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“Lanthanons — these elements perplex us in ouarekes, baffle us in our speculations,
and haunt us in our very dreams. They stretchdikenknown sea before us; mocking,

mystifying and murmuring strange revelations ansgisgailities.”

Sir William Crookes, in an address to the Royali&y¢ February 1887
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ABSTRACT

Bacterial spores, or endospores, are produced hgircgenera of bacteria under
stress and are considered to be one of the maksémésorms of life on Earth. Detection
of endospores is vital in areas ranging from bidbarreduction to homeland security.
Rapid bacterial spore detection is achieved byetarg dipicolinic acid (DPA), a
chemical marker unique to endospores. An improveroa the current bacterial spore
detection assay based on sensitized lanthanidenédstence is presented through the
implementation of a dipicolinate-specific *fbreceptor site. The use of a chelating
ligand such as DO2A1(4,7,10tetraazacyclododecarig?-bisacetate) can increase both
the sensitivity and selectivity of the assay. Timainescent series of Ln(DO2A)(DPA)
complexes (Lh = Sm, Eu, Tb and Dy) is fully chaesiled in terms of structure,
photophysics and stability, and the Tbh(DO2Abinary complex in particular is
investigated as a sensing complex for bacteriakespo The ‘ligand enhancement’
observed in all cases improves dipicolinate bindiffqhity by approximately one order
of magnitude over the lanthanide ion alone. Bigdihthe DO2A ligand also appears to
generate a ‘gadolinium break’ effect, creating scdipancy in binding affinity in the
lanthanide series and rendering the terbium compihex most effective dipicolinate
receptor site of all investigated. We have alsemrded the application of this receptor
site design technology to the targeted detectiontloér aromatic analytes of biological
relevance, such as salicylates and catecholami@es.work indicates that construction
of effective receptor site complexes is not govedrbg net electrostatic considerations,
and that local charge variations from the liganddiced perturbation of lanthanide

electron density may play a significant role. Tk sets the stage for the development
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of the next-generation terbium(macrocycle) comg@xbacterial spore detection, with
the aim of constructing a solid-state endosporeaaensor for applications ranging from

sterilization validation to life detection in extne environments.
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DEFINITIONS AND NOMENCLATURE

In this dissertation the conventions of photophysand photochemistry as
described inPrinciples of Fluorescence Spectroscof@y R. Lakowicz) andModern
Molecular PhotochemistryN. J. Turro) will be followed. ‘Fluorescence’ defined as
the process of “allowed” radiative emission thatws from a singlet excited state to a
singlet ground state {(S—» S + hv). ‘Phosphorescence’ is defined as the “forbidden”
transition from a triplet excited state to a sihgtgound state (T — S + hv).
‘Luminescence’ is an all-encompassing term thagrseto emission of light from any
substance, and occurs from electronically excitates. Therefore ‘luminescence’ will
be used to describe any radiative transition thanhot be defined as either fluorescence
or phosphorescence, such as lanthanide luminescence

Electronic states are represented according toRbssel-Saunders coupling

scheme by the expression

25+1 L
J

where L is the total angular momentum, S is spirtiplicity and J is the total angular
guantum number. Electron spins are coupled togstmarately from the orbital angular

momenta, and the orbital moment is unquenched.



CHAPTER 1

Introduction to Sensitized Lanthanide Luminescence

and the Detection of Bacterial Spores
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1.1 Lanthanides — Relevance and History

The lanthanides, or lanthanoids in IUPAC termigglocomprise the fifteen
elements of the top row in the ‘f-block’ of the elic table and have the electronic
configuration [Xe] 415°5p° wheren varies from 0 to 14. Also known as ‘rare earth
elements’ due to the etymology of the term ‘lantdah (derived from the Greek
lanthanein meaning ‘to lie hidden’) and the uncommon oxidi®en which they were
first isolated, lanthanides are in actuality neitliare’ nor ‘earths’, an old term used to
describe certain metal oxides such as lime and esagh Even the rarest lanthanides —
thullium and lutetium — are nearly 200 times mdvaradant than gold (Figure 1.1)Yet,
the name ‘rare earths’ has persisted, perhapsodiie tenigmatic nature of these unusual
metals, and their ability to ‘hide’ behind each eathn minerals. Indeed, the similar
chemical properties of lanthanides make their sgjmar quite difficult, even today.

Lanthanides have found uses in a wide variety @fistries and materials, such as
catalysts, glasses, ceramics, permanent magnetis opnd electronics.*  Solid
phosphors containing europium, cerium and terbiure anajor contributors to
commercial markets in fluorescent lighting and casplays. Various lanthanide ions
can be used in lasers, with neodymium as the namsbdis in yttrium aluminum garnet
(Nd-YAG). The green, blue and red luminescent Bandeuro banknotes are attributed
to europium complexes.Certain lanthanides (Eu, La, Lu, Nd, Pr, Sm, Tim and Yb)
are used as tracers in wine chemistry to discritaingnes according to geographical
region® The ratio of europium, which is almost entirelyq7%) formed in stars, to other
rare earth elements in meteorites has helped ughsganuch of the history of processes

in our solar system, such as the early developwfettie feldspar-rich lunar crust.
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In aqueous solution, lanthanides are most stabileer+3 oxidation state, leading
to high coherent behavior and hence making theficdlif to separate and purify. The
preference for the trivalent oxidation state is dupart to the energy of the 4f electrons
being below those of the 5d and 6s electrons (éxoejhe cases of La and Ce). When
forming ions, electrons from the 6s and 5d orbigas lost first, so that all Bhions have
[Xe] 4f" electronic configurations. This, coupled to thghhenthalpies of hydration for
trivalent lanthanides, results in the stability thie +3 oxidation state. In reducing
conditions, europium, samarium and ytterbium casthble in the divalent form; cerium
has also been known to adopt a +4 oxidation state.

Lanthanide ions possess relatively high charge itlemisand have a strong
electrostatic nature in their bonding, as the iares polarizing and can be classified as
hard Lewis acids. The 4f orbitals in{'rions are well shielded by the 5s and 6p orbitals,
and therefore do not participate directly in bogdjRigure 1.2). Therefora;bonding is
not possible, and no Ln=0 or £N multiple bonds are known for lanthanide complexes

Coordination to trivalent lanthanides tends to b@emonic in character, which
leads to a strong preference for negatively chagedeutral donor groups possessing
large ground state dipole moments. Therefore, aoatlbns of amines and carboxylic
acid groups are often used in lanthanide complemt? This ionic character of binding
also means lanthanide complexes tend to undergde faxchange of ligands.
Coordination geometries in lanthanides are detexdchiby ligand steric factors as
opposed to orbital overlap or crystal field effe@s® In aqueous solution, donor groups
containing neutral oxygen or nitrogen atoms gehelkahd when present in multidentate

ligands (podands, crown ethers, cryptates, &¢°). Relatively few complexes of
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monodentate nitrogen donors exist, reinforcing dxephilic tendency of lanthanide
binding. This preference for oxygen donors alsé&esdanthanides quite lithophilic, and
explains their occurrence in silicates as opposedetallic or sulphidic minerafS.

The coordination number of [Ln@®),]** is normally 9 for the early lanthanides
(La-Eu) and 8 for those later in the series (Dy;lwith the intermediate metals (Sm-Dy)
exhibiting a mixture of species. However, the dowtion number can be dictated by
the steric bulk of the coordinating ligands, andcps with coordination numbers as low
as 2 and as high as 12 are knowh.

As the 4f electrons of the lanthanides are wektlsleid from the environment, the
spectroscopic and magnetic properties of these (eugs, electronic spectra and crystal-
field splittings) are largely independent of enwimeent (solvent, coordinated ligands,
etc.). The number of configurations foelectrons rapidly increases with the number of
unpaired electrons:

14!
n!(14-n)!

[1.1]
where 0< n < 14, with the lowest energy term for each ion cstesit with the predictions
of Hund's first and second rulé$.*® Since all configurations have different energths,
lanthanides tend to exhibit rich and complex endeggl structure (Figure 1.3Y. Due to
spin-orbit coupling, the excited states of the hanides are well separated from the
ground state manifold. Thus, the excited statestlarmally inaccessible and ideal for
electronic transitions. With the exceptions of #f& 4f', 4f'® and 4}* species (L%,

Ce*, Yb** and Lu*, respectively), all lanthanide ions absorb elentignetic radiation,

primarily in the visible region, which is manifedten f-electrons from the partially filled
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4f subshell being excited from the ground statartexcited state. These f—f transitions
can be excited by both magnetic dipole and eleclipole radiation. Magnetic dipole
transitions are Laporte (parity) allowed, while attee dipole transitions are Laporte-
forbidden?" ?* Electric dipole transitions are much weaker imth@anides { ~ 0.1 mof*
dm® cmi?) than in the transition metals, meaning magnefiold transitions can often be
seert’ 2 Electronic transitions must involve promotionasf electron without a change
in its spin AS = 0) and with a variation of either the total alag momentum and the
total angular quantum number of one unit at madt € £1,0; AJ = £1,0). Though
absorption of radiation can in theory promote thpthanide ion to any energetically
accessible state, emission normally occurs onlyftiee lowest lying spectroscopic level
of the first excited term due to rapid internal gersion*® In cases of low symmetry or
vibronic coupling, the f—f transitions can gainensity through f- and d-state mixing with
higher electronic states of opposite parity. Brdfld— 4f"* 5d" transitions can also be
seen in the infrared region for some lanthanides.

The electronic configuration of lanthanides istsglie to a variety of interactions.
The initial configuration is split into spectroseogerms by electronic repulsion, with
separations on the order of*I@n*.>* These terms can be further split into spectrascop
levels, or J states, due to spin-orbit couplingg@. The energy differences between
split J states lies in the range of Tn*.>> These levels, in turn, can be split again into
what are termed Stark sublevels due to ligand #éfdcts from the coordination sphere
around the lanthanide; Stark sublevel splittingristhe order of 0cm® (Figure 1.4Y°
This results in the overall emission peak positiemaining largely unchanged as the

f-electrons remain shielded, but the emission fgofif a lanthanide (defined as the
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relative intensity and degree of splitting of enoaspeaks) can vary greatly depending
on modulation of these influenc&s?2® The number of Stark sublevels depends on the
site symmetry of the lanthanide ion, and these lwarnthermally populated at room
temperature, yielding more complex emission spectra

Filling of the inner 4f electron shell across tlethanide series results in a
diminuation of the ionic radius by as much as 1%6tnflanthanum to lutetium, referred
to as the lanthanide contractith Though atomic radius contraction is not uniquess
a series (i.e., the actinides and the first two ga¥ the d-block), the fact that all
lanthanides primarily adopt the trivalent oxidatgtate means that this particular row of
elements exhibits a traceable change in propartiasvay that is not observed elsewhere
in the periodic table. Lanthanides behave sinyilarlreactions as long as the number of
4f electrons is conservédl. Thus, we can use lanthanide substitution as laddane the
ionic radius in a lanthanide complex without chauggits chemistry, to better understand

how the size of the metal cation affects variougpprties.

1.2 Sensitized Lanthanide Luminescence

Though alone lanthanide ions have very low mokesogptivities and can only be
effectively excited by lasers, lanthanide luminemeecan be significantly enhanced by
chelating ligands in a process called ‘sensitizatid he first demonstration of sensitized
lanthanide luminescence was due to the effortshauitnik and El-Sayed, who showed
that if the lowest triplet level of europium trigxafluoroacetylacetonate, or Eu(HRBA)
was excited by triplet-to-triplet intermolecular ezgy transfer from another donor

(benzophenone), the energy could be transferretheolanthanide catiott: 3> This
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indirect sensitization bypasses the selection rthes normally limit f—f excitation in
lanthanides, and can result in luminescence enhameby three orders of magnitude or
more.24' 33,34

In sensitized lanthanide luminescence, the chrdregis normally an aromatic
or unsaturated organic molecule that is eitherranior has a strong dipole moment to
coordinate to the L¥iion. In order to act as an efficient energy hateeor ‘antenna’ as
they are often termedl,the chromophore must absorb radiation effectiely pass as
much of this energy as possible, nonradiativelyth® lanthanide for emission. This
process, known as the absorption-energy transfesseon (AETE) mechanism, has
several steps. First, the light-harvesting ligandxcited from the ground statg 16 the
singlet excited state;SFigure 1.5). Some chromophores have severalesiegcited
states; nonradiative relaxation from these higheglet excited states {SS;, etc.) to the
lowest singlet excited state;|Sia internal conversion (IC) can occur readily.c&al, a
triplet excited state (i) is formed through intersystem crossing (ISC)racess that is
more efficient near heavy atoms such as lanthanisdsch promote spin-orbit
coupling® Third, intramolecular energy transfer (ET) frohretligand triplet excited
state to the lanthanide excited state occurs,treguh a populated emittive level in the
lanthanide. The efficiency of this step, the intodecular energy transfer from
chromophore to lanthanide, is the most importantofainfluencing the luminescence
properties of rare earth complexésThe final step is the luminescence observed as th
excited state in the lanthanide decays radiatit@the ground state manifoft.*

However, there are other pathways, both radiative aonradiative, that can

reduce the efficiency of sensitized lanthanide hescence. Chromophores can lose
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energy from the singlet excited state by two merdmas: (1) fluorescence, where they
radiatively decay from the singlet excited statéhi® ground state; or (2) the excited state
can be nonradiatively quenched by photoinducedreledransfer or other meaffs.The
triplet excited state of the chromophore can adgbatively decay as phosphorescence, or
be nonradiatively quenched by oxygen, though oxygenbeen found to have little or no

41 These

guenching effect on visible-emitting luminescenntl@nide complexes:
mechanisms can be mitigated or minimized by jutici@ice of chromophore.

The greatest vulnerability of sensitized lanthanileninescence lies in
nonradiative deactivation or relaxation due to sntvinteractions, which can reduce
emission intensity significantly through energy sifigtion by vibronic moded: 2
Typically, this occurs by harmonic oscillators inetlanthanide coordination sphere,
though outer-sphere quenching has also been olos®n/ibronic quenching depends

on both the number of oscillators close to thet feeordination sphere and the R

parameter:
[1.2]

whereAE is the energy gap between the emitting statdlatigher energy J state of the
ground multiplet,ho is the oscillator vibrational quantum, is the oscillator reduced
mass andat is the oscillator force constatit.** The R parameter represents the number of
vibrational quanta betweekE; the lower the value of R, the higher the rateibfonic
coupling and the more pronounced the emission duegavill be.

The most common and efficient quencher of lantt@himinescence is the O-H

oscillator?® For the four lanthanides that luminesce in thsiblé region (Sm, Eu, Tb and
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Dy), the R parameter lies in the range of 3 to éanming quenching by OH vibrations is a
significant mode of radiationless transitidfis. Gadolinium, in contrast, which is
relatively unquenched by OH vibrational overtorntegs an R value of ~10. In order to
reduce or eliminate this pathway for nonradiativexal, the lanthanide ion must be
effectively shielded from the solvent. This canaeeomplished using various chelating
ligands containing hard donors that bind to thehanide ion with high affinity and
contain a cavity to encapsulate the ion and pregehtent coordination. The first
‘insulating sheath’ for lanthanide ions was devebbpby Halverson in 1964 using
fluorinated 1-diketonate®. Since then a variety of successful ligands haeenb
identified for this purpose, including cyclodexsjncryptands, podands, calixarenes,
porphyrins, crown ethers, and aza-crown macrocyaiit bicylic ligands (Figure 1.65:
13,47-51

Triplet-mediated energy transfer in sensitizedHanide luminescence has two
proposed mechanisms. The Dexter energy transfelnanesm involves the transfer of an
electron from donor (D) to acceptor (A). In thexBa model, a resonant transfer of
energy can be obtained between an allowed transitiothe donor and a forbidden
transition in the acceptdf. The acceptor can therefore be made to luminefiee a
exposure to a given region of radiation where ituldonot normally, due to energy
transfer from the donor. The Dexter mechanismigblit dependent on orbital overlap,
and therefore efficient energy transfer is onlynsee very small distances (~ 10 &).
The other proposed mechanism is the Forster, olo@taic, energy transfer mechanism,
in which energy transfer is dipole-induced and¢testrons do not physically transfér.

Energy transfer in the Forster model is highly aej@nt on the spectral overlap of the
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emission spectrum of the donor and the absorbgmeetrasm of the acceptor, and can
occur over longer distances. (Figure 1.7). Howgienust be noted that both the Dexter
and Forster mechanisms describe only single-steptompmduced, nonradiative energy
transfers, whereas sensitized lanthanide luminegcefien involves multiple steps such
as intersystem crossing and internal conversiar poi energy transfer.

The AETE mechanism depends on appropriate alignmietite ligand donating
triplet energy level and the lanthanide acceptingited level for efficient energy
transfer. The intramolecular energy transfer adficy depends mainly on two energy
transfer processes: Dexter resonant exchange dtitara theory and thermal
deactivatiort> The first describes the rate of energy transtanfthe lowest triplet state

to the resonant energy level as folloWs:

kET = KPdanF(_ 2Rda/L)

P, = (222/R)[ F, (B)E, (E)IE 1.3

where kr is rate constant of intermolecular energy tran$ker), Ry, is the transition
probability of the resonant exchange interactigyiE}-is the experimental luminescence
spectrum of E-donor (ligand), fE) is the experimental absorption spectrum of the
E-acceptor (LA, Rya is the intermolecular distance between donor ametor atoms,
L is the Van der Waals radius andZ3/R is a constant relating to the specific mutual
distance between the E-acceptor {)rand coordinated atoms (N and O). This is in
competition with the reverse energy transition tiuthermal deactivatiorf

k(T) = Aexp(- AE/RT) [1.4]
In other words, the donor and acceptor levels rhastlose enough to allow for efficient

energy transfer, but if they are too close enesgipst due to thermal deactivation. The
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optimal energy gap between chromophore tripletestatd lanthanide excited state is
approximately 4000 + 500 ¢chmmeaning that the pairing of lanthanide and chroinooe
is of the utmost importance for achieving efficienergy transfet’ >’

Sensitized lanthanide luminescence is a uniqueess) and as such these
lanthanide complexes demonstrate some interestiayies not found in other species
that are known to luminesce. Emission spectra tenexhibit narrow line-like bands
because both excited and ground states have the Saoonfigurationt* ?* These
electronic f—f transitions are also largely indegremt of the chemical environment of the
lanthanide ion, though the peak splitting and redaintensities can vary significantly in
some cases. Due to the various energy transfgs stieat occur in lanthanide
luminescence (internal conversion, intersystem sings etc.), there is usually a very
large difference between the absorption and enmgsiaxima in these complexes, known
as the Stokes shiff:>® The larger the Stokes shift, the less overlagvéen absorbance
and emission bands and less energy is lost to ogaten. Further, as the major
transitions in these complexes are electric dipmieced’ and normally forbidden, the
excited state lifetimes tend to be very long, aadhder of micro- to millisecondé. The
triplet state of the ligand can have its own lif&ti on the order of nano- to microseconds,
so the energy transfer step from ligand to lanth@argan also lengthen the observed
lifetime.>® Though the property of long luminescence lifetiim@ot necessarily unique,
the fact that this occurs under ambient conditifoslanthanides is unusual. Most
organic species that exhibit phosphorescence anodat low temperatures and/or in the
absence of oxygeH. The observed excited state lifetim® ¢f a luminescent lanthanide

complex can be expressed as follows:



[1.5]

where k is the rate constant for radiative transition lud tanthanide ion and,kis the
sum of rate constants for all nonradiative rela@processes, which can include energy
back-transfer and vibronic coupling. The exciteateslifetime can also be regarded as a

function of luminescence quantum yietd (m):

. [1.6]

The overall quantum vyield is dependent on the gnémansfer efficiency (probability)
from the ligand to the lanthanide ion (see equatibl and 1.4).

Due to these unique properties, sensitized lamdealuminescence has found a
variety of applicationf® Europium and terbium chelates, due to their tife emissions
and long decay times, are used in time-resolveardkcence resonance energy transfer
(TR-FRET) immunoassays. ®> The lanthanide chelate is used as a donor, withes
visible-absorbing dye such as Alexa® 647 or a rhuda derivative used as the
acceptor. Quenching of emission due to donor-aocgpoximity then operates as a tool
to determine, for instance, protein-protein intéacor enzymatic reaction time. When
concentrated as phosphors or in beads, lanthartiide® been used in imaging
microscopy in the millisecond time dom&h. Use of two or more lanthanides
simultaneously is advantageous for PCR detectiodiaffetes risk? gene detection of
bacterial toxin® and an assay of papilloma viftfs.Sensitized lanthanide luminescence
also has drug discovery applications, such as thghighput screening or
pharmacokinetic analysis of drug transportation accimulatio’® However, the use of

lanthanide complexes as tailored receptor site;bibeen fully explored.
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1.3 Lanthanides, Dipicolinic Acid and Bacterial Spores

Dipicolinic acid (DPA, pyridine2,6-dicarboxylic acid) was originally used in a
fluorescence spectroscopy method to detect traceiai® of terbium for probing alkaline
earth metal ion interactions in biological systéthslt was realized over twenty years
later that this detection technique based on ietéumminescence could be usedawerse
— to detect dipicolinate as a marker of bactepakss.

Bacterial spores, also known as endospores, anmeathd microbial structures that
exhibit remarkable resistance to chemical and ghysenvironmental stresses and are
considered to be one of the toughest forms of difeEarth®® Discovered in 1876,
endospores are formed inside the vegetative cdllseotain species oBacillus
Clostridium and Sporosarcina (hence the ‘endo’ prefix) in a process called
sporulation®®’? Sporulation is often triggered when the cells exposed to adverse
environmental conditions, such as desiccation amvation. Bacterial spores house the
cell DNA within the spore core, comprised of catidipicolinate (CaDPA), and a tough
coat composed of protein layers (Figure 1.8). Epdeces can remain dormant with no

detectable metabolism for potentially millions afays’>"®

When conditions become
favorable again, as indicated by the presence ¢érwautrients or specific germinants,
endospores undergo germination and outgrowth torbecvegetative cells, completing
the cycle’” ’®

In the dormant spore state, endospores are naiststa wide variety of chemical
and physical stresses, such as UV and gamma adiatesiccation, temperature and
pressure extremes, and attack by a number of tagénts’ > Bacterial spores are

10,000 times more resistant to heat and 100 time® mesistant to UV radiation than
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their active bacterial cell counterpatts®® As they are resilient to most sterilization
procedures, bacterial spores are used in sevedabtiies as biological indicato?s.?®
Certain species can even survive the vacuum, egtremmperatures and radiation of
space’” ¥ and are the focus of research concerning plangtestection, panspermia
(transfer of life from one planetary body to anethie meteoritic impacts), and life in
extreme environmentS: % In addition, detection of bacterial spores becametional
priority after the anthrax attacks of 2001, Bacillus anthracisspore powders are the
vectors of the anthrax bioweapdit* Certain species of anaerobic endospores, such as
Clostridium botulinumand C. perfringens are pathogenic and the causative agents of
food poisoning or serious disedse.

Due to its applications in homeland security, ibtation validation and
astrobiology, bacterial spore detection has becamsther extensive field. The classical
measurement of bacterial spores involves cultusetbamethods, and is used as the
NASA Standard Assay for ascertaining spacecraftlisge®™ °” This procedure involves
swabbing the surface, suspending any collectedsgaales in water, and then plating this
suspension on growth media. Any bacterial sporédks germinate in the favorable
conditions and produce colonies. However, colammnynktion requires at least 20 cycles
of cell replication, a process that requires 2 tala&®s’’ This method also cannot
discriminate between endospores and vegetative. céhus, the NASA Standard Assay
is not viable as a rapid endospore detection teckeni

Direct detection of bacterial spores can be chglley, for the same reasons that
make endospores difficult to irradicate. The tosgbre coat is impermeable to staining

techniques, so most microscopy and flow cytometrgthmds are unsuccessful.
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Endospores are also highly resistant to lysis, mgalNA extraction protocols are
ineffective. The lack of measurable metabolismdeza microcalorimetry and cellular
respiration techniques inadequate. In order tealdtacterial spores, we must instead
consider what makes them unique and take advanfapese factors to produce a highly
specific assay.

Bacterial spores contain a unique chemical markeipicolinic acid, or DPA.
DPA is present in nearly all bacterial spores amahmrises about 10-15 % of a spore’s
dry weight, or approximately #@nolecules per spofé.®® %° Some endospore mutants
do not contain DPA, but these are rare, and DPAneasr been detected in vegetative
cells® Detection of this chemical marker can theref@es as a positive signal for the
presence of bacterial spores, and the amount of @Récted can be used to estimate the
approximate endospore concentrafiori®

There are several theories regarding the fundiigraf such a high concentration
of dipicolinate in the endospore. First, this dinserves in the storage of divalent
cations such as calcium and magnesium, which gpertant for cell functior?® Second,
as DPA is an excellent absorber of UV radiatioapipears to play a major role in the UV
photochemistry and protection of endospore DIRA®?> The high concentration of
dipicolinate salts in the core also displaces watad confers additional resistance to
desiccation and wet he®f Finally, DPA is metabolized in the early stages o
germination, and therefore serves as a nutrientedor the growing ceff® 1%

Detection of DPA as an indicator of bacterial ggowas first proposed in 1955,
in a protocol involving UV absorption of the diplowte following acid digestion of the

spores, isolation by ether extraction, separatignpaper chromatography and finally
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elution of the DPA-containing spot¥ A much simpler spectroscopic method of
dipicolinate detection was published in 1958, ie thrm of a colorimetric assay with
ferrous irom®’ DPA extracted from endospores was detected dal@ change from
pale green to red-brown upon complexation witd*Fe acidic conditions (pH 4-6).
Following this work, many methods for dipicolinatketection have been published,
including fluorescence of CaDPA, UV absorbance sppbotometry, anti-Stokes
Raman spectroscopy, surface-enhanced Raman spegyogas chromatography, mass
spectrometry and high performance liquid chromatphy (HPLC)?> 10811

The application of lanthanides to bacterial spagection began in 1997 with a
method using terbium to detect dipicolinate witloflescence spectrophotometts.
Addition of terbium chloride to a suspension ofdgsendospores causes the formation of
[Tb(DPA)]** complexes, whera varies from 1 to 3, as the Thdisplaces the G4 of
CaDPA. Dipicolinate is an effective absorber ofrauiolet radiation due to the
delocalizedr-electrons of the aromatic pyridine ring. Theletgexcited state of the DPA
anion (26,600 ci) is also in the appropriate regime to effectivensitize the T8
cation via energy transfer to tAB, emitting level of the terbium (20,500 &inthrough
the AETE mechanistit>**® There is some evidence against an intramolehdary
atom effect in some 4-substituted dipicolinate tids coordinated to P which argues
for a singlet-to-metal mechanism for intersysternssing to the lanthanidé. 1% %/
However, the contribution of this pathway is magely very small, so we treat this

system in the usual manner and assume the excfimoithate singlet state decays to the

triplet via internal conversion prior to energyrséer to the lanthanide. The end result is
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intense luminescence under UV excitation that igsentban three orders of magnitude
greater than that of terbium alone (Figure 139}'%122

Although the method is rapid and straightforwatdere is much room for
improvement in the detection of bacterial sporethwhe Tbh-DPA luminescence assay.
The potential for false positives or false negaitbrough complexation of anionic
interferents to the trivalent terbium cation is exi@us concern when the method is
applied to environmental samples. Previous studdisate that phosphate in particular
can inhibit DPA binding or decrease luminescenceenisity’®® '**  Further, in
environmental samples with low endospore conceatrsitwhere the Th(DPA)species
predominates, the six coordinated water molecubes quench the luminescence by
nearly an order of magnitude due to radiationlesztivation->> Finally, the propensity
of dipicolinate to form up to three complexes witbrbium, namely Tb(DPA)
Th(DPA), and Tb(DPAY*, each with different luminescence intensities &felimes,
precludes a direct correlation between intensity @RA concentration. This dissertation

will focus on methods to mitigate these detrimefféakors using a macrocyclic helper

ligand to generate a dipicolinate-specific lantdaAbased receptor site.

1.4 Lanthanides and Lanthanide Complexes as Sensors

Lanthanides demonstrate several advantages oveditidreal organic
fluorophores, quantum dots and other fluoresceatisg commonly used as sensors and
switches. They feature significant spectral resmiudue to their large Stokes shifts and
narrow emission lines, and temporal resolution uleng lifetimes. This allows for the

use of time-gated techniques and bandpass filtereduce interference from native or
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auto-fluorescence in the sample, which occurs om mlanosecond timescdfe.®
Lanthanide complexes also do not suffer from phetuthing as organic dyes do,
because lanthanides are effective quenchers déttspates?® These qualities allow for
the construction of robust sensors for a varietgpydlications.

Of all the lanthanides, El) Tb** and Gd* are the best ions in terms of efficient
excited state population, with energy gaps of 12,&%" ("Do — 'Fe), 14,800 crit (°D.
— "Fo) and 32,200 cih (°Py» — 8S;1), respectively? However, while europium and
terbium both emit in the visible region, gadolinilemits in the ultraviolet, making it
unfeasible for use in most sensing applicationstdisggnificant absorption and emission
interference of these high-energy wavelengths. u@honot suitable as luminescent
sensors, Gt complexes do have a large number of unpairedrelest([Xe] 4f) and
isotropic magnetic properties. These propertiesjpted to a long electron spin
relaxation time of 18 s, makes this lanthanide highly NMR-acti?é.When coordinated
to one or more water molecules, 5énhances the water proton relaxation efficiency by
lengthening the rotational correlation tiff&. Thus, many gadolinium complexes with
one free binding site for solvent coordination,lsas Gd(DTPA) and Gd(DOTA), have
been developed for use as MRI contrast ageénits®

Luminescent lanthanide complexes designed foragsgensors and switches can
be classified into three types, based on the posadf the chromophore and the state of
the lanthanide before and after analyte bindingufé 1.10). More complex systems
have been designed containing two or more lantlegnidr multicolor detection in
imaging applications, but these are out of the sooipthis dissertation and will not be

discussed heré?
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The type A sensor is the most simple; the recegpteris the lanthanide complex,
and the analyte is the chromophore. Binding ofdtmmnatic analyte to the receptor site
results in emission due to sensitization. Thisetgb sensor is most effective in cases
where the two states — analyte bound or unboundist be very easily distinguished, as
in samples with very low amounts of analyte or wehtre background noise is high.
Type A sensors have been used with amide-modifi@BA (1,4,7,10tetraazacyclo-
dodecanet, 4, “trisacetate) ligands bound to *fbto selectively bind the bidentate
analytes p-dimethyl amino benzoic acid (DMABA) alisylic acid (SA)'****° The
binary complex of TH and ethylenediaminetetraacetic acid (EDTA) careatffely
detect salicylic acid4-aminosalicylic acid 5-fluorosalicylic acid™®*® The Tb(EDTA)
complex has also been used to detect catalysigdybkybenzoic acid (HBA) by hemin
via formation of a ternary complex with the HBA dation product®” Detection of
tetracyclines was realized using sensitized europiluminescence post-column
following liquid chromatography; the authors noteal dependence on EDTA
concentration but did not hypothesize any ternammex formation, though this is the
likely result'® Diaza-crown ethers have been utilized with**Tand EG" to detect
phthalate, benzoate, dibenzoylmethide and picaitidtA pH sensor was developed due
to the pH-dependence of a europium ternary comptenraining a-diketonate as the
chromophore. When the pH shifted out of physiatagirange, the chromophore
dissociated and sensitization was f3stThe future of these types of sensors lies in the
development of receptor sites with greater anafjtmity, perhaps via stronger host-
guest interactions such asstacking or modification of receptor site topoldgygenerate

a ‘lock and key’ style of hydrophobic pocket.
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The type B sensor involves a change in lumineseempon analyte binding. In
this case the receptor site is composed of théndande complex with a chromophore
already attached, but the complex is unsaturaldds results in labile solvent molecules
in the lanthanide coordination sphere, so lumineseas quenched due to nonradiative
deactivation. Binding of the analyte displacesséhguenchers and produces a change
(usually an increase) in emission. This methadast useful in anion sensing, where the
anion (acetate, fluoride, etc.) can coordinate welhe lanthanide but is not capable of
absorbing UV radiation and sensitizing the lantdani For example, several types of
Tb** and Ed* podand complexes have been developed with sehsitivCl and NQ,
respectively, when detected in acetonittife!** A binary complex composed of a bis-
bpy-phenyl phosphine ligand chelated to’Bwas able to detect NQ CI, AcO and F
with varying sensitivities by displacing acetonérisolvent molecules in the £u
coordination spher&? '** Europium bound to a tri-N-substituted DO3A ligames able
to detect hydrogen carbonate in aqueous soltffbri!> and when coordinated to a
cryptate with a poly-N-methylated flexible arm cact as a sensitive pH sensor over a
fairly wide range®®® Conversely, quenching of terbium acetylacetonédeac)
luminescence allowed for a sub-micromolar detectiomt of chromate in aqueous
solution when coupled to ion chromatograpffy. Though sensitive ion detectors have
been developed, the selectivity of such receptesss still in need of improvement, in
particular when discriminating between ions of $amsize and/or charge.

The final sensor design motif, type C, also stauth the lanthanide complex and
chromophore already bound. In this case, howekierlanthanide coordination sphere is

already saturated, so the analyte is not requiceghelate the Lfi to be detected.
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Instead, association of the analyte with ¢theomophorecauses a change in emission due
to an alteration of the antenna properties (ileange in degree of sensitization, quantum
yield, lifetime, etc.). The first examples of teeypes of sensing complexes were to
detect cations such as,HNa and K via suppression of luminescence in europium aza-
crown ethers?® Other water-soluble complexes have been develdpedetect d@
halide and hydroxide by quenching of luminescehceugh various means (protonation,
charge transfer, etc.) or decreasing the absorpfitine chromophor&: **° Detection of
Zn** using TB" and Ed4" diethylenetriaminetetraacetic acid (DTPA) bis-aeid
complexes has also been proposed, where My§,N’,N-tetrakis@-pyridylmethyl)
ethylenediamine (TPEN) groups on the DTPA ligarellaought into closer proximity to
the lanthanide upon zinc binding, allowing for sémed luminescenc&® This sensor
demonstrated selectivity over £and Md* ions and an apparent dissociation constant
for Zn** of 2.6 nM, but C&' interfered significantly and luminescence intensitis low
due to the large lanthanide-chromophore distai@@nsors based on this strategy are still
in their infancy, though many applications can bevigoned following sufficient
improvement of stability and sensitivity.

This dissertation summarizes work to improve theDRA luminescence assay
for bacterial spore detection by designing a dilmete-specific receptor site in the form
of a lanthanide binary complex. Since dipicolingtéoth our analyte and chromophore,
this assay follows the Type A paradigm, with theeggor site comprising the terbium ion
protected by an encapsulating helper ligand. Hewedipicolinate is not the only
aromatic anion capable of sensitizing lanthanidaihescence (Figure 1.11). We will

also investigate receptor site designs for varisalkicylates and catecholamines with
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physiological relevance to generate more robugtidraensing technologies for highly
sensitive in situ detection.

A number of factors must be considered when desigfanthanide-containing
receptor sites. The choice of lanthanide is patarthoThe ionic radius varies across the
lanthanide series, and the size of this cationictinence the relative binding affinity of
the target analyte. The lanthanide excited statstralso align correctly with the triplet
excited state of the target analyte; if the engliffgrence is too great, the energy transfer
efficiency will be low, but if it is too small, quehing effects such as back-transfer will
predominate. The emission properties of the lamtlea such as luminescence lifetime
and quantum yield, must also be considered to m®dn adequate signal.

Almost as important as the choice of lanthanidéheés choice of helper ligand,
which turns the lanthanide into a receptor sitdisTigand must bind to the lanthanide
with high affinity to prevent solvent coordinationyhich can severely quench
luminescence via nonradiative decay pathways. kewehe ligand must not interfere
with binding of the target analyte, or the lantldEnioses all functionality as a sensor.
Finally, pH and temperature effects must be comsdiesuch that the receptor site is
stable in the pH range where the target analytenast soluble and/or sufficiently
deprotonated to bind effectively.

We will be using a hexadentate macrocyclic ligardQ2A (1,4,7,10
tetraazacyclododecarig?-bisacetate), as our helper ligand, as this chela®ets our
initial criteria for designing a terbium-containiigpicolinate receptor site. Macrocyclic
ligands are molecules — usually heteroatomic — witeemirigid ring structure as the

backbone. These ligands vary in terms of ring ei@mm and the extent of



23
functionalization of substituents on or attachedh® ring scaffold. Most macrocyclics
have a hydrophilic cavity in which an ionic subtrauch as a metal ion can nest and be
shielded from the environment by its lipophilic efope® *** Macrocyclic ligands such
as the octadentate DOTA 1,4,7,10tetrakiscarboxymethyl-4,7,10tetraazacyclo-
dodecane) have found a convenient niche in thel f@l bioimaging as magnetic
resonance contrast agents due to their tendenisindogadolinium with high affinity>%
153 In fact, most macrocyclic ligands seem to exhiitunprecedented selectivity for
lanthanide ions, and the dissociation of thesehkamtle-macrocycle complexes appears
to be independent of foreign metal ion concentrelid Lanthanide complexes involving
macrocyclic ligands are highly water-soluble, thedynamically stable, kinetically inert
at physiological pH, cell-permeable and nontoxigakmg them ideal for use in vivo as
bioprobes. The facile derivatization of ligandsubd to lanthanides also makes them
easily tailored to bind specific biomolecules sashantigens or proteins.

We are therefore interested in constructing recepites composed of a
lanthanide ion encapsulated by a macrocyclic ligdwad confers stability, solubility and
high analyte specificity for a target molecule. n@ing of the aromatic analyte to this
binary complex results in intense luminescence ggion UV excitation due to the
absorbance-energy transfer-emission (AETE) mechanigt is orders of magnitude
greater in intensity than the lanthanide aloneapable. We will investigate various
binary complexes composed of a luminescent lanteaf8ni*, EU**, Tb*" and Dy*) and
a macrocyclic ligand to optimize detection of atigatar analyte of interest. These
investigations will involve complete analysis ofustture, photophysics, stability and

resistance to interferents. The optimal receptie svill demonstrate superior
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spectroscopic and thermodynamic properties, suchinemse luminescence, high
guantum vyield, long luminescence lifetime, high diirg affinity and resistance to a
variety of chemical and physical conditions (tenapere, pH, ionic strength, etc.). The
receptor site with the best performance will beduse a sensor in environmental samples

to detect the analyte of interest.

1.5 Outline of Thesis

This dissertation is centered around the desigailaired lanthanide receptor sites
for target analytes (Figure 1.12). @hapter 1, the various unique properties and
applications of lanthanides were discussed, inolydihe use of lanthanides and
lanthanide complexes as sensors. The importanbaaiérial spore detection was also
described, and the qualities of an ideal recepteridentified. Chapter 2 covers the
complete spectroscopic and structural charactevizaif the Ln(DO2A)(DPA) ternary
complexes, where Ln = Sm, Eu, Gd, Tb and Dy. Ralewdiscussions concerning the
crystal structures and quantum yields of these ¢exep are included, as well as lifetime
studies to determine the number of coordinatedesdlmnolecules and a brief summary of
attempted density functional theory (DFT) calculasi. InChapter 3, the Ln(DO2A}
complex is investigated as a first-generation badtspore receptor site. Experiments
involve binding studies, temperature and pH depecelestudies, exposure to various
cationic and anionic interferents, and examinatbBPA analogues to better understand
binding geometry and selectivity. The Tbh(DO2A)omplex is chosen as the optimal
dipicolinate sensor, and is tested with bactermmire samples. Chapter 4 discusses

recent work on the next generation dipicolinateeptor site, where the DO2A ligand is
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modified to append to a solid substrate for futwensor design. This novel
Tb(DOAAM)(DPA) complex is characterized and compghte the Th(DO2A)(DPA)
complex. InChapter 5, we expand our investigation to include other weal of interest,
such as salicylates and catecholamines. Salisylatech as salicylic acid (SA) and
salicyluric acid (SU), are of medical relevance doetheir association with certain
metabolic imbalances and disease. Similarly, tat@mines including epinephrine
(Epi), norepinephrine (NE) and dopamine (DA) arairn&ansmitters of significant
importance in normal body function. We apply oeinsor design technique in an attempt
to improve detection capability for these medicalgnificant analytes. We end this
chapter with conclusions drawn during the courséhisf work, including two important
discoveries regarding the effects of helper ligandslanthanide-based receptor sites.
The various appendices at the end of this dissamtanclude complete derivations of
models used to fit competition experimental datd @n@ crystallographic information on

all solved crystal structures.
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Figure 1.1. Abundance (atom fraction) of the chemical elements in the upper continental crust of
the Earth as a function of atomic number. Many elements are classified according to categories:
(1) rock-forming elements (major elements in dark green field, minor in light green); (2) major
industrial metals (global production >3x10’ kg/year, in bold); (3) precious metals and metalloids
(italic); (4) the nine rarest metals (in orange field); and (5) the rare earth elements (labeled in
blue). Reprinted from USGS Fact Sheet 087-02 (reference 2).
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Figure 1.2. The radial portion of the hydrogenic wavefunctions for the 4f, 5d and 6s
orbitals, showing the extent of shielding of the 4f orbitals. Redrawn from reference 5.
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Figure 1.3. Energy level diagram, also known as a Dieke Diagram, depicting the free ion energy
levels of the trivalent lanthanide ions from Ce** (4f1) to Yb** (4fl3). Reprinted with permission
from reference 20.
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N Abs Absorbance
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Figure 1.5. Jablonski diagram of the absorption-energy transfer-emission (AETE) mechanism
from an aromatic donor ligand to Tb*. Radiative transitions are shown in solid arrows;
nonradiative transfers are depicted with dashed arrows. UV radiation is absorbed by the
conjugated T-electron system of the aromatic ligand leading to a singlet excited state; this energy
transfers to the ligand triplet excited state via intersystem crossing (ISC) and then to the emittive
level (5D4) of the Tb* ion. Luminescence is observed through radiative decay from the excited
state to the seven energy levels of the Tb** heptet ground state (7FJ). Note that fluorescence and
phosphorescence are not always observed for aromatic donor ligands.
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Figure 1.6. Structures of various chelating ligands used to encapsulate lanthanide ions. These
ligands bind to lanthanide ions with high affinity and act as a shield against quenching due to
coordinating solvent molecules.
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Figure 1.8. Composition and origins of the bacterial spore. Above: Artists’ rendering of a typical
bacterial spore, showing spore coat, cortex, and core. Below: Cell cycle of a spore-former,
depicting normal vegetative cycle (green), which can be disrupted due to adverse environmental
conditions triggering sporulation (purple). The free spore will remain dormant until water,
nutrients or germinants induce germination (red), producing a vegetative cell.
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Figure 1.12. General design of thesis, illustrating the application of the receptor site design
concept to three target areas, each with specific analyte(s) of interest.
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2.1 Introduction

Our goal is to generate a receptor site for thedliein of bacterial spores using a
dipicolinate-specific lanthanide binary complex. eWave chosen DO2A14,7,10-
tetraazacyclododecarigf-bisacetate) as the chelating ligand because tlaisranycle
binds lanthanides with high affinity and leavesthadjacent coordination sites available
on the LA ion for the tridentate DPA to bind. Prior to gfiahg our lanthanide
complexes as dipicolinate receptor sites, we muibg tharacterize the corresponding
Ln(DO2A)(DPA) ternary complexes for the various luminescenthanides (samarium,
europium, terbium and dysprosium). This will inwelstructural and spectroscopic
analyses to determine how parameters such as llgamdi length, luminescence quantum
yield and hydration number vary across the serresddition to theoretical studies to
better understand any trends we may find. We dxfyet structural variations will
follow with lanthanide ionic radius, but that therlium and europium complexes will
exhibit the greatest luminescence intensities dogeccoupling between the DPA triplet

energy level and the lanthanide excited state.

2.2 Structural Characterization
2.2.1 Crystallization

Crystallization of the ternary Ln(DO2A)(DPAgomplexes (Ln = Sm, Eu, Gd, Tb
and Dy) is necessary to produce pure compounddourate quantum yield calculation
and analysis of binding properties, as well as dafiom complex formation through
crystallographic analysis. The energy gaps betwkeremissive excited states and the

ground state manifolds for Sfhand Dy* are 7,400 ci and 7,850 cf, respectively,
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significantly less than those of Tband Ed*' However, these lanthanides are still
capable of sensitized emission in the visible ramgel due to their difference in ionic
radii (nearly 5 pm difference from Sitto Dy**) are of interest in structural
characterization and binding studfeSimilarly, though gadolinium complexes cannot be
used in luminescence experiments, crystals of GAEDPA) will provide additional
structural information in terms of any trends doelanthanide ionic radius. Reported
here are the first structurally characterized tgrianthanide(macrocycle)(dipicolinate)

complexes.

Experimental Section

Materials. The following chemicals were purchased and uasdreceived:
acetone (J. T. Baker), acetonitrile (Fluka Biochaji ammonium hydroxide (28.0—
30.0% in water) (J. T. Baker), DPA (dipicolinic dcipyridine2,6,-dicarboxylic acid)
(Aldrich), dysprosium(lll) chloride hydrate (Alfa &sar), ether anhydrous (Acros
Organics), ethyl alcohol (200-proof) (Acros Orgajc europium(lll) chloride
hexahydrate (Aldrich), hydrochloric acid (36.5-€88. in water) (EMD Chemicals),
methanol (J. T. Baker), samarium(lll) chloride @lAesar), sodium hydroxide (NaOH
50% in water) (Mallinckrodt), terbium(lll) chloridehexahydrate (Alfa Aesar),
terbium(lll) nitrate hexahydrate (Aldrich), tetraglammonium chloride hydrate
(Aldrich), tetrabutylammonium hydroxide (TBAOH 10t 2-propanol) (TCI America),
tetrabutylammonium hydroxide (TBAOH 40% in wateFCl America), and tetraphenyl-
arsonium(V) chloride hydrate (Aldrich). All lanthide salts were 99.9% pure or greater,

all solvents were ACS certified or HPLC grade, afldother salts were 97% pure or
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greater. Water was deionized to a resistivity 8221MQ-cm using a Purelab® Ultra
laboratory water purification systef@iemens Water Technologies, Warrendale, PA).

The 1,4,7,10-tetraazacyclododecarig?-diacetate (DO2A) ligand was prepared
by hydrolysis of1,4,7,10-tetraazacyclododecarig?-di(tert-butyl acetate) (DO2A-tBu-
ester) (Macrocyclics, Dallas, TX) The DO2A-tBu-ester (4.8334 g, 12.07 mmol), a
slightly off-white powder, was dissolved in 120 nof 20% hydrochloric acid in a
roundbottom flask and refluxed for 24 hours withiristg in an oil bath (115 °C). The
hydrochloric acid was removed by rotary evaporatiader vacuum (~ 50 mbar) in a hot
water bath (55 °C) for approximately 5 hours toegev white solid. The deprotected
ligand was then rinsed using a fine frit (Pyrex,rib, ASTM 4-5.5F, No. 36060) and
vacuum filtration with the following in sequencBO mL of absolute ethanol (200-proof),
10 mL of diethyl ether, 20 mL of an ethanol-eth&rl] mixture, and three 20-mL
aliquots of ether. The solid was dried in a degsicunder vacuum for five days to
produce DO2A-2.80HCI-0.85B8 (4.6745 g, 11.53 mmol) in 94.84% vyield. Analal¢tl
(found) for GoH24N4O4-2.80HCI-0.85K0 (fw = 405.57): C, 35.54 (35.54); H, 7.08
(6.72); N, 13.81 (13.25); Cl, 24.43 (25.10).

Methods. Initial crystallization attempts of the Tb(DO2BRRA) ternary
complex involved addition of equimolar amounts efbium chloride hexahydrate,
dipicolinic acid and DO2A to a small volume (5.0 yraf nanopure water (18.2 @cm
resistivity). The pH was adjusted to ~ 8 with 5@8&dium hydroxide added dropwise.
The solution was vortexed and sonicated for appmai@ly 1 minute until fully
dissolved, filtered using a sterile Acrodisc® 25 rayminge filter with a 0.2um Supor®

membrane (Pall Corporation, Ann Arbor, Ml), sepadainto 1-mL aliquots and set aside
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for crystal formation. Though crystals were obsekvthe high solubility of the
Th(DO2A)(DPA) sodium salt in aqueous solution ledctystal formation only as the
solution evaporated to dryness. The resultingtalystherefore had a white surface
residue, presumably excess reactants and sodiwndshl which caused elemental and
mass spectrometry analyses to be inconsistenttagtisolved crystal structure. Attempts
to remove the residue with washing steps completslyolved the crystals. Substitution
of terbium nitrate for terbium chloride, or sodiupicolinate (NaDPA) for dipicolinic
acid, produced similar results. New solvent systéad to be explored.

Subsequent crystallization attempts included exrpemiation with various
solvents (methanol, ethanol, acetonitrile), couatex (sodium hydroxide, ammonium
hydroxide, tetraphenylarsonium chloride, tetrabartyinonium chloride), filters (0.gm
syringe filters, glass wool, Pyrex fine and mediiénits) and reaction conditions (pH,
temperature). Components were combined in aquesmlstion, and following
confirmation of ternary complex formation by flusoence spectroscopy, the solutions
were lyophilized using a MicroModulyo Freeze Dry@hermo Electron Corporation,
Waltham, MA) to dryness. The solid was then resnded in the desired solvent and
filtered prior to slow evaporation at a specifieeimperature. In all cases, only
precipitates were observed. As with the aqueoss,dae high solubility of the ternary
complex salts in methanol resulted in precipitatoorly upon going to dryness, so this
solvent was abandoned as well.

It was hypothesized that the use of both a straageland a counterion salt to
adjust solution pH and provide a cation for To(DQ@¥A), respectively, was forming

other salts with greater propensities to crystalbz form a precipitate. Therefore, the pH
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adjustment base and counterion salt were combinedane reagent to minimize the
extraneous ions in solution. Instead of using wodhydroxide in conjunction with
tetrabutylammonium chloride to produce the tetrglamumonium (TBA) salt of
Tb(DO2A)(DPA), for example, only tetrabutylammoniuhydroxide (TBAOH) was
added, eliminating the potential to form sodiumtssalhat might interfere with
crystallization of the ternary complex. It shoall$o be noted thainly the TBAOH in
isopropanol resulted in crystal formation; perfanmithe identical procedure with
TBAOH in water resulted in precipitation. This magicate that isopropanol is a critical
component in the unit cell (see Section 2.2.2)uofdscence and gravimetric studies
revealed that the TBA-Tbh(DO2A)(DPA) salt had greaelubility in acetone than in
acetonitrile, ethanol, or mixtures of acetonitaled ethanol (5%, 10% and 20% ethanol).
Acetone therefore became the solvent of choice, w@dtichately produced crystals of
sufficient size and quality for high resolution fdiiction studies. It should finally be
noted that onlynew frits produced crystals of high quality; a pre\sbuused frit, even if
only used once under identical conditions for thens crystallization, would result in
poor quality crystals or a precipitate. Attempmilean the frits using exhaustive rinsing
in several solvents, various acid digests or kdrdid not resolve the issue. It is therefore
recommended that the procedure be performed witk ead adjusted to produce
sufficient sample, as a new frit must be used ¢aod.

Equimolar aliquots of ThGI6H,O (0.18974 g, 0.508 mmol) and DO2A-2.80HCI-
1.00H0 (0.20738 g, 0.508 mmol) were dissolved in 3.00 ohlnanopure water (18.2
MQ-cm resistivity) using gentle heating (40 °C) armhisation. The white cloudy

mixture became clear and colorless upon clarificati The pH of the solution was
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adjusted to ~ 6 with tetrabutylammonium hydroxi@d®fAOH, 10% in 2-propanol) added
dropwise, and the solution was allowed to equitdraith stirring and gentle heating for
at least 2 hours to promote complete formationhef To(DO2A) complex. A slightly
smaller aliquot of DPA (0.08176 g, 0.489 mmol) when added to the solution, along
with 11.00 mL of nanopure #0. This is to prevent formation of any Tb(DRApecies
(1 <£n<3). The pH of the solution was adjusted to 8.80WiBAOH, added dropwise.
Addition of the yellow TBAOH solution caused fornmat of a white precipitate, but
clarification was observed with stirring and gerttésating in under 5 minutes. The clear,
yellow solution was lyophilized using a MicroModuolyreeze Dryer for 6 days, and 20.0
mL of acetone was added to the resulting orangd,sehich was sonicated and vortexed
to solubilize as much of the ternary complex asiiids. The mixture was centrifuged at
8000 rpm (25 °C) for 20 minutes (Model 5810 R, Emwef, Hamburg, Germany), and
the yellow/orange supernatant was quickly and adyeflecanted from the white pellet.
The supernatant was filtered through a new firte(Ryrex, 15 mL, ASTM 4-5.5F) under
vacuum with a bell jar directly into a clean sdiation vial (rinsed 3 times with filtered
acetone to remove any particulates that might caudéple nucleation sites). Crystal
formation was observed after sitting at room terapge for 24 hours. Suitable crystals
were utilized for X-ray diffraction studies at tBeckman Institute X-ray Crystallography
Facility (Caltech), while the rest were dried o\®0Os under vacuum for 7 days and
delivered to: (1) Desert Analytics Transwest Geaochier elemental analysis, and (2) the
mass spectrometer facility at Caltech.

Elemental analysis. Elemental analysis was performed in duplicatehwit

determination of carbon, hydrogen, nitrogen andl#mthanide of interest. The CHN
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protocol is based on analysis using the Dumas rdétidiere combustion and oxidation
with a WGQ; catalyst converts carbon, hydrogen and nitroge€@, H,O and NQ,
respectively. The NQis reduced to Nand the gases are separated using a packed
column prior to detection via thermal conductivitiletal prep involves acid digestion
and detection via inductively coupled argon plasatamic emission spectroscopy
(ICAP-AES).

Mass spectrometry. Dried crystals were dissolved in methanol ane thass
spectrum obtained using a LCQ Finnigan MAT elegirag ionization mass

spectrometer (ESI-MS) in negative ion mode.

Results and Discussion

The same procedure developed for Th(DO2A)(DP¥as used to produce
crystals of the samarium, europium, gadolinium dgdprosium ternary complexes as
tetrabutylammonium salts. Detailed characteriratibeach batch of crystals is provided
(vide infra). Low yields are due to the relativdlyw solubility of the complex in
acetone, as evidenced by a significant percentdgerecipitate remaining after
centrifugation. As the focus of this crystallizatiwas on quality as opposed to quantity,
the yield was not optimized.

TBA-Sm(DO2A)(DPA). 0.474 g, yield: 44.8%. Anal. Calcd (found) in
duplicate for NGgHzs: SMGgH25N503-3.29H0-0.21GgH3sNCI (fw = 960.8): C, 47.88
(47.80); H, 7.87 (7.40); N, 9.05 (9.32); Sm, 15(65.65). ESI-MSfV2): calcd (found)

for SngH25N503 (M_) 603.4 (6031)
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TBA-Eu(DO2A)(DPA). 0.269 g, yield: 38.9%. Anal. Calcd (found)duplicate
for NCreHas' EUG gH25NsOs-3.52H0-0.93GeH3eNCI (fw = 1168.8): C, 51.32 (51.33); H,
8.77 (8.00); N, 8.31 (8.49); Eu, 13.00 (12.95). I-&S (m/2): calcd (found) for
EuCigH2sNsOg (M) 604.4 (604.1).

TBA-Gd(DO2A)(DPA). 0.158 g, yield: 19.8%. Anal. Calcd (found) umpticate
for NCigHss: GdGeH25N50g-3.3H0-1.8GH0-0.3HCI (fw = 1027.7); C, 47.36 (47.37);
H, 7.74 (7.41); N, 8.18 (8.70); Gd, 15.30 (15.30); 0.95 (0.95). TOF-MS ESW(2):
calcd (found) for GgC19H25Ns0g (M) 609.0944 (609.0947).

TBA-Tb(DO2A)(DPA). 0.301 g, yield: 42.3%. Anal. Calcd (found) impticate
for NCieHss ThGigH25N50g:1.00GHsO- 4.00HO (fw = 982.97): C, 46.43 (46.63); H,
7.69 (8.17); N, 8.55 (8.71); Th, 16.17 (15.65). I-&& (m/2): calcd (found) for
ThCieH25Ns0g (M) 610.4 (610.1).

TBA-Dy(DO2A)(DPA). 0.102 g, yield: 45.4%. Anal. Calcd (found) mpticate
for NCigH36' DYCrg HasNsOg-9.24H0-1.45GeH36NCl (fw = 1426.9): C, 49.04 (49.05);
H, 9.31 (7.66); N, 7.32 (8.68); Dy, 11.39 (11.40ESI-MS {W2): calcd (found) for
Dy1C1gH25Ns05 (M) 615.4 (615.1).

Even in acetone, the crystals were visibly lumieesander UV excitation with a
handheld UVGL-25 multiband UV lamp (UVP, Upland, JOA short wave (254 nm) and
long wave (365 nm) modes. The terbium crystalpldi®ed green luminescence, the
europium crystals had red emission, dysprosiumrd y&llow and samarium a dim pink
(Figure 2.1). Once dry, the crystals became opamgemuch more luminescent under

UV irradiation, presumably due to loss of solvaoni the unit cell.
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2.2.2 X-ray Crystallography

All five TBA-Ln(DO2A)(DPA) complexes will be analgzl to determine ligand
chelation motif and the corresponding bond lengtind angles. The DO2A ligand should
coordinate in a hexadentate fashion, with the mtigke dipicolinate ligand occupying the
remaining three coordination sites on thé'Lion. We anticipate slight variations due to
the lanthanide contraction as we go from the lar§es" ion to the smallest DV ion in

the series of five lanthanides investigated.

Experimental Section

Methods. Diffraction data for the Sm, Eu, Tb and Dy crystaere collected at
100 £ 2 K on a Bruker SMART 1000 CCD area detediffractometer equipped with
graphite monochromated Mekiadiation fo = 0.71073 A). A Bruker KAPPA APEX I
diffractometer was utilized for the Gd crystalstta@ same temperature and wavelength.
To reduce solvent loss, all crystals were coateal lmyer of epoxy prior to mounting and
data collection.

The structures were solved by direct methods ferSm, Eu, and Gd complexes
and isomorphous methods for the Dy complex usingIS¥86-97> The Tb structure was
solved by direct methods using Bruker XS (versiat2® All complexes were refined
by full-matrix least-squares calculations of dgainst all reflections using the Direct
Bruker XL (TbY or SHELXL-97 (Sm, Eu, Gd, Dy) program packafiésNon-hydrogen
atoms were refined anisotropically. The hydrogeams were introduced in calculated
positions. CCDC reference numbers 655647 (Sm)5@B4Eu), 746157 (Gd), 629354

(Tb) and 643596 (Dy). Crystal and refinement datacollected in Table 2.1. Complete
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crystallographic data for all five complexes, irdihg asymmetric unit contents, atomic
coordinates, bond distances and angles, and apsottisplacement parameters, is listed

in Appendix D.

Results and Discussion

With the exception of europium, all Ln(DO2A)(DPAJomplexes crystallized in
the monoclinic space group #€ indicating a primitive lattice with an inversi@enter.
The unit cell has aj2screw axis, meaning a two-fold rotation (180°)daled by a
translation of ¥z of the lattice vector in the dtren of symmetry. This space group also
has a glide plane along the c-axis, signifyingamgtation along half the lattice vector
orthogonal to the direction of symmetf}. The Eu(DO2A)(DPA)complex crystallized
in the triclinic space group P1, indicating a ptine lattice with no symmetry. Though
this is a different space group in Hermann-Maugnatation*™ *2 all five ternary
complexes are crystallographically isostructuralthwslight differences (< 0.05 A)
appearing to follow the trend of Ehionic radius (Figures 2.2, 2.3). The differenne i
space groups is attributed to the fact that theresl region of the unit cell in all
structures was disordered, containing acetonetgamol, ethanol and water.

As anticipated, in all five structures the lantltenis complexed in a 9-coordinate
fashion between the tridentate DPA and hexaderid@@A ligands, and solvent is
completely excluded from the Ehcoordination sphere. The coordination geometry of
the lanthanide in each structure can be describedslightly distorted capped staggered

square bipyramidal conformation, with a pseudo-&2 passing through the DO2A core,

the lanthanide and the DPA nitrogen (Figure 2.#Although there are four possible
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stereoisomers of the lanthanide-cyclen compddnd only AQAML) or A(8583) is
observed in the asymmetric unit. On average, theNinteratomic distances for the
DO2A ligand are slightly shorter than reported ealdor similar macrocyclic lanthanide
complexes, whereas the Ln--O distances are slightiger (Table 2.2)> This may
indicate that the lanthanide ion is sitting moreemlg in the DO2A macrocycle ring,
which is supported by a slight decrease in the NoLbite angle for the coordinated
carboxylate ‘arms’ from 66.4° in Eu(DOTA) to 65.9h the Eu(DOZ2A)(DPA)
complex® In contrast to the DOTA case, the Ln--N distarfoesthe DO2A ligand are
also no longer equivalent; the two substituted @ir@gens are ~ 0.08 A closer than the
two nitrogens lacking coordinating arms. Simil@stadrtions (0.04 — 0.05 A) have been
reported for DO3A derivatives coordinated to*Tand EG*.*

The crystal structure for calcium dipicolinate yalnate contains the DPA ligand
in a planar configuratiol. However, all five crystal structures of the Ln(BX)(DPAY
complex show a slight torsion of the carboxylatggens coordinated to the lanthanide
out of the plane of symmetry. Though this migltticate a steric interaction between the
dipicolinate and macrocyclic ligands, this distonti does not appear to hinder
dipicolinate coordination; Ln--O and Ln--N distascéor DPA are within the range

reported for the terbium tris(dipicolinate) complex0.01 A)*®

2.2.3 Temperature Dependence

Crystals of TBA-Tbh(DO2A)(DPA) and TBA-Eu(DO2A)(DPAill be studied at
temperatures of 100, 200 and 300 K to determin@ny discernable temperature

dependence exists in bond lengths and/or angléeeafrystal structures.
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Experimental Section

Methods. Crystals were mounted on a glass fiber usingtBaeaoil, coated in
epoxy and placed on the diffractometer under aogén stream at the designated
temperature. Diffraction data were collected @ 1@ K, 200 + 2 Kand 300 £ 2 Kon a
Bruker KAPPA APEX Il diffractometer equipped witliagphite monochromated MoK
radiation fa = 0.71073 A). For each complex, the same crysta used for all three
temperatures. The structures were solved by dmmesthods using SHELXS-97 and
refined by full-matrix least-squares calculations & against all reflections using the
SHELXL-97 program package. Non-hydrogen atoms wefiaed anisotropically.

For the Eu complex, the asymmetric unit containeeta@ne at one site that was
disordered between two orientations; this site igéised as a rigid body starting with the
coordinates from the 100 K structure. Hydrogenmstamn water were located in the
electron density difference map and were constdaiogide the appropriate oxygen. All
other hydrogens were placed at geometric positeons refined as riding atoms. No
other restrains were placed on the model. CCDE€reate numbers 761599 (100 K),
762705 (200 K) and 763335 (300 K). Crystal anthezhent data are collected in Table
2.3. Complete crystallographic data for all thoeenplexes, including asymmetric unit
contents, atomic coordinates, bond distances agtegnand anisotropic displacement

parameters, is listed in Appendix E.

Results and Discussion

As temperature increases from 100 K to 300 K,LiheDPA distance decreases

slightly (0.01 A) and the Ln--DO2A distance incressby approximately the same
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margin for both the Tb and Eu complexes. Thisdrefith temperature only appears to
affect the LA™ coordination to the macrocyclic ring; the Ln--Gtdinces of the carboxyl
arms do not change. We attribute most of the ebseshift to libration, and conclude
that if there is a temperature dependence in thetalr structures of the TBA-:

Ln(DO2A)(DPA) complexes, it is negligible.

2.3 Photophysics
2.3.1 Spectroscopy

While absorption spectroscopy can provide somernmméion about complexes
involving dipicolinate, this technique does not te3 much about the lanthanides due to
the forbidden nature of f—f transitions. Fluoresme spectrophotometry, in contrast, can
reveal the symmetry of the lanthanide coordinasiphere, the extent of sensitization by

the chromophore and whether solvent deactivatiansignificant source of quenching.

Experimental Section

Materials. The following chemicals were purchased and @sececeived: DPA
(dipicolinic acid, pyridine2,6,-dicarboxylic acid) (Aldrich), deuterium oxide 99®
(Cambridge Isotope Laboratories, Inc.), dysprosluin€hloride hydrate (Alfa Aesar),
europium(lll) chloride hexahydrate (Aldrich), ndriacid (EMD Chemicals, Inc.),
samarium(lll) chloride (Alfa Aesar), sodium acetatdydrate (Mallinckrodt), sodium
hydroxide (NaOH 50% in water) (Mallinckrodt), teuba(lll) chloride hexahydrate (Alfa
Aesar), tris buffer (tris-[hydroxymethyllJaminometied (MP Biomedicals, LLC) and L-

tryptophan (Alfa Aesar). DO2A was prepared as jotesly described (Section 2.2.1).
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Methods. Stock solutions of LnDPA and Ln(DPA)were prepared
gravimetrically by addition of the lanthanide chéte salt to 0.9 or 10 equivalents of
dipicolinate, respectively, and dilution in nanopwvater (18.2 MR-cm resistivity).
Stock solutions of ternary complex were preparedvigretrically from dried
TBA-Ln(DO2A)(DPA) crystals of known molecular weigtSection 2.2.1). These stock
solutions were diluted to 10/ in 0.1 M Tris buffer (pH 7.9, adjusted with 50%a8H
added dropwise) or 0.2 M sodium acetate (pH 7.4yséeld with 50% NaOH added
dropwise). All solutions were allowed to equiliteafor at least 24 hours prior to
analysis.

Absorbance measurements were made in quartz csi\{éttan path length) using
a Cary 50 Bio UV/Visible Spectrophotometer (Varidngc., Palo Alto, CA), and
luminescence measurements, also in quartz, wertorpexd using a Fluorolog-3
Fluorescence Spectrometer (Horiba Jobin-Yvon, Edi$d]). To prevent the second-
order diffraction of the source radiation, a 350-opatoff filter (03 FCG 055, Melles
Griot, Covina, CA) was used in all luminescence sneaments. All reported spectra
were obtained as a ratio of corrected signal toected reference (AR.), where the
reference is a separate photodiode detector,ongte the effect of varying background
radiation in the sample chamber (Figure 2.5). Repointensities are in units of counts

per second per microampere (¢s).

Results and Discussion

Absorbance, luminescence excitatiag,{= 600 nmAg, = 615 nmAt, = 544 nm,

Aoy = 574 nm) and emissionkg = 278 nm) spectra were obtained for each ternary



59

complex (excluding Gd). The UV absorption spedirall four complexes (Figure 2.6)
revealed peaks at 271 and 278 nm, attributableetn £ T* transitions of bound DPA?
Luminescence excitation and emission spectra (Egg@r7—-2.10) are consistent with a
DPA — Ln*" energy transfer mechanism, where the most inteméssion occurs at 601
nm (‘Gsj2 — ®Hyp) for the Sm complex, 617 nmidy — ‘F,) for the Eu complex, 545 nm
(°D4 — Fs) for the Th complex and 484 niF§, — °His)) for the Dy complex®?3

To confirm that the observed increase in lumineseempon dipicolinate
coordination is due to an absorption-energy trarsfieission (AETE) mechanism and
not simply exclusion of solvent molecules from thathanide coordination sphere, the
emission spectra of the Tb aquo ion was recordéd@ and in BO. Deuterated water
has a greater mass and therefore a lower O-D atseilirequency, meaning it does not
participate in nonradiative deactivation througlprenic quenching as normal O-H
oscillators in water do. The ThoD,O species therefore represents the unquenched
lanthanide luminescence in solution, whereas®* BbbO, with O-H oscillators
comprising the entire coordination sphere, reprssinie most severely quenched species.
Though there is a marked increase (threefold)rminescence of the Fhcation when in
deuterated solvent, this is almost negligible inmparison to the effect of one
dipicolinate ligand (Figure 2.11). If the only fttion of tridentate DPA binding were to
displace three water molecules from thé*Tamordination sphere, the intensity should be
a factor of three lower than the fi9D,0O spectrum, which has displaced all nine waters.
The nearly 3-orders-of-magnitude increase in lusteace is clear evidence of

lanthanide sensitization via the AETE mechanism.
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It is quite curious that the dipicolinate anion redoexhibits no detectable
fluorescencé! Though the sodium and calcium salts of DPA ensryvweak
fluorescence in the 400-420 nm range when excitedna 300 nnf> the DPA" anion
has no detectable fluorescent signal, despite ¢hieal studies which suggest
otherwise!® We have verified this same result in a varietgalfents (HO, acetonitrile,
dichloromethane, toluene). Though the reasons tiwaydipicolinate anion is invisible
are still unknown, this adds an advantage of redidicerescent background in terms of
developing a luminescence-based assay for DPA.

The ternary complex emission spectra all displagum band splittings that are
dependent on the site symmetry of the lanthanidedoation sphere, including those of
Sntt ([Xe] 4f°) and Dy* ([Xe] 4f%), which exhibit Kramers’ degeneracy in low
symmetry cases such as this (see Section 2% B9r all four lanthanides this splitting is
present in all observable emission peaks, regardiefiypersensitivity (i.e., th#Dy —
’F, transition of E@"), degeneracy of the lanthanide ground state, @then assigned as
electric dipole or magnetic dipole transitions.r Egample, emission spectra of the mono
Tb(DPAY-6H,O complex, the homoleptic Tbh(DPA) species, and ternary
Th(DO2A)(DPA) all exhibit very different splittings, and thedsacacteristic differences

can be used to visually identify the major compdmesolution.

2.3.2 Quantum Yields

Using absorbance and fluorescence measurementnderh, it is possible to
guantitatively measure the efficiency of lanthanggmsitization in our complexes. For

our purposes, ‘quantum yield’ refers to the lumasse quantum yieldd(), defined as
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the ratio of photons absorbed (by the chromophaoe)photons emitted through

luminescence (by the lanthanide). Therefdre represents the probability of formation
of the lanthanide the excited state via the absbrnergy transfer-emission (AETE)

mechanism, coupled to the probability of the extitgtate being deactivated by
luminescence as opposed to non-radiative deadivatathways. Several deactivation
pathways can cause this value to be significargs Ithan unity, such as inefficient
coupling of the chromophore triplet energy level thee lanthanide excited state, or
vibrational quenching from solvent molecules inr@ar the lanthanide coordination
sphere. Typically, a compound with a quantum ygleiater than 0.1 is considered to be

guite luminescent.

Experimental Section

Methods. Five concentrations ranging from 5.0 to 15M were prepared for
each lanthanide complex (excluding Gd) in 0.1 Mshuffer (pH 7.9). Absorbance and
luminescence measurements were made in quartztesiMd@ cm path length) using a
Cary 50 Bio UV/Visible Spectrophotometer, and a drftllog-3 Fluorescence
Spectrometerigx = 280 nm). Absorbance measurements were zeroaa éonpty quartz
cuvette in the sample chamber; quartz cuvettesacongy solvent only were run in
triplicate as a control, so no baseline correctias necessary. All recorded absorbances
were under 0.1 and all luminescence intensitiesevimow 5 x 10 cps (counts per
second), well within the linear range of both ingstents. Quartz cuvettes were cleaned
using a nitric acid (50% in nanopure water) digesd rinsed thoroughly with nanopure

water between samples. No background fluoresceasebserved for the solvents used.
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The quantum yield of each complex was calculatéuguke following equation:

2
D, =D, DGradx [!ST(XST) Dnzx
Grad, Ix(kx) Nst

where® is quantum yield, X is the sample, ST is the saaddl is the intensity of the

[2.1]

excitation light at wavelength andn is the refractive index of the solvent. ‘Gradfers
to the gradient relationship in equation 2.2 oladirby plotting data as integrated
luminescence emission intensity (E) against absmdéA).

Grad:E [2.2]
A

Emission spectra were plotted as intensity aga@nstgy (crit) and integrated using the
FluorEssence software package. Quantum yield measts were standardized to L-
tryptophan in deionized water (18.2 (Mcm resistivity) at the same excitation
wavelength, pH 5. = 0.13 + 0.01f’ Corrections were made for the difference in
refractive index between bufferedb® (0.1 M Tris) and pure #. Molar extinction
coefficients were also calculated for the ternasgnplexes and the dipicolinate anion by
plotting absorbance against concentration (Figut)2

We attempted to use BuU(DPA)] as our secondary standard, which was
reported by Chauvin et &:?°to have a quantum yield of 24 + 2.5%,(= 279 nm) at 75
uM in 0.1 M Tris buffer. C§Eu(DPA)] was prepared as described by Brayshaw &t al.
9.73 g, yield: 96.2%. Anal. Calcd (found) in dwaplie for CsEu,C,1N3012Hg-26.4H0-
CsCOs (fw = 1215.7): C, 22.29 (22.29); H, 5.13 (2.08); 3.46 (3.71); Eu, 12.50
(12.50). However, this concentration of3[Ea(DPA)] has an absorbance around 1.0
with a 1 cm path length cell, not in the 0.2 ramgewas described. In order to obtain

absorbances in the proper linear range, the coratemt of the CgEu(DPA)] had to be
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decreased to 50M. This was problematic, as the stability consw@iEu(DPA)" is in
this range (3.1uM).>* We believe that the authors must have used 0.patm length
cells, and that these should be used for any qoantald experiments involving tris-
DPA lanthanide complexes as secondary standartiser@se, the Eu(DPAY complex
dissociates to Eu(DPA)and DPA’, and emission intensity no longer tracks lineavith
absorbance (Figure 2.13). As we were using 1 dimlpagth cells, we simply discarded

this standard in favor of the more accepted L-tygpan.

Results and Discussion

Molar extinction coefficients for the four lumirasnt ternary complexes and the
dipicolinate anion are all in the same range of W0'cm™®, which is expected as all
contain the same amount of chromophore, the ombngly absorbing species (Table
2.4). The calculated molar extinction coefficiefithe tryptophan standareg(, = 5277
Mcm?) was within 5% of the reported valug{, = 5502 M*cm'™).’

The luminescence quantum yields for Tbh complexesgagater than those of the
Dy, Eu, and Sm complexes (Table 2.5). This is niiksety due to (1) the small energy
gap and corresponding strong coupling between & Diplet state and the terbiut,
excited staté” * *and (2) the absence of other terbium excited statger in energy
than the DPA triplet, which might quench emissida ronradiative decalf. Samarium
and europium have larger energy gaps between a@ogephergy levels and the DPA
triplet level® ¢ so intensity loss in these lanthanide complexgsadbably due to poor
coupling and lack of efficient energy transfer (lEeal2.6). For the case of Dy, the

quantum vield is lower despite an even smallerg@ngep®’ because th#1s, and*Gay,
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excited states are also populated and each cotigbto the loss of quantum vyield via
nonradiative decay. The high efficiency and intensity of the Th compkuggests that

Tb(DO2AY is the optimal choice as a dipicolinate recepiter: s

2.3.3 Lifetime Measurements

Luminescence lifetimes of lanthanide complexes pavide information about
the coordination environment and degree of quemclohthe lanthanide in solution.
According to the Judd-Ofelt theory of lanthanidetaphysics, the radiative lifetimes of
Laporte-forbidden f—f transitions should be on drder of millisecond$®*° However,
reported experimental decay lifetimes for lanthanedmplexes are significantly faster
(microseconds), suggesting that non-radiative itians have considerable influence on
radiative lifetimes in these complex@s.

As described in Chapter 1, non-radiative relaxatioa to solvent interactions can
severely reduce lanthanide luminescence due taygrassipation by vibronic modes,
with the O—H oscillator being the most common affttient quencher. However, if
these O—H oscillators are replaced with low-frequye®@—-D oscillators, the efficiency of
the vibronic deactivation pathway decreases subalign Therefore, the rate constants

for luminescence lifetimesty,0) of lanthanide excited states in water or alcaholi
solvents are often much shorter than those in tizdogous deuterated solvents.().

This property can be utilized to determine the degof solvation for luminescent

lanthanides with a fair amount of certainty.
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The hydration number, or the number of bound watelecules in the lanthanide
coordination sphere, can be calculated using aadedlerived by Horrocks and Sudnick
for terbium and europium complex®&s The relationship between Tb or Eu excited-state
lifetimes ) experimentally determined in,B and DO solvents, and the hydration

number (q) is given in equation 2.3.

q=AL{i— L ] 2.3]

All lifetimes are in milliseconds, and the Aconstant is a proportionality factor specific

to a given lanthanide which takes into accountahergy gap between the ground and
excited state manifolds. For exampleyAs 4.2 £ 0.5 ms while A is only 1.05 £ 0.5
ms. This equation was later modified by Parkealeto produce equation 2.4, which
takes into account quenching effects from cooreihdti—H oscillators (where ‘X’ is the

number of N—H oscillators) and outer sphere watelegules*®

qEUZAEu 1 —0.25—0.075X]
Th,o Tp,0
- [2.4]
T _ 1 1 | B
g’ =A;|| ——-——|-0.06-0.0056x
Th,o Tp,o

The effect of the DO2A ligand, which contains twe-HN oscillators, results in a
proportionality factor of 4.6 + 0.5 ms when coomtied to TB*, assuming slow exchange

with D,O.*
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Experimental Section

Materials. Deuterium oxide 99.9% (Cambridge Isotope Laboraso Inc.), DPA
(dipicolinic acid, pyridine2,6,-dicarboxylic acid) (Aldrich), sodium hydroxide (&
50% in water) (Mallinckrodt), and terbium(lll) childe hexahydrate (Alfa Aesar) were
purchased and used as received. DO2A was prepar@deviously described (Section
2.2.1).

Methods. All samples were prepared in triplicate to a lfimalume of 4.00 mL
with 1 mM NaOH (pH 7.5) in nanopure water (18.22Mm resistivity) in disposable
acrylate cuvettes (Spectrocell, Oreland, PA), 1 math length, and were allowed to
equilibrate for at least 24 hours prior to analystomplex formation was verified using
the characteristic profiles of the various emissgpectra obtained on a Fluorolog-3
Fluorescence Spectrometer. Samples to be invesdiga DO were prepared in the
same manner and then dried in a dessicator witkrilxri(W. A. Hammond Drierite Co.,
Ltd., Xenia, OH) under vacuum for at least 7 dayhe solid precipitate in these cuvettes
was redissolved in f® by gentle mixing immediately prior to analysi¥he solution
pH/pD was checked using a calibrated handheld pHtemyperature meter (Model
IQ150, I. Q. Scientific Instruments, Loveland, CiGljowing data collection.

A modified Fluorolog 3¢ spectrofluorometer (Horiba Jobin-Yvon, Edison, NJ)
was used for lifetime measurements at 25 °C (Fidgudet.). The fourth harmonic
generation Xex = 266 nm) of a 10 nanosecond pulsed Quanta Ray %abes
neodymium-doped yttrium aluminum garnet (Nd:YAGda(Newport Corp, Irvine, CA)
was used as the excitation source, with output@iphotomultiplier tube (PMT) detector

digitized using an oscilloscope to obtain plotvoltage against time (Figure 2.15). The
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laser power was adjusted to 1.0 mW to avoid heativeg sample or destroying the
acrylate cuvettes. Lifetime decay curves weréofih monoexponential curve of the form

in equation 2.5 using the Kaleidagraph softwar&kage.

I(t) =C+1,e™"" [2.5]
In this fit, | is the signal intensity (measuredviolts), b is the initial or maximum signal
intensity, t is the time in secondsis the lifetime in seconds and C is a constaidjost
for background intensity due to scatter in the darspamber. The hydration number (q)

for each terbium complex was then calculated ustgation 2.3, with A4, = 4.6 or 4.2 +

0.5 ms per bound water molecule for complexes waiith without DO2A, respectively.

Results and Discussion

Luminescence lifetime measurements of the variedsum complexes indicate a
significant increase in lifetime in @ compared to kD, as expected due to quenching
from vibronic coupling (Table 2.7). The lifetimé the terbium dipicolinate complex in
water (0.6 ms) is consistent with the values regabldy Jones and Vullev at a similar pH
(0.599 msY® Further, the hydration number of each complexiikin range of what was
expected assuming This 9-coordinate, and indeed, a value of q = 8.8 e&culated for
the terbium-agquo complex. The Tbh(DOZApmplex, containing the hexadentate DO2A
ligand, had a hydration number of 2.4, which issistent with reported values of g = 3.0
and 2.6 inner-sphere water molecules for Eu(DO24Q0 and Eu(DO2A)(OH)
(H20)q-1, respectively¥®  The very low hydration number (g = 0.3) for the

Tb(DO2A)(DPA) ternary complex indicates exclusion of water frahe terbium
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coordination sphere, and is consistent with thé lgigantum yield of this complex, which

no longer experiences quenching effects due ta-igspleere vibronic deactivation.

2.4 Theoretical Investigations
2.4.1 Crystal Field Theory: Europium as an Example

As described in Chapter 1, lanthanide emissionilpgohave complex character
due to Stark sublevel splitting, which is largelgpéndent on the site symmetry of the
central lanthanide ion. Thus, if the emission spea of a pure lanthanide complex (or
the absorption spectrum for lanthanide-doped singjstals) is known, it is in principle
possible to determine the point group of the lanidha site, even in soluticH. However,
the group theory and resulting crystal-field partneation of lanthanides is
significantly more complex than transition metasd complications such as low site
symmetry or the additional degeneracy of odd-ebecttanthanides make spectral
assignment of crystal-field transitions even mafécdlt. Systems with an odd number
of f-electrons (i.e., SH, G* and Dy") are nearly impossible to use as probes for the
site symmetry around the lanthanide ion due to Kmsndegeneracl’ For a complex
with symmetry lower than cubic, eve?™L; level will be split into J + ¥ crystal-field
levels in the absence of an external magnetic.fieddprogressive lowering of the site
symmetry will thus not result in a progressive realmf the 2J + 1 fold degeneracy of
the 2°*IL; level. We therefore focus on lanthanides withesan number of f-electrons
for our analysis of site symmetry in lanthanide pteres.

The europium ion has several characteristics thedtenit ideal for use as a probe

of site symmetry. First, Bli has an even number of electrons ([Xef)460 total
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degeneracy is removed in low symmetry cases. Sedtba’F, ground state of Efiis
non-degenerate, meaning it will transform as thallfpsymmetric representation of the
point group, which simplifies spectral interprepatisignificantly. Third, many of the
25t} ;levels where J is small (and there is a straigivdiod relationship between crystal-
field splitting and crystal-field parameters) aregent in the optical region for europium,
meaning crystal field parameters can be measunmettyi from experimental spectra.
Finally, there is very little overlap between thgstal-field levels of different J states, so
levels in the groundF; and excited®D; terms can be easily distinguished in high-
resolution spectra. We can therefore use our auropomplexes to validate lanthanide
site symmetries in solution against what is obsgtiaehe crystal structure.

For this exercise, we focus on the Eu(DPAand Eu(DO2A)(DPA)complexes,
for which the point groups are known from the caystructures. The Eu(DO2A)(DPA)
complex crystallized in a geometry best describgdhe G point group (see Section
2.2.2) . Though no crystal structure of the Eu(pPAcomplex has been reported, the
analogous Th(DPAJ complex has been crystallized as the sodium s$hdt; three
tridentate dipicolinate ligands arranged in afBshion around the terbium idh. This
symmetry is supported by absorption measurementth@fEu(DPA)* complex in
solution?® Using high-resolution emission spectra of these tomplexes, we can
gualitatively determine the point group of eactsatution and compare to that found in
the corresponding crystal structures.

The most interesting and informative transitionsthie europium luminescence
spectrum are’Dy — ‘Fo (580 nm),’Do — 'F1 (595 nm),>Dy — 'F» (615 nm) andDg —

"F, (695 nm). All of these are electric dipole traiosis with the exception 6Dy — “F,
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which is a magnetic dipole transitiéh. The first peak in the emission spectrum allows
for determination of sample purity and significgntlarrows down the list of potential
point groups. If théDy — ‘F transition shows any splitting whatsoever, moentbne
non-equivalent site is present. This transitioalsd reported to shift with coordination
number, most likely due to an increase irf'Higand covalency via the nephelauxetic
effect®® *° Further, according to the selection rules foctie dipole transitions, this
transition can only be present in cases @f C, or G, symmetry. Therefore, if this peak
is absent, the symmetry around thé'Han is high.

The next peak, usually found around 595 nm, alleadurther isolation of the
correct point group of the complex. If tABy — F; transition is split into three peaks,
the symmetry must be either orthorhombig,(D,,), monoclinic (G, Cy) or triclinic (C,).

If the transition has only two peaks, we are lefthwhexagonal, trigonal or tetragonal
symmetries.

If the symmetry is high, more transitions are fdd#n by symmetry restrictions;
therefore, lanthanides occupying sites of low symnyneill have more peaks within a
spin-orbit coupling band than those in site of lkiglsymmetry. This feature is well
illustrated by the®Dy — ‘F, (615 nm) transition. If the symmetry is found he
orthorhombic, monoclinic or triclinic, the pointayp can be mostly ferreted out using
this transition. If the band at 615 nm has onle¢hpeaks, the point group is,Dour
peaks indicate a point group of$/and five peaks leave the remaining point gro@s (
Cs and G) as possibilities. For the hexagonal, trigonal setragonal symmetries, further

information is required. If polarized spectra danobtained, distinctions can be made
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using this and théD, — ’F, transition to clearly identify the point group thfe EJ*
coordination sphere (Figure 2.16).

Each transition of the emission spectra for Eu(RfAnd Eu(DO2A)(DPA)
were deconvoluted into a sum of Gaussians to dyahe number of peaks in each band
(Figure 2.17). For the europium tris(dipicolinamplex, we find theDy — 'Fp
transition is absent and tAB, — F; transition is split into two peaks, indicating @irt
group of higher symmetry (hexagonal, trigonal draigonal). We can also see that the
intense®Dy — 'F, transition is split into only two peaks which, dis the fact that we
cannot identify polarizability in this spectrum,sgong evidence for thezpoint group.
The analysis of crystal field splitting of the EWB):> emission spectrum therefore
implies that the europium ion is in a similar cguiiation in both the crystal structure and
in solution, and that this configuration is bestaéed by the Ppoint group.

For the ternary complex, we clearly identify a $#engeak for the’'Dy — 'Fo
transition, meaning our sample has low symmetrytagt purity. The position of this
peak at 581 nm (17,215 &hnindicates a 9-coordinate environment around thé" E
central ion*® The triply-split°®D, — ‘F1 transition confirms orthorhombic, monoclinic or
triclinic symmetry. Finally, theD, — ‘F, transition is split into 5 peaks, narrowing
down the possibilities to € C, or G. Cursory analysis of the Eu(DO2A)(DPA)
emission spectrum using selection rules of spedifamsitions is therefore in close
agreement with the crystal structure, which purpartpoint group of Cor G, for this
complex. Hence, the coordination sphere of th& Ewn appears to remain consistent in

terms of symmetry from solid state to solution.
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Our theoretical investigation using europium asexample suggests that the
symmetries observed in the crystal structures ¢DP#&);> and Eu(DO2A)(DPA)are
preserved when these complexes are in solutiomugdt systematic structural studies of
various lanthanide complexes have shown that itbsamather difficult to satisfactorily
extrapolate what is observed in the solid stateetoavior in solution, in some cases the
gross aspects such as symmetry are retaifédWhile not necessarily conclusive, this
exercise serves to demonstrate the potential obtaryfield theory to validate

experimental data for lanthanide complexes thatvatecharacterized.

2.4.2 Density Functional Theory

To better understand the energetics of the Ln(DQRRA) ternary complex and
dipicolinate binding to Ln(DO2A) a collaboration was established with John A. iKeit
Josef Anton and Timo Jacob at the University of UlBermany, to perform density
functional theory (DFT) calculations on this system

Calculations were run with the PBEO hybrid methad variant of the PBE
generalized-gradient exchange-correlation functiomauding exact Hartree exchange)
with Tb** as the central lanthanide. The number of atonthimwithese complexes
prevented practical simulation of the highest-aacyrbasis sets. Instead, the CSDZ
pseudopotential was used on the lanthanide whiletaér atoms used the double-zeta
qguality 6-31G** basis set. As these were relagiviigh-spin complexes, calculations
used the restricted open-shell Hartree-Fock (ROMEMod; spin-polarized unrestricted
Hartree-Fock (UHF) calculations found near-idertienergies as minimal spin

contamination was found at the minimum energy Spate. After pre-optimization in
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vacuum, the geometric structures were then optehineder the constraints of a self-
consistent reaction field (SCRF) continuum methodntodel a surrounding water
solvent. Energy values §g-and Eq) were recalculated with more expansive triple-zeta
basis sets to minimize basis set superpositionrer(BSSEs). Density functional
methods are known to poorly describe long- and mmaeiange vdW contributions, and
to address the importance of these terms, they wamdicitly calculated with a
semiempirical approachprior to computation oAAE for all reactions.

Computational results indicated only two solventlenales in the terbium
coordination sphere for the Th(DOZA)omplex, even after full optimization in solvent
(Figure 2.18). This is consistent with reporteddfayion states of Ln(DO2A)@#D),
complexes, witm = 3 for Ce through Eu amil= 2 for Tb to Yb>° though our lifetime
measurements suggest a slightly higher hydrationben for this complex.

Further computational investigations found veryikinrelative binding energies
for all Ln complexes, not in agreement with our esmental results. For a given
binding constant k the binding energy is given by equation 2.6.

KT _ e

kn
h

ht [2.6]

For detection of two binding constants; (&nd k) within a factor of 100, we can
determine the minimum allowable difference &G for a given temperature by

substituting and solving as shown in equation 2.7.
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Kk

—1 =100

k2

kr;r @_AG kT

T o, —100 [2.7]
kr;r |]3 %T

e =100
(AAG) = In(100)kT

At 298 K, kT = 0.592 kcal/mol. Substituting in shralue and solving fokAG, we have
equation 2.8.

AAG = 2.73 kcal/mol [2.8]
We therefore must have computational accuracy wighd kcal/mol to accurately detect
two binding constants within a factor of 100. Sirgimilar calculations are capable of
errors from 2-5 kcal/mol for small organics, lebraé for substantially more complicated
lanthanide complexes, it would not be surprisinthé standard computational approach
could not successfully discern binding constanthiwithis order, and a more advanced
approach is necessary.

One likely possibility is the lack of rigorous tteeent of relativistic effects and
spin-orbit coupling; treatment of these effects whas motivation for the collaboration
with the Ulm group. Unfortunately, the highly poiable dipicolinate ligand was found
to cause convergence errors in the Ulm code, andceaunrate theoretical model of the
ternary complex could not be obtained (energetitisinvs kcal/mol). Since these errors
could not lead to an improvement over the previpusiked model, further understanding

of these complexes from theory could not be obthine



75

2.5 Conclusions

Five Ln(DO2A)(DPA) ternary complexes, where Lh = Sm, Eu, Gd, Tb agd D
were successfully crystallized as tetrabutylammngalts by slow evaporation out of
acetone. Crystallographic analysis revealed thectstres were all isostructural and
superimposable, with slight differences followirfgettrend of lanthanide ionic radius.
Variation of temperature from 100 to 300 K resuliadnegligible differences in the
crystal structures of the Th and Eu complexes.

Excitation and absorption spectra of the four luestent complexes (Sm, Eu, Tb
and Dy) were very similar, with twe — z* transitions at 271 and 278 nm. Emission
spectra confirm sensitized luminescence via the REmechanism for all four
complexes, with emission intensities in the ordeflio >> Eu >> Dy > Sm. Quantum
yield measurements verify optimal energy transféiciency in the TH* complex, most
likely due to close coupling between the dipicdientiplet energy level and the terbium
°D, excited state.

Lifetime measurements of various *flromplexes indicate nine waters bound in
the aquo complex, six in the Th(DPA3omplex, and two to three in the Tb(DOZA)
complex. The fully formed Tb(DO2A)(DPA)xomplex excludes solvent completely
from the lanthanide coordination sphere.

Analysis of Stark splitting in the europium emigsgpectra using selection rules
corroborates point group assignments of &nd G/C, for the Eu(DPAY* and
Eu(DO2A)(DPA) complexes, respectively, suggesting symmetry mseo/ed when such
complexes are in solution. Theoretical calculadiarsing density functional theory

(DFT) were found to be limited and inconsistenthwakperimental results.
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With the ternary complexes fully characterized eénnts of their structure and
photophysics, we may begin to approach the Ln(DO2#&Jies in terms of receptor site
design. The complex that is most effective aspecdlinate sensor will be validated with

real bacterial spores both from laboratory andremvhental samples.
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201
%07

Figure 2.4. Geometry of the lanthanide coordination site in the Tbh(DO2A)(DPA) complex.
Thermal ellipsoid plots (50% probability) of the samarium coordination sphere show the capped
square bipyramidal geometry, with the four DO2A nitrogens in the lower plane and four oxygens
(two from DPA, two from DO2A) in the upper plane. (A) Looking across the complex, with DO2A
below and DPA above the Sm** central ion. (B) Looking down the DPA ligand (the N1 of the
DPA is obstructing the view of the Sm).
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KEY
Excitation source O Sample (cuvette)
Mirrors |:| Cutoff filter
Intermediate slit —— Excitation light
Slit —— Emission light

Diffraction grating

@ — 3 | 12 in. |
| 1

Figure 2.5. Schematic of the Fluorolog-3 Model FL3-22 spectrofluorometer. The instrument is
comprised of interchangeable modules arranged in an ‘L’ configuration. The light source is a
450-W xenon short-arc lamp (1) mounted vertically in an air-cooled housing. Wavelength
selection is accomplished using Czerny-Turner double-grating monochromators for excitation (2)
and emission (3) light with all-reflective optics and 0.5-nm accuracy. The sample chamber (4) is
temperature-controlled and adjustable for right-angle or front-face detection. This model has two
detectors: the primary signal detector is a R928P photomultiplier tube (5) thermoelectrically
cooled with a Peltier cooling unit, and the reference detector is a photodiode (6). The 350-nm
cutoff filter (yellow) is positioned between the sample chamber and the emission double
monochromator module. The hardware is directed by a SpectrAcq controller and the user
interface is managed by the FluorEssence software package.



84

WU 28 = "9y ‘wu pig = *y ‘wu gT9 = ™Y ‘wu 009 = “Sy :syBusjenem uonenox3 ‘6’2 HA ‘suL N T°0 ut Wil 0°0T e ‘AQ Jo
gl ‘N3 ‘ws = uq aleym ‘saxa|dwod (vda)(vzoa)uT jo enoads (g) uondiosge pue () uonelioxs pazijewloN '9'Z ainbi4

(wu) ybusjanem (wu) yiBusarem
0o€ 06¢ 08¢ 0L¢ 09¢ 0S¢ 0og 062 082 0.2 092 0S¢

=
o
g 3
5 1
N o
Q 4
> >
O w0
8 =}
= 5
O J—
Q ]
= o
® | (vda)(veoq)ws — 2
(vda)(veoa)ha — =<
(vda)(veoa)na —
d (vda)(vzoa)aL — \v/

[




85

J=7/2 4Gs/z - 6HJ

J=11/2, 13/2

|

Sm(DPA)"-6H,0

J=5/2
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Figure 2.7. Emission spectra of samarium complexes, 10.0 yM in 0.2 M sodium acetate, pH 7.4
(Aex = 278 nm), showing characteristic splitting as a result of changes in the symmetry of the sm*
coordination sphere.
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Figure 2.8. Emission spectra of europium complexes, 10.0 uyM in 0.2 M sodium acetate, pH 7.4
(Aex = 278 nm).
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Figure 2.9. Emission spectra of terbium complexes, 10.0 uM in 0.2 M sodium acetate, pH 7.4 (Aex
=278 nm).
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Figure 2.10. Emission spectra of dysprosium complexes, 10.0 ygM in 0.2 M sodium acetate, pH
7.4 (hex = 278 NM).
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F, == 5D, — [Tb(DPA)-6H,0]*
— [Th-9D,0J3*

J=5 — [Tb-9H,0]*

[=2}

Emission Intensity

Wavelength (nm)

Figure 2.11. Effect of lanthanide sensitization compared to displacement of quenching solvent
molecules. The emission spectrum of Tb** in D,O shows a modest 3-fold increase in intensity
(note Emission Intensity is a logarithmic scale), whereas the addition of one chromophore
increases the terbium intensity by nearly three orders of magnitude.
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Figure 2.12. Linear fit of absorbance (A;,s = 280 nm) versus concentration for the
Ln(DO2A)(DPA) complexes (Ln = Sm, Eu, Tbh and Dy) in 0.1 M Tris buffer, pH 7.9.
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Figure 2.13. Fluorescence of CssEu(DPA); in 0.1M Tris, pH 7.9, showing nonlinear behavior due
to dissociation at low concentration.
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Figure 2.14. Schematic of the Fluorolog-3t Model FL3-12 spectrofluorometer used for lifetime
measurements. Instead of the xenon lamp (1), a Nd:YAG laser with fourth-harmonic generation
(266 nm) is used as the excitation source (A), so the excitation single monochromator (2) is no
longer necessary as a wavelength selector and serves only as an alignment tool for the laser.
The laser beam enters the excitation monochromator via a port on the side of the module (B),
and is aligned to strike the center of the cuvette (C). An oscilloscope (D) is attached to the
R928P photomultiplier tube (5) to obtain measurements of intensity as a function of time.
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Figure 2.18. Theoretical model of To(DO2A)" complex, showing two solvent molecules in the
terbium coordination sphere and one less strongly associated. Courtesy of J. Keith, Universitat
Ulm.
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Table 2.2. Relevant bond distances for various gadolinium complexes.

Gd(DO2A)(DPA)  [Gd(DO3A)] ,Na,CO,"  Na[Gd(H,0)(DOTA)] *

Gd--N1 2.6607(9) 2.63 2.656(3)
Gd--N2 2.5960(9) 2.60 2.688(3)
Gd--N3 2.6727(9) 2.59 2.645(3)
Gd--N4 2.5816(9) 2.56 2.661(4)
Gd--01 2.3941(7) 2.35 2.379(3)
Gd--03 2.3850(7) 2.34 2.362(3)
Gd--07 2.35 2.359(3)
Gd--09 2.370(3)

" Reference 14

Note: Numbering of O atoms was modified in the DO2A complex to be consistent with the
reported DO3A and DOTA complexes.
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Table 2.3. Crystallographic data for the three TBA*Eu(DO2A)(DPA) structures.

Temp 100 K 200 K 300 K

Formula [C,oH,5NsOgEU] [C,gH,5NsOgEU] [C,gH,5NsOgEU]
[CH3gN]** C3HO « [CygH3ggN]* CHO » [C16H3gN]** C3HGO »
3.68(H,0) 3.68(H,0) 3.68(H,0)

M,, 970.23 970.23 949.07

Crystal system Monoclinic Monoclinic Monoclinic

Space group P2,/c P2,/c P2,/c

a(A) 13.0309(5) 13.1516(5) 13.3306(9)

b (A) 13.4740(5) 13.5276(5) 13.4557(9)

c(A) 26.1088(9) 26.1946(9) 26.3443(17)

B (°) 90.600(2) 90.701(2) 90.450(3)

V (A3), Z 4583.9(3) 4659.9(3) 4725.3(5)

A (A) 0.71073 0.71073 0.71073

D, (Mg/m3) 1.406 1.383 1.334

wLMo-Ka (mm-1)  1.432 1.409 1.386

T (K) 100(2) 200(2) 300(2)

Ry, WR,*

0.0341, 0.0624

0.0337, 0.0550

0.0469, 0.0623

* Structure refined on F using all reflections: wR, = [E[W(F* — F¢*)*)/Zw(F?)?]

[£(F%) + (aP)? + bP] and P = [max(F?,0) + 2F.%]/3.

1/2

, where w'
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Table 2.4. Molar extinction coefficients of the Ln(DO2A)(DPA) complexes (Lnh = Sm,

Eu, Tb, Dy) and the DPA? anion.

Complex Buffer Aabs Temp pH €
(nm) (C) (M*em™
Sm(DO2A)(DPA)Y 0.1 M Tris 280 22.0 7.49 4160 + 10
Eu(DO2A)(DPA) 22.1 7.46 3369 +24
Th(DO2A)(DPAY 22.0 7.43 2259 +10
Dy(DO2A)(DPA) 22.1 7.49 3803 +2
DPA* 22.3 7.50 2832 +21
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Table 2.5. Luminescence quantum yield data, 0.1 M Tris buffer, L-Trp standard.

Complex Temp (T) pH D, (x 10?)
Sm(DO2A)(DPA) 254 0.3 7.93 £0.02 1.09 +£0.03
Eu(DO2A)(DPA)Y 24.7+0.1 7.92 +0.02 7.51+0.03
Tb(DO2A)(DPA) 24.8+0.2 7.93+0.01 110+ 2
Dy(DO2A)(DPA) 25.6 £0.3 7.87 £0.02 5.58 £ 0.07
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Table 2.6. Ligand energy levels and lanthanide ion resonance levels in the
absorbance-energy transfer-emission (AETE) mechanism of DPA-sensitized lanthanide

luminescence.

Ligand Energy Level (cm™)  Ln* lon Resonance Level (cm™)

DPA Triplet 26,600 * Sm** “Ggp, 17,900 *
Eu** °D, 17,264 °
Tb** °D, 20,500 *

Dy** “Fep, 21,100 ¥
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Table 2.7. Luminescent lifetime measurements?® of various terbium complexes.

complex” Tu0 (M) To,0 (M) o
[Tb(H,0)q]** 0.4 3.4 8.8+1.1
[Tb(DPA)(H,0)s] 0.6 35 5.6 +0.7
[Tb(DO2A)(H,0)4]" 1.1 2.6 2.4+0.3
[Tb(DO2A)(DPA)] 1.9 2.2 0.30.0

? Excitation at 266 nm (10 ns, pulsed Nd:YAG laser), emission detection at 544
nm, sample concentrations 1 to 10 uM, pH 7.5 (adjusted with NaOH).

® Waters included assuming that the Tb** ion is 9-coordinate.
° The number of water molecules, q, in the Tb** coordination sphere, where
g=~An (T_leo - T_lDZO)

and A;,=4.60r4.2+05 ms™ per bound water molecule for complexes with
and without DO2A, respectively.

4 See reference 465.



CHAPTER 3

A First-Generation Receptor Site for the DetecbbBacterial Spores
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3.1 Introduction

To design an effective receptor site for a givealge, we consider certain basic
criteria: (1) the receptor site must exhibit an iobg, measurable response upon analyte
binding, meaning there must be a clear and disishaile difference between the two
states of analyte bound or unbound; (2) the recegit® should have a very high affinity
for the analyte of interest, on the order of K < @b greater’ (3) binding kinetics should
be proportional to the rate of analyte releasecamsistent with timescales for field work
in situ; (4) the receptor site should be resistaribcal changes in the environment, such
as pH and temperature variations; and (5) the bgdf receptor site to analyte should be
highly selective, even in complex matrices contagnicommon environmental
interferents.

All four luminescent Ln(DO2A) binary complexes (Ln = Sm, Eu, Tb and Dy)
meet this first requirement in improving lanthanltlesed detection of dipicolinate.
Based on quantum yield measurements, the Tbh(DO2&mplex has the greatest
sensitization efficiency (Section 2.3.2) and wopldduce the greatest signal-to-noise
ratio as a sensor. We therefore gear our anafmiand characterizing the binding
properties and robust qualities of Th(DO2AN order to validate this complex as an
effective DPA receptor site. Where appropriateldigs of the entire series will be
performed to determine if lanthanide ionic radias ha significant influence.

Binding and kinetics studies will unveil the Ln(D@2Z complex with the greatest
affinity for dipicolinate and establish dependerafebinding rate on lanthanide ionic
radius. The effects of modifications to the dipilcate ligand can be assessed using

structural isomers and targeted substitutions. plegature and pH dependence
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experiments will determine if the DO2A ligand caraka dipicolinate detection more
robust. The impact of both cationic and anionienferents on DPA detection by the
Tb(DO2A)" receptor site will be investigated. Finally, wéllvapply the Tb(DO2A)
complex to detection of bacterial spores, bothantwlled conditions and environmental

samples.

3.2 Binding Studies

Various studies will be performed to determine theding affinities of the
luminescent lanthanide complexes for the dipicéénanion. Binding stoichiometry is
established using the Jobs method of continuousitiars. Association constants for
both the LA* and the Ln(DO2A) complexes for DPA will be calculated, the latter with
a novel competition experiment. A brief kineticsrestigation will also delve into the

speed and selectivity of dipicolinate binding.

3.2.1 Jobs Plots

A method of continuous variations will be employeddetermine the binding
stoichiometries of various lanthanide complexeke €oncentrations of two components
are varied inversely to produce a range of ratietvben the two, with the total
concentration held constant. Following spectrosc@malysis, the resulting Jobs Plot
reveals any correlation between the components fasaion of mole fraction (Figure
3.1). As the maximum response occurs when the fmatéion of the reactants is closest
to the actual stoichiometric mole ratio, the bimdstoichiometry can be estimated using

this approac. In our case, the two components are the lanteaiith and the
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dipicolinate ligand, with the macrocyclic protegihgand in excess to ensure lanthanide
complexation under constant ionic strength. ThesJoethod can be applied to a wide
variety of measurements (temperature, absorbanoeductivity, etc.); we utilize
emission intensity as our metric to qualify lantid@adipicolinate binding ratios.
Partially hydrolyzed lanthanide species are knowmadhere to glass surfaceso these
studies will be performed in disposable acrylateeties (transmission range: 280-900
nm, ~ 70% transmission at 278 nm, reported variatidfbo between cuvettes).

We will use the Jobs method to determine optimiadlinig stoichiometries for the
Ln(DO2A)" complex (Ln = Eu, Th and Dy) with dipicolinate. ewWill also investigate
several macrocyclic ligands for the terbium cas@2B, DO3A, DOTA and hexacyclen
(Figure 3.2). We anticipate that the two hexadentgands (DO2A and hexacyclen)
will allow for dipicolinate binding to the lanthate, with a binding ratio of
approximately 1:1 for Tb:DPA. The DO3A and DOTAdNnds, which are hepta- and
octadentate, respectively, should restrict dipredle association to the lanthanide as less

than three coordination sites remain availabléfoding.

Experimental Section

Materials. The following chemicals were purchased and uasdreceived:
trichloromethane (chloroform) (Mallinckrodt), DOTAL,4,7,10tetraazacyclododecane-
1,4,7,10tetraacetate) (Macrocyclics), DPA (dipicolinic @cipyridine2,6-dicarboxylic
acid) (Aldrich), dysprosium(lll) chloride hydratélfa Aesar), ether anhydrous (Acros
Organics), ethyl alcohol (200-proof) (Acros Orgajc europium(lll) chloride

hexahydrate (Aldrich), hexacyclen (hexamine, 18&e=a&n-6,1,4,7,10,13,14hexaaza-
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cyclooctadecane) trisulfate (Aldrich), hydrochloacid (36.5-38.0% in water) (EMD
Chemicals), sodium hydroxide pellets (Mallinckrodgrbium(lll) chloride hexahydrate
(Alfa Aesar). All lanthanide salts were 99.9% puregreater, all solvents were ACS
certified or HPLC grade, and all other salts wei®69pure or greater. Water was
deionized to a resistivity of 18.2 Mcm using a Purelab® Ultra laboratory water
purification system(Siemens Water Technologies, Warrendale, PA). DQO#&#s
prepared as previously described (Section 2.2.1).

The 1,4,7,10tetraazacyclododecarie4, “triacetate (DO3A) ligand was prepared
by hydrolysis ofl,4,7,10tetraazacyclododecarie4, #tri(tert-butyl acetate) (DO3A-tBu-
ester) (Macrocyclics, Dallas, TX) following a methadapted from the DO2A protocol
The DO3A-tBu-ester (0.9757 g, 1.90 mmol), a sliglaff-white powder, was dissolved
in 20.0 mL of 20% hydrochloric acid in a roundbottdlask and refluxed for 24 hours
with stirring in an oil bath (115 °C). The hydrdohc acid was removed by rotary
evaporation under vacuum (~ 50 mbar) in a hot wadgh (60 °C) to give an off-white
solid. The deprotected ligand was then rinsedguaifine frit (Pyrex, 15 mL, ASTM 4-
5.5F, No. 36060) and vacuum filtration with theldaling in sequence: 20 mL of
absolute ethanol (200-proof), 4 mL of diethyl eth@rmL of an ethanol-ether (1:1)
mixture, and three 8-mL aliquots of ether. Thedselas dried in a dessicator under
vacuum for 7 days to produce DO3A-1.7HCI-2@H0.4632 g, 1.02 mmol) in 53.56%
yield. Anal. Calcd (found) for GH24N4O4-1.7HCI-2.8HO (fw = 456.20): C, 36.86
(36.86); H, 6.69 (6.69); N, 12.28 (12.10). Purinas confirmed with thin-layer
chromatography (TLC) using ethanol and chlorofornd analysis with a handheld

UVGL-25 multiband UV lamp (UVP, Upland, CA) in shavave (254 nm) mode.
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It should be noted that subsequent attempts tdegrte DO3A using this same
procedure resulted in a brown, viscous substan@sumably decomposition products
according to analysis with NMR and mass spectrogcdpis hypothesized that the hot
plate heating the oil bath from the first, succeksttempt did not maintain a constant
temperature of 115 °C through the 24-hour refluxiqak and in fact the reaction might
have taken place at a lower temperature. An @t deprotection procedure with
milder reaction conditions was used for later bascfsee Section 5.2.2).

Methods. All samples were prepared in triplicate from &t@golutions to a final
volume of 4.00 mL in disposable acrylate cuvet@gegtrocell, Oreland, PA) with a 1
cm path length and were allowed to equilibratedileast 5 days prior to analysis. The
concentrations of Ln@l(Dy, Eu or Tb) and DPA were varied inversely irQ-jtM
increments from 0 to 12.0M with 100 uM ligand (DO2A, DO3A, DOTA or EDTA).
Solution pH was maintained either by 1.0 mM NaOH &O0) or 100 mM CHES buffer
(pH 9.4) to ensure that the ligands were suffidjedéprotonated for optimum bindirig.

Luminescence spectral analysis was performed byuardiog 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, CAhe solution pH was measured
using a calibrated handheld pH/mV/temperature m@rdel 1Q150, I. Q. Scientific
Instruments, Loveland, CO) following data colleatio All reported spectra were
obtained as a ratio of corrected signal to corcboééerence (@R.) to eliminate the effect
of varying background radiation in the sample chamintensities are in units of counts

per second per microampere (¢s).
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Results and Discussion

Dipicolinate exhibits no detectable fluorescencec{®n 2.3.1), and the emission
of the lanthanide without a chromophore is negl@itSection 1.2); we therefore can
attribute any significant change in emission intign the formation of a lanthanide-
dipicolinate complex. The binding affinity of th@nthanide for the macrocycle is very
high (Table 3.1}; ® °® so we can assume that all®{ris bound as the lanthanide-
macrocycle binary complex when the concentratiomatrocycle is in excess. As the
lanthanide mole fraction is increased, the emisBitemsity increases as more of the free
dipicolinate binds to the lanthanide, producing asitive slope. Following complete
complexation of all lanthanide-macrocycle specidéth wipicolinate, an increased mole
fraction of the lanthanide will result in a decriegsamount of total ternary complex (the
dipicolinate concentration is decreasing to mamtai constant total concentration),
producing a negative slope. The point at whichhiipdasic curve shifts from positive to
negative slope represents the optimal binding Btometry of the lanthanide binary
complex to the dipicolinate ligand.

For the DO2A complex, the optimal binding stoich&iny occurs at a terbium
mole fraction of 0.5, as would be expected if tHEDIO2A)" and DPA™ species were
binding in a one-to-one fashion (Figure 3.3). Hexacyclen ligand, in contrast, shows
nonlinear behavior and the greatest intensity dtbamole fraction below 0.5. This
implies that an increased concentration of dipratkl is necessary to completely form
the ternary complex, most likely due to steric effeor poor association between the
lanthanide and the larger binding cavity of thigahd®® The curving behavior of this

Jobs plot is also indicative of low to moderateb#ity.’* As lanthanides tend to be
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oxophilic in character (see Section 1.1), this rhayevidence of reduced Th-hexacyclen
binding affinity due to the replacement of two Oadecs with two N-donors in the
hexacyclen ligand.

The DO3A and DOTA ligands, which should excludeiabpnate from the
lanthanide coordination sphere, both show a bindtogchiometry of approximately 1:3
for Th:DPA. This suggests that dipicolinate hastrang affinity for the TH cation, and
when in excess is able to overcome steric hindramckpartially displace the strongly
bound macrocyclic ligand. The Jobs plots of thiegnds also show flattening around
the maxima, indicating the presence of multiplecg®e in solution. These are most
likely the Tb(macrocycle) complex and multiple Tlxenocycle)(dipicolinate)
complexes, with various conformations possibleh&sdipicolinate forces one or two of
the macrocycle carboxyl arms to decouple from #mehanide.

Jobs plots with various lanthanides and DO2A showotential relationship
between stability and lanthanide ionic radius (Feg8.4). Europium and terbium have
identical binding stoichiometries to DPA with theORA ligand in excess, but the
dysprosium case indicates the formation of Dy(Dfa&)low Dy mole fraction. This may
be due to the smaller ionic radius of this lantdaeriompared to Bliand TB", such that
there is reduced interaction between thé'gtion and the DO2A ligand cavity.

Binding stoichiometry studies using the Jobs metbbatontinuous variations
indicate that, as expected, the hexadentate DO di is the ideal candidate to protect
the lanthanide ion from solvent and leave sufficispace available for the tridentate
dipicolinate chromophore to bind. We now focus farther characterization of the

Ln(DO2A)" species as sensing complexes for DPA.
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3.2.2 Calculation of Dipicolinate Association Constants

The primary measure of receptor site efficacy isdlig affinity for the target
analyte. Ideal sensing complexes have nanomoteitséty or better: However, most
titrimetric techniques for experimentally determigiassociation constants, such as the
Benesi-Hildebrand methdd,break down under conditions where (1) binding camts
are large (> 10M™), (2) the system contains more than two componenté3) changes
in absorbance or luminescence are siiafl We therefore developed and tested a
binding affinity by competition (BAC) assay to detene DPA to binary complex
binding constants.

Ternary Ln(DO2A)(DPA) complex solutions (of crystallographically
characterized TBA-Ln(DO2A)(DPA)) are titrated witinCls; increased L¥
concentration results in a shift in equilibrium pégion from Ln(DO2A)(DPA) to
Ln(DO2A)" and Ln(DPAJ, which is monitored via a ligand field sensitivartsition
using fluorescence spectroscopy (see Figure 3%6pest fit of luminescence intensity
titration data to a two-state thermodynamic modeldg the competition equilibrium
constant (K), which in conjunction with independent measureimainthe Ln(DPAJ
formation constant (§ allows calculation of the ternary complex formaticonstant
(K3). In general, the BAC assay can be employedeterthine ligand binding constants
in systems were the lanthanide platform (usuallgireary complex) is stable and the

ligand bound versus unbound states can be spegpicatly distinguished.
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Experimental Section

Materials. Dysprosium(lll) chloride hydrate (Alfa Aesar),repium(lll) chloride
hexahydrate (Aldrich), samarium(lll) chloride (Alf&esar), sodium acetate trihydrate
(Mallinckrodt) and terbium(lll) chloride hexahydeafAlfa Aesar) were purchased and
used as received. All lanthanide salts were 998% or greater and all other salts were
97% pure or greater. DO2A was prepared as preyiadsscribed (Section 2.2.1).
Dried, fully characterized TBA-Ln(DO2A)(DPA) crysda(Section 2.2.1) were used to
produce a 1:1:1 ratio of Ln:DO2A:DPA in solutiokVater was deionized to a resistivity
of 18.2 MQ-cm using a Purelab® Ultra laboratory water puafion system.

Methods. All samples were prepared to a final volume &03mL from stock
solutions in disposable acrylate cuvettes (SpeeloOreland, PA) with a 1 cm path
length and were allowed to equilibrate for at le@dstlays. Luminescence spectral
analysis was performed by a Fluorolog FluorescSpmectrometer with a 350-nm cutoff
filter as previously described (Section 3.2.1). eTdolution pH was measured using a
calibrated handheld 1Q150 pH/mV/temperature meterQ. Scientific Instruments)
following data collection. Sample temperature wemitored using a handheld Fluke 62
Mini Infrared Thermometer (Fluke Corp, Everett, WA)

Calculation of K. Initially, a Microlab 500 Series Autotitrator @rhilton Co.,
Reno, NV) with Instrument Control software was usedadjust the concentrations of
terbium and dipicolinate in a single cuvette for situ luminescence monitoring.
However, results were inconsistent in all titrasanvolving DPA, most likely due to
retention of this species within the titrator tufpin An alternative approach using

disposable acrylate cuvettes, with one cuvette pencentration point prepared
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individually in triplicate, yielded reproducibleg@lts and allowed for pH measurement of
each data point. This method will be used fofudlire titrimetric assays.

Association constants for £hto DPA” (Ln = Sm, Eu, Tb and Dy) were
determined via titration of L} against 10.0 nM DPA in 0.2 M sodium acetate (p#).7.
A linear fit similar to that of the one-step eqoifum model of Jones and Vulfewas
applied as [Li] > [DPA?], and the binding affinity of the binary compleK was

calculated using the following linear relationship:

log (ij =log(1-R)+logK,
CLn

[3.1]
[LnDPA],,

~ [LnDPA],, +[DPA],,

where G, is the total concentration of the lanthanide and Bhe normalized integrated
emission intensity (see Appendix A for derivation).

Calculation of K'. Samples were prepared using solvated Ln(DO2AXNDP
crystals and lanthanide chloride salts in 0.2 Miwmodacetate (pH 7.4), such that the
concentration of Ln(DO2A)(DPA)was 1.0uM and the concentration of free tn
ranged from 1.0 nM to 1.0 mM. The use of X-ray ldya solvated
TBA-Ln(DO2A)(DPA) crystals in this work demonstrata major advantage, especially
at low concentrations; the precise measure of thndiali concentration of
Ln(DO2A)(DPAY) could not be achieved without this important stégs. Ln** was added,
the shift in equilibrium Ln(DO2A)(DPA)and Ln(DPAJ concentrations was monitored
via a ligand field sensitive transition in the esms spectrum using luminescence
spectroscopy. Emission spectiax(= 278 nm) were integrated over the most ligand-

field-sensitive peak (Smi'Gs, — °Hy, 580—-625 nm; Eu’Dy — 'Fa, 675-710 nm;
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Tb: °Ds — 'Fs, 570-600 nm; Dy“Fe», — °Hism 555-595 nm) to produce curves of
observed integrated intensity4) against the log of excess free lanthanide (1a0 ).
A best fit to a two-state thermodynamic model ugimg Curve Fitting Tool in Matlab®

yielded the competition equilibrium constantKy equation 3.2.

e [Ln(DPA)"],, e [Ln(DPA)"],, |
|7 [Ln(DO2A)DPA)]; | ™ | [Ln(DO2A)(DPA) ], ) ™

where [3.2]

Ln®]. + ftn®1, -2f- K Jitnozayoray 1, F )
' +4KC‘1(1—KC‘l)([Ln(DozA)(DPA)-]T)2

Z(J-_Kc_l)

[Ln(DPA)"], =

The total concentrations of free lanthanide {f and ternary complex
([Tb(DO2A)(DPA)]t) are known from initial conditions. Following iagendent
measurement of the Ln(DPAjormation constant (§ at identical pH and temperature,
the ternary complex formation constanf #as calculated using the relation in equation

3.3 (see Appendix B for derivation).

KC =_2 [33]

Results and Discussion

The serial dilution method used for calculatiorkgf though not as ubiquitous as
that of Jones and Vullev, presents certain advastad@oth were derived from the same

one-step Th-DPA equilibration model, but Jones ®ntdev made the assumption that
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[Ln] >> [DPA] to cancel a term and arrive at thedi equation used for the linear fit (see
Supporting Information of reference 15). As thériitsic luminescence of the £h
species alone presents an upper bound (which ysaadlrs in the millimolar regime),
this high lower bound limiting the lanthanide comization means that there is a very
small range where this fit can be applied. In st our fit makes no such assumption,
and only requires that [Tl [DPA] to be valid. Therefore, a broader data et be
applied to this fit, allowing for more accurate diimg constant measurement (see Figure
3.6).

Secondly, though the linear fit provided by theekand Vullev method produces
a valuen for the slope that can be used to approximatentimber of DPA moieties
bound to the lanthanide, i.e., Tb(DRAdhis allows for more possible error in terms of
the fit when the coordination number is alreadywno In other words, a value of=
0.93 would be considered close enough to 1, androglet assume that the y-intercept of
such a fit would therefore be an accurate measutbeoK, for TOoDPA. However, a
difference of 7% in the slope of this fit can prodwa y-intercept that is off by nearly
10%, and this error would not be included in thporéed value of K In our fitting
technique, the slope is set to unity, so the oalameter that can be shifted to fit the data
is that of the quantity of interest — the y-intgrgeor the value of K We therefore have
more confidence in our calculated values gthsan in those of other methods.

Using the solvated TBA-Ln(DO2A)(DPA) crystals tchaave an optimized 1:1:1
ratio of Ln/DO2A/DPA, we were able to perform tticms over 6 orders of magnitude,
with added [LA"]4s ranging from 1.0 nM to 1.0 mM. The shift fromnary to binary

complex was easily observed via luminescence spmdpy in this range. Titration of
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free L** in buffer over the same concentration range reduib negligible intensity
increase, confirming that the intensity change olexkis due to the transition from
ternary to mono-DPA complex.

Our calculated values of kand Ky for various lanthanide complexes (Ln = Sm,
Eu, Tb and Dy) appear in Table 3.2. The associatanstant I for the terbium case is
in agreement with the formation constant obtaingddnes and Vullev at a similar pH
and ionic strengtf® As seen in Figures 3.7 and 3.8, the additiorhef DO2A ligand
enhances the binding affinity of the 'rion for the DPA analyte by at least an order of
magnitude. This result is quite intriguing, asttiend does not follow predictions based
on total charges of the binding species. Spedlificapon addition of the DO2A ligand,
the dipicolinate receptor site decreases from a+Batharge of the lanthanide alone to a
binary complex with a total charge of only +1. Biading interactions with lanthanides
tend to be electrostatic in character (Section, 1hi3 should have resulted in a decrease
in binding affinity. We postulate that the lantidermacrocycle platform increases the
positive charge of the binding site through the®t:-withdrawing N and O moieties of
the macrocycle, which allows for greater compaitioivith the negative surface of the
dipicolinate moiety. This property of ‘ligand emt@ment’ in analyte binding affinity
will be further explored in the Conclusions sectatirthe end of the chapter.

Another interesting discovery was that the bindaffinity of the Tb(DO2AJ
binary complex is even more effective and nearlyater of magnitude greater than the
other three lanthanides. The calculated assoniatmstant for Tbh(DO2A)to DPA” is
also several orders of magnitude greater than ahatb(EDTA)® Both DO2A and

EDTA are hexadentate and leave three remaining sieailable for dipicolinate
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binding!’ but closer examination of the geometry of thosessimay provide an
explanation for the discrepancy in binding affiniti crystal structure of the Tb(EDTA)
complex reveals that the three coordination sitesadjacent, but arranged in a trigonal
fashion (Figure 3.9). The dipicolinate ligand idireear molecule, and requires three
adjacentinear sites available on the lanthanide to bind propeifiiie DO2A ligand, with
its more rigid azacrown backbone and two carboxylsa coordinates to the lanthanide
with the appropriate geometry. The floppy EDTAalgl must undergo reorganization
around the TH ion to accommodate the dipicolinate ligand, aretefore the binding
affinity is lower for the Tb(EDTA) complex. This isupported by a study involving
picolinic acid, dipicolinic acid and various terbupolycarboxylate ligands, where in
many cases the ligand entered a forced confornatmrange to facilitate chromophore
binding and form the ternary compl&.

The binding affinity by competition (BAC) assaynche employed to quantify
ternary lanthanide complex formation under condgiavhere the lanthanide-macrocycle
platform is stable and the concentrations of the $tates of the receptor site — bound and
vacant — can be measured. In our case, the bamatyternary complexes of interest are
spectroscopically resolvable. The BAC assay isea@sfly useful in high binding
regimes, where direct measures of ligand bindingh @s the Benesi-Hildebrand method,
break down. A similar luminescence-based study temonstrated calculation of
europium-macrocycle stability constants based fatifie measurement8,also in the
high binding constant regime. However, this teghaiis only valid for two components
and where lifetimes of the two species of inteegstdiscernable, and cannot be applied

to environmental samples. Our assay, in contcast,be applied to equilibria with more
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than two components and can be implemented in iatyasf conditions such as those
expected in environmental samples. As long aaid Ky are measured in identical
conditions, the change in binding affinity can kscolated quantitatively. The BAC
assay allows for the unambiguous measure of relatability, to guide us toward a

superior sensor for bacterial spores via DPA-tnigder"* luminescence.

3.2.3 Binding Rates and Kinetics

Another important quality of an effective recep®ite is rapid binding to the
analyte of interest. To determine the rate of atijphate binding by the Ln(DO2A)
complexes, time courses and a brief kinetics swillybe performed. Various studies
have shown that macrocyclic ligands can take hdarsven days to completely
coordinate the lanthanide® ?° The carboxylate groups coordinate first, followmdthe
lanthanide moving into the macrocycle cavity inoacerted rearrangement that may take
several steps to produce the final thermodynanyicsiible compleX: However, once
the lanthanide-macrocycle binary complex is formed, believe dipicolinate binding

will occur rapidly as little or no reorganizatiohtbe macrocycle is necessary.

Experimental Section

Materials. CAPS {-cyclohexyl3-aminopropanesulfonic acid) buffer (Alfa
Aesar), DPA (dipicolinic acid, pyriding2;6-dicarboxylic acid) (Aldrich), dysprosium(lil)
chloride hydrate (Alfa Aesar), europium(lll) chlde hexahydrate (Aldrich), MOPS-(
(N-morpholino)ethanesulfonic acid) buffer (Alfa Aesasamarium(lll) chloride (Alfa

Aesar), sodium acetate trihydrate (Mallinckrodtd aerbium(lll) chloride hexahydrate
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(Alfa Aesar) were purchased and used as receiddldanthanide salts were 99.9% pure
or greater and all other salts were 97% pure oatgre DO2A was prepared as
previously described (Section 2.2.1). Water wasrdeed to a resistivity of 18.2 &
cm using a Purelab® Ultra laboratory water puriima system.

Methods. Unless otherwise specified, all experiments wadormed at 25 °C
in disposable acrylate cuvettes with a 1 cm patlgtle  Sample injection during spectral
acquisition was performed in the dark to prevegnai bleaching or damage to the
photomultiplier tube of the fluorescence spectranet

Time courses A 3.80 mL solution of 1.0aM Th(DO2A)" in 0.1 M buffer was
placed in an acrylate cuvette in the spectroflu@@msample chamber. A time course
was initiated Xex = 278 nm,Xem = 544 nm), and after an appropriate baseline was
obtained (~ 200 s) a 2Q@- aliquot of 20.0uM DPA was injected to produce a final
concentration of 1.uM DPA in a 4.00 mL solution of 1.0M Tb(DO2A)". Ternary
complex formation was confirmed with an analogoesgs and emission scans every 5
minutes. This was performed in MOPS (pH 7.4) a#dPS (pH 10.4) to determine if
OH is more difficult to displace from the Thcoordination sphere than@.

Kinetics study. Solutions of 1.0 and 104M Ln(DO2A)(DPA), where Ln = Sm,
Eu, Tb and Dy, were injected with various aliquotst.0 mM GdC4 in 0.2 M NaOAc,
pH 7.5, using the same time course method descabede. Emission intensity at the
Amax for each lanthanide was monitored as a functiotinoé (\s,, = 600 nm\g, = 614
nm, Atp = 544 nmApy = 575 nm).

Stability over time. The same series of cuvettes prepared for thelleilen of

Ka (Section 3.2.2) were stored at room temperatme analyzed again after 5 and 11
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months. Cuvettes that had lost an appreciable amofusolvent (> 0.5 mL) due to
evaporation were refilled back to the 4.00 mL vodulyy mass using nanopure water

(18.2 MQ-cm resistivity). Sample pH was determined aftalection of each data set.

Results and Discussion

Though others have noted that complex formatimolinng macrocyclic ligands
can occur on the order of several hours to eves,dag have found that DPA binding is
rapid at neutral to high pH provided that the Tb@X)" binary complex is already
formed in solution, as would be the case for aptwesite (see Figure 3.10). The rate of
DPA complexation is slightly longer at higher pH 18 s as compared to 3 s); this is
attributed to the negatively charged OHoieties being more difficult to displace from
the TB" coordination sphere than neutralHimolecules. However, as complete DPA
binding occurs on the order of seconds in bothg;ake applicability of the Th(DO2A)
complex as a dipicolinate sensor in real-time isficamed.

An initial experiment competing 10M Th(DO2A)(DPA) with 10 uM Eu** in
0.2 M NaOAc, pH 7.4, validated the hypothesis that DO2A ligand is not labile over
the course of the experiment, as only Eu(DPi8)produced (see Figure 3.11), described

in equilibrium 3.4.

Tb(DO2A)(DPA) + EU* Tb(DO2A)" + EUDPA" 34

The DO2A ligand does not begin to dissociate fram Tt ion and bind to the Etiion
for several weeks, as evidenced by formation ofBa@>O2A)(DPA) complex from the

characteristic emission spectrum.
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The kinetics study involving competition of Ln(D@ZDPA) against Gt
produced decay curves that were fit to a monoexmtaianodel. Gadolinium does not
luminesce under excitation at 278 nm, and thereémrethe G competes with the
Ln(DO2A)" complex and removes the dipicolinate ligand tomfo6d(DPAY, the
luminescence intensity will decrease to zero. Thislustrated in equilibrium 3.5 with
the observable rate described by equation 3.6.

Ky

Ln(DO2A)(DPAY + G === Ln(DO2A)" + GdDPA"
Kq [3.5]
Koo =K, —k_; [3.6]

Results indicate that the observed rate of DPA lpsshe ternary complex (k) is a
function of lanthanide ionic radius, with the sreatl lanthanide (dysprosium) exhibiting
the slowest rate (see Figure 3.12). We postulateis due to effective shielding of the
smaller lanthanides by the DO2A and DPA ligandduoing ligand exchange rates for
these species. This is also substantiated byigtehdipicolinate binding affinities for
the Tb(DO2AJ and Dy(DO2AJ binary complexes (log X = 9.25 and 8.79,
respectively) as compared to the Eu and Sm complSection 3.2.2).

For the terbium and europium ternary complexasetiis experiments involving
gadolinium were more thoroughly explored, and atr@hship between the observed
luminescence decay rate.(§ and gadolinium concentration was established.es&h
decay curves were also fit to a monoexponentialehddlough we found it interesting
that as the G concentration increased, the rate of luminescelecay decreased in a
logarithmic fashion (see Figure 3.13). It mushioéed, however, that only in the limit of

1000-fold Gd* concentration versus ternary complex does the riastience drop
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completely to zero; for all cases where & 1 mM, a population of Th(DO2A)(DPA)
or Eu(DO2A)(DPA) persisted. This indicates that the rate of DP#tralstion by Gtf is
limited by concentration, and that the affinity®é"* for dipicolinate is significantly less
than that of the Th(DO2A)and Eu(DO2A) complexes, as expected.

Once formed, the Th(DO2A)(DPAjernary complex remains stable in solution
for extended periods of time, approaching a yeamare, with negligible loss in
dipicolinate binding affinity (Figure 3.14). Thenession intensity of the complex also
does not decrease over time or repeated spectabises) indicating substantial resistance

to photobleaching.

3.3 DPA Derivatives

In order to better understand the binding behamdlipicolinate, the coordination
geometries of various DPA analogues with®*Tland Th(DO2AJ will be explored.
Structural isomers and related pyridines, in whocle or more of the carboxyl arms of
the dipicolinate are moved around the pyridine rargremoved altogether, and DPA
species with targeted substitutions in the paratipas will all be investigated to
determine what factors are most important for e¢ffecchelation to the lanthanide or

lanthanide complex.

3.3.1 Structural Isomers and Related Pyridines

Three structural isomers will be utilized in thisidy: pyridine2,4-dicarboxylic
acid (2,4-DPA), pyridine3,5-dicarboxylic acid (3,5-DPA) and dipicolinate itsel

(pyridine2,6-dicarboxylic acid, DPA). Picolinic acid (Pic) amyridine (Pyr), which
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have one and both carboxyl arms removed, respégtiaee also included. As DPA
usually coordinates in a tridentate fashion wita thvo carboxyl arms and the pyridine
amine involved, shifting one or both of the carboxyieties around the ring will result
in multiple bidentate chelation possibilities (Fig8.15).

Lanthanides tend to be oxophilic, but evidence frcomplexes with azacrown
ligands suggests that neutral N donors may bethfighheferred to neutral O donofs.
Though admittedly formal neutrality of ligands istithe most important factor governing
complexation, this may still suggest that nitrogeam be an effective chelator and can
compete with oxygen in some cases. By comparidaotieo relative stabilities of the
various isomers and pyridine species, we can ledrether the carboxyl or the amine

substituent is more important in lanthanide chefati

Experimental Section

Materials. DPA (dipicolinic acid, pyridine?,6-dicarboxylic acid) (Aldrich), 2,4-
DPA (pyridine2,4-dicarboxylic acid) monohydrate (Aldrich), 3,5-DP@yridine-3,5
dicarboxylic acid) (Aldrich), EDTA (ethylenediamite¢raacetic acid) (Aldrich), MOPS
(3-(N-morpholino)ethanesulfonic acid) buffer (Alfa Aegapicolinic acid (pyridinez2-
carboxylic acid, Pic) (Aldrich), pyridine (Pyr) {. Baker), terbium(lll) chloride
hexahydrate (Alfa Aesar) and sodium acetate triéigd{Mallinckrodt) were purchased
and used as received. All lanthanide salts wer®%9pure or greater, all DPA
derivatives and pyridines were 98% pure or greated, all other salts were 97% pure or

greater. DO2A and DO3A were prepared as previodsehlcribed (Sections 2.2.1 and
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3.2.1). Water was deionized to a resistivity of2181Q-cm using a Purelab® Ultra
laboratory water purification system.

Methods. Unless otherwise specified, all samples were grexp to a final
volume of 4.00 mL in disposable acrylate cuvettekhwa 1 cm path length.
Luminescence spectral analysis was performed by laordtog Fluorescence
Spectrometer with a 350-nm cutoff filter as prewlyulescribed (Section 3.2.1).

Pyridines. Stock solutions of DPA, Pic and Pyr were prepareldimetrically in
clean 100-mL volumetric flasks. Solutions of 1QM Tb(ligand) were prepared in 0.2
M NaOAc buffer, pH 5.5, and allowed to equilibréde one hour prior to analysis. For
the picolinate study, 10.0M solutions of Tb(Pic), Th(Pig)(100.0uM Pic; saturation
number of 4 Pic ligands on the lanthanide assumgentate coordination),
Tb(Pic)(DO2A) and Tb(Pic)(DO3A) were prepared id @ MOPS buffer, pH 7.2, and
allowed to equilibrate for 24 hours before analysis

Structural isomers. Solutions of 10.uM dipicolinate species (DPA, 2,4-DPA
and 3,5-DPA) and picolinate in 1.0 mM Tb(ligand)hewe ligand is DO2A, DOS3A,
DOTA or EDTA, were prepared in 50 mM MOPS buffell 7.5, and allowed to
equilibrate for 5 days prior to analysis.

DFT calculations The equilibrium geometry, orbitals and energadsthe
minimized pyridine, picolinate and dipicolinate Watives were refined by the semi-
empirical PM3 method using the Titan® software m@agk (Wavefunction, Inc.;
Schrodinger, Inc.). Electron density maps wereegatied for the highest occupied

molecular orbital (HOMO) of each species.
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Results and Discussion

Pyridine has no detectable emission when in solutidh terbium (Figure 3.16),
indicating either very low binding affinity or li#g to no energy transfer. This is
expected, as relatively few lanthanide complexdh wionodentate nitrogen donors exist
(Section 1.1), and without any carboxyl moietiesitmate to binding, pyridine has little
appeal to the oxophilic lanthanide. Picolinate tsmsne coordination to b as
evidenced by excitation spectra, but dipicolinakhileits the greatest intensity by a
significant margin. This indicates that lanthansdasitization is directly proportional to
chromophore denticity, as anticipated, at leash@mono- to tridentate regime.

The excitation of terbium picolinate exhibits twegks similar to the terbium
dipicolinate spectrum, attributed #0— =* transitions. However, the terbium picolinate
maxima (268 and 273 nm) are blue-shifted by appnakly 5 nm compared to the
dipicolinate case. This may indicate reduced terbsensitization efficiency as greater
energy is required to produce lanthanide emisspassibly due to a shift in electron
density back onto the pyridine ring. This is supgd by simulations using the Titan®
software package, which depict more of the electtemsity localized around the ring in
the Pic structure than DPA (Figure 3.15).

Emission intensities of picolinate with Th(DOZAxnd Tb(DO3A) are nearly
identical (Figure 3.17), indicating that the Piaamhas a similar affinity for the binary
complex in both cases. This suggests that pidelicaordinates to the ¥hion in a
bidentate fashion, most likely via a carboxyl oxygend the pyridine nitrogen, which
would not be hindered by the heptadentate DO3Antigas the lanthanide is nine-

coordinate. Coordination in agpfashion through both oxygens of the single carboxy
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moiety is possible, though increased distance fthe pyridine ring would severely
reduce energy transfer efficiency (Section #2)urther, a published crystal structure of
hydrated dysprosium picolinate reports chelatiantiie nitrogen atom and one carboxyl
oxygen of the picolinate ioff. The dipicolinate anion, in contrast, suffers agéa
decrease in emission intensity for the Th(DO3A)ecaas tridentate chelation is not
possible without disruption of one of the DO3A eaddate arms. High resolution
emission spectra of the Tbh(DO2A)(Pic) and Th(DO®A] complexes also display
different Stark splittings (Figure 3.18), considtevith a change in the composition
and/or symmetry of the lanthanide coordination spli§ection 2.4.1).

The emission spectra of the 2,4-DPA and DPA terneoynplexes with
Tb(DO2A) and Th(DO3A) have similar intensities, suggestihgse two species
coordinate with similar affinity (Figure 3.17). &® of intensity by approximately half
with the DO3A complex in both cases indicates stdrindrance when only two
coordination sites are available on the terbiumthas2,4-DPA derivative has only two
possible coordination modes, both of them bidentate implies that the option with the
greater ‘bite’ is favored. We therefore postuldiat the 2,4-DPA species is coordinating
via the two carboxyl arms to the terbium, with gygidine amine not directly involved in
binding. This is also supported by the differenc@mission intensity between the 2,4-
DPA and Pic ternary complexes with Tb(DOZA)if the 2,4-DPA species was
coordinating through the pyridine amine and ondagyl arm as the Pic ligand does,
these intensities should be much more similar.

In contrast, the 3,5-DPA emission spectra are ahouirder of magnitude lower

in intensity than the 2,6- and 2,4-dipicolinate idatives, indicating weak coordination
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and/or lanthanide sensitization. Further, the D@BAplex has the greatest intensity for
this isomer. This suggests bidentate coordinatioa manner of low surface area with
respect to the lanthanide. Most likely, the 3,5ADR coordinating via one of the
carboxyl groups and the pyridine nitrogen. Suadbrdmation is unusual, considering the
potential for bidentate binding with the two carlbgroups on the opposite side of the
pyridine ring. Perhaps the pyridine nitrogen isrensignificant than supposed when it
comes to lanthanide coordination.

All attempts at crystallization of these speciesevansuccessful, and the only
reported crystal structures of lanthanides withséhalipicolinate derivatives are of
polymeric species obtained under hydrothermal dmrdi> which cannot be directly
related to solution studies. Obviously more thgitoanalysis is required before accurate
binding models can be proposed, but we have eskedalithrough our brief investigation
that the chelation properties of dipicolinate arthted pyridines to lanthanides are not
trivial, and that the pyridine nitrogen may plagignificant part in dictating both binding

motif and lanthanide sensitization.

3.3.2 Targeted Substitution

To determine the effect of electrostatics on difpate binding interactions with
the lanthanide, various spectroscopic and stalahiyeriments were performed with a 4-
substituted dipicolinate analogue, specificafifluoro-pyridine2,6-dicarboxylic acid
(F-DPA). With a highly electron-withdrawing groupthe 4-position on the dipicolinate
ligand, we anticipate decreased electron densitythen chelating side of the DPA.

Assuming the interaction between the lanthanidéowcaand the dipicolinate anion is
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electrostatic in nature, this should manifest inrdased binding affinity and changes in
intramolecular bond distances for complexes invaguhe F-DPA ligand.
A previous study reported a trend of energy transfer efficiencyhe TH* ion
with 4-substituted dipicolinate ligands as follows:
NH, > OH > NHAc > Cl >H ~ Br
We assume that the 4-fluoro-substituted DPA liganll behave similarly to the 4-
chloro-substituted species, and should therefove laagreater energy transfer efficiency

than the unmodified DPA chelator.

Experimental Section

Materials. Acetone (J. T. Baker), DPA (dipicolinic acid, mne-2,6-
dicarboxylic acid) (Aldrich), MOPS3{(N-morpholino)ethanesulfonic acid) buffer (Alfa
Aesar), sodium hydroxide (NaOH 50% in water) (Madkrodt), sodium hydroxide
pellets (Mallinckrodt), terbium(lll) chloride hexwtirate (Alfa Aesar) and
tetrabutylammonium hydroxide (TBAOH 10% i&propanol) (TCI America) were
purchased and used as received. The terbium aal®@.9% pure, DPA was 98% pure,
all solvents were ACS certified or HPLC grade, afldother salts were 97% pure or
greater. DO2A was prepared as previously desciiedtion 2.2.1). F-DPA4{fluoro-
pyridine2,6-dicarboxylic acid) was synthesized by CB Resedcdhevelopment, Inc.,
from the4-oxo-dipicolinate in five steps (Project code CIJODCB-b, Lots KW-5-133
and KW-5-155) (Figure 3.19) with a reported punitfy > 95% and melting point of
> 250 °C. Water was deionized to a resistivityl8f2 MQ-cm using a Purelab® Ultra

laboratory water purification system.
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Methods. Unless otherwise specified, all samples weregrezpin triplicate to a
final volume of 3.50 mL in disposable acrylate dbee with a 1 cm path length.
Luminescence spectral analysis was performed by laordtog Fluorescence
Spectrometer with a 350-nm cutoff filter as prewyudescribed (Section 3.2.1).

Spectroscopy Solutions of 10.QuM terbium mono-dipicolinate (with Tb in 10%
excess) and tris-dipicolinate (with 1:10 Tb:dipioake), where dipicolinate is DPA or
F-DPA, were prepared in nanopure,(H (18.2 M-cm resistivity). The
Tb(DO2A)(DPA) and Th(DO2A)(F-DPA)ternary complexes were prepared to 1M
in 1.0 mM NaOH, pH 9. All solutions were allowen équilibrate for 90 hours prior to
analysis. Absorbance measurements were made mzquavettes (1 cm path length)
using a Cary 50 Bio UV/Visible Spectrophotometealin, Inc., Palo Alto, CA).

Binding studies A Jobs method of continuous variations was peréa as
previously described (Section 3.2.1) with the comegions of F-DPA and Th(DO2A)
inversely varied from 0 to 1gM in 1.0 mM NaOH, pH 9.0. Samples were allowed to
equilibrate for 2 days prior to analysis. The lidaffinity of F-DPA for TE* was
calculated using the one-step equilibration modelipusly described (equation 3.1),
with 10.0 nM F-DPA and the concentration of Th€&inging from 10.0 nM to 1.0M in
0.2 M NaOAc, pH 7.6 at 25 °C. Each trial was éparately and the three values of log
Ka averaged to produce the final result.

pH dependence Samples of 10.aM Th(DO2A)(DPA) or Tbh(DO2A)(F-DPA)
were prepared in 0.1 M buffer. Five buffers wesedi MES (pK = 6.1), MOPS (pK=

7.2), TAPS (pK = 8.4), CHES (pK= 9.3) and CAPS (pk= 10.4), with pH adjustment
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to within 0.1 of the pKvalue using 50% NaOH added dropwise. Emissiontspevere
obtained after an equilibration time of 21 hours.

Crystallization Crystals of TBA-Th(DO2A)(F-DPA) were obtainedeafseveral
attempts following the same procedure as the noteralary complex crystallization
(Section 2.2.1) using similar reactant masses ahest volumes and a new frit. Crystal
formation was observed after sitting at room terapge for 3 days. Suitable crystals
were utilized for X-ray diffraction studies at tBeckman Institute X-ray Crystallography
Facility (Caltech).

X-ray crystallography Crystals were mounted on a glass fiber usingt®ae oil
and then placed on the diffractometer under a génostream. Diffraction data were
collected at 100 = 2 K on a Bruker KAPPA APEX liffdhctometer equipped with
graphite monochromated Mekadiation Lo = 0.71073 A). The structure was solved by
direct methods using SHELXS-87and refined by full-matrix least-squares calcolasi
on P against all reflections using the SHELXL-97 pragrpackagé® #° Non-hydrogen
atoms were refined anisotropically. Due to disomethe halogen site, the fluorine was
refined isotropically, and fluorine and chlorine regestrained to a total occupancy of
unity. The hydrogen atoms were introduced in dated positions. CCDC reference
number 761002. Crystal and refinement data arkeatetl in Table 3.3. Complete
crystallographic data, including asymmetric unintamts, atomic coordinates, bond

distances and angles, and anisotropic displacepagameters, are listed in Appendix F.
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Results and Discussion

Excitation spectra of the F-DPA and DPA ternary ptemes reveal a blue-shift
with respect to the fluorinated dipicolinate specté approximately 5—6 nm, similar to
the picolinate complex (Figure 3.20). This coulel due to reduced coupling of the
substituted dipicolinate and the lanthanide assaltef shifted electron density towards
the fluorine moiety, away from the chelating fadeh® ligand. Though we do see more
pronounced Stark splitting in the F-DPA ternary pbem (Figure 3.21), there is no
evidence of a heavy-atom effect in terms of enhaecs of luminescence intensity or
spin-orbit coupling® The Jobs plot (Figure 3.22) indicates a clear hidding
stoichiometry of the Th(DO2A)binary complex and F-DPA.

The binding affinity of F-DPA for Tb** was calculated using the same procedure
as the dipicolinate ligand (Section 3.2.2) in ideadtconditions. The binding constant for
the 4-fluoro-substituted ligand (log,k= 7.10 + 0.04) is less than that of the normal
dipicolinate ligand (log K= 7.41 = 0.03). This is consistent with the hymsis that the
electron density in the F-DPA ligand is shifted sMram the chelating side of the ligand,
thereby reducing electrostatic attraction betwdsn E-DPA and the lanthanide. The
Th(DO2A)(F-DPA) complex also exhibits a slight pH dependence (igi23), with
the emission intensity decreasing by more than bébéw pH 7. This could also support
reduced electron density near the carboxyl moietieking them more easily protonated
as pH decreases.

Crystallographic analysis indicates that the cilystaucture is composed of
approximately 63% Th(DO2A)(CI-DPARNd 37% Th(DO2A)(F-DPA)where CI-DPA

is 4-chloro-pyridine2,6-dicarboxylic acid. Given that the F-DPA startintaterial is
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approximately 10% CI-DPA by elemental analysis (nieg the initial F-DPA purity was
not 95% as reported) and the likelihood of halogechange on the dipicolinate is very
low in this temperature and pressure regifmthis result indicates a preference for the
chloro-substituted dipicolinate ligand in the caJBtation protocol. Most likely, the
larger chlorine atom is more thermodynamically fa&ebin the unit cell. Contrary to
expectations, no significant deviation is observied the dipicolinate-lanthanide
intramolecular distances; instead, certain C-C @@ bonds within the F-DPA ligand
appear to have lengthened or shortened to accomentita halogen in the 4-position
(Figure 3.24). However, as the crystal structgraot purely F-DPA, little conclusions
can be drawn from such an analysis.

Due to the F/Cl discrepancy between solution stidaad crystallographic
analysis, calculation of XK using the BAC assay with solvated crystals wags no
attempted. Pure crystals of either Th(DO2A)(F-DPA) Th(DO2A)(CI-DPA) are
necessary for binding constant calculation, anduireqa 4-substituted dipicolinate
starting material with purity greater than 90%.

Overall, spectroscopic and binding studies of tHkidro-subsituted dipicolinate
chromophore indicate that electrostatic effectsy pda significant role in lanthanide
chelation and stability. Introduction of an electiwithdrawing group in a position
opposite of the tridentate binding site resultannobservable decrease in binding affinity

and an increased susceptibility to protonation.
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3.4 Effectsof pH and Temperature

Ideal sensing complexes should be highly resistanpH and temperature
variations in the local environment. Temperatureligs can also provide information
regarding the thermodynamics of our system thrasglation of enthalpic and entropic
effects. The protonation constants of dipicolinate known (Table 3.4); we are
interested in the pH regime where the DPA is fdiprotonated (pH > 5.%)and binding
affinity is dictated by pH effects on the Th(DOZAjomplex alone. Potential factors that
may affect dipicolinate binding include protonafideprotonation of the DO2A
macrocycle, the hydration state of the lanthanithe, difference in exchange rates
between HO and OH in the binary complex binding site, and the praitgnfor

lanthanides to form hydroxide precipitates at hpgh®> >

3.4.1 pH Dependence Studies

Various pH dependence studies will be conducted avange from 6.1 to 10.4 to
determine the extent of ternary complex stabilitthis will be performed both with Jobs
plots and deconvolution of emission spectra to rdatee the dominant species in
solution. The change in dipicolinate binding aftiynfor the europium binary complex
(K3) can also be monitored over a smaller pH regingel (to 8.0) where high
concentrations of free europium can be maintainesbiution. Previous work indicates
that macrocyclic ligands, due to their high bindafgnities with lanthanides, can hinder
bridging interactions with hydroxyl species thatgtti lead to insoluble oligomers and
thus stabilize these metals in basic conditionsleast temporarily® We therefore

anticipate that the DO2A ligand should impart sategree of resistance to changes in



135
pH, as evidenced by minimal intensity variation aaduced precipitation compared to

the analogous L} species.

Experimental Section

Materials. The following chemicals were purchased and usedeaeived:
CAPS (\-cyclohexyl3-aminopropanesulfonic acid) buffer (Alfa Aesar), E& (N-
cyclohexyl2-aminoethanesulfonic acid) buffer (Alfa Aesar), DRAipicolinic acid,
pyridine2,6-dicarboxylic acid) (Aldrich), dysprosium(lll) chimle hydrate (Alfa Aesar),
europium(lll)  chloride  hexahydrate  (Aldrich), MES onohydrate Z-(N-
morpholino)ethanesulfonic acid monohydrate) buff&lfa Aesar), MOPS - (N-
morpholino)-propanesulfonic acid) buffer (Alfa Aesasamarium(lll) chloride (Alfa
Aesar), sodium acetate trihydrate (Mallinckrodtpdisim hydroxide (NaOH 50% in
water) (Mallinckrodt), TAPS N-tris(hydroxymethyl)methyB-aminopropanesulfonic
acid) buffer (TClI America) and terbium(lll) chloedhexahydrate (Alfa Aesar). All
lanthanide salts were 99.9% pure or greater, b#rogalts were 99% pure or greater, and
all buffers were at least 98% pure. DO2A was preghas previously described (Section
2.2.1). Water was deionized to a resistivity of2181Q-cm using a Purelab® Ultra
laboratory water purification system.

Methods. Unless otherwise specified, all samples werpgmed in triplicate to a
final volume of 3.50 mL in disposable acrylate dbee with a 1 cm path length.
Luminescence spectral analysis was performed by laordtog Fluorescence

Spectrometer with a 350-nm cutoff filter as prewlgudescribed (Section 3.2.1). The
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solution pH was measured using a calibrated haddi@E50 pH/mV/temperature meter
(I. Q. Scientific Instruments) following data catteon.

Jobs plots The concentrations of LngC(Ln = Tbh, Eu) and DPA were varied
inversely from 0 to 12.QM in 1.0uM increments with 10@@M DO2A in 0.1 M buffer.
Five buffers were used: MES (pk 6.1), MOPS (pK= 7.2), TAPS (pK = 8.4), CHES
(pKa = 9.3) and CAPS (pK= 10.4), with pH adjustment to within 0.1 of thK pvalue
using 50% NaOH added dropwise. Solutions werenaitbto equilibrate for 7 days prior
to analysis.

Speciation study For each lanthanide, samples were prepared #&® mM
stock solutions of LnG] DPA and DO2A to contain 10.0M Ln(DO2A)(DPA) or
Ln(DPA)" in 0.1 M buffer (MES, MOPS, TAPS, CHES and CAP®mission spectra
were obtained after an equilibration time of 7 daydNormalized spectra were
deconvoluted into a linear combination of the thstandard emission profiles for
Ln(DPA)*, Ln(DPA)* and Ln(DO2A)(DPA) using the Solver function in Excel® based
on the most ligand field sensitive peak in eactespe. Transitions used in calculation:
Sm (Gs;» — °Hzp, 580—625 nm), ELPDo — 'Fa, 675710 nm), Tb°Ds — 'Fa, 570—-600
nm), Dy (Fo;, — ®Hisp, 555-595 nm). The resulting percentage of mai®pt ternary
complex in each emission spectrum was then usetbtermine the average number of
DPA molecules bound per lanthanide.

pH dependence of K Samples were prepared using solvated Eu(DO2A3JDP
crystals (TBA-Eu(DO2A)(DPA)-4.0D-3.0GHsO, FW = 1098.2 g/mol) and Eugin
0.1 M buffer such that the concentration of Eu(DQ@®*A) was 1.0uM and the

concentration of free Bliranged from 1.0 nM to 1.0 mM. Four buffers wesed: MES
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(pH 6.1), NaOAc (pH 7.4), MOPS (pH = 7.5) and TA@S = 8.0). Higher pH buffers
were attempted, but precipitate was observed irttes containing high concentrations
of EuCk, assumed to be Eu(OH) With the concentration of europium in solutioot n
accurately known, the data could not be appropyiditeand was therefore discarded.

As EU" was added, the shift in equilibrium Eu(DO2A)(DPA)nd Eu(DPA)
concentrations was monitored via the ligand fiedsitive’Do — 'F4 transition (675-710
nm) in the emission spectrum using luminescencetg®eopy. Emission spectra
(Aex = 278 nm) were integrated to produce curves otniesl integrated intensityo(d
against the log of excess free europium (log*{Ry). These were then fit to the two-
state thermodynamic model derived previously (®ec8.2.2) using the Curve Fitting

Tool in Matlab® to yield the competition equilibrruconstant (k) for each pH value.

Results and Discussion

Jobs plots of the Tbh(DO2A)(DPARNd Eu(DO2A)(DPA) complexes indicate
formation of the Ln(DPAJ" species at low Ln mole fraction when the pH reachg or
below (Figures 3.25 and 3.26). This indicates that DO2A ligand may be easier to
displace in acidic conditions, as would be expectasidering the protonation constants
of this and the dipicolinate specfe$> However, this only occurs when DPA is in excess
to Ln(DO2A)', which would be unlikely in any situation whergstitomplex might be
applied to detect bacterial spores. When the Li#®O receptor site complex is equal
to or greater than the concentration of DPA, wersss perfect linearity over the entire

pH range (pH 6.1 to 10.4).
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In the speciation study, the number of DPA molesddeund per lanthanide was
calculated using the luminescence transition with tmost obvious change in band
splitting (i.e., the ‘ligand field sensitive’ pealfdr the three complexes, Ln(DPA)
Ln(DPA);* and Ln(DO2A)(DPA) and solving each pH dependence emission spectrum
as a best fit of a linear combination of thesedhpmfiles. With the DO2A ligand bound,
a ratio of one DPA molecule per lanthanide is naaidd over the entire pH range,
meaning all four lanthanide ternary complexes remxistable (Figure 3.27). In contrast,
the Ln(DPAJ complexes began to form the tris Ln(DBA)species at high pH as
evidenced by the Ln:DPA ratio approaching 1:3, ¢ating precipitation of some of the
lanthanide as Ln(OH) This suggests that the addition of the DO2A@gprevents
precipitation of the trivalent lanthanide cationdaconfers additional stability to the
complex.

A clear pH dependence of the binding affinity fgpidolinate was observed over
the range 6.1 to 8.0 for the europium complex (F@dd128). As no analogous, Kalues
for the association of Blito DPA" were derived (except at pH 7.5 as shown in Section
3.2.2), we did not calculate;Kvalues and instead focus our analysis on the ebitign
constant K. The competition constant, which is proportiotal K, and inversely
proportional to K (equation 3.3), decreases as the pH becomes ivase. This
indicates that the binding affinity of the Euon for dipicolinate is decreasing and/or the
binding affinity of the Eu(DO2A) complex for dipicolinate is increasing. In eitlase,
the DO2A ligand stabilizes the complex in more basinditions, and allows for greater

relative dipicolinate binding in comparison to e** ion alone.
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These pH dependence studies have also demonstraiatportant point in terms
of using lanthanides and lanthanide complexes @sosg for bacterial spores. In every
lanthanide studied, the luminescence intensity lé Ln(DPAY complex varies
significantly with pH, due largely to the precigitm of Ln(OH) and the resulting
formation of the more strongly luminescent Ln(DRApecies, whera = 2 or 3. This
means that unless the solution pH is known, ther@d longer a direct correlation
between luminescence intensity and dipicolinateceatration, and the number of
bacterial spores cannot be quantified. With th¢éDIQRA)" complex, fortunately, the
change in luminescence intensity over the pH rdrge 6.1 to 9.4 is no more than 5%,
and therefore bacterial spore concentration camdiermined directly from emission

intensity with a high degree of confidence.

3.4.2 Temperature Dependence Study

The stabilities of complexes are governed by eptbalH) and entropic (S)

changes as described in equation 3.7.

AG = AH -TAS [3.7]
The changes in Gibbs free energys( are related to temperature and stability constan
(K) by equation 3.8,

AG =-RT(nK) [3.8]
where R is the universal gas constant (8.314'dw6I"). We can therefore use the
change in stability constant with temperature tlzudate the changes in enthalpyH)

and entropyAS) using the Van ‘t Hoff equation (see equatior).3.9
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InK = —ﬁ(i) S [3.9]
R(T) R

A plot of the natural logarithm of the associatioonstant (K or K;) against the
reciprocal of absolute temperature will thereforedoice a linear relationship with slope
equal to AH/R and a y-intercept afS/R.

Lanthanide ions are net structure promoters, aacettthalpy and entropy terms
in complex formation will reflect the disruption @folvent structure as well as the
combination of the ion¥’ *®* For both the Ln(DPA) and the Ln(DO2A)(DPA)
complexes, ionic combination should outweigh disaupof the hydration structure and
result in an exothermic enthalpic paramet&H). For entropy, displacement of three
water molecules to allow one dipicolinate molectdebind to the lanthanide should
produce a positive entropy contributiom@).

Temperature has been shown to influence the waigraeage dynamics of the
Eu(DO2A) complex in aqueous solution, resulting in a deseia hydration number
from 3 to 2 with increasing temperatdfe As this will most likely decrease the positive
surface area of the Ehbinding site, we anticipate a decrease in theibindffinity for
dipicolinate with increasing temperature for Ln(D¥)2 complexes (Ln = Eu and Thb).
The change in hydration structure may also causatians in enthalpy and entropy for
these systems.

Methods. The previously prepared sets of Ln(DO2A)(DPAhd Ln(DPA}
cuvettes (Ln = Tb and Eu) used to calculateadd K, (Section 3.2.2) were heated or
cooled to a specified temperature (equilibrationetiof ~ 24 hrs for each temperature

point) in the range of 10-50 °C using a refrigergtdarvel Scientific, Greenville, Ml),
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incubator (VWR International, West Chester, PA),AmrcuBlock™ Digital Dry Bath
(Labnet International, Edison, NJ). The samplamber of the Fluorolog-3, which has a
cuvette-holder that can be temperature-controleals connected to a Neslab RTE 7
Digital Plus water heater/chiller (Thermo SciewmtifWaltham, MA) to maintain the
desired temperature of the cuvette during scanamp®& temperature was monitored
using a handheld Fluke 62 Mini Infrared Thermomet€nhe temperature of each cuvette
was checked prior to and following each measurepaard these values were averaged
over the set of cuvettes to produce the reportegpéeature. The solution pH was
measured using a calibrated handheld 1Q150 pH/m\pezature meter following data
collection. Association constants, lind K; were calculated as described previously
(Section 3.2.2) and plotted as In K against 1/Kateidagraph®. Enthalpic and entropic
parameters were calculated using equation 3.6 fibem slope and y-intercept,

respectively, of a linear fit.

Results and Discussion

The temperature dependence study reveals a dedre&sminescence intensity
for both Tb(DO2A)(DPA)and Eu(DO2A)(DPA)as temperature increases from 10 °C to
50 °C. This is consistent with previous tempemtdependence studies of europium
complexes? and is most likely due to increased nonradiatieactvation through
thermal population of vibrational modes.

The binding affinities of both Tband Ed* for dipicolinate, determined using the
one-step equilibration model derived previously ugmpn 3.1), display a similar

temperature dependence. In both cases, the valdg decreases by 0.7 logarithmic
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units (Table 3.5), indicating a decrease in dipiaik binding affinity. An Eyring-
Polanyi plot of 1/T against In K(Figure 3.29) yields an enthalpy of activation-80.8
kJ/mol for the Tb(DPA) association constant and -34.7 kJ/mol for the PP system
(Table 3.6). The negative value of enthalpy fothb®b®* and EG" suggests that the
hydration sphere is only partially disrupted in foemation of Ln(DPAJ from the Lr*
aguo species, and that the ionic combination tdyce a net +1 complex is the dominant
contributor, causing the net enthalpy to be exatier The increase in enthalpic
destabilization for terbium over europium obsenreste is consistent with observed
trends in lanthanide dipicolinate complexes, and in@ due to secondary interactions
involving the carboxyl arms of the dipicolinateditd>’

The net entropy change in both the Tb and Eu daspssitive, consistent with
the elimination of water molecules from the inneoination sphere, with a slightly
greater entropy value for the terbium case. Studmave shown variation in
thermodynamics for the solvation steric effectarfthanides based ionic radilisso the
observed differences in entropy are probably dueadation in ionic radius and/or
charge density between the*Tland Ed* cations.

Results of the equilibrium model fits (Figure 3.3@)dicate a nonlinear
temperature dependence on the stability of the T2®)(DPA) complex over the range
from 10-50 °C and a slight trend for the Eu compl&kough a previous study involving
Eu(EDTA) reported an increase in binding affinity for diedrom 25 °C to 60 °€° we
see the opposite effect for the dipicolinate anwith binding affinity decreasing more
than half an order of magnitude as temperatureasas (Table 3.5). This effect is most

likely due to the reported decrease in hydratiominer of the Eu(DO2A)complex from
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3 to 2, possibly from expansion of the DO2A ligaedlucing solvent exposure of the
lanthanide. Calculations of enthalpy and entramyegach complex from plots of In,K
versus 1/T (Figure 3.31) are given in Table 3.Gndig of dipicolinate generates less
entropy for the europium case than for the terbazomplex, supporting the theory of
decreased hydration number at higher temperaturthéoEu(DO2A) complex. If only
two waters must be displaced for dipicolinate todbio Eu(DO2Aj compared to three
for Tb(DO2AY", the entropy for the terbium case should be great&he relative
difference between these two entropy values ansetiud the corresponding Ln(DPA)
complexes are attributed to the elimination of watelecules from the inner hydration
zone for the Ln(DO2A)(DPA)omplexes?

As with the Ln(DPA) case, the change in enthalpy for dipicolinate inigds
more negative for the Eu(DO2A)complex than the Tb(DO2A)complex by
approximately 5 kJ/mol, most likely due to diffeces in lanthanide ionic radius.
Overall, the net change in enthalpy for the comgdeixivolving DO2A is less than those
without the ligand. We attribute this more endothie enthalpy value to the change in
ionic combination. In the Ln(DPA)case, the binding of dipicolinate results in the n
charge decreasing from +3 for the lanthanide aguoto +1 for the mono-dipicolinate
complex. With DO2A bound, dipicolinate binds tcetlanthanide macrocycle binary
complex and reduces the net charge from +1 toHiis should cause reorganization of
polar solvent in the outer sphere to account ferahange from positive to negative, so
the change in enthalpy is less favorable.

We have established the dependence of dipicolimatiing affinity and emission

intensity on temperature for europium and terbilomplexes. While both Ln(DPA)
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complexes present a clear temperature dependdreeddition of the DO2A ligand
appears to disrupt this effect for the terbium caddferences between the europium and
terbium complexes are attributed to variations antthanide ionic radius and charge
density, as well as evidence that the Eu(DO2é&9mplex loses a solvent molecule at
higher temperature. Our data indicate that thi:ias the case for the Th(DOZ2A)
complex, which maintains a dipicolinate bindingraty near the nanomolar regime even
at temperatures of 50 °C. We can therefore qutiiéyTb(DO2AJ complex as robust to
temperature variation, with the note that emissnensity is temperature dependent and
appropriate adjustments should be made for in sieasurement of environmental

samples to obtain an accurate dipicolinate conagatr.

3.5 Interferent Studies

A primary concern when applying tailored recepitgssto in situ detection is the
potential for undesired chelation of environmentderferents. For lanthanide-based
sensors such as Th(DOZAhich rely on ionic interactions for analyte bingj the
greatest threat is from charged species. Anioagjcplarly those containing oxygen
and/or the ability to complex metal ions, could @te with dipicolinate for the
oxophilic lanthanide receptor site and producelsefaegative result. If these anionic
interferents are aromatic and capable of transfgrenergy to the terbium, we might also
encounter false positives. Alternatively, catiomterferents such as calcium or metal
ions could bind to dipicolinate and prevent cooation to the lanthanide complex,
producing a false negative result. We will invgate a plethora of cations and anions

commonly found in environmental samples which mayeasely affect dipicolinate
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detection, including species that are known to gbenb-DPA luminescence such as
phosphate and carbondfe. We will also compare the efficacy of DO2A to athe

proposed interferent mitigation techniques.

3.5.1 lon Screen

A screen was performed to test the robustnesseoTH{DO2A) receptor site in
the presence of common environmental interferenfEhe lanthanide complex and
dipicolinate were kept at very low concentrationtjvthe interferent concentration varied
from three to six orders of magnitude in excess.aVoid any complexities introduced by
the concomitant presence of buffer ions, solutimese unbuffered and instead the pH
was adjusted to neutral using sodium hydroxide yalrdichloric acid. Any change in
emission intensity, whether due to displacememtipfcolinate or some other mechanism
such as precipitation of the lanthanide, would @spnt a vulnerability of the lanthanide

complex to that interferent.

Experimental Section

Materials. The following chemicals were purchased and uasdreceived:
ammonium chloride (J.T. Baker), calcium chloridéydrate (Aldrich), cesium chloride
(MP Biomedicals), DPA (dipicolinic acid, pyridira6-dicarboxylic acid) (Aldrich),
lithium chloride (Aldrich), magnesium chloride héwarate (Mallinckrodt), potassium
chloride (Mallinckrodt), samarium(lll) chloride (s Aesar), sodium acetate trihydrate
(Mallinckrodt), sodium bromide (J.T. Baker), sodiwarbonate (Mallinckrodt), sodium

chloride (EM Science), sodium citrate dihydrate [IMakrodt), sodium fluoride
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(Aldrich), sodium hydroxide (NaOH 50% in water) (NMackrodt), sodium iodide
hydrate (Alfa Aesar), sodium nitrate (Mallinckrodtsodium phosphate tribasic
dodecahydrate (BDH), anhydrous sodium sulfate (Mekrodt) and terbium(lil)
chloride hexahydrate (Alfa Aesar). All lanthanisi@ts were 99.9% pure or greater, all
other salts were 99% pure or greater, and all ffeere at least 98% pure. DO2A was
prepared as previously described (Section 2. 2/ater was deionized to a resistance of
18.2 MQ-cm using a Siemens Purelab® Ultra laboratory wateification system.

Methods. Unless otherwise specified, all samples weregrezpin triplicate to a
final volume of 3.50 mL in disposable acrylate dbee with a 1 cm path length.
Luminescence spectral analysis was performed by laordtog Fluorescence
Spectrometer with a 350-nm cutoff filter as prewyudescribed (Section 3.2.1).

Cuvettes were prepared from 4Q0/ stock solutions to contain 0.10M
Tb(DO2A)(DPA) or Th(DPAY and an excess (100, 10, 1.0 or 0.10 mM) of onthef
following ions: magnesium, calcium, lithium, sodiypotassium, ammonium, cesium,
acetate, nitrate, fluoride, chloride, bromide, d&i carbonate, sulfate, phosphate and
citrate. All cations were chloride salts, and alions were sodium salts. Solution pH
was adjusted to ~ 7 with NaOH or HC| added dropwisgolutions were allowed to
equilibrate for 2 days prior to spectral analysithe solution pH was measured using a
calibrated handheld 1Q150 pH/mV/temperature metellowing data collection.
Emission intensities were normalized to Tbh(DO2A)P or Th(DPA) control

solutions of identical concentrations.
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Results and Discussion

Addition of common cations and anions in large ezcél§ to 1(-fold) to
submicromolar Tb(DO2A)(DPA)at near neutral pH resulted in minimal emission
intensity change for most ions in comparison tohéDPA)" complex (Figures 3.32 and
3.33). For most potential ionic interferents, theclusion of DO2A improved
luminescence intensity to some degred (*-fold) when the ion concentration was up to
six orders of magnitude greater than the Th-DPAceatration (Figure 3.34). Carbonate
interference was only observed at concentratioresdrders of magnitude or greater than
that of Th-DPA,; in this regime, DO2A improves digimate sensing efficiency tenfold.
Citrate interferes significantly with Tb-DPA compgégion; this is reduced with the use of
DO2A for concentrations up to five orders of magdé greater than Th-DPA. Further,
as the resting concentration of citrate in extiatal fluid is around 13QuM,** where
interference is almost completely mitigated by DO2% do not anticipate significant
luminescence quenching from this interferent in iemmental samples. DO2A
complexation successfully eliminates phosphataference for concentrations up to five
orders of magnitude greater than Th and DPA.

The inclusion of DO2A successfully improves Th-DBiding in the presence of
a wide array of interfering ions, most up to concaions five orders of magnitude
greater than that of DPA. This indicates that Ti®DO2A)" complex is able to
selectively bind dipicolinate, even in the presentaimilar oxygen-containing ligands

such as acetate, carbonate and citrate.
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3.5.2 Cation/Anion Competition Experiments

Cations and anions of particular interest fromitdmescreen were further explored
via competition experiments. These included caabmnsulfate, phosphate, calcium and
potassium. Phosphate in particular has been showaverely inhibit DPA binding to
Tb** in previous studies, completely quenching Tb lwsience via an unknown
mechanism even when DPA is in excEsé? L-alanine was also investigated, as this
amino acid is a commonly used germinantBacillus bacterial spores and is often

present in high concentrations in various endospiatlity assay$>*°

Experimental Section

Materials.  Aluminum chloride hexahydrate (Aldrich), calciurhloride
trinydrate (Aldrich), DPA (dipicolinic acid, pyride2,6;dicarboxylic acid) (Aldrich),
MOPS @-(N-morpholino)ethanesulfonic acid) buffer (Alfa Aesapotassium chloride
(Mallinckrodt), sodium acetate trihnydrate (Mallimokit), sodium carbonate
(Mallinckrodt), sodium phosphate tribasic dodecahtel (BDH), anhydrous sodium
sulfate (Mallinckrodt) and terbium(lll) chloride kahydrate (Alfa Aesar) were purchased
and used as received. All lanthanide salts wer@%®%ure or greater, all other salts were
99% pure or greater, and all buffers were at 188% pure. DO2A was prepared as
previously described (Section 2.2.1). Water wasrdeed to a resistance of 18.2(M
cm using a Siemens Purelab® Ultra laboratory wateification system.

Methods. Carbonate, sulfate, phosphate, calcium and potaswere used in
competition experiments against 4 Tb(DO2A)(DPA) in 0.1 M MOPS (pH 7.5),

where the concentration of the ion was varied frbth nM to 0.1 M. For ions where
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significant competition was observed, the data fitagsing the Curve Fitting Tool in
Matlab® with a chemical equilibrium model similar that used for the BAC Assay (see
Appendix C for derivation). For phosphate, an addal competition experiment was
performed for 0.1uM Th(DPA)" with 0.10 mM aluminum chloride in 0.2 M NaOAc,
pH 7.3, to compare the efficacy of DO2A in phosphatitigation to a compound

established in the literature.

Results and Discussion

Competition experiments were performed for seledtats (Figure 3.35); of
those, only calcium demonstrated any significaninetition with Tb(DO2A) for
dipicolinate, and only at ~ f@xcess (Figure 3.36). This was expected, as CabRA
stable neutral salt (log &opa = 4.05*), and the mode by which most bacterial spores
store the high concentrations of dipicolinic aciégent in the spore cort&%. The data
were fit to a two-state chemical equilibrium modmhilar to that used in the BAC assay,
and competition constants were calculated fof*Gammpeting with the Tbh(DO2A)
binary complex (log Kuion = 4.36 + 0.23) and the Thion alone (log Kaion = 3.68 +
0.17) for DPA". The addition of the DO2A ligand improves thebgtey of Th-DPA
binding by a factor of 4.7 compared to>Tlalone, increasing the range over which this
receptor site can be used in environmental conditio

Phosphate has been reported to severely quenchPPRbibDminescence via an
unknown mechanism even when DPA is in excess. T¥as supported in the
competition experiment for phosphate with To(DPA)owever, application of DO2A

successfully mitigated phosphate interference entimding of DPA to Tb** by more
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than three orders of magnitude compared td* Tdone (Figure 3.37). Aluminum
chloride is reported to mitigate phosphate interiee of Th-DPA luminescence via
precipitation of AIPQ.** ** Though the addition of aluminum chloride in micraar
concentrations does appear to improve Th-DPA staiml the presence of phosphate, the
effect is minor in comparison to that of nanomalancentrations of DO2A.

L-alanine appears to detrimentally affect Th-DPAinescence, though the effect
is not concentration-dependent. Emission interedfithe Th(DPA) complex varied by a
margin of more than 11%, compared to less than &@%he Th(DO2A)(DPA)complex
(Figure 3.38). We therefore recommend the useb¢DD2A) instead of TH" in any
endospore assays where the L-alanine germinantsesl, uregardless of germinant
concentration.

The application of DO2A improves the resistanceahaf Tb-DPA luminescence
assay to calcium interference nearly five-fold. eTdoncentration of calcium must be at
least 1000 times greater than that of DPA for thre to affect luminescence intensity.
The DOZ2A ligand also successfully mitigates phogphmterference of Th-DPA
luminescence, and exhibits great improvement owkerocompounds cited in the
literature such as aluminum chloride. Further, BO@&duces variation in luminescence
intensity from germinants like L-alanine that afeen used to trigger dipicolinate release
from bacterial spores. We can therefore recomnibacuse of the Th(DO2A)binary
complex over the T ion in the sensitive, robust detection of endospaver a wide pH

and temperature range, as well as in the presdrae/monmental interferents.
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3.6 Applications
3.6.1 Bacterial Spore Study

With the superior stability and performance of H&§DO2A)" binary complex
over TB" alone verified experimentally, we have applied thovel DPA receptor site to
the detection of bacterial spore sampleBacillus atrophaeusspores have been well
characterized in the literatdfe! and represent spores found in typical environnienta
samples in their relative size and DPA contént® We will compare the emission
intensity and signal-to-noise ratios of dipicolimaletection using Thor Th(DO2A) for
these spores, which will be physically lysed teaske DPA into solution. We anticipate
an improvement with the use of DO2A, as this ligamduld reduce or eliminate any
interfering effects from various other biomolecu{eamino acids, proteins, nucleic acids,

fatty acids, etc.) released from the lysed spores.

Experimental Section

Materials. Ethyl alcohol (Acros Organics), sodium acetatéhytrate
(Mallinckrodt) and terbium(lll) chloride hexahydeafAlfa Aesar) were purchased and
used as received. All lanthanide salts were 9989 or greater and all other salts were
at least 99% pure. DO2A was prepared as previaledgribed (Section 2.2.1Bacillus
atrophaeusbacterial spores were purchased from Raven Bicdbdiaboratories (Mesa
Laboratories, Inc., Omaha, NE) and stored at 4 il use. Water was deionized to a
resistance of 18.2 M-cm using a Siemens Purelab® Ultra laboratory weatgification
system, and filter-sterilized using a Nalgene® MF3terile disposable filter unit

containing a polyethersulfone (PES) membrane {thZore size).
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Methods. Sterile technique was used throughout the battspore study, and
controls were treated identically to samples coimgi spores. Samples were prepared in
a SterilGARD 1l Advance Class Il Biological SafeGabinet (Model SG-403A, Baker
Co., Sanford, ME) to minimize contamination.

Preparation of the spore suspensionApproximately 100uL of a Bacillus
atrophaeusspore stock suspension (approx. concentratidrsfires/mL) was diluted to
500 L in a sterile microcentrifuge tube with cold filtsterilized deionized water (18.2
MQ-cm resistivity). The spores were washed twicecaatrifugation (16,100 rcf for 20
min at 4 °C), decanting the supernatant and resaspg the pellet in 50QL of cold
filter-sterilized deionized water. The washed sgowere diluted 1:50 using cold filter-
sterilized deionized water to produce a suspensiothe 10 spores/mL range (just
visibly turbid). These suspensions were kept énuntil use.

Determination of spore concentration Bacterial spore concentration was
determined using a haemocytometer (Hausser SeeR#rtnership, Horsham, PA), a
glass microscope slide with a chamber of precikelywn volume containing a laser-
etched grid. The coverslip was cleaned with 70%amtl and anchored to the
haemocytometer using two 3uk- drops of deionized water. A pl- aliquot of the
diluted spore suspension was slowly injected batwibe haeomocytometer grid and
coverslip, ensuring no bubble formation. Enumerativas performed with phase-
contrast microscopy using a Nikon Eclipse 80i nscape (Nikon Instruments, Inc.,
Melville, NY) with a Hamamatsu ORCA-ER Digital Camae (Model C4742-80,
Hamamatsu Corporation, Bridgewater, NJ) under 4¢mification and a phase range

setting of 2. The phase rings were aligned poacdunting. Once in focus, the number
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of spores in a 16-square block was counted; ths nepeated 8 times with different 16-
square units. The enumeration procedure was mepéat three separate aliquots of the
diluted spore suspension and the results averageed. spore concentration ford Was
then calculated using the conversion in equatid®,3to produce a result in units of

spores per milliliter.

_ (Avg sporesn

spore ~ X 25% 501000 3.10
P 165quares] 13.10]

The calculation produced a concentration of 3.110%(+ 6.11 x 16) spores/mL. The
suspension was then diluted using cold filter-Bked deionized water to a final
concentration of 1.00 x $&pores/mL.

Bacterial spore experimentSamples were prepared in quintuplicate as falow
two 2.97 mL aliquots of the spore suspension wexesferred to two microwave tubes
and sealed using a crimper. Ten microwave tublesgawith two sets of controls
containing filter-sterilized deionized water, wengtoclaved at 134 °C for 45 min using a
Tuttnauer 3870 EA autoclave (Tuttnauer USA Co, Lidauppauge, NY) to lyse the
spores and effect DPA release. The solution fraohdube was transferred to a cuvette,
to which either 3QuL of 100 uM TbCl; or Th(DO2AY was added to the lysed spore
suspensions and the control solutions. The exmitand emission spectra were obtained
following ~ 30 seconds of thorough mixing. The rgigto-noise (S/N) ratio was
calculated by dividing the sample amplitude of thest intense peak (544 nm) by the
control amplitude using equation 3.11. Signal amg@é was calculated by subtracting
the maximum observed intensity in the range of 580-nm from the minimum

observed intensity in that range.
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The calculated S/N ratios for each of the fivels$riaere averaged to produce the final

values for TB* and Th(DO2AJ.

Results and Discussion

The use of DO2A in the detection of dipicolinatenfr B. atrophaeudacterial
spores not only doubles the luminescence intensityalso improves the signal-to-noise
ratio threefold (Figure 3.39). As the concentmataf terbium in this experiment was
always in excess to the predicted DPA concentragbeased from the bacterial spores,
meaning no multimeric Tb(DPA)gpeciesr{ > 1) could be formed, the observed increase
in intensity is most likely the result of two medisms. First, we anticipated a minor
improvement due to exclusion of water from the®**Tboordination sphere. This is
confirmed by the slight intensity increase in tH€DO2A)" control compared to the b
control. However, the increase in luminescencensity coupled to the significant
enhancement of the signal-to-noise ratio is atteduargely to the improved binding
affinity of the Tb(DO2AJ complex for dipicolinate.

It is important to note that this result was ackgkvfor low concentrations of
bacterial spores without any sample purificationtrétion to remove cell debris,
extraction, pH adjustment, etc.), minimizing sampleparation and enabling facile
automation of this technique. We can thereforeckate that the To(DO2A)complex is
superior to the TH ion in rapid, reliable detection of bacterial s®Ivia sensitized

lanthanide luminescence.
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3.6.2 Ice Core Experiments

With the successful application of the Th(DO2Apmplex to the detection of
bacterial spores in a laboratory setting, we wiNnapply this novel receptor site to the
guantitation of bacterial spores in environmenthgles. We will focus on ice core
samples, as these tend to have a low spore coatientin a clean matrix. We will
compare the efficacy of Tbto Th(DO2A) to determine if the DO2A ligand can
improve the limit of detection of bacterial sponre€nvironmental samples.

The Greenland Ice Sheet Project 2 (GISP2) was darnational study
administered by the Office of Polar Programs (OBP)Xhe U.S. National Science
Foundation (NSF) under the Arctic System SciencREAS) program. Under this
project, an ice core was drilled over a five-yeariqgd starting in 1993 from the surface
to the bedrock more than 3000 meters down, makitigei deepest continuous ice core
recovered in the world at the time. The GISP2 ice core contains information of
approximately the last 110,000 years, which inctudee Holocene and part of the
Pleistocene epochs. We will investigate the bacterial spore contehfonr sections of
this ice core in the hopes of understanding thbiNty and diversity of microorganisms

over time.

Experimental Section

Materials. D-alanine (Aldrich), L-alanine (Aldrich), ethyllahol (Acros
Organics), nitric acid 68-70% (EMD Chemicals, In@aphd terbium(lil) chloride
hexahydrate (Alfa Aesar) were purchased and useecas/ed. All lanthanide salts were

99.9% pure or greater, and all other salts were p88é or greater. DO2A was prepared
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as previously described (Section 2.2.1). All sohg of lanthanide complex and/or
germinant were filter-sterilized using sterile Adisc® 25 mm syringe filters with a 0.2
um Supor® membrane (Pall Corporation, Ann Arbor, [dtjor to use. Ice cores from
the Greenland Ice Sheet Project 2 (GISP2) wereirdatafrom the National Ice Core

Laboratory and stored at -80 °C until use. Spe@ik cores used in study:

- Core GISP2D, Tube 158. Top depth 157.45 m, bottepth 157.70 m.
Cut MCAO2. Length 0.25 m. Date 5 Jan 2007. AQ@ fears.

- Core GISP2D, Tube 270. Top depth 269.43 m, bottepth 269.68 m.
Cut MCAO2. Length 0.25 m. Date not specified.eAmknown.

- Core GISP2D, Tube 480. Top depth 480.15 m, bottepth 480.40 m.
Cut MCAO2. Length 0.25 m. Date 5 Jan 2007. A@®0 years.

- Core GISP2D, Tube 835. Top depth 834.10 m, bottepth 834.35 m.

Cut MCAO2. Length 0.25 m. Date 4 Jan 2007. A§®94a years.

Note that the reported date on the ice core samph®t the date of collection (1993—
1998) but instead the date of cutting each sedtam the larger core.

Methods. Sterile technique was used in all protocols. @llhssware was
sterilized in a Cres¥ C100-6B Electric Kiln (Cress MFG Co., Carson Cy) at 500
°C for 4 hours prior to use. Water was deionized resistance of 18.2@cm using a
Siemens Purelab® Ultra laboratory water purificatsystem, and filter-sterilized using a
Nalgene® MF75 sterile disposable filter unit coniag a polyethersulfone (PES)

membrane (0.2Am pore size).
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Decontamination To slowly increase the temperature, each ices cmas
removed from -80 °C storage and placed in a -2%ré€zer for 8 hours, followed by a
transition to 0 °C for 2 hours. This prevented deeontamination solutions from simply
freezing to the exterior of the core. Each iceecaas then cut in half on a sterilized
aluminum block kept at -80 °C until use. The sha#r portion of the core was placed
back in the -80 °C freezer. The deeper half ofitleecore was dipped in a solution of
bleach (6.15% sodium hypochlorite, 4 °C) for 10osels, and then three separate
aliquots of filter-sterilized deionized water (4)°for 10 seconds each.

Melting and filtration The decontaminated ice core was placed in #desteiL
beaker in a SterilGARD IIl Advance Class Il Biologl Safety Cabinet to melt. Melting
was timed. Immediately following complete meltirtge solution was filtered using a
0.1um 47 mm polycarbonate nucleopore track-etch fileembrane and vacuum
filtration.

Resuspension The filter was transferred to a sterile 15-mLlypoopylene
centrifuge tube containing 4.40 mL of filter-stemdd nanopure water (4 °C). The tube
was vortexed for 1 min and then chilled on iceXanin. This was repeated four times.
Twelve 225gL aliquots of the solution were placed into stenierocentrifuge tubes.

Germination For each batch of 4 tubes, ajd5aliquot of one of the following
was added:

- 10.0uM TbCl; with 1.0 M L-alanine
- 10.0uM Th(DO2A)" with 1.0 M L-alanine
- 10.0uM TbCl; with 1.0 M D-alanine

- 10.0uM Th(DO2A)" with 1.0 M D-alanine
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The 12 tubes were then placed in an AccuBlYclDigital Dry Bath (Labnet
International) at 37 °C for 48 hours to induce geation. The solutions were then
transferred to 0.6-mL quartz microcuvettes with emi path length. Quartz cells were
washed with 50% nitric acid and rinsed ten timethJilter-sterilized nanopure water
(18.2 MQ-cm resistivity) prior to each use. Luminescengecsral analysis was
performed at 37 °C by a Fluorolog Fluorescence Bpeeter with a 350-nm cutoff filter
as previously described (Section 3.2.1). Emissjoectra were normalized to a 10.d
Tb(DPA)" standard solution, also in quartz.

DPA release Following germination and spectral analysis, siodutions were
transferred back into their respective microceagi# tubes and autoclaved at 134 °C for
45 minutes to lyse any remaining spores and effecbhplete DPA release. These

solutions were transferred into quartz microcugetbe luminescence spectral analysis.

Results and Discussion

Due to issues involving contamination of the Lratte germinant with DPA
(from the vendor Aldrich) and lack of sufficientgoncentrated sample, no detectable
signal for dipicolinate was observed either in &ton or emission spectra that could be
attributed to bacterial spores in the ice core samp@hough the use of DO2A would
most likely have reduced intensity variations frahe high L-alanine concentration
(Section 3.5.2) and produced an improved signaleise ratio, we appear to be below
the limit of detection for both the Thand Th(DO2AJ species. Given the high binding
affinity of the Th(DO2AJ complex in these conditions (logsK= 9.25) and the

assumption of an average dipicolinate content Sf DPA molecules per spore, this
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indicates that, if any bacterial spores are pregetitese ice core samples, they are most
likely below a concentration of 100 spores/mL. Egsrthough the Th(DO2A)omplex
demonstrates significant improvement over’'Tm the detection of bacterial spores,
further optimization of dipicolinate binding affigi by this receptor site is necessary to

reach the desired limit of detection to apply teimnmental samples such as ice cores.

3.7 Conclusions

An investigation of Ln(DO2A), where Ln = Sm, Eu, Tb and Dy, was performed
to determine the efficacy of these binary complexesensitive, selective detection of
bacterial spores viBPA-triggered LA* luminescence. We based our analysis on five
basic qualities of an effective receptor site: t{fg receptor site must present an obvious,
measurable response upon analyte binding; (2) thaing affinity for the analyte of
interest should be high, in the nanomolar regiméaidter; (3) binding should be rapid
and compatible with the rate of analyte releassitm; (4) the receptor site should be
resistant to pH and temperature changes; and )iding affinity and selectivity
should not be susceptible to environmental interfes. Of the lanthanide(macrocycle)
complexes studied, the Toh(DOZA)omplex was the best match according to our @iter
for the optimal dipicolinate receptor site.

One of the commonly exploited features of macracydigands is that of
rendering several coordination sites inert to stuigin and consequently limiting both
the number and geometry of available binding sfte3he Ln(DO2AJ complex leaves
exactly three adjacent, linearly-arranged coordbmasites open for binding, ideal for the

dipicolinate ligand. Work with pyridines and DPA&rd/atives suggests that the nitrogen



160
is integral to the strong binding observed, desthieeusual preference of lanthanides for
oxygen moieties. In comparison to other ligandshsas hexacyclen, EDTA, DO3A and
DOTA, which either coordinate to the lanthanidehwigss affinity or present a binding
site with unfavorable size and/or geometry, the B@g@and produces the most effective
lanthanide binary complex in terms of dipicolinbtading.

Binding affinity studies reveal an increase in dgdinate complexation for the
Ln(DO2A)" complex compared to the f'ion alone. This increase in binding affinity
for the binary complex goes contrary to predictidmssed purely on net complex
electrostatics, in that the DPAanalyte should be more strongly attracted to the
tripositive Lr** species than the Ln(DO2Agomplex. Apparently, binding of the DO2A
ligand affords an enhancement in DPA affinity tisasubstantial enough to counteract
this loss of charge and still improve dipicolindisding by an order of magnitude.
Evidence of this ‘ligand enhancement’” can be fourfidr various other
lanthanide/ligand/analyte systems in the literatarel are tabulated in Table 37 In
each case, application of a chelating ligand imesokinding affinity of the oxyanion
analyte (picolinate, acetate and lactate) by arcamarder of magnitude, regardless of
the type (cyclic or linear), denticity or charge tbe ligand. We attribute this ‘ligand
enhancement’ to a shift in electron density of taethanide upon ligand chelation,
generating a binding site with a greater positivaracter due to the electron-withdrawing
O and N moieties of the ligand. Though the netrgheof the complex may have
decreased, thivcal charge in the binding site may be even greater tha Li* aquo
case, where the nine solvent molecules are everdyribdited in the lanthanide

coordination sphere and the electron density ifl siiform. Though further
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experimentation is required to support this thetrg, existence of ligand enhancement is
nevertheless a powerful tool in receptor site designy chemist seeking to improve the
binding affinity of an oxyanion with a lanthanidation should utilize a helper ligand
preferably one rich in nitrogen and oxygen.

The difference in binding affinity between the TIGPA)" and Dy(DO2A]
complexes and the Eu(DOZA)Xand Sm(DO2A) species is most likely due to a
phenomenon known as the “gadolinium break.” Vagistudies of stability constants
across the lanthanide series, such as those wathtacand anthranilate, indicate a change
in stability constant around gadolinitfh. Suggestions as to why this occurs include
solvent exchange or the possibility of a mechamnidtiange occurring in the middle of the
series. Evidence of the gadolinium break can #lsoseen in enzymatic inhibition
studies’® and in a shift in hydration number from 9 for theger lanthanides to 8 for the
smaller lanthanide®: ®* An expansion of the BV coordination sphere from 8- to 9-
coordinate is known to occur when two or more neght charged ligands are
coordinated: ®° which may explain why the potentially 8-coordin@g>* was able to
accommodate the DOZ2and DPA? ligands in a 9-coordinate motif.

The interesting aspect of the gadolinium break ndegkin our binding studies is
that it appears to biaduced by ligation of DO2AThe dipicolinate affinity for the L}
ions exhibits little variation, but the analogous(RO2A)" complexes show an obvious
divide between those to the left of gadolinium ($u) and those to the right (Tb, Dy).
Another study concerning lanthanide(macrocyclepbircomplexes also noted a similar
trend, in this case using a chiral heptadentate D@&ivative. The authors noticed an

increase in the binding affinity of the terbium qalex for certain oxy-anions (acetate,
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bicarbonate and phosphate) in comparison to thivgmas europium complex by about
the same margin as we have observed for dipicelifEable 3.8f° As with our system,
lifetime measurements of these complexes indicatedifferences in hydration state that
might explain the discrepancy. They attributedffenity trend to a divergence of pifor
the two complexes. If the pkof the europium complex were lower than that & th
terbium complex, the presence of a population afrtyyylated species for the europium
case would reduce the overall binding affinity doe decrease in electrostatic attraction
for this population of dipositive complex. Differees in pkK values for Eu and Gd
macrocyclic complexes with DOTA derivatives haveeenoted in the literatufg,
though it is not clear if this trend is extendedintolude Tb, or if these ligands can be
directly compared to DO2A or others. We see nal@we of such a hydroxylated
species in our pH dependence studies, which shioal@ manifested in a change in
stability of the Eu(DO2A)(DPA)complex compared to the Th(DO2A)(DPApmplex at
lower pH. We therefore cannot accept this hypashesnd instead turn to ionization
energy for a possible explanation.

The ability of a chelating ligand to perturb theatton density of a L cation is
dependent on (1) the number and arrangement ofr@bewithdrawing groups in the
ligand and (2) the susceptibility of the lanthantdepolarization. The former property
can be tuned by judicial choice of ligand; thedait defined by how easily the electron
density of the lanthanide can be externally infeesh one measure of which is ionization
energy. A lanthanide with a low Eh— Ln*" ionization energy requires less energy to
remove an electron, and is arguably more susceptibperturbation by ligating species

than a lanthanide with a high ionization energys shown in Figure 3.40, the ¥hion
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has the lowest 3+> 4+ ionization energy of all the lanthanides inigated®’ due
primarily to the fact that the Thion has an electronic configuration with exactly half-
filled 4f-shell This lanthanide is therefore particularly susitd@ to perturbation by an
electronegative chelating ligand, as®Tthas the lowest energy barrier to losing an
electron. Thus, the observed phenomenon of thandignduced gadolinium break is
simply a manifestation of the half-shell effect, e lanthanides with the lowest
ionization energies are the most significantly etiéel by electron density perturbations
from a chelating helper ligand. In terms of recesite design, this ligand-induced effect
presents a strong case for using terbium as thiedaite of choice in a sensing complex,
as the TB" ion will yield the greatest binding affinity in@ee when paired with a helper
ligand.

The detection of bacterial spores via dipicolin@iggered lanthanide
luminescence has been improved in terms of detetitimt, stability, and susceptibility
to interferents by use of lanthanide-macrocyclealjincomplexes. The Ln(DO2A)
binary complexes bind dipicolinic acid, a major sttuent of bacterial spores, with
greater affinity and demonstrate significant imgnoxent in bacterial spore detection. Of
the four luminescent lanthanides studied (Sm, BHu,amd Dy), the terbium complex
exhibits the greatest dipicolinate binding affin{ty00-fold greater than Fbalone, and
10-fold greater than other Ln(DO2Ayomplexes) and highest quantum yield. Moreover,
the inclusion of DO2A extends the pH range overchhifb-DPA coordination is stable,
reduces the interference of calcium ions nearle-fodld, and mitigates phosphate
interference 1000-fold compared to free terbiummaloln addition, detection &acillus

atrophaeusbacterial spores was improved by the use of Th(®O2 yielding a three-
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fold increase in the signal-to-noise ratio over ThHowever, initial experiments with
Greenland ice core samples suggests further ogtioiz is necessary to reach target
limits of detection for very low concentrationshacterial spores.

As a first-generation receptor site, the Tb(DO2Bnary complex demonstrates
improved dipicolinate binding affinity and enhanaes$istance to pH, temperature and
environmental interferents. We therefore conclutiat the Tb(DO2A) complex
represents an excellent first step towards devebopmof a rapid, robust DPA receptor for

the detection of bacterial spores.
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Figure 3.2. Macrocyclic ligands utilized for determining binding stoichiometries.
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Figure 3.3. Jobs plots of various macrocyclic ligands in 1.0 mM NaOH, pH 8.1. The
concentrations of Tb and DPA are varied inversely from 0 to 12 yM in 1 uyM increments, with the
macrocyclic ligand in excess (100 uM). Linear regions are fitted with trendlines, and significant
Tb:DPA ratios are noted by dashed lines.
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Figure 3.4. Jobs plots of various lanthanides in 100 mM CHES, pH 9.4. The concentrations of
lanthanide and DPA are varied inversely from 0 to 12 uM in 1 yM increments, with DO2A in
excess (100 uM).
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Figure 3.7. Lanthanide competition experiment. Binding affinity by competition (BAC) assay

titration curves for Sm, Eu, Tb and Dy, 0.2 M NaOAc, pH 7.5.



175

10.00

9.50 -
{ Th(DO2A)
9.00 -

& Dy(DO2A)

8.50 1 B Sm(DO2A)

log K

Eu(DO2A) 4

8.00 -

i Sm
7.50 1 ® Dy

7.00 T T T T
0.9 0.91 0.92 0.93 0.94 0.95 0.96 0.97

lonic Radius, A

Figure 3.8. Plot of association constants for Ln*" and Ln(DO2A)" to DPA* against lanthanide
ionic radius, 0.2 M NaOAc, pH 7.5. The addition of DO2A enhances dipicolinate binding affinity
by an order of magnitude for most lanthanides, and by nearly two orders of magnitude for terbium
(green).
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Figure 3.10. Time courses for binding of Th(DO2A)* to DPA” at neutral and high pH. Both reach
completion in seconds; the longer time required for the time course at high pH is attributed to
displacement of hydroxyl groups from the terbium coordination sphere.
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Figure 3.13. Kinetics experiments with Th(DO2A)(DPA) and Eu(DO2A)(DPA) competed with
Gd**, showing a decrease in the rate with increasing [Gd].
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Figure 3.14. Stability of Th(DO2A)(DPA) over time, 0.2 M NaOAc, pH 7.5, 25 T. A, =278 nm,
emission spectra integrated from 570—600 nm. Large error bars in 11 months data set (gray) are
due to loss of solvent through evaporation.
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(Pyr) (Pic) (DPA)
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Figure 3.15. Structures of pyridine, picolinate, and three structural isomers of dipicolinate,
overlaid with an electron density map of the highest occupied molecular orbital (HOMO) for each
ligand. These chromophores were explored to better understand the binding properties of DPA.
Electron density maps generated using Titan®; higher electron density is in blue, lower in red.
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Figure 3.16. Excitation spectra (Aem, = 544 nm) of various terbium complexes, 10 yM in 0.2 M
NaOAc, pH 5.5. Note the logarithmic y-axis. Pyridine (Pyr) has little detectable terbium
sensitization, picolinate (Pic) is moderately effective, and dipicolinate (DPA) is most effective.
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Figure 3.18. Emission spectra (Ae,, = 274 nm) of various terbium picolinate complexes in 0.1 M
MOPS buffer, pH 7.2. Charges and coordination numbers of Pic ligand assume deprotonation of
carboxyl group (i.e., charge of -1) and bidentate coordination to Tbh*".
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Figure 3.19. Protocol for synthesis of 4-fluoro-pyridine-2,6-dicarboxylic acid (F-DPA).
Reproduced from CB Research & Development, Inc., personal communication.
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Figure 3.20. Normalized excitation spectra (Aem = 544 nm) for Th(DO2A)(DPA) and
Tb(DO2A)(F-DPA), 10.0 yM in 1.0 mM NaOH, pH 9. The fluorinated dipicolinate complex is
blue-shifted by approximately 5 nm, indicative of a shift of electron density away from the
lanthanide.
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Figure 3.21. Normalized emission spectra (Ax = 278 nm) for various DPA and F-DPA
complexes, 1.0 mM NaOH, pH 9. The F-DPA ternary complex (dark red) shows finer Stark
splitting than its DPA counterpart (red), while the situation is reversed for the tris-dipicolinate
species (light and dark green).
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Figure 3.22. Jobs plot of Th(DO2A)" with F-DPA in 1.0 mM NaOH, pH 9.0, indicating an
optimal Tb mole fraction of 0.47 for complete binding of F-DPA.
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Figure 3.23. pH dependence of Tbh(DO2A)(DPA) and Th(DO2A)(F-DPA), 10.0 uM in 0.1 M
buffer. Normalized emission spectra (A¢x = 278 nm) are integrated from 530-560 nm.
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Figure 3.24. Various bond lengths (A) for the dipicolinate of the TBA-Tb(DO2A)(F/CI-DPA)
crystal structure, where the 4-substituted dipicolinate species is 37% F-DPA and 63% CI-DPA.
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Figure 3.25. Jobs plots of Th(DO2A)(DPA) in 0.1 M buffer at various pH values. The
concentrations of Tb and DPA are varied inversely from 0 to 12 yM in 1 yM increments, with
the DO2A in excess (100 yM). Emission spectra (Ax = 278 nm) are integrated over 530-560
nm. Linear regions are fitted with trendlines, and significant Tb:DPA ratios are noted by dashed
lines.
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Figure 3.26. Jobs plots of Eu(DO2A)(DPA) in 0.1 M buffer at various pH values. The
concentrations of Eu and DPA are varied inversely from 0 to 12 pM in 1 uyM increments, with
the DO2A in excess (100 pyM). Emission spectra (Ax = 278 nm) are integrated over 680—710
nm. Linear regions are fitted with trendlines, and significant Eu:DPA ratios are noted by
dashed lines.
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Figure 3.28. Binding affinity by competition (BAC) assay titration curves for Eu(DO2A)(DPA) in
0.1 M buffer at various pH values. Emission spectra (Aex = 278 nm) integrated from 675710 nm.
Inset: Logarithm of competition constant (K.) against pH.0
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Figure 3.29. Plot of In K, against 1/T for Tb(DPA)" and Eu(DPA)" in 0.2 M NaOAc, pH 7.4.
Slopes, y-intercepts and correlation coefficients (R) are shown for each linear fit.
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Figure 3.30. Binding affinity by competition (BAC) assay titration curves for Tb(DO2A)(DPA) in
0.1 M buffer at various temperatures. Emission spectra (Aex = 278 nm) integrated from 570-600
nm.
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Figure 3.31. Plot of In K, against 1/T for Tb(DO2A)(DPA) and Eu(DO2A)(DPA) in 0.2 M NaOAc,
pH 7.4.
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Figure 3.32. Emission intensity variation of 0.10 yM Th(DO2A)(DPA) or Th(DPA)" complex with
the addition of 100 uM (top) or 1.0 mM (bottom) of interfering ion, pH 5.2. Normalized integrated
emission intensity, 530-560 nm; A, = 278 nm.
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Figure 3.33. Emission intensity variation of 0.10 yM Th(DO2A)(DPA) or Th(DPA)* complex with
the addition of 10.0 mM (top) or 0.10 M (bottom) of interfering ion, pH 6. Normalized integrated
emission intensity, 530-560 nm; A, = 278 nm.
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Figure 3.34. Ratio of 100 nM Th(DO2A)(DPA)  to Th(DPA)* emission intensity in 0.1 M (yellow),
10 mM (green) or 1 mM (blue) competing ion, pH 6.6. lons are listed in order of charge from
positive (left) to negative (right). Normalized integrated emission intensity, 530—-560 nm; Ae, =
278 nm.
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Figure 3.35. lon competition experiment of 0.1 yM Th(DO2A)(DPA)" titrated with phosphate (red),
sulfate (blue), potassium (green) or carbonate (orange) over a concentration range from 1.0 nM
to 100 mM, pH 7.5 (0.1 M MOPS). Carbonate appears to be the only ion that competes, and only
at very high concentrations (1:105 [Tb(DO2A)(DPA)] : [CO32']).
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Figure 3.36. Cation competition experiment of 0.1uM Th(DO2A)(DPA) or Th(DPA)" titrated with
Ca®* over a concentration range from 1.0 nM to 0.1 M, pH 7.5 (0.1 M MOPS). Emission intensity
integrated from 530-560 nm, Ae, = 278 nm.
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Figure 3.37. Anion competition experiment of 0.1uM Th(DO2A)(DPA), 0.1 uM Th(DPA)" or 0.1
UM Tb(DPA)" with 100 pM aluminum chloride. Each was titrated with phosphate over a
concentration range from 1.0 nM to 0.1 M, pH 7.3 (0.2 M NaOAc). Emission intensity integrated
from 530-560 nm, Ag = 278 nm.
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Figure 3.38. Germinant competition experiment of 0.1uM Tb(DO2A)(DPA) or Th(DPA)" titrated
with L-alanine over a concentration range from 1.0 nM to 0.1 M, pH 7.5 (0.1 M MOPS). Emission
intensity integrated from 530-560 nm, Ag, = 278 nm.
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Figure 3.39. Excitation spectra of unfiltered samples of autoclaved Bacillus atrophaeus spores
containing 10.0 uM of Tb*" (blue) or the Th(DO2A)" binary complex (red) in filter-sterilized
nanopure H,O. Dashed offset excitation spectrum (green) of 10 yM Th(DO2A)(DPA) in 0.2 M
sodium acetate, pH 7.4, confirms excitation profile as DPA. Concentration of bacterial spores
approx. 10° spores/mL. Controls of Tb** or Tb(DO2A)" are shown in dotted blue and red,
respectively. Inset: Signal-to-noise ratio of emission intensity, 530-560 nm, for Tb** (blue) and
Th(DO2A)" (red), showing a three-fold improvement in S/N with the use of DO2A.
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Figure 3.40. Relationship between Ln(DO2A)" dipicolinate binding affinity and Ln** — Ln*
ionization energy with lanthanide ionic radius. The Th(DO2A)" complex has the greatest affinity
for DPA® because the low ionization energy of the Th®* ion makes it the most susceptible to
perturbation by the DO2A ligand, shifting the electron density of the lanthanide and thereby
generating the most positive binding site for the DPA® analyte. lonization energies from
reference 67.



208

TABLES

Table 3.1. Association constants of various lanthanide-macrocycle complexes.

Ln® Macrocycle log K Ref
Gd DO2A 19.42 8
DO3A 21.0 .
DOTA 24.7 8
Sm DOTA 23.0 5
Eu DOTA 28.2 9
Th DOTA 28.6 9
Dy DOTA 24.2 5
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Table 3.2. Association constants of Ln** and Ln(DO2A)* with DPA”, calculated using a
one-step equilibration model and the BAC assay, respectively, 0.2 M NaOAc, pH 7.5.

Ln log K, log K’

Sm 7.64 £0.05 8.44 £ 0.03
Eu 7.46 £ 0.02 8.39 + 0.07
Tb 7.41+0.03 9.25+0.13

Dy 7.57 +0.03 8.79 +0.03
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Table 3.3. Crystallographic data for the TBA*Tb(DO2A)(F-DPA) structure.

Dipicolinate DPA F-DPA

Formula [C1oHoeNcOgTOIC HagNI*  [CrgHoeNOgTH]C,cHaN]*
0.47(C4Hg0) 0.53(C;H;0) (C;HZ0)
3(H,0) 2(H,0)

M, 964.94 975.45

Crystal system Monoclinic Monoclinic

Space group P2,/c P2,/c

a(h) 13.1047(5) 13.2324(6)

b (A) 13.3397(5) 12.9812(6)

c (A 26.0901(9) 26.2126(11)

B () 90.0130(10) 90.528(2)

V (A3, Z 4560.9(3) 4502.4(3)

AA) 0.71073 0.71073

D, (Mg/m?) 1.405 1.439

M,Mo-Ka (mm-1) 1.613 1.671

T (K) 100(2) 100(2)

R, WR,*

0.0384, 0.0639

0.0285, 0.0499

* Structure refined on F* using all reflections: WR, = [E[w(F* — F2)*)/=w(F?)*]"?, where
w?t = [Z(F?) + (aP)? + bP] and P = [max(F2,0) + 2F)/3.
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Table 3.4. Protonation constants of relevant ligands.

Ligand PKa1 PKaz PKas PKaa PKas PKae Ref
DPA 105 222 522 e e e 15
DO2A 3.18 4.09 9.45 1091 - - 6
255 385 955 10.94  ccccoer oo 5
DO3A 3.48 4.43 9.24 1159 e e 4
339 440 951 1072  eceeeee oo 5
DOTA 4.30 4.61 950 11.14 - - 6
4.00 4.60 9.90 11.34 - - 5
Hexacyclen ~1 ~2 4.09 8.73 9.23 10.19 7




Table 3.5. Calculated association constants for Ln** (K,) and Ln(DO2A)"* (K for DPA” at
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various temperatures in 0.2 M NaOAc, pH 7.4 (Ln = Tb, Eu).

Temp () Tb Eu
log Ka log Ky’ log Ka log Ky’
10.8 7.61+0.16 9.09+£0.04 7.70 £0.05 8.49+0.01
25.0 7.41+0.03 9.25+0.13 7.46 +0.02 8.39+0.07
34.8 7.15+£0.01 9.00 £0.08 7.20 £0.05 8.25+0.07
50.0 6.93 £0.05 8.68 £ 0.05 6.94 £ 0.03 7.93+£0.03
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Table 3.6. Thermodynamic parameters calculated from the temperature dependence of K,
and K, for Tb and Eu in 0.2 M NaOAc, pH 7.4.

Reaction AH AS

(kJ/mol) (J/mol-K)
Tb* + DPAZ — Tb(DPA)" -30.8 37.3
Tb(DO2A)" + DPA* — Th(DO2A)(DPA)" -19.5 108
Eu®* + DPA* — Eu(DPA)" -34.7 25.5

Eu(DO2A)" + DPA> — Eu(DO2A)(DPA)* -24.8 76.3
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Table 3.7. ‘Ligand enhancement’ in various lanthanide/analyte systems. Change in the

analyte binding affinity (A log K)* due to the ligand in comparison to the lanthanide alone.

Ligand Analyte Alog K Ref

DO2A*  Dipicolinate 0.8-1.8 This work

EDTA* Picolinate 0.2-1.5" 57, 58
L, Lactate 0.8 —1.5% 59, 60
L, Acetate 0.1-1.4* 60, 61

*A log K = log Ky’ — log K,

"log Ka: 0.1 M KNOg, 25 T; log K »: 0.5 M NaClO,, 25 T

: log Ky: 0.1 M NaClOy, 20 C; log K 5': 0.1 M collidine/HCI, 21.8 C, pH 7.4
¥ log Ky: 0.1 M NaClOy, 20 C; log K 5': 0.1 M collidine/HCI, 21.8 C, pH 7.4

L, = (SSS)-1,4,7-Tris[1-(1-phenyl)ethylcarbamoylmethyl]-1,4,7,10-
tetraazacyclododecane, L, = (SSS)-1,4,7-Tris[1-(1-phenyl)ethylcarbamoylmethyl]-10-
methyl-1,4,7,10-tetraazacyclo-dodecane
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Table 3.8. Binding affinities for various Tb and Eu complexes for oxy-anions, pH 7.4-7.5,
295-298 K, showing the difference between the Tb and Eu species, A(Ln).

Ligand Analyte log K" A(Ln)
Tb Eu

DO2A DPA 9.25 8.39 0.86
Ly HCO3 3.8 2.6 1.2
CH3;COy 2.3 <1.0 >1.3

HPO,* > 4.15 > 0.55

L, HCO3 =247 3.75 = 0.95
CH3COy 3.5 2.4 1.1

HPO,* > 4.7 > 4.7 unknwn

" DPA values from this work, all others from reference 60 with errors + 0.2

L; = (SSS)-1,4,7-Tris[1-(1-phenyl)ethylcarbamoylmethyl]-1,4,7,10-tetraazacyclododecane,
L, = (SSS)-1,4,7-Tris[1-(1-phenyl)ethylcarbamoylmethyl]-10-methyl-1,4,7,10-tetraazacyclo-
dodecane



CHAPTER 4

Towards a Second-Generation Receptor Site for

Bacterial Spore Detection
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41 Introduction

To improve upon our first-generation receptor siwee have two general
directions to pursue: (1) alter the architecturetlod macrocyclic ligand to improve
binding affinity for dipicolinate, at the risk obs$ing some of the advantages of the
current ligand, or (2) modify the ligand slightty append the complex to a solid substrate
and improve the limit of detection for dipicolinade opposed to the binding affinity. The
first method, though seemingly straightforward, banquite difficult to implement. We
could predict through structural simulations, faample, that attaching phenyl moieties
on the carboxyl arms of the DO2A ligand might erdeadipicolinate binding affinity
through stabilization due to pi-stacking. Howevsuch modifications to the DO2A
ligand would most likely severely limit solubilityf the complex and have a variety of
other unexpected effects on properties. We thezefiim to retain the demonstrated
advantages of the DO2A ligand and improve upondpedtspore detection through
attaching the dipicolinate sensing complex to &gswolatrix. This strategy could resolve
multiple issues regarding bacterial spore imaging aurrent limits of detection in
environmental samples.

Appending the Tb(DO2A) complex to polydimethylsiloxane (PDMS) could
significantly improve our microscopic endosporebiity assay (EVA) developed to
image bacterial sporesin this assayendospores are inoculated onto wells of agarose
doped with TbG and induced to germinate via the addition of eitheor D-alanine for
aerobic or anaerobic spores, respectively. Ad#uterial spores germinate and return to
the normal vegetative cycle, their DPA is released binds to the Tb ions in the

agarose. The resulting ‘halos’ of Th(DRApmplexesr{ = 1-3) around each endospore
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are visible using time-gated fluorescence microgcdp In the current protocol, certain
species of endospore are more easily observedati@ns. This is due to the fact that
LEVA only images bacterial spores that are capablgeomination, and the rate of
germination varies significantly between spore sgec Germination occurs when
endospores are triggered to reenter the normaltatdge cell cycle, during which they
release DPA into the environmenBacillus spores germinate relatively quickly, on the
order of minutes.Clostridiumspores, however, exhibit germination profiles loa order
of hours to even days.For these slow germinating species, the rate RA Miffusion
begins to outcompete the rate of germination, dtié br no signal results inEVA.
PDMS is used as a ‘coverslip’ in pnEVA to slow dryiof the agarose, limit DPA
diffusion and improve image quality. However, wavé yet to explore its potential to
serve as a synthon upon which DPA binding recegites can be covalently bound. By
appending the Th-macrocycle complex to the PDMS,may be able to significantly
lengthen the residence time of DPA proximal toghdospore that released it, elongating
our imaging window. Additionally, another probleencountered with uEVA involves
the microscopy. The agarose surface on which ploees sit is often uneven due to
multiple variables in itpreparation, meaning that not all spores are ptesethe same
focal plane, rendering an accurate enumeration ng single microscopic view
impossible. But, if the DPA released from the geating spores is effectively bound to
a Th-macrocycle complex that is itself covalenttiaehed to the PDMS coverslip, the
PDMS is the only surface necessary to image. TDBRI® could be peeled off of the
agarose following germination, placed on a flatfaweg and imaged separately,

eliminating the problem of multiple focal planes.
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Another mode of improvement via construction ofcdidsstate bacterial spore
sensor lies in sample concentration to enhancectineent limit of detection. If the
terbium-macrocycle complex were covalently bounthto stationary phase of a column,
such as silica or alumina, a dilute DPA solutiomldobe readily concentrated. When
applied to environmental samples this protocol woulolve sample collection, DPA
release via physical (heating, pressure) or chdr{geaminant or lysozyme) means, and
filtration to remove any cell debris or other makr The dilute DPA solution, buffered
to pH 7-10, could then be passed through the coleomtaining Th(DO2A) bound to
the solid substrate. The high binding affinitytbé terbium-macrocycle binary complex
for DPA at this pH would cause the dipicolinateb® retained in the column. After
saturation, the addition of a small aliquotamidic solution (pH ~ 2) will protonate the
macrocyclic ligand and release the Tb(DP&pmplex, which could then be quantified
using fluorescence spectroscopy and correlatetigmtiginal filtrate volume to yield a
value of spores per mL of solution. The columnidadien be treated with a ThCl
solution at neutral pH to reform the terbium-magade complex in the solid phase for
reuse. Current limits of detection of bacteriabrgs in environmental samples for
spectroscopic techniques are in thé-10f spores/mL rang&’ This technology could
improve the current limit of detection of bactesalores by several orders of magnitude.

We therefore explore a novel macrocyclic ligand DXDA (1,4,7,10
tetraazacyclododecarieacetatef-amide) bound to terbium as the next step in adhjev
this goal. We have chosen to replace one of tle¢ate pendant arms with an amide
functional group, because the primary amide caeds#ly functionalized to append the

ligand to a solid substrate without perturbing thexadentate chelation motif to the
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lanthanide (Figure 4.1). The neutral tetraamideivdeve DOTAM (1,4,7,10
tetraazacyclododecarig4,7,10tetraamide) is known to strongly bind lanthanideshe
same configuration as DOTA, with coordination thgbuhe four ring nitrogen atoms and
four amide oxygen atonfs? However, binding affinity is approximately 10—aflers of
magnitude less than the DOTA ligand (Table 4°t} presumably due to the lower
basicity of the ring N-atoms and the loss of elestitic attraction for the neutral amide
ligands compared to the acetate groups. The abs®nurotonated intermediates in the
complexation of lanthanides also distinguishes B@TAM ligand from DOTAM
However, with modification of only one pendant aramy loss in lanthanide chelation
should be minimal and electrostatics should doreitfa¢ observed binding interactions.

We will fully characterize our second-generation(®AAM)?* dipicolinate
receptor site in terms of photophysics, bindingnaff and pH dependence. We will also
discuss future techniques to anchor this complethénprocess of constructing a solid-

State sensor.

4.2 Photophysicsand Structure

With the substitution of an amide for one of the ZXOacetate groups, the
DOAAM ligand should still coordinate the lanthanitslea hexadentate fashion. Due to
the oxophilic character of lanthanide binding aeparted work with the DOTAM ligand,
we anticipate binding via the oxygen of the amid#éhwegligible change in symmetry of
the lanthanide coordination sphere. The replacémean OH with an NH-oscillator
may increase the quantum yield of the Th(DOAAM)(DP#omplex compared to its

DO2A analogue.
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4.2.1 Structural Characterization

We will attempt to crystallize the Th(DOAAM)(DPA)etnary complex for
complete characterization. If high quality crystahnnot be obtained, the complex will

be characterized using elemental analysis and spessrometry.

Experimental Section

Materials. The following chemicals were purchased and usedeaeived:
acetone (J. T. Baker), acetonitrile (Fluka Biochaji ammonium hydroxide (28.0—
30.0% in water) (J. T. Baker), DPA (dipicolinic dcipyridine2,6-dicarboxylic acid)
(Aldrich), ethyl alcohol (200-proof) (Acros Orgasj¢ hydrochloric acid (36.5-38.0% in
water) (EMD Chemicals), isopropyl alcoh@-igropanol) (J. T. Baker), methanol (J. T.
Baker), potassium carbonate anhydrous (Alfa Aessodium carbonate anhydrous
(Mallinckrodt), sodium hydroxide (NaOH 50% in watéMallinckrodt), terbium (l11)
chloride hexahydrate (Alfa Aesar) and tetrahydrafur(THF) (EM Science). All
lanthanide salts were 99.9% pure or greater, dlesats were ACS certified or HPLC
grade, and all other salts were 99% pure or grealidre DOAAM ligand (,4,7,10
tetraazacyclododecarieacetate?-amide) was synthesized under contract by
Macrocyclics (Ref. GKRDO02-38-080121). See Appen@ixor characterization. Water
was deionized to a resistivity of 18.2(Mcm using a Purelab® Ultra laboratory water
purification system (Siemens Water Technologiestréralale, PA).

Methods. Crystallization attempts included use of varim@vent systems
(water, methanol, ethanol, isopropanol and THR)hwlifferent bases for pH adjustment

(NaOH, NH,OH). Extraction with hot solvent (water or isopampl), freezing saturated
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solvents, and various double-boiler combinatiort®t@ne/ethanol, acetone/isopropanol)
were also attempted. In the double-boiler metl@daturated solution containing the
complex was placed in an open vial in a sealedato@t with another miscible solvent of
high vapor pressure in which the complex is ledalde (acetone in this case). Slow
diffusion of this solvent into the saturated salatishould reduce the solubility of the
complex and induce crystallization. However, tbisly led to precipitation for the
Tb(DOAAM)(DPA) complex.

We also attempted phase separation with isopropandla saturated agueous
solution of NaCQOs; which causes the normally miscible solvents tpasate and
produced a solution of Tb(DOAAM)(DPA) in the isopemol layer. This solution, when
placed in a double-boiler with acetone, formed $fiiamentous crystals after three days
that were Iluminescent under UV illumination. Howgv these were not of
crystallographic quality and the method did not duwe sufficient sample for
characterization using elemental analysis or mpestsometry. This was repeated with
K>CGO;s instead of NgCOs, but only produced precipitation.

In a clean, kilned 30-mL beaker, 0.30791 g (0.830aty of TbCk-6and 0.24218
g (0.843 mmol) of DOAAM were combined in 2.0 mL mmdnopure water (18.2 cm
resistivity) and sonicated to dissolve. The chgalow solution was already near neutral
(pH 6.5), so 0.13130 g (0.786 mmol) of DPA was agdd@ong with 4.0 mL of nanopure
water. The pH of the opaque white solution wasistdd to ~ 7 with a saturated /0
solution, added dropwise, while stirring with gentheating (40 °C). Solution
clarification was not observed. Following positidentification of the ternary complex

via fluorescence spectroscopy (equilibration tirh@ days), the solution was lyophilized
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using a MicroModulyo Freeze Dryer (Thermo Elect@arporation, Waltham, MA) to
dryness (2 days). The solid was redissolved inmL7of pure (200-proof) ethanol and
filtered using a fine frit (Pyrex, 15mL, ASTM 4-%phinto a new scintillation vial (rinsed
2 times with ethanol and 2 times with filtered etblato remove any particulates). This
vial, with cap cracked open slightly, was placedainlouble-boiler with acetone in the
outer container. Precipitation of a white solidnr the clear, colorless solution was
observed after 1.5 hours. The ethanol was decameédhe solid lyophilized to dryness.
The resulting white powdery precipitate was chamazed using elemental analysis and
mass spectrometry.

Elemental analysis and mass spectrometry were rpegfb by Desert Analytics
Transwest Geochem and the Caltech mass spectrorfetiity, respectively, as

previously described (Section 2.2.1).

Results and Discussion

Despite many attempts to crystallize the ternasynglex using a plethora of
solvent systems and techniques, no high qualitgtaly could be obtained, possibly due
to the lack of a counterion for the neutral TOo(DOMADPA) complex. Regardless, the
pure compound was obtained as a precipitate (011§6&ield: 21.3%), and positively
identified via elemental analysis and mass spedtgm Anal. Calcd (found) in
duplicate for ThGoH27NgO7-2.8NH;1.0CQ- 3.2GH0-1.6CI-0.50H (fw = 934.65): C,
33.90 (33.90); H, 6.27 (5.07); N, 13.25 (13.30); TB.00 (16.97); Cl, 6.20 (6.20). ESI-

MS (m/2: calcd (found) for TbgH2sNsO7 (M + H) 611.4 (611.1).
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4.2.2 Spectroscopy

We will explore the absorbance, excitation and emrs spectra of the
Tb(DOAAM)(DPA) complex to determine if the strucalirmodification has altered
binding geometry or spectroscopic response. IXOAAM ligand is coordinating to the
lanthanide in a different fashion than the DO2Aahd, such as via the amide nitrogen as
opposed to the oxygen, this will significantly altthe symmetry of the lanthanide
coordination sphere and should therefore resultnigiue fine structure in the emission
spectrum (Section 2.3.1). Similarly, any changethe chelation mode or distance of the
dipicolinate ligand should be evident in a shifttloé excitation spectrum, as previously

seen for the F-DPA and Pic ligands (Section 3.3).

Experimental Section

Materials. MOPS B-(N-morpholino)ethanesulfonic acid) buffer (Alfa Aepar
was purchased and used as received. Dried, fhllyacterized TBA-Th(DO2A)(DPA)
crystals (Section 2.2.1) or Tbh(DOAAM)(DPA) precgté were used to generate a 1:1:1
ratio of Th/macrocycle/dipicolinate in solution. Wawas deionized to a resistivity of
18.2 MQ-cm using a Purelab® Ultra laboratory water puafion system.

Methods. Solutions of 10.M Th(DO2A)(DPA) and Th(DOAAM)(DPA) were
prepared in 0.1 M MOPS buffer (pH 7.3) in triplieah disposable acrylate cuvettes
(Specrocell, Oreland, PA) with a 1 cm path lengtld allowed to equilibrate for 24
hours. Luminescence spectral analysis was perfibrine a Fluorolog Fluorescence
Spectrometer (Horiba Jobin-Yvon, Edison, NJ) at°25 To prevent second-order

diffraction of the source radiation, all measurememere taken with a 350-nm colorless
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sharp cutoff glass filter (03 FCG 055, Melles GriGbvina, CA). The solution pH was
measured using a calibrated handheld pH/mV/temperaneter (Model 1Q150, I. Q.
Scientific Instruments, Loveland, CO) following datollection. All reported spectra
were obtained as a ratio of corrected signal toected reference (R.) to eliminate the
effect of varying background radiation in the saenghamber; intensities are in units of

counts per second per microampere (cfks/

Results and Discussion

The normalized excitation and emission spectrathef To(DOAAM)(DPA)
complex are identical to that of the Th(DO2A)(DPA&pmplex (Figures 4.2 and 4.3),
indicating that the symmetry and composition of kethanide coordination sphere is
unaffected by the acetate/amide substitution. Hbiengly suggests that the amide
moiety is coordinating via the oxygen as opposedthe nitrogen, and that the
arrangement around the terbium cation remains shgatly distorted capped staggered
square bipyramidal conformation (Section 2.2.2he Thtensity of the emission spectrum
for the Tb(DOAAM)(DPA) complex is also nearly twddogreater than that of the

Th(DO2A)(DPA) complex; this will be addressed in the next secfiade infra).

4.2.3 Quantum Yield

As described in Section 2.3.2, we define lumineseaquantum vyieldd, ) as the
ratio of photons absorbed by the chromophore tdgstsoemitted through luminescence
from the lanthanide following energy transfer. Wl measure the luminescence

quantum vyield of Th(DOAAM)(DPA) with respect to thetryptophan standard used



226
previously, and compare this value to that of th@2B complex. As mentioned in
Chapter 1, OH oscillators are the greatest quencloérlanthanide luminescence;
replacement of an OH oscillator with an NH groupwdd therefore reduce quenching

and result in enhanced quantum yield for the DOAé&dhplex.

Experimental Section

Materials. Tris buffer (tris-[hydroxymethyllJaminomethane) BVIBiomedicals,
LLC) and L-tryptophan (Alfa Aesar) were purchased aised as received. Dried, fully
characterized Tbh(DOAAM)(DPA) precipitate was used generate a 1:1:1 ratio of
Tb/macrocycle/dipicolinate in solution. Water wasahized to a resistivity of 18.2 W
cm using a Purelab® Ultra laboratory water puriima system.

Methods. Five concentrations ranging from 5.0 to 1M were prepared for the
Tbh(DOAAM)(DPA) complex in 0.1 M Tris buffer (pH 7)%nd the L-Trp standard in
nanopure water (pH 4.5). Absorbance and luminesce@neasurements were made in
guartz cuvettes (1 cm path length) using a CarB@mOUV/Visible Spectrophotometer
(Varian, Inc., Palo Alto, CA), and a Fluorolog-3ubtescence Spectrometeg(= 280
nm). Absorbance measurements were zeroed to aty €uartz cuvette in the sample
chamber; quartz cuvettes containing solvent onlgewen in triplicate as a control, so no
baseline correction was performed. All recordedoabances were under 0.1 and all
luminescence intensities were below 5 X &fs, well within the linear range of both
instruments. Quartz cuvettes were cleaned usinigria acid (50% in nanopure water)
digest and rinsed thoroughly with nanopure watdwben samples. No background

fluorescence was observed for the solvents usedde duantum yield was calculated
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using equation 2.1 as described previously (Se@i8r2) with L-tryptophan in nanopure
water as the standardb = 0.13 + 0.01)° The molar extinction coefficient was

calculated by plotting absorbance against conceotrg~igure 4.4).

Results and Discussion

The molar extinction coefficient for the Tb(DOAAKDPA) complex is 2902 +
94 M'cm®, in the same range of the Th(DO2A)(DPAYmplex (2259 + 10 Mcm™) and
the dipicolinate ligand (2832 + 21fdm™) as would be expected. The calculated molar
extinction coefficient of the tryptophan standagel{ = 5494 M'cm™) was within 1% of
the reported valueéy, = 5502 M'cmi?).

The luminescent quantum yield of the Th(DOAAM)(DP£omplex is nearly
twice as large as that of the Th(DO2A)(DPAdmplex (Table 4.2). As these complexes
have the same chromophore and lanthanide, andfdherthe energy gap between the
chromophore triplet and the lanthanide excitedestatunchanged, we attribute this
increase to a reduction in quenching. Accordinthesuperimposable emission spectra,
the terbium coordination sphere is identical imgrof symmetry and composition; the
guenching must therefore be an outer-sphere effeast likely due to the acetate/amide
substitution. Even though the change from OH to iNHhis substitution is not in the
inner-coordination sphere, the reduction in quemghs still substantial, confirming the

strong influence of outer-sphere effects on lantephotophysics® *’
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4.3 Binding Studies

The replacement of a negatively charged acetatea lmeutral amide in the
DOAAM ligand increases the overall charge of theaby complex from Th(DO2A)to
Thb(DOAAM)** at neutral pH. Due to the increase in electrdjp@sicharge for the
receptor site, we might anticipate a greater edstitic attraction for the DPAanalyte
and therefore an increase in dipicolinate bindinffniy.  However, previous
investigations have shown that ‘ligand enhancement’lanthanide-analyte binding
affinity can often be independent of the net etistatics of the system, and may depend
more on changes in the local environment of thedibop site in the lanthanide
coordination sphere (Section 3.7). Spectroscdpdiss suggest that the DOAAM ligand
chelates to the lanthanide in the same fashion @2A) with presumably the same
‘footprint’ and leaving a binding cavity of similaize and shape. If these assumptions
are valid, the local electrostatics in the bindsitg should be similar in both cases, and if
this is indeed the dominant factor in dipicolinateordination, the binding affinity may

not change significantly.

4.3.1 Jobs Plots

A method of continuous variations was applied tdedrine the binding
stoichiometry of dipicolinate to the Th(DOAAK)binary complex. The replacement of
an acetate arm by an amide may destabilize the @B@&M)?* binary complex, but as
the ligand is hexadentate we still anticipate a Hiriding ratio of binary complex to

dipicolinate.
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Experimental Section

Materials. The following chemicals were purchased and aserkceived: DPA
(dipicolinic acid, pyridine2,6-dicarboxylic acid) (Aldrich), sodium acetate trdrate
(Mallinckrodt) and terbium(lll) chloride hexahydeafAlfa Aesar). All lanthanide salts
were 99.9% pure or greater and all other salts W88 pure or greater. The DOAAM
ligand was synthesized by Macrocyclics (Section.14.2 Water was deionized to a
resistivity of 18.2 M2-cm using a Purelab® Ultra laboratory water puafion system.

Methods. All samples were prepared in triplicate from &t@golutions to a final
volume of 3.50 mL in disposable acrylate cuvet@gegtrocell, Oreland, PA) with a 1
cm path length and were allowed to equilibratedileast 6 days prior to analysis. The
concentrations of Tbgland DPA were varied inversely in 1u® increments from 0O to
12.0puM with 100uM DOAAM in 0.2 M NaOAc, pH 7.4.

Luminescence spectral analysis was performed byuardiog Fluorescence
Spectrometer with a 350-nm cutoff filter as prewlgudescribed (Section 4.2.2). The
solution pH was measured using a calibrated haddi@E50 pH/mV/temperature meter

(I. Q. Scientific Instruments) following data catteon.

Results and Discussion

According to the Jobs plot (Figure 4.5), the optirbimding stoichiometry for
DPA to Th(DOAAMY* occurs at a terbium mole fraction of approximatl, meaning
a one-to-one correlation. However, the flattenpplearance of the plot indicates low to
moderate stability of the complé%,especially at high DPA concentrations. This is

consistent with reports of lower stability constaribr amide-substituted macrocylic
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ligands compared to their acetate anafg$’ Though the stability of the complex
appears to have diminished, we still see lineantythe range of high terbium mole
fraction, meaning the Th(DOAAM]J complex can bind dipicolinate effectively when in

excess.

4.3.2 Calculation of Dipicolinate Association Constant

Though the Th(DOAAM)(DPA) complex could not be sessfully crystallized,
we were able to fully characterize a solid preaigtof this complex. As this solid is
consistent in terms of its Tb/DOAAM/DPA ratio, warc still perform the binding
affinity by competition (BAC) assay to determinestBPA to binary complex binding

constant.

Experimental Section

Materials. Terbium(lll) chloride hexahydrate (Alfa Aesar) svaurchased and
used as received. All lanthanide salts were 9989 or greater and all other salts were
97% pure or greater. Dried, fully characterizeD@AAM)(DPA) precipitate was used
to produce a 1:1:1 ratio of Ln:DO2A:DPA in solutionWater was deionized to a
resistivity of 18.2 M2-cm using a Purelab® Ultra laboratory water puafion system.

Methods. All samples were prepared to a final volume &O03mL from stock
solutions in disposable acrylate cuvettes (Speelowith a 1 cm path length and were
allowed to equilibrate for 5 days. Luminescencecsal analysis was performed by a
Fluorolog Fluorescence Spectrometer with a 350-uatoftfilter as previously described

(Section 4.2.2). The solution pH was measuredgusincalibrated handheld 1Q150
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pH/mV/temperature meter (I. Q. Scientific Instrut®nfollowing data collection.
Sample temperature was monitored using a handhdéléke F62 Mini Infrared
Thermometer (Fluke Corp, Everett, WA).

Samples were prepared using solvated Th(DOAAM)(DRAgcipitate and
terbium chloride in 0.2 M sodium acetate (pH 7.dych that the concentration of
Tb(DOAAM)(DPA) was 1.0uM and the concentration of free ¥tranged from 1.0 nM
to 1.0 mM. As TB" was added, the shift in equilibrium Tbhb(DOAAM)(DP/And
Tb(DPA)" concentrations was monitored via a ligand fields#éve transition in the
emission spectrum using luminescence spectrosc&pyission spectraify = 278 nm)
were integrated over the most ligand-field sensifpeak {Ds — 'Fs, 570-600 nm) to
produce a curve of observed integrated intensiyg (against the log of excess free
lanthanide (log [Lfi"]xs). A best fit to a two-state thermodynamic modsihg the Curve
Fitting Tool in Matlab® vyielded the competition eljorium constant (K) and

dipicolinate affinity constant () as described previously (Section 3.2.2).

Results and Discussion

Despite the fact that no crystals could be obthifee the Th(DOAAM)(DPA)
complex, the competition assay using the charaet@mprecipitate still produced a curve
that could be fit using the two-state thermodynamadel (Figure 4.6). The use of the
precipitate as opposed to crystals for the Th(DOAANMPA) complex demonstrates the
power and versatility of the BAC assay. As lon@dks1:1 ratio of the three components
can be obtained, whether via high quality crystala fully characterized precipitate, the

method can be applied and will produce a bindingstant with acceptable error.
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The binding affinity for dipicolinate decreasesgistly from the Tb(DO2A)

complex to the Th(DOAAMJ" complex (Table 4.3), despite the increase in estitic
attraction between the complex and the BR#anion. This is most likely due to (1) the
replacement of the acetate arm with an amide greih is not as electronegative and
not as capable of perturbing the electron densityghe TB™ ion, and (2) decreased
stability of the complex, as evidenced by the nwdr Jobs plot and previous studies
with similar amide-substituted macrocyclic ligands.The negligible change in
dipicolinate binding affinity despite an increasehinary complex charge is consistent
with our hypothesis that net electrostatics do scmmninate in these systems involving
‘ligand enhancement’. Instead, the ability of ligand to shift the electron density of the
lanthanide cation, thereby generating a bindingtgawith more local electropositive
charge, might be a better explanation. We seemgmovement in dipicolinate binding
affinity over the TB" ion alone, but the less-electronegative amide gafithe DOAAM
ligand is not as effective at perturbing the elattdensity of the lanthanide as the dual-
acetate arms of the DO2A ligand. Hence, bindingliss with the DOAAM ligand
support the theory of ‘ligand enhancement’ due iggard-induced perturbation of
lanthanide electron density, and confirm that tleerect choice of helper ligand is

significant in order to maximize analyte bindin@raty.

4.4 pH Dependence

The stability of the To(DOAAM)(DPA) complex in tesvof pH variations will be
determined and compared to the Tb(DO2A)(DPAdmplex. The acetate/amide

substitution of the macrocyclic ligand will invabig shift the pk; of that chelating arm



233
substantially. However, as primary amides tendegist deprotonation and only form
weak conjugate acids, this substituent will madstllf remain neutral over the pH range

of interest and therefore the relative stabilityled complex should remain constant.

Experimental Section

Materials. The following chemicals were purchased and usedeaeived:
CAPS (I-cyclohexyl3-aminopropanesulfonic acid) buffer (Alfa Aesar), E& (N-
cyclohexyl2-aminoethanesulfonic acid) buffer (Alfa Aesar), MBE®nohydrate Z-(N-
morpholino)ethanesulfonic acid monohydrate) buff&lfa Aesar), MOPS - (N-
morpholino)-propanesulfonic acid) buffer (Alfa Aesasodium hydroxide (NaOH 50%
in water) (Mallinckrodt) and TAPS Nttris(hydroxymethyl)methyB-aminopropane-
sulfonic acid) buffer (TCI America). All salts we®9% pure or greater, and all buffers
were at least 98% pure. Dried, fully characterizEBIA-Th(DO2A)(DPA) crystals
(Section 2.2.1) or Tb(DOAAM)(DPA) precipitate weused to generate a 1:1:1 ratio of
Tb/macrocycle/dipicolinate in solution. Water whsonized to a resistivity of 18.2
cm using a Purelab® Ultra laboratory water puriima system.

Methods. Samples of 10.0uM pre-equilibrated Tbh(DO2A)(DPA) or
Th(DOAAM)(DPA) were prepared in 0.1 M buffer. Fibaffers were used: MES (pk
6.1), MOPS (pK = 7.2), 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.

Emission spectra were obtained after an equilidnaime of 21 hours.
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Results and Discussion

The pH dependence study suggests that the DOAAMdigehaves in a similar
manner to the DO2A ligand in terms of retaining tdamthanide in solution and
preventing precipitation of the hydroxide species alkaline conditions. This is
interesting, as previous studies indicate a seles® in lanthanide chelation when the
acetate arms of the macrocycle are substitutedafoide moieties. Apparently the
stability of the complex is still great enough &sist changes in pH over a range from 6.1
to 10.4, meaning the correlation between lumineseemtensity and dipicolinate

concentration is maintained.

45 Conclusions

Binding studies of the Th(DOAAM]J and Th(DO2AjJ complexes indicate that
substitution of an amide group for an acetate arrthé macrocyclic ligand destabilizes
the binary complex and reduces affinity slightly thpicolinate, despite the increase in
electropositive charge of the complex. Howevels ttecrease in stability is not evident
in the pH dependence of the Th(DOAAM)(DPA) complexgst likely due to the ternary
complex maintaining a constant neutral state dveipH range studied.

The minor change in dipicolinate binding constagspite a difference in charge
for the two terbium(macrocycle) complexes studiadp®rts the interesting theory that
net electrostatic attractions do not dominate steays involving ‘ligand enhancement'.
Instead, the localized electrostatic charge oftimeling site, generated by the ability of
the helper ligand to perturb the electron densitthe lanthanide, may play the defining

role. Electron withdrawing effects of the helpagyahd generate an increased positive
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charge at the dipicolinate binding site, the magtet of which is governed by the
polarizability of the lanthanide and the number andngement of O and N moieties on
the ligand. By replacement of an acetate withss kelectronegative amide group, we
have decreased the ability of the ligand to pertheoelectron density of the lanthanide,
resulting in a decrease in analyte binding affinitifowever, further work involving
binding affinities of lanthanide(macrocycle) comyds for other aromatic anions
(picolinate, isophthalate?,2’-bipyridine, etc.) using various macrocyclic liganaof
different charge and denticity should be explored.

With the replacement of an acetate arm on the mgclio ligand with an amide,
we have maintained a nanomolar detection sengitifiat dipicolinate while nearly
doubling the luminescence quantum vyield. Studles mdicate that amide-substituted
macrocyclic ligands, when bound to lanthanidesdpce kinetically inert complexes
with respect to acid-catalyzed dissocatidmeaning this complex could function as a
robust in situ sensor. Though the DOAAM ligand egs to produce a less stable
complex than DO2A, the increased quantum yield o functionality of tethering
this complex to a solid substrate makes Th(DOAAM) suitable second-generation
dipicolinate receptor and puts us one step claseeaching the ideal receptor site for
bacterial spore detection (Figure 4.8).

The next step in the enhancement of bacterial sgetection is to covalently
attach the Th(DOAAMJ" complex to a solid substrate. As previously dised, if this
substrate is flexible and UV light-permeable, sumh PDMS, we could use the
Tb(DOAAM)-functionalized surface to improve the muscopic endospore viability

assay. Appending the Th(DOAAK!)complex to silica or alumina could also improve
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the limit of detection of bacterial spores throwgimcentration of environmental samples.
In both cases, attachment to the substrate suniaméd most likely involve click
chemistry or similar techniques, such as a Mictailition of a thiol-functionalized
macrocycle to a vinyl-sulfone derivatized surfat& Macrocyclic ligands such as
DOTA and DO2A have been conjugated to various tavgetors and supramolecular
architectures such as lipids, dendrimers and amaids via similar method§:?° With
the high stability and robust quality of these lheamtide-macrocycle binary complexes, we
believe the resulting dipicolinate-binding surfacedl significantly improve bacterial

spore detection technologies.
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FIGURES
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Figure 4.1. Structures of the DO2A and DOAAM macrocyclic ligands, with space-filling models of
the Th(ligand)(dipicolinate) ternary complexes.
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Figure 4.2. Excitation spectra of terbium dipicolinate ternary complexes with DO2A (green) and
DOAAM (purple), 10.0 yuM in 0.1 M MOPS buffer (pH 7.3). The normalized spectra are perfectly
superimposable. Relevant transitions are identified with vertical dotted lines (black).
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Figure 4.3. Emission spectra of terbium dipicolinate ternary complexes with DO2A (green) and
DOAAM (purple), 10.0 yuM in 0.1 M MOPS buffer (pH 7.3). The identical splitting indicates that
the Tb*" is in a similar coordination environment in both complexes.
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Figure 4.4. Linear fit of absorbance (A;,s = 280 nm) versus concentration for the
Th(DOAAM)(DPA) complex in 0.1 M Tris buffer, pH 7.9, 25 C.
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Figure 4.5. Jobs plot of Th(DOAAM)(DPA) in 0.2 M NaOAc, pH 7.4. The concentrations of Th
and DPA are varied inversely from 0 to 12 yuM in 1 uyM increments, with the macrocyclic ligand in
excess (100 pM). Agx = 278 nm, emission integrated from 570—-600 nm. Linear regions are fitted
with trendlines, and significant Th:DPA ratios are noted by dashed lines.
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Figure 4.6. Lanthanide competition experiment for Th(DO2A)(DPA) and Tb(DOAAM)(DPA).

Binding affinity by competition (BAC) assay titration curves in 0.2 M NaOAc, pH 7.5, 25 C.
Aex = 278 nm, emission intensity integrated over 570—600 nm.
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Figure 4.7. pH dependence study of Tbh(DO2A)(DPA) and Tb(DOAAM)(DPA) in 0.1 M buffer,
25 €. Emission integrated from 530-560 nm and nor malized to maximum value. (Aex = 278 nm)
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Figure 4.8. Graphic depicting our current improvements of a DPA receptor site in terms of DPA
binding affinity (log Kppa), relative quantum yield, and resistance to interferents. The use of Tb
along with the DO2A and DOAAM ligands has allowed us to move closer towards development of
an ideal receptor site.
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TABLES

Table 4.1. Stability constants of various lanthanide macrocycle complexes.

Ln** DOTA' DOTAM?
Eu 23.5 13.8
Gd 24.7 13.1
Dy 24.2 13.6

T Reference 12; ¥ Reference 13
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Table 4.2. Luminescence quantum yield data, 0.1 M Tris buffer, L-Trp standard.

Complex Temp () pH D, (x 10?)

Th(DO2A)(DPA) 24.8+0.2 7.93 +0.01 110 +2
Tb(DOAAM)(DPA)  24.5+0.3 7.92 +0.20 210+ 7




248

Table 4.3. Calculated association constants (K;’) for terbium macrocycle complexes with
dipicolinate in 0.2 M NaOAc.

Ligand Temp (C) pH log Ky’
DO2A 25.0+0.2 7.36+0.09 9.25+0.13
DOAAM 248+04 752+0.06 9.07+0.02




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.
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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.
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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@;



261

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 a