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Abstract

Two lanthanide complexes, namely 5-aminosalicylic acid ethylenediaminetetraacetate europium(III) (5As-EDTA-Eu3+) and 4-
aminosalicylic acid ethylenediaminetetraacetate terbium(III), were evaluated for the analysis of carbonic anhydrase, human serum
albumin (HSA), and c-globulin. Quantitative analysis is based on their luminescence enhancement upon protein binding and qual-
itative analysis on their lifetime capability to recognize the binding protein. Analytical figures of merit are presented for the three
proteins. The limits of detection with 5As-EDTA-Eu3+ are at the parts per billion level. Partial least square regression analysis is
used to determine HSA and c-globulin in binary mixtures without previous separation at the concentration ranges typically found in
clinical tests of human blood serum.
� 2004 Elsevier Inc. All rights reserved.
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The development of methodology for protein recogni-
tion andquantification in complex biologicalmatrices has
long been an analytical challenge. The limitations of pop-
ular clinical and laboratory tests have been extensively
discussed in the literature [1]. The Lowry [2] and the Brad-
ford [3,4]methods, which determine total protein content,
lack selectivity for specific protein determination. Spec-
trophotometric [5,6], chemiluminescence [7,8], fluorimet-
ric [9,10] and resonance light scattering [11,12] methods
have shown distinct improvement over classical assays.
Their main advantages include accuracy of analysis and
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better limits of detection. Their selectivity, however, still
falls short for the problem at hand. Other trends, which
combine mass spectrometry to liquid chromatography
[13,14] or electrophoresis [15,16], provide excellent selec-
tivity and sensitivity but require elaborate sample separa-
tion prior to protein determination.

Selectivity improvements for direct protein determina-
tion have been recently reported with synchronous fluo-
rescence [1] and near-infrared [17,18] spectroscopy. The
fluorescence assay [1] relies on chemical interactions
among targeted proteins and functionalized nanoparti-
cles. The spectral response of a fluorescence tag chemi-
cally attached to nanoparticles is monitored via
synchronous excitation to extract both qualitative and
quantitative information. The near-infrared approach
[17,18] takes advantage of vibrationally resolved spectra
with fingerprint information for protein identification.
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Because near-infrared absorption bands are inherently
weak, spectral assignment is made possible with the aid
of chemometric methods that minimize spectral interfer-
ence from instrumental noise and sample concomitants.

Our approach focuses on chemical receptors with the
potential to recognize specific proteins in complex sam-
ples. We incorporate lanthanide ions into polymerized
liposomes that offer a lipophilic platform for protein
interaction with the lanthanide ion [19,20]. The specific-
ity of our approach relies on the capability of the poly-
merized liposome to recognize a specific protein in the
complex sample. The expectation from the lanthanide
ion is to report qualitative and quantitative information
on the interacting protein(s), even if the target protein(s)
is at much lower concentration than sample concomit-
ants. In this article, we present a thorough investigation
of two lanthanide complexes and their analytical poten-
tial as luminescence reporters for liposome–protein
interaction. We first describe their synthetic preparation
and then evaluate their quantitative and qualitative per-
formance for three targeted proteins, namely carbonic
anhydrase (CA),2 human serum albumin (HSA), and
c-globulin. With the aid of partial least squares (PLS)
regression, we demonstrate the feasibility to determine
HSA and c-globulin in binary mixtures at the concentra-
tion levels typically found in human blood tests.
Experimental

Instrumentation

Preliminary collection of excitation and emission
spectra was carried out with a commercial spectrofluo-
rimeter (Photon Technology International). For steady
state (SS) measurements, the excitation source was a
continuous-wave 75-W xenon lamp with broadband
illumination from 200 to 2000 nm. Detection was made
with a photomultiplier tube (PMT; Model 1527) with
wavelength range from 185 to 650 nm. The method of
detection was analog for high signal levels or photon
counting for low signal levels. In analog mode, the
inherent peak to peak noise was 50 · 10�12 A with a
0.05-ms time constant. In photon counting mode, the
maximum count rate was 4 MHz, pulse pair resolution
was 250 ns, the rise time was 20 ns, and the fall time
was 100 ns with a 220-ns pulse width. For time-resolved
(TR) measurements, the excitation source was a pulsed
2 Abbreviations used: CA, carbonic anhydrase; HSA, human serum
albumin; PLS, partial least squares; SS, steady state; PMT, photomul-
tiplier tube; TR, time-resolved; ICCD, intensified-charge fiber-coupled
device; CCD, charge-coupled device; DCC, dicyclohexyl carbodiimide;
NHS, N-hydroxysuccinimide; DMF, dimethylformamide; THF, tetra-
hydrofuran; As, aminosalicyclic acid; LOD, limit of detection; LDR,
liner dynamic range; RSD, relative standard deviation.
75-W xenon lamp (wavelength range from 200 to
2000 nm) with a variable repetition rate from 0 to 100
pulses per second and a pulse width of approximately
3 ls. Detection was by means of a gated analog PMT
(Model R928) with extended wavelength range from
185 to 900 nm. SS and TR spectra were collected with
excitation and emission monochromators having the
same reciprocal linear dispersion (4 nm mm�1) and
accuracy (±1 nm with 0.25-nm resolution). Their 1200-
grooves/mm gratings were blazed at 300 and 400 nm,
respectively. The instrument was computer controlled
using commercial software (Felix32) specifically de-
signed for the system. Spectra were not corrected for
instrumental response. Wavelength reproducibility was
approximately ±2 nm.

Luminescence lifetimes were measured with an instru-
mental setup mounted in our laboratory [21]. Samples
were excited by directing the output of a Northern
Lights tunable dye laser (Dakota Technologies) through
a KDP frequency-doubling crystal. The dye laser was
operated on LDS 698 (Exiton) and pumped with the sec-
ond harmonic of a 10-Hz Nd:YAG Q-switched solid-
state laser (Big Sky Laser Technologies). Luminescence
was detected with a multichannel detector consisting
of a front-illuminated intensified-charge fiber-coupled
device (ICCD; Andor Technology). The minimum gate
time (full width at half maximum) of the intensifier
was 2 ns. The CCD had the following specifications: ac-
tive area = 690 · 256 pixels (26 mm2 pixel size photo-
cathode), dark current = 0.002 electrons/pixel/s, and
readout noise = 4 electrons at 20 kHz. The ICCD was
mounted at the exit focal plane of a spectrograph (SPEX
270M) equipped with a 1200-grooves/mm grating blazed
at 500 nm. The system was used in the external trigger
mode. The gating parameters (gate delay, gate width,
and the gate step) were controlled with a digital delay
generator (DG535; Stanford Research Systems) via a
GPIB interface. Custom LabView software (National
Instruments) was developed in-house for complete
instrumental control and data collection. This system
was also used to collect wavelength–time matrices for
the analysis of target proteins in binary mixtures.

Reagents

All reagents and solvents were purchased from com-
mercial suppliers and used without further purification.
Nanopure water was used throughout. The organic sol-
vents used in the synthesis were of HPLC grade. Anhy-
drous solvents were obtained by distillation of the
HPLC-grade solvents over CaH2.

Synthesis of the complexes

The syntheses of the complexes use the selectively
hydrolyzed EDTA ester 1 [22]. The carboxylic acid



Scheme 1. Syntheses of the complexes 5As-EDTA-Eu3+ and 4As-EDTA-Tb3+.
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was activated with N-hydroxysuccinimide (NHS) and
dicyclohexyl carbodiimide (DCC). The active ester
was then reacted with the unprotected aminosalicylic
(As) acids. We found this two-step procedure to give
higher yields of the desired products (2 and 3) com-
pared to the one-step coupling reactions. The ester
groups were then hydrolyzed and the free acids were
reacted with EuCl3 or TbCl3 to obtain the correspond-
ing complexes. The synthetic steps are detailed in
Scheme 1.

Compound 2

EDTA ester 1 [22] (1.10 g, 2.92 mmol) was dissolved
in dry ethyl acetate (30 mL) and followed by the addi-
tion of NHS (0.37 g, 3.22 mmol) and DCC (0.665 g,
3.22 mmol) at room temperature. Stirring was continued
at room temperature for another 12 h. The white precip-
itate was filtered under nitrogen and residue was washed
with ice-cold ethyl acetate. Solvent was removed in va-
cuo. The viscous liquid was again dissolved in dry
CHCl3 (25 mL). 5-Amino salicylic acid-HCl-salt
(0.470 g, 3.07 mmol) was dissolved in DMF (5 mL) in
presence of Et3N (0.7 mL, 5.03 mmol) and added drop-
wise. The reaction mixture was stirred at room temper-
ature for 10 h and quenched with water. The organic
layer was washed with water and dried over Na2SO4.
The crude product was purified by silica gel column
chromatography with 15% MeOH in CHCl3
(Rf = 0.2). Yield: 0.67 g (82%, with respect to consumed
1). 1H NMR (500 MHz, CDCl3) d 1.39 (t, 9H,
J = 7.2 Hz), 2.78–2.95 (m, 4H), 3.49 (s, 2H), 3.58 (s,
6H), 4.20 (q, 4H, J = 7.2 Hz), 4.25 (q, 2H, J = 7.2 Hz),
4.34–4.38 (bs, 1H), 6.89 (d, 1H, J = 8.6 Hz), 8.64 (dd,
1H, J = 2.7 and 8.6 Hz), 8.12 (d, 1H, J = 2.7 Hz).

5As-EDTA-Eu3+

Compound 2 (0.14 g, 0.27 mmol) was dissolved in
CH2Cl2/THF/MeOH (2/4/2 mL) and solid LiOH
(85 mg, 2.02 mmol) was added. The reaction mixture
was stirred at room temperature for 15 h. The pH of
the solution was lowered by conc. HCl to 3.0. Solvent
was removed in vacuo and the residue was again dis-
solved in minimum volume MeOH (300 lL) and THF/
CH2Cl2 (2/2 mL) was added. The white precipitated
was filtered off. Yield: 95 mg (69%). 1H NMR
(300 MHz, D2O) d 3.29–3.34 (m, 2H), 3.47–3.53 (m,
2H), 3.71 (s, 2H), 3.79 (s, 2H), 3.90 (s, 4H), 6.95 (d,
1H, J = 8.8 Hz), 7.51 (dd, 1H, J = 3.0 and 8.8 Hz),
7.86 (d, 1H, J = 3.0 Hz).

This acid (41 mg, 0.082 mmol) was dissolved in 5 mL
of nanopure water and solid EuCl3 Æ6H2O (30 mg,
0.082 mmol) was added. It was refluxed for 4 h and
the solvent was removed in vacuo to afford changing it
to produce a white powder. This powder was extensively
washed with ether and cold methanol to obtain the com-
plex (54 mg, 86%) as a white solid. Anal. Calcd. For
C17H18EuN3O10 Æ3H2O: C, 32.39; H, 3.84; N, 6.67.
Found: C, 32.55; H, 4.01; N, 6.52.
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Compound 3

To a stirred solution of 1 (1.87 g, 4.97 mmol) in ethyl
acetate (25 mL), DCC (1.2 g, 5.81 mmol), and NHS
(0.63 g, 5.81 mmol) were added at 0 �C. Stirring was
continued at this temperature for 1 h. The solid precip-
itate was filtered under nitrogen and solvent was re-
moved from the clear filtrate under reduced pressure.
The residue was dissolved in chloroform. To a suspen-
sion of 4-aminosalicylic acid (0.84 g, 5.47 mmol) in
CHCl3/DMF (30/5 mL), triethylamine (0.83 mL,
5.91 mmol) was added. The resulting solution was added
to the chloroform solution of the residue and stirred at
room temperature for 30 min and then at 50 �C for
12 h. The reaction mixture was then washed with brine
and water and dried over Na2SO4, and the solvent was
evaporated under reduced pressure. The crude product
was purified by silica gel column chromatography (elut-
ing with chloroform and then with 10% methanol in
chloroform). Yield: 1.1 g (80%); Rf = 0.2 (15% MeOH
in CHCl3).

1H NMR (500 MHz, CDCl3) d 1.24 (m,
9H), 2.86 (s, 4H), 3.52 (m, 8H), 4.14 (m, 6H), 7.23 (m,
1H), 7.40 (s, 1H), 7.81 (m,1H), 10.34 (s, 1H).

4As-EDTA-Tb3+

The conjugate 3 (0.24 g, 0.47 mmol) was taken into
THF-CH2Cl2-MeOH (4/4/8 mL) mixture. Solid LiOH
(0.14 g, 5.83 mmol) was added to it and the reaction
mixture was stirred at room temperature for 12 h. The
solvent was evaporated under reduced pressure; the res-
idue was dissolved in minimum quantity of absolute eth-
anol and precipitated by adding CH2Cl2. The precipitate
was filtered, washed with CH2Cl2 and dried under vac-
uum yielding the tetraacid as a white solid (145 mg,
62%). 1H NMR (500 MHz, D2O) d 3.36 (m, 2H), 3.54
(m, 2H), 3.95 (m, 8H), 7.09 (d, 1H, J = 3.5 Hz), 7.25
(s, 1H), 7.87 (d, 1H, J = 3.5 Hz).

The EDTA tetraacid (46 mg, 0.11 mmol) was dis-
solved in MeOH (2 mL). A solution of TbCl3 Æ6 H2O
(40 mg, 0.11 mmol) in MeOH (1 mL) was added to it
and the mixture was refluxed for 5 h. The solvent was re-
moved in vacuo to afford changing it to produce a white
powder. This powder was extensively washed with ether
and cold methanol to obtain the complex (56 mg, 88%)
as a white solid. Anal. Calcd. For C17H18N3O10Tb Æ3-
H2O: C, 32.04; H, 3.80; N, 6.59. Found: C, 31.84; H,
3.75; N, 6.82.

Procedures

Measurements with the spectrofluorimeter were made
with standard quartz cuvettes (1 · 1 cm). A fiber optic
probe was used with the laser system. The probe assem-
bly consisted of one excitation and six collection fibers
fed into a 1.25-m section of copper tubing that provided
mechanical support. All of the fibers were 3-m-long and
500-lm-core-diameter silica-clad silica with polyimide
buffer coating (Polymicro Technologies). At the analysis
end, the excitation and emission fibers were arranged in
a conventional six-around-one configuration, bundled
with vacuum epoxy (Torr-Seal, Varian) and fed into a
metal sleeve for mechanical support. The copper tubing
was flared, stopping at a swage nut tapped to allow for
the threading of a 0.75-ml polypropylene sample vial. At
the instrument end, the excitation fiber was positioned in
an ST connection and aligned with the beam of the tun-
able dye laser while the emission fibers were bundled
with vacuum epoxy in a slit configuration, fed into a me-
tal sleeve, and aligned with the entrance slit of the
spectrometer.

Luminescence lifetimes were determined via a three-
step procedure [21]: (1) collection of full sample and back-
ground wavelength–time matrices, (2) subtraction of
background decay curve from the luminescence decay
curve at the target wavelengths of the sensor, and (3) fit-
ting of the background-corrected data to single exponen-
tial decays. The decay curve data were collected with a
minimum 300-ls interval between the opening of the
ICCD gate and the rising edge of the laser pulse, which
was sufficient to avoid the need to consider convolution
of the laser pulse with the analyte signal (laser pulse
width = 5 ns). In addition, the 300-ls delay completely re-
moved the fluorescence of the sample matrix from the
measurement. Fitted decay curves (y ¼ y0 þ A1

exp�ðx�x0Þt1 Þ were obtained with Origin software (version
5;Microcal Software) byfixing y0 andx0 at a value of zero.
For chemometric analysis, all spectra were saved in AS-
CII format and transferred to a PC AMD 1200 MHz
for subsequent manipulation. All chemometric calcula-
tions were done using MATLAB 6.0 [23]. PLS-1 was
implemented using the MVC1 MATLAB toolbox [24].
Results and discussion

The luminescence of lanthanide ions, particularly
Eu3+ and Tb3+, has been extensively investigated [25–
27]. Their long-lived luminescence provides ample
opportunity to discriminate against short-lived back-
ground fluorescence and scattered excitation light. This
is particularly attractive for bioassays because time-re-
solved measurements avoid strong fluorescence interfer-
ence from biological matrices. Offsetting this advantage
is the fact that lanthanide�s luminescence is quite weak
as a result of low molar extinction coefficients in aque-
ous solvents. Water molecules strongly bind to the lan-
thanide ion and quench its luminescence via weak
vibronic coupling with the vibrational states of the O-
H oscillators.

Significant enhancements for analytical use can be
obtained with chelating agents that remove water mole-
cules from the lanthanide�s primary coordination
sphere. Coordination of a chelating agent to the lantha-
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nide ion also provides the possibility to attach a sensi-
tizer (or antenna) to further enhance the luminescence
of the lanthanide ion. Sensitizers are typically organic
molecules that strongly absorb and transfer excitation
energy to the metal ion, thereby overcoming the inher-
ently weak absorption of the lanthanide ion.

For the purpose of this work, we chose ethylenedi-
aminetetraacetic acid (EDTA) as the chelating agent.
EDTA forms tightly bound complexes with Eu3+ and
Tb3+ (binding constants being reported as ca. 1015 at
pH 7) [28], which assure the physical integrity of the
probes in the presence of potentially competing ions
and/or proteins. 4-Aminosalicylic acid (4As) and 5-
aminosalicylic acid (5As) were chosen as the antennas
for Tb3+ and Eu3+ because their fluorescence spectra
overlap the excitation spectra of the respective EDTA
complexes. This is a recommended selection criterion
for intramolecular energy transfer between an organic
sensitizer and a lanthanide ion [25–27].
Fig. 1. Excitation and luminescence spectra of (A) 1.0 · 10�5 M 4As-
EDTA-Tb3+ and (B) 1.0 · 10�5 M 5As-EDTA-Eu3+ in 25 mM Hepes
recorded under (–––) SS and (- - -) TR conditions. Instrumental
parameters were as follows: (–––) 2 nm excitation and emission
band-pass; (- - -) delay time = 300 ls, gate time = 1000 ls, excitation
(15 nm) and emission (2 nm) band-pass.
Fig. 1A shows the steady state excitation and lumi-
nescence spectra of 4As-EDTA-Tb3+. The four sharp
peaks that appear in the luminescence spectrum of the
complex correspond to characteristic electronic transi-
tions of the lanthanide ion [25–27]. Upon sample excita-
tion at 270 nm, the luminescence intensity of
4As-EDTA-Tb3+ is approximately 1.4 · 102 higher than
that from EDTA-Tb3+ (data not shown). This is attrib-
uted to energy transfer from 4As to Tb3+. Fig. 1B shows
the SS and the time-resolved excitation and lumines-
cence spectra of 5As-EDTA-Eu3+. In this case, the lumi-
nescence enhancement promoted by energy transfer is
much lower than that observed in the Tb3+ complex.
The broad emission band in the SS spectrum of 5As-
EDTA-Eu3+ corresponds to the fluorescence contribu-
tion of the antenna. The luminescence of Eu3+ appears
only in the TR spectrum of the complex. A 300-ls delay
after the excitation pulse removes the fluorescence con-
tribution from 5As and provides a reference signal solely
based on the luminescence of Eu3+.

Number of available sites for protein interaction in the
first coordination sphere of the lanthanide ion

Luminescence quenching of lanthanide ions in aque-
ous solvents takes place via weak vibronic coupling with
the vibrational states of the O-H oscillators [25,26]. Be-
cause O-H groups act independently, the overall effect
on the rate of radiationless deactivation of the excited
state is proportional to the number of O-H oscillators
coordinated to the inner coordination sphere of the lan-
thanide ion. The replacement of O-H oscillators by low-
er-frequency oscillators, such as O–D oscillators, makes
the vibronic deactivation pathway much less efficient. As
a consequence, the luminescence lifetime of the excited
state becomes considerably longer. This effect can be
used to determine the number of water molecules coor-
dinated to the lanthanide ion. According to Horrocks
and Sundnick [27], the number of water molecules (q)
is given by the equation q ¼ ALNðs�1

H2O
� s�1

D2O
Þ, where

ALN is the proportionality constant for the lanthanide
ion and sH2O and sD2O are the luminescence lifetimes of
the lanthanide ion in H2O and D2O, respectively. ALN

values for Tb3+ and Eu3+ have been reported as 1.05
and 4.2, respectively [27].

Our lifetime experiments were carried out with com-
plex solutions prepared in aqueous buffer (25 mM
Hepes) or in aqueous buffer–D2O mixtures containing
different volume ratios of H2O–D2O. Measurements
were made at the maximum excitation and emission
wavelengths (kexc/kem) of the complexes; i.e., kexc/
kem = 305/547 nm for 4As-EDTA-Tb3+ and kexc/
kem = 312/615 nm for 5As-EDTA-Eu3+. The lifetime
in water was obtained from the average of six indepen-
dent measurements directly taken from the complex in
aqueous buffer (25 mM Hepes). sD2O was obtained
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experimentally and from extrapolation of the linear plot
between the experimental reciprocal luminescence life-
time (s�1) and the mole fraction of water ðvH2O

Þ in
H2O–D2O mixtures (see Fig. 2A). The agreement be-
tween the experimental (s�1 = 0.559 ms�1) and the
extrapolated (s�1 = 0.565 ms�1) values was excellent.
The numbers of coordinated water molecules were cal-
culated as 3.06 (5As-EDTA-Eu3+) and 2.95 (4As-
EDTA-Tb3+). Therefore, the maximum number of
available sites for protein–metal interaction can be
approximated to three in both complexes. These num-
bers are in good agreement with the fact that EDTA
was synthesized to coordinate five sites of the lanthanide
ion and that Eu3+ and Tb3+ can take up to eight or nine
molecules in their first coordination sphere. Fig. 2B
shows the effect of D2O on the luminescence intensity
Fig. 2. (A) Reciprocal luminescence lifetime (s�1) in ms�1 as a
function of mole fraction of water ðvH2O

Þ in D2O–H2O mixtures in
2 · 10�9 M 4As-EDTA-Tb3+ solution (25 mM Hepes).
A = 0.6864 ms�1 and B ¼ s�1

D2O
¼ 0:565 ms�1. Lifetime measurements

were performed at kexc/kem = 310/545 nm. (B) Luminescence intensity
of 5.0 · 10�6 M 5As-EDTA-Eu3+ (25 mM Hepes) as a function of
mole fraction of D2O. Intensity measurements were done at kexc/
kem = 316/615 nm. A = 250.8 cps�1and B = 38.2 cps. All measure-
ments were done using a 300- and 1000-ls delay and gate times,
respectively.
of 5As-EDTA-Eu3+. The maximum intensities were ob-
served in the absence of water ðvD2O

¼ 1Þ. The same type
of behavior was observed with 4As-EDTA-Tb3+.
Assuming that O-H oscillators are replaced by lower-
frequency oscillators in metal–protein interactions, the
presence of the protein should enhance the luminescence
intensity of the lanthanide complex.

Quantitative potential for protein analysis

The limit of detection (LOD) of an analytical method
is directly related to the smallest measure that can be de-
tected with reasonable certainty. The smallest discern-
able signal (xL) is typically calculated by xL = xB +
ksB, where xB is the main average of blank responses,
sB is the standard deviation of blank measurements,
and k is a numerical factor chosen in accordance to
the desired confidence level [28]. Therefore, to obtain
the best LOD with a specific analytical method, it is con-
venient to reduce the blank signal to the minimum pos-
sible value. Because our approach is based on
luminescence changes upon protein interaction with
the lanthanide ion, our LOD also depends on the mag-
nitude (xR) and reproducibility (sR) of the reference sig-
nal, i.e., the luminescence of the lanthanide ion in the
absence of protein.

With the aid of an appropriate delay (300 ls) after
the excitation pulse, our approach eliminates fluores-
cence background from biological matrices. Blank mea-
surements detect only instrumental noise and the
reference signal is free from fluorescence matrix interfer-
ence. Instrumental noise becomes a problem only if the
magnitude of the reference signal is close to that of
instrumental noise. Because the concentration of the
lanthanide complex is directly proportional to the refer-
ence signal, one can optimize the reproducibility of mea-
surements and the LOD with the appropriate standard
concentration. In doing so, one should also keep in mind
that there is a direct correlation between standard and
protein concentrations and protein traces are detected
only with relatively low complex concentrations. Careful
investigation of these parameters led us to set working
concentrations at 2 · 10�9 M (4As-EDTA-Tb3+) and
5 · 10�6 M (5As-EDTA-Eu3+). The lower working con-
centration of 4As-EDTA-Tb3+ reflects the higher lumi-
nescence enhancement promoted by the energy
transfer between 4As and Tb3+. Although this complex
is potentially more sensitive than 5As-EDTA-Eu3+, its
luminescence signal in the presence of proteins decays
considerably upon irradiation time in the sample com-
partment of the spectrofluorimeter. For quantitative
analysis, which is based on luminescence intensity, this
behavior is not a problem because the analyst can al-
ways measure reproducible signals by setting a constant
number of excitation pulses. On the other end, it be-
comes a problem when measuring luminescence decays



Table 1
Analytical figures of merita for three proteins obtained with 5As-
EDTA-Eu3+

Protein LDR (lg mL�1)b Rc LOD (ng mL�1)d

HSA 0.86–35.0 0.9992 26
CA 3.20–43.1 0.9996 97
c-Globulin 1.68–25.1 0.9998 56

a Measurements were made in 25 mM Hepes using excitation and
emission wavelengths of 316 and 616 nm, respectively. Excitation and
emission slits were 15 and 10 nm, respectively. Delay and gate times
were 300 ls and 1 ms, respectively.

b LDR, linear dynamic range.
c R, correlation coefficient.
d LOD, limit of detection.
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because it provides inaccurate lifetime values. Since our
approach bases qualitative analysis on lifetime measure-
ments, we decided to drop further investigations with
4As-EDTA-Tb3+.

Fig. 3A shows the calibration curve of HSA obtained
with 5 · 10�6 M 5As-EDTA-Eu3+. The experiments
were performed in batch (25 mM Hepes) and signal
intensities were measured after 15 min of protein mixing.
At this concentration, the signal-to-noise ratio of the
reference signal was 3 and the relative standard devia-
tion was 2.6% (N = 16). Clearly, there is a direct corre-
lation between the luminescence intensity and the HSA
concentration. Linear relationships were also obtained
Fig. 3. (A) Calibration curve for HSA obtained with 5 · 10�6 M 5As-
EDTA-Eu3+ in 25 mM Hepes. Intensity measurements were done at
kexc/kem = 316/615 nm using 0.03- and 1000-ms delay and gate times,
respectively. XR = reference signal; A = 6066 mL lg�1 cps�1 and
B = 557,990 cps�1. (B) Fitted luminescence decay curve for
5 · 10�6 M 5As-EDTA-Eu3+ in the presence of 35 lg mL�1 HSA.
Mixture was prepared in 25 mM Hepes. Experimental parameters for
wavelength–time matrix collection were the following: kexc/kem = 316/
615 nm; initial delay = 0.03 ms; gate width = 0.5 ms; gate
step = 0.06 ms; number of accumulations per spectrum = 100 laser
pulses; number of kinetic series per wavelength–time matrix = 40; slit
width of spectrograph: 10 mm.
with CA and c-globulin. Table 1 summarizes the analyt-
ical figures of merit obtained for these three proteins.
The luminescence intensities plotted in the calibration
graphs are the averages of individual measurements ta-
ken from three aliquots of the same working solution.
The linear dynamic ranges (LDR) of the calibration
curves are based on at least five protein concentrations.
The lowest limit of the LDR corresponds to a concen-
tration 3.3· the LOD. Because the presence of protein
enhances the luminescence of Eu3+ and does not deteri-
orate the precision of measurements, the relative stan-
dard deviation (RSD) at the lowest limit of the LDR
is better than 2.6%, i.e., the RSD of the reference value.
The correlation coefficients and the slopes of the log–log
plots (data not shown) are close to unity, demonstrating
a linear relationship between protein concentration and
signal intensity. The LOD were calculated with the
equation LOD = 3sR/m; where m is the slope of the cal-
ibration curve and sR is based on 16 measurements of
the reference signal. A straightforward comparison with
reported LOD for these three proteins is difficult be-
cause different instrumental setups and experimental
and mathematical approaches have been used for their
determination. However, we can safely state that our
LOD are of the same order of magnitude as those
previously reported with the most sensitive methods
[11–17].

Qualitative potential of 5As-EDTA-Eu3+

The replacement of O-H oscillators by the O-D vari-
ety causes a significant change in the luminescence life-
time of the complex. Assuming a similar effect upon
protein binding, we investigated the possibility of using
luminescence lifetime for protein identification. The
experiments were carried out in batch (25 mM Hepes)
with a 5 · 10�6 M final concentration of 5As-EDTA-
Eu3+ in the analytical sample. The exponential decays
were collected at kexc/kem = 312/615 nm after 15 min of
protein mixing. Protein concentrations in the final mix-
tures varied within the LDR of the calibration curves.
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Fig. 3B shows a typical decay in the presence of
35 lg mL�1 HSA, i.e., a protein concentration at the
upper limit concentration of the LDR (see Table 1).
The agreement between the calculated and the observed
points over the two lifetimes of the decays agreed to
within about 1% and the residuals showed no systematic
trends. Single exponential decays with excellent fittings
were also observed in the presence of 43.1 ng mL�1

CA and 25.1 ng mL�1 c-globulin. The single exponential
decays suggest that only one type of microenvironment
per protein surrounds Eu3+ or that only one type of
microenvironment significantly contributes to the mea-
sured lifetime. Table 2 compares the reference lifetime
(absence of protein) to the lifetimes in the presence of
the three proteins. For a confidence level of 95%
(a = 0.05; N1 = N2 = 6) [28], the reference value was sta-
tistically different from the lifetime in the presence of the
three proteins, demonstrating that the lifetime of the
complex is sufficiently sensitive to detect the presence
of these proteins. The lifetime in the presence of CA
was significantly different (p = 0.05; N1 = N2 = 6) from
the lifetimes in the presence of the other two proteins.
The same is true for HSA and c-globulin, which demon-
strates the possibility of using the complex to identify
any one of these proteins in the presence of the other
two. The lifetimes in the presence of the three proteins
are significantly longer than the lifetime in the absence
of proteins. This is in agreement with the luminescence
enhancement observed upon protein interaction with
the complex and the assumption that their interactions
substitute the O-H oscillators of water molecules with
lower-frequency oscillators in the inner coordination
sphere of Eu3+. The difference in lifetime values may
be ascribed to structural differences of the three proteins
[17,18]. Although HSA and CA have both a helix and b
sheet structure, CA has mostly b sheet structure. c-
Globulin has only b sheet structure. HSA and CA are
hydrophilic types of proteins and c-globulin is a hydro-
phobic type of protein [17,18].
Table 2
Comparison of luminescence lifetimes measured with 5As-EDTA-
Eu3+ in the absence and the presence of proteins

Proteina Lifetimeb (ls) RSDc (%)

— 210 ± 5 2.4
HSA 288 ± 6 2.1
CA 259 ± 5 1.9
c-Globulin 232 ± 6 2.8

a Protein solutions were mixed with 5 · 10�6 M complex to provide
the following final concentrations: 35 lg mL�1 HSA, 43.1 ng mL�1

CA, and 25.1 ng mL�1 c-globulin. All solutions were prepared in
25 mM Hepes.

b Lifetimes are the average values of six measurements taken from
six aliquots of sample solution. All measurements were made at kexc/
kem = 316/615 nm.

c RSD, relative standard deviations of luminescence lifetimes.
Simultaneous determination of HSA and c-globulin in

binary mixtures

Our approach bases quantitative analysis on the lin-
ear relationship between signal intensity and protein
concentration. Because there is no spectral shift upon
protein interaction, the qualitative parameter for protein
identification is the luminescence lifetime. Unless the
target protein is the only protein in the analytical sam-
ple, these two parameters should be simultaneously con-
sidered to achieve accurate qualitative and quantitative
analysis. In this section, we demonstrate the feasibility
of determining the concentration of HSA and c-globulin
in binary mixtures using a chemometric model to simul-
taneously process signal intensity and lifetime data.

A variety of linear regression methods for multicom-
ponent analysis have been proposed, among which the
most popular is partial least squares (PLS). De facto,
PLS has become the standard for multivariate calibra-
tion because of the quality of the calibration models,
the ease of implementation, and the availability of com-
mercial software [29–34]. In addition, PLS uses full data
points, which is critical for the spectroscopic resolution
of complex mixtures of analytes. It allows for a rapid
determination of components, usually with no need for
prior separation. An additional advantage of PLS is that
calibration can be performed by ignoring the concentra-
tions of all other components except the analyte of inter-
est. PLS regression has already been used to predict the
concentration of HSA and c-globulin in binary mix-
tures, but protein determination was based on the differ-
ences observed in second-derivative near-infrared
spectra [17,18]. In our case, PLS uses the luminescence
lifetimes as discriminatory parameters and regresses
the luminescence decays onto the concentrations of the
standards.

The calibration set for chemometric analysis was
built with a nine-sample set. The component concentra-
tions corresponded to a three-level full-factorial design
with protein concentrations ranging from 10 to
30 lg mL�1 HSA and from 10.0 to 20.0 lg mL�1 c-glob-
ulin. The validation set was also built with a nine-sample
three-level full-factorial design, but the component
concentrations were different from those used for the
calibration set. The fact that the component concentra-
tions spanned the concentrations ranges of the calibra-
tion set allowed us to draw conclusions on the
predictive ability of the implemented models. The de-
cays for all sets were recorded in random order with re-
spect to protein concentrations at kexc/kem = 312/
615 nm.

Table 3 shows the time windows (or regions) of the
luminescence decays and the optimum number of fac-
tors used for calibration, the root-mean-square error
of cross-validation (RMSECV), and the relative error
of prediction (REP %). The optimum number of fac-



Table 3
Statistical parameters obtained by PLS 1

Parameters HSA c-Globulin

Region (ls) 30–3000
(50 data points)

30–3000
(50 data points)

Factorsa 2 2
RMSECVb (lg/mL) 1.94 1.47
REP (%)c 9.9 10.1

a Factors were selected following the Haaland criterion [29].
b RMSECV ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
ðxact�xpredÞ2

I

q

c REPð%Þ ¼ RMSECV� 100=�xact, where xact is the actual concen-
tration in calibration samples, xpred is the predicted concentration with
the PLS model and �xact is the average concentration in the calibration
set.
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tors—which allows one to model the system with the
optimum data volume avoiding overfitting—was deter-
mined with the cross-validation procedure. This proce-
dure removes one training sample at a time and uses
the remaining samples to build the latent factors and
regression [29]. Table 4 shows the experimental results
obtained from several binary samples with the optimized
calibration set. The agreement between the predicted
and the actual protein concentrations is excellent for
both proteins, demonstrating the potential of the meth-
od to simultaneously distinguish and quantify both pro-
teins in the studied concentration range.
Conclusion

The two lanthanide complexes present the appropri-
ate spectral characteristics for the purpose at hand,
i.e., to serve as luminescence reporters for liposome–pro-
tein interaction. Strong absorption from biological
matrices typically occurs below 300 nm. The broad
excitation spectra of 4As-EDTA-Tb3+ and 5As-
EDTA-Eu3+ provide ample opportunity for finding an
Table 4
Comparison of predicted and actual protein concentrations in binary mixtu

Validation samples HSA

Actual Predicted Recov

1 15.0 14.4 96.0
2 15.0 16.3 108.7
3 15.0 15.3 102.0
4 20.0 18.5 92.5
5 20.0 21.2 106.0
6 20.0 20.6 103.0
7 25.0 21.5 86.0
8 25.0 27.6 110.4
9 25.0 26.6 106.4

Average recovery (%) 101.2
Standard deviation 8.1
RSDa 0.08

a RSD, relative standard deviation.
appropriate excitation wavelength with reduced primary
inner filter effects. Our experiments were performed
upon sample excitation at their maximum excitation
wavelengths, but longer excitation wavelengths can cer-
tainly promote efficient energy transfer and reproducible
reference signals. Their long luminescence lifetimes al-
low one to use a 300-ls delay after the excitation pulse
and still collect strong luminescence from the probe.
This delay is long enough to reduce short-lived fluores-
cence biological background to instrumental noise. As
a consequence, both reference signals solely rely on the
well-characterized luminescence spectra of the lantha-
nide ions. Because their spectral profile does not change
upon chemical perturbation, protein determination is
based on reliable reference signals. In both complexes,
EDTA takes five coordination sites in the first coordina-
tion sphere of the lanthanide ion, forming tightly bound
complexes. This is important to retain the physical integ-
rity of the probe upon protein interaction.

Protein interaction enhances the luminescence signals
of Tb3+ and Eu3+. The observed luminescence enhance-
ments are attributed to the removal of water molecules
from the three remaining coordination sites of the lan-
thanide ion. There is a linear correlation between the
concentration of the complex and the minimum protein
concentration detected with the probe. The higher lumi-
nescence intensity of 4As-EDTA-Tb3+ provides a mini-
mum working concentration—i.e., a complex
concentration that still produces a reproducible refer-
ence signal—approximately three orders of magnitude
lower than the working concentration of 5As-EDTA-
Eu3+. This fact makes 4As-EDTA-Tb3+ the more sensi-
tive probe. Unfortunately, its luminescence intensity
decays considerably upon sample excitation and makes
it unsuitable for accurate lifetime analysis.

On the other end, 5As-EDTA-Eu3+ turned out to be
a valuable probe for liposome–protein interaction.
Based on its luminescence intensity, it was possible to
res

c-Globulin

ery (%) Actual Predicted Recovery (%)

12.5 11.1 88.8
12.5 11.7 93.6
12.5 13.9 111.2
15.0 14.5 96.7
15.0 15.3 102.0
15.0 15.8 105.5
17.5 16.4 93.7
17.5 15.0 85.7
17.5 18.0 102.9

97.8
8.3

0 0.084
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quantify CA, HSA, and c-globulin at the parts per bil-
lion level. The concentration ranges examined in the
present study cover the concentration values typically
found for HSA, CA, and c-globulin in clinical tests of
human blood serum. Our LOD were of the same order
of magnitude as those previously reported with the most
sensitive methods [11–16,1]. Its luminescence decay,
which followed well-behaved single exponential decays
in the presence and the absence of proteins, provides a
selective parameter for protein identification on the
bases of lifetime analysis.

The combination of luminescence intensities and de-
cays with a PLS calibration model made feasible the di-
rect determination of HSA and c-globulin in binary
mixtures. However, for the analysis of matrixes with
higher complexity—such as those typically found in
physiological fluids—an additional parameter for selec-
tivity might be necessary to reduce potential interference
from other proteins. Future studies in this direction will
incorporate 5As-EDTA-Eu3+ into polymerized lipo-
somes specifically designed to recognize a target protein
in a complex matrix.
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