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Luminescent lanthanides possess ideal properties for biological imaging, including long luminescent
lifetimes and emission within the optical window. Here, we report a novel approach to responsive
luminescent Tb(i) probes that involves direct modulation of the antenna excited triplet state energy. If
the triplet energy lies too close to the D4 Tb(i) excited state (20 500 cm™?), energy transfer to °D,
competes with back energy transfer processes and limits lanthanide-based emission. To validate this
approach, a series of pyridyl-functionalized, macrocyclic lanthanide complexes were designed, and the
corresponding lowest energy triplet states were calculated using density functional theory (DFT).
Subsequently, three novel constructs L3 (nitro-pyridyl), L4 (amino-pyridyl) and L5 (fluoro-pyridyl) were
synthesized. Photophysical characterization of the corresponding Gd(i) complexes revealed antenna

triplet energies between 25800 and 30 400 cm™ and a 500-fold increase in quantum yield upon
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Accepted 13th June 2021 conversion of Tb(L3) to Tb(L4) using the biologically relevant analyte H,S. The corresponding turn-on

reaction can be monitored using conventional, small-animal optical imaging equipment in presence of
a Cherenkov radiation emitting isotope as an in situ excitation source, demonstrating that antenna triplet
state energy modulation represents a viable approach to biocompatible, Tb-based optical turn-on probes.
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Introduction

The optical probe mediated detection of changes in receptor,
enzyme or analyte expression can reveal disease-related bio-
logical activity such as aberrant enzymatic activity,"* modifi-
cation of intracellular pH,*” production of reactive oxygen
species,® or drastic changes in the extra- and intracellular
concentration of analytes such as metal cations,”** or inorganic
salts.” Ideally, such optical responsive probes produce a ratio-
metric response, but in lieu of this, a measurable turn-on effect
is preferred over turn-off response, as the absence of an optical
signal can be quenched by factors other than the lack of analyte.
Organic chromophores have been extensively explored and
established as tools for probing intra- and extracellular
biochemistry. The luminescence emission from discrete
lanthanide complexes provides an attractive alternative to
organic chromophores for biological imaging applications.™
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Lanthanide luminescence produces narrow emission bands
within the optical window with diminished photobleaching,
large pseudo-Stokes shifts, and long luminescent lifetimes that
enable time-resolved imaging applications. However, the need
of short-wave UV excitation of sensitizing antennae outside the
biological optical window, especially for Tb(u), has limited the
use of lanthanide-based sensing probes to in cellulo experi-
ments. In our previous work, we have successfully demon-
strated that Cherenkov radiation (CR) of positron-emissive
radioisotopes can serve as an in situ excitation source and thus
opens opportunities for lanthanide-based in vivo optical
imaging.'>'® Motivated by these results, we hypothesized that
the in situ excitation of Tb(m)-based turn-on probes in presence
of a CR emissive isotope could provide means to detect the
aberrant levels of biologically relevant analytes in vivo. Based on
our prior work, we had determined, that CR-mediated excitation
of Tb(m)-complexes low uM concentrations required Tb-based
quantum yields (@) of at least 0.1 or above. We therefore
proposed that a toggle between @y, <0.01 (“off”) and @y, >0.05
(“on”) could produce a detectable Tb(m) turn-on signal in the
presence of a CR emissive isotope.

Several strategies have previously been pursued to devise
responsive, luminescent lanthanide complexes. The efficient exci-
tation of lanthanide excited states relies on energy transfer from an
organic chromophore within the immediate coordination envi-
ronment of the lanthanide ions."”** Hence, the modification of the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Schematic and accompanying Jablonksi diagrams of previous approaches (A and B) and our approach (C) to lanthanide-based turn-on
probes for analyte or enzyme sensing. (A) Lanthanide emission is quenched through O—H oscillators until an analyte replaces the coordination
water molecule.?* (B) Antenna chromophore possesses a photoelectron (PeT) quencher, limiting excitation into the excited singlet state (S;) and
subsequent energy cascade to lanthanide excited state. Enzymatic cleavage releases the PeT quencher.?® (C) Our approach is the direct
modulation of the antenna triplet excited state (T;), where interaction with analyte or enzyme would increase T; to enable efficient energy

transfer to the lanthanide excited state.

efficiency of this energy transfer process provides a convenient
handle for turn-on probes. One approach includes the reduction of
oscillatory quenching upon coordination of an analyte of interest
to the first coordination sphere, effectively replacing a water
molecule (Fig. 1A). This has been explored for the sensing of F~,
where corresponding Eu(m) emission increases 9-fold upon
binding of F~, demonstrating fluoride sensing at concentrations of
as low as 20 uM.*" Inner-sphere water displacement has also been
employed to detect CN~—, HCO; ™, and ATP.*>** A second approach
explores the caging of the organic antenna chromophore upon
enzyme activity. Borbas and coworkers have demonstrated the
feasibility of this approach by enzyme triggered assembly of the
lanthanide-sensitizing antenna (coumarin). The formation of the
coumarin antenna sensitizes Tb(u) or Eu(m) 5- to 10-fold more
efficiently as compared to the benzoyl-precursor, with “turn-on”
probe quantum yields of 0.010 and 0.016 for Eu(m) and Tb(im)
respectively.” A third approach involves the photoelectron transfer
(PeT) mediated quenching of antenna emission (Fig. 1B). A Th(u)-
probe developed by Nagano and coworkers employed a photoelec-
tron transfer quencher directly coordinated to the aniline antenna
moiety, resulting in intraligand quenching of the antenna excited
triplet state (T;).>® Upon reaction with N-acetyltransferase, the PeT
quenched antenna was converted into an optically active probe
producing a 10-fold increase in emission as determined by time-
resolved microscopy.

In addition to the presence of oscillatory quenchers, caged
antennae or PeT quenchers, the relative quantum yield of
lanthanide complexes relies on the efficient energy transfer
from the dye to the electronic energy levels of the lanthanide
ion, which requires rates of energy transfer from the excited
states of the antenna to the lanthanide center that can compete
with the rates of the other active pathways of deactivation in the
antenna.”” The importance of the relative energies of T; and the
D,y levels for Eu(m), and the *D, for Th(m) has been discussed

© 2021 The Author(s). Published by the Royal Society of Chemistry

and demonstrated extensively by Latva, Raymond, Parker and
others.””%°

While many literature examples have demonstrated elimi-
nation of a luminescence quencher as described above, no
attempts have yet been made to modify the antenna triplet state
directly and irreversibly. Parker and coworkers observed an
increase in the excited triplet state energy (21 300 cm™ " to
22000 cm™ ') upon protonation of phenathridine-antenna
Eu(um)/Tb(ur) complexes (see ESI Fig. S2t).” The &y, increased
27-fold to 0.025 at pH 6.5-7, although the &g, only increased (3-
fold) upon protonation at pH 1.5, which is outside of the
physiological pH range.

A significant drawback of each one of these approaches
(Fig. 1 & S17) is the low quantum yield (®1,) of the corre-
sponding turn-on probes resulting in limited brightness,
rendering them not applicable for bioimaging applications
beyond time-resolved microscopy (for a summary of primary
turn-on examples see Table S17). Furthermore, the low @, of
these compounds, even in the on-state, would not produce
signal in presence of a CR emitter.

Here, we propose that the triplet energy level can be adjusted
by direct and irreversible functional group transformation of
the antenna, providing unprecedented access to activatable
lanthanide probes with comparatively high quantum yields in
their corresponding turn-on state. As we demonstrate, these
activatable lanthanide probes are ideal candidates for biological
optical imaging with Cherenkov-radiation, owing to the high
energy wavelengths (~200-400 nm) required for excitation.

Here, we designed a library of lanthanide complexes baring
antennae with varying T; energies relative to the lanthanide
excited state, allowing for subsequent and irreversible chemical
modification of the antenna in a single step (i.e. reduction) to
produce antennae capable of efficiently sensitizing Tb(m).
Guided by density functional theory calculations of the ground

Chem. Sci., 2021, 12, 9442-9451 | 9443
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state energy of antenna singlet and triplet states, we selected
Tb(L3) (“off”), Tb(L4) and Th(L5) (both “on”). Following chem-
ical synthesis and characterization, the photophysical proper-
ties of each complex were measured, including relative T,
energy levels, quantum yields and turn-on response to a bio-
logically relevant analyte (H,S) in presence of a CR emitter as an
in situ excitation source.

Results and discussion
Molecular design and DFT

We designed and synthesized a series of terbium(ur) complexes
which utilize a macrocyclic chelator based on cyclen, and
a pyridyl antenna which incorporates varied substituents at the
para-position (Fig. 2). The chelator forms kinetically inert and
highly stable Ln(III) complexes, with the coordinating pyridyl
substituent forming an 8-coordinate complex.*® We proposed
that tuning of the triplet state energy can be achieved by single-
step chemical modification of the antenna substituent.

According to Latva's empirical principle, the lowest energy
antenna triplet excited state should be at least 1800 cm ™" above
the photoluminescent lanthanide excited state.*” If the change
in energy between these states is too low, back energy transfer
processes become more probable, leading to severely dimin-
ished lanthanide-based radiative de-excitation and increased
ligand-based phosphorescence/fluorescence. Modulation of
triplet energy of pyridyl and picolinate-based antennas can be
induced by the incorporation of electron-withdrawing substit-
uents such as nitro, cyano or carbonyl groups which are ex-
pected to lower the relative ligand triplet energy. This has been
observed previously by Faulkner and Sherry, who reported
a nitro-substituted antennae with decreased lanthanide lumi-
nescence.***® In contrast, electron-donating functional groups
such as amines, effectively increase the ligand triplet state
energy.>

[e]

[To(L1)], X=H
[Tb(L2)]", X = NH,

Fig. 2 Structures of previously investigated complexes [Tb(L1)]” and
[Tb(L2)]", leading to the design and of Tb(L3)-Tb(L5) featured in this
study.
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In our previous study, we observed a 1.4-fold increase in &y,
with a picolinate antenna incorporating an amine in the para
position [Tb(L2)]”, when compared to the corresponding pico-
linate antenna [Tb(L1)]™ (Fig. 2).*® We attributed this increase to
the 1330 ecm™" blue-shift of the triplet excited state energy for
[Tb(L2)]™ relative to [Tb(L1)]™, which decreases the likelihood of
a back energy transfer to the antenna. The high quantum yield
of [Tb(L2)]” motivated the design of an antenna that possessed
a poor triplet energy match and could be transformed into the
para-NH,-picolinate for a particularly efficient luminescence
turn-on. Inspired by work from others on nitro-to-amine
reduction mediated sensing with organic fluorophores, we
proposed a nitro-moiety could operate as the “off” state.**>*
Synthetic challenges to furnish the nitro-picolinate precursor
(ethyl 6-(bromomethyl)-4-nitro-2-pyridinecarboxylate) derivative
of [Tb(L2)]™ in sufficient quantities led to the design of Tb(L3),
a more readily accessible coordination complex. In addition to
the electron-donating amine of Tb(L4), we hypothesized that
a fluoro-substituted complex Tb(L5) could also provide a suffi-
ciently blue-shifted T, relative to the nitro-moiety.

To predict the relative T; energies of the Tb(in) complexes in
the presence of the antenna bearing different substituents, we
carried out density functional calculations (DFT) at the TPSSh/
LCRECP/6-31G(d,p) level of theory. The complexes were opti-
mized in the ground state singlet state (GS) in gas phase and the
T, energies were estimated using the adiabatic-transition
approach, where the energy difference between T; and GS
corresponds to the optimized geometry of each state. This
method gives the lowest energy difference between the S, and T
states, corresponding to the 0-0 emission energy. In contrast,
the commonly used vertical approach, where T, and the S, share
the same geometry, gives a larger energy gap, since the calcu-
lated T, state exists in a vibrationally excited state.***** Solvation
effects were included in the calculations using the solvent
model based on density (SMD) method and the previously
optimized polarizable continuum model (PCM) radius was used
for Tb(iu) in all solvation calculations without scaling («¢ = 1.0).*>
Spin density plots of the optimized T, state for all of the
complexes confirmed that the spin density was located on the
antenna arm of the ligand (Fig. 3A). In agreement with our
hypothesis, the calculated T; energy of Tb(L3) is significantly
lower than that of Tb(L4) and Tb(L5) (Table 1).

Synthesis

After affirming our original hypothesis with DFT, we embarked
on the chemical synthesis of the L3, L4 and L5 ligand systems.
L3 was synthesized by alkylating tri-ter¢-butyl protected macro-
cycle (‘Bu-DO3A, tri-tert-butyl 1,4,7,10-tetraazacyclododecane-
1,4,7-triacetate) with a para-nitropyridyl chromophore [2-
methyl(sulfonyloxymethyl)-4-nitropyridine], which was synthe-
sized in three steps from commercially available 2-methylpyr-
idine N-oxide to yield tert-butyl protected intermediate S1 (for
a synthesis scheme, see ESI Fig. S11). Subsequent deprotection
under acidic conditions produced L3. To afford the electron-
donating amine substituent, compound S1 was reduced by

Pd-catalyzed hydrogenation and purified using semi-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(A) Spin-density plots of optimized T; state of each Tb(i) complex. (B) Absorbance (solid) and excitation (dashed) spectra of Tb(i)

complexes. (C) Phosphorescence spectra of Gd(n) complexes. All measurements in PBS buffer at RT (absorption, excitation) or 77 K

(phosphorescence).

Table 1 Summary of photophysical properties of Tb(i) complexes studied in this work®

Compound Experimental® S; (cm™?) Experimental® T; (cm™) Calculated T; (cm ™) Dy’ q° x-fold &y, increase®
Tb(L3) 33 333 25773 17 307 0.0002 1.3 —

Tb(L4) 38 462 29 586 26 625 0.10 1.1 500

Tb(L5) 39 370 30 395 27 063 0.093 0.9 465

“ All experimental values recorded in PBS buffer. ” Measured on Gd(ur) complex. ¢ Estimated relative error 10-15%. ¢ Hydration state (£20%) values

calculated according to literature methods. ® Relative to Tb(L3).

preparative HPLC to yield S2, followed by deprotection under
acidic conditions to provide ligand L4. The fluorinated
substituent L5 was synthesized by alkylation of 2-
(bromomethyl)-4-fluoropyridine (synthesized in one step from
4-fluoro-2-methylpyridine) with ‘Bu-DO3A, followed by depro-
tection of precursor S3 under acidic conditions. Tb(m)
complexes were formed in water by mixing the Tb(um) with
ligand under acidic conditions followed by adjustment of pH to
7 and removal free Tb(m) by reverse phase chromatography.

Photophysical measurements

Photophysical measurements of each Tb(m) complex were
carried out to determine how substituents on the ligand pyri-
dine influenced T, and overall quantum yield. For each
complex, the spectrochemical properties were measured in PBS
(pH = 7.0) at room temperature, including absorption, emis-
sion spectra, and corresponding quantum yields. Luminescent
lifetime values of all complexes were determined in PBS and

© 2021 The Author(s). Published by the Royal Society of Chemistry

D,O to determine inner-sphere hydration (g).** A summary of
the results is provided in Table 1. A 5200 cm ™" blue-shift was
observed in the experimental absorbance maxima from Tb(L3)
to Tb(L4), indicating an increase in the relative excited singlet
state energies (Fig. 3). Similarly, a blue-shift of the absorbance
maximum was observed for the modification of Tb(L3) to
complex Tb(L5) (6000 cm ™).

Time-gated phosphorescence spectra were recorded at 77 K
for Tb(m) and Gd(u) complexes of L3, L4 and L5 ligands. The
energy of the excited T; states were determined as the onset of
the phosphorescence emission peak from the Gd (i) complexes
(see ESIt). As the lanthanide-based excited state of Gd(m) is too
high in energy (32200 cm ') to be excited by the ligands
studied, the result is pure ligand-based emission. The absor-
bance and excitation spectra of Th(i) complexes, as well as the
phosphorescence emission from the T; state obtained from the
Gd(m) complexes are shown in Fig. 3.

Chem. Sci., 2021, 12, 9442-9451 | 9445
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The phosphorescence excitation spectra of the Gd(m)
complexes are in good agreement with the steady-state absorp-
tion measurements. Excitation measurements of the Tb(III)
complexes however revealed that two absorbing species are
simultaneously present in all samples (See Fig. 3 and in ESI,
Fig. S9 to S127). The excitation spectrum obtained when moni-
toring Tb(m)-based emission result in a blue shifted excitation
spectrum compared to the excitation spectrum obtained when
monitoring ligand-based emission. The two excitation spectra
appear to agree with the neutral and the protonated forms of the
pyridyl groups that exist in an equilibrium at the PBS moderated
pH under the cryogenic, 77 K measurement conditions. At room
temperature, the protonated species is not readily detected,
leading to the conclusion that it does not play a significant role in
the modulation of emission properties or the de-excitation
pathway of M(L4) complexes in subsequent experiments.

The absorption and excitation spectra of L3 have many
components, but a low intensity peak at 330 nm resembling the
charge transfer band was observed, and the T, state was readily
accessed by excitation through the charge transfer band. Like
the absorption maxima, the triplet excited states also resulted in
a blue shift of Gd(L4) and Gd(L5) relative to Gd(L3). The
experimental triplet state energy of L3 was only 5700 cm ™’
greater than the °D, level for Tb(m), while the experimental
triplet energy of L4 and L5 are 9500 and 9900 cm™ ' greater

View Article Online
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respectively. The variation in T; indicates competing back
energy transfer pathways for L3 reduce overall Tb(m) sensitiza-
tion. A further explanation for decreased Tb(m) emission of L3
could be that the energy cascade from the lowest-lying excited
T, state populates the °Dj state and is subsequently quenched
by oxygen before populating the °D, excited state.** The DFT-
calculated and experimentally determined T, values follow the
same trend, where reduction or conversion of L3 to L4 or L5
increases the triplet state energy level.

Quantum yield measurements were carried out as described
previously, using [Tb(L1)]” (@, = 0.47) as the reference
compound.’® Quantum yield was 0.0002 for Tb(L3), which
corresponds well to diminished efficiency of transfer from the
corresponding T; state. Substitution of the electron-withdrawing
nitro-substituent (L3) with an amine (L4), increased the quantum
yield of Tb(L4) 500-fold, to 0.10. Similarly, replacement of the
nitro-group with a fluoro-group improves the quantum yield 465-
fold to 0.09 for Tb(L5), also in agreement with a significant blue
shift of T,. Albeit trends predicted by our DFT calculations
persist, we note a deviation of 3000-8000 cm™". This indicates
that instead of the existence of a T; energy level energy transfer
threshold that correlates with the °D, excited state, rather the rate
of back energy transfer appears to control the efficiency of the
lanthanide based de-excitation.
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Fig. 4

(A) Reaction scheme of Tb(L3) (10 uM) reacting with 100 equiv. Na,S (1 mM) to form Tb(L4) in situ. (B) Emission spectra over time upon

reduction of 10 nmol (10 uM) Tb(L3) (523 nm peak = scattering). (C) Fold-increase of emission over 5.5 hours. (D) Relative fold-change of
emission of 10 nmol (10 uM) Tb(L3) in response to NaOAc, Nal, NaHCOs3, NaCl, Na,SOy4, Cys, and Na,S (100 equiv.) in PBS (dashed line = 1; error

bars represent standard deviation, n = 3).
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Hydrogen sulfide sensing

With evidence of the 500-fold quantum yield increase from
Tb(m) complexes of L3 and L4, reduction of Tb(L3) we sought to
chemically transform Tb(L3) to Tb(L4) using a biologically
relevant analyte. An analyte of biological importance, hydrogen
sulfide has gained interest in the past decade in the context of
non-invasive molecular imaging, as it plays important roles in
apoptosis, insulin signaling, blood pressure regulation, and
neuromodulation.*>*® Previous H,S sensitive optical probes rely
on the presence of an accessible nitroaromatic component
which acts as a PeT quencher, but in the presence of aqueous
HS™ is reduced to an amine.”*®* Motivated by the reactivity of
previous nitroaromatic-containing metal complexes,
assessed Na,S$ as an in situ H,S source to reduce Tb(L3) without
significant degradation of the corresponding complex (Fig. 4A).
Indeed, in the presence of 100 equivalents of Na,S, full
conversion of Tb(L3) to Tb(L4) was obtained. The direct func-
tional group transformation was followed by HPLC and further
affirmed by mass spectrometry (ESI Fig. S21f). Of note, the
reaction produced no detectable side products, which bodes
well for selective sensing applications. The conversion reaction
was also monitored in situ by measurement of increasing fluo-
rescence emission produced by Tb(L4) in the presence of 100
equivalents of Na,S (Fig. 4B). Plotting of relative intensity of the
emission peak at 548 nm, corresponding to the diagnostic
*D,-"F5 transition reveals a 31-fold increase over 5 hours, which
is comparable to other H,S-sensing systems.***° Selectivity of

we

Tb(L3) was tested against a series of biologically relevant anions
and reducing agents such as NaOAc, Nal, NaHCO;, Cys. A 31-
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fold increase was only obtained in the presence of Na,S
(Fig. 4D), while 100 equivalents of other analytes produced no
detectable luminescence increase.

Optical imaging with CRET

To validate that our T; energy mediated probe turn-on produces
an appropriate optical signal that can be readily detected using
conventional, small animal imaging equipment, we conducted
experiments in the presence of the Cherenkov emissive radio-
isotope "*F (Bayg' = 0.25 MeV, 97%, 1/, = 109 min). As we have
previously shown, Cherenkov radiation (CR) provides a conve-
nient in situ excitation source for luminescent Tb(u)
complexes.’ CR-imaging was carried out with complexes
Tb(L3), Tb(L4), and Tb(L5), imaging phantoms containing 1-
150 nmol probe (as measured by ICP-OES). Based on our
previous CRET studies, Tb(ur) complexes with @, of 0.10
possess a limit of detection of 5 nmol (25 uM), which corre-
sponds to 1-2 orders of magnitude greater sensitivity than
clinically administered, T;-based MRI contrast agents in
phantoms and small animal imaging experiments.*">

Here, we prepared samples containing complex and 10 uCi (10
uL) of '®F. This amount of activity compares well to quantities
used for targeted positron emission tomography (PET) imaging
in small animals. Tube phantoms containing complex and **F
were subsequently imaged on a small animal optical imager (top
down view), with blocked excitation and open emission from 500
to 875 nm (Fig. 5A). The images acquired affirm results obtained
using conventional fluorescence measurements: the “off”
complex Tb(L3) provides no significant radiance output relative
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Fig.5 Cherenkov-radiation energy transfer (CRET) imaging experiments and quantitation of detected radiance. (A) Plate image of all complexes
in 200 pL of PBS buffer doped with 10 pCi Na*®F per well. (B) Quantified radiance output of part A, buffer-only CR sample subtracted. (C) Plate
image of 10 nmol Tb(L3) with 100 equivalents Na,S over 3.5 hour incubation period. (D) Quantified radiance output of part C, buffer + Na,S CR
sample subtracted. Error bars represent standard deviation from ROI analysis (n = 3).
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to *®F in PBS (lower left, Fig. 5A). Region of interest (ROI) analysis
of radiance indicates that turn-on complexes Tb(L4) and Tb(L5)
demonstrate 220- and 190-fold radiance increase relative to
Tb(L3) at concentrations above 25 nmol (125 uM), and a clearly
discernable optical signal with only 5 nmol of complex (Fig. 5B)
in accordance with our previous studies and estimates for cor-
responding limits of detection.

In order to observe probe turn-on in presence of a CR source,
100 equivalents of Na,S (1000 nmol, 100 pL) were added to
Tb(L3) (10 nmol, 100 pL). 10 uCi of '°F was added to each well
and samples were imaged with blocked excitation and open
emission (Fig. 5C) at different lengths of Na,S incubation (1.0,
1.5, 2.0, 2,5, 3.0, and 3.5 hours) following Na,S addition. A 480-
fold emission turn-on is observed from the in situ formation of
Tb(L4) at 3.5 hours, quantified as radiance increase (Fig. 5D)
relative to '°F in PBS. By utilizing Cherenkov radiation, this
Na,S-reduction experiment demonstrates the first example of
an analyte sensing platform with broad applicability and facile
detection of lanthanide turn-on in absence of a short-wave laser
excitation source or time resolution.

Conclusions

Herein, we report a new approach to generate lanthanide-based
optical imaging turn-on probes through the direct chemical
modification of the antenna triplet state and relative rates of
back energy transfer (BET). We validated our rational design by
estimating respective S; and T; states prior to synthesis and
photophysical complex characterization of three pyridine-
functionalized, aza-macrocycle-based Tb(mr) complexes. Experi-
mentally determined S; and T, states affirmed computationally
predicted trends, but showed a 3000-8000 cm ™~ * deviation of the
predicted energy levels which is consistent with previous liter-
ature findings, and therefore directly guides subsequent ligand
design strategies.®® The water-soluble Tb(m) complex series
illustrates how conversion of the nitro-pyridine functionalized
complex Tb(L3) to the corresponding amino-pyridine Th(L4) or
fluoro-pyridine Tb(L5) functionalized macrocyclic complexes
results in a blue-shift of corresponding S; and T, states.

The increased energy gap between the antenna T, state and the
D, Th(m) excited state results in decreased BET efficiency for
Tb(L4) and Tb(L5) complexes, which produces 500- and 465-fold
increases in relative lanthanide-based quantum yield @y, This is
the largest increase in quantum yield reported for discrete,
biocompatible lanthanide complexes (Table S1t). As a proof-of-
concept, we demonstrate that turn-on of Tb(L4) emission by
reductive, chemical transformation from Tb(L3) with Na,S, an in
situ source of hydrogen sulfide, is feasible. We employed in situ
excitation using Cherenkov radiation to detect as little as 5 nmol of
Tb(L4) and Tb(L5) with conventional, small animal optical
imaging equipment. The turn-on probe design employed here
obviates the need for large probe quantities otherwise incompat-
ible with biological applications or time-resolved deconvolution
typical for luminescent lanthanide-based probes to identify the
desired luminescence turn-on. Furthermore, we also note that the
probe concentration required to produce a detectable optical
signal with Tb(L4) correlates closely with probe concentrations
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recently used to validate organic turn-on sensors in vitro and in
vivo 3%

While we successfully employed H,S as a proof-of-concept turn-
on analyte, we note that quantities employed here are at the upper
limit of biologically encountered analyte concentration range.
Future studies will focus on enhancing reactivity of Tb(wm)
complexes, broadening the scope of analytes that elicit a detectable
turn-on response, and direct in vivo validation of our CR-mediated
sensing approach. Second generation probes with enhanced
sensitivity will be especially suitable for analyte-based, preclinical
imaging in small animals or intrasurgical detection requiring
limited depth penetration. We also note that Tb(L5) is suitable for
the synthesis of a self-illuminating CR probe by incorporation of
radioactive '°F to displace the NO, functional group.

Experimental section

All starting materials were purchased from Acros Organics, Alfa
Aesar, Sigma Aldrich, or TCI America and used without further
purification. NMR spectra (*H, **C, '°F) were collected on a 700
MHz Advancelll Bruker, 500 MHz or 400 MHz Bruker instru-
ment at 25 °C and processed using TopSpin 4.0.6. Chemical
shifts are reported as parts per million (ppm). Mass spectrom-
etry: low-resolution electrospray ionization (ESI) mass spec-
trometry and high-resolution ESI mass spectrometry were
carried out at the Stony Brook University Institute for Chemical
Biology and Drug Discovery (ICB&DD) Mass Spectrometry
Facility with an Agilent LC/MSD and Agilent LC-UV-TOC spec-
trometers respectively. Preparative HPLC was carried out using
a Shimadzu HPLC-20AR equipped with a Binary Gradient,
pump, UV-Vis detector, and manual injector. Method A
(preparative purification method, on Phenomenex Luna 10 pm
C18 column [250 mm x 21.2 mm, 100 A, AXIA packed]): A =
0.1% TFA in water, B = 0.1% TFA in MeCN. Gradient: 0-1 min:
5% B, 1-5 min: 5-35% B, 5-23.5 min: 35-75% B, 23.5-24 min:
75-95% B, 24-26 min: 95% B, 27-30.1 min 95-5% B. Method B
preparative purification method, (preparative purification
method, on Phenomenex Luna 10 pm C18 column [250 mm X
10 mm, 100 A, AXIA packed]): A = 10" M ammonium formate
in water, B = 10% 10 mM ammonium formate in water, 90%
MeCN. Gradient: 0-1 min: 5% B, 1-5 min: 5-35% B, 5-23.5 min:
35-75% B, 23.5-24 min: 75-95% B, 24-26 min: 95% B, 27-
30.1 min 95-5% B. Analytical HPLC analysis was carried out
using a Shimadzu HPLC-20AR equipped with a binary gradient,
pump, UV-Vis detector, and autoinjector on a Phenomenex
Luna 5 um C18 column (150 mm x 3 mm, 100 A, AXIA packed).
Method C (analysis of Ln(IlI)-complexes): A = 0.1% TFA in
water, B = 0.1% TFA in MeCN with a flow rate of 0.8 mL min ™,
UV detection at 220 and 254 nm. Gradient: 0-5 min: 95% A. 5-
24 min: 5-95% B gradient. CombiFlash purifications were per-
formed on RediSep RF Gold C18 column (50G, 100 A) using
Method D (A = 0.1% TFA in water, B = 0.1% TFA in MeCN.
Gradient: 0-1.4 CV: 10% B, 1.4-2.1 CV: 10-20% B, 2.1-17.1 CV:
20-50% B, 17.1-21.9 CV: 50-100%, 21.9-23 CV: 100% B, 23-24.1
CV 10% B. Flow rate: 40 mL min™").

UV-VIS spectra were collected with a NanoDrop 'C instrument
(AZY1706045). Spectra were recorded from 200 to 900 nm in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a quartz cuvette with 1 cm path length. Room temperature
luminescence measurements were carried out on a Hitachi F-
7100 FL spectrophotometer at room temperature in Dulbecco's
phosphate-buffered saline (DPBS). Wavelength scans were
collected by exciting at the appropriate wavelength for antenna-
mediated excitation and minimization of scattering interfer-
ence. Luminescence emission spectra were collected under
luminescence scan mode: excited at A., (Table S61) with emission
collection from 300 to 800 nm; 1.0 nm excitation and 5.0 nm
emission slit widths, chopping speed of 40 Hz, 1200 nm min ™"
scan speed, 0.5 s response time, PMT voltage = 400 V. Lifetime
measurements were executed using the following settings: Scan
time 20 ms; chopping speed of 40 Hz; excitation wavelength
specific to each complex (Table S61) and emission wavelength of
545.0 nm; 0 second delay; excitation and emission slit widths of
10 nm each; 0.5 second response. Complexes were dissolved in
DPBS buffer or D,O (samples were resuspended and lyophilized
in D,O repeatedly prior to measurement). A quartz cuvette with
a 1 cm pathlength was used. ICP-OES was carried out using an
Agilent 5110 ICP-OES. A 10-point standard with respect to
terbium was used and fits were found to be with R* of 0.9999.
Concentrations were then back-calculated to the stock sample
concentration. Concentrations of each lanthanide complex were
diluted based on stock concentrations determined by ICP-OES.
IVIS Lumina Series II from Caliper LifeScience small animal
imager was used to image phantoms. All scans were collected
with blocked excitation, open emission filter (500-875 nm,
average band width 20 nm), and a collection time of 5 minutes.
Images were analyzed with Living Image software version 4.3.1.
Regions of interest were determined in triplicate with the ROI
tool for each sample. Radiance values for each complex were
subtracted from the Cherenkov-only sample (Na'®F in PBS).
Lanthanide complexation, general procedure: Tb(OTf); (1.2
equiv.) or GdCl;-6H,0 (1.2 equiv.) was added to a solution of
ligand (1 equiv.) in 1.0 mL of water. The pH was adjusted to 7.0
with 1 M NaOH and stirred at room temperature overnight.
Crude complex was loaded onto a C18 SepPak cartridge and
extracted with 8 mL of 100:0 H,O:MeCN to 70:30 H,O:MeCN
gradient. The fractions containing product were pooled and
lyophilized, resulting in a white solid. Further purification under
method B was applied as necessary.

Na,S turn-on

For all in situ Na,S experiments, quantity of Tb(L3) was pre-
determined by ICP-OES. Na,S stock solutions were prepared
in PBS immediately prior to addition. Fluorimetry-based
experiments were carried out by diluting 10 nmol of Tb(L3) in
PBS and adding 100 equivalents Na,S for a final volume of 1 mL.
The reaction was monitored via luminescence emission from
a conventional fluorimeter under the identical conditions listed
above (Ax = 260 nm). For HPLC verification of Tb(L3) in situ
reduction, 10 nmol of Tb(L3) in 100 uL was activated with 100
equivalents of Na,S (100 uL). Selectivity experiments were con-
ducted in the same manor, with 10 nmol of complex and 100
equivalents of Na,S in a total volume of 1 mL PBS. I, was
measured after 5 minutes of incubation with each respective
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analyte/inorganic salt (each pre-formed stock solutions in PBS);
I, was measured after 5 hours. Fold-increase of intensity is
measured as I, vs. I, of the Tb(m) peak at 548 nm. The
Cherenkov-radiation imaging experiment was also carried out
with 10 nmol of Tb(L3) in 100 puL PBS and activated with 100
equivalents of Na,$ (100 uL) for time points 1.0, 1.5, 2.0, 2.5, 3.0,
and 3.5 hours prior to '°F addition and imaging.

Macrocyclic ~ starting  material  tri-tert-butyl  1,4,7,10-
tetraazacyclododecane-1,4,7-triacetate  (tert-butyl DO3A)
prepared according to literature procedure.** Bromo-4-fluoro-
pyridine was also synthesized in one step from commercially
available 2-methyl-4-fluoropyridine in one step according to
a patented procedure.”

was

{4,10-Bis(carboxymethyl)-7-[(4-nitro-2-pyridyl)methyl]-
1,4,7,10-tetraaza-1-cyclododecyl}acetic acid, L3

Tert-Butyl  {4,10-bis(tert-butoxycarbonylmethyl)-7-[(4-nitro-2-
pyridyl)methyl]-1,4,7,10-tetraaza-1-cyclododecyl}acetate, S1,
(34.1 mg, 0.023 mmol) was added to a 2:1 solution of TFA and
DCM and stirred overnight at room temperature. The solvent
was removed in vacuo, and the product was re-dissolved in H,O.
The solution was then lyophilized to yield L3 as an off-white
solid (11.1 mg, 0.022 mmol, R, (method C) = 3.0 minutes). 'H
NMR (CD;0D, 500 MHz): § 8.88 (d, 1H), 8.23 (s, 1H), 8.10 (s, 1H),
4.13 (br s, 2H), 3.76-3.57 (m, 16H), 3.23-3.21 (m, 6H). >*C NMR
(CD,0D, 125 MHz): 6 173.12, 169.36, 159.54, 156.12, 152.71,
117.43, 116.77, 58.33, 55.34, 54.12, 52.25, 50.48, 49.62. ESI-MS
caled. for CyoH;3oNgOg: 482.2125. Found: 483.2198 [M + H]J".

{10-[(4-Amino-2-pyridyl)methyl]-4,7-bis(carboxymethyl)-
1,4,7,10-tetraaza-1-cyclododecyl}acetic acid, L4

Tert-Butyl {10(4-amino-2-pyridyl)methyl]-4,7-bis(tert-
butoxycarbonylmethyl)-1,4,7,10-tetraaza-1-cyclododecyl}acetate,

S2, (7.1 mg, 0.011 mmol) was added to a 2:1 solution of TFA and
DCM and stirred overnight at room temperature. The solvent was
removed in vacuo, and the product was re-dissolved in H,O. The
solution was then lyophilized to yield L4 as an off-white solid
(4.7 mg, 0.010 mmol, (method C) = 1.89 minutes). '"H NMR
(CD;0D, 400 MHz): 7.90 (d, 1H), 6.86 (s, 1H), 6.72 (d, 2H), 4.07
(br s, 2H), 3.96-3.66 (m, 4H), 3.26-2.93 (m, 18H). *C NMR
(CD;0D, 100 MHz): 6 177.27, 176.46, 175.85, 161.89, 149.85,
142.07, 111.23, 109.06, 57.47, 56.14, 56.13, 55.44, 54.34, 51.78. ESI-
MS caled. for CpoHz,NgOg: 452.2383. Found: 453.2457 [M + HJ".

{4,10-Bis(carboxymethyl)-7-[(4-fluoro-2-pyridyl)methyl]-
1,4,7,10-tetraaza-1-cyclododecyl}acetic acid, L5

Tert-Butyl  {4,10-bis(tert-butoxycarbonylmethyl)-7-[(4-fluoro-2-
pyridyl)methyl]-1,4,7,10-tetraaza-1-cyclododecyl}acetate, S3,
(15.2 mg, 0.023 mmol) was added to a 2:1 solution of TFA and
DCM and stirred overnight at room temperature. The solvent
was removed in vacuo, and the product was re-dissolved in H,O.
The solution was then lyophilized to yield L5 as an off-white
solid (97%, 10.3 mg, 0.023 mmol, (method C) = 2.01
minutes). '"H NMR (CD;0D, 400 MHz): 6 8.58 (m, 1H), 7.35 (d,
1H), 7.22 (m, 1H), 4.62 (br s, 2H), 4.11 (br s, 2H), 3.69-3.49 (m,
14H), 3.22 (m, 6H). >C NMR (CD;OD, 125 MHz): § 173.05,
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172.01, 169.91, 158.79, 153.12, 120.96, 118.64, 116.34, 58.17,
55.77, 53.82, 52.61, 51.37, 50.75, 50.17. '°F NMR: (CD;0D, 376
MHz): —100.16. (CD;OD, 376 MHz): ESI-MS caled. for
C0H;30FN;0¢: 455.2180. Found: 456.2256 [M + H]".

Th(L3). Calculated monoisotopic mass for (C,oH,;NsOgTh):
638.1144; found: m/z = 639.1217 [M + H|'. R, = 2.13 min
(Method C).

Th(L4). Calculated monoisotopic mass for (C,oH»oNgOsTb):
608.1402; found: m/z = 609.1475 [M + H]". R, = 1.82 min
(Method C).

Th(L5). Calculated monoisotopic mass for (C,oH,,FN5O6Tb):
611.1199; found: m/z = 634.1093[M + Na]". R, = 2.03 min
(Method C).

Gd(L3). Calculated monoisotopic mass for (CpoH,;NgOgGd):
637.1131; found: m/z = 660.1025 [M + Na]'. R, = 2.13 min
(Method C).

Gd(L4). Calculated monoisotopic mass for (CpoH,9NgO6Gd):
607.1390; found: m/z = 608.1468 [M + H|'. R, = 1.58 min
(Method C).

Gd(L5). Calculated monoisotopic mass for (C,oH,,FN;O¢-
Gd): 610.1186; found: m/z = 633.1097 [M + Na]". R, = 1.97 min
(Method C).

Computational details

DFT calculations were performed using the Gaussian 16 soft-
ware.*® The starting geometries for the complexes were taken
from the crystal structure of a similar complex.> Geometries of
the complexes were optimized in the gas phase at 298 K using
the TPSSh functional.® Light atoms (H, N, C, O, F) were treated
with the 6-31G(d,p) basis set, and the Tb(u) center was assigned
the large core relativistic effective core potential (LCRECP) and
related (7s6p5d)/5s4p3d basis set.®’) The LCRECP includes 52
electrons in the core of the metal center leaving the outermost
5s, 5p, 5d, and 6s electrons to be handled explicitly. As such, the
GS calculations were performed in the pseudosinglet state and
T; calculations were performed in the pseudotriplet state.
Frequency calculations were performed at the same level of
theory to confirm that the optimized structures were local
minima on the potential energy surface and to determine the
thermodynamic properties of the complexes. Solvation energies
were calculated using the SMD method®* and the thermody-
namic properties in H,O were estimated by taking the ther-
modynamic  corrections from gas-phase calculations.
Optimized coordinates for the complexes in the GS and T; states
are given in the ESL
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