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Abstract: We present a promising approach to protein sensing based on Eu®* ions incorporated into
polymerized liposomes. The sensitization of Eu3* is accomplished with 5-aminosalicylic acid, which provides
energy transfer for a stable reference signal and a wide wavelength excitation range free from protein
interference. The lipophilic character of polymerized liposomes provides the appropriate platform for protein
interaction with the lanthanide ion. Quantitative analysis is based on the linear relationship between the
luminescence signal of Eus* and protein concentration. Because no spectral shift of the lanthanide
luminescence is observed upon protein interaction, qualitative analysis is based on the luminescence lifetime
of polymerized liposomes. This parameter, which changes significantly upon protein—liposome interaction,
follows a well-behaved single-exponential decay that might be useful for protein identification.

Introduction aggregated? Attempts have been made to correct the main
) .. disadvantage of the Bradford assay, i.e., the considerable

Development of sensing schemes capable of recognizing, nqerestimation of protein content of membrane-containing
specific proteins in complex biological matrixes remains an fractions, which rely on sample pretreatment with membrane-

analytical challengé.® Since 1922, when Wu proposed the Use s nting agents such as NaBidr detergents (Triton X-100§,
of the Folin phenol reagent to determinate protein concentrétion, These approaches, however, do not address an inherent limita-

traditipnal .approaches es.timate totgl protein content .rely.ing ONtion of the assay, which is the measurement of absorption in
proteins binding to organic dyes with strong absorption in the e yitraviolet (UV) and visible (vis) ranges of the spectrum.
ultraviolet and visible regions of the spectrum. The wide scope Spectroscopic measurements in the-Us are prone to strong
and good reproducibility of the Lowry protein as&wave made  \ayiy interference. Absorption and fluorescence from con-

it the method generally applied for this purpose. Because of its o itants can certainly deteriorate limits of detection, reproduc-
speed of analysis and sensitivity, the binding assay reported byibility and accuracy of analysis.

Bradforc? has a!so. become a popular alternative among re-  pecent trends provide higher sensitivity by using fluorescent
searchers. Despite its popularity, the Bradford procedure present%yes optically active in the near-infrared, a wavelength region

significant disadvantages. These include different binding stoi- , .+, relatively lower spectral interference from biological
chiometry between the dye (Coomassie brilliant blue G-250) | ~trixesl314 Another sensitive approach is based on the
and different protein$? nonlinearity of color yield versus total |, inescence of lanthanide ions particularly’Eand TH+
protein conten?,and incorrect quantitation of denaturated protein Their long-lived luminescence is é good match to time-resblved

P : techniques, which discriminate against short-lived background

; University of Central Florida. fluorescence and scattered excitation light. Because their emis-
North Dakota State University. . . . .

§Current address: @edra de Qu-nica Analtica |, Facultad de Bio- sion |nVOIVeS one Of the Shle|d6d f‘level e|eCtr0nS, '[hEII'

quimica y Cierécci:az leoslg:;ggg LSJniversidad Nacional del Litoral, Ciudad  luminescence is less sensitive to oxygen quenching than
Universitaria, 42- , Santa Fe, Argentina. i 17
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Offsetting these advantages is the fact that lanthanide’sto primary and secondary inner filter effects. Keeping this
luminescence is quite weak as a result of low molar extinction possibility in mind, we selected 5-aminosalycilic acid (5As) as
coefficients, particularly in aqueous solvents. Water molecules the sensitizer. 5As provides the luminescence enhancement
strongly bind to the lanthanide ion and quench its luminescenceneeded for reproducible El signal intensity and a wide
via weak vibronic coupling with the vibrational states of the wavelength excitation range free from matrix interference.
O—H oscillators!® Significant enhancements for analytical use Ethylenediaminetetraacetic acid (EDTA) was chosen as the
are often achieved with chelating agents that remove water chelating agent because it forms a tightly bound complex with
molecules from the lanthanide’s primary coordination sphere. EW®* (binding constant being reported as cal®l& pH 7)2°
The presence of a chelating agent also provides ample op-This fact ensures the physical integrity of the probe in the
portunity for covalent attachment of a “sensitizer” (or “antenna”) presence of potentially competing ions and/or proteins.
to the coordination sphere of the lanthanide ion. Sensitizers are  Syntheses of the ComplexesReports on polymerized
typically organic molecules that strongly absorb and transfer liposomes capable of complexing lanthanide ions are relatively
excitation energy to the metal ion, thereby overcoming the few. To the extent of our literature search, only one article

inherently weak absorption of lanthanide idfiBecause the

previous to our work31 reports on a polymerized liposome

luminescence lifetimes of lanthanide complexes remain in the containing G&" for magnetic resonance imaging #¥8&%32The
microsecond to millisecond time domain, time-discrimination syntheses of SASEDTA—EW and the polymerizable lipid

of fluorescence background is still possible.

incorporating this complex as the headgroup (lipiEu") are

In this article, we introduce a promising approach to protein shown in Scheme 1. The carboxylic acid group of EDTA

sensing based on Euions incorporated into polymerized

triethyl estef® was activated with NHS and DCC; the resultant

liposomes. Polymerized liposomes are spherically closed lipid active ester was combined with 5As to afford the amide-ester
bilayers with aqueous interior that offer an adequate platform 4, The free acid group of compourbwas then coupled with

for protein interactio® Unlike unpolymerized vesicles, proteins

cannot insert into the lipid bilayer of polymerized liposomes.

the reported polymerizable amir! to yield the lipid 1 in
protected form. The ester groups were hydrolyzed with LiOH;

Instead, they interact with the outer lipid layer of the vesicle |owering the pH of the reaction mixture to 3.0 (with HCI)

via metal-liganc®122 and receptorliganc?®24 interactions.

precipitated the lipid as a white solid. Small and giant polym-

Because polymerized liposomes are appreciably more stable tharerized liposomes from lipid.El?* (10 wt %, 90% polymer-
their nonpolymerized counterparts, they provide more robust izable phosphocholinBC1) were prepared following literature
platforms for protein sensing. Lanthanide ions incorporated into procedure$4—37 The giant liposomes were found to precipitate
polymerized liposomes have been used as magnetic resonancgoon after polymerization; hence, these liposomes were not

contrast agent®,26but their potential for protein determination

has not been explored yet. Similarly, protein sensing via

investigated any further.
Spectral Characteristics of the Polymerized Liposomes.

polymerized liposomes has been reported, but their sensingrigure 1A shows the steady state (SS) excitation and emission
ability has been based on the fluorescence properties of organicspectrum of EDTA-EW at neutral pH (25mM HEPES buffer).
dyes?2® Our approach takes advantage of time-resolved | yminescence excitation at 395 nm promotes five characteristic
lanthanide luminescence to provide a sensitive sensing schemgands resulting from the electronic transitions that occur from
with potential applications in quantitative and qualitative analysis the 5D, to the’F manifold. The most intense bands correspond

of target proteins.

Results

to the 3Do—7"F; (593 nm) and®Do—’F, (616 nm) transitions.
The peaks at 580 nn?@o—"Fg), 651 nm fDo—"F3), and 698
nm (Do—"F4) result from forbidden transitions and, therefore,

Optical spectroscopy has been extensively applied to the studyye relatively weak. Figure 1B shows the SS excitation and
of protein structure. Strong protein absorption and fluorescence fiyorescence spectra of 5As. The maximum excitation at 326
emission usually occur below 300 and 450 nm, respectively. nm reduces the possibility of primary inner filter effects from
Spectral bands are fairly broad and typical full-widths at half- proteins. Because its fluorescence overlaps with the 466 nm

maximum may vary from 45 to 65 nm. As previously men-

excitation peak of EDTAEW", the possibility of energy

tioned, the spectral region between 200 and 450 nm is tansfer exists.
undesirable for bioanalytical work as the assay may be prone Figure 2A shows the SS excitation and emission spectra of

(16) Bemquerer, M. P.; Bloch, C.; Brito, H. F.; Teotonio, E. E. S.; Miranda, M.
T. M. J. Inorg. Biochem2002 9, 363.

(17) Franz, K. J.; Nitz, M.; Imperiali, BChemBioChen2003 4, 265.

(18) Wu, S. L.; Horrocks, W. D., JAnal. Chem1996 68, 394.

(19) Sabbatini, N.; Guardigli, M.; Lehn, J.-)@oord. Chem. Re 1993 123
201.

(20) Lasic, D. D.Liposomes: From Physics to ApplicatigriSlsevier: New
York, 1993.

(21) Megli, F. M.; Selvaggi, M.; Huber, RBiochemistry1998 37, 10540.

(22) shnek, D. R.; Pack, D. W.; Sasaki, D. Y.; Arnold, F.ltdngmuir1994
10, 2382.

(23) Kitano, H.; Kato, N.; Ise, NBiotechnol. Appl. Biocheml991, 14, 192.

(24) Kitano, H.; Sohda, K.; Kosaka, Aioconjugate Chenml995 6, 131.

(25) Storrs, R. W.; Tropper, F. D.; Li, H. Y.; Song, C. K.; Kuniyoshi, J. K;;
Stipkins, D. A.; Li, K. C. P.; Bednarski, M. DJ. Am. Chem. S0d.995
117, 7301.

(26) Sipkings, D. A.; Cheresh, D. A.; Kazemi, M. R.; Nevin, L. M.; Bednarsky,
M. D. Nat. Med. (N.Y.)L998 4, 623.

(27) Stora, T.; Lakey, J. H.; Vogel, Angew. Chem., Int. EAL999 38, 389.

(28) Malony, K. M.; Shnek, D. R.; Sasaki, D. Y.; Arnold, F. Bhem. Biol.
1996 3, 185.

the complex (5AsEDTA—EW"). The broad excitation and
emission bands are attributed to the presence of the antenna.
The relatively weak luminescence from £us overwhelmed

by the strong fluorescence of 5As, and its contribution to the

(29) Parker, D.; Gareth Williams, J. A. Chem. Soc., Dalton Tran996 3613.

(30) Roy, B. C.; Fazal, M. A; Arruda, A. F.; Mallik, S.; Campiglia, A. Drg.
Lett. 200Q 2, 3067.
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Scheme 1. Syntheses of 5As—EDTA—Eu3" and the Polymerizable Lipid Incorporating This Complex as the Head Group (Lipid 1.Eu3*) Are

Shown?a
5-As-EDTA-Eu®* I

(1) LiOH, CH,Cly-MeOH-
THF, 1t, 15 h (75%)
(2) EuCl3.6H,0, H,0

reflux (96%)
COzEt
(CozEt NHS, DCC, DMM, rt, 12 h
» DCC, 1 /\/N\/COZEt
HO\"/\N/\/N\/COZEt s b/ \'I/\
o L en NH COzEt
CO,Et HO 2
Et;N, CHCl;-DMF, 1t, 10 h (82%)
(1) 5, BOP, Et3N, CHCl,
10 h, rt (71%)
RCOHN (2) LiOH, CHCly-MeOH-THF,
rt, 14 h (96%)
o (3) EuCls, CHCl3-MeOH,
RCOHN \/\o/\/ SN, | S oo
(Polymenzable amine 5]
RCOHN

COO Eu®*Complex

R = H3C~(CHp)y—==—"==—"(CHy)g
Lipid 1.Eu%*
H3C-(CHz)g—==—==—(CH,)s-C-O o
Joodo M
HaC-(CH)g—= NNV

—=(CH2)a'ﬁ'O o

a Also shown is the structure of the polymerizable phosphochdti@é used as the major component of the liposomes.

SS spectrum is unnoticeable. Figure 2B depicts the SS excitationat 298 nm, 326 nm (the maximum wavelength of the antenna),
and emission spectrum of the complex incorporated into the and 395 nm, i.e., a wavelength for the direct excitation o¥'Eu
liposome. Its comparison to Figure 2A shows broader excitation (see Figure 1A). The best signal-to-noise (S/N) ratio away from
and emission bands and red-shifts in both wavelength maxima.protein absorption was clearly obtained via energy transfer from
These changes are attributed to the fluorescence contributionthe antenna. This excitation wavelength (326 nm) was then used
from the backbone of the polymerized liposomes. Similar to for all further studies.
the unbound complex, the luminescence of Edpes not appear Absorption and Fluorescence Characteristics of Target
in the SS spectrum of the polymerized liposome. It only appears Proteins. Three proteins were randomly selected for our studies,
in the time-resolved (TR) spectrum. A 13 delay removes  namely, bovine serum albumin, carbonic anhydrase (bovine
the fluorescence contribution from the antenna and the liposomeserythrocyte), angr-globulin (bovine serum). Table 1 relates their
providing a probe that relies only on the emission wavelengths absorption and fluorescence characteristics at neutral pH. As
of Eu3t. expected, the three proteins show strong absorption and
Figure 3A depicts the TR excitatieremission matrix of the fluorescence within 206320 nm and 356450 nm, respec-
polymerized liposomes. Although the strongest excitation occurs tively. Their absorptivities decrease with increasing wavelength
between 275 and 325 nm, a wide excitation range is available and become negligible at the excitatioh,& = 326 nm) and
to promote luminescence from the lanthanide ion. This versatility the emission Aem = 615 nm) wavelengths of the proposed
provides ample opportunity for finding an appropriate excitation sensor. Their fluorescence intensities show similar wavelength
wavelength with no matrix interference. Figure 3B compares dependence but, under steady-state conditions, interfere with
the luminescence emitted by the lanthanide ion upon excitationthe reference signal. Because their fluorescence decays are

10740 J. AM. CHEM. SOC. = VOL. 126, NO. 34, 2004
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Figure 2. Steady-state excitation and emission spectra recorded from (A)
Wavelenght (nm) 103 M 5As—EDTA—EW* and (B) 92.3 mg.~lpolymerized liposome

. o L solutions. Both solutions were prepared in 25 mM HEPES. (A) Spectra
Figure 1. Steady-state excitation and emission spectra recorded from (A) yare recorded using 2 nm excitgtioel and emission band-pass(. ()B) pSpectra
10 M El.J_EDTA and (B) 10° M 5As solutions. Both SO.IUt'OnS werée were recorded using 7 and 2 nm excitation and emission band-pass,
prepared in 25 mM HEPES. (A) Spectra were recorded using 10 and 5 nm respectively
excitation and emission band-pass, respectively. A cutoff filter was used at ’
550 nm to avoid second-order emission. (B) Spectra were recorded using

15 and 2 nm excitation and emission band-pass, respectively. . . .
P P y with the following equation:q = A n(TH2o * — Tp20 1),28 where

g is the number of water molecules in the first coordination

shorter than the fluorescence decay of the polymerized lipo- SPhere of E&", Ay is the proportionality constant (1.05) for
somes, using a 15@ delay also eliminates protein fluorescence EW", andzhzo andpzo are the luminescence lifetimes of the
interference. In fact, under these instrumental parameters, therdiposome in HO and RO, respectively.
is no protein contribution to either primary or secondary inner ~ Assuming that proteirliposome interaction would replace
filter effects. water molecules in the inner coordination sphere of'Ewe
Number of Eu3* Sites Available for Protein Interaction. determined the number of available sites for metabtein
Ew* can accommodate up to eight or nine molecules of water interaction as the number of lanthanide-coordinated water
in its first (inner) coordination sphefWhen solvents contain- molecules. Lifetime experiments were carried out with liposome
ing OH groups are coordinated to Euefficient nonradiative ~ Solutions prepared in aqueous buffer (25 mM HEPES) or in
deactivation of the excitedDo level takes place via weak @queous buffer: BD mixtures containing different volume ratios
vibronic coupling with the vibrational states of the—® of H,0—D:0. All measurements were made/aidAem = 326/
oscillators. Because the-@H oscillators act independently, the 615 nm. The lifetime in waterzfzo = 223.0+ 7 us) was
overall effect on the rate of radiationless deactivation is Obtained from the average of six independent measurements

proportional to the number of ©H oscillators in the inner  directly taken from the polymerized liposomes in aqueous buffer

coordination sphere of Bt. If the O—H oscillators are replaced (25 MM HEPES). The BD value oo = 638.8 us) was

by the lower frequency ©D oscillators, the vibronic deactiva- ~ obtained from extrapolation of the linear plot between the
tion pathway becomes much less efficient. As a result, the experimental reciprocal luminescence lifetinae'f and the mole
luminescence lifetime of the lanthanide ion is enhanced, and fraction of water g20) in H2O—D,O mixtures (see Figure 4).
the lifetime of the excited state becomes longer. The differences The number of coordinated water molecules was calculated as
in the effects of HO and DO upon luminescence lifetimes can 3.06, which is in good agreement with the fact that EDTA was
be used to determine the number of water molecules coordinatecfyNthesized to coordinate five sites in the first coordination

to EW*. The number of water molecules can be determined SPhere of the lanthanide ion. _ _
Quantitative Analysis with the Polymerized Liposomes.

(38) Horrocks, W. D., Jr.; Sudnick, D. Acc. Chem. Re<.981, 14, 384. Similar to the expected effect on the luminescence lifetime, the
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Figure 4. Reciprocal luminescence lifetime¢) in us™! as a function of
mole fraction of water )fn20) in DoO—H,0 mixtures in Ec-EDTA (1:1)
solution.A = 1,535+ 0.1017us™ %, andB = tp2o 1 = 1.565x 103 us™%

Table 2. Analytical Figures of Merit? Obtained with the Liposome
Sensor

LDR® ye RSD! LOD?
protein® (mg-L™Y) R2d (mg-L™Y) (%) (mg-L7Y)
albumin 1.8-27.0 0.9990 15620 3 1.8
CA 1.7-245 0.9992 16 260 3 1.7
y-globulin 0.90-18.0 0.9991 47 360 2 0.9

a Analytical figures of merit were obtained with commercial spectro-
fluorimeter.? Protein solutions were prepared in 25 mM HEPES. €A
carbonic anhydras€.LDR = linear dynamic range of calibration curve
defined from the limit of detection to the upper linear concentratid=

ved lumi tra (S@D0 ded at th itati variance of calibration curvé.y = analytical sensitivity defined as the slope
resolved UMminescence spectra ( nm) recorded at three excitation 4t the calibration curve divided by the precision of measurements at medium
wavelengths from a 92.3 rrig™* polymerized liposome solution prepared  cqncentration RSD = relative standard deviations at medium concentra-
in 25 mM HEPES. All spectra were recorded using 30 and 2 nm excitation tjons.9LOD = limit of detection. Values correspond to the protein
and emission band-paS§, respe‘CUVe‘Iy. Other acquSItlon parameters Wer&oncentration g|v|ng a S|gn&|: V8 + 3SBy WhereyB is the average signal
150us delay and 100@s integration time. A cutoff filter was used at 450  in the absence of protein arsg is its standard deviation.

nm to avoid second-order emission. (B) Excitation spectrum-250 nm)
was recorded monitoring the luminescence intensity at 615 nm. A convenient way to eliminate batch-to-batch variability was

Table 1. Absorption and Fluorescence Characteristics of Target to work with appropriate amounts of liposome that provided

Proteins the same 5ASEDTA—EW" concentration in all analytical
A B aas; Bs” e, Aen® samples. The final concentration was chosen to be 506
protein® (m; L-em=g7?)  (LeemtgY) (nm) IR® M. At this concentration, the S/N was 20 and the relative
albumin 278; 1.9 0.25;0.02 269;342 36104 standard deviation of sixteen determinatioNs< 16) was 2.6%.
carbonic 279;2.6 0.76,0.23  282;340 0.01 Liposome working solutions were prepared upon appropriate
y_gﬁ‘ggzﬁ‘;ase 27824 027001 270:334 6610 dilutions with HEPES buffer (neutral pH). The dilution factors

were based on the complex concentration in the original
a Protein solutions (30 mg/L) were prepared in 25 mM HEPES buffer, liposome sample. The original concentration was determined
g:'mz Zi}?\h b rﬁn:tj;rmgg;]mvygl :}gﬁogﬁg?&gﬁ;ﬂggrgﬁﬁ%:aﬁggsz%fl;tri]\g%15 with the method of standard additions. This approach was the
nm.  Maximum exﬁ’itaﬁon Texd) ar?d ﬁuorescencdz ) wavelengthse IR method of choice to compensate for potential matrix interfer-
= intensity ratio between fluorescence at 326 and 615 nm and at the ence. Different volumes of a concentrated SADTA—EW+
maximum excitation and emission wavelengthg{ Zem). solution were added to several different sample aliquots of the
same liposome volume. The volumes of the standard additions
presence of BD enhanced the luminescence signal of the were negligible in comparison to the liposome volumes to ensure
polymerized liposomes. The luminescence enhancement waghat the sample matrix was not significantly changed by dilution
directly proportional tgypzo. Predicting a similar effect in the  with the added standards. The luminescence signal was moni-
presence of the target proteins, we evaluated the quantitativetored in the presence of various protein concentrations, and the
performance of the proposed sensor. Initial studies tested themeasurements were made in batch (25 mH HEPES, neutral pH).
batch-to-batch reproducibility of the liposome signal. Signal To account for signal stabilization, measurements were done
variations within 1 order of magnitude were observed from batch after 15 min of protein mixing.
to batch. The lack of reproducibility results from different final Table 2 summaries the analytical figures of merit obtained
concentrations of SASEDTA—EW" in the liposome. for the three proteins. The luminescence intensities plotted in

10742 J. AM. CHEM. SOC. = VOL. 126, NO. 34, 2004
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Table 3. Comparison of Luminescence Lifetimes Measured with
10000 the Liposome Sensor in the Absence and the Presence of
b Proteins

- protein? lifetime® (us) RSD* (%)

— 233.0+ 7.0 3.1
albumin 294.0+ 7.6 2.6
6000 y-globulin 301+ 8.0 2.6
= carbonic anhydrase 3534837.5 2.1

8000

Intensity

4000 = . . . . ) ) .
- a Protein solutions were mixed with a fixed concentration of liposome

| (92.3 mgL ™) to provide the following final concentrations: 27 rhg?

2000 - = of albumin, 24.5 mg_~! of carbonic anhydrase, and 18.0 thg! of

Futap = y-globulin. All solutions were prepared in 25 mM HEPES.iposome
-ll-l...-...-. lifetimes are the averages of six measurements taken from six aliquots of

04 sample solution. All measurements were madée@gfiem = 326/615 nm.

¢ RSD = relative standard deviations of luminescence lifetimes.

—T 1 1 1 1 1 1 1 - 1 1
-200 0 200 400 600 800 1000 1200 1400 1600 1800

Delay (us) reference lifetime (absence of protein) to the lifetimes in the

) . . ) : . presence of the target proteins. For a confidence level of 95%
Figure 5. Fitted luminescence decay curve for polymerized liposome in = 0.05:'N: = N» = 6)3th f | isticall
the presence of carbonic anhydrase. Experimental parameters for wavelength (a — MU, L N2 )j the reference value Was statistically
time matrix collection were the followingZexdAem = 326/615 nm, time different to the lifetime in the presence of proteins, demonstrat-
delay= 1000 ns, gate widtkr 500 000 ns, gate step 40 000 ns, number  jng that the lifetime of the liposomes is sufficiently sensitive to

of accumulations per spectrum 100 laser pulses, number of kinetic series ; T
per wavelength time matrix 40, and slit-width of spectrograph: 1 mm. probe the presence of a target protein on the bases of lifetime

Polymerized liposome and carbonic anhydrase were mixed in 25 mm analysis. The lifetime in the presence of carbonic anhydrase
HEPES to produce final concentrations of 92.3-bng and 24.5 m¢_ "1, was statistically differentR = 0.05, N; = N, = 6) to the

respectively. lifetimes in the presence of the other two proteins. It is possible,

h librati h h f individual therefore, to use the liposome sensor to identify carbonic
the calibration graphs are the average of individua measure'anhydrase against albumin apeglobulin. On the other end,

ments taken from three aliquots of the same working solution. albumin andy-globulin provided statistically equivalenP (=
The linear dynamic ranges of the calibration curves are based g N, = N, = 6) lifetimes. The inability to differentiate

?n_ at least fl(\j/ehproltem copcr:enltratlonsl. Thz correlatlrc])n coef- between these two proteins shows the need for an additional
|C|en|ts R)_an t ezopeso t € 0‘30'9 plots (I a‘_[a nor:_s t?wn) parameter to improve the selectivity of the proposed sensor
are close in unity, demonstrating a linear relationship between . -4 o target protein.

protein concentration and signal intensity. The relative standard
deviations, which are based on individual measurements of six Discussion
aliquots of the same working solution, demonstrate the excellent
precision of measurements. The lower limit of detection obtained
for y-globulin is in agreement with the higher sensitivity of the
sensor toward this protein.

Qualitative Potential of Polymerized LiposomesBecause
no spectral shift is observed in the presence of proteins,
extracting qualitative information from the luminescence spec-
trum of the liposome is not possible. However, the replacement
of OH oscillators by the OD variety causes a significant change
to the luminescence lifetime of the liposom#&r(= 415.8+
17.9us). Assuming a similar effect upon protein binding, and
knowing that the luminescence lifetime is usually sensitive to
the microenvironment of the luminophor, we investigated the
feasibility of using this parameter for qualitative analysis of
proteins. The experiments were carried out in batch (25 mM
HEPES) with a fixed concentration of liposome (92.3-hd).
The exponential decays were collectediglflem = 326/615
nm after 15 min of protein mixing. Protein concentrations in
the final mixtures were at the upper limit concentration of their
respective linear dynamic ranges (see Table 2).

Figure 5 shows a typical decay in the presence of carbonic (39 willer, 3. c.; Miller, J. N Statistics for Analytical Chemistryviley: New
anhydrase. The agreement between the calculated and observed  York, 1984. . :

. . e L .., . (40) Malony, K. M.; Shnek, D. R.; Sasaki, D. Y.; Arnold, F. Bhem. Biol.
points over the first two lifetimes of the decays agreed to within

1
2

Our studies demonstrate the feasibility of using the lumines-
cence response of 5SAEDTA—EW" incorporated into polym-
erized liposomes to monitor protein concentrations in agueous
media. The energy transfer needed for the sensitization of the
lanthanide ion is obtained from the antenna, providing a
reproducible reference signal for protein determination at the
parts per million level. Quantitative analysis is based on the
linear relationship between the luminescence signal of the
liposome and protein concentration. The luminescence enhance-
ment is attributed to the removal of water molecules from the
coordination sphere of Btiupon protein interaction. Although
a straightforward comparison with the limits of detection
reported in the literature is difficult as different instrumental
setups, experimental, and mathematical approaches have been
used for their determinatioi¥; 46 our results provide an overall
improvement of at least 1 order of magnitude. Qualitative
analysis is based on the luminescence lifetime of the liposome.
This parameter follows well-behaved single exponential decays
in the absence and the presence of proteins. The shortest lifetime

1996 3, 185.

0, i i i Jelinek, R.; Okada, S.; Norvez, S.; Charych@bem. Biol.1998 5, 619.
about 1%, and the residuals showed no systematic trends. Slngk%j‘1 Hainik T Snejdarkova, M. Meszar B Krivanek R Tvarozek. V.

exponential decays with excellent fittings were also observed Novotny, |.; Wang, JSens. Actuators, B999 57, 201.

)

)

)
for albumin andy-globulin. These facts suggest that only one (43) t%lga.lda, S.Y.; Jelinek, R.; Charych, Bagew. Chem., Int. EA.999 38,
type of microenvironment per protein surrounds the lanthanide (44) Stora, T.; Lakey, J. H.; Vogel, HAngew. Chem., Int. EA.999 38, 389.
ion or that only one type of microenvironment significantly Eﬁgg ggfonlgky‘?-gf"i?c%;tlgs?;ﬁ{e,?f'JJ{.?EQT" i 2%55306&6;

contributes to the observed lifetime. Table 3 compares the 418.
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is observed in the absence of proteins, which agrees with ourEuCk-6H,O (30 mg, 0.082 mmol) was added. It was refluxed for 4 h
assumption for luminescence enhancement and preligio- and solvent was removed in vacuo to afford the complex as a white
some interaction. Because the lifetime of the liposome changessolid (54 mg, 96%). Anal. Caled for H1gN3010-4H,0.2HCI: C,
significantly upon protein interaction, the potential for protein 28-12; H, 3.86; N, 5.79. Found: C, 27.84; H, 3.64; N, 5.75.
identification on the bases of lifetime analysis exists. However, _ LiPid 1. Polymerizable amine-HCI s (0.3 g, 0.296 mmol) was
the fact that two of the target proteins showed statistically dissolved in dry CHGlin the presence of BN, followed by the addition
equivalent lifetimes demonstrates the need for additional of BOP reagent (0.14 g, 0.32 mmol) and compoun(0.17 g, 0.33

lectivity. F di il lectivi h mmol). The coupling was carried out at room temperature for 10 h.
selectivity. Future studies will attempt a selectivity enhancement 1 yoction was guenched with saturated NaCl solution. The organic

based on template polymerization. We will create polymerized sojyent was removed in vacuo when the product precipitated as a white
Ilposqmes W!th templates Qomplemgntaw to the patterns Of targetsolid. It was filtered and washed with water. The pure product was
proteins to directly determine them in complex matrixes without obtained by silica gel column chromatography with 8% MeOH in GHCI

previous separation. (R = 0.4) to afford polymerizable ester. Yield: 0.31 g (71%JNR
(300 MHz, CDC}—CD;OD): 6 0.91 (t, 6H,J = 7.1 Hz), 1.25-1.42
Materials and Methods (m, 53H), 1.52-1.65 (m, 16H), 2.182.29 (m, 16H), 3.463.47 (m,

8H), 3.52-3.60 (m, 8H), 3.64-3.66 (m, 4H), 3.71 (s, 6H), 4.134.25
Reagents.All reagents and solvents were purchased from com- (m, 6H), 4.48 (bs, 2H), 4.524.56 (m, 1H), 6.94 (d, 1H] = 8.5 Hz),
mercial suppliers and used without further purification. Nanopure water 7 32-7.36 (bs, 1H), 7.56 (dd, 1H, = 3 and 8.5 Hz), 7.657.78 (bs,
was used throughout. Polymerizable 8,10-heneicosadiynoic acid wasiH), 7.77-7.81 (bs, 1H), 8.12 (d, 1H] = 8.5 Hz).13C (125 MHz,
used as obtained from GFS Chemicals. Spectroscopy grade organiccpCl,—CD;0OD): ¢ 14.13, 14.18, 19.22, 22.74, 25.56, 25.63, 25.71,
solvents from Fisher Scientific were used. All aqueous solutions were 25 76 28.42, 28.88, 28.91, 29.02, 29.05, 29.15, 29.28, 29.39, 29.53,
prepared from Nanopure water (Millipore). Experiments were conducted 29 65, 29.68, 31.96, 36.39, 39.21, 39.28, 39.32, 39.42, 41.44, 41.62,
under an atmosphere of dry nitrogen. For workup, the organic layer 52 24 53.07, 54.03, 54.24, 55.16, 56.30, 59.08, 60.89, 61.08, 65.27,
was dried on anhydrous B8O, and concentrated in vacuo. Elemental  g5.38, 68.23, 69.55, 69.67, 70.23, 70.28, 70.34, 77.42, 68.23, 69.55,
analyses were performed by an in-house materials characterizationgg 67, 70.23, 70.28, 70.34, 77.42, 77.65, 114.69, 118.02, 118.22, 126.17,

laboratory. TLC was performed with Absorsil Plus 1P, 20 cn¥ 129.37,170.34, 170.42, 171.37, 171.64, 174.74, 174.82, 175.51, 175.53.
plate, 0.25m (Alltech Associates, Inc.). Chromatography plates were The above ester (0.145 g, 0.99 mmol) was dissolved inGI#
visualized either with UV light or in an iodine chambé, 13C NMR THF/MeOH (2/2/4 mL), and solid LIOH (25 mg, 0.99 mmol) was

spectra were recorded u§ing 300 and 500 MHz spectrometers in 0ne;qgeq. The reaction mixture was stirred at room temperature for 14 h.
of the following solvents: CDGJ D;O, and CROD with TMS as The pH of the solution was adjusted to 3.0wit N HCI. The organic
internal standard3C NMR spectra data were reported with two digitals

_ Sl solvents were removed in vacuo, and water was added. The white
after the decimal to distinguish between close resonafiCeNMR precipitated solid was filtered, washed with water, and dried in vacuo.

spectra of Iipid_l could be studied because of the poor solubility i viaq: 132 mg (92%)H NMR (500 MHz, CDCh—CD;OD—D,0):
common organic solvents. 6 0.92 (t, 6H,J = 7.1 Hz), 1.25-1.35 (m, 42H), 1.381.45 (m, 6H),
Compound 4.EDTA ester (1.10 g, 2.92 mmol) was dissolved in  1.53-1.56 (m, 8H), 1.66-1.64 (m, 4H), 2.19-2.23 (m, 4H), 2.26
dry ethyl acetate (30 mL), followed by the addition of NHS (0.37 g, 2.29 (m, 12H), 3.373.44 (, 4H), 3.48-3.54 (m, 10H), 3.573.61 (m,
3.22 mmol) and DCC (0.665 g, 3.22 mmol) at room temperature. 2H), 3.64-3.68 (m, 6H), 3.7+3.74 (m, 4H), 4.524.56 (m, 1H), 6.93
Stirring was continued at room temperature for another 12 h. The white (d, 1H,J = 8.6 Hz), 7.71 (m, 1H), 7.90 (d, 1H, = 8.6 Hz).
precipitate was filtered under nitrogen and washed with ice-cold ethyl | jnid. Eu 3+ Complex. Lipid 1 (100 mg, 0.072 mmol) was dissolved
acetate. Solvent was removed from the filtrate in vacuo. The viscous j, CH,ClyMeOH (3/3 mL), and solid EuGi6H;O (26.4 mg, 0.072
liquid was again dissolved in dry CHE(25 mL). 5-Amino salicylic mmol) was added. The reaction mixture was stirred for 24 h at room
acid.HCI (0.470 g, 3.07 mmol) was dissolved in DMF (5 mL) in the  temperature. The solvents were removed in vacuo, and the white solid
presence of BN (0.7 mL, 5.03 mmol) and added dropwise. The reaction \yas dried. Yield: 110 mg (100%). Anal. Calcd ford11NsO1sr
mixture was stirred at room temperature for 10 h and quenched with »1.0: ¢ 59.15: H, 8.04: N, 6.35. Found: C, 59.47: H, 8.44: N, 6.10.
water. The organic layer was washed with water and dried over Na
SQO,. The crude product was purified by silica gel column chromatog-
raphy with 15% MeOH in CHGI (R = 0.2). Yield: 0.67 g (82%,
with respect to consumed EDTFAester: 0.6 g)*H NMR (500 MHz,
CDCls): 0 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) = 7.2 Hz), 4.25 (q, 2HJ = 7.2 Hz),

Instrumentation. Excitation and emission spectra were collected
with a commercial spectrofluorimeter (Photon Technology Interna-
tional). For steady-state 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
4.34-4.38 (bs, 1H), 6.89 (d, 1H] = 8.6 Hz), 8.64 (dd, 1H) = 2.7 of detection was analogue for high signal levels or photon counting
and 8.6 Hz), 8.12 (d, 1H) = 2.7 Hz). for low signal levels. In analogue mode, the inherent peak-to-peak noise

Compound4 (0.14 g, 0.27 mmol) was dissolved in @El/THF/ was 50x 10-12 A with 0.05 ms time constant. In photon counting
MeOH (2/4/2 mL), and solid LiOH (85 mg, 2.02 mmol) was added. mode, the maximum count rate was 4 MHz, pulse pair resolution 250
The reaction mixture was stirred at room temperature for 15 h. The ns, rise time 20 ns, and fall time 100 ns with a 220 ns pulse width. For
pH of the solution was adjusted to 3.0 wi6 N HCI. The solvents  time-resolved measurements, the excitation source was a pulsed 75 W
were removed in vacuo, the residue was again dissolved in minimum- Xxenon |amp (Wave|ength range from 200 to 2000 nm)’ variable
volume MeOH (30QuL), and THF/CHCI (2/2 mL) was added. The  repetition rate from 0 to 100 pulses/s, and a pulse width of ap-
white precipitate was filtered off and washed with THF and then dried. proximate|y 3/43 Detection was by means of a gated ana|ogue PMT
Yield: 95 mg (69%).*H NMR (300 MHz, D,O): 6 3.29-3.34 (m, (model R928) with extended wavelength range from 185 to 900 nm.
2H), 3.47-3.53 (m, 2H), 3.71 (s, 2H), 3.79 (s, 2H), 3.90 (s, 4H), 6.95 SS and TR spectra were collected with excitation and emission
(d, 1H,J = 8.8 Hz), 7.51 (dd, 1HJ = 3.0 and 8.8 Hz), 7.86 (d, 1H,  monochromators having the same reciprocal linear dispersion (4
J = 3.0 Hz). Calcd for GHaiNgO10.HCI: C, 43.98; H, 4.74; N, 9.05.  nm:mm2) and accuracy£1 nm with 0.25 nm resolution). Their 1200
Found: C, 43.71; H, 4.53; N, 8.76. grooves/mm gratings were blazed at 300 and 400 nm, respectively.

5As—EDTA—Eu®" Complex. The acid from the previous step (41  The instrument was computer controlled using commercial software
mg, 0.082 mmol) was dissolved in 5 mL of Nanopure water and solid (Felix32) specifically designed for the system.
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Luminescence lifetimes were measured with an instrumental setup (Torr-Seal, Varian) and fed into a metal sleeve for mechanical support.
mounted in our lal” Samples were excited directing the output of a The copper tubing was flared, stopping a swage nut tapped to allow
Northern Lights tunable dye laser (Dakota Technologies, Inc.) through for the threading of a 0.75 mL polypropylene sample vial. At the
a KDP frequency-doubling crystal. The dye laser was operated on LDS instrument end, the excitation fiber was positioned in an ST connection
698 (Exiton), and it was pumped with the second harmonic of a 10 Hz and aligned with the beam of the tunable dye laser, while the emission
Nd:YAG Q-switched solid-state laser (Big Sky Laser Technologies). fibers were bundled with vacuum epoxy in a slit configuration, fed
Luminescence was detected with a multichannel detector consisting ofinto a metal sleeve, and aligned with the entrance slit of the
a front-illuminated intensified charge fiber-coupled device (ICCD, spectrometer.

Andor Technology). The minimum gate time (full width at half- Luminescence lifetimes were determined via a three-step proce-
maximum) of the intensifier was 2 ns. The CCD had the following dure#” (1) collection of full sample and background wavelengfime
specifications: active area 690 x 256 pixels (26 mrh pixel size matrixes, (2) subtraction of background decay curve from the lumi-

photocathode), dark current0.002 electrons/pixel/s, and readout noise nescence decay curve at the target wavelengths of the sensor, and (3)
= four electrons at 20 kHz. The ICCD was mounted at the exit focal fitting the background-corrected data to single exponential decays. The
plane of a spectrograph (SPEX 270M) equipped with a 1200 grooves/ decay curve data were collected with a minimum 1&0 interval
mm grating blazed at 500 nm. The system was used in the externalbetween opening of the ICCD gate and the rising edge of the laser
trigger mode. The gating parameters (gate delay, gate width, and thepulse, which was sufficient to avoid the need to consider convolution
gate step) were controlled with a digital delay generator (DG535, of the laser pulse with the analyte signal (laser pulse wigthns). In
Stanford Research Systems, Inc.) via a GPIB interface. Custom addition, the 15@s delay completely removed the fluorescence of the
LabView software (National Instruments) was developed in-house for sample matrix from the measurement. Fitted decay cufyes yo +
complete instrumental control and data collection. Ar [—expk — Xo)t]} were obtained with Origin software (version 5,
Measurements and ProceduresMeasurements with the spectro-  Microcal Software, Inc.) by fixingi andx, at a value of zero.
fluorimeter were made with standard quartz cuvettes (1xcthcm).
Afibgr optic probe was u_sed with t_he laser _systgm. The p_robe assembly  Acknowledgment. This research was supported by the
consisted of one excitation and six collection fibers fed into a 1.25 m National Institute of General Medical Sciences (NIH 1 RO1

long section of copper tubing that provided mechanical support. All GM 63204-01A1 to S.M. and A. C.) and the National Science
the fibers wee 3 m long and 50qm core diameter silica-clad silica ' (w0 (CHE-013;8693 o A (':)

with polyimide buffer coating (Polymicro Technologies, Inc.). At the
analysis end, the excitation and emission fibers were arranged in a

conventional six-around-one configuration, bundled with vacuum epoxy ~ NOt€ Added after ASAP Posting.A spelling error in the

abstract was corrected on August 6, 2004.
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