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Medium Effects on the Stability of Terbium(lll) Complexes with Pyridine-2,6-dicarboxylate
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Systematic investigation of the stability of mono-, bis-, and tris-terbium(lIl) complexes with dipicolinic acid

is reported. The formation constants were extracted from emission titration data. For this purpose, a
mathematical formalism for two complexation models was developed. Comparative studies were conducted
by variation of the acidity of the medium (frobly = —2 to pH= 7), the buffer composition (i.e., containing

seven different anions), and the salt concentration (from 0.04 to 1 M). It became evident that elevating the
pH and lowering the salt concentration were important, not only for increasing the values of the formation
constants, but also for forming polynuclear-TBPA complexes. Inhibition of the latter phenomenon was
observed when acetate or sulfate was present. The main purpose of the present investigation was to establish
optimum conditions for conducting terbium(lll)-mediated emission assays for bacterial endospore detection.

Introduction close to neutral (which have been of choice for the recently
developed techniqu&s9, the propensity of T for formation

of precipitaté* and polynuclear complex&scan significantly
compromise the reliability and reproducibility of the assay
experiments.

In recent years the need for sensitive methods for quantitative
determination of pyridine-2,6-dicarboxylic acid, also known as
dipicolinic acid (DPA), has been driven by the demand for
detection of bacterial endospores, since calcium dipicolinate o L .
contributes substantially to spore coat structuw. highly To attain high sensitivity for DPA detection by means of
sensitive approach for spore detection can be realized bymeasurement of terbium(lll) emission enhancement, it is es-

measuring the enhancement of the emission of some lanthanide€ntial to achieve conditions where the monoligated complex
ions upon ligation with DP&-5 The original idea for using (1) has a large formation constant, (2) exhibits high emission

EW and TB* for such emission assays has been patehted: quantum vyield, and (3) demonstrates substantial emission

the proposed method has been further develdpe@espite erjhancement in pomparison to t_e.rbium(lll) that i§ not ligated
the demonstrated high sensitivity, speed, and simplicity of the ywth DPA. Alterations of the conditions of the media can result
emission assay, there are still demands for optimizing the

in about 2-fold increase in the emission quantum yields of the
" . ; i 6
conditions for conducting such measurements in order (1) to Y&ious Tb-DPA complexes® Therefore, an approach to

suppress the distorting influence of some impurities and to

improvement of the sensitivity of a spore detection assay by

achieve high reproducibility with samples of various origin, (2) orders of magnltude |nvolvgs finding conditions un'der which
to attain a wide linearity range between measured emissionth€ formation of the monoligated HDPA complex is most
enhancement and DPA concentration, and (3) to increase furthef€2dily attained.
the sensitivity without compromising the specificity for DPA ~ The photophysical properties of the terbitiiDPA system
detection. have been extensively studied in the pest31718Also, the
The principal methodology for these assays has been derivedformation constants of DPA-ligated lanthanide complexes have
from preceding work that employs emission enhancement for been measured, using potentiométtiand Iluminescenée
quantitative analysis of traces of lanthanide metal foi9s!2 techniques. However, most of the investigations failed to address
Apparent'y, for the latter type of analysisy experiments are issues about the influence of the media. A SpeCtI‘OSCOpIC
conducted using excess concentrations of a ligating agentinvestigation of terbium(lll) in the presence of DPA with
(usually, DPA); therefore, in the case of terbium(lll) and DPA, Variation of the pH of the environment has been repotted.
the principal species under observation would be the complex However, it was not evident from their study whether the
having the largest possible number of DPA ligands (i.e., the emission intensities during the titration were the result of
tris complex). Furthermore, when DPA is in excess, the alterations in emission quantum yield or due to fluctuations in
measurements are most likely to be performed at neutral thhe state of ligation because of variations in formation constants.
because DPA then exists in a form of a dianion that ostensibly Hindle and Hall reported recently an examination of the
has the highest ligation propensity. Also, the complexation with influence of various media (e.g., pH 5.6 acetate buffer on
DPA would tend to suppress the formation of precipitate that terbium-DPA complexation with a low level of ligatiorf).
is expected at elevated pfsThe assays for spore detection, The present article reports for the first time the formation
however, have to be conducted in the presence of excessiveconstants for mono, bis, and tris FBDPA complexes, obtained
concentrations of terbium(lll). Hence, the monoligated-Tb  from emission titration measurements conducted over a wide
DPA complex, which has been studied less than its tris analogue acidity range (i.e., fronHo = —2 to pH= 7.0), thus allowing
would be the primary moiety under observation. Also, at pHs for examination of the four different states of protonation of
DPA 22 Since terbium(lll) has high affinity for oxygen-contain-
* Corresponding author. E-mail: jones@chem.bu.edu. ing ligands}1723it is very likely that fluctuation in the formation
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constants could be observed in the presence of certain anioncommon standard, a solution of rhodamine 6G hexafluorophos-
that might compete for ligation sites. To examine this hypothesis, phate (R6G) in ethanol, was used in all experiments; i.e., the
parallel studies were conducted in buffers that contain sevenmeasured intensities were divided by a correction factor cf,
different anions. In addition, some measurements were con-where cf= Sgec/(1 — 10 Arsc%ed). For all data manipulation
ducted with various concentrations of buffer or salt for the and analysis, IgorPro software (version 3.14) from WaveMetrics,
purpose of discerning the influence of the ionic strength on the Inc., was employed.

complexation equilibria from the contributions of some specific

interactions between terbium(lll) and the anions in the solution. pata Manipulation

As a result of this survey, conditions were identified that are

most appropriate for detection of subnanomolar concentrations Emission Enhancement and Titration Curves.Quantita-

of DPA in near-neutral water using the Tb emission enhance- tively, the emission enhancement can be expressed from the

ment method. ratio between the emission quantum yields of the ligated and
nonligated metal ionsPry(a), and 1y, respectively?’

Experimental Section

Materials. Pyridine-2,6-dicarboxylic acid (DPA) was pur- emission enh;,mcememSrb+A =
chased from Aldrich and recrystallized from 1,2-dimethoxy- b
ethane/water (4/1 v/v) solution. Terbium trichloride hexahydrate Doy (1 - 10 “morlTP@ly @ (1 — 107l
(99.9%), as well as the following sodium sat&cetate (99.99%), 0 — 1)
bromide (99.99-%), chloride (99.999%), perchlorate (99%), o (1—10 ET"'C“’)

nitrate (99.995%), hydrogen phosphate heptahydrate (99.99

%), and sulfate (99.99%)were also purchased from Aldrich  \hereS,, » and Sy, are the integrated emission intensities of
and used as received. The acetic and mineral acids (SpeCtroterbium(III) in the presence and absence of the ligaknd
scopic and/or HPLC grade) were obtained from VWR or yegpectivel\?®| is the optical excitation path lengt&, is the
Aldrich. Sodium hydroxide and tris(hydroxymethyl)aminomethane tota| concentration of terbium ions; [TAJ,] and [Th] are the
(Tris; OmniPur) were from EM Science. All solutions were  equilibrium concentrations of ligated and nonligated terbium,
prepared with MilliQ water {18 MQ cm). To prevent  respectively, andm), ander, are the corresponding absorption
precipitation, the pH of the stock solutions of DPAX00 mM) extinction coefficients at the excitation wavelength.
was adjusted to~7 with a solution of NaOH; TbGl stock Analyses were performed on titration data that capture the
solutions (-0.1-1 M) were adjusted to~4 with HC. alteration in the integrated emission intensBywhen TB" is

The neutral-pH buffers were prepared by addition of the 4qeq to samples with fixed concentrations of DPA. Correction
corresponding acid to an aqueous solution of Tris base until tyr the emission of free terbium(lll) was applied to the titration
pH 7 was attained, followed by dilution with water to the  yata of nanomolar concentrations of DPA where the second term

designated volume. The acidic buffers (pH4) were prepared o the numerator of eq 1 could not be neglected (see Supporting
by addition of the acids to aqueous solutions of the correspond-|nformation for details).

ing sodium salts until the desired pH was reached, and then the
buffers were diluted with water to the assigned volumes. The
molarities of the acidic buffers designate the total concentration
of sodium cations, while the molarities of the neutral buffers
correspond to the total Tris concentration (i.e., [Tris]

[TrisH*]). The solutions with high acidityHo = —2, were

prepared by dilution of the corresponding strong acids with

Terbium —DPA Complexation Equilibria. For treatment of
titration data where the total concentration of DPA was kept
below 25 nM, aone-step equilibrium modelas applied, i.e., a
model that represents an equilibrium leading to formation of a
polynuclear complex containingn terbium ions anch DPA
ligands, Th(DPA),, with the overall formation consta,:

water? -
Solutions of pH~2 and above were monitored with a Orion mTh + nDPA=Tb,(DPA),
420A meter equipped with an Orion Comb. pH electrode, while [Tb,(DPA)]
lower pH values were determined via the changes in the UV/ S —— (2
visible absorption spectra of strong-acid indicators, e.g., 3,4,5- [Tb]"[DPA]
trimethoxybenzamide .= —1.9) 2% purchased from Lancaster
Synthesis, Inc., andN,N-diethyl-4-nitroaniline (K, ~ 0.2— For the titration range where the total terbium concentration,
0.3) 25 obtained from Frinton Laboratories, Vineland, NJ. Cm, exceeds the total DPA concentratid@ypa, i.€., Crp >

Methods. The UV/visible absorption measurements were Cppa, the one-step equilibrium can be represented with the
conducted on a Beckman DU 640B spectrophotometer. The following linear relationship (see Supporting Information for
emission spectra were recorded using a PTI Fluorescencederivation):

System with FeliX software. The samples were excited at either

278 or 266 nm. The former provides maximum emission R\ _ loa(l— R) + | n
enhancement and was used for titrations of nanomolar concen-°9 m| =N og( ) + 109(Brmn)
trations of DPA. The latter was employed for experiments where

DPA concentrations were in the micromolar range. A glass filter, (n— 1) 10g(Cppa) + log(n) (3)

Acutoff = 385 nm, was placed in front of the emission mono-

chromator for all luminescence measurements. whereR is the normalized integrated emission intensity.
Except forHy = —2, all titrations presented in this article For the cases of titration of micromolar concentrations of

depict integrated emission intensjtyS, as a function of DPA, however, the one-step equilibrium model was not ap-
concentration. The values @& for each titration point were  plicable. Since terbium(lll) can ligate up to three moieties of
obtained via numerical integration of the corresponding emission DPA if solely the formation of mononuclear complexes is
spectra plotted against frequency (rather than waveleRgh). considered for treatment of data where the DPA concentration
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SCHEME 1: Acid—Base Equilibria for DPA
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was relatively high astepwise equilibrium modelas used?®

Th + DPA= Th(DPA) K= % “
[Tb(DPA),]
TH(DPA)+ DPA=TH(DPA), K, = et
)
[Th(DPA),]
To(DPA), + DPA==Tb(DPA); Ks = 5 IDPA]
(6)

The concentrations of the luminophores, i.e., terbium-contain-

are with high enough enerdy.Therefore, the luminescence
intensity from terbium(lll) solutions can increase several orders
of magnitude in the presence of such a ligand,

By taking under consideration the photophysical properties
of terbium—DPA complexed? from eq 1 it is trivial to evaluate
that when 1QuM DPA is added to a 10@M solution of T,
~5000-fold emission enhancement is expecfed< 278 nm).
Similarly, when 10uM DPA is added to 100 nM solution of
Th3", the expected emission enhancement would amount to
about 5 000 000-fold! This phenomenon has been the prov-
enance for the development of numerous analytical techniques
for quantitative measurements of lanthanide $s'2 or for
trace detection of DPA:®

To distinguish the ligation propensity of each of the sites of
protonation of DPA2 (Scheme 1), titration studies at four

ing species, can be related to the observed emission intensityselected acidities were conducteldy = —2 for DPAT, pH =

via an expression for their quantum yields (similar to ed’1):

" 1-10 )4
S= Z,Sl'b(DPA} =1B Zlq)Tb(DPA}eb X
1= 1=

2A

]
[Th(DPA)] + @per,Crp| (7)

where} ;A represents the total absorption of the sample at the
excitation wavelengthB is a proportionality constant that
depends on instrument parameterss the maximum state of
ligation achieved| is the optical excitation path length, aagl

is the absorption extinction coefficient of DPA moieties that
are bound to terbium ions. The equilibrium concentrations of
the complexes, [Tb(DPA) can be readily obtained from
numerical solution of a system of polynomial equations derived
from eqs 4-6 (see Supporting Information for details).

Results

Due to splitting between the energy levels of its partially
occupied 4f orbitals, terbium(lll) manifests spectral transitions
("F; < 5Dy) positioned in the visible regichThese transitions,

0.5 for DPAE, pH = 3.7 for DPA", and pH= 7.0 for DPA".
Furthermore, it was of significant interest to examine if the
presence of various types of negatively charged ions would be
of importance to the equilibrium properties of the systems under
investigation. Therefore, parallel studies were conducted using
three types of aqueous pH buffers, whose negative ions were
(1) halides, i.e., not containing oxygen (Band CI), (2)
tetrahedral oxygen containing ions G-, H,SO,& -,
and CIQ™), and (3) trigonal planar oxygen containing ions
(CX3COO and NQ). To better discern the role of these ions,
buffers with relatively high concentrations (i.e., 200 mM) were
employed. In addition, the influence of the salt/buffer concentra-
tion was examined with a buffer with high capacity (e.g., pH
1.9 sulfate buffer; 0.041 M).

Complexation Equilibria at Acidity —2. Titrations of 40
uM DPA with terbium(lll) in aqueous solutions of sulfuric,
hydrochloric, and hydrobromic acid$jp = —2, were con-
ducted?* Emission enhancement was not detected in the
presence of these acids. Furthermore, from the shapes of the
emission bands at 584 nniF§ < °D4 transition)6 it was
determined that in all three cases the observed emission at
exceedingly high terbium concentrations was solely from
nonligated metal ions. Such observations imply that (1) the
cationic DPA species do not ligate terbium(lll), or (2) at such

however, are forbidden and, hence, very weakly observable viaa high acidity the Te-DPA complexes have extremely low

direct excitation; e.g.’Fs <> 5Dy transition gmax = 487 nm)
has an absorption extinction coefficient©0.03 M~t cm~1.16
Although TiB* can be excited most efficiently in the far-Uv
region,~220 nm, its excitation can be more readily achieved

emission quantum yields, or, most probably, (3) in the whole
titration range the relative amount of ligated terbium ions is
negligibly small; hence, their emission cannot be detected
against the background of the luminescence from the nonligated

via energy transfer from ligands whose lowest excited states Th®™.
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Figure 1. Alteration of the UV absorption spectrum of 40/ DPA Cp+ [M]

upon addition of TbGlin aqueous HCI wittHo = —2. Inset: Spectra ) o ) _ ) _
of the three species absorbing in this wavelength region. (*0.9 # Tb ~ Figure 3. Emission data and corresponding sigmoidal fits for 23 nM
solution was used as a blank for the recording of the spectrum of 40 DPA titrated with terbium(lll) in various 0.2 M buffers, pH 0.5 (lex

Figure 2. Alteration (upon addition of ThG) of the portions of free 4.8

uM DPA conjugated to terbium.) = 278 nm).
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analysis of the absorption spectra presented in Figure 3. Inset: The

same data converted to the logarithmic function describing the one- + / /E
step complexation model (eq By = 1). &b

Despite the lack of emission enhancement, further analysis 5.6
of the titration data for HCI solutions (where considerably higher 52
terbium(lll) concentrations can be attained) revealed conspicu- 4.8 L M|
ous perturbation in the DPA absorption spectra upon addition 10 -05 00 -1.0 -05 0.0
of Th3" (Figure 1). The spectra were deconvoluted by fitting lg(1-R)

to a sum of the spectra of terbium(lll), free DPA, and DPA o o _
ligated to TB* (Figure 1, inset). The results were converted to glegslért"iabi:‘ll-g t'i’:'Sosr']cé”stgztior‘;opr;gi;?gn t?mﬂ]; '?gqexgh_mf) f‘;rr‘]‘g'on
. correSpondl.ng DPA Conc.entratlons arld normallzgd, yielding corresponding linear fits for 23 nM DPA titrated with t’erbiu;n(lll) in
the concentratiorR values introduced in eq 5 (Figure 2). \4rious 0.2 M buffers pH= 0.5 (lex = 278 Nm).

Consequent conversion and a linear fit, applying eq 3, resulted

inn=1.0+ 0.1 and logf:,1) = 1.0+ 0.3 (Figure 2, inset). The values for the formation constanfs, extracted from
Complexation Equilibria at pH 0.5. Titrations of 23 nM the intercepts of the linear fits, shown in Figure 4, not only
DPA with terbium(lll) resulted in significant emission enhance- confirmed the trend that the HDPA interaction tends to be
ment at pH 0.5 (Figure 3). Since the emission increase occurredweaker in the presence of tetrahedral oxygen containing anions,
at higherCyy, for the sulfate and phosphate buffers, it can be but also indicated that the interaction becomes weaker with an
deduced that the FBDPA interaction is weaker in the presence increase of the number of protonation sites for these ions (see
of these types of anions. For the titration in the presence of Table 1, phosphate, sulfate, and perchlorate).
chloride ion, the difference in the steepness of the emission The titration curves for solutions of 2M DPA with terbium
increase withCrp suggests a type of ligation different from that in the presence of various anions manifested very slight
associated with solutions with other added s#l€onverting differences that can be discerned only by a fitting of data to a
the data into logarithmic form (eq 3), whemewas set to unity two-step complexation model, eq 7 (Figure 5). The values for
for all cases, yielded linear fits with slopes close to unity for the formation constants are shown in Table 1 (the two right-
all but the chloride titration (Figure 4%.The value of obtained most columns). Peculiarly enough, in the case of chloride, the
in the presence of chloride ion (Table 1), suggests that, underfirst-step formation constari,, is about an order of magnitude
such conditions, the complexation leads directly to the diligated smaller than the second-step const#at, note that logKz) =
Th(DPA), complex. log(52) — log(K,). Obviously, the considerably higher propensity
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TABLE 1: Formation Constants and Complexation
Coefficients, n, Obtained from Emission Data for DPA
Titrated with Terbium(lll) in Various Buffers 2

results from fitting with

one-step model (eq 3)
(CDPA =23 nM, m= 1)

two-step model (eq 7)
(CDPA = 20/4M)

n log(Bn) log(K1) log(52)
chloride 1.9+0.1 12+1 5.47+0.002 12.0+0.004
bromide 1.0+0.1 5.9+ 1.3 5.95+0.001 11.4+0.003
phosphate 0.880.16 4.1+1.2 4.294+0.65 10.24-0.002
sulfate 1.14+0.2 5.3+ 1.2 5.404+ 0.0003 10.H-0.0001
perchlorate 0.96:0.05 5.6+0.4 5.714+0.00 10.8+0.00
trichloroacetate 5.9#0.003 11.1+0.1
nitrate 1.1+£0.02 6.44+0.2 5.98+0.002 11.0+0.08

apH 0.5, 200 mM buffer.
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Figure 5. Emission data for 2@M DPA titrated with terbium(lll) in

various 0.2 M buffers, pH= 0.5 (lex = 266 nm). The data were fit to
a two-step complexation model (eqi7= 2).
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Figure 6. Titration of 2.3 nM DPA with terbium(lll) in 0.2 M acetate
and sulfate buffers, pl 3.7 (lex = 278 nm): (a) emission data and
corresponding sigmoidal fits; (b) the same data, converted to the
logarithmic function describing the one-step complexation model (eq
3, m= 1), and the corresponding linear fits.

of K3 (eq 6) at pH 5 is about 20M~1 (see Supporting
Information).

Complexation Equilibria at pH 3.7. Titration of 2.3 nM
DPA with terbium at pH 3.7 also resulted in emission enhance-
ment (Figure 6a). Conversion of the data to the corresponding
logarithmic form (n= 1, eq 3) revealed distinct linearity (Figure
6b). The unity values of the slopes of the linear fits (Table 2)
indicate that only the monoligated HDPA complex is formed
under these conditions. Furthermore, the values obtained for

for the second ligation step (egs 4 and 5) is the principal reasonthe first formation constantg, or Ki, were 3-5-fold larger

for the preference for direct formation of bis complexes in the
presence of Cl. In the case of phosphate, however, the incipient
precipitate formation resulted in larger uncertainty in the
determination of lod({1). Therefore, within experimental error
it can be concluded thédt; ~ K, explaining why the titration
of diluted DPA in phosphate buffer led directly to monoligated
complex (Figure 4).

Excluding the ‘abnormality in the case of chloride, the
titration for other halides and the trigonal oxygen containing
ions yielded similar formation constants due to negligible

than the corresponding formation constants measured at pH 0.5.
Fitting data from titration of 2QuM DPA with Tb3" to a
three-step complexation model (eq 7) revealed other interesting
trends (Figure 7). The first formation constant (eq 4) for
solutions with added acetate was slightly larger than the same
constant in the presence of sulfate, while both of them were
larger tharK; observed for samples containing phosphate (Table
2). The values obtained for the second-step formation constant
(eq 5) revealed a reversed trend; ik was largest for solutions
in the presence of phosphate and smallest in the presence of

interactions between these anions and terbium(lll) under the acetate. Furthermore, in the transition from pH 0.5 to pH 3.7,
employed conditions. Overall, the observed complexation trendsthere was abduwa 2 order-of-magnitude increase in the values
suggest also that tetrahedral oxygen containing anions competdor K, for added phosphate or sulfate, while in the presence of

with DPA for ligation to terbium cations, resulting in a decrease
in the formation constants of FHEDPA complexes. This effect

is most conspicuously revealed for solutions containing phos-
phate ions, where the formation of precipitate is observed at

higher terbium concentratiod.
At pH 0.5 formation of the tris complex, Th(DPA)was
observed when 7 mM terbium(lll) was titrated with DPA. The

acetate the same increase was only about 10 times (compare
Tables 1 and 2), probably because, at pH 3.7, the solution is
buffered with acetate, while at pH 0.5 trichloroacetate is used.
Complexation Equilibria at pH 7.0. At neutral pH, the
titration of nanomolar concentrations of DPA with terbium(lll)
exhibited a pattern that suggests the occurrence of at least two
discrete processes (Figure 8). The simplest possible explanation

high optical densities at the excitation wavelength attained in is that the first increase in the observed emission intensity,

the course of such titrations and the propensity of DPA for self-
aggregation in aqueous me#fiampeded exact quantitative

occurring atCrp, ~ 108-10"7 M~1, corresponds to the
formation of the bis Tb-DPA complex, while the consequent

analysis of the data. However, it was estimated that the value further increase of the measured luminescence intensi€spat
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TABLE 2: Formation Constants and Complexation Coefficients,n, Obtained from Emission Data for DPA Titrated with
Terbium(lll) in Sulfate, Acetate, and Phosphate Buffers

results from fitting with

one-step model (eq 3) three-step model (eq 7)
(CDPA: 2.3 nM,m= 1) (CDPA: ZO/JM)
n log(Br) log(Ky) log(B-) log(Bs)
sulfate 0.96+ 0.06 6.0+ 0.5 6.20+ 0.13 13.0+£ 0.28 20.0+ 0.03
phosphate 3.591.33 11.5+0.83 17.5+0.01
acetate 1.6:01 6.5+ 0.6 6.49+ 0.03 12.6+ 0.06 18.5+ 0.12

apH 3.7, 200 mM buffer.
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Figure 7. Emission data for 2&aM DPA titrated with terbium(lll) in 10° 10" 107 10° 107 10t 107
0.2 M sulfate, phosphate and acetate buffers,=pt3.7 (lex = 266 a Cp» [M]
nm). The data were fit to a three-step complexation model (e,
3). —— data fits r

"""" sigmoidal components 1
= == sigmoidal companents 2

~ 1075-10"3 M1, results from transition from di- to mono-
ligated complex, where the latter exhibits a larger emission
guantum yield. Since a fit of the data to a two-step complexation
model (eq 7) failed due to the steepness of the measured titration
patterns?® the titration curves were deconvoluted into two
distinct sigmoidal patterns (Figure &).

Using the one-step equilibrium mod¥lthe data collected
for solution with acetate unambiguously yielded a line slope
that corresponds to formation of monoligated terbium(lll), i.e.,
Tb(DPA). While the data for sulfate-containing solutions
suggested formation of Th(DPA)in the presence of halides,
nitrate, or perchlorate, the only plausible results were obtained
whenm > 1 (Table 3), which is an indication for formation of
polynuclear complexes (see Supporting Information for details).
Such a finding is in accord with previous reports of the tendency
of terbium(lll) to form polynuclear complexes at this particular
pH ranget534

The second transition, depicted by the increase of the w0’ 1wt 1w’ 10 10t 10t 107
measured emission &, of ~107°—10-3 M~ (Figure 8), has b Cp» [M]
not been quantitatively analyzed (see Supporting Information). _ . ) L
The observed emission enhancement is a result of the formation|,'9u'€ 8. Emission data and the corresponding bisigmoidal fits for

. . . - . . .3 nM DPA titrated with terbium(lll) in various 0.2 M buffers, pH

of either fine Th-containing colloidal particles with DPA bound 7 (lex = 278 NM).
to them or polynuclear complexes with larger valuesoT his
finding is in agreement with previously reported increase in larger formation constants (Table 3); overall, the valueKfor
emission intensities for DPA-containing complexes upon ad- were about 3-6-fold larger than the values obtained for pH
dition of another rare-earth (or yttrium) ién. 3.7. For data collected in phosphate, however, the best fits were

The titration data for 2tM DPA at neutral pH (Figure 9) produced to a model that ignores the first equilibrium step (eq
closely resembled the data obtained at pH 3.7. Fitting the pH 7 4); i.e., the value oK; was held at zero, indicating that the
curves to a three-step complexation model (eq 7) resulted in formation of the monoligated complex is suppressed under such

Relative Emission Intensity
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TABLE 3: Formation Constants and Complexation Coefficients,m and n, Obtained from Emission Data for DPA Titrated with
Terbium(lll) in Various Buffers 2

results from fitting with

one-step model (eq 3)
(CDPA =23 nM)

three-step model (eq 7)
(CDPA = ZOﬂM)

lg(1-R)

m n log(Bmn) log(K1) log(B2) log(Bs)
chloride 1 0.48+ 0.05 7.01+0.29 15.0+ 0.08 23.0+ 0.04
2 1.7+ 0.2 24+1
3 2.84+0.3 40+ 3
4 3.5+1.0 54+ 9
bromide 1 0.35t 0.05 6.99+ 0.42 14.9+ 0.6 22.2+1.1
2 1.0+ 0.2 16+2
3 1.6+0.4 29+ 4
4 2.2+0.6 43+ 5
phosphate 15.0£0.03 22.3+0.07
sulfate 1 1.8£0.1° 16+ 0.6 6.99+ 0.33 15.1+ 0.02 21.7+£0.2
2 4.5+ 0.3 45+ 3
3 7.3+ 0.6 77+£5
4 10+1 110+ 8
perchlorate 1 0.3&0.10 7.26+ 0.53 15.2+0.1 22.9+0.1
2 1.1+ 0.2 16+ 4
3 2.0+ 0.8 32+7
4 28+1.1 48+ 10
acetate 1 0.92 0.04 72+04 6.98+ 0.01 15.0+0.2 21.0+0.9
nitrate 1 0.56+ 0.03 7.66+ 0.33 15.4+0.01 22.7+£ 0.2
2 1.6+0.1
3 2.3+0.2 31+2
4 3.1+ 04 39+ 4
apH 7.0, 200 mM buffer® The italic entries represent the smallest values tfat approximate an integer.
4 7nM DPA ¢ 231M DPA
0.2M buffer
1M buffer
ﬁ4.4—5 (m=1) 3.2—2 (m=1)
g 424 e
é" % 4_0_5 3.0?
o - 8 A
g S 384 . ]
= = 363 267 &
g ] 2.4
22 T 34 E
2 SR 2] ®
z 32 e R AR RRRY
m -1.0-0.8-0.6-0.4-0.2 0.0 -1.0-0.8-0.6-0.4-0.2 0.0
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-
g
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Figure 9. Emission data for 2@M DPA titrated with terbium(lll) in

529 (m=1)
5.0
4.8

40 mM buffer
® O 23nM DPA
X X 23mM DPA

various 0.2 M buffers, pH= 7.0 (lex = 266 nm). The data were fit to ~ 1163 © 106
a three-step complexation model (eq 7). 5? 114 10.4
conditions, most probably due to the incipient formation of the nf 1125 102
insoluble terbium phosphaté3® o 11.0 5 10.0
Influence of the Salt Concentration at pH 1.9. The — 108 9.8
influence of salt concentration on the complexation equilibria 22 0.6 9.6
between terbium(lll) and DPA was examined via measurements 10.4 3 9.4 (m=2)
using buffer having high capacity (i.e., pH 1.9 sulfate buffer, 10.2 9.2
pKa(HSO;") = 1.92), and varying the buffer concentration 100 9.0
between 40 mM and 1 M. Titrations of nanomolar concentra- 083 &5
tions of DPA with terbium(lll) in 0.2 ad 1 M buffer exhibited .
patterns of formation of monoligated mononuclear—DPA -1.0-0.8-0.6-0.4-0.2 0.0 -1.0-0.8-0.6-0.4-0.2
complexes (Figure 10a). Furthermore, the 5-fold increase in salt lg(1-R)

concentrationd 1 M resulted in abdua 2 order-of-magnitude
drop in the value of the corresponding formation consté,
(Table 4). When the buffer concentration was decreased to 402) for DPA titrated with terbium(lll) in (a) 0.2 and 1 M, and (b) 40

mM, however, an indication for formation of polynuclear

mM sulfate buffer, pH= 1.9.

Figure 10. Emission datalex = 278 nm), converted to the logarithmic
function describing the one-step complexation model (em 3; 1 or
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SCHEME 2: Generalized Complexation Equilibrium for Terbium(lll) and DPA

z
-9 ' OH, | 2
(L NH + [Tb(HpA)n] 4= (HpA)n-"Tbi:-““N/_\ + quAZa + aHf
0P S\

2=3+n(p-x)
=1l+r+s+ (n-m)(p-x)
3=4g—X
a=i+j+k-r-s+m(p-gq)

TABLE 4: Formation Constants and Complexation Coefficients,m and n, Obtained from Emission Data for DPA Titrated with
Terbium(lll) in Sulfate Buffers 2

results from fitting with

two-step model (eq 7)

one-step model (eq 3) (Copa = 20uM)
Copa [NM] m n log(Bmn) log(K1) log(B2)

1 M buffer 23 1 0.99+ 0.10 3.1+07 3.30+ 0.003 6.2+ 2.17
0.2 M buffer 7 1 1.14+0.1° 52+0.8 5.56+ 0.34 12.5+£ 0.01
40 mM buffer 2.3 1 0.4@: 0.02 6.54+ 0.04 14.0+ 0.1

2 1.9+ 0.8 19+4
40 mM buffer 23 1 0.75: 0.03

2 2.14+0.10 19+ 0.5
40 mM buffer+ 1 M NaCF 6.00+ 0.96 11.6+0.2
40 mM buffer+ 1 M NaCIO¢ 5.98+ 0.04 11.6+1.3

apH 1.9, 1 M, 200 mM, and 40 mM buffeP.The italic entries represent the smallest values tifat approximate an integeirl M chloride or
perchlorate in 40 mM buffer solutions.

Conspicuously similar trends were exhibited by the second-step
i formation constantks.
o tiMmeo, To examine if the alterations in complexation properties
s resulted indiscriminately from variations in the ionic strength
i ool or also from specific interactions with the present sulféte,
X ’m c ™ z.gi ﬁwm o a0 titrations of 20uM DPA in 40 mM buffer (sulfate, pH 1.9) in
P Saty e - the presencefal M chloride or perchlorate were conducted
Ce ) (Figure 11b). The calculated ionic strengths fioM sulfate
buffer is ~1.33 M, and for 40 mM buffer containing 1 M
unibasic salt, it is~1.05 M3 However, the values of the
- formation constants obtained for the latter cases were signifi-
cantly closer to the value of the equilibrium constants for 40
mM, rather than fol M sulfate buffer with no additional salt
(Table 4). These results suggest that complex formation is
diminished predominantly by specific interaction with the sulfate
1w’ 1w 1wt 1wt 10t 10 species® rather than merely by increase of the ionic strength.
a Cpr [M] Furthermore, it is quite surprising that perchlorate, which
contains negatively charged oxygen and is structurally similar
Figure 11. Emission data for 2&M DPA titrated with terbium(lll) to sulfate, exhibits an influence on the complexation equilibria
in (2) 0.04, 0.2, ath 1 M sulfate buffer, pH= 1.9, and (b) 40 MM gimjlar to that of chloride (a soft base known to interact weakly
sulfate buffer, pH 1.9, wit 1 M NaCl or NaClQ (1ex = 266 nm). The with terbium(1lN)29).

data were fit to a two-step complexation model (eq 7). (c) UV T ] ) )
absorption spectra of 20M DPA in 0.04 aml 1 M sulfate buffer, pH Significant perturbations in the absorption spectrum of DPA

1.9, and in the presencé b M chloride and perchlorate. were observed upon variation of the concentration of the pH
1.9 buffer (Figure 11c), a result that can be ascribed to change

----- 40 mM buffer | T
o +1M Nacl ; : ozn

seares 1M buffer

* + 1M MNaClO,
— datafits

2
@

ey

Absorbance

Emission

4 | M buffer
A 02M buffer
® 0.04M buffer

— data fits

Relative Emission

complexes, THDPA),, was observed (see Figure 10b and Table ; .
4). This result suggests that sulfate ions impede polynucleation.Of the state of ptotonation of DPA because of the proximity
Titration of 20uM DPA produced patterns that resembled the Petween the pH of the buffers (1.9) and the reported value for
curves obtained at pH 0.5 (Figure 11a). Furthermore, from the PKa20f DPA (Scheme 132 Although the shift of the equilibrium
shapes of the observed emission spectra, it was evident that ndrom the anionic to the zwitterionic species will decrease the
tris Tb—DPA complexes were formed during the titration formation propensity of TBDPA complexes, this effect can
courses (see Supporting Information). Fitting the data to a two- hardly account for the 3 order-of-magnitude drop in the values
step complexation model (eq 7) produced formation constants of K1 when the buffer concentration is raised from 40 mM to 1
that exhibit some dramatic trends (Table 4): a 5-fold dilution M (compare values in Tables 1 and 4). Therefore, it can be
of the buffer from 1 to 0.2 M force&; to increase 2 orders of  concluded that interactions of the sulfate ions with terbium(lil)
magnitude; further 5-fold dilution to 40 mM resulted in another are the major impediment for HDPA complexation when
order of magnitude increase in the first-step formation constant. sulfate buffer concentration is increased.
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media should favor the dissociation of the complexes. This

phenomenon could be the reason for the relatively modest
- '___' K, increase in the values &f; when the pH is elevated from 0.5

-------- —e— ulfate to 7, in comparison with the dramatic increase observed when

—— acetate the acidity is changed from-2 to 0.5 (Figure 12).

S § Boalv D, < Formation of polynuclear ThDPA complexes, observed

ot A ;‘( =3 e @ when nanomolar concentrations of DPA are present, can cause

3

complications, not only for development of quantitative assays

M ;-" R Y A 2l e * but also for reproducibility of a low-limit baseline for DPA
i K . @ sulfate assay. Therefore, it is essential to establish conditions under
1ot =% chloride 107 @+ acetate which terbium(lll) polynucleation is suppressed. The data have
il A B provided examples of three species in whose presence poly-
i _J o pH nuclear complex formation is not favored: DP?acetate, and
[ S A e R B sulfate. Therefore, it can be concluded that none of these
pH moieties plays the role of a bridging ligand between two terbium

ions. The observed increase in the propensity for polynucleation

Figure 12. Dependence of the stepwise formation constaisks, with elevation of pH indicates that hydroxy or oxo ligands are

andKj; (see eqs 46), on the acidity of the media in the presence of

different 200 mM buffers. even better bridging agents than water itself, which can play a
role at lower pH. Therefore, polynucleation can be suppressed
Discussion by introducing ligating species that bind to terbium(lll) relatively

o o ) N strongly, either displacing water or hydroxyl ligands or (and)

The goal of this investigation was to find conditions under jntroducing steric hindrance to the approach of two terbium ions.
which terbium(lll) exhibits a high propensity for formation of Apparently, aceta®®4? and sulfaté4° prove to be good
monoligated coordination complexes with dipicolinic acid. candidates for such polynucleation inhibition.
Figure 12 shows a summary of the pH dependence for some of - pposphate has been of serious concern for terbium(lll)-
the formation constants,. It is expected that an increase of  megiated spore detection analy8ediout 46-60% of emission
the pH of the media will increase the complexation propensity quenching of tris TB-DPA complexes has been observed in
of terbium(lll) with DPA because of the stronger electrostatic o presence of phosphate g8la\lso, under conditions where
attraction exhibited when the ligand is converted to its anionic only formation of the monoligated terbiuDPA complex is
forms. However, such a simple explanation would fail to account gynected, the emission is completely quenched upon addition
for the dramatic increase oKy (more than 4 orders of  of hhosphatd. The results presented here confirm the high
magnitude) when acidity is changed fron2 t0 0.5; in contrast,  affinity of phosphate for coordination with terbium(lll). Pre-
upon further elevation of pH to 7, the valuesKf rise only  gjpitate formation was observed at the up@eg limit for each
about 2 orders of magnitude (Figure 12). of the titrations performed in phosphate buffer, and its formation

The dependence of the measured formation constants on th&yas considerably more pronounced at higher pH, indicating that
pH of the medium is a reflection of the combined effects of po3- jons, rather than HP®™ or H.PO,~, are the species
several acie-base and ligation equilibria (Scheme 2). Although  ¢ontributing most to the dissociation of the TDPA complexes.
electrostatic interactions certainly have a significant effect on g\ rthermore. for pH 7 phosphate buffer solutions, even when
the thermodynamics of the complexation processes, to predictierpiym is in 100-fold excess, the shape of the emission spectrum
the pH dependence of the charge of the participating species, itingicates that predominantly tris FIDPA species are present
is essential to have information about the.s not only of the (see Supporting Information for details), and the titration results
free and ligated DPA, but also of other possible ligands such \nger the same conditions suggest that no monoligated complex
as water or anionic species present in the solution. For instance s formed (Table 3). These findings unambiguously imply that
in strongly acidic media (e.gl—‘lzo = —2) the charge of DPA IS the tris Th-DPA conjugate is more stable in the presence of
known to be+1 (Scheme 1} however, the charge of [Tb-  phosphate than its monoligated analogue, explaining the dis-

(HpA)n] cannot be unambiguously determined without further crepancy in the extent of emission quenching in the previously
knowledge about the ligands. However, if it is assumed that  reported resultd??

most sites are protonated (i.esj=k=r=s=1andp~

g, Scheme 2), the coefficient in front of'tia, will be close to
unity. Therefore, the high proton activity (100 M) would favor
shifting the equilibrium toward [Tb(k\),] and free DPA The stability of the monoligated FEDPA complex exhibits
species, thus resulting in a relatively small formation constant a nontrivial dependence on the acidity of aqueous media: the
Ki. Transition fromHy = —2to pH=0.5( +j + k=2 and expected growth of the values Kf in the pH range from 0.5

a < 0) causes the equilibrium to shift toward ¥DPA to 7 is preceded by a dramatic (4 orders of magnitude) increase
complexation, a phenomenon reflected by the dramatic increasewhen acidity is elevated from-2 to 0.5 (Figure 12). The

of the value ofK; (Figure 12). It is plausible to assume that ~ addition of a second DPA ligand is also favored with an increase
or scan be equal to 1 since previously reported crystal structuresin pH, while the equilibrium of the third ligation step is not
indicate that the carboxylates of DPA can be protonated when altered when pH is changed from 3.7 to 7.0 (§eeandKs in

it is coordinated to a metal iof. Figure 12).

At neutral pH, DPA exists as a dianion. However, [Thb] The influence of the various anions on the stability of the
must be positively charged in order to plausibly argue that the Tb—DPA complexes is not easy to discern. However, it was
increase of the values of the formation constants when pH is evident that three species can alter the complexation equilibria
elevated to 7 (Figure 12) is electrostatically driven. On the other (most probably via complexing with terbium ions): phosplFate,
hand, at neutral pHa is expected to be equal to or smaller sulfate3640and acetaté?*° The effects of the phosphate were
than 0 (Scheme 2). Hence, an increase in the basicity of thequite conspicuous because of the precipitate that was observed

Conclusions
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in its presence at higBt, values. The influence of the addition
of excess acetate and sulfate, however, was found to be positiv
in terms of inhibition of polynucleation and suppression of
formation of precipitate of terbium oxide/hydroxide at the upper
limit of Cyy, at neutral pH. As expected, the presence of high
salt concentration compromises the stability of —bPA
complexes. This destabilizing effect is hardly a result of high
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The evidence from the present investigation suggests thatspecies are not known,Hs not included in eqs46. However, in buffered

optimal conditions for terbium(lll)-mediated emission assays

(e.g., for bacterial spore detection) can be achieved in the

presence of acetate/sulfate buffers (concentration un@e?
M) maintaining the pH of the media in the range of® Given

media the pH is maintained constant; hence, the values dfiftodify the
pH-dependent stepwise formation constafits

(29) The steepness of the sigmoid patternsSofs log(Cr,) can be
correlated to then andn coefficients in eq 2: the larger the rato/nis,
the steeper the titration curve will be.

(30) The linearity of the data was observed when the valu&faras

the irreducible emission intensity associated with uncomplexed |5rger than 0.050.1 and smaller than 0-9.95 (see Figure 3). WheR

terbium(lll), a threshold limit for detection of DPA is ca. 500
pM even for conditions that are optimal for equilibrium giving
the monoligated Th(DPA) species.
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