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ABSTRACT: Molecular probes for the detection of hydroxyl radical
(HOe) by time-delayed luminescence spectroscopy directly in water at
neutral pH with high sensitivity and selectivity are presented. The
bimolecular probes consist of a lanthanide complex with open
coordination sites and a reactive pre-antenna composed of an aromatic
acid or amide; the latter binds to and sensitizes terbium emission upon
hydroxylation by HOe. These probes exhibit long luminescence lifetimes
compatible with time-delayed measurements that remove interfering
background fluorescence from the sample. Six different reactive pre-
antenna (benzoate, benzamide, isophthalate, isophthalamide, trimesate,
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and trimesamide) and two different terbium complexes [Tb-(1,4,7,10-

tetraazacyclododecane-1,4,7-tris(acetic acid)) (Tb-DO3A) and Tb-(1,4,7,10-tetraazacyclododecane-1,7-bis(acetic acid)) (Tb-
DO2A)] were evaluated. Of these the trimesamide/Tb-DO3A system enables the most sensitive detection of HO® with an about
1000-fold increase in metal-centered time-delayed emission upon hydroxylation of the pre-antenna to 2-hydroxytrimesamide.
Excellent selectivity for both the trimesamide/Tb-DO3A and trimesate/Tb-DO3A systems over other reactive oxygen and
nitrogen species are observed. Notably, the increase in metal-centered luminescence intensity is not associated with a decrease in
the hydration number (q) of Tb-DO3A, suggesting that the antenna is interacting with the lanthanide via a second sphere
coordination environment or that coordination by the antenna occurs by displacement of one or more of the carboxylate arms of
DO3A. Formation of a weak ternary complex Tb-DO3Aehydroxytrimesamide was confirmed by temperature-dependent titration

and a decrease in K,,, with increasing temperature.

B INTRODUCTION

Hydroxyl radical, HOe, with a lifetime in the nanosecond
range' is the most reactive member of the family of Reactive
Oxygen Species (ROS). Production of HOe in vivo is a normal
consequence of O, oxidation to superoxide (0,) during
mitochondrial respiration and enzymes involved in the immune
response, primarily NADPH oxidase and xanthine oxidase.'™”
Superoxide dismutase catalyzes the conversion of O,” to H,O,,
which can then interact with reduced metals, most commonly
Fe(Il) or Cu(I), to produce HO®.”* The redox properties of
HOe, including a high reduction potential (2.31 V) and
interactions with reduced metals, link it to disorders involving
the accumulation or miscompartmentalization of redox-active
metals, including Alzheimer’s, Parkinson’s, and Wilson’s
diseases, and the treatment of p-thalassemia and sickle-cell
anemia by red blood cell transfusion.* Additionally, the
production of HOe above normally regulated levels and the
resulting oxidative stress has been implicated in a variety of
pathological conditions such as inflammation,> reperfusion
injury,® cancer,” as well as aging.® The exact role of HOe in
many of these physiological processes is not well understood,
highlighting the need for an accurate detection method
applicable to cellular and tissue imaging to advance biomedical
research.

-4 ACS Publications  © 2013 American Chemical Society

9390

In vitro detection by destructive methods such as electron
spin resonance” and high pressure chromatography'® have been
reported that exploit the unique reactivity of HO® to generate
measurable responses. These methods are, unfortunately, not
amenable to continuous monitoring of the ROS. Other
fluorescence-based probes have been applied to HOe imaging
in cells, but are limited by their sensitivity,"" selectivity over
other ROS (hydrogen peroxide, superoxide, hypochlorite, or
alkoxyl radicals),'” and/or indirect detection systems that do
not monitor HOe but instead the products of the reaction of
HOe with dimethyl sulfoxide (DMSO)."* Given the unmet
need to detect HO® in biological systems, we recently reported
a luminescent lanthanide-based probe for the sensitive and
selective detection of HO® in water.'*

An effective strategy for the detection of HOe via a
lanthanide complex involves modulating the ability of an
antenna to sensitize the lanthanide luminescence. Altering the
efficiency of resonance energy transfer of an antenna to an
emissive lanthanide can in turn be achieved by changing either
the excited triplet state energy level of the antenna, and/or the
antenna-lanthanide distance.> Our first generation probe was
designed to make use of both of these parameters. This probe
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consists of a (Tb-DO3A complex and 10 equiv of trimesate
(Figure 1). In the absence of HOe, the trimesate does not
coordinate, and therefore does not sensitize the emission of the
lanthanide ion. Our initial understanding was that the
hydroxylated antenna, formed by the reaction of the pre-
antenna with HOe, would coordinate to the terbium and
displace two water molecules. The coordinated antenna, with a
triplet excited state energy level more amenable to terbium
emission causes an 1l-fold increase in the time-delayed
luminescence intensity upon reaction with a steady-state
concentration of 0.75 fM HOe over a time of 1 h.'* Such
lanthanide-based detection methods provide several advantages
over other optical detection platforms including large Stokes
shifts (ca. 200 nm) that eliminate self-absorption issues and
enable accurate analyte quantification, and long luminescence
lifetimes (ms) that permit time-delayed measurements which
remove the interference of background fluorescence.'® As such,
luminescent lanthanide-based detection is increasingly used in
probes designed for biomedical research.'*'® Herein, we
investigate the mechanism of the turn-on luminescence of
our lanthanide probe for HOe, which further enabled us to
design a new system with improved sensitivity and selectivity.
The nature and coordinating ability of the antenna was
investigated via luminescence lifetime measurements and
temperature dependent titrations. The sensitivity of the
antennas with the highest turn-on potentials was determined
by monitoring HOe produced by the photolysis of H,O,. We
also demonstrate the ability of the trimesate and trimesamide
antennas to selectively respond to HOe over other ROS and
reactive nitrogen species (RNS).
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Figure 1. Hydroxyl radical sensing via reaction with trimesate and
interaction with Tb-DO3A.

B MATERIALS AND METHODS

General Considerations. Chemicals were obtained from
commercial suppliers and used without further purification, unless
otherwise indicated. All solutions were prepared with deionized water
further purified by a Millipore Simplicity UV System (18 MQ).
Experiments were conducted in air at ambient temperature, unless
otherwise noted. pH measurements were taken using a Thermo Orion
3 Benchtop pH meter. Fluorescence and phosphorescent measure-
ments were acquired on a Varian Cary Eclipse Fluorescence
Spectrophotometer using a quartz cell with a path length of 1 cm,
excitation and emission slit widths of 10 nm. Solutions were not
degassed prior to measurement of their luminescence spectra and
lifetimes.

The following pre-antennas and antennas are commercially available
(Sigma-Aldrich) and were used without further purification: 1a, 1b, 2a,
3a, 4a, and 4b. The remaining pre-antennas and antennas, 2b, 3b, Sa,
Sb, 6a, and 6b were synthesized according to published literature
procedures.**'” Successful synthesis was established by 'H NMR and
ESI-MS. Tb-DO3A (1,4,7,10-tetraazacyclododecane-1,4,7-tris(acetic
acid)) and Tb-DO2A (1,4,7,10-tetraazacyclododecane-1,7-bis(acetic
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acid)) were synthesized according to literature precedent for
lanthanide carboxylate complexes.'”>'® The tert-butyl protected
DO3A and DO2A are commercially available (Macrocyclics).

Time-Delayed Luminescence Intensity of Tbh-DO3A with
(pre)Antennas (1a—6b). An aqueous solution of (pre)antenna (la—
6b) (400 uM) and Tb-DO3A (10.0 uM) in Tris buffer (10 mM, pH
7.2) was titrated into an aqueous solution of Tb-DO3A (10.0 M) in
Tris buffer (10 mM, pH 7.2). The time-delayed emission profile was
recorded in the presence of 0—200 uM of (pre)antenna (la—6b).
Measurements were recorded with a time delay of 0.1 ms, excitation
and emission slit widths of 10 nm, and at a temperature of 20 °C. The
following excitation wavelengths were used: 1a/b, 4., = 321 nm; 2a/b,
Aex = 333 nm; 3a/b, A, = 333 nm; 4a/b, A, = 324 nm; Sa/b, A, = 331
nm; 6a/b, ., = 328 nm. The luminescence response was reported as
the integrated emission intensity from 470—635 nm. The experiment
was repeated in triplicate (n = 3).

Luminescence Lifetimes and Hydration Number (g). The
luminescence decay of an aqueous solution of hydroxylated antenna,
la—6b, (500 uM), Tb-DO3A or Tb-DO3A (50 uM), and Tris (10
mM for Tb-DO3A and 100 mM for Tb-DO2A, pH 7.2) was
measured. For measurements in D,0, the samples were lyophilized
and redissolved in D,O three times prior to analysis. All decay
measurements monitored the emission at 545 nm, using an initial time
delay of 0.01 ms, delay increments of 0.1 or 0.2 ms, total decay time of
10 ms, and excitation and emission slit widths of 10 nm at a
temperature of 20 °C. Luminescence lifetimes () were determined by
fitting the data to an exponential decay. The hydration number was
calculated according to the following equation developed by
Horrocks:" g = 4.2[(1/7mo) — (1/7py0)]. Data was collected in
triplicate (n = 3).

Effect of Temperature on Formation of the Thb-DO3A-Hy-
droxytrimesamide Ternary Complex. An aqueous solution of
antenna (6b) (100 yM) and Tb-DO3A (10.0 uM) in Tris buffer (10
mM, pH 7.2) was titrated into an aqueous solution of Tb-DO3A (10.0
uM) in Tris buffer (10 mM, pH 7.2). The time-delayed emission
profile was recorded in the presence of 0—10 uM of antenna (6b).
Measurements were recorded with a time delay of 0.1 ms, excitation
wavelength of 328 nm, excitation and emission slit widths of 10 nm,
and at temperatures of 10, 20, 40, 60, and 80 °C. The luminescence
response was reported as the integrated emission intensity from 470—
635 nm. At each temperature, the experiment was repeated in triplicate
(n=23).

Monitoring HOe Produced by Photolysis of H,0,. An aqueous
solution of H,0, (50 M) and pre-antenna (2a, 3a, 5a, or 6a) (103
uM) were added to a quartz cuvette. The solution (3 X 4 mL total
volume) was then irradiated in the quartz cell for 1 h at 254 nm with a
Spectroline hand-held UV lamp. An aliquot (1.00 mL) was removed
from the irradiated cell at 0, 5, 10, 15, 20, 25, 30, 45, and 60 min. Tris
buffer (12 mM, pH 7.2), and Tb-DO3A (12 uM) were added to the
aliquot. The luminescence intensity was measured with a time delay of
0.1 ms, excitation and emission slit widths of 10 nm, and at a
temperature of 20 °C. The following excitation wavelengths were used
for luminescence measurements: 2a, 4., = 333 nm; 3a, 4., = 333 nm;
Sa, A, = 331 nm; 6a, A, = 328 nm. The luminescence response is
reported as the integrated emission intensity from 470—635 nm. The
experiment was repeated in triplicate (n = 3).

Selectivity versus ROS and RNS. ROS and RNS were
administered to aqueous solutions of the pre-antennas (3a or 6a) as
described below. After stirring the reaction mixtures at room
temperature for 30 min, Tris buffer, and Tb-DO3A were added to a
1000 pL aliquot of the reaction mixture resulting in the following final
concentrations: Tris buffer (12 mM, pH = 7.2), Tb-DO3A (12 uM),
pre-antenna (3a or 6a) (97 uM). The luminescence intensity was
measured with a time delay of 0.1 ms, excitation and emission slit
widths of 10 nm, and at a temperature of 20 °C. The following
excitation wavelengths were used for luminescence measurements: 3a,
Aex = 333 nm; 6a, A, = 328 nm. The luminescence response was
reported as the integrated emission intensity from 470—635 nm. Each
experiment was repeated in triplicate (n = 3).
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Hydroxyl Radical (HOe). An aqueous solution of H,0, (50 uM)
and pre-antenna (3a or 6a) (103 uM) was irradiated in a quartz
cuvette for 30 min at 254 nm using a Spectroline hand-held UV lamp.

Hydrogen Peroxide (H,0,). An aqueous solution of H,0, (16.4
mM) and pre-antenna (3a or 6a) (103 uM) was stirred for 30 min at
room temperature.

tert-Butoxy Radical (‘BuQe). BuOe was generated in situ
according to the procedure of Winston et al*° Briefly, an aqueous
solution of tert-butyl hydrogen peroxide (2.0 M), [Fe(bpy);(ClO,),]
= 0.52 yM and pre-antenna (3a or 6a) (103 yM) was stirred for 30
min at room temperature Caution! The iron perchlorate salt is
potentially explosive and should be handled with care.

Hypochlorite (OCI~). An aqueous solution of hypochlorite (103
uM) and pre-antenna (3a or 6a) (103 uM) was stirred for 30 min at
room temperature.

Superoxide (O,7). Solid KO, (1.1 mg, 0.015 mmol, 3.9 mM final
concentration) was added to an aqueous solution of pre-antenna (3a
or 6a) (103 uM), and the reaction mixture was stirred for 30 min at
room temperature. Note that the solid KO, was added directly to the
solution of pre-antenna and not administered from a stock solution
since the lifetime of O, is insufficient to make stock solutions.

Singlet Oxygen ('0,). An aqueous solution of Rose Bengal (0.52
#M) and pre-antenna (3a or 6a) (103 uM) was purged three times
with O, and stirred under irradiation with UV light using a 90 W
Halogen Flood lamp for 30 min.

Nitric Oxide (NO). An aqueous solution of spermine NONOate
(520 uM final concentration, delivered from a stock solution in 0.01 M
NaOH) and pre-antenna (3a or 6a) (103 uM) was adjusted to pH S
with HCI and stirred for 30 min at room temperature. The reaction
mixture was readjusted to pH 7.0 with NaOH prior to analysis.

B RESULTS AND DISCUSSION

Effect of the Antenna. The probe consists of two parts: a
lanthanide complex with at least two open coordination sites
initially occupied by solvent molecules and a pre-antenna that
coordinates to and sensitizes terbium only after reaction with
HOe. Our first step in optimizing its design so as to achieve
maximum sensitivity for HOe detection focuses on the nature
of the pre-antenna. Six different pre-antenna/antenna pairs
were investigated: salicylicate, salicylamide, isophthalate,
isopthalamide, trimesate, and trimesamide (Figure 2). The
acids were selected because of their 2previous incorporation into
HOe detection systems,'*%'P“!%2! while the amides were
chosen because of reports by Raymond and co-workers that
demonstrated that the isophthalamide and trimesamide based
ligands are efficient sensitizers of lanthanide (Sm, Eu, Tb, Dy,
Ho) emission.”” The trimesate and trimesamide antennas have
the additional benefit of three equivalent primary reaction sites
for HOe®; reaction at either site results in the same product.
Thus, the investigated antennas were selected to maximize both
HOe response and relative time-delayed luminescence
intensity.

The probe further relies on a substantial difference in
sensitizing ability between the antenna and the pre-antenna. In
each case, the time-delayed excitation, time-delayed emission,
and fluorescence intensity of Tb-DO3A is substantially higher
for the hydroxylated antenna than for its corresponding
nonhydroxylated analog (Supporting Information, Figure S1).
For example, trimesamide (6a) does not sensitize Tb
effectively, but upon reaction with HOe it yields the powerful
hydroxytrimesamide (6b) antenna (Figure 3). To evaluate
which pre-antenna/antenna pair yielded the highest response,
we began our investigation by determining the ability of each
aromatic compound to sensitize terbium emission under
identical conditions. Note that each pre-antenna/antenna pair
requires a different excitation wavelength to maximize the
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Figure 2. Chemical structures of pre-antennas, antennas, Tb-DO3A,
and Tb-DO2A.

luminescence intensity in the presence of the hydroxylated
antenna. In each case, this wavelength was selected from the
time-delayed excitation profiles of the hydroxylated antenna/
Tb-DO3A mixture (Supporting Information, Figures S2—S7).
Keeping all other experimental conditions constant, the ability
of each hydroxylated antenna to modulate Tb-DO3A
luminescence can be directly compared (Figure 4). Alter-
natively, this turn-on ability can also be expressed by the change
in relative integrated emission intensity (A(I/Iy) = I/Iy Theantenna
— I/I, Tb.pre_mtenm) as calculated with 10 equiv of the antenna
per Tb-DO3A (Table 1). Note that these comparisons are
possible because the same excitation wavelength and photo-
multiplier tube (PMT) voltage was used for the pre-antenna
and antenna in each pair; all other experimental parameters
were kept constant for all pre-antenna/antenna pairs. The high
AI/I, values, about 1000-fold increase for pre-antenna/antenna
pairs 2, 3, 5, and 6 indicate that the hydroxyisophthalate (2b),
hydroxytrimesate (3b), hydroxyisophthalamide (Sb), and
hydroxytrimesamide (6b) antennas are significantly more
efficient antennas for Tb-DO3A than the salicylate (1b) and
salicylamide (4b).

In addition to a high luminescence intensity, the ideal
antenna for HOe detection is able to respond to the analyte
when it is present in low concentrations (Figure S). With
concentrations in the micromolar range, the hydroxytrimesate
(3b) and hydroxytrimesamide (6b) cause the largest increases
in the luminescence of Tb-DO3A (Figure 6). The S00-fold
luminescence increase of 3b and 6b when present at 0.5 equiv
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Figure 3. (a) Time-delayed excitation (gray), time-delayed emission (black), and (b) fluorescence profiles of Th-DO3A in the presence of pre-
antenna 6a (dashed) or hydroxylated antenna 6b (solid). Conditions: [Tb-DO3A] = 10 uM, [(pre)antenna, 6a or 6b] = 100 uM, [Tris] = 10 mM,
pH 7.2, slit widths (excitation and emission) = 10 nm, T = 20 °C. Phosphorescence parameters for (a): A, = 545 nm, ., = 328 nm, time delay = 0.1

ms. Fluorescence parameters for (b): A, = 314 nm.
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Figure 4. Time-delayed emission of Tb-DO3A in the presence of
hydroxylated antennas: 1b (magenta), 2b (red), 3b (black), 4b (gray),
5b (blue), and 6b (green). Conditions; [Tb-DO3A] = 10 uM,
[antenna] = 100 uM, [Tris] = 10 mM, pH 7.2, time delay = 0.1 ms, slit
widths (excitation and emission) = 10 nm, T = 20 °C. Excitation
wavelengths (4,): 1b, 321 nm; 2b, 333 nm; 3b, 333 nm; 4b, 324 nm;
Sb, 331 nm; 6b, 328 nm.

to Tb-DO3A, make these antennas the most promising
candidates for the detection of HOe at biologically relevant
concentrations. Interestingly, for some systems (hydroxyisoph-
thalate, 2b, hydroxytrimesate, 3b, hydroxyisophthalamide, Sb,
hydroxytrimesamide, 6b), the maximum excitation wavelength
is red-shifted at higher concentration of antenna (Supporting
Information, Figures S2—S7). These observations suggest that
at higher concentrations, the antenna is not fully solvated but is
likely aggregated, resulting in multiple different luminescing
states.

Coordinating Ability of the Antenna and Formation
of a Ternary Complex. The substantial increase in time-
delayed luminescence of the terbium center up to 700-fold for a
1:1 mixture of 2-hydroxytimesamide and Tb-DO3A in the yuM
range strongly implies a simple equilibrium and the formation
of ternary complex between the hydroxylated antenna and the
lanthanide complex. These results are consistent with prior
observations by Gunnlaugsson and co-workers with similar
systems.léb’21 With this in mind, our initial hypothesis was that
the substantial increase in metal-centered emission was due to
direct coordination of the hydroxylated antenna to the terbium
ion. One should note, however, that the data do not necessarily
prove that the antenna is directly coordinated to the metal.

To establish the presence of this ternary complex, we
evaluated the effect of temperature on the binding curve.
Energy transfer from the antenna to the lanthanide can in

Table 1. Relative Integrated Emission Intensity (I/1,) for Each Pre-Antenna and Antenna Pair Representing the Turn-on Ability

of Each Pre-Antenna®

pre-antenna antenna

Aex (nm) I/1, Aey (nm) 1/1, Al/I,
la benzoate 321 12 1b salicylate 321 23 22
2a isophthalate 333 1.1 2b hydroxyisophthalate 333 1141 1140
3a trimesate 333 14 3b hydroxytrimesate 333 1131 1130
4a benzylamide 324 1.8 4b salicylamide 324 25 23
Sa isophthalamide 331 1.0 Sa hydroxyisophthalamide 331 1104 1103
6a trimesamide 328 39 6a hydroxytrimesamide 328 992 988

“Conditions: [Tb-DO3A] = 10 uM, [(pre)antenna] = 100 uM, [Tris] = 10 mM, pH 7.2, time delay =0.1 ms, slit widths (excitation and emission) =
10 nm, T = 20°C. I = integrated emission intensity from 470—63S nm. A(I/Iy) = I/Ij 1beantenna — 1/To Tbepre-antenna, Each value represents the average

of 3 replicates (n = 3).
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Figure S. Relative time-delayed luminescence (I/I,) of Tb-DO3A as a function of increasing concentrations of (a) acid (pre)antenna: la (open
square), 1b (filled square), 2a (open circle), 2b (filled circle), 3a (open triangle), 3b (filled triangle), and (b) amide (pre)antenna: 4a (open square),
4b (filled square), Sa (open circle), Sb (filled circle), 6a (open triangle), 6b (filled triangle). Conditions: [Tb-DO3A] = 10 uM, [(pre)antenna] = 0—
200 M, [Tris] = 10 mM, pH 7.2, time delay =0.1 ms, slit widths (excitation and emission) = 10 nm, T = 20 °C. Excitation wavelengths: 1a/b, A, =
321 nm; 2a/b, A, = 333 nm; 3a/b, 4., = 333 nm; 4a/b, 4., = 324 nm; Sa/b, 1., = 331 nm; 6a/b, 1., = 328 nm. I = integrated emission intensity from

470—635 nm. Results are mean + SD (n = 3).
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Figure 6. Relative time-delayed luminescence (I/I,) of Tb-DO3A as a
function of increasing concentrations of antenna: 2b (open square), 3b
(open circle), 5b (filled triangle), and 6b (filled diamond). Conditions:
[Tb-DO3A] = 10 uM, [antenna] = 0—10 uM, [Tris] = 10 mM, pH
7.2, time delay = 0.1 ms, slit widths (excitation and emission) = 10 nm,
T = 20 °C. Excitation wavelengths: 2b, A, = 333 nm; 3b, 1., = 333
nm; Sb, A, = 331 nm; 6b, 4, = 328 nm. I = integrated emission
intensity from 470—635 nm. Results are mean + SD (n = 3).

theory occur either via a static or a dynamic mechanism. The
first involves equilibrium and formation of a ternary complex,
Tb-DO3A-antenna, which is entropically disfavored.

Tb-DO3A + antenna = Tb-DO3A-antenna

Assuming that energy transfer from the triplet excited state of
the antenna to the °D state of the lanthanide is relatively
constant in the temperature range considered, an increase in
the temperature would shift the equilibrium to the left, resulting
in a decrease in K,,,. On the other hand, if no ternary complex
is formed, sensitization of the lanthanide ion would occur in a
purely dynamic or collisional mechanism that would be favored
at high temperature. In this case, K, would increase as
temperature increases. It is apparent from the temperature-

dependence titration of Tb-DO3A with 2-hydroxytrimeasemide
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(6b) that K., decreases as the temperature increases from § to
80 °C (Figure 7). This decrease confirms the formation of a
ternary complex between Tb-DO3A and the hydroxylated
antenna which is the basis of the substantial turn-on for our

probe.
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Figure 7. Relative time-delayed luminescence (I/I,) of Tb-DO3A as a
function of increasing concentrations of hydroxytrimesate antenna 6b
at different temperatures: S °C (filled square), 20 °C (open circle), 40
°C (filled upright triangle), 60 °C (open downward triangle), and 80
°C (filled diamond). Conditions: [Tb-DO3A] = 10 uM, [antenna] =
0—10 uM, [Tris] = 10 mM, pH 7.2, time delay = 0.1 ms, excitation
wavelength = 328 nm, slit widths (excitation and emission) = 10 nm. I
= integrated emission intensity from 470—635 nm. Results are mean =+
SD (n = 3).

One possibility to evaluate the binding mode of the
hydroxylated antenna and the structure of the ternary complex
is to determine the number of inner-sphere water molecules
directly coordinated on the lanthanide ion. This was achieved
by measuring the luminescence lifetimes (7) for the terbium
centered emission in H,O and D,0 according to the method of

dx.doi.org/10.1021/ic4009569 | Inorg. Chem. 2013, 52, 9390—9398
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Table 2. Luminescence Lifetimes and Corresponding Hydration Numbers (q) for Tb-DO3A and Tb-DO2A in the Presence of

Hydroxylated Antennas®

Tb-DO3A Tb-DO2A

Ti,o (ms) Tp,0 (ms) q Aq’ Ti0 (ms) Tp,0 (ms) q Ag*
1b salicylate 1.04 1.76 1.6 0.4 1.08 2.38 2.1 0.9
2b hydroxyisophthalate 1.14 2.19 1.8 0.2 1.0S 233 2.2 0.8
3b hydroxytrimesate 091 1.82 2.3 -0.3 1.05 2.24 2.1 0.9
4b salicylamide 1.01 1.80 1.8 0.2 1.08 2.20 2.0 1.0
Sa hydroxyisophthalamide 0.99 222 2.3 -0.3 1.04 2.40 2.3 0.7
6a hydroxytrimesamide 0.86 2.14 2.9 -0.9 1.02 212 2.1 0.9

“Conditions: [Tb-DO3A or Tb-DO3A] = 50 uM and [antenna] = 500 M, [Tris] = 10 mM for Tb-DO3A and 100 mM for Tb-DO2A, pH 7.2, 4.
= 545 nm, time delay = 0.1 ms, slit widths (excitation and emission) = 10 nm, T = 20°C. Each value represents the average of 3 replicates (n = 3).

b c
Aq = q1pp03a — 9Tb-DO3Aeantennas A = GTb-D02a — 9Tb-DO2Aeantenna:

Horrocks."” The number of bound water molecules (g) can
then be calculated as follows:

q=42[(1/7y0) — (1/7p,0)]

Of the nine coordination sites available for terbium, the
heptadentate ligand DO3A leaves two sites open for water
molecule coordination, while the hexadentate DO2A leaves
three. Assuming a salicylate binding mode as observed by
Raymond et al. in lanthanide hydroxyisophthalamide complex-
es, "’ in each case coordination of the hydroxylated antenna on
the terbium was expected to reduce the g value by two (Figure
1).

The surprising results of this experiment are given in Table 2.
For the parent Tb-DO3A complex, there is no noticeable
change of the hydration number regardless of the hydroxylated
antenna considered; Aq = qri.p03a — 9rb-DO3Asantenna = 0 £ 0.4
in the presence of 10 equiv of hydroxylated antenna. These
results thus suggest that, in contradiction with our initial theory,
none of the efficient antennas (2b, 3b, 5b, 6b) replace the two
inner-sphere water molecules in Tb-DO3A. One could
postulate that this lack of binding is due to steric hindrance
around the two open coordination sites on the terbium ion. In
the hope of favoring direct coordination of the hydroxylated
antenna by replacing the two inner sphere water molecules,
which would in turn increase the luminescence of the ternary
complex and the sensitivity of the probe, we further
investigated the less stable but less sterically hindered Tb-
DO2A which contains three open coordination sites. Opening
one more coordination site does enable every hydroxylated
antenna to coordinate the terbium, Aq = 1 + 0.3, however, in
each case, two inner-sphere water molecules still remain. Note
that this does not necessarily indicate that the hydroxylated
antennas do not coordinate the terbium ion in the case of Tb-
DO3A. We cannot distinguish from this experiment alone
between complete lack of ligation by the aromatic antenna (in
which case the terbium would be solely complexed by the
polyaminocarboxylate ligand) and coordination of the antenna
in a salicylate (or other) binding mode concomitant with
release of two carboxylate arms from the DO3A or DO2A
ligand. Both cases results in a lanthanide complex with two
inner-sphere water molecules. Also note that the conclusions
from our system may not apply to other polyaminorcarboxylate
lanthanide complexes. While investigating the ability of
salicylate-based antenna to coordinate and sensitize a terbium
complex with a tridimethylacetamide cyclen chelate; Gunn-
laugsson and co-workers determined that the cationic complex
does interact with negatively charged aromatic acid antenna
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through either a bidentate binding mode utilizing both oxygen
of the carboxylic acids, a salicylate binding mode involving both
the carboxylate and the phenolate, or in a monodentate version
solely via the phenolate.”*?

Monitoring Production of HOe by Time-Delayed
Luminescence. The purpose of the previous studies was to
optimize the two component system for the detection of HOe
by time-delayed luminescence with higher sensitivity. The
ability of the isophthalate (2a), trimesate (3a), isophthalamide
(5a), and trimesamide (6a) pre-antennas to detect a low
steady-state concentration of HOe® in the femtomolar range in
the presence of Tb-DO3A is given in Figure 8."%** In each of
our studies, HOe was generated by photolysis of H,0,
(irradiation A = 254 nm). The near diffusion limited rate
constant of HOe with aromatics systems (10° M s_l)24
results in the formation of hydroxylated antenna and ternary
complex in the yM concentration range. Given the brightness
of the ternary complex, and the dullness of the unreacted probe,
this causes a substantial increase in luminescent intensity even
with reaction times under 1 h. Moreover, the initial linear
response to HOe is indicative of the pseudo-zeroth order
kinetics of the system, as is expected given the flooding
conditions of antenna and the low, steady-state concentration
of HOe. After 30 min, the relative time-delayed luminescence
intensity increased by 77-fold in the presence of trimesamide
(6a) and 46-fold with the trimesate (3a) pre-antenna. The
isophthalate (2a) and isophthalamide (5a) pre-antennas
yielded much lower increase in metal-centered emissions in
the presence of HOe, 12-fold for 2a, and 4-fold Sa. The
increased sensitivity of the trimesate (3a) and especially the
trimesamide (6a) pre-antennas over the isophthalate (2a) and
isophthalamide (5a) are partly attributed to the symmetry of
the 3a and 6a. For these pre-antennas, only one product can be
formed upon reaction with HOe. Hydroxylation of isophthalate
and isophthalamide, on the other hand, can occur at three
different ring positions, only two of which favor lanthanide
coordination and sensitization. Moreover, the luminescence
increase with the trimesamide system (6a) is significantly
greater than with the trimesate (3a). The 77-fold increase in
terbium luminescence with the use of trimesamide illustrate a
distinct advantage of our second generation probe over our
initial trimesate and Tb-DO3A detection system.'* Importantly,
the trimesamide (6a)/Tb-DO3A system is able to respond to
HOe produced from the photolysis of biologically relevant
concentrations of H,0,, as the biological concentration of
H,0, during periods of oxidative stress in an inflammatory
environment can reach about 100 ﬂM.z,zs
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Figure 8. Relative time-delayed luminescence response (I/I,) of Tb-
DO3A in the presence of pre-antenna 2a (open square), 3a (open
circle), Sa (filled triangle), and 6a (filled diamond) to HOe generated
by photolysis of H,0,. Experimental conditions: [pre-antenna] = 103
uM, [H,0,] = SO uM, photolysis wavelength 254 nm.
Phosphorescence conditions: [Tb-DO3A] = 12 uM, [pre-antenna]
97 uM, [Tris] = 12 mM, pH 7.2, time delay = 0.1 ms, slit widths
(excitation and emission) = 10 nm, T = 20 °C. Excitation wavelengths:
2a, A, = 333 nm; 3a, A, = 333 nm; Sa, A, = 331 nm; 6a, ., = 328 nm.
I = integrated emission intensity from 470—635 nm. Results are mean
+ SD (n = 3).

In comparison, the earlier detection system based on the
fluorescence of hydroxylated terephthalate has an estimated
detection limit of 50 nM," although more recent systems can
monitor HO® in the fM range.” ® A probe designed by Sho and
co-workers has the advantage of monitoring HOe generated by
Fenton chemistry with mM concentrations of H,O, ratiometri-
cally althou§h it is characterized by a limited turn-on of less
than 4-fold. " Unfortunately, comparison of the sensitivity of
our probe with other fluorescence-based HOe detection
methods is problematic given the varying procedures used for
the generation of HO@, such as Fenton chemistry or photolysis
of H,0, or NaNO,. Moreover, the concentrations of the
reagents or irradiation source power impact the amount of
HOe produced, and the concentrations of HOe are seldom
measured or reported. Keeping this in mind, the sensitivity of
the TbDO3A/trimesamide system remains comparable to or
better than other luminescent probes reported.

Selectivity for HOe over Other ROS and RNS. Given the
very low concentration of HOe in biological and environmental
systems compared to other ROS and RNS, the selectivity of the
probe versus these other reactive species is as crucial as the
sensitivity of the probe. The ability of the trimesate (3a) and
trimesamide (6a) pre-antennas to selectively respond to HOe
over other ROS is given in Figure 9. In both cases, excellent
selectivity was observed; a greater than 180-fold or 75-fold
selectivity for HOe over other ROS was observed for the
trimesamide (6a) and trimesate (3a) pre-antennas, respectively,
although substantially higher concentrations of the competing
ROS/RNS were used. Importantly, the response of our probes
to H,0, and NO that are present at orders of magnitude hlgher
concentrations and have longer life times in vivo is negligible.
This excellent selectivity was anticipated given our detection
system. Hydroxylation of the antenna is key not only to binding
the aromatic acid to the lanthanide complex but also to
adjusting the energy level of its triplet excited state so as to
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allow maximum energy transfer to the lanthanide ion. Since this
hydroxylation is not possible with other ROS and RNS, these
other species were postulated not to turn on the luminescence
of our probe, hence the observed selectivity.

6000 T N
1 N
7 S 100 4
©
5000 - >
- 1 é 50
S 4000 — = "
©
I~ ] S 0 iﬂﬁﬂﬂﬂn
B 3000 ~ § L S ornov®
o i N
R A \
2000 70 Ny
[e] 0
{ "\ §
1000 - N
0 I 1 1 | I I I
N . [e)% . < ’
S N\ v O
S° Q\O T \Q)‘)O Oc, 09 NOV &
ROS

Figure 9. Selectivity of Tb-DO3A and 3a (filled bars) or 6a (striped
bars) for HOe versus other ROS. Experimental conditions: [3a or 6a]
=103 uM, [HOe] = fM range, [H,0,] = 164 mM, [‘ButOe] = 2.0
M, [OCI™] = 103 uM, [0,7] = 3.9 mM, ['O,] = uM range, [NO] =
1.0 mM, reaction time = 30 min, photolysis wavelength = 254 nm,
room temperature. Phosphorescence conditions: [Tb-DO3A] =
UM, [pre-antenna] = 97 uM, [Tris] = 12 mM, pH 7.2, time delay = 0.1
ms, slit widths (excitation and emission) = 10 nm, T = 20 °C.
Excitation wavelengths: 3a, 4., = 333 nm; 6a, 1., = 328 nm. Blank =
100 M 3a or 6a, 10 uM Tb-DO3A, 10 mM Tris buffer. I = integrated
emission intensity from 470—635 nm. Results are mean + SD (n = 3).

Comparison with other reported systems is limited since the
selectivity of most probes for HO® over other ROS and RNS is
seldom reported. Moreover, in most selectivity studies
published, the concentration of HOw® is typically irrelevant to
biological or environmental conditions. In some of the most
studied systems, selectivity for HOe toward other highly
reactive species such as O,~, OCI~, ‘ButOe limits the utility of
the systems.'” Since they respond to multiple oxidative species,
these detection systems serve as general indicators of oxidative
stress and not as probes for hydroxyl radical. 126 Aside from
our probe, the nitroxide radical based detection systems
demonstrate the highest selectivity for HOe, but are
unfortunately limited in that they detect not hydroxyl radical
itself, but the products of the reaction of HOe with DMSO.***
In comparison, the metal-centered luminescence intensity of
the trimesamide (6a)/Tb-DO3A system showed excellent
selectivity for a steady state concentration of HOe in the fM
range, compared H,0,, O,7, and NO in the mM range.

B CONCLUSIONS

Molecular probes for the time-delayed luminescence detection
of HOe are reported. The bimolecular probes consist of an
aromatic acid that reacts with HOe® to produce hydroxylated
chromophores that readily bind to Tb-DO3A and sensitize
lanthanide-centered emission. Of the six antenna investigated
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(benzoate, benzamide, isophthalate, isophthalamide, trimesate,
and trimesamide), the trimesamide (6a) demonstrates the
highest sensitivity with 77-fold increase in time-delayed
luminescence upon reaction with steady state fM concentration
of HOe after 30 min. In addition, the system displays excellent
selectivity, greater than 180-fold, over other ROS and RNS
species. Surprisingly, the increase in luminesce intensity does
not correlate with a decrease in the hydration number (g) of
the terbium center for TbDO3A. Nonetheless, temperature-
dependent titrations confirmed the formation of a ternary
complex, Tb-DO3Aehydroxytrimesamide, in which the anten-
na binds the terbium either by displacing two carboxylate arms
or via a second sphere coordination environment. The turn-on
mechanism, selectivity, and sensitivity of this system express
significant gains over our first generation sensor based on the
reactivlizy of trimesate and Tb-DO3A time-delayed lumines-
cence.
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