2. Lewis structures, names, and pictogram representations of the Eu(III) complexes investigated in this work. Maximum absorbance and
quantum yields of the complexes are given below. A Dieke diagram comparing the singlet and estimated triplet excited states of both antennas with
the emissive 5D states of Eu is given on the right. Excited triplet state energies are approximated as 9000 cm−1 lower than the corresponding excited
singlet states, in line with literature values on similar systems.29
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provide appropriately strong sensitization and brightness to the
corresponding Eu complex. Previous work suggests that the
higher triplet state energy of the phen antenna leads to less
sensitization efficiency.31,37 To address the shortcomings of
these first-generation constructs, we drew inspiration from
previous work on intraligand charge transfer (ILCT)-
optimized antennas incorporating extended π-conjugated
systems of picolyl-functionalized aza-macrocycles to chelate
Eu(III).38−40 Specifically, we identified a pegylated aryl alkyne
(PEPA) from previous work to sensitize Eu(III) with high
efficiency while introducing improved solubility.27,41 A Dieke
diagram comparing the S1 and estimated T1 energy states of
both antennas is given in Figure 2, demonstrating that aryl
alkyne antennae are better suited to the direct excitation of the
5D1/0 states, whereas phen-mediated excitation experiences
energy transfer and subsequent de-excitation from 5D2, with
less efficient energy transfer to the 5D1/0 states.31,37 We
employed both tacn (1,4,7-triazacyclononane) and pyclen
(1,4,7,10-tetraaza-2,6-pyridinophane) macrocyclic chelators to
incorporate a macrocyclic backbone for appropriate in vivo
stability. Accordingly, the pyclen-based [Eu(III)(pcta-PEPA2)]
complex was synthesized following a previously published
procedure.27,41 [Eu(III)(tacn-pic-PEPA2)] was synthesized by
alkylating tacn with ethyl 6-(chloromethyl)picolinate under dry
conditions, delivering compound 1 in 81% yield. This was
followed by a second alkylation with two equiv of PEPA-
bromide (2) under the same conditions, providing compound

3 in a 50% yield. The basic hydrolysis of 3 to its corresponding
carboxylic acid (4) using 1 M KOH proceeded in a
quantitative yield. Subsequent complexation with Eu(OTf)3
resulted in the complex [Eu(III)(tacn-pic-PEPA2)] in a yield of
82% following reverse phase purification (Scheme S1.3).

Photophysical Characterization. Following the complex
synthesis, we conducted photophysical characterization to
quantify maximum absorption (λmax), molar extinction
coefficients (ε), inner sphere hydration numbers (q), and
quantum yields (Φ) (Table 1). The quantum yields of
[Eu(III)(pcta-PEPA2)] (57%) and [Eu(III)(tacn-pic-PEPA2)]
(76%) represent a significant improvement over the first-
generation [Eu(III)(DO3Aphen)] (15%) series and are in line
with the literature reported values.32 Of note, the relative
intensity of emission bands shows enhancement of the 5D0 →
7F2 band with a concurrent decrease in intensity of 5D0 → 7F1
when compared with [Eu(III)(DO3Aphen)], while 5D0 → 7F4
remains low in relative intensity in all cases. Next, we
conducted phantom image experiments using in situ excitation
with CR by 18F and 68Ga, with the latter providing increased
photon flux due to greater positron energy (Figures 3 and
S1.14). [Eu(III)(pcta-PEPA2)] and [Eu(III)(tacn-pic-PEPA2)]
were doped with 9−12 μCi of 18F and 10 μCi of 68Ga, which
corresponds to a typical quantity used in preclinical in vivo
PET imaging.42,43 Experiments were conducted side-by-side
with the first-generation compound [Eu(III)(DO3Aphen)].
Complex amounts of between 0.1 and 50 nmol were prepared

Table 1. Photophysical Characterization of Eu(III) Complexes in 20% EtOH in PBS at Room Temperature

complex λmax [nm] ε [M−1 cm−1] τ(H2O) [ms] τ(D2O) [ms] q Φ [%]

[Eu(III)(DO3Aphen)]30 283 23,690 1.27 1.79 0 15
[Eu(III)(pcta-PEPA2)] 335 54,460 1.09 1.33 0 57
[Eu(III)(tacn-pic-PEPA2)] 336 65,230 0.87 1.13 0 76a

[Eu(III)(tacn-(pic-NO2)-PEPA2] 334 30,990 0.78 0.97 0 31
[Eu(III)(tacn-(pic-PSMA)-PEPA2)] 327 64,240 0.74 1.06 0 24

aΦ additional measurement in 100% H2O provided in the Supporting Information, Section 1.

Figure 3. (A) Procedure and results of the phantom image assay of [Eu(III)(pcta-PEPA2)] and [Eu(III)(tacn-pic-PEPA2)] versus
[Eu(III)(DO3Aphen)] with 10 μCi 68Ga and a 68Ga only background sample. Region of interest (ROI) analysis of [Eu(III)(tacn-pic-PEPA2)]
versus [Eu(III)(DO3Aphen)], shows improvement in the limit of detection (LoD) for the new probe. (B) Overlaid absorption (200−500 nm) and
steady-state emission (400−800 nm) of [Eu(III)(DO3Aphen)] (blue) and [Eu(III)(tacn-pic-PEPA2)] (red). (C) ROI analysis of the phantom images
of [Eu(III)(DO3Aphen)] and [Eu(III)(tacn-pic-PEPA2)] excited by CRET from 68Ga, showing a roughly 10-fold increase in the LoD. (D) ROI
analysis of the phantom images of [Eu(III)(DO3Aphen)] and [Eu(III)(pcta-PEPA2)] excited by CRET from 68Ga, showing a roughly 10-fold increase
in the LoD.
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in 20% EtOH in phosphate-buffered saline (PBS) and doped
with the respective radioisotopes. Samples were imaged on a
conventional small animal scanner with blocked excitation and
open emission, as well as with an emission filter set to 620 nm,
which prioritizes the red emission from the Eu complexes over
the blue and UV CR background. Both complexes show a
significant signal intensity increase of an order of magnitude
compared to [Eu(III)(DO3Aphen)], which is evident from both
visual inspection and quantitative assessment of the obtained
images (Figure 3C,D). Based on the improved signal intensity
and more straightforward synthetic accessibility, [Eu(III)(tacn-
pic-PEPA2)] was chosen over [Eu(III)(pcta-PEPA2)] for the
synthesis of the corresponding targeted probe.
Bioconjugation. A significant challenge for the function-

alization of aryl-alkyne picolinates is their sensitivity to acidic
conditions, which limits the means to introduce peptidic
targeting vectors. Therefore, we sought conjugation strategies
that would enable bioconjugation at a near-terminal stage,
immediately preceding or even following the complexation
with the lanthanide ion. Conjugation to a cysteine thiol by way
of nucleophilic aromatic substitution of the nitro-functional
group of picolinate was identified as the most suitable
conjugation approach. This method does not introduce
additional aromatic or lipophilic elements that would further
reduce compound solubility or impart photoquenching effects,
as previously demonstrated by Parker for the conjugation of

Eu-phosphinate complexes28,44 and, more recently, for the
bioconjugation of preformed radiochemical complexes by us.45

The corresponding [Eu(III)(tacn-(pic-NO2)-PEPA2)] complex
can be obtained by stepwise alkylation of tacn, first with the p-
nitrobromo-picolinic acid ethyl ester (5), delivering compound
6 in a 40% yield. This was followed by alkylation with two
picolyl aryl alkyne electrophiles in 52% yield. Subsequent
hydrolysis with KOH provided the unprotected chelator tacn-
(pic-NO2)-PEPA2 (7) in 73% yield, which was then complexed
with Eu(OTf)3, delivering the complex [Eu(III)(tacn-(pic-
NO2)-PEPA2)] in 67% yield. This complex exhibits a reduced
quantum yield (Φ = 31%) compared to [Eu(III)(tacn-pic-
PEPA2)]. A targeting vector, composed of the peptide
cysteine-cyclohexyl-naphtyl-KuE, a peptide sequence previ-
ously validated for the targeting of the prostate-specific
membrane antigen, was reacted with [Eu(III)(tacn-(pic-NO2)-
PEPA2)] in a DMF/H2O (3:1) mixture at room temperature
to yield the thioconjugated species [Eu(III)(tacn-(pic-PSMA)-
PEPA2)]. The quantum yield of [Eu(III)(tacn-(pic-PSMA)-
PEPA2)] is further reduced (Φ = 24%) but still represents a
significant improvement over [Eu(III)(DO3Aphen)] derivatives
(Φ < 15%). The corresponding CRET studies indicate a LoD
of 1−0.1 nmol (Supporting Information, Figure S1.17 and
Table 1), comparing well to the nonfunctionalized analogues.

In Vitro Studies. With a targeted and photophysically
validated Eu(III) probe in hand, we next conducted extensive in

Figure 4. Scheme of the radiolabeling of tacn-pic-PEPA2 and tacn-(pic-PSMA)-PEPA2 with 86Y and the corresponding pictograms. (B) HPLC
coinjection of [Y(III)(tacn-(pic-PSMA)-PEPA2)], [Eu(III)(tacn-(pic-PSMA)-PEPA2)], and [86Y][Y(III)(tacn-(pic-PSMA)-PEPA2)]. UV trace of the
nonradioactive complexes inverted on top and γ trace of the radiocomplex at the bottom. (C) Results of the cell binding of [86Y][Y(III)(tacn-(pic-
PSMA)-PEPA2)] and [86Y][Y(III)(tacn-pic-PEPA2)] with PSMA+ (PiP) and PSMA-(flu) PC-3 cancer cells. (D) Workflow and results for the cell
staining of PSMA + PC-3 cancer cells with DAPI at different concentrations of [Eu(III)(tacn-(pic-PSMA)-PEPA2)] and [Eu(III)(tacn-pic-PEPA2)];
red signal�Eu(III) and blue signal�DAPI.
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vitro testing. Albeit the dose of administered luminescent
lanthanide should remain several orders of magnitude below
doses employed for MRI contrast (0.1 mmol/kg, which would
correspond to 2.5 μmol/mouse),46 establishing toxicity limits
represents a relevant step toward in vivo application. To this
end, we conducted cell viability assays in the presence of
increasing concentrations of [Eu(III)(tacn-pic-PEPA2)] and
[Eu(III)(DO3Aphen)], with the latter previously validated in
vivo. No statistically significant toxicity could be observed
(Figures S1.18 and S1.19).
To quantitatively measure cell binding, we took advantage of

the similar ionic radius of Y(III) and Eu(III) (1.08 and 1.12 Å,
respectively, for coordination number 8)47 and employed the
86Y isotope (t1/2 = 14.7 h, βavg = 0.53 MeV, 31% positron
decay) as a Eu(III) tracer proxy−this approach has been
validated previously to study the pharmacokinetics of Gd(III)
(1.10 Å) contrast agents.48 We synthesized 86Y homologues
[Eu(III)(tacn-pic-PEPA2)] and [Eu(III)(tacn-(pic-PSMA)-
PEPA2)] by direct radiolabeling of the corresponding
chelators. The identity of the radioactive compounds was
confirmed by HPLC coinjection with the corresponding natY
isotopologues (Figures 4B and S1.20); retention times for both
compounds were found to correlate well and only deviate
minimally from the Eu(III) species. PC-3 prostate cancer cells

with or without the expression of the prostate-specific
membrane antigen (PC-3 PiP and PC-3 flu, respectively)
were incubated with the radioactive complexes [86Y]-
[Y(III)(tacn-pic-PEPA2)] and [86Y][Y(III)(tacn-(pic-PSMA)-
PEPA2)]. PSMA-positive cells showed a statistically significant
enhancement of bound radioactivity of 9.9% ± 0.88 when
incubated with the targeted probe [86Y][Y(III)(tacn-(pic-
PSMA)-PEPA2)]; however, the construct also exhibited
nonspecific binding, evidenced by the activity bound to
PSMA-negative PC-3 flu cells (8.33% ± 0.27). Even with a
large amount of nonspecific uptake, the difference between
PSMA-positive and PSMA-negative cells for the targeted probe
is significant (p = 0.04, n = 3, Figure 4C). The nontargeted
probe [86Y][Y(III)(tacn-pic-PEPA2)] displays little uptake in
both cell lines (0.98% ± 0.17 (PiP) and 0.92% ± 0.09 (flu)).
Next, we probed the potential of [Eu(III)(tacn-pic-PEPA2)]

and [Eu(III)(tacn-(pic-PSMA)-PEPA2)] to visualize the binding
of target cells with fluorescence microscopy. Live PC-3 PiP
cells were incubated with 0.1, 1, 2.5, or 5 nmol of either
targeted or untargeted probe for 4 h at 37 °C, followed by
DAPI nuclear stain at 37 °C for 10 min. Subsequently, cells
were fixed with paraformaldehyde and imaged under a
microscope with 2P excitation at 720 nm, followed by spectral
unmixing for the DAPI and Eu(III) emissions, respectively

Figure 5. (A) Surgical procedure for the luminescence-guided surgery of tumor-bearing mice with [68Ga][Ga(III)(PSMA-617)] and [Eu(III)(tacn-
(pic-PSMA)-PEPA2)]. (B) Presurgical optical imaging of mice bearing PSMA-positive (right shoulder) and PSMA-negative (left shoulder) tumor
xenografts (data for cohort 1 is shown). Left mouse (M1) was injected with [Eu(III)(tacn-(pic-PSMA)-PEPA2)] (20 nmol) in the right tumor.
Mouse on the left (M2) did not receive the Eu(III) probe. ROI analysis below shows significant signal amplification by the Eu probe. (C)
Postsurgical optical imaging was performed with excised tumors. ROI analysis below shows significant signal amplification by the Eu probe. (D)
Results of histopathology (blue, green = autofluorescence and red = Eu). Excitation was achieved by a 1P process with UV light and a 2P process
with light at 720 nm. Control tumor shows no Eu signals. Hem emission from red blood cells was not detected in the 1P epifluorescence due to the
far-red cutoff of the color camera. Spectral deconvolution below shows that the red signal is diagnostic of characteristic Eu emission bands at 597
and 621 nm. Tumbkg = tumor background autofluorescence, Eu = europium(III) emission, and hem = heme emission profile.
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(Figure 4D). [Eu(III)(tacn-(pic-PSMA)-PEPA2)] shows local-
ization in the cell membrane, in line with the localization of the
transmembrane protein PSMA. Membrane-associated signal is
detected with as low as 1 nmol compound/well (correspond-
ing to a concentration of 1.4 μM, Figure 4D), while
[Eu(III)(tacn-pic-PEPA2)] does not display any accumulation
in cells even with 5 nmol. Probe concentrations employed
correspond well with cell staining experiments conducted with
organic dyes.16

Pharmacokinetics of Systemic Administration. To
approximate the pharmacokinetic behavior and tumor
accumulation of [Eu(III)(tacn-(pic-PSMA)-PEPA2)], we con-
ducted biodistribution studies and metabolite analysis with
[86Y][Y(III)(tacn-(pic-PSMA)-PEPA2)]. Following radiochem-
ical labeling with 86Y as described (vide supra), [86Y]-
[Y(III)(tacn-(pic-PSMA)-PEPA2)] was administered by tail
vein injection (n = 8) to mice bearing bilateral PC-3 tumors
(PiP and flu). Probe distribution was evaluated by PET
imaging at 1.5, 3.5, and 5.5 h (Figures S1.22−1.24), followed
by sacrificial biodistributions at 2 and 6 h (Figures S1.25).
While the probe exhibits statistically significant accumulation
in the PSMA-positive tumor at the 6 h time point (4.8 ± 0.01%
ID/g), the overall pharmacokinetics (Figures S1.22−S1.25 and
Tables S1.2−S1.3) are unfavorable for systemic administration
as the probe localizes predominantly in the liver (11.7 ± 0.03%
ID/g at 6 h) and kidneys (28.4 ± 0.03%ID/g at 6 h). Urine
metabolite analysis at 2 and 6 h indicated the presence of an
intact probe in vivo (Figure S1.26), motivating in vivo
investigation of the corresponding Eu(III) complex. We posit
that the compound’s less than ideal behavior arises from the
enhanced lipophilicity introduced by the antennae.
CRET Imaging and Intrasurgical Resection of Tumor

Tissue. The less favorable pharmacokinetic behavior of
[86Y][Y(III)(tacn-(pic-PSMA)-PEPA2)] following systemic ad-
ministration indicated that the corresponding [Eu(III)(tacn-
(pic-PSMA)-PEPA2)] complex was better suited for local
administration, acting as a “scintillator” in combination with
the systemically administered PET radiopharmaceutical as the
in situ Cherenkov luminescence source. To determine the ideal
dosage and time frame of the distribution of the PET
radiopharmaceutical, [68Ga][Ga(III)(PSMA-617)]49 was ad-
ministered at 4 different doses to mice bearing bilateral PC-3
xenografts. Doses ranged from 19 to 166 μCi, and animals
were imaged at 60, 90, and 120 min postinjection on a small
animal optical scanner (Figure S1.27), and ROI analysis was
conducted with and without decay correction to determine the
ideal timing for the administration of [Eu(III)(tacn-(pic-
PSMA)-PEPA2)] (Figure S1.28), balancing pharmacokinetics
and isotope decay. Based on this analysis, we selected
administration >100 μCi of [68Ga][Ga(III)(PSMA-617)] and
identified the time window of 15−45 min post injection as
ideal to administer the Eu(III)-probe locally.
Eu(III) enhanced optical imaging was carried out using two

methods of local administration to mimic possible clinical
applications: [Eu(III)(tacn-(pic-PSMA)-PEPA2)] was adminis-
tered via intratumoral injection or topical application to the
target tumor site and allowed to interact with the PET probe
via intermolecular CRET (Figure 5A). First, mice bearing
bilateral xenografts with or without PSMA expression were
injected with 150 μCi of [68Ga][Ga(III) (PSMA-617)]
systemically via tail vein, followed by intratumoral admin-
istration of 20 nmol of [Eu(III)(tacn-(pic-PSMA)-PEPA2)] 25
min later (cohort 1). Optical imaging was conducted using

blocked excitation and emission detection using the 620 nm
bandpass filter. Figure 5 shows side-by-side experiments of
animals that were administered [Eu(III)(tacn-(pic-PSMA)-
PEPA2)] (left) next to animals that had received only the
radiopharmaceutical (right). Statistically significant signal
enhancement was detected from the tumor with colocalization
with radiotracer and [Eu(III)(tacn-(pic-PSMA)-PEPA2)] when
compared to that of the control animal, which showed no
signal enhancement (Figure 5B). Tumors were subsequently
excised and reimaged at 45 min post injection adjacent to the
open surgical site in the animal; at this time point, signal
enhancement was still detectable in the excised, Eu-dosed
tissue, whereas no signal above background was detected from
the control tumor (Figure 5C).
We also evaluated the potential of [Eu(III)(tacn-(pic-PSMA)-

PEPA2)] to provide signal enhancement in the target tissue via
topical application. In accordance with the previous imaging
paradigm, we injected 174 μCi of [68Ga][Ga(III)(PSMA-617)]
systemically. The surgical site was opened, and a solution of
[Eu(III)(tacn-(pic-PSMA)-PEPA2)] (10 nmol) was applied to
the tumor site 25 min p.i. and subjected to optical imaging
(Figure S1.31). Quantitation of the obtained imaging data
indicates that topical administration of the probe is also
suitable to efficiently guide surgical resection of the cancerous
tissue as evidenced by postsurgical resection imaging and
quantitation via ROI analysis (Supporting Information, Figure
S1.32). It is important to note that although our phantom
imaging studies employed a moderate amount of radioactivity
(10 μCi), the actual amount of [68Ga][Ga(PSMA-617)]
present in the tumor following systemic administration is an
order of magnitude lower (∼1 μCi). This further evidence
shows that improvement of emission properties was crucial to
achieving statistically significant and detectable emission from
[Eu(III)(tacn-(pic-PSMA)-PEPA2)].

Luminescence Microscopy of Excised Tumor Tissues.
Excised tumor samples were fixed with paraformaldehyde;
following tissue preparation, red luminescence of samples
visible by the eye was observed under UV light (Figures
S1.29D,E and S1.31D,E), evidencing that [Eu(III)(tacn-(pic-
PSMA)-PEPA2)] remains intact. Subsequently, sectioned
tissue samples were imaged with wide-field epifluorescence
microscopy (excitation at 365 nm and emission filter at 620
nm). Samples from tissues that had received topical or
intratumoral treatment of [Eu(III)(tacn-(pic-PSMA)-PEPA2)]
(Figures 5D and S1.47−1.49) show clearly discernible Eu(III)-
based signal emission. Topical application results in Eu(III)
signals arising from the sample surface with little penetration of
the probe into deeper sample regions. Intratumoral injection
resulted in Eu signal localizing also to deep sample regions.
Samples obtained from control animals, which did not receive
any Eu(III) probe, show no red emission characteristic of Eu-
accumulation. Confocal microscopy with 720 nm 2P excitation
and spectral unmixing further confirms that the red-emission
arises from Eu(III) and not from autofluorescence or other long-
wave emitting tissue endogenous cofactors such as hemoglobin
(Figures 5D and S1.41−1.45).

■ CONCLUSIONS
In conclusion, we demonstrate for the first time that discrete,
bifunctional, targeted Eu(III) probes can be employed for
cellular staining in culture, guided intrasurgical resection of
cancerous tissue in mice, and subsequent histopathology.
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We prepared the targeted probe [Eu(III)(tacn-(pic-PSMA)-
PEPA2)], which exhibits a quantum yield of 24%. Phantom
imaging studies evidence that 10 μCi of 68Ga can enhance as
little as 1 nmol of Eu complex, indicating that imaging at
concentration levels equivalent to organic chromophores is
feasible. [Eu(III)(tacn-(pic-PSMA)-PEPA2)] retains the ability
to bind to PSMA as evidenced by cell imaging experiments and
quantitation of uptake using the 86Y(III)-congener. Following
our analysis of pharmacokinetic properties, we applied
[Eu(III)(tacn-(pic-PSMA)-PEPA2)] intrasurgically in combina-
tion with the systemically administered, clinically employed
PET tracer [68Ga][Ga(III)(PSMA-617)]. In situ excitation of
Eu(III) emission by CRET produced by the 68Ga results in 5-
fold optical signal amplification and enables the resection of
tumor tissue. Subsequently, the robust optical properties of
[Eu(III)(tacn-(pic-PSMA)-PEPA2)] enable direct histopatho-
logical analysis of excised tumor tissues using 1P and 2P
luminescence microscopy without the need for further staining
with fluorescent markers.
This work represents a significant evolution from our first

proof-of-concept systems, which exhibited limited brightness
and in vivo compatibility, posing limited clinical relevance. The
combination of the second-generation Eu(III) probe with a
systemically administered, clinically validated 68Ga PET
radiopharmaceutical as an in situ excitation source is especially
attractive for prospective clinical translation. Work to improve
pharmacokinetic properties while retaining the brightness of
next-generation Eu(III) probes is ongoing.
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