CHAPTER 5

Lanthanide-Macrocycle Complexes and the Targetdddiien of

Other Analytes
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5.1 Introduction

Now that we have effectively demonstrated the athges of using tailored
lanthanide(macrocycle) binary complexes as higlpgcgic, robust receptor sites, we
plan to expand this receptor site design technokgy apply it to the detection of other
aromatic analytes. As described in Chapter 1ua&ily any aromatic anion can be
detected using sensitized lanthanide luminescegmoejded that (1) the aryl anion can
coordinate the lanthanide cation, and (2) thedtigtate of the anion is well coupled to
the excited state manifold of the lanthanide, toogt too close as to be vulnerable to
thermal deactivation. Fortunately, several flavorsaromatic ligands meet this criteria,
many of which are of medical relevance. We willastigate two types in particular:
salicylates and catecholamines (Figure 5.1).

Salicylates, specifically salicylurate (SU) andisdic acid (SA), are metabolites
of acetylsalicylic acid (ASA), generally known aspain. These metabolites are
comprised of a benzene ring with a hydroxyl grodfaeent to either a carboxyl group
(SA) or a glycine-conjugated amide group (SU). kpeprotonation, both form mono-
or dianions that can chelate a lanthanide in arivade (or potentially tridentate for SU)
fashion. Detection of SA using a terbium-EDTA bynaomplex has been previously
reported-® though no methods involving lanthanides or lanit@rcomplexes have yet
been proposed for SU.

Catecholamines, such as epinephrine (Epi), norppimge (NE) and dopamine
(DA), are neurotransmitters involved in the ‘fightflight’ response of the sympathetic
nervous system. These hormones all contain the $@idihydroxybenzene or catechol

group, coupled to a primary or secondary ethylangreip on the opposite side of the
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aryl ring. The protonation constants of the twempdl hydrogens tend to have a large
gap, with the first pKstarting around 8.5 and the other approachingr ieatef > We
will therefore explore chelation of these specm$anthanide-macrocycle complexes in
extremely basic conditions to allow for bidentab®mination to the lanthanide.

Due to time constraints or difficulties with centaanalytes (extreme pH
conditions, light-sensitivity, solubility problemeggc.) most of these investigations are
incomplete. We consequently present this workasod comprehensive study, but rather
as a collection of ‘first-steps’ in the endeavoreigineer selective, robust lanthanide

receptor sites for the targeted detection of amglites of interest.

5.2 Salicyluric Acid
5.2.1 Introduction

Acetylsalicylic acid, commonly known as aspirinoise of the most widely used
therapeutic substances. Aspirin is effective asaninflammatory agent, an analgesic
to relieve minor aches and pains, and an antigytetireduce fevet. It is also the
primary medication used to treat chronic rheumddieer, rheumatoid arthritis and
osteoarthritis. Further, recent studies have shown the anti-thmiim benefits of an
aspirin regimen in stroke prevention’ The widespread use of aspirin mandates a
complete and thorough understanding of the phardhax@mics and pharmacokinetics of
this medication in the human body. In additioricgéates are used as markers to assess
free radical damage vivo due to hydroxyl radical®. As a result, a detection method to
monitor acetylsalicylate and its metabolites indooplasma and urine — with high

sensitivity at low cost — is in high demand.



252

In the body, acetylsalicylic acid (ASA) is hydroga to salicylic acid (SA) by
carboxylesterases in the gut walls and liver, wath elimination half-life of 15-20
minutes™ Salicylic acid is then metabolically convertednparily to salicyluric acid
(SU) and other metabolites, which are excretedhim urine!> ** Due to the high
elimination rate constant for SU in comparison £9’$and the fact that endogenous SU
formation only occurs in a limited capaciy°it is possible to use SU urinary excretion
data to establish a relationship between SU foonand the amount of SA in the body.
We can therefore use SU as an indicator of SA wo,vand hence detection of SU in
urine can be utilized as a noninvasive means ofitmamg aspirin dosage and residence
in the body. Further, unusually high or low cortcations of SU in the urine have been
correlated to a variety of diseases and conditigwgh as appendicitis, anemia,
abdominal trauma, liver diseases, uremia and DoBgisdrome’’ Hence, detection of
SU in urine has a variety of applications, inclygdanfacile way to monitor aspirin dosage
and corroborating the presence of certain medmadlitions.

Current detection methods of salicylates in blood arine involve significant
sample preparation prior to analysis and are tirmaed/or labor-intensive. High
performance liquid chromatography (HPLC) can bedutke detect ASA, SA and SU
simultaneously with a sensitivity of 0.1 mgff.put this requires solvent extraction and
the addition of internal standards. Other HPLChtegues report sensitivities of 0.2
mg/L SA in uriné® or 0.5 mg/L SA in plasm¥. A liquid chromatographic method with
UV detection has a sensitivity of 0.5 mg/L with gegision of 8.6 mg/L, but takes 25
minutes and requires purification stéfs.Capillary electrophoresis coupled to laser-

induced fluorescence has also been described ¢atdef\, SU and other metabolites in
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urine following sample filtration and dilutiocfl. A spectrophotometric method using
absorption spectra and multicomponent analysisdggimguish between SA and SU, but
not in blood or uriné*> We therefore seek a method with similar sensjtibiut greater
efficiency that is cost-effective.

Salicylurate has been shown to bind metal catiarch sas divalent coppét,
trivalent cobalt* VO(IV)® and dimethyltin(IV)?*® In such complexes SU is either
bidentate or tridentate, coordinating through tregbonyl, carboxyl and phenolate
oxygens of the ligand. Lanthanides as hard ionkenexcellent chelators for oxygen-
containing ligands. However, no lanthanide comgéezontaining ligated SU have been
reported in the literature. Europium-macrocyclenptexes have previously been applied
to the detection of oxyanions in urine such asatecand citraté” ?® Here, we report the
first lanthanide-macrocycle receptor to detectcyélrate in urine.

We have selected the Tb(DOZAbinary complex, where DO2A is the
macrocyclic ligandl,4,7,10-tetraazacyclododecarig?-bisacetate, as our first-generation
salicylurate receptor site. Terbium is the onlyinescent lanthanide with a solitary
excited state °Ds, 20,500 cri)® lying below the triplet excited state of salicgat
(23,000 crif),*® which is responsible for sensitization via energgnsfer to the
lanthanide’® Europium, dysprosium and samarium all have aitlémo excited state
energy levels below the chromophore triplet, whrelsults in multiple nonradiative
deactivation pathways and decreased luminescerersity®?3* Terbium also has a
large energy gap between the lowest lying excitedesand the’F, ground state
manifold, allowing for intense emission in the hisi region {max = 544 nmf° The

DO2A ligand binds T8 with high affinity (Iog Ksapoza = 19.4%), conferring thermo-
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dynamic stability and reducing vibrational quenchiaf luminescence by excluding
solvent molecules from the lanthanide coordinasphere. Further, our work with the
dipicolinate system indicates that terbium exhiltits greatest perturbation of electron
density due to the electron-withdrawing effectsaothelating ligand (Section 3.7), and
therefore the Th(DO2A)complex presents a binding site with the greaiéisaction to
an anionic analyte. We consequently expect coatidin of the salicylurate anion to
produce a strongly luminescent Tb(DO2A)(SWUernary complex.  This work
demonstrates a proof-of-concept in terms of desmai lanthanide-based receptor site to

monitor medication dosage in a manner that is rapdicost-effective.

5.2.2 Spectroscopy and Characterization

Experimental Section

Materials. The following chemicals were purchased and usedeasived:
ammonium hydroxide (NFDH 28-30% in water) (Mallinckrodt Baker), ether gdious
(Acros Organics), sodium hydroxide (NaOH 50% ineva{Mallinckrodt Baker), TAPS
(N-tris(hydroxymethyl)methyB-aminopropanesulfonic acid) buffer (TCI America),
trifluoroacetic acid 2,2,2-trifluoroacetic acid, TFA) (J. T. Baker), terbiulth( chloride
hexahydrate (Alfa Aesar), and SU (salicyluric acihydroxyhippuric acid) (Acros
Organics). The TbGlsalt was 99% pure, all solvents were ACS certifoedHPLC
grade, all buffers were at least 98% pure, and @88 %% pure. Water was deionized to
a resistivity of 18.2 M-cm using a Purelab® Ultra laboratory water puafion system
(Siemens Water Technologies, Warrendale, PA). THAg,10-tetraazacyclododecane-

1,7-diacetate (DO2A) ligand was prepared by hydrolysfs1,4,7,10-tetraazacyclo-
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dodecanet, 7-di(tert-butyl acetate) (Macrocyclics, Dallas, TXs described previously
(Section 2.2.1) resulting in a white solid in 79.$%ld. DO2A-0.6HO-2.1HCI. Anal.
Calcd. (found) for GH24N4O4 -2.80HCI - 0.85kD (fw = 378.18): C, 38.32 (38.32); H,
7.31 (7.19); N, 14.89 (14.54); Cl, 20.0 (20.0).

The 1,4,7,10-tetraazacyclododecaried, 7-triacetate (DO3A) ligand was prepared
by hydrolysis of1,4,7,10-tetraazacyclododecaried, 7-tri(t-butyl-acetate)-HBr (DO3A-
tBu-ester) (Macrocyclics) with trifluoroacetic ac{@iFA).*® All glassware used in this
procedure was washed, placed in a nitric acid digg®% HNQ in nanopure water),
rinsed 10 times with nanopure water and kilnedQft 8C for 2 hours prior to use. The
DO3A-tBu-ester HBr salt (2.50060 g, 4.198 mmolytdate powder, was placed in a 100-
mL cylindrical flask with a side inlet and top open fitted with a glass stopper. Neat
TFA (10.0 mL, 134.6 mmol) was added at room tentpeeato produce a clear yellow
solution. This solution was left stirring at roo®mperature open to air (side inlet
cracked slightly) for 22 hours. The TFA was rentbJ®y rotary evaporation under
vacuum (~ 50 mbar) in a hot water bath (55 °C) ilega yellow oil. White crystals were
obtained after 8 days at room temperature. Theymtowas rinsed with two 10-mL
aliquots of ether using a new fine frit (Pyrex, ik, ASTM 4-5.5F, No. 36060) and
dried by pulling air through the sample for 15 ntesito produce a white powder of
DO3A:1.980-3.0TFA (2.50298 g, 3.486 mmol) in 83.05% yiekhal. Calcd (found) in
duplicate for GsH27N4Og-1.9H0-3.0GHF;0, (fw = 717.96): C, 33.42 (33.43); H, 4.18
(4.27); N, 7.80 (7.93). ESI-MSn(2): calcd (found) for €H27N4Os (M + H): 347.1931
(347.1939)1°C NMR: 5 42.18,5 47.62,5 49.07,5 51.83,5 52.97,5 55.02,5 115.08,5

163.02,6 168.96,0 174.32.



256

The Tb(DO2A)(SU) ternary complex was prepared in aqueous solutipn b
addition of 0.464 mL of 0.032318 M Th{(15.00 umol) to 0.269 mL of 0.5593 M
DO2A (15.05umol), followed by 1.650 mL of 9.0717 mM SU (14.9mol). pH was
adjusted to 8.0 with ammonium hydroxide (28—-30%14®), added dropwise. TOF-MS
ES (nm/2): calcd (found) for ThgH29NsOg (MY): 638.41 (638.13).

Methods. All samples were prepared in triplicate to a fimalume of 3.50 mL in
disposable acrylate cuvettes (Spectrocell, Oreldpd) with a 1 cm path length.
Luminescence spectral analysis was performed by laordtog Fluorescence
Spectrometer (Horiba Jobin-Yvon, Edison, NJ). Tevpnt second-order diffraction of
the source radiation, all measurements were takdnan350-nm colorless sharp cutoff
glass filter (03 FCG 055, Melles Griot, Covina, CAAll reported spectra were obtained
as a ratio of corrected signal to corrected refeef®/R;) to eliminate the effect of
varying background radiation in the sample chaméeiission intensities are in units of
counts per second per microampere (cfks/

Luminescence excitatiohd, = 316 nm) and emissiond, = 544 nm) spectra
were obtained for the Th(macrocycle)(SU) ternamnplexes, where the macrocycle was
DO2A or DO3A, at a concentration of 1M in 0.1 M TAPS buffer, pH 8.4.
Absorption spectra were obtained using a Cary 58 BV/visible spectrophotometer
(Varian, Inc., Palo Alto, CA) in quartz cuvettes.

Several attempts were made to crystallize the TI®)(BU) ternary complex
out of acetone with a tetrabutylammonium counterioklowever, the only crystals
obtained were of a trimer containing terbium argrtracrocycle, but no salicylurate. We

believe this is due to the low to moderate stabditthe ternary complex.
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Results and Discussion

The excitation spectrum of the Tb(DO2A)(SWpmplex shows a broad band at
316 nm, attributed to the—x* transition of the SU chromophofé. The emission
spectrum presents a large, broad band with,aof 419 nm, presumably due to excited
state intramolecular proton transfer (ESIPT) frame tiydroxyl moiety to the nearby
carbonyl group of the SU ligand. This type of EBIB known to occur in salicylic acid
and para-methoxy substituted salicylates, with Isimiexcitation and emission
wavelengths® *° The unusually large Stokes shifts in these com@siare due to a
significant geometry change as the proton-trartsi@iomer is formed and then relaxes to
a relatively unstable isomer of the ground st&fé. This band at 419 nm can be used as
an internal standard to validate SU concentratiosoiution (Figure 5.2).

The sharp bands at 488, 545, 585 and 621 nm arbthe> 'F, transitions for
sensitized terbium emission, whene= 6,5,4 and 3, respectively (Figure 5.3). The
intensities of these transitions are consistenh whe luminescence turn-on associated
with an aromatic anion binding to the terbium catend yielding efficient intersystem
crossing via the absorption-energy transfer-emms$KETE) mechanism following UV
excitation. This effect results in an increaséemium luminescence by several orders of
magnitude, and cannot be accounted for simply l&y @kclusion of water — which
quenches luminescence via nonradiative decay pgthwarom the T coordination
sphere™® 44
The ESIPT band at 419 nm can also provide infomnattoncerning the

coordination behavior of the salicylurate ligand. Though our luminescence

measurements were made at pH 8.4, above the twwales of SU (Table 5.%f,we
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still see strong evidence of intramolecular protaamsfer, indicating that the phenol
moiety of the SU is still protonated. If this lsetcase, then the terbium would interfere
with proton transfer if it were coordinating to tlearbonyl and phenolate groups as
expected. Most likely, the SU is binding to thetkanide in a bidentate fashion via the
carbonyl and the carboxyl group (Figure 5.4). Hesvea tridentate motif involving the
amine group is also a possibility. The excitatiand emission spectra of the
Th(DO3A)(SUY" complex are more than an order of magnitude Iawentensity than
the corresponding DO2A spectra (Figure 5.5), intthgathat the SU ligand does not bind
with much affinity to the Tb(DO3A) complex. Thisay corroborate either the tridentate
chelation motif or a bidentate mode with a sigmifit amount of steric bulk around the
binding site, as apparently two adjacent bindingsson the lanthanide are not sufficient
for SU ligation. Only the Th(DO2A)complex, which has three linear adjacent binding

sites available on the Thcation, is able to accommodate the SU ligand.

5.2.3 Binding Studies and Stability

Experimental Section

Materials. The following chemicals were purchased and usedeasived:
CAPS (N-cyclohexyl-3-aminopropanesulfonic acid) buffer fgAlAesar), CHES N-
cyclohexyl2-aminoethanesulfonic acid) buffer (Alfa Aesar), MBE®nohydrate Z-(N-
morpholino) ethanesulfonic acid monohydrate) buffétfa Aesar), sodium acetate
trinydrate (Mallinckrodt), sodium hydroxide (NaOl% in water) (Mallinckrodt Baker),
TAPS  (N-tris(hydroxymethyl)methyB-aminopropanesulfonic acid) buffer (TCI

America), terbium(lll) chloride hexahydrate (Alfaefar) and SU (salicyluric aci@;
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hydroxyhippuric acid) (Acros Organics). The Th&&alt was 99% pure, all buffers were
at least 98% pure and SU was 97% pure. DO2A wegaped as previously described
(Section 2.2.1). Water was deionized to a resigtof 18.2 MQ-cm using a Purelab®
Ultra laboratory water purification system.

Methods. All samples were prepared in triplicate to a fimalume of 3.50 mL in
disposable acrylate cuvettes (Spectrocell) with &ni path length. Luminescence
spectral analysis was performed by a Fluorolog félsence Spectrometer with a 350-
nm colorless sharp cutoff glass filter as previguscribed (Section 5.2.2). Integrated
intensities are evaluated over 534-554 nm. Thatisol pH was measured using a
calibrated handheld 1Q150 pH/mV/temperature meterQ. Scientific Instruments,
Loveland, CO) following data collection. BecaudeStJ intrinsic luminescence, all
integration values are reported after emissiontspexe fit and then subtracted to a SU
agueous solution to isolate the bound Th-SU signal.

Binding studies. A method of continuous variations was used terda@ne the
binding stoichiometry for the Th/DO2A/SU systemangples were prepared in 0.1 M
TAPS buffer (pH 8.4) with the concentrations of 8itid SU varying inversely from O to
120 uM in 10 uM increments, and the concentration of DO2A mairgdi at 5S00uM.
Emission spectra were obtained following 1-3 hadirsquilibration time.

pH dependence study. Solutions of 10@M Th(DO2A)(SU) were prepared in 0.1
M buffer with five-fold excess DO2A to ensure fiilb complexation. Four buffers were
used: MES (pK = 6.1), TAPS (pK = 8.4), CHES (pK= 9.3) and CAPS (pK= 10.4),

with pH adjustment to within 0.1 of the pkalue using 50% NaOH added dropwise.
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Sodium acetate trihydrate, 0.2 M, was also usethantain a pH of 7.5. Emission

spectra were obtained after 15 min, 18 hrs andyS.da

Results and Discussion

A method of continuous variations indicates anroptibinding stoichiometry of
about 1:1 for Tb and SU with DO2A in excess (Figbr@). We can therefore conclude
that SU binds to Th(DO2A) to form the Tb(DO2A)(SU)complex. However, the
curvature of the Jobs plot may indicate lower gsitgbihan anticipated of the ternary
complex. This can be mitigated by working in all@gconcentration regime.

To optimize conditions for detection of SU in coewimatrices, a pH dependence
study was performed from pH 6.1 to 10.6. Resultlicate that the Th(DO2A)(SU)
complex is most stable in neutral to slightly baaditions, with pH 8.4 optimal (Figure
5.7). This is consistent with the pialues reported for SU (3.34 and 78Buggesting
that the SU ligand must be at least partially deprated for effective terbium binding
and efficient energy transfer. Experiments indicdiat the Tb(DO2A)(SUxomplex is
unstable after 24 hours, as evidenced by a signifitoss of signal. Reproducibility is

conserved if samples are analyzed within 5—6 holsslution preparation.

5.2.4 Calibration Curve and Limit of Detection

Experimental Section

Materials. The following chemicals were purchased and usedeasived:
TAPS (N-tris(hydroxymethyl) methyB-aminopropanesulfonic acid) buffer (TCI

America), terbium(lll) chloride hexahydrate (Alfaefar) and SU (salicyluric aci@;
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hydroxyhippuric acid) (Acros Organics). DO2A waared as previously described
(Section 2.2.1). Water was deionized to a resigtof 18.2 MQ-cm using a Purelab®
Ultra laboratory water purification system. Uriwas collected from healthy volunteers,
with unmarked samples chosen at random from an@aaple set for analysis within 24
hours of donation. Samples were kept refrigerateti°C until use.

Methods. All samples were prepared in triplicate to a lfimalume of 3.50 mL in
disposable acrylate cuvettes (Spectrocell) with &nmi path length. Luminescence
spectral analysis was performed by a Fluorolog félsence Spectrometer with a 350-
nm colorless sharp cutoff glass filter as previguscribed (Section 5.2.2).

Urine samples were spiked with SU over a range f@erh50uM. An aliquot
from each spiked sample was diluted into a preldgaied solution containing 5 mM
Tb(DO2A) in 0.1 M TAPS buffer (pH 8.4) in various volumesd the emission spectra
obtained within 1 hour of dilution. Intrinsic SUubrescence was eliminated from the
emission spectra using a fitting algorithm, and lHrgest terbium emission peak at 544
nm was integrated and normalized to an externaldstal. A linear regression model
was used to determine the endogenous SU concentratieach donated sample by
setting the y-intercept to the integrated intensity5 mM Tb(DO2AJ alone (), and
solving for an endogenous SU concentration [gl$uch that the correlation coefficient

(R?) is optimized to near unity (equation 5.1).
Iobs = C |:qSU]spike + [SU]end) + I0 [51]
In this model, Jys is the observed integrated intensity of the spikathple in 5 mM

Th(DO2A)", [SU]spike is the concentration of SU added to the sampld, Gris the

calibration constant, in units of cps/(M). It was empirically determined from these
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experiments that a sample dilution factor of 1:3%@duces a linear, reproducible
correlation between SU concentration and emissidansity that is independent of
donor. A calibration curve was generated from ttata set, and can be applied to any
urine sample to determine SU concentration.

The limit of detection (LOD) for SU in urine waseidtified for a signal to noise
ratio of 3:1. An average noise value was obtafn@eh an emission spectrum used in the
calibration curve Xem = 544 nm); this was multiplied by the S/N raticdeeddded to the
background intensity Mm = 542 nm) for a 5 mM Tb(DO2A) control solution.
Integration of the Th(DO2A)(SU) emission spectrutjuated to this value resulted in an
SU concentration obtained from the constructedcatiion curve that corresponds to the

limit of detection for this assay.

Results and Discussion

To determine the efficacy of SU detection using Th¢DO2A)" receptor site in
body fluids, urine samples provided by healthy demeere used to generate a calibration
curve and calculated a limit of detection. Siggaknching was observed with high
concentrations of urine, probably due to compaetitioth other ions or loss of emission
signal due to the high absorptivity of the sampleBilution of the sample while
maintaining a high concentration of Tb(DOZ2A%-5 mM) eliminated this problem and
produced results similar to those obtained in agseswlution (Figure 5.8). A dilution
factor of 1:350 allows for reproducibility over tlemtire sample set tested. Using this
dilution factor, a calibration curve was constractesing spiked SU urine samples from

three separate donors, with a correlation coefficreear unity (Figure 5.9). Assuming a
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signal-to-noise ratio of 3:1, a limit of detectifirtOD) for this assay was determined to be
0.027uM SU in the diluted samples, which correspondsndsé concentration of 9.4

uM in urine or approximately 1.8 mg/L. For a firstration of an SU receptor site, this
value is already in the range of highly specialigetection methods such as HPLC or

capillary electrophoresis, and can be performeafiaction of the time.

5.2.5 Aspirin Study

Experimental Section

Materials. TAPS (N-tris(hydroxymethyl) methyB-aminopropanesulfonic acid)
buffer (TCI America, Portland, OR) and terbium(ldhloride hexahydrate (Alfa Aesar)
were purchased and used as received. DO2A wasneeem@ms previously described
(Section 2.2.1). Water was deionized to a resigtof 18.2 MQ-cm using a Purelab®
Ultra laboratory water purification system. Urinellected from a healthy anonymous
volunteer was kept refrigerated at 4 °C until use.

Methods. All samples were prepared in triplicate to a fimalume of 3.50 mL in
disposable acrylate cuvettes (Spectrocell) with &ni path length. Luminescence
spectral analysis was performed by a Fluorolog félsence Spectrometer with a 350-
nm colorless sharp cutoff glass filter as previgugscribed (Section 5.2.2).

Samples were collected from a healthy anonymousinveér before and
following two self-medicated aspirin regimens. Tdubject took 81 mg of aspirin every
6 hours for a total of 24 hours, and provided aeisample 4 hours after the final dose.
The process was repeated again with a 325-mg reginioth regimens were within

recommended low-dose ranges for stroke and myadardarction preventiofi. A 10-
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uL aliquot of each sample was diluted 1:350 into-g@qeilibrated 5.0 mM Tb(DO2A)in
0.1 M TAPS (pH 8.4). Emission spectrigx(= 316 nm) were obtained following 1

minute of thorough mixing.

Results and Discussion

As a proof-of-concept, we obtained urine samplesnfra healthy anonymous
volunteer on a low-dose aspirin regimen. We sigfog detected an increase in
luminescence intensity that tracked with the twpiras dosage aliquots of 81 mg or 325
mg, indicating an increase in SU elimination in thine (Figure 5.10). The intensity of
the intrinsic SU luminescence band (419 nm) is mloher relative to the terbium
emission peaks for this experiment. We attriblie decrease to absorption by other
species in solution in this region. The unprediletachange in intensity of this band,
which varies significantly between donors, emphasithe problems associated with
using SU luminescence alone for concentration detation and reinforces our

technique of using sensitized lanthanide lumineseehat is specific for SU.

5.2.6 Conclusion

We have demonstrated a first-generation SU recepit@ composed of a
lanthanide reporter chelated to a selective mactmcyigand. Preliminary results
suggest a high degree of selectivity for SU, eweraimatrix as complex as urine.
Complete sample preparation and analysis can berped within 5 minutes. This SU
detection assay represents a proof-of-concept Her design and implementation of

lanthanide-macrocycle receptor sites with high ety and selectivity for a target
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biomolecule. Further optimization of the macroeyl adding or substituting functional
groups to modify the electrostatics and stericthefTb receptor site should enhance SU
binding and improve the limit of detection by aadean order of magnitude. Such an
improvement would make this type of SU detectiorrergensitive than all other reported
techniques, in addition to being more rapid and-effective.

Spectroscopic determination of salicylurate by iterbmacrocycle complexes
has three advantages: (1) rapid detection and ifjgation, (2) low cost and (3)
capability of automation. We anticipate applicataf such a straightforward method for
in-line monitoring of SU, possibly via an automaisthaderized system. Salicylurate
levels in the bloodstream could also be determumgdg sufficiently selective terbium

complexes, though further experimentation is resglir

5.3 SalicylicAcid
5.3.1 Introduction

Salicylic acid, named after the willow tregalix genus) from whose leaves and
bark it was originally obtained, is the primary admtlite of aspirin. As stated in Section
5.2.1, acetylsalicylic acid (ASA) of aspirin is rdly hydrolyzed upon ingestion to
salicylic acid (SA), which is later converted tdisgurate (SU) and other compounds.
Salicylic acid itself also has many applicationg do its keratinolytic effects and ability
to affect metabolic process&&scommon uses include food preservation, acne meatica
and topical treatment of fungal skin infectidhs?® Further, SA sensitivity can cause

ototoxicity (hearing loss) and metabolic acidosisome individual§® *°
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Salicylic acid can be toxic when taken in large ed35 The recommended
therapeutic level in plasma is around 150-300 m¢@A intoxication symptoms can start
to appear at 300 mg/L plasma concentration, andreantoxication, including acidosis
and tetany (involuntary muscle contraction) caruoat levels above 500 mg?t. Many
methods for the detection of salicylic acid haverbeeported, including colorimetrig,
fluorimetric>* >° chromatographf® °°® and voltametri¢’ assays. The simplest and
most cost-effective method is the Trinder testwihich salicylate binds to Eé to
produce a purple complex which can be quantifiedopyical density (530 nnff.
However, this technique suffers from poor selegtiaind false positive¥.

As described in Section 5.2.1, current methodsetéation for salicylates are too
slow, too expensive, or have poor detection limigsdditionally, most involve sample
pretreatment, such as extraction, derivatizatiopreconcentration steps prior to analysis.
Salicylate can form chelate compounds with metas,javith most stability constants in
the micromolar range (log K = 5.5 to 7.0) in neautnal conditions; the notable
exceptions are Cil (log K = 10.6) and F& (log K = 16.4)°> This propensity to
effectively bind divalent and trivalent ions maksalicylic acid an ideal candidate for
detection methods involving complexation to lanidaes. The triplet excited state of
salicylic acid (23,041 cih*® lies in the optimal energy transfer region to efifely
sensitize the terbium cation (20,5008 As a result, assays involving SA detection in
serum using the Tb(EDTA) binary complex have bempgsed, with limits of detection
in the micromolar range at high gH® These involve second derivative scanning

fluorescence spectrometry or purification using il@y electrophoresis. Another
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method involving micelles claims a subnanomolaedg&bn limit, although this was for
pure salicylic acid in buffered aqueous solution.

Due to the kinetic and thermodynamic stability aharocyclic ligands and our
previous success in receptor site design involamghanide-macrocycle complexes, we
plan to explore cyclic chelating ligands in theettibn of SA and compare these to
results obtained with EDTA. A neutral terbium cdexpof a DO3A derivative with a
pendant 15-aza-crown-5 substituent has also baerdfto chelate salicylic acid with a
binding affinity in the millimolar range (log K= 3.9 + 0.2) in 0.1 M Tris buffer, pH
7.4%% We believe we can substantially enhance the bindifinity for salicylate with
judicial choice of chelating macrocycle and shitithe pH to more basic conditions
where the salicylate is fully deprotonated (Tablg)58" ® We will use a screening
protocol to determine the optimal chelating ligamthether cyclic or acyclic, that when

combined with terbium produces the most effecteeeptor site for salicylate.

5.3.2 Photophysics and Ligand Screen

As with the salicylurate system (Section 5.2) fhetophysics of salicylate are
more complex, owing to the phenomenon of excitatesintramolecular proton transfer
(ESIPT) from the phenol to the proximal carboxyliety during tautomerization of the
photoexcited SA structur&*® *2 We will explore the effect of lanthanide chelation
the intrinsic luminescence of salicylic acid.

Several macrocyclic ligands of varying denticityeXh- to octadentate) will be
used to generate Tb(ligand)(SA) ternary complexesighly basic conditions. The

screening protocol will involve obtaining excitatiand emission spectra; the optimal SA
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receptor site complex should produce the greatesinkescence intensity for a given
concentration. Salicylic acid is also light-sensit so a photodegradation study will be

performed as well.

Experimental Section

Materials. The following chemicals were purchased and usedeaeived:
CAPS (N-cyclohexyl3-aminopropanesulfonic acid) buffer (Alfa Aesar), ESl (N-cyclo-
hexyl-2-aminoethanesulfonic acid) buffer (Alfa Aesar), D®TL,4,7,10-tetraazacyclo-
dodecanet4,7,10-tetraacetate) (Macrocyclics), EDTA (ethylenediagt@traacetic acid)
(Aldrich), sodium hydroxide (NaOH 50% in water) (Niackrodt Baker), sodium
salicylate (NaSA, sodiun®-hydroxybenzoic acid) (Fisher) and terbium(lll) ahte
hexahydrate (Alfa Aesar). All lanthanide salts &80.9% pure and all other salts were
97% pure or greater. Water was deionized to astrey of 18.2 MQ-cm using a
Purelab® Ultra laboratory water purification systemO2A was prepared as previously
described (Section 2.2.1). DO3A was prepared egquisly described (Section 5.2.2).

Methods. All samples were prepared in triplicateder a red light from stock
solutions to a final volume of 4.00 mL in disposahtrylate cuvettes (Spectrocell) with a
1 cm path length andtored in the dark at room temperature prior to analysis.
Luminescence spectral analysis was performed by laordtog Fluorescence
Spectrometer with a 350-nm cutoff filter as prewlgudescribed (Section 5.2.2). The
solution pH was measured using a calibrated haddi@E50 pH/mV/temperature meter

(I. Q. Scientific Instruments).
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Spoectroscopy. Cuvettes of 10.uM SA, Tb(SA) and Th(ligand)(SA), where
ligand is EDTA, DO3A or DOTA, were prepared in MLMOPS buffer (pH 7.5) and
0.1 M CAPS buffer (pH 10.0). All Tb(ligand) compks were pre-equilibrated for at
least 2 weeks prior to use. Absorbance measuremere made using a Cary 50 Bio
UV/Visible Spectrophotometer (Varian, Inc., Palotddl CA) following 1 hour
equilibration time. Excitatiom\(m = 544 nm) and emissioid = 314 nm) spectra were
also obtained following 1 hour of equlibration.

Ligand screen study. Cuvettes of 1.uM SA and either 10QuM or 1.0 mM of
Tb(ligand), where ligand is EDTA, DO2A, DO3A or DATwere prepared in 50 mM
CAPS or CHES (DO2A only) buffer, pH 12.5. All Tignd) complexes were pre-
equilibrated for at least 2 weeks prior to usecitation .em = 544 nm) and emissiofg
= 326 nm) spectra were obtained following 1, 24,3, 24, 48 and 72 hours equilibration
time.

Photodegradation study. A cuvette containing 1.uM SA and 1.0 mM
Tb(EDTA) at pH 12.5 (adj. with 50% NaOH added drag®y, was prepared and stored
in the dark at room temperature for 5 days. Lusteace emission spectra were
obtained after this storage period for time poiot0, 15, 17, 19, 21, 23, 25 and 27
minutes. Spectra were integrated from 530-560and,the percentage of intensity lost

was calculated from an initial scan of the cuvafter 1 hour equilibration time.

Results and Discussion

Absorption spectra at pH 7.5 and pH 10.0 do notwsany shift upon addition of

Tb** or any Th(ligand) complex, where ligand is EDTAQBA or DOTA (Figure 5.11).
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This supports previous reports that pH conditionstioe near or above the second, pK
value of SA (13.62) in order for the lanthanidedisplace the phenolic hydrogen and
provide for bidentate chelation. At pH 12.5, eatidn spectra (Figure 5.12) show two
populations in solution, one with a broad band ) 4m {.x = 296 nm) and the other
with the characteristic terbium emission profilex(= 318 nm). The 419-nm band is
assigned as the excited-state intramolecular protorsfer (ESIPT) transition. The red
shift of approximately 20 nm upon complexation efpbtonated SA with the terbium
binary complex is consistent with that reportedgevious studies.

Emission spectra indicate that the Th(EDTA)(SApmplex exhibits the greatest
luminescence intensity compared to the analogou2 A)M@O3A and DOTA complexes
(Figure 5.13). This is intriguing, as we anticghtthe macrocyclic ligands to perform
better than the acyclic EDTA ligand. The macrocyligands have greater binding
affinities for terbium than EDTA (Table 5.23,%% ®’and should therefore stabilize*ftin
highly basic conditions to a greater degree, redugrecipitation of the terbium
hydroxide species. Secondly, in this high pH regithe EDTA ligand should have a -4
charge (Table 5.3f meaning the Th(EDTAYinary complex isiegatively charged. The
doubly-deprotonated SAligand is therefore binding to a binary complexespective of
electrostatic attraction or repulsion. Perhapsgé@metry of the open coordination sites
on the lanthanide are not in the correct orientafmr the hexadentate DO2A and the
heptadentate DO3A. Maybe with the flexible natof¢he EDTA ligand, it is more able
to accomodate the sterics of the SA analyte. dthbeen noted by previous authors that it
is impossible to explain spectroscopic behavioEofand Tb salicylates by position of

the triplet levels alon® There could be a more complex mechanism at werke.h
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Regardless, the Th(EDTADinary complex appears to be the optimal recegterfor the
detection of salicylic acid.

The photodegradation study revealed that the TREBA)*> complex shows no
loss of signal over a period of 5 days if the samglprepared under a red lamp and kept
in the dark. However, emission intensity droppg@#% following 30 minutes of nearly
constant UV exposure in the fluorescence spectmmiétemission scans, approximately
3 minutes of exposure per scan). We will theretametinue to prepare all samples under

minimal light exposure and store them in the dark.

5.3.3 Binding Studies and Stability

With the Tb(EDTA) complex established as the optimal SA recepter sie will
explore the stability of the ternary Tb(EDTA)(SA)omplex via Jobs method of
continuous variations and a pH dependence studye tB the high pH regime, the BAC
assay will not be attempted due to the high prdglief terbium hydroxide formation and

precipitation.

Experimental Section

Materials. The following chemicals were purchased and usedeasived:
CAPS (N-cyclohexyl3-aminopropanesulfonic acid) buffer (Alfa Aesar), E& (N-
cyclohexyl2-aminoethanesulfonic acid) buffer (Alfa Aesar), E®Tethylenediamine-
tetraacetic acid) (Aldrich), MOPS3{N-morpholino)ethanesulfonic acid) buffer (Alfa
Aesar), sodium hydroxide (NaOH 50% in water) (Matkrodt Baker), sodium salicylate

(NaSA, sodium2-hydroxybenzoic acid) (Fisher), TAP8I-(ris(hydroxymethyl) methyl-
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3-aminopropanesulfonic acid) buffer (TClI Americagridium(lll) chloride hexahydrate
(Alfa Aesar) and Tris (tris(hydroxymethyl)aminomatte) hydrochloride buffer (J. T.
Baker). The TbGlsalt, EDTA and NaSA were all 99% pure or greaded all buffers

were at least 97% pure. Water was deionized tessstivity of 18.2 M2-cm using a

Purelab® Ultra laboratory water purification system

Methods. All samples were prepared in triplicate to a lfimalume of 4.00 mL in
disposable acrylate cuvettes (Spectrocell) with &ni path length. Luminescence
spectral analysis was performed by a Fluorolog félsence Spectrometer with a 350-
nm colorless sharp cutoff glass filter as previpudescribed (Section 5.2.2). The
solution pH was measured using a calibrated haddi@E50 pH/mV/temperature meter
(I. Q. Scientific Instruments) following data catteon.

Binding studies. A method of continuous variations was used terda@ne the
binding stoichiometry for the Tb/EDTA/SA systeman¥les were prepared in 50.0 mM
CAPS buffer (pH 13.5) with the concentrations ofdra SA varied inversely from 0 to
120 uM in 10 uM increments, and the concentration of EDTA maimgdi at 1.00 mM.
Emission spectrai{x = 314 nm) were obtained following an equilibratiome of 24
hours.

pH dependence study. Solutions of 1.0uM Tbh(EDTA)(SA) were prepared in
50.0 mM buffer with 1.00uM SA and 500uM Tb(EDTA) to ensure complete SA
complexation. Five buffers were used: MOPS (pK7.2), TAPS (pK = 8.4), Tris
(pKa = 8.1), CHES (pK = 9.3) and CAPS (pK= 10.4), with pH adjustment to 0.5
increments from 7.0 to 14.0 using 50% NaOH addeghwlise. Emission spectrac{ =

314 nm) were obtained after 1 hour equilibratiometi
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Results and Discussion

Many attempts were made to crystallize the Th(EWBA)* ternary complex,
using various counterions (TBANa', NH;") and solvents (nanopure water, methanol,
ethanol, 2-propanol, acetone, acetonitrile, ammonium hydrexahd diethyl ether).
However, the only crystals obtained were of Th(EDT™NaOH-2HO (Section 3.2.2).
This is most likely due to either the low stabilibf the ternary complex or the
photodegradation of the SA ligand over the crystation period.

Binding studies indicate that the $Agand binds in a 1:1 ratio to the Th(EDTA)
binary complex at high pH (13.5), confirming forioat of the Th(EDTA)(SAY ternary
complex (Figure 5.14). As with the SU case (SecE@®.3), the nonlinearity of the Jobs
plot may indicate lower stability of the ternaryngplex. Due to the high pH regime and
the high pK,; of salicylate, this may be due to (1) competingildaria of the formation
of Tb(OH), and (2) the presence of a population of Sfecies that is not fully
deprotonated and unable to chelaté Thrhe intrinsic SA luminescence band at 419 nm
can be used as an internal standard of protona&edddcentration (Figure 5.15).

As expected, the pH dependence study reveals h#ey sensitized terbium
luminescence until the SA ligand is fully deprottath (Figure 5.16). Further, as the
luminescence of the Th(EDTA)(SA)increases with pH, the intrinsic SAkminescence
due to ESIPT decreases (Figure 5.17). This cosfitimat lanthanide chelation occurs
following deprotonation of the phenol hydrogen ba 8A ligand, and therefore the SA
species must be binding to the Tb(EDTApmplex in a bidentate fashion with the

carboxylate and phenolate oxygens.
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5.3.4 Conclusion

Our investigation into the detection of salicylatsing lanthanide binary
complexes validated the results of other studieshat the Th(EDTA)complex proved
to have the greatest binding affinity for the SAigand at high pH. The fully
deprotonated salicylate analyte chelates to théhdaide ion via the phenolate and
carboxylate oxygens in a bidentate manner, alloidngnergy transfer to the Thunder
UV excitation at 314 nm through the AETE mechanismt. is interesting that the
macrocyclic ligands did not perform nearly as wadlthe acyclic EDTA ligand in this
case, despite their greater binding affinities tfee T ion and higher thermodynamic
stabilities. It is possible that the rigidity dfeise macrocycles may impede SA binding
due to steric effects, or perhaps the EDTA and i§Ankds are in the proper orientation
around the terbium cation to allow for intramoleguinteractions that are not accessible
using DO2A or DO3A. Further exploration of thisstsm, including targeted
substitutions, molecular modeling and DFT calcolati, may provide insight into the

unexpected binding preferences of this biologicedhgvant aspirin metabolite.

5.4 Catecholamines
5.4.1 Introduction

We now shift our focus to another interesting grafparomatic anions, the
catecholamines (CAs). These ‘fight-or-flight’ haynes are part of the sympathetic
nervous system, and are released by the adrenablsgylin response to streSs.

Catecholamines are produced from the amino acidnyalanine and tyrosine, and
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contain thel,2-dihydroxybenzene (catechol) group and either ana@ny or secondary
amine group. Biosynthesis of catecholamines staitis the production of dopamine
from L-tyrosine, which involves conversion to L-gidroxyphenylalanine (L-DOPA) by
tyrosine hydroxylase and conversion to dopaminengusDOPA decarboxylase.
Epinephrine and norepinephrine require further eosion steps using dopamitfe
hydroxylase, a copper cofactor and phenylethanolahimethyltransferas€'

Catecholamines are water-soluble and circulatberbtoodstream with a half-life
of approximately 3 minute$. Overstimulation and/or damage of the brainstemiaiu
can lead to catecholamine toxicity. This can dsocaused by pheochromocytoma,
neuroendocrine tumors in the adrenal medulla, ancirmid syndrome (carcinoid tumors
in the gastrointestinal tract and/or lungs). CRic¢ay can also be caused by a deficiency
in monoamine oxidase A, which is normally respolesitor the degradation of CAs.
High levels of CAs have been associated with varidunctional and degenerative
cardiovascular disorders, such as angina pectoagerial hypertension and
atherogenesi§ Decreased dopamine levels have been linked tirRan’s disease and
ADHD, while elevated levels can cause mood swingychosis and other neurotic
disorders’*™ Increased levels of epinephrine (when contropleberly) can help the
body reduce negative allergenic responses and eegfenlost liver cell functions: "®
Thus, rapid detection of catecholamines in blood @mne can provide vital information
regarding various medical conditions that might iaidnore efficient diagnosis or more
effective treatment.

Current methods of detection for catecholaminesbimlogical fluids (urine,

plasma and serum) involve chromatographic separatioupled to either electro-
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chemical® 2 or fluorescence-bas¥dtechniques. However, most fluorescence-based
methods rely purely on the native fluorescenceatécholaminesi{x ~ 280 nmAem ~

310 nm)®? which has a short Stokes shift and makes it diffito distinguish between
different CAs. Others involve pre- or post-colunderivatization with various
fluorophores, such as naphthaléh@-dicarboxaldehyd®& 1,2-diphenylethylene-
diaminé®  or fluorescamin&® These all require time for separation using espen
instrumentation, and are not feasible for CA débecin situ on the necessary time scale
of 3 minutes.

Catecholamines coordinate to Cu(ll), Co(ll), Ni{lMn(Il) and Zn(ll) via the two
phenolic hydroxyl group¥®” 8 CAs have also been reported to complex’ Alith
submicromolar affinity (Table 5.4), though citrated ATP can interferg. When bound
to Y3, C&" or L&, the catecholamine still coordinates through the phenolic groups
at neutral pH, but one of the two groups remaimsgorated® ' We therefore anticipate
chelation to lanthanides at high pH where bothhef phenol groups are deprotonated,
allowing for bidentate coordination to the¥'ration.

We will investigate the potential of lanthanide qudexes to detect
catecholamines, specifically dopamine (DA), epinemh(Epi) and norepinephrine (NE)
(Figure 5.1). The triplet energy levels of theechnlamines (23,800 to 24,000 ¢ lie
in the appropriate range for efficient energy tfango the®D, energy level of TH
(20,500 cn).?® Previous work using the Th(EDTAromplex following capillary
electrophoresis has reported detection limits endfder of 0.1uM for catecholamines
(DA, NE, Epi and others¥ However, the EDTA ligand in this case was onlgdiso

reduce terbium precipitation in basic conditiond (i), and not as a helper ligand with a
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tailored binding site specific for the catecholaeiof interest. We hope to use
lanthanide(macrocycle) complexes to this aim, angid¢apillary electrophoresis or other
purification/separation techniques, and attainirggtds limits of detection in a much

shorter time period for these biologically relevanalytes.

5.4.2 Spectroscopy

Due to the high pk of the phenol hydrogens for catecholamines (TatlE™ %

we will be working in very basic conditions to ensueprotonation of these hydroxyl
groups and promote lanthanide complexation. Intaddto dopamine, epinephrine and
norepinephrine, we will also use catechol (Catnalas a control species, to ensure
deprotonation of the two hydroxyl species and bidenchelation to the lanthanitke.
We will perform a ligand screen using various Tdghd) complexes, where the ligand is
EDTA, DO2A, DO3A or DOTA, to determine the optimhinary complex for CA
chelation. The ligand should prevent precipitatdthe terbium as Th(OHl)n this high

pH regime and allow effective binding of the CA Bt& We anticipate that DO3A,
which binds in a heptadentate fashion and leavasesfor one bidentate chelator on the

Tb** ion, should be the best ligand for CA complexation

Experimental Section

Materials. The following chemicals were purchased and usedeasived:
CAPS (N-cyclohexyl-3-aminopropanesulfonic acid) buffer fgAlAesar), catechol (bis-
benzenediol,1,2-dihydroxybenzene) (TClI America), dopamine hydrocide @-(3,4-

dihydroxyphenyl)ethylamine hydrochloride) (Alfa As$ DOTA (@,4,7,10-tetraaza-
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cyclododecands4,7,10-tetraacetate) (Macrocyclics), EDTA (ethylenediagté@traacetic
acid) (Aldrich), L-epinephrine (L-adrenaline) (Alf@Aesar), norepinephrine (L-
noradrenaline) (Alfa Aesar), sodium hydroxide (Na®B% in water) (Mallinckrodt
Baker) and terbium(lll) chloride hexahydrate (Alh@sar). The TbGlsalt and CAPS
buffer were 99.99% pure and all CAs were at le&8% $ure. DO2A was prepared as
previously described (Section 2.2.1). DO3A wasppred as previously described
(Section 5.2.2). Water was deionized to a resigtonf 18.2 MQ-cm using a Purelab®
Ultra laboratory water purification system.

Methods. All samples were prepared to a final volume &04mL in disposable
acrylate cuvettes (Spectrocell) with a 1 cm patigile. Catecholamine stock solutions
(4.0 mM) were kept refrigerated (4 °C) in the darkil use. Tb(ligand) stock solutions
(4.0 mM, pH 7.5) were allowed to equilibrate fowgek before use to ensure complete
lanthanide complexation. Luminescence spectrdlyaisawas performed by a Fluorolog
Fluorescence Spectrometer with a 350-nm colorleaspscutoff glass filter as previously
described (Section 5.2.2). The solution pH was sueal using ColorpHa3t pH
indicator strips (EMD Chemicals) following data leattion.

It should be noted that many catecholamines aigt-fignsitive, and must be
prepared and stored carefully to prevent degradatioNorepinephrine is the most
sensitive to light. Fresh NE solutions will havebeownish color (depending on
concentration), and should be refrigerated or pably frozen for storage. Epinephrine
solutions should be clear; upon degradation, widichrefrigerated samples can take a

few weeks, the solution will turn pink and thenwro Dopamine is less soluble, and
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makes clear solutions. As with NE, there is naaisndication when DA solutions have
started to degrade, so it is recommended theyrapaped fresh for each experiment.
Cuvettes of 10.uM CA (Cat, DA, Epi or NE) and 1.0 mM of Tb(ligandyhere
ligand is EDTA, DO2A, DO3A or DOTA, were preparad 50 mM CAPS buffer, pH
13.5 (adj. with 50% NaOH added dropwise). Exdiatirem = 544 nm) and emission

(hex = 255 nm, 290 nm) spectra were obtained followliigour equilibration time.

Results and Discussion

Excitation spectra of the Tb(ligand)(CA) compleXésure 5.18) illustrate one
band near 255 nm and another centered around 290+29 The former is assigned as
the singlett — =* transition L (in the notation of Plaf}) of the catechol dianion (256
nm).2” while the latter is consistent with thg fransition of the catechol dianion, which is
red-shifted from 308 nm to 290 nm when bound to etafii® The Th(DOTA)(CA)
spectra all exhibit the sharp bands of the**Tbxcitation spectrum, as expected
considering the high concentration of terbium (1®l) and the exclusion of all but one
water from the lanthanide coordination sphere. &bof the catecholamines (DA, Epi
and NE), the excitation intensity of the Tb(ligaf@h) complexes was of the order
DO2A > EDTA > DO3A ~ DOTA. For catechol (Cat), tbeder was slightly different:
DO2A > DO3A ~ DOTA > EDTA. It should be noted thfr all four analytes,
precipitation was observed in the DO3A and DOTAaites, so we will focus on the
EDTA and DOZ2A ligands for our analysis.

Emission spectra were obtained at boghy values (255 and 290 nm) seen in the

excitation spectra, but as the intensities obtafoeaxcitation at 255 nm were about an
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order of magnitude greater, we will focus on thepectra (Figure 5.19). In all cases
except dopamine, the Tb(DO2A)(CA) complex had theatest luminescence intensity.
Due to the intense excitation spectrum for the T®2B)(DA)  complex, we believe the
extremely low intensity of the emission spectrum tfus complex is in error, possibly
due to the slits of the fluorescence spectromefgenimg improperly. As these
measurements were not performed in triplicate,elsgsectra should be collected again
under the same conditions before conclusions cairdven for dopamine.

For the other three analytes studied (catechohepprine and norepinephrine),
the emission spectral profiles for the Th(DO2A)(Cmplexes are all very similar, as
are the splittings of all four TO(EDTA)(CA) emissigpectra. Since the Stark splitting of
the emission bands is indicative of the compositmd geometry of the lanthanide
coordination sphere, this suggests that these ligaeds chelate to the Thcation in the
same fashion for a given Tb(ligand) binary compl&he excitation spectra indicate that
these are all the catechol dianion species, aneftire bidentate coordination via the
deprotonated hydroxyl moieties is the most likelpda of binding. The relative
intensities of the Th(DO2A)(CA) spectra indicatattlepinephrine and norepinephrine
coordinate with slightly greater affinity than cetel. We attribute this to the electron-
withdrawing effects of the substituents on the o side of the ring from the
dihydroxy binding site.

It is interesting that only the binary complexeshahexadentate ligands (EDTA
and DO2A) showed any significant binding for aldéntate catecholamines examined.
Although this may be simply a result of poor soliipiof the Tb(DO3A) complex in this

pH regime, there may be steric factors involvedwvadl. Perhaps the two remaining
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coordination sites available on the Tb(DO3A) complare not in the correct
configuration to accommodate the dihydroxy catedagle of the analyte. A steric
argument could also explain why the DO2A ligangrisferred over EDTA; though both
have three adjacent binding sites available foraBélation, they are arranged in a linear
pattern for Th(DO2A) and in a triangular pattern for To(EDTA) This preliminary
analysis implies that further experimentation icessary to understand the complex
relationship between ligand denticity, binding si@ometry and catecholamine binding

affinity.

5.4.3 Conclusion

Though we have only begun to explore the potemtidanthanide(macrocycle)
complexes in the detection of catecholamines, wee hastablished through simple
spectroscopic analysis that DO2A is superior to pieviously proposed EDTA in
forming a luminescent Tb(ligand)(CA) complex at thigH. Future work such as
evaluation of catecholamine binding affinities difdtime measurements to determine
the hydration numbers of the Tb(ligand)(CA) comelexvould help significantly in our
understanding of this system. Luminescence intiesswould be further improved by
degassing these samples and working under inedsgimere to avoid oxidation of the

catecholamines and related compounds.
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5,5 Concluding Remarks

We have demonstrated the versatility of Tb(ligahi)ary complexes in the
detection of various salicylates and catecholaminssng sensitized lanthanide
luminescence. Both cyclic (DO2A) and linear (EDTéh)elators can be utilized to
generate a receptor site with increased stabiliy greater affinity for the analyte of
interest. In each case, finding the optimal mdtetween lanthanide complex and target
analyte is not always intuitive; indeed, all bideet analytes explored here were most
compatible with hexadentate ligands, which leavietwo but three sites available on the
nine-coordinate lanthanide ion (Table 5.5). Themaaisms that govern optimization of
effective ligand-analyte pairings remain to be mElated, though binding site geometry,
interligand interactions and electron density pddtions on the central lanthanide are
likely contributing factors.

The use of a helper ligand for analyte detectidard$ several advantages over
lanthanide ions alone. The ligand stabilizes tamlex over a wider pH range, allowing
for detection even in very basic conditions, whgloften required for analytes that must
be fully deprotonated to bind effectively (i.e., d CAs). The chelating ligand also
prevents the coordination of multiple analyte maoles to the same lanthanide, and
therefore establishes a linear correlation betwleemnescence intensity and analyte
concentration. In addition, use of these ligandsvipes greater options for sensor
specificity and design, in that modifications canibcorporated for enhanced interligand
interactions or tethering the complex to a solidsttate.

We anticipate further development of lanthanideabincomplexes as receptor

sites for aromatic anions, with the ultimate goglgenerating highly specific sensors
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capable of sensitive detection in matrices suclerasronmental samples or biological
fluids. The possibility of using several lanthasvolased receptor sites simultaneously
then becomes possible. For instance, as saliagittis broken down into salicylurate in
the liver, the ratio of SA to SU could be an e#iti method to monitor liver health and
function. A dual assay could be envisioned usib@DD2A)" at pH 8.4 to detect SU and
Tb(EDTA) at pH 13.5 to detect SA in aliquots taken from faene plasma or urine
sample. Though we are only in the initial stagésmeeting such goals, the work
presented here represents the first step in thécappn of tailored lanthanide-based
receptor sites in the detection of aromatic analyte

Through the investigations reported in this disgerh, we have learned some
important lessons regarding sensor design that appkcations in a multitude of fields.
We have discovered that the property of ‘ligandagrded’ binding affinity is not unique
to the dipicolinate system, and that ligand chefatcan significantly improve the
lanthanide-based detection of a variety of oxyasiotWe have also learned that net
electrostatic interaction is not the dominant fagoverning coordination to lanthanide
binary complexes, and in fact variations in thealocharge density may be much more
important. Even neutral lanthanide complexes ¢aac anionic ligands better than the
corresponding tripositive %i ion alone, with improvements in binding affinity lan
order of magnitude or more. This ligand enhancensemost likely due to perturbations
in the electron density of the lanthanide by thecebn-withdrawing moieties of the
ligand, generating a more electropositive binditg for the complex than the aquo ion
alone is capable. This theory could be verifiednbgdifying a ligand like DO2A to

contain strongly electronegative species (suchlwgife) on the opposite side as the
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dipicolinate binding site. If indeed the lanthamiglectron density is affected, this should
result in an even more positive binding site, aedde a greater dipicolinate binding
affinity. Further experiments with photoelectraonRaman spectroscopy are expected to
ascertain the degree of perturbation of the lantieaby the helper ligand.

Our work also indicates that ligand interactionthwvianthanide complexes cannot
be predicted based on the number of available bnsiites or their geometry. Bidentate
ligands sometimes prefer a lanthanide complex witke remaining coordination sites
instead of two, and monodentate ligands in somescaan bind more strongly to a
lanthanide ion encapsulated by a heptadentatediganopposed to an octadentate one.
We have also found that both cyclic and acyclicahigs can produce lanthanide
complexes that are effective receptor sites folygem We therefore recommend that, to
determine the optimal partnering between lanthaoateplex and analyte, ligand screens
should always be performed to enhance receptompsitormance and specificity. This
could be best accomplished with binding studieguantify analyte binding affinity, such
as the binding affinity by competition (BAC) asgarpposed here.

The advantages of ligand enhancement can be imptechén current detection
schemes where lanthanide ions alone are used latelher molecules of interest. As
mentioned in Chapter 1, there are various areaseséarch involving sensitized
lanthanide luminescence, ranging from PCR and gdetection techniques which
monitor disease and toxins, to drug discovery appibns and high-throughput screening
assays. The application of lanthanide(ligand) dewgs instead of lanthanide ions alone
could significantly enhance the efficacy of thesetimds. For instance, detection of

tyrosine kinase activity by terbium luminescencelddoe improved markedly with the
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addition of a chelating ligand such as DO2A or DO3Ahe terbium cation binds to
phosphorylated tyrosine, which is used to mitigdigeases involving tyrosine kinase-
mediated signaling® With the binding enhancement of a chelating liyathe limit of
detection of phosphorylated tyrosine is expectedbé& improved by an order of
magnitude or more. One can envision taking furtrantage of this effect by addition
of electronegative groups such as fluorine to thipdr ligand to generate an even more
electropositive binding cavity. Such binary conxgle could also find use in time-
resolved Forster resonance energy transfer (FRiSIgms, where improved lanthanide
luminescence lifetime as a result of ligand coaation could manifest in enhanced limits
of detection.

Further, evidence of a ligand-induced ‘gadoliniumedk’ effect can have
implications in various studies involving lanthamidhelation. One cannot assume that a
given trend in a physical or chemical property tbe lanthanide series will remain
constant in the presence of a chelating ligande@alty one containing nitrogen and
oxygen donor atoms. In the work described here,utique susceptibility of Tb to
electron density perturbation by a chelating ligamatked to our advantage, producing a
more electropositive binding site in the Tb(DO2Apmplex than any other lanthanide
complex. However, this gadolinium break effectosly one of many phenomena
governing the stability and photophysics of lantdancomplexes. Those exploring
lanthanide complexes for targeted detection shkedgh in mind that choice of lanthanide
can significantly influence binding affinity and laged properties, especially near

gadolinium in the lanthanide series (i.e., terbaml europium).
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Lanthanide chemistry is a rich and often enigméétd; in many ways we are
still only scratching the surface of applicationsdapossibilities. We hope that the
lessons learned in the course of this dissertatitinpromote the development of more

sensitive and selective receptor sites in the setesign pursuits of the future.
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Figure 5.2. Method of continuous variations, showing linear correlation of intrinsic salicylurate
(SU) luminescence (419 nm) that can be used as an internal standard. Concentrations of Th and
SU were varied inversely from 0 to 120 yM in 10 yM increments, with 500 yM DO2A in 0.1 M
TAPS buffer, pH 8.4.
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Figure 5.3. Excitation (dashed) and emission (solid) spectra of Tb(DO2A)(SU) complex, 100 uM
in 0.1 M TAPS buffer, pH 8.4 (Aex = 316 NM, Aery = 544 nm).
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Figure 5.5. Emission spectra of Th(DO2A)(SU)  and Tb(DO3A)(SU)*, 100 uM in 0.1 M TAPS, pH

8.4 (Aex = 316 NM).
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Figure 5.6. Method of continuous variations to determine binding stoichiometry of SU to
Tb(DO2A)". [Tb] and [SU] varied inversely from 0-120 uM in 10 uM increments with 500 uM
DO2A in 0.1 M TAPS buffer, pH 8.4 (Aex = 316 nm).
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Figure 5.7. pH dependence study of Th(DO2A)(SU) complex, 100 uM with 5X excess DO2A.
Emission spectra (Ax = 316 nm) obtained following 15 min (o), 18 hr (o) or 5 days (A)
equilibration time.
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Figure 5.8. Dilution study of an SU-spiked urine sample for dilution factors of 1:3.5 (dotted), 1:7
(dashed-dotted), and 1:35 (dashed) into 5 mM Tb(DO2A)" in 0.1 M TAPS buffer, pH 8.4 (Aex =
316 nm). As the dilution factor is increased, the slope (m) approaches unity, equivalent to an
aqueous solution spiked with SU (solid).
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Figure 5.11. Absorption spectra for 10.0 uM SA, Tb(SA), Tb(EDTA(SA), Tb(DO3A)(SA) and
Tb(DOTA)(SA) in 0.1 M CAPS (pH 10.0).
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Figure 5.12. Normalized excitation spectra of Tb(EDTA)(SA) complex in 50 mM CAPS buffer (pH
12.5) at two emission wavelengths. The two populations are unchelated SA (blue) and the
Tb(EDTA)(SA) complex (red) according to the emission spectra at 296 nm and 318 nm,
respectively, which show ESIPT from SA alone or the characteristic terbium emission bands from
the Tb(EDTA)(SA) complex.
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Figure 5.13. Emission spectra (Aex = 326 nm) of various Tb(ligand)(SA) complexes in 50 mM
CAPS buffer, pH 12.5 (DO2A complex in CHES buffer, same concentration and pH). 10 uM SA,
1.0 mM Tb(ligand) complex. The Tb(EDTA)(SA) complex has the greatest emission intensity.
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Figure 5.14. Method of continuous variations to determine binding stoichiometry of SA” to
Tb(EDTA). [Tb] and [SA] varied inversely from 0-120 yM in 10 uM increments with 1.00 mM
EDTA in 50.0 mM CAPS buffer, pH 13.5 (Aex = 314 nm). Emission intensity integrated from 530—
560 nm. Equilibration time of 24 hours.
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Figure 5.15. Method of continuous variations, showing linear correlation of intrinsic salicylate
(SA) luminescence (419 nm) that can be used as an internal standard. Concentrations of Tb and
SA were varied inversely from 0 to 120 yM in 10 yM increments, with 1.00 mM EDTA in 50 mM
CAPS buffer, pH 13.5 (Aex = 314 nm). Emission intensity integrated from 375-470 nm.
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TABLES

Table 5.1. Protonation constants for various aromatic analytes.

Analyte pPKa1 pKaz pPKaz Ref
SuU 3.34 791 e 23
SA 2.98 13.62 - 64, 65
Cat 9.48 12.08 - 95
Epi 8.64 9.84 13.1 94
NE 8.58 9.53 12.9 94
DA 8.89 10.41 13.1 93

SU = salicyluric acid; SA = salicylic acid; Cat = catechol;
Epi = epinephrine; NE = norepinephrine; DA = dopamine
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Table 5.2. Stability constants for Th** and Gd** with various ligands.

Type Ligand  Coord. No. log Kt log Kgg Ref
Linear EDTA 6 17.92 17.35 66
DTPA 8 22.71 22.46 66
Cyclic DO2A 6 - 19.42 35
DO3A 7 - 21.0 67

DOTA 8 24.8 24.6 67, 35
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Table 5.3. Protonation constants of various ligands.

Ligand PKaz PKaz PKaz PKas PKas Ref
EDTA 2.00 2.67 6.13 10.26  --------- 68
DTPA 2.08 2.41 4.26 8.60 10.55 66
DO2A 2.55 3.85 9.55 1094 - 67
DO3A 3.39 4.40 9.51 10.72 - 67
DOTA 4.00 4.60 9.90 11.34 - 67
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Table 5.4. Stability constants (log K) of catecholamines with various metals (25 C, 0.2
M ionic strength).

Metal DA Epi NE Ref
ca® = - 596 5.67 91
La* e e — 90
\Al 795 7.40 7.07 89
Al 8.01 822 831 5

DA = dopamine; Epi = epinephrine;
NE = norepinephrine
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