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



106
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



114
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
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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.



147

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



158

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



159
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
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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



161
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



163
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.
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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.



182

Pyridine Picolinate Dipicolinate
(Pyr) (Pic) (DPA)

3,5-Dipicolinate 2,4-Dipicolinate
(3,5-DPA) (2,4-DPA)

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.



190

1.00 A
2
(2}
o)
E 0.95 A
C
k)
(2}
R
£
L 0.90 -
©
(]
N
‘T
£
@]
z 0857 —— Th(DO2A)(DPA)

—— Th(DO2A)(F-DPA)
0.80 T T T T T
5 6 7 8 9 10 11

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.



193

Mole fraction DPA
1.0 0.8 0.6 0.4 0.2 0.0

| | | |

Eu(DPA),

EuDPA

| CAPS, pH 10.4

- CHES, pH 9.3

_ TAPS, pH 8.4

Normalized Emission Intensity

_ MOPS, pH 7.2

_MES, pH 6.1

0.0 0.2 0.4 0.6 0.8 1.0

Mole fraction Eu

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.



194

"(wu g2z ="y) Jayng N T°0 Ul WA 00T ‘(AQ pue gL ‘n3
‘ws = u) sexa|dwod (vda)(vzoa)u pue (vda)u Joy Hd jo uonouny e se . u Jad punog sajndsjow ydq Jo JaqunN 2z's ainbi

Hd Hd
T ) 6 8 L 9 I 01 6 g , 9
S0 50
P
- e ———%———% (01 ° o1 8
m: @]
2 g
ST 2 5T 2
3 3
= o
r0¢ o -0C @
n )
wsS —=— .% -
@ 15}
AQ —e— - . U
ng —»— r9¢ > -G¢C >
gl ——
0€ 0€

_(vda)vzoa)u , (vda)uq



195

1.2
+ MES, pH6.1
- + NaOAc, pH 7.4
+ MOPS,pH 7.5
. + TAPS,pHS8.0
2
(]
c
c 06
S
)]
2}
£
W 04 -
o)
> 1.0 A
N
C_EG o
0.0 A
S 024 %
Z 2 :
-1.0 A \
4 & 3
0.0 2.0 ‘ ‘ ‘ - 7
5 6 7 8 °
pH
0.2 ‘ ‘ | ‘ ‘ | ‘
-10 9 -8 -7 -6 S “ N ?

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.



204

12

1.0

0.8

0.6

0.4 -

0.2 - A Tb(DPA)+

Normalized Emission Intensity

o Th(DPA)* + AlCI,

%01 | & ThO2A)(DPAY

-10 -9 -8 -7 -6 -5 -4 -3 -2 -1 0 1

log [HPO,?]

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.
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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




214

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



