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ABSTRACT: The Eu(IIl) complex of (15,45,75,10S)-1,4,7,10-tetrakis(2-
hydroxypropyl)-1,4,7,10-tetraazacyclododecane (S-THP) is studied as a

%t

sensor for biologically relevant anions. Anion interactions produce [Ny N‘i',l\l~| h i\
changes in the luminescence emission spectrum of the Eu(III) complex, HO'C"‘E'-'3" -~OH %;I:FEEI’Q:' 0 HN

in the "H NMR spectrum, and correspondingly, in the PARACEST \_,_J Uy X o
spectrum of the complex (PARACEST = paramagnetic chemical exchange \2 HO

saturation transfer). Direct excitation spectroscopy and luminescence

lifetime studies of Eu(S-THP) give information about the speciation X =Hz0,C0s*, PO,*, POj(OCH;)*, CH;COy, L-lactate, citrate
and nature of anion interactions including carbonate, acetate, lactate,

citrate, phosphate, and methylphosphate at pH 7.2. Data is consistent with the formation of both innersphere and outersphere
complexes of Eu(S-THP) with acetate, lactate, and carbonate. These anions have weak dissociation constants that range from 19 to
38 mM. Citrate binding to Eu(S-THP) is predominantly innersphere with a dissociation constant of 17 #M. Luminescence emission
peak changes upon addition of anion to Eu(S-THP) show that there are two distinct binding events for phosphate and
methylphosphate with dissociation constants of 0.3 mM and 3.0 mM for phosphate and 0.6 mM and 9.8 mM for methyl phosphate.
Eu(THPC) contains an appended carbostyril derivative as an antenna to sensitize Eu(Ill) luminescence. Eu(THPC) binds
phosphate and citrate with dissociation constants that are 10-fold less than that of the Eu(S-THP) parent, suggesting that
functionalization through a pendent group disrupts the anion binding site. Eu(S-THP) functions as an anion responsive
PARACEST agent through exchange of the alcohol protons with bulk water. The alcohol proton resonances of Eu(S-THP) shift
downfield in the presence of acetate, lactate, citrate, and methylphosphate, giving rise to distinct PARACEST peaks. In contrast,
phosphate binds to Eu(S-THP) to suppress the PARACEST alcohol OH peak and carbonate does not markedly change the alcohol
peak at S mM Eu(S-THP), 15 mM carbonate at pH 6.5 or 7.2. This work shows that the Eu(S-THP) complex has unique selectivity
toward binding of biologically relevant anions and that anion binding results in changes in both the luminescence and the

PARACEST spectra of the complex.

B INTRODUCTION

The design of compounds that facilitate multimodal imaging is
an active area of research.' Such compounds that have multiple
signaling components can be used to capitalize on the different
types of information gained through each imaging modality. For
example, one prevalent type of multimodal probe combines radi-
olabeled compounds for positron emission tomography (PET) with
magnetic resonance imaging (MRI) contrast agents.” Another well-
developed dual modality probe combines a§ents that are used for
optical and magnetic resonance imaging.” Such probes capita-
lize on the high resolution and deep penetration of MRI and the
high sensitivity but lower resolution of optical imaging. The
popularity of this approach is demonstrated by the numerous
examples of probes that contain a Gd(III) complex as a MRI
contrast agent and an organic fluorophore as an optical probe.
Another common approach for dual optical/MRI probes is to use
two distinct Ln(I1I) ions, one with useful luminescence proper-
ties and the other with magnetic properties that are favorable for
MRI contrast applications. For example, Gd(III) is used as a
T; MRI contrast agent in combination with luminescent lantha-
nide ions including Tb(III), Eu(11I), or Nd(TII).* This approach
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necessitates linking two different lanthanide(III) complexes to-
gether to form a heterodinuclear complex or, alternately, employ-
ing two complexes containing different Ln(III) ions and assum-
ing that the two complexes have similar tissue distribution for
imaging.

An alternate strategy for dual probe design is to use a single
lanthanide ion that has both favorable MRI contrast and lumi-
nescence properties. For example, Nd(IIT), Eu(III), and Yb(III)
are being studied as MRI contrast agents® '* and as optical
probes that emit in the visible or infrared."'~"* These three
Ln(III) ions function as PARACEST (paramagnetic chemical
exchange saturation transfer) MRI contrast agents. PARACEST
agents capitalize on the Ln(III) paramagnetic induced shift of
ligand protons that are exchangeable with water.'*"> Application
of a long frequency-selective pulse at the frequency of the
exchangeable proton results in partial saturation of those spins
and, through exchange, decreases the intensity of the water
proton resonance. Here we show that the favorable PARACEST
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and luminescence properties of a Eu(III) complex can be com-
bined toward the development of a dual function probe.

An important goal for the design of both PARACEST agents
and optical probes is to create responsive agents with signals that
are modulated by the environment. Important examples include
lanthanide complexes that act as pH-responsive PARACEST
agents.*'® Enzyme responsive PARACEST agents are also of
interest.'”'® Other examples include lanthanide(IIT) complexes
that modulate contrast as a function of temperature to probe
tissue temperature changes.'® Finally, binding of small molecule
metabolites to lanthanide ion complexes has been shown to
modulate both PARACEST?*>***and luminescence spectra.”>~**

A major advantage for the development of responsive lantha-
nide MRI and optical probes is the incorporation of ratiometric
imaging. Eu(III) complexes are used as ratiometric optical
sensors by monitoring two different emission bands, most
commonly the Dy — "F; (A] = 1) and *Dy—"F, (A] = 2)
bands.'>*® The magnetic dipole induced AJ = 1 transition is
relatively insensitive to changes in coordination whereas the
AJ =2 and AJ = 4 transitions are hypersensitive and generally
change substantially upon formation of a new complex. A ratio-
metric factor can be designed into PARACEST agents as well.
This has been accomplished by comparison of either two dif-
ferent classes of exchangeable protons on the same complex or by
using two complexes that contain different lanthanide ions with
distinct chemical shifts for ligand protons.*

The Eu(IIl) complex of (15,4S,7S,10S)-1,4,7,10-tetrakis
(2-hydroxypropyl)-1,4,7,10-tetraazacyclododecane (S-THP,
Chart 1)is one of the first lanthanide complexes to function as
a PARACEST agent in water through exchange of alcohol
protons.®*”*' The PARACEST properties of this complex
are modulated by pH and by binding to phosphate mono and
diesters.”® Here we show that additional biologically impor-
tant anions including carbonate, acetate, lactate, citrate, and
phosphate affect the PARACEST properties of the Eu(III)
complex and also give rise to unique luminescence spectral
signatures for these anions. Interaction of these anions with
Eu(S-THP) are characterized by using direct excitation
Eu(III) luminescence spectroscopy under physiologically
relevant conditions to show unique outersphere and inner-
sphere binding modes. Anion binding selectivity is distinct from
previously studied Eu(III) complexes with amide pendent groups,
a class of compounds under development as optical sensors.”® In
addition, binding of these anions to the ligand sensitized lumines-
cent complex Eu(THPC) is compared. This work demonstrates
that complexes of a single lanthanide ion, Eu(III), show promise

for the development of PARACEST contrast agents and lumi-
nescent probes that are responsive to biologically relevant anions.

B EXPERIMENTAL SECTION

Materials. Monomethylphosphate (MMP),** Eu(S-THP)(H,0)-
(CF3803)3 > 1(4-nitrobenzyl)-1,4,7,10-tetraazacyclododecane (1),**
and 7-amino-trifluoromethyl-2-(1H)-quinolinone® were prepared as
previously reported.

1-(4-Nitrobenzyl)-(4S,7S, 10S)-4,7,10-tris(2-hydroxypropyl)-
1,4,7,10-tetraazacyclododecane (2). Compound 1 (0.3940 g,
0.001278 mols) was dissolved in methanol. A large excess of S-propylene
oxide (0.5 mL) was added to the solution, and the reaction was stirred
under Ar(g) overnight. The reaction was then concentrated yielding
0.5893 g (95% yield) of yellow solid. "H NMR (400 MHz, (CD;),
$=0))): 0 =091 (d, 6H, CHs), 0.96 (d, 3H, CH3), 2.02—2.85 (cyclen
CH, and NCH, pendent, 22H), 3.28 (s, 2H, N—CH,-Ar) 3.58 (3H,
multiplet, CH(CHj;) pendent), 4.99 (s,2H, OH), 5.07 (s, IH,OH), 7.64
(d,]=8.4Hz,2H, Ar-NO,), 8.11 (d, ] = 8.4 Hz, 2H, Ar-NO,); "*C NMR
(75.5 MHz, CD3),8=0)) 0 = 21.0 (CH3) 514, 51.7, 52.4 (CH,,
cyclen), 59.1 (CH, pendent), 62.9 (CH,Ar), 63.3 (CH(CHj)), 123.6,
130.5, 146.8, 147.7 (Ar-NO, ); ESI m/z: 482.4 M+1, 505.6 M+ Na™.

(15,4S,75)-1,4,7-Tris(2-hydroxypropyl)-1,4,7,10-tetraaza-
cyclododecane (3). 10% Pd/C (0.476 g) in slight molar excess was
added to a round-bottom flask. MeOH was slowly added as Ar(g) was
flushed through the system. 2 (0.50 g, 0.001037 mols) was added to the
solution together with cyclohexene (8.3 mL). The mixture was heated to
reflux for 2 h. The reaction was filtered and washed with MeOH. The
filtrate was evaporated to dryness in vacuo. Water (3 mL) was added to
the residue, and the pH adjusted to 12.5 by adding NH,OH. The
reaction was extracted with hexanes (3 x 20 mL) to partially remove the
4-aminotoluene. The pH was readjusted to 12.5, and the aqueous layer
was extracted with chloroform. The organic layer was then concentrated.
The product was dissolved in chloroform and purified by silica gel
chromatography and eluted with chloroform. The solvent was evapo-
rated to yield 0.31 g (88% yield) of solid. "H NMR (500 MHz, CDCls)
1.10 (d, J = 6, 6H, CH3),1.14 (d, ] = 6, 3H, CH;), 1.87—2.98 (CH,
cyclen and CH, pendent), 3.94 (multiplet, CH(CHj; pendent), 5.23 (s,
2H,0H), 5.31 (s, 1H, OH); "*C NMR (500 MHz, CDCl;) 19.9, 20.6
(CH3) 49.3, 51.1, 52.5, (CH, cyclen), 63.9 (CH, pendent), 65.1
(CH(CHs,)), ESI m/z: 347 M + H™, 3702 M+ Na™.

Chloro-N-[(4-trifluoromethyl-2-oxo0-1,2-dihydro-7-quino-
lyl)ethanamide (4). 7-Amino-4-trifluoromethyl-2-(1H)-quinolinone
(0.5 g,0.00218 mols) was dissolved in acetonitrile, and a slight excess of
chloroacetyl chloride (0.30 g, 0.20 mL, 0.00265 mols) was added. The
reaction was stirred for 15 min until a precipitate formed. The reaction
was filtered, the white solid was collected and dried under vacuum
yielding 0.52 g (78%). "H NMR (400 MHz, (CD5),8=0)): = 4.27
(s, 2H, CH,), 6.81 (s, 1IH, C=CH—CO), 7.36 (d, ] = 8.8 Hz, 1H, aryl),
7.6 (d, ] = 8.8 Hz, 1H, aryl), 7.9 (s, 1H, Aryl), 10.6 (s, CICH,CONH),
122 (s, 1IH, C=CH—CONH). "*C NMR (75.5 MHz, (CD3),5=0)):
44, (CH,), 105.6 (Ar), 109.6 (Ar), 115.2 (Ar), 122.7 (q,"Jc_¢ =275 Hg,
CF3), 125.5 (Ar), 127.5 (Ar), 136.6 (q, YJc_p= 30 Hz, C-CFs), 141.2
(Ar), 141.7 (Ar), 160.8 (C=0), 165.8 (C=0). ESI m/z: 305.7 M,
3285 M+ Na™.

1-[(4-Trifluoromethyl-2-oxo-1,2-dihydro-7-quinolyl)carb-
amoylmethyl]-(4S,75,10S5)-4,7,10-tris(2-hydroxypropyl)-1,4,
7,10-tetraazacyclododecane (5, THPC). Compound 3 (0.1 g,
0.000288 mols) was dissolved in DMF (S mL). To this solution was
added an equimolar amount of K,CO; (0.039 g, 0.000288 mols) and
compound 4 (0.0879 g, 0.000288 mols). The reaction was transferred
to a capped 10 mL vial. The reaction was carried out in a conventional
microwave (900 W). The microwave was adjusted to PW10 (approximately
90 W). The reaction was carried out at this setting at 3 min intervals, and
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the reaction was monitored by using mass spectrometry. Water and
chloroform were added to the reaction mixture. The organic layer was
recovered, and dried in vacuo yielding 0.095 g (52% yield) of a yellow
solid. The resulting solid was then precipitated from a mixture of ethyl
acetate and hexane. The pure precipitate was isolated to give 0.021 g
(13% yield). "H NMR (400 MHz, CD;),S=0)): 0.94 (d, 9H, CH,),
224—4 (19H, CH2 cyclen and CH(CH;) pendent), 4.1 (2H, s,
CH,C(O)N), 6.79 (1H, s, C=CH—CO), 7.37 (J* = 9.2 Hz, 1H, d,
Ar), 7.62 (7 = 8.8 Hz, 1H, d, Ar), 7.93 (1H, s,H3), 10.74 (1H, s,
CH,CONH), 12.25 (1H, s, C=CH—CONH); *C NMR (75.5 MHz,
CDCl;) 20.8, 21.4 (CHj3) 43.9(CH, pendent), 50.3, S1.1, 52.2 (CH,,
cyclen), 61.9, 62.8 (CH(CH,)), 105.5 (Ar), 109.6 (Ar), 115.2 (Ar),
120.1 (Ar), 122.6 (q,"Jc_r =275 Hz,CF;), 125.5 (Ar), 136.6 (q, JJc_p=
30 Hz, C-CF3), 141.1 (Ar), 141.7 (Ar), 160.7 (C=0), 165.7 (C=0);
ESIm/z: 6152 M.

Eu(THPC). THPC (5)(0.9 g, 0.000146 mols) was dissolved in
acetonitrile, and 0.9 equiv of (Eu(CF3SO3);) were added. The reaction
was heated to 40 °C for 2 h. The product was precipitated as a white solid
upon addition of dichloromethane. ESI m/z: 765.2 M, 383.4 M/2. The
complex was further characterized by using luminescence spectroscopy
as described below.

CEST Spectra. CEST experiments were acquired on an Inova-500
Spectrometer at room temperature, B; = 800 Hz, with an irradiation
time of 3 s and 1 ppm incremental steps. Measurements of the reduction
of the percent water magnetization (M,/M, x 100) or saturation
transfer (ST% = (1 — M,/M,) X 100) had standard deviations of
1—2%. The concentration of Eu(IlI) complex for CEST experiments
was 5.00 mM.

Luminescence Spectroscopy. Direct excitation, emission and
luminescence lifetimes were obtained using a Spectra-Physics Quanta
Ray PRO-270—10 Q-switched Nd:YAG pump laser (10 Hz, 60—70 m]J/
pulse) and a MOPO SL as described previously. The "F, — °Dg
transition was obtained by directly exciting the Eu(S-THP) or Eu-
(THPC) complexes from 578 to S81 nm, while monitoring the
emissions using a band-pass filter (628 & 27 nm). Peak fit analysis of
the excitation spectra was carried out by using the program Peak Fit
v4.12 (SeaSolve Software, Inc.). Emission spectra were obtained by
direct excitation "o — Dy of the Eu(III) complexes. The emission is
dispersed by using 1/8-m f/3.3 monochromator (1 nm resolution) (CVI
Laser Corporation CM110), and detected by a thermoelectrically cooled
photomultiplier tube (Hamamatsu, model R928). Time-resolved lumi-
nescence measurements were collected by using a digital Tektronix TDS
3034B oscilloscope. Three intensity decay measurements were col-
lected, fit to a single exponential decay model, and averaged using the
GraphPad Prism 4 v4.03 Software (GraphPad Software, Inc.). The single
exponential decay was determined to be the best fit by the linearity of the
log intensity versus time and the symmetric distribution of the residuals
about zero. Luminescence lifetime measurements were reproducible
within £-7%. Ligand sensitized luminescence for Eu(THPC) was carried
out on a Cary Eclipse fluorimeter. Excitation spectra were recorded with
0.100 ms delay time and S ms gate time in the excitation range of
270—320 nm with 4,,= 615 nm. Emission spectra were recorded for the
Eu(III) complex in the range of S65—720 nm with irradiation at 330 nm.
Quantum yields were determined by comparison to rhodamine 101 as a
standard.*®

Luminescence Titrations. Luminescence titrations were carried
out in solutions containing 100 mM NaCl and 20 mM HEPES buffer,
pH of 7.2. The concentration of Eu(S-THP) was varied from 1.00 to
0.100 mM. The anion stock solutions were adjusted to pH 7.2 prior to
addition to the Eu(III) complex to avoid pH changes upon addition of
large concentrations of anion. Binding constants for all anions except
MMP were obtained by fitting either excitation intensity or emission
band intensities as a function of anion concentration to eq 1 in Sigma
Plot 9.01. Here LS is the concentration of the Eu(III)-anion complex, Ky

is the apparent dissociation constant, M is the total concentration of the
Eu(IIl) complex, A is the anion concentration, n, is the number of
binding sites (fixed at one), x is the mole fraction of M, xy g is the mole
fraction of LS, I is the luminescence intensity of Eu(III) macrocycle
complex, and I; ¢ is the intensity of LS. Single peak and ratiometric fits
of MMP were fit to eq 2 for sequential binding of two anions per
Eu(III) complex. Here Ky; and Kg, are dissociation constants, X =
anion, Y = change in luminescence intensity and By,,,y; and By, are
the maximum luminescence intensities for the first and second anion
binding, respectively. Alternately, HypSpec (protonic software) was
used to fit binding of two anions. Effective binding constants for
phosphate in the presence of competing anions were calculated by
using the program HYSS.

[LS] = 0.5(Kq+M + nsA-\/(Kd + M+ nsA)2 — (4n,MA)  (1a)

Tobs = XmIm + Xrslis (1b)

o Bmax IX Bmax 2X
T Ka+X Ko+X

)

Luminescence lifetime data was used to calculate the number of
bound waters (q) by using the relationship shown in eq 3.>” This
relationship reflects the quenching influence of O—H oscillators in water
and alcohol ligands and amide N—H oscillators on luminescence
lifetimes where A is a constant for Eu (A =1.20 ms™ ') and a is for
outersphere quenching (0.25 ms ™ '), and we assume that each hydro-
xyethyl group will contribute one O—H oscillator at 0.45 ms™" () and
each amide contributes 0.075 ms~" (y). In eq 3, A is the constant for
Eu(Ill), and k = 1/7.

q = Alkipo — kp2o — kxu (3a)

kxgy = o+ ﬁﬂo]-[ + Ync(o)NH (3b)

B RESULTS

Eu(lll) Macrocyclic Complexes. The luminescence properties
of S-THP and THPC complexes of Eu(III) were studied in the
presence of a series of biologically relevant anions to characterize
their solution chemistry and to assess their potential as optical
sensors (Chart 1). Eu(S-THP) was studied by using direct
excitation luminescence spectroscopy because the S-THP ligand
does not have an antenna for sensitizing luminescence. Eu-
(THPC), which contains a modified carbostyril as a lumines-
cence sensitizing moiety for Eu(IlI), was studied both by direct
excitation luminescence spectroscopy and by excitation of the
THPC ligand. The THPC ligand was prepared as shown in
Scheme 1 by using a route with nitrobenzyl as a protecting group
to prepare the trialkylated 1,4,7,10-tetraazacyclododecane for
attachment of the carbostyril dye. Both complexes are strongly
resistant to dissociation under physiologically relevant conditions.”

Luminescence Spectroscopy of Eu(lll) Complexes. Anion
binding to Eu(S-THP) and Eu(THPC) in buffered solutions at
pH 7.2 was monitored through both excitation and emission
luminescence spectroscopy. For excitation spectroscopy, the
"Fo— °Dy transition of Eu(S-THP) and Eu(THPC) was mon-
itored to characterize the number of species formed upon anion
binding to the Eu(Ill) complexes. Monitoring the "Fy— Dy
transition is useful because both ground and excited states are
nondegenerate, so that each peak corresponds to a distinct
Eu(II) species,®® barring overlap of peaks. Emission spectra
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were recorded upon both direct "Fy— D, excitation and for,
Eu(THPC) complexes, upon excitation of the carbostyril anten-
na. Luminescence lifetime data were collected for both com-
plexes to calculate the number of bound waters (g) by using the
relationship shown in eq 3.

Direct excitation "Fg— D, spectra for Eu(S-THP) as a
function of added anion are shown in Figure 1 and Supporting
Information, Figures S1, S2. At pH 7.2, Eu(S-THP) has a single
excitation peak which has been as51gned to the aquo complex

[Eu(S-THP)(H,0)]** at 579.36 nm.** Addition of phosphate
or methylphosphate to Eu(S-THP) gives rise to new excitation
peaks that are similar in frequency to that of the parent excitation
peak. In contrast, addition of NaHCO;, lactate, carbonate, or
citrate to Eu(S-THP) results in a decrease in intensity at the
579.36 nm peak and the emergence of new red-shifted peaks at
579.57, 579.54, 579.63, 579.64 nm, respectively. For citrate, the
parent peak at 579.36 nm largely disappears upon addition of
excess citrate. Fitting of the excitation spectrum under conditions
of fully formed Eu(S-THP)(citrate) complex shows one major
peak at 579.64 nm and a minor one at $79.36 nm (Supporting
Information, Figure S2b). In contrast, acetate, lactate, and
carbonate give complexes with two excitation peaks, one red-
shifted and one at close to the original excitation peak frequency
(Figure 1, Supporting Information, Figure S1).

Luminescence lifetime data compiled in Table 1 are useful for
making assignments of the complex composition and speciation
in solution. The g values that represent the number of bound
waters are calculated by using eq 3. These data show that binding
of all anions studied here decreases the apparent number of
bound water molecules. The q number for the citrate complex of
Eu(S-THP) is close to zero as expected for complete displace-
ment of one bound water molecule to give an innersphere
complex. The g numbers of the complexes formed upon addition
of phosphate or methyl phosphate are higher than those of citrate
with g numbers of 0.88 and 0.64 at a 10-fold excess of ligand or
0.41 and 0.34 at a 200-fold excess of ligand. These nonintegral
g numbers may be attributed, in part, to contributions from
outersphere anion interactions as described below.

Acetate, lactate, and carbonate complexes have still larger g
values of 0.5 to 0.6. However, the luminescence decays recovered

Intensity

e

5713 5795 581 e

wavelength n:nm]

Intensity

Intensity
-

5715 sr 578 579 (7,13 550 580% 581 5818

Wavelength (nm)

Figure 1. Eu(IIl) "F—°Dy, excitation spectra (A¢y, = 628 & 27 nm).
All solutions contain 20 mM HEPES, pH 7.2, 100 mM NaCl. Top:
addition of lactate (0—40 mM) to 1.00 mM Eu(S-THP) gives decrease
in §79.3 nm peak, middle: phosphate (0—1.0 mM) added to 100 uM
Eu(S-THP) gives decrease in 579.3 nm peak and bottom: citrate
(0—1 mM) added to 25 uM Eu (S-THP) gives decrease in 579.3 nm
peak and increase in 579.64 nm peak.

upon excitation of either of the two Eu(IIl) excitation peaks for
the acetate, lactate, or carbonate complexes give lifetimes that are
equivalent within experimental error. One explanation of this
observation is that there are two distinct species with different
q numbers, but that the equilibrium between these two species
has a rate constant for interconversion that exceeds that for de-
excitation of the two species.*” This would give a luminescence
lifetime that is a weighted average of the two lifetimes for the
distinct species. A ¢ number of 0.5 may arise from nearly equal
concentrations of a species with a g number close to zero and a
species with a g number close to one. For the carbonate case, for
example, this would correspond to the presence of both inner-
sphere (g = 0, new peak at $79.57 nm) and outersphere (g = 1,
unshifted peak, $79.34 nm) complexes. On the basis of the
assignment of the unshifted excitation peak as an outersphere
complex and the shifted peak as an innersphere complex and
assuming that the intensity of the excitation peak of the outer-
sphere complex is the same as that of the parent complex,** the
percentage of outersphere complex for Eu(S-THP) can be
estimated from the change in intensity of the original excitation
peak in the presence of excess anion. The percentages of outer-
sphere anion complex of Eu(S-THP) are approximately 68%,
62%, 74%, and 13% for carbonate, acetate, lactate, and citrate,
respectively. Alternately, the two different excitation peaks for
carbonate, acetate, lactate, and citrate may correspond to different
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Table 1. Luminescence Lifetimes and Number of Bound Waters (q) for Eu(III) Complexes”

complex excitation wavelength (nm) anion
Eu(S-THP) 579.36 phosphate”
Eu(S-THP) 579.36 phosphate”
Eu(S-THP) 579.36 MMP?
Eu(S-THP) 579.36 MMP”
Eu(S-THP) 579.36 carbonate®
Eu(S-THP) 579.36 acetate ©
Eu(S-THP) 579.36 L-lactate
Eu(S-THP) 579.54 citrate?
Eu(THPC) 579.60 citrate®
Eu(THPC) 579.54 phosphate®

[anion] (mM) for lifetime Tio (ms) 2o (ms) q
1.0 0.271 0.893 0.64
20 0.310 1.12 0.34
1.5 0.249 0.808 0.88
20 0.298 1.03 0.41
40 0.267 0.856 0.64
40 0.280 0911 0.50
40 0.271 0.860 0.56
1.0 0.333 1.10 0.070
0.70 0.323 1.45 0.76
10 0.284 0.785 0.69

“ All samples contain 0.100 M NaCl, 20 mM HEPES at pH 7.2. ¥ Eu(S-THP) concentration was 0.100 mM. “ Eu(S-THP) concentration was 1.00 mM.
4 Eu(S-THP) concentration was 25 #M. ° Eu(THPC) concentration was 25 M./ Reported g values are 4-10% based on errors in luminescence lifetime

measurements as reported in ref 21.

Table 2. Dissociation Constants of Eu(S-THP) and Eu(THPC)
Anion Complexes”

complex anions K° (mM) emission  K° (mM) excitation

Eu(S-THP)  phosphate” 03,3.0 03

MMP” 0.7,9.8 1.8

carbonate” 33 38

acetate” 14 33

L-lactate” 13 19

citrate? 0.016 0.017
Eu(THPC) phosphate” 42

citrate” 0.21

“Solutions contained 100 mM NaCl, 20 mM HEPES, pH 7.2. ’Eu
(S-THP) concentration was 0.100 mM. ‘Eu(S-THP) concentration
was 1.00 mM. ¢ Eu(S-THP) concentration was 25 #M. *Eu(THPC)
concentration was 100 #M.

isomers of the bound anion complex. However, this is a less likely
alternative given that all four complexes have an excitation peak
that matches that of Eu(S-THP)(H,0). An innersphere carbox-
ylate group typically produces a red-shifted "Fo— *Dj, Eu(III)
excitation peak relative to the aquo complex.*!

Binding isotherms were obtained from plots of the decrease in
intensity of the Eu(S-THP) excitation peak at $79.3 nm as a
function of anion concentration (Supporting Information, Figure
S3). Fitting of the data to a 1:1 binding isotherm (eq 1) gave the
dissociation constants shown in Table 2. Binding constants were
also obtained from the change in emission peaks as a function of
added anion as described below.

The "Fy— °Dy excitation spectrum of the complex with
appended sensitizing dye, Eu(THPC), shows one major excita-
tion peak at 579.56 nm at pH 7.2 (Supporting Information,
Figure S4). The assignment of this peak to a species containing
one water molecule (Eu(THPC)(OH,)) is supported by lumi-
nescence lifetime measurements that give a g number of 1.1 (250 ms
(Ti20), 758 ms (Tpy0)). Addition of phosphate produces a
reduction in the major Eu(Ill) excitation peak, consistent with
overlap of the excitation peak of the phosphate bound product
with that of the parent complex. The new phosphate complex has
an associated q value of 0.69, similar to that observed for the
phosphate complex of Eu(S-THP) at low ratios of phosphate to
Eu(1II). Addition of citrate results in the appearance of a new

peak at 579.88 nm and retention of the original peak at
579.56 nm. The g number associated with the 579.56 nm peak
is 0.76, but the g number for the species that gives rise to the new
peak at 579.88 nm cannot be accurately measured because it is
too close to the larger peak at 579.56 nm. The observation of two
excitation peaks with one at the same wavelength as the original
peak and one red-shifted in conjunction with the high g value is
reminiscent of the dual outersphere/innersphere binding pro-
posed for acetate, lactate, and carbonate with Eu(S-THP).

Emission Spectroscopy. The emission spectrum of Eu(S-THP)
was recorded upon binding of the biologically relevant anions
shown in Scheme 1 upon direct excitation of the lanthanide ion
("Fo—°D,). Two trends were observed in the emission bands. The
emission spectra of the carbonate, acetate, or lactate adducts were
distinctively different from those of the phosphate and phosphate
ester emission spectra (Figure 2 and Supporting Information,
Figures SS—10). The AJ = 2 emission was split into two peaks
instead of the three observed with phosphate. Also, as the intensity
of the 615 nm peak decreased with increased carbonate, a new peak
at 622 nm increased in intensity. The AJ = 4 emission peak at
681 nm decreases with an increase in carbonate concentration, and a
new peak arises at 685 nm. However, the new peak at 685 nm is not
as pronounced as that observed upon binding with phosphate.

A plot of the ratio of the intensities of 622 nm/593 nm emission
bands gives dissociation constants of 33, 14, 13 mM for carbonate,
acetate, and lactate, respectively (Supporting Information, Figure
S11). The excitation peak of the citrate complex of Eu(S-THP) is well
separated from that of the parent peak. Thus, excitation at the new
red-shifted peak at 579.64 nm gave rise to an increase of all emission
peaks as the new species increased in concentration. A plot of a single
emission peak wavelength at 579.64 nm gave a binding constant of
16 uM, similar to that obtained by excitation spectroscopy.

For phosphate and methylphosphate, the AJ = 1 emission peak
decreased in intensity (Figure 2 and Supporting Information,
Figure S8—10). As the intensity of the major peak at 615 nm
(AJ =2) decreases with increasing concentrations of phosphate,
two new peaks emerge at 618 and 622 nm. A plot of the ratio of
the intensities of AJ=2/AJ =1 (622 nm/593 nm) gives data that
are fit to a 1:1 binding isotherm for phosphate to give a binding
constant of 0.30 mM. Examination of the two emission peaks
individually suggested a more complex binding process. The AJ = 1
emission peak at 597 nm showed a monotonic decrease in
intensity, but the AJ = 2 emission peak at 622 nm shows an
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Figure 2. Eu(III) emission spectra (A, at $79.36 nm) in 20 mM HEPES at pH 7.2, 100 mM NaCl upon addition of (a) phosphate with 100 «M Eu

(S-THP) and (b) carbonate with 1.00 mM Eu(S-THP).

increase in luminescence intensity up to 1 mM phosphate,
followed by a decrease in intensity (Figure 3). Fitting of the data
gives two binding constants of 0.30 mM and 3.0 mM respectively
by fitting the binding isotherm to binding of two phosphate
anions (Supporting Information, Figure S12b). Similarly, emis-
sion binding isotherms for methylphosphate show evidence for
two distinct binding events, presumably for two anions binding
sequentially to the Eu(IIl) complex. In this case, the intensity of
emission peaks in both the AJ = 1 and AJ = 2 transitions show a
discontinuity as does the ratiometric plot, but to a lesser extent
(Supporting Information, Figure S12). Fitting of the data to a 2:1
binding isotherm (eq 2) or by using the HypSpec program gives
two distinct dissociation constants of 0.70 and 9.8 mM as given in
Table 2. The complexes formed in the binding processes for
phosphate and methylphosphate are characterized by the num-
ber of Eu(Ill) bound waters at different concentrations of
phosphate or phosphate ester (Table 1). For concentrations of
phosphate or methylphosphate that correspond to the binding of
the first anion, the q number (0.6 and 0.9, respectively) is
relatively high, consistent with anion binding that does not fully
displace a water molecule. At high concentrations of phosphate
or methylphosphate the ¢ number is lower (0.3 and 0.4, respec-
tively), which is more consistent with replacement of the bound
water for binding of the second anion. The interaction of phosphate
and methyl phosphate with Eu(S-THP) is thus complicated.
Despite the relatively high apparent hydration numbers, all four
binding events must involve a change in the innersphere of the
Eu(III) complex given that a change in the emission peaks reflects a
perturbation in the coordination environment of the Eu(III) center.

The distinct emission bands of the phosphate complex in
comparison to the carbonate complex allowed us to monitor
phosphate binding in the presence of 20 mM carbonate
(Supporting Information, Figure S10). Data from a plot of the
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intensity ratio of emission peaks at 618/593 nm fit to a 1:1
binding curve gives a K4q of 14 mM for phosphate which, as
expected, is higher than that for the experiment done in the
absence of competing anions (Supporting Information, Figure
S11b, Table 2). This value is similar to that obtained by
calculation of the effective binding constant (8.0 mM) when all
equilibria are taken into consideration by using HYSS software.

Ligand Sensitized Luminescence. The Eu(THPC) complex
contains a carbostyril derivative (cs124-CF3) to enable sensitiza-
tion of Eu(III) luminescence.”*”** Characterization of the ligand
and complex by UV —vis spectroscopy shows that the absorbance
spectrum of the carbostyril moiety does not change appreciably
when bound in the Eu(THPC) complex (Supporting Informa-
tion, Figure S13). Excitation at 340 nm, the peak maximum in the
UV-—visible absorbance spectrum of the dye gives rise to an
emission peak characteristic of the carbostyril dye at 490 nm in
addition to the characteristic emission bands of Eu(1II) (Support-
ing Information, Figure S14). The Eu(Ill) emission spectrum
is observed more clearly upon time-gating the luminescence.
The quantum yield for Eu(III) luminescence upon excitation at
340 nm was determined to be 0.19 by comparison to rhodamine
101 as a standard.*

Anion binding to Eu(THPC) was monitored by luminescence
emission spectroscopy (Supporting Information, Figures S15—S19).
Excitation of the carbostyril antenna of Eu(THPC) leads to an
increase of all of the emission peaks upon addition of citrate or
phosphate. Plots of the luminescence emission intensity Eu-
(THPC) upon excitation at 340 nm as a function of anion are fit
to a simple 1:1 binding isotherm to give dissociation constants
for phosphate and citrate (Table 2). These dissociation constants
are approximately 10-fold weaker than those of Eu(S-THP).

In comparison, direct "Fy —°D, excitation of Eu(THPC)
gives the same general trend of decreasing emission peak
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Figure 3. Plot of the emission intensities of 0.100 mM Eu(S-THP) in

20 mM HEPES, pH 7.2, 100 mM NaCl, (Ao, = 579.36 nm) with the
addition phosphate. Top: intensity at 593 nm, (bottom) intensity at 622 nm.

intensity of the original complex emission peaks with an increase
in new AJ =2 and AJ = 4 emission peaks, similar to the titration
of Eu(S-THP) with phosphate (Supporting Information, Figures
$18—S19). This shows how the relative emission peak intensities
for the different species in the titrations depend on the mode of
excitation. Additional differences observed in the emission spectra
of the complexes of Eu(S-THP) taken on the MOPO system are
attributed in part to the higher resolution of the monochromator of
the MOPO system compared to that of the fluorimeter.
PARACEST. Eu(S-THP) is a pH-dependent PARACEST
agent that functions best at a pH of approximately 5.0 in buffered
solutions but shows a CEST effect over the pH range 3.5—6.5.%*
As shown here, the CEST spectrum of the complex at pH 6.5
shows the percent change in water signal intensity (M./M,) as a
function of the frequency of the presaturation pulse (Figure 4).
The spectrum has a shoulder at about 6 ppm (with bulk water set
at zero ppm) that corresponds to exchange of the alcohol protons
of Eu(S-THP) with bulk water. Addition of biologically signifi-
cant anions including acetate, methylphosphate, lactate, or citrate
under these conditions gives rise to new Eu(S-THP) PARACEST

100
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60 -
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10 5 0 -5 -10

10 5 0 -5
ppm

Figure 4. CEST spectra of 5.00 mM Eu(S-THP) in 20 mM Mes,
100 mM NaCl, pH 6.5, with addition of citrate (top) ® no citrate, O
0.50 mM, ¥v2.0 mM, A 5.0 mM, B 7.0 mM citrate or with addition of
acetate (bottom) @ no acetate, O 5.0 mM, ¥10 mM, A 15 mM, B
20 mM, [0 25 mM, ¢ 30 mM acetate.

peaks shifted downfield from the original shoulder at 6 ppm. The
new PARACEST peak is similar for lactate and acetate and
appears at 7 ppm and is slightly more shifted for citrate at 8 ppm.
Methylphosphate shows more complicated behavior. A new
CEST peak is observed at 4 ppm for up to 2 equiv of methylpho-
sphate. Addition of more methylphosphate gives rise to a new
CEST peak at 8 ppm. This data supports two distinct binding
events, similar to that observed by using luminescence spectros-
copy. In contrast, addition of up to S equiv of carbonate does not
markedly change the PARACEST spectrum of Eu(S-THP)
(Supporting Information, Figure S20). Phosphate decreases
the CEST shoulder at 6 ppm without the appearance of a new
PARACEST peak.

Plots of M,/ M, as a function of anion concentration at pH 6.5
give dissociation constants of 34 mM, 20 mM for acetate and
lactate at near neutral pH, respectively (Supporting Information,
Figure S21). These values are close to those calculated by using
luminescence spectroscopy (Table 1). Similar plots for citrate
were not amenable for binding analysis because CEST increases
were complete at a 1:1 ratio, indicating strong binding under
these conditions. In addition, the presence of more than 1 equiv
of citrate reduced the CEST peak. Plots of the CEST peak at
9 ppm upon addition of methylphosphate give a binding constant
of 10 mM as reported previously.”” This corresponds closely to
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the weaker of the dissociation constants (9.8 mM) obtained by
luminescence spectroscopy (Table 2).

More limited studies at pH 7.2 showed Eu(S-THP) PARA-
CEST peaks for lactate (broad, 7 ppm), methylphosphate (8 ppm),
and citrate (9 ppm). With the exception of citrate, the magnitude
of the PARACEST alcohol peaks is diminished in comparison to
those at pH 6.5 (Supporting Information, Figure $22).

The exchangeable proton that gives rise to the CEST peak was
identified in 'H NMR studies (Supporting Information, Figure
$23—25). At pH S or greater, the alcohol proton resonance is
broadened into the baseline.’”*' However, addition of acetate,
citrate, or methylphosphate at pH 6.2 gives rise to a new alcohol
resonance at approximately 7—8 ppm downfield of bulk water
that corresponds to the observed alcohol PARACEST peak
under these conditions. Addition of phosphate to Eu(S-THP)
also leads to the appearance of a new proton resonance in the
region of the spectrum where the alcohol proton is normally
observed (Supporting Information, Figure S22). However, no
new PARACEST peak is observed under these conditions. This
observation suggests that the rate of alcohol proton exchange for
the Eu(S-THP) complex of phosphate is too slow to produce a
PARACEST peak. Carbonate does not give rise to a new alcohol
resonance for Eu(S-THP), consistent with the lack of a new
CEST peak. Citrate addition to Eu(S-THP) gives rise to two
closely spaced new peaks at 8—9 ppm versus water protons,
matching the frequency of the PARACEST peak for this complex.

Also noteworthy are the chemical shifts of the macrocyclic
ligand proton resonances of Eu(S-THP) which shift upon
addition of citrate, phosphate, acetate, or methylphosphate to
give distinct "H NMR spectra for each Eu(IIl) complex. The
change in the macrocyclic complex 'H resonances upon anion
binding is indicative of a new species formed by innersphere
coordination to the Eu(Ill) center. Conversely, the fact that
carbonate addition leaves the proton resonances of Eu(S-THP)
unchanged is consistent with the predominance of an outer-
sphere carbonate complex under these conditions. This corre-
sponds to luminescence spectroscopy measurements that show
carbonate has one of the highest percentages of outersphere
complex formation.

H DISCUSSION

Luminescence Characterization of Eu(lll) Complex Inter-
actions with Anions. Luminescence spectroscopy is a useful
tool to characterize the nature of anion binding to the Eu(III)
complexes. In particular, monitoring the Eu(III) "Fy =Dy
excitation peak in conjunction with time-resolved studies facil-
itates the identification of distinct species in solution. The exci-
tation peak of Eu(S-THP) shifts to characteristic frequencies
upon binding of anions containing carboxy groups (citrate, acetate,
lactate, and carbonate) or phosphate groups (phosphate, methyl-
phosphate). Ligands containing carboxylate groups give red-
shifted excitation peaks. Citrate primarily forms a Eu(S-THP)
complex with a very red-shifted excitation peak as commonly
observed for binding of carboxylate containing ligands*' and the
bound water of Eu(S-THP) is replaced by citrate. In contrast,
simple carboxylate ligands such as carbonate, acetate, or lactate
bind weakly and do not completely displace the bound water. A
red-shifted excitation peak in addition to a peak at the same
wavelength as the original complex is observed, consistent with
the formation of both innersphere and outersphere complexes.
This assignment is supported by the nearly identical lumine-

scence lifetime obtained upon excitation at either peak and the g
number which is consistent with an average of the outer and
innersphere complexes. This is in line with our previous studies
which report millimolar dissociation constants for outersphere
complexation of anions such as phosphate diester monoanions.*’

The excitation peaks of methyl phosphate and phosphate
complexes of Eu(S-THP) or Eu(THPC) are not distinct from
the parent aquo complex so that speciation information is not
readily obtained from these experiments. Emission spectroscopy
gives further information on binding of phosphate and phosphate
esters. The data is consistent with sequential binding of two
anions as suggested by changes in the intensity of the AJ = 2
emission peak for phosphate and by changes in both AJ =2 and
AJ = 1 for methylphosphate. Binding of the first anion only
results in a small change in hydration, but clearly binding must
also involve a change in the first coordination sphere to produce
changes in the magnitude of the emission peak splitting and the
intensity of the emission peaks. For comparison, purely outer-
sphere complexes such as diethylphosphate do not perturb either
the excitation or the emission spectrum of Eu(S-THP).*® How-
ever, if the phosphate or methylphosphate were to bind to the
hydroxyl alcohols and water ligand and form strong hydrogen
bonding interactions, this might increase the anionic charge at
the oxygen donor groups sufficiently to perturb the inner coordi-
nation sphere without inducing a unit change in the hydration
number. The lower q number for binding of the second anion
may correspond to water ligand replacement. Interestingly, the
more tightly bound complexes of methylphosphate and phos-
phate correspond to the more highly hydrated species. This
suggests that there are strong anion interactions that do not in-
volve replacement of the water ligand of Eu(S-THP)(H,O).

The Eu(S-THP) complex binds anions with a selectivity
which is distinct from that of related complexes with pendent
amide groups such as those studied by Parker and coworkers®**~*’
or in our laboratory.”****** One reason for the difference is that
Eu(S-THP) forms both innersphere and outersphere complexes
with anions whereas analogous amide complexes apparently do
not.”>*** We attribute the prevalence of outersphere complexes
in Eu(S-THP) to the fact that the Eu(Ill) center is nearly
encapsulated by four hydroxyl groups adjacent to a single water
ligand. Highly charged anionic ligands such as phosphate or
citrate displace a water ligand from Eu(S-THP)(OH,), while
weaker monoanionic ligands such as diethylphosphate or acetate
form either exclusively outersphere complexes or a combination
of outersphere and innersphere complexes. In the outersphere
complexes, the hydroxyl groups of Eu(S-THP) form hydrogen
bonds to the anion.*

Anion binding selectivity is dependent on the number of
coordination sites available for innersphere binding. Eu(III)
complexes with four pendent amide groups bind very weakly
to phosphate ester anions or carbonate consistent with the
difficulty of replacing the single bound water molecule.” In
contrast, Bu(II) macrocyclic complexes containing three pendent
amide groups (septadentate ligands) and two bound waters bind
tightly to phosphate esters and carbonate.”*****” Some of these
Eu(Ill) septadentate macrocycles bind anions in a bidentate
fashion. Thus lactate, which can form bidentate complexes, binds
100-fold more tightly than does acetate (10 uM versus 10 mM)
to Eu(Ill) complexes with septadentate macrocycles.*” Eu
(S-THP) has a distinct selectivity, in part because of its single
replaceable water molecule, and shows similar affinities for
lactate and acetate that are quite weak. Carbonate also binds
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relatively weakly to Eu(S-THP) with an affinity that is 100 to
1000-fold less than that of the amide complexes.”*® Only citrate
binding is fairly strong and, surprisingly, is comparable to that
observed for Eu(III) complexes containing two available coordi-
nation sites.”> The larger negative charge on citrate would be
expected to increase the binding to the cationic Eu(S-THP)
complex. However, the 1000-fold tighter binding in comparison
to acetate suggests that the citrate interacts with Eu(S-THP)
through multiple acetate groups, perhaps through interactions
with the hydroxyl groups of the macrocyclic complex. Displace-
ment of an alcohol group in Eu(S-THP) is unlikely given that
citrate binding is reversible and no Eu(IIl) is sequestered from
the complex over a period of several days (data not shown).

Eu(S-THP)(OH,) and all its complexes with anions exhibit a
single unsplit AJ = 1 emission peak consistent with small crystal
field splitting because of weak alcohol donor groups. Direct
excitation through the highly forbidden "Fy — °D, transition
gives lower intensity emission peaks (AJ = 1, 2, 3, 4) for Eu(S-
THP) anion complexes than for the parent aquo complex. A
useful feature of the emission spectra of anion complexes of
Eu(S-THP) is that the complexes have distinctly different
intensities for components of the AJ = 2 or 4 emission bands
based on the type of donor group. For phosphate versus
carboxylate groups the emission peaks are sufficiently different
to determine binding of one anion in the presence of the other.
Plots of either the luminescence intensity of one component of
the AJ =2 emission peak or of the ratio of AJ=2/ AJ =1 emission
bands give binding constants for binding of the various anions
studied here.

Toward Luminescent Sensors. Eu(III) complexes are attrac-
tive for the development of optical sensors, in part because of
their multiple sharp emission peaks, large Stokes’ shift, and long
luminescence lifetimes that facilitate time gating to improve
signal over background fluorescence. In addition, there is gen-
erally a large change in intensity of the hypersensitive *Dy — 'F,
(AJ = 2) emission peak upon anion binding to the inner
coordination sphere of Eu(IlI) relative to other emission peaks
such as the Dy — "F; (AJ = 1). This feature enables the
development of Eu(IIl) complexes as ratiometric sensors given
that some emission peaks stay relatively constant and others
change in intensity upon anion binding.**

Carbostyril dyes have been used to sensitize luminescence of
both Tb(III) and Eu(III).**~** In the present study, we used a
fluorinated analogue of carbostyril 124 to take advantage of its
larger extinction coeflicient compared to the unmodified
analogue.*”™** Excitation of the carbostyril dye of Eu(THPC)
at 340 nm sensitized Eu(IIl) luminescence, albeit with a low
quantum yield, about 5-fold lower than that observed for Eu(III)
bound to a carbostyril-124 appended macrocycle containing
phosphinate pendent groups.”” Comparison of the emission
peaks by direct excitation on the MOPO/laser system at 1 nm
monochromator resolution shows that the AJ =2 emission peak
is slightly more dominant for Eu(THPC) than for Eu(S-THP)
(Supporting Information, Figure S18). In Eu(THPC) there is an
amide pendent group that provides a stronger ligand field than
the alcohol groups. In axially symmetric Eu(III) complexes, the
separation of components in the ’F; emission band is related to
the crystal field coefficients.”’ However, the AJ = 1 emission peak
is not split despite the presence of the amide pendent.

There is an unexpected 10-fold decrease in binding affinity of
Eu(THPC) toward both citrate and phosphate compared to
Eu(S-THP). Phosphate esters do bind more weakly to analogous

macrocyclic complexes of Eu(Ill) with four amide pendent
groups compared to those with alcohol groups (Eu(S-THP)),
but it is surprising that a single amide group would induce a 10-
fold decrease in anion affinity. Previously we found that macro-
cycles with mixed amide and hydroxyethyl pendent groups have
similar pK, values and hydration numbers in comparison to
complexes containing all alcohol pendent groups consistent with
no major decrease in Lewis acidity.>> We attribute this decrease
in anion affinity to the bulky carbostyril group and to the loss of a
pendent alcohol group that may act as a hydrogen donor to the
anions upon binding. This work suggests that it may be necessary
to attach the sensitizing dye to the macrocycle backbone in a
region far from the anion binding site to maintain the unique
anion binding selectivity of the Eu(S-THP) complex. Anion
binding to Eu(THPC), similar to Eu(THP), gives complexes
with a larger than expected g number (0.68 for phosphate and
0.76 for citrate). This suggests that the anion does not completely
displace the bound water or that the outersphere water and
innersphere alcohol quenching constants give values that do not
accurately reflect changes in the coordination sphere. The
excitation spectrum of the citrate adduct of Eu(THPC) which
shows two peaks, one at the wavelength of the unbound complex,
is consistent with the presence of outer and innersphere
complexes.

Binding of citrate or phosphate to Eu(THPC) resulted in an
increase in the intensity of all emission peaks upon excitation at
340 nm so that ratiometric analysis was not feasible. Even the
highly forbidden “F — *D, emission peak increased in intensity.
This is in contrast to the ratiometric Eu(III) sensors of analogous
macrocyclic complexes designed by Parker that have the AJ =2
emission peak increases more substantially than the AJ = 1
emission peak upon replacement of water and anion binding.
The increase in intensity of the emission peaks for Eu(THPC) is
consistent with replacement of a water molecule of on the
Eu(1II) complex which quenches luminescence. However, the
smaller relative increase in the hypersensitive AJ = 2 transition
relative to other transitions is consistent with the weak interac-
tion of the anions with Eu(THPC). In any case, we show here
that Eu(THPC) is an optical probe for anions, but not a
ratiometric optical probe.

PARACEST. Binding of an anion to Eu(S-THP) induces a
marked change in the hyperfine shifted proton resonances of the
complex. This includes the alcohol protons of Ln(S-THP) that
give rise to the PARACEST effect. For complexes of citrate,
phosphate, methylphosphate, and acetate, all macrocyclic proton
resonances shift upon binding of anion, consistent with the
formation of innersphere complexes. This is reminiscent of the
paramagnetic NMR properties observed for related Eu(III)
complexes with pendent amide groups that demonstrate pro-
nounced macrocycle proton shifts upon addition of axial ligands.
The more polarizable anions such as carbonate shift the proton
resonances the least, and the least polarizable anions such as
phosphate shift the proton resonances of the macrocycle the
most.*”>* This trend is roughly what is observed here except that
citrate shifts the CEST peak further than does acetate. This is
consistent with additional interactions of the citrate with the
complex.

Previous work has shown that Ln(III) PARACEST agents can
be designed to function as responsive MRI contrast agents. For
example, the PARACEST peak of a Eu(III) macrocyclic complex
shifts because of exchange of the bound water molecule upon
addition of cations such as Zn(I1).** A Eu(III) complex with
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three pendent amide groups and two available coordination sites
shows a shift in the amide proton resonance upon binding of
lactate.”* The alcohol protons of Eu(S-THP) have the additional
feature that they are in close proximity to the anion binding site of
the Eu(III) complex. This potentially produces an anion induced
change in the PARACEST spectrum both from hyperfine shifting
of the resonance and by inducing a change in the rate constant of
alcohol proton exchange from direct interaction of the anion with
the alcohol protons. Indeed, the PARACEST effect of Eu(S-
THP) is readily turned on and off by the addition of anions that
bind outersphere as well as innersphere.>"*°

A drawback to the use of alcohols as donor groups in
PARACEST is the weak crystal field that is produced in Eu(S-
THP) in comparison to that of analogous Eu(III) complexes
with pendent amide groups.> The smaller crystal field leads to
less dispersion in the hyperfine shifted protons of the exchange-
able alcohol groups and a small Aw, the chemical shift difference
between the exchangeable proton and the bulk water resonance.
As noted previously, the magnitude of splitting of the A =1
transition is related to the second-order crystal field parameter
which also predicts the magnitude of the dipolar induced shift."
The AJ = 1 transition here is unsplit for both Eu(S-THP) and
Eu(THPC), consistent with weak donor groups. Strategies to
increase the Aw value include substitution of a Ln(IIl) with a
larger hyperfine induced shift such as Yb(IIT)® or the incorpora-
tion of stronger donor ligands in the pendent groups of the
macrocycle to increase the ligand field factors.>

Bl CONCLUSIONS

The Eu(S-THP) complex binds a range of biologically
relevant mono, di, and trianions with a 2000-fold difference in
binding strength for the most tightly bound (citrate) and most
weakly bound anion (carbonate). Anion binding produces
changes in the luminescence spectrum and in the PARACEST
spectrum of the complex. These changes are a first step for the
development of anion responsive dual modality optical/MRI
responsive agents based on a single lanthanide ion. Binding
selectivity is partially determined by whether the anion is a
sufficiently strong ligand to displace the single water on the
Eu(III) center. Weak anions interact through outersphere hydro-
gen bonding to the alcohol groups while stronger ligands such as
citrate bind innersphere but also may have additional interactions
with the alcohol groups.

With the exception of citrate, the biologically relevant anions
studied here bind relatively weakly to Eu(S-THP) and Eu-
(THPC) with millimolar binding constants. This is a useful
magnitude of binding interaction because many of the anions
studied here are present in milimolar concentrations in mamma-
lian extracellular fluids>® including NaHCOj3, phosphate, lactate,
or citrate.”” However, the selectivity of binding of Eu(S-THP) or
Eu(THPC) to each of these anions will thus need to be increased
to obtain an anion sensor in a biological milieu. This is despite the
fact that distinct Eu(IIl) emission peaks arise for different types
of anion donor groups. For example, methylphosphate binding
to Eu(S-THP) can be distinguished from lactate by emission
spectroscopy or by PARACEST spectroscopy. Rather, a higher
anion binding selectivity is required so that the presence of
competing anions will not markedly change the effective binding
constant for the anion of interest.

Challenges for the implementation of dual modality PARA-
CEST/optical probes based on Eu(THP) derivatives include the

incorporation of ligands that more effectively sensitize Eu(III)
luminescence. The carbostyril dye appended through an amide
pendent group forms a Eu(III) complex with only a modest
quantum yield. Previous studies showed that the low quantum
yield in a related Eu(IIT) macrocyclic complex may be attributed
to back energy transfer from the Eu(Ill) excited state to the
carbostyril dye.*” The optimization of ligand antenna for energy
transfer to Eu(III) and other lanthanide ions is an active area of
current research.'"*® In addition, it would be useful to determine
an alternate site of attachment of the sensitizing dye that does not
interfere with anion binding and/or interaction with the alcohol
groups. Another challenge is maintaining good water solubility
for the PARACEST agent. While Eu(S-THP) is soluble in
aqueous solution up to 10 mM, the addition of organic dyes
for luminescence sensitization generally results in decreased
solubility in water. For example, the lower aqueous solubility of
Eu(THPC) made it prohibitive to carry out PARACEST experi-
ments at the millimolar concentrations required to observe the
CEST effect.

In summary, continued development of lanthanide ion com-
plex dual modality probes is predicated based on their excellent
luminescence and PARACEST MRI contrast properties. These
complexes are of interest for the development of responsive
probes because both the magnetic and the optical properties of
the lanthanide ion are modulated by anion binding. This
promising feature may lead to the design of versatile magnetic
resonance and optical probes that are highly sensitive to the
environment. Notably, both outersphere and innersphere ligand
binding must be considered in the development of these
responsive agents
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