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Abstract: A time-resolved fluoro-immunoassay (TR-FIA) format is presented based on resonance energy
transfer from visible emitting lanthanide complexes of europium and terbium, as energy donors, to
semiconductor CdSe/ZnS core/shell nanocrystals (quantum dots, QD), as energy acceptors. The spatial
proximity of the donor—acceptor pairs is obtained through the biological recognition process of biotin, coated
at the surface of the dots (Biot—QD), and streptavidin labeled with the lanthanide markers (Ln—strep). The
energy transfer phenomenon is evident from simultaneous lanthanide emission quenching and QD emission
sensitization with a 1000-fold increase of the QD luminescence decay time reaching the hundred us regime.
Delayed emission detection allows for quantification of the recognition process and demonstrated a nearly
guantitative association of the biotins to streptavidin with sensitivity limits reaching 1.2 pM of QD. Spectral
characterization permits calculation of the energy transfer parameters. Extremely large Forster radii (Ro)
values were obtained for Tbh (104 A) and Eu (96 A) as a result of the relevant spectral overlap of donor
emission and acceptor absorption. Special attention was paid to interactions with the varying constituents
of the buffer for sensitivity and transfer efficiency optimization. The energy transfer phenomenon was also
monitored by time-resolved luminescence microscopy experiments. At elevated concentration (>1075 M),
Tbh—strep precipitated in the form of pellets with long-lived green luminescence, whereas addition of Biot—
QD led to red emitting pellets, with long excited-state decay times. The Ln—QD donor—acceptor hybrids
appear as highly sensitive analytical tools both for TR-FIA and time-resolved luminescence microscopy
experiments.

Introduction dependent on the size distribution of the dots, and sizable

The emergence of semiconductor nanocrystals or quantum!umlnescence quantum yields approaching unity in some

dots (QDs) in the toolbox of fluorescence experiméritas !nstance§.QDs display improved_stability toward photobleach-
opened ever increasing perspectives in fields such as analytical'ng’ . when compareq tq organic 'flluorophof'eand appear
detectior? fluorescence microscopyor solar cells' These p_art|cularly efficient |n_h|g£1 sensitivity te_chn_lque_s aiming at
nanoscaled building blocks display exceptional photophysical single molecule detectioh° Surface passivatiérwith shells

properties such as extremely high absorption cross sections, sizé’f S(_a_mlc_onductlng material OT Iarger band gap or chemical
dependent emission enerdiasth rather narrow emission bands, modification of the outer layet3likely improve their robustness

and luminescence properties, and surface functionalization with
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allows for their use in aqueous media which was originally lisecond excited-state lifetimes are prone to be excellent energy
mostly restricted to organic solver#sSuch surface function-  donors for ET to QD&?
alization also widens the scope of applications to chemical |anthanide ions emitting in the visible range, and in particular
events at the surface. Using this approach, QDs appeared aghe trivalent europium and terbium ions, possess very particular
attractive tools in the frame of fluorescence resonance energyphotophysical properti€,among which are linelike emission
transfer (FRET) processes, in which an energy donor componentbands with corresponding excited-state lifetimes that can reach
in its excited-state transfers its energy to an acceptor counterpartthe millisecond time scak. The origin of such a long-lived
providing these two entities are brought in close spatial excited-state is to be found in thef nature of the electronic
proximity, for example, through a chemical association. Regard- transitions, which are both spin and Laporte forbidé@This
ing their efficient excitation and good to excellent luminescence characteristic of lanthanide ions is paralleled to the drawback,
quantum yields, QDs have been largely used as energy donorghat molar absorption coefficients of lanthanide electronic
in FRET experiments, where the recognition process was transitions are also very weak (often less than 2'dm~1).250
established, for example, by interaction of biotin and strepta- This major inconvenience has been largely bypassed in lumi-
viding16 of nitriloacetic acid and oligohistidine containing nescent lanthanide complexes chemistry by the development
proteing® or of maltose binding protein and saccharidek.16 of the so-called “antenna effect®. The principle consists in
Interestingly, in all these homogeneous assays in solution, theembedding the lanthanide ion into a chromophoric organic
dots are exclusively used as the energy donor component. ligand, the role of which is to absorb light and to transfer energy
The use of QDs as energy acceptdrpotentially offers as efficiently as possible to the lanthanfdend to protect the

various perspectives such as the possibility of very largstep cations. frpm solvent. molecules, part.icularly. water, known to
radii, low detection limits, and multiplex analysis, with interest nonradiatively deactivate the lanthanide excited states through

. . . . ., - — __ i 28
for a broad scope of scientists interested in ultrasensitive fluoro- OW-€nérgy G-H, N—H or C—H oscillators™® Some few
immunoassays, in sensor design, in the study of interactions!uminescent lanthanide labels that can be covalently linked to

within very large molecules, and in biomedical analysis by high b‘°°f9a”‘° maFeriaI haye b_een described in t_he _Iiterﬁ?é?and
throughput screening. used in analytical applicatior#sfor example, in time-resolved

luminescence microsco TRLKY) or as energy donors in
Very few examples dealt with the use of QDs as energy Py ( ") oy

acceptors, except in solid-state devices combining QDS Of ;)\ qeprangr, N.: Charbonime, L. J.; Beck, M.; Ziessel, R. F.; -

smaller size (higher energy emission baHtjuantum wells? annsioen, H.-G.Angew. Chem., Int. EQ005 44, 7612.

. 23) Binzli, J.-C. G.; Piguet, CChem. Soc. Re 2005 34, 1048.
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transfer (ET) to QDs in solution should be achieved through C.J. Am. Chem. S0d999 121, 10747. (b) Poole, R. A.; Bobba, G.; Cann,
L. . . . M. J.; Frias, J.-C.; Parker, D.; Peacock, R.@rg. Biomol. Chem2005
tryptophane excitation in CdTe QDs conjugated to bovine serum 3,1013. (c) Chatterton, N.; Bretorinég Y.; Peaut, J.; Mazzanti, MAngew.

Ibumin (BSA)L2 hor h f M i an - Chem., Int. Ed2005 44, 7595. (d) Petoud, S.; Cohen, S. M., J.-C.
albu 1( SA).* but a tho Ol'{g study of Mattoussi and co G.; Raymond, K. NJ. Am. Chem. So@003 125, 13324. (d) Charbonnie,
workerg! showed that organic fluorophores such as Cy3 or L.; Ziessel, R.; Guardigli, M.; Roda, A.; Sabbattini, N.; Cesario JMAM.

Chem. S0c2001, 126 4889,
AlexaFluor 488 were unable to generate ET to CdSe QDs. The ,q) @i 7-¢. G, InLanthanide Probes in Life, Chemical and Life Sci.

authors attributed this lack of effectiveness to the very fast Biinzli, J.-C. G., Choppin, G. R., Eds.; Elsevier: Amsterdam, The

radiative deactivation of these donors compared t0 ET ProCESSES.  Hanest on tha Bhycics and Chomisty of Rare Eatbahanor K A

To confirm their hypothesis, they also checked longer-lived \E/glrinzgé L., Jr., Eds.; North Holland: Amsterdam, The Netherlands, 1998;
triplet emitter complexes of ruthenium as donors. However, this (26) (a) Weissmann, S. 0. Chem. Phys1942, 10, 214. (b) Sabbatini, N.;
approach remained inconclusive. In a recent work, it was finally - ?al;a[g't%'; '\& LTe;kgﬂ gMC&%flgka‘f;e\’;‘l\?ﬁ l\lllget)aacﬁégcﬁoé' Rodriguer-
demonstrated that terbium luminescent complexes with mil- Ubis, J. C.; Kankare, JJ. Lumin. 1997 75, 149. (b) Steemers, F. J.;
Verboom, W.; Reinhoudt, D. N.; van der Tol, E. B.; Verhoeven, J.JW.
Am. Chem. Sodl995 117, 9408.
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luminescence resonance energy transfer (LRET) expeririénts. Scheme 1. Chemical Structures of Ln Complexes Used as
In the later cases lanthanide tags are particularly interesting asE"e9y Ponors
the extremely long luminescence lifetime of these donors is 3
reverberated into very slow deactivation of the acceptors excited hEl o
state3* and by this way, organic fluorophore acceptors can
luminesce over tens to hundreds of microseconds. Applying
time-resolved acquisition techniques then allows for elimination
of the spurious fluorescent signals and light scattering in the
apparatus, with a concomitant increase of sensitR#tyAmong
the various doneracceptor couples studied with lanthanide
complexes as donors, one of the most studied is probably that
using the Eu(TBP) cryptate as donor and allophycocyanin (APC
or XL665) as acceptoi®

Lanthanide complexes appear well suited as energy donors
in ET experiments using QDs as acceptors, and we recently
demonstrated that Tb complexes were successful in that
approact#? In this contribution, we provide compelling evidence
that not only Tb but also Eu complexes can be efficient energy

H,N

LnL

Eu(TBP)

Table 1. Main Photophysical Properties of the Lanthanide
Complexes Used as Energy Donor (in Pure Water at 300 K).30.37b

. : H €315nm (Milcmil) d)gva Nsens b (DEnC ng
donors. The effectiveness of three different lanthanide donors >
(one of Th, two of Eu) was checked, and the-@D systems L 18900 031 065 043 1480
uL.30 17900 0.08 0.36 0.24 620
were compared to the EU(TBPAPC system. Furthermore, the gy rgppm 18200 002 010 020 340

Th—QD donor-acceptor system was monitored by TRLM
allowing for visualization of the energy transfer process at the
microscopic level.

aQverall quantum yield (ligand excitatiof)Ligand to metal energy
transfer efficiency® Lanthanide centered luminescence quantum yield.
d Lanthanide luminescence lifetime jrs.

Results and Discussion
Characterization of Lanthanide Labeled Streptavidin Assuming the absence of strong electronic perturbations

Bioconjugates as Energy DonorsThe assay is based on the OWing to the labeling process, it was possible to quantify the
strong recognition process between biotin and streptavidin, labeling ratio, the number of complexes per streptavidin units,

known to be very efficient in biological media with a first
dissociation constant of 18 M~1.36 Three different lanthanide
complexes labeled to streptavidin (kstrep) were used as
donors in the study, the europium and terbium complexes of
L 3% and the europium complex of TBP, Eu(TBP) (Schem&1).

by deconvolution of the UWvis spectra of the labeled
streptavidin into a linear combination of the spectra of the pure
label and pure protein (Figure S1, Supporting Information (SI)).
For both Eu(TBP) and Tb, labeling ratios close to 4 were
obtained (4.1 and 3.7, respectively), meaning an average value

The TBP cryptate is a macrobicyclic ligand incorporating the ©f one label per monomeric unit comprising the tetrameric
europium cation in the cavity of the cryptate on which one of Stréptavidin protein. For By a poor labeling ratio of only 1.2
the bipyridyl loops was functionalized for covalent grafting to  could be obtained. MALDI-TOF spectra of the three labeled
streptavidin. This complex carries &lll charge which is streptavidin compounds and of unlabeled streptavidin are also
generally compensated by the addition of fluoride anions. Ligand Presented in Figure S1 (SI). Streptavidin is composed of four
L is based on a glutamate skeleton N-functionalized with two MoOnomeric subunits, and interestingly the spectra showed that

anionic bipyridyl chromophoric units, and containing a pendant the labeling process is not localized at a single position of the

carboxylic acid function which can be activated into an NHS
or a sulfo-NHS? ester for coupling on amino residues present
on proteins, providing neutral complexes. Labeling of strepta-
vidin by LnL complexes (L= Eu or Tb) was achieved in PBS
buffer at pH 7.4. The labeled proteins,lLastrep, were further
purified by extensive dialysis and characterized by -tiNé
absorption spectroscopy and MALDI-TOF mass spectrometry.

(33) (a) Xiao, M.; Selvin, P. RJ. Am. Chem. So001, 123 7067. (b) Mathis,
G. J. Biomol. Screenin999 6, 309. (c) Trinquet, E.; Maurin, F.; Preaudat,
M.; Mathis, G.Anal. Biochem2001, 296, 232.

(34) (a) Valeur, B. InMolecular Fluorescence, Principles and Applications
Wiley-VCH: Weiheim, Germany, 2002. (b) Torelli, S.; Imbert, S.; Cantuel,
M.; Bernardinelli, G.; Delahaye, S.; Hauser, A.;&li, J.-C.G.; Piguet,
C. Chem—Eur. J.2005 11, 3228.

(35) See for example: (a) Gabourdes, M.; Bourgine, V.; Mathis, G.; Bazin, H.;
Alpha-Bazin, B.Anal. Biochem2004 333 105. (b) Enomoto, K.; Nagasaki,
T.; Yamauchi, A.; Onoda, J.; Sakai, K.; Yoshida, T.; Maekawa, K.;
Kinoshita, Y.; Nishino, I.; Kikuoka, S.; Fukunaga, T.; Kawamoto, K.;
Numata, Y.; Takemoto, H.; Nagata, Knal. Biochem2006,351, 229. (c)
Mathis, G.Clin. Chem.1993 39, 1953.

(36) (a) Green, N. MAdv. Protein Chem1975 29, 85. (b) Loosli, A.; Rusbandi,
U. E.; Gradinaru, J.; Bernauer, K.; Schlaepfer, C. W.; Meyer, M.; Mazurek,
S.; Novic, M.; Ward, T.Inorg. Chem.2006 45, 660.

(37) (a) Alpha, B.; Lehn, J.-M.; Mathis, &ngew. Chem., Int. Ed. En§987,
26, 266. (b) Alpha, B.; Ballardini, R.; Balzani, V.; Lehn J.-M.; Perathoner,
S.; Sabbatini, NPhotochem. Photobioll99Q 52, 299-306.
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monomeric protein backbone. Besides unlabeled streptavidin
monomers, proteins labeled with one complex are the predomi-
nant species for Lin—strep, coexisting with minor amounts of
double and triple labeled ones. For Eu(TBRjrep single and
double-labeled monomers are dominant. These spectra point to
multiple possible environments for the lanthanide label.

Photophysical characterization of the labeled streptavidin
compounds was accomplished by means of absorption spec-
troscopy as well as steady-state and time-resolved emission
spectroscopy. Table 1 summarizes the main photophysical
properties of the precursor lanthanide complé%&sin pure
water (denoted with a superscript 0), while emission spectra of
the three Lr-strep derivatives are displayed in Figure 1.

Data of Table 1 indicate that all complexes display ap-
proximately the same absorption at the excitation wavelength
of 315 nm, but that the overall quantum efficienc®?,
defined as the product of the ligand to lanthanide energy transfer
efficiency (sensitization)ysens and of the lanthanide centered
luminescence quantum yield?fn, is largely in favor of Li
complexes, particularly that of terbium. Nevertheless, these
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1.004 intrinsic) lifetime 7,59 Of each complex is independent of the
medium:
) TbL-strep
0.751
T
—_ a0 D
0.504 (DLn - cI)Ln X Tg (1)

0.254 Tp
Trad = (2)
/\ rad cDLn
0.00

500 550 600 650 700

Regarding this equation, it was found that the different buffering
media also have an influence ggnswith a concomitant change
of ®,,. As the donor in the RET process is the lanthanide ion

EuL-strep itself, the alteredjsenshas no impact on RET. Nevertheless, it

has to be taken into account for the immunoassay efficiency

0.2 T . . .
and detection limit, respectively, because it leads to variable
amounts of energy available for RET. Measured decay times

0.1 and calculated quantum yields in the various media are

’/\/\J summarized in Table T1 (SI).
0.04—, . \ : . From the results of Table T1, one can clearly see that-Eu
500 550 600 650 700 strep is very little influenced by borate, BSA, or NaNn
0.12- contrast, KF greatly increased the luminescence lifetime and

guantum yields, as expected by the replacement of the water
Eu(TBP)-strep molecule in the first coordination sphere with a fluoride
0.084 anion383° For ThL —strep, while borate buffer and BSA has
only minor effects, a surprising decreasergfwas observed
upon the addition of Nah\ which is used in biological buffers
0.044 as antibacterial agent. This effect was further confirmed by
titration experiments following the azide quenching effect as a
function of added anions (Figure S2, Sl). Such titrations also

luminescence intensity / rel. units

0.00+—— ; - T . showed that at high Tb—strep concentrations a biexponential
500 550 600 630 700 . . .
luminescence decay could be found for azide concentrations of
A/ nm 0.05% and higher (Figure S3, Sl), as observed in previous
Figure 1. Emission spectra of the three lanthanide labeled streptavidin experiments? The quenching effect of N anions on lanthanide
derivatives (borate buffer, pH 8.3, 2% BSA, 0.05% NaMy. = 320+ 2 luminescence has already been documefitbd it was reported

= 7
nm, [strep]= 210 4 x 107" M). to be far more efficient for Eu than for Th. We thus attribute

these variations to first coordination sphere perturbatiémsL
results must be moderated by the fact tﬁﬁp, which is to be provides a relatively small energy difference between the ligand
taken into account for the calculation of energy transfer centered triplet state and the b, emitting level which only
parameterg3247did only vary by a factor 2.5 within the series. amounts to 1700 cni.%° This value is close to the limit value
In order to estimate the possible influence of the different of 1850 cn1?! defined by Latva and co-worket& and subtle
constituents of the assay medium on the donor properties, wechanges in the coordination sphere of Tb may improve the
systematically investigated the variations of the lanthanide energy back transfer processes from3Tko the ligand.
centered luminescence lifetimey, for the three different Ln Interestingly, fluoride anions strongly enhanced the lumines-
labeled streptavidin compounds in the presence of the boratecence lifetime of Th, nearly reaching values obtained in pure
buffer, of BSA and of added sodium azide. The presence of D,O2° and in the presence of all buffer constituents the
potassium fluoride (KF) was also tested, as fluoride anions are combined effects of NafNand KF are compensated to afford
known to have a dramatic influence on the luminescence values similar to that in pure water. Unlike the other complexes,
properties of lanthanide complexes in gen&rahd on charged  Eu(TBP)-strep luminescence shows an obvious two-exponential
macropolycyclic cryptates such as Eu(TBP) in particélarhis decay behavior (decay times; andpy) in water as well as in
hard lanthanophilic anion is able to compete with water and borate buffer with or without Naj likely because of the
other anionic species and to alleviate their negative impact on presence of two distinct emitting species. Concerning Eu(¥B8P)
the luminescence of lanthanides.values thereby obtained were  strep, the major influence is as expected due to fluoride anions,
then used to calcula®,,, in the different conditions witheq 1  which removed water from the first coordination sphere and
which results from eq 2 assuming that the radiative (or resulted in a monoexponential luminescence decay.

(38) (a) Tsukube, H.; Shinoda, Shem. Re. 2002 102 2389. (b) Charboniiie, Photophysical Characterization of the Energy Acceptors.

L.; Ziessel, R.; Montalti, M.; Prodi, L.; Zaccheroni, N.; Boehme, C.; Wipff, = The energy acceptor modules (Bi@dD) were composed of
G.J. Am. Chem. So@002 124, 7779.
(39) Mathis, G.Clin. Chem.1988 34, 1163.
(40) (a) Werts, M. H. V.; Jukes, R. T. F.; Verhoeven, J.Rtlys. Chem. Chem. (41) Lis, S.; Kimura, T.; Yoshida, ZJ. Alloys Compd2001, 323 125.
Phys.2002 4, 1542. (b) Chauvin, A.-S.; Gumy, F.; Imbert, D.; Bali, (42) Blasse, G.; Dirksen, G. J.; Sabbatini, N.; Perathoner, S.; Lehn, J. M.; Alpha,
J.-C. G.Spectrosc. Lett2004 37, 517. B. J. Phys. Cheml1988 92, 2419-2422.
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5x10°- Scheme 3. Schematic Representation of Ln—strep Complexes
- 1.00 Before (Left) and After Addition of Biot—QD (Diameter of a
Ln—Strep Complex is Approximately 6 nm)

ax10°] % a)
3 L 0.75

3x10°
L 0.50

e/ M'em!

2x10°4

I / rel. units

b 0.25

1x10°

of biotinylated acceptor into a solution containing the lanthanide
450 500 550 600 650 700 labeled streptavidin in borate buffer at pH 8.3 with 2% BSA
A/ nm and 0.05% Nail A graphic describing the case of titration of
LnL —strep by Biot-QD is sketched in Scheme 3.

After each addition of aliquots, time-resolved emission spectra
of the solution were recorded upon excitation at 308 nm
(maximum excitation of Thb) and after a delay) of 250 us
and for an integration window of 750 us. The integration
parameters were chosen so as to get rid of the residual prompt
fluorescence of the acceptor and of the buffering medium. It is
first to be noted that after each addition the system slowly
evolved in time, and the equilibrium was only reached after at
leag 1 h atthis concentration ([Tb—strep]= 2.7 x 10" M).

7 Figure 3 shows the evolution of the gated emission spectra
0 200 400 600 800 normalized on Tb emission at 545 nm, obtained upon titration
t/ ns of TbL —strep by Biot-QD in the experimental conditions cited
Figure 2. (a) Absorption (dots) and emission spectra of Bi@D (50 mM above after the equilibrium was reached. For molar ratios of O
borate buffer, pH 8.3, 2% BSA, 0.05% Ng\(b) luminescence decay (from o 0.18 Biot-QD per streptavidin, the time-resolved spectra
ﬁﬁ%g?g%”%'sr}f%fgﬁi Eg‘i&%22%;;’;&%%%2“:;’%?5 o?“;ﬁf[{s showed the appearance of a new band with intensity maximum
(41%), 47 ns (53%) and 160 ns (6%). at 655 nm which slowly increases with BieQD concentration.

ome 2. Structure of Biotinviated CdSe/znS Core/Shll Fpr molar ratios larger than 0118, the gated emission s.pectra
ﬁgne()rgre;/sfals, Biot-QD, Contair%ling an Average of Six Biotin did not eVOIYe ‘T’mymore' Fro,m its shape and energy maximum,
Molecules at Their Surface (Biotin Molecules Not at Scale) the new emission band arising at 655 nm was assigned to QD

emission owing to RET from Th complexes. The possibilities

of direct excitation of the dots or dynamic RET occurring in

f"—Bimin solution were ruled out by control experiments in which the
' same gated emission spectra were recorded for solutions of

g Biot—QD and free Th complexes in the same concentration
s<:1: =0 ranges and for up to 100-fold excess of freeLThn these

I/ rel. units

shell

CdSe core

o
‘i § 3 . * o
4 P *
< - *
I sty 3° ¢
L ca. 12 nm il 3 o % 4 . ¢
N .
. . = *
QD655 CdSe/ZnS semiconductor nanocrystals coated with a § 2 et

polymer shell containing 5 to 7 biotin molecules per dot at their
surface (Scheme 2). Absorption and emission spectra of Biot
QD in their buffer are presented in Figure 2a, and confirmed
the very large absorption cross sections together with a narrow
emission band culminating at 655 nm.

The luminescence decay in the same medium is shown in
Figure 2b. It could be conveniently fitted by using multiexpo-
nential behavior and showed two main short-lived components
of 23 and 47 ns. This behavior is commonly observed for the

0.05 0.10 0.15 0.20
[Biot-QD}/[TbL-strep]

normalized emitted intensity (arb. units)

: . : 450 500 550 600 650 700 750
luminescence decay of nanocrystals and arises from the size "/ om
distribution of the QDs and their anlso_troﬂ)‘y. . Figure 3. Evolution of the gated emission spectiast = 308 nm,0 =
Resonance Energy Transfer ExperimentsRET experi- 0.25 ms,w = 0.75 ms) upon addition of increasing amounts of BiQD

ments were realized by stepwise addition of increasing amountsto a solution of Th —strep ¢ = 2.7 x 10°7 M, borate buffer pH 8.3, 2%
BSA, 0.05% Nal). Spectra were normalized on Th emission at 545 nm.

(43) Qdot Biotin Conjugates User Manuétat. no. 1030-1, cat. no. 1032-1);  Inset: Normalized intensity ratio for emission at 660 nm (BiQD) and
www.qdots.com. 545 nm (T —strep) as a function of added Bie®D.
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Figure 4. Kinetic evolution of the normalized intensity rafip as a function
of [Biot—QD] (borate buffer pH 8.3, 2% BSA, 0.05% NaNstarting
concentration [Th—strep]= 1.0 x 10°° M).

controls, no new emission band could be observed at 655 nm,
unambiguously confirming that the long-lasting emission of QD
is a result of RET from the terbium complex.

The evolution of the RET process can be followed by the
ratio of the normalized emission of QD to that of Tb (inset in
Figure 3). As a result of a non-negligible emission of Th at
655 nm (weak®D,—"F; transition), the emission of QD was
preferentially measured at 660 nm and normalized to that of
the main emission band of T, — “Fs transition at 545 nm).
The intensity ratio linearly increased up to a molar ratio of 0.18
Biot—QD per TH. —strep and remained nearly unchanged at
higher ratio. This ratio corresponds to 5.6 streptavidin molecules
linked to the QDs and is in excellent agreement with the number
of biotin molecules linked to the surface of QDs certified by
the supplier (5 to 7).

norm. RI

3 4
[Biot-QD] / 10" M
Figure 5. Evolution of R as a function of [BiotQD] added to Th—
strep in pure borate buffer pH 8.3 afté h incubation time (buffer A,
triangles); borate buffer pH 8.3, 2% BSA and 0.05% NaRer 5 h (buffer
B, squares); borate buffer pH 8.3, 2% BSA, 0.05% NaNd 0.5 M KF

after 4 h (buffer C, circles). Starting concentration [Tbstrep]= 1.0 x
1079 M. The dotted line indicates a ratio of 6 Tk-strep per Biot-QD.

biotin recognition process can occur, the BSA must first be
“peeled off” from streptavidin, a process which takes a few
hours.

To compare the different buffering conditions on the assay
efficiency, three different buffers were investigated. The first
one, buffer A, consisted of the 50 mM borate, pH 8.3. In this
case, it must nevertheless be kept in mind that the added
commercial solution of BiotQD contains both BSA (2%) and
NaN; (0.05%). The second one, buffer B, contained all the
constituents of the BietQD mother solution : 2% BSA in 50
mM borate, pH 8.3 with 0.05% sodium azide. Finally, buffer C
is the same as buffer B plus 0.5 M potassium fluoride. The
results obtained for the evolution of the normalized values of
R as a function of added BietQD after the optimal equilibra-

Further insights into the RET experiments were obtained by 4, time are plotted in Figure 5. Similar evolutions are observed
automated titration experiments made on a modified KRYPTOR ¢, v \ffers B and C WithR, climbing rapidly until the [Biot-

system, equipped with well plate readers, using laser excitation QDJ/[TbL —strep] ratio reached a value of approximatély

at 315 nm (see Experimental Section). Time gated {ZBI0
us) emission intensitigsat (5454 5) (Th) and (665t 5) (QD)*

nm were recorded, and the normalized ra&jG= lgg5/l545 Was
plotted against BiotQD concentration. In order to follow the
decrease of Tlb concentration caused by dilution with Biot
QD a second-coordinate with relative Tb—strep concentration

is also displayed. By this means it was possible to follow the
entire kinetic evolution of the system at low concentrations of
reactants (typically 10" M) and to monitor the influence of

in good agreement with the number of biotin molecules per QD
(5to 7). For larger [Biot QD], R remained stable to a plateau
value. Noteworthy, the presence of KF into the assay (buffer
C) significantly increased the measured intensity ratio, as
expected on the basis of the observed influence of KF on the
TbL luminescence efficiency (Table T1, Sl). A surprising result
was observed for buffer A. In the absence of BSA and jlaN
the intensity ratio was first observed to drop dramatically for
the very first aliquots of added [BietQD] solutions before it

the constituents of the buffering media on the assay efficiency. jncreased again. Careful examination of the data showed this
Figure 4 represents the kinetic profiles observed in borate bUﬁerdrop to be due to a very large increase of the intensity of the
containing BSA and Najfrom which it appeared that at such T emission. Regarding the negative impact of Nai the
low levels of streptavidin the assay took at leas to befully luminescence efficiency of Th (Table T1), this behavior was
equilibrated. This very slow kinetic equilibration was attributed tentatively attributed to the BSA present in the Biot-QD buffer.
to the presence of large amounts of BSA, known to create Tg confirm this hypothesis, a titration was performed in which
nonspecific binding with streptaviditt Before the streptavidin increasing amounts of BSA were added to the solution contain-
ing ThL —strep or ElL —strep. The results, displayed in Figure
S4 (SI) showed that in both cases the lanthanide luminescence
largely increased after an incubation time of 5 h. This
?@é‘iﬂ?‘e“ H.J; Stott, N. E.; Bawendi, M. G. Phys. Chem. B004 phenomenon was attributed to the use of polystyrene (PS) well
(45) In that case, the chosen wavelength was 665 nm for simple practical filtering plates in our measuring setup, where adsorption of proteins

(44) (a) Chan, W. C. W.; Maxwell, D. J.; Gao, X.; Bailey, R. E.; Han, M.; Nie,
S. Cur. Opin. Biotechnol2002 13, 40. (b) Schlegel, G.; Bohnenberger,
J.; Potatova, I.; Mews, APhys. Re. Lett. 2002 88, 137401. (c) Fischer,

considerations.

(46) Erkens, J. H. F.; Dieleman, S. J.; DressefetfoR. A.; Strasburger, C. J.
J. Steroid Biochem. Molec. Bial998 67, 153.

occurs owing to hydrophobic binding. At such low concentra-
tions (107 to 10719 M) streptavidin is adsorbed to the PS walls
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Figure 6. Evolution of R, for (a) (ELL —strep)-(Biot—QD) and (b) (Eu(TBP)-strep)-(Biot—QD) as a function of [Biot QD] in buffer A (triangles), in
buffer B (squares), and in buffer C (circles). Starting concentrationk {&trep]= [Eu(TBP)—strep]= 3 x 1072 M. The dotted line indicates a ratio of

6 strep per BiotQD.
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Figure 7. Evolution ofR, as a function of [Biot APC] added to Eu(TBP)
strep in buffer A (triangles), in buffer B (squares), and in buffer C (circles).
Starting concentration [Eu(TBPstrep]= 3 x 1079 M.

of the well plate and addition of BSA allowed for desorption
of the protein. This hypothesis was further confirmed by similar
experiments ran with Hu—strep and Eu(TBP)strep (vide
infra).

Having in hands the optimum conditions for the assay

adsorption of BSA on the polystyrene walls. In contrast, the
phenomenon could not be observed for Eu(TB8)ep (Figure

6b), which was supplied in a BSA containing buffer. This
unambiguously corroborated the influence of BSA on the
adsorption phenomena and justified the use of BSA in the assay.

In order to compare these results to the often analytically
applied and very sensitive Eu(TBPAPC syster?3"the same
measurements were performed with Eu(TBBrep as donor
and biotinilated APC (Biot APC) as acceptor (Figure 7). The
steeply rising intensity ratio found for BietQD as acceptor
cannot be found for BiatAPC, where the slope is rather flat.
Furthermore a saturation of the (Eu(TBR}rep)-(Biot—APC)
binding is not reached within the concentration range of the
measurement supposing that only a few of the biotin molecules
(10 to 15 per APC) are accessible for Eu(TBBjrep. Never-
theless the rising slopes of normaliz&i over Biot—APC
concentration indicate RET from Eu(TBP) to APC.

For all the measurements QD as well as APC direct excitation
and dynamic RET were ruled out by control experiments using
free lanthanide complexes with BieQD and Biot-APC,
respectively (see Figure S8, Sl).

The linear part of the curves for buffer B and C ([Biot

experiment, the lanthanide to QD energy transfer process wasQDJ/[Ln—strep] < %/¢) was used for the calculation of the limit

checked with europium as a donor usingLEtstrep and Eu-

of detection (LOD) using eq 3 witlwy being the standard

(TBP)—strep. In these cases, the long-lived emission intensities deviation (for 10 measurements) Bf at [Biot—QD] = 0.

were measured from 250 to 1006 at 620+ 5 nm for the Eu
and at 665+ 5 nm for the dots. The intensitiy ratio® =
les/l620, Were measured for each aliquot of added BiQD,
normalized, and plotted as a function of Bi@@D concentration.
The results obtained in buffers A to C are collected in Figure

LOD = 30,A[Biot—QDJ/AR 3)

For comparison, all detection limits obtained in buffer B and C
are summarized in Table 2. LODs for BieQD of (1.6+ 0.6)

6. In these two cases, preliminary experiments showed that thex 10712 M in buffer B and (1.2+ 0.5) x 1072 M in buffer C

concentrations of Hu—strep and Eu(TBP)strep, as well as

could be achieved using this type of streptavidin-biotin binding

that of Biot—QD had to be chosen at least 3 times higher than immunoassay with Tlb as donor. The large benefit of using
with TbL —strep to generate sufficient and comparable emission QD as energy acceptor in combination withLTls donor is

signals. In the cases of buffers B and C, a new long lasting clarified by a sensitivity improvement of more than 1 order of
emission can be evidenced in the QD channel, pointing to RET magnitude compared to LODs accomplished for the Eu(FBP)

from the Eu complexes to QD upon excitation at 315 nm. As
observed for Th, the evolution & showed a sharp increase
for the [Biot—-QDJ/[Ln—strep] ratio smaller thart/s and a

APC system, namely (7& 12) x 10-12M in buffer B and (24
+ 12) x 10712 M in buffer C, respectively. It has to be noted
that the immunoassay is not totally optimized so that technical

plateau region for larger values. The cases of buffer A are very (laser, detectors, etc.) as well as chemical (concentration ratios,

informative. For BSA free solution of Eu-strep, addition of
BSA containing aliquots of BietQD led first to a drop oR,,

labeling, etc.) modifications can further improve the LODs in
order to obtain femtomolar detection.

because of an increase of luminescence in the Eu channel. This Theoretical Treatment and RET Efficiency Parametriza-

behavior is similar to that of Tlb—strep and was explained by

12806 J. AM. CHEM. SOC. = VOL. 128, NO. 39, 2006
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Table 2. Measured Decay Times 7, LODs, and Calculated RET Parameters Ry, r, ket and E for the Three Ln—Strep Donors in the Different

Buffers
TbL-strep EuL-strep Eu(TBP)-strep
buffer? A B C A B C A B C
o1 (uS) 1100+ 50 620+ 30 1360+ 50 650+ 30 680+ 30 1400+ 60 660+ 30 1050+ 50 1100+ 30
Tp2 (US) 220+ 30 230+ 30
Ry (A) 96+ 3 85+ 4 98+ 2 84+ 2 85+ 2 96+ 2 84+ 2 90+ 2 92+ 2
Tpa1 (uS) 570+ 30 410+ 30 440+ 20 b 490+ 20 680+ 20 410+ 50 400+ 40 700+ 20
Tpa2 (uS) b 130+ 30 90+ 20
r(A) 97+3 95+ 3 87+2 b 100+ 3 95+ 2 91+ 4 83+t 4 101+ 2
ket1(s7Y) 850+ 100 830+ 100 1500+ 50 b 560+ 70 760+ 30 880+ 100 1550+200 520+ 40
Ket2 (s79) b 2650+ 200 7100+ 200
E (%) 48+ 4 34+4 67+2 b 27+ 4 52+ 2 36+ 5 62+5 36+5
LOD (pM) b 1.6+ 0.6 1.2+ 0.5 b 12+ 4 8+ 2 b 4+1 26+14

aBuffer A: 50 mM borate, pH 8.3. Buffer B: 50 mM borate, pH 8.3 with

2% BSA and 0.05% sodium azide. Buffer C: 50 mM borate, pH 8.3 with 2%

BSA, 0.05% sodium azide and 0.5 M potassium fluorfti€oo low signals for an accurate determination.

quantum vyieldsb , (Table 1, and eq 2) the normalized donor
luminescence spectrump(l) (Figure 1), and the acceptor
absorption spectruraa(1) (Figure 2), the Foster radiiR, for

the different donor-acceptor pairs become accessible with the
calculation of the overlap integral, using the following
equations?’

3= [ €ald) 15(A) A" di )

R, =[(8.79 x 10 )« *® n *J;,]"® (5)

with a refractive index oh = 1.4 for biomolecules in aqueous
solutiorf” and a dipole orientation factor af = 2/3 that took

into account a statistical distribution of the donr@cceptor
dipoles within the luminescence decay time of the ddfidihe
calculated values in different buffers are summarized in Table
T2 (Sl). Pure water as solvent was not taken into account, as
Biot—QD is not stable inside this mediurRy values for the
buffers containing sodium azide are given in Table 2.

As a result of the higle(1) for qdots and the good spectral
overlap with the lanthanide complexes, tig values are
considerably larger than the ones of conventional denor
acceptor pairs (with distances ranging from-Bil A)34or pairs
containing qdots as donors (385 A).16a1751Even the very
high Faster radii of the Eu(TBPYAPC system under ideal
conditions (approximately 90 A in phosphate buffet)and
unbound donoracceptor pairs (7298 A)*8 are lower than the
ThL —QD values with 96 to 104 A (Table T2, SI).

Energy Transfer Parameters.Within the frame of the theory
of resonance energy transfer developed byrsten!® and
assuming the possibility of multiple lanthanide donor species
in the system, the time and doraacceptor distance dependence
of the luminescence intensity of the donors in the presence of
the acceptorpa(r, t), can be described by equatiod’@n which
7pi are the donor decay times in absence of acceptoRaitte
Forster radius for the doneracceptor system considered:

Ipa(r, ) = Z Qp; X (6)

with ap; being the pre-exponential factors for edt decay-

(47) Lakowicz, J. RPrinciples of Fluorescence Spectroscpidjuwer Academic/
Plenum Publishers: New York, 1999.

(48) Selvin P. RAnnu. Re. Biophys. Biomol. Struc2002 31, 275.

(49) Faster, Th.Ann. Phys1948 2, 55.

time component andthe distance between donor and acceptor.
Equation 6 becomes simple for the ILastrep donors with
monoexponential decays and only slightly more complicated
in the case of the Eu(TBPJstrep donor in buffer A and B with
two-exponential decay behaviors.

The intrinsic Biot-QD decay being very prompt compared
to the luminescence decay of the lanthanide ions, the long-lived
Biot—QD luminescence in the presence of-tstrep is due to
the fractionx of the energy of the donor transferred to the
acceptor xlpa(r, t), characterized by a decay timea.3* The
overall emission intensity at the QD channiglp(r, t), is then
the sum of the acceptor emission resulting from RET plus a
background emissiol{background), emanating from nontrans-
ferring lanthanide donors (especially for europium), parasitic
emission from the measurement apparatus (light scattering,
fluorescence from the well plate reader), and from short-lived
Biot—QD fluorescence which appears partly as a pseudo-long-
lived component due to a saturation of the photomultipliers
(working at 1.2 kV) in the short-time scale.

lop(r, 1) = I(backgroundt Xlp(r, t) (7)

From the measurement dtbackground) obtained in the
absence of acceptalpo(r, t) allowed for fitting ofr and then
for calculation of the energy transfer rates; , for the lifetimes
Tpai Of each donor in the presence of acceptor, as well as for
the RET efficiencyE using equations 8 to 14.The results are
gathered in Table 2, together with values of the limit of detection
previously obtained.

@)
=k ©)
=R0;L:r6 (10)

The resulting average doneacceptor distances are in the
range of 83-101 A, which is in good agreement with the
binding model depicted in Scheme 3, with the structural
parameters of the nanocrystals (ellipsoidally shaped with-100
120 A length along the main axi$},and with streptavidin in
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Figure 8. Transmission micrograph of the aggregates formed upon
buffering a concentrated solution of Ib-strep in water £ 100) to pH 8.3.

Figure 9. Transmission (left,x100 magnification) and fluorescence
micrographs (right,x40 magnification, 300< Aexc < 350 nm) of the
aggregates of Tlb—strep after incubation of BietQD (bar scale: 2@m).

the solid state (54x 58 x 48 A3).50 A noticeable exception
arose with Eu(TBP) in absence of KF (buffer A and B), where
a shorter 83-91 A distance is observed. In that particular case,

the charged Eu complexes may provide particular electrostatic

interactions with Biot-QD that shortened the distance.
For LnL —strep the best RET efficiencies as well as LODs
could be achieved for buffer C because of both highasteo

Time-Resolved Luminescence MicroscopyWhen a con-
centrated solution of Tb—strep in pure water ([Tb—strep]
> 10-° M) was buffered at pH 8.3 with phosphate, the solution
became cloudy and a solid could be isolated by centrifugation.
Transmission microscopy observation of the solid in its mother
liquor showed the formation of aggregates composed of balls
of 1 to 2 microns in diameter (Figure 8).

Observation of these aggregates in fluorescence mode upon
UV irradiation (300< Aexc < 350 nm), revealed a weak blue-
green luminescence, characteristic of the Tb green emission with
admixture of residual blue fluorescence from the proteins. Upon
addition of Biot~QD (107% M) to the sample, no change could
be observed immediately after addition, but within 1 h, the balls
showed red fluorescence upon UV or visible (550exc <
600 nm) irradiation (Figure 9), pointing to the accumulation of
the dots at the surface of the balls, as a result of the avidin
biotin recognition process.

Interestingly, gated acquisition of the images showed very
different behaviors depending on the excitation domain. When
excited in the visible region (556 Aexc < 600 nm), that is
directly into the QDs absorption bands, the fluorescence signals
vanished as soon as a delay time, typically less thans50s
imparted between excitation and acquisition, as expected on the
basis of the short luminescence lifetimes of the nanocry#tals.
In contrast, upon excitation into the UV domain (380exc <
350 nm) while keeping all amplification parameters unchanged,
a persisting signal could still be observed after theS@lelay
time and even for longer delays up to hundred microseconds
(Figure 10).

This long lasting signal, localized at the surface of the
aggregates, is attributed to QD emission arising from Tb
sensitization as a result of the efficient energy transfer process.

Conclusions

The present work clearly demonstrates that energy transfer
to semiconductor nanocrystals is feasible using long-lived
lanthanide complexes of terbium and europium as energy

radii and energy transfer rates. The best LODs were obtaineddonors. This new approach provides an interesting combination

for ThL resulting from a combination of good energy transfer
parameters and a highab,,, meaning a larger number of
photons available for RET.

For Eu(TBP)-strep the optimal RET efficiency is ac-

in which both components bring their peculiar spectroscopic
characteristic to afford an unprecedented time-resolved fluoro
immunoassay format. The long-lived donors allowed for time-
resolved acquisition of the energy transfer process, with a

complished for buffer B, mainly because of the shorter average concomitant improvement of the detection sensitivity. The use
donor-acceptor distance compared to the other buffers. Like of quantum dots as acceptors with their high extinction

for TbL, the higherd,, leads to a better LOD in buffer C. LODs
for Eu(TBP) are lower compared to Euwhich is mainly due

coefficients enlarged the scope of the recognition events through
the increase of the Fster radius. While large absorptions of

to the better labeling ratio leading to a higher emission signal the dots first appeared as a drawback, providing undesired direct

per streptavidin.

P
%

excitation of the acceptor, this inconvenience was largely

20 pm

Figure 10. Time-gated luminescence spectra of the aggregates lof-Strep after incubation of BietQD (delay timesd = 50, 80, 110, 140, and 170 s

from left to right, 300< Aexc < 350 nm, x40 magnification).
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compensated by the facts that ET to QD is detected at picomolarexact [Biot-QD]/[TbL —strep] ratio assuming a labeling ratio of 3.7
concentrations and that the gated acquisition eliminated spuriousTbL dyes per streptavidin protein. For each addition, the time-resolved

residual emission. Detection limits of 1:210-12 M for Biot—
QD with ThL —strep as donor could be accomplished in the
immunoassay. The larg&, values thereby obtained open

interesting perspectives in the scope of recognition processe

with the possibilities to study interactions within very large
components. In particular, we realized a donacceptor pair
with an R, value of more than 100 A (104 A for TbtQD).
The use of europium which emits in the red tail of the visible

S

emission spectrum was recorded on a Perkin-Elmer LS50 spectrofluo-
rimeter upon excitation at 308 nm after a delay of 280and for a
period of 75Qus. The intensity ratio between the intensity of emission
of the acceptorlgeo) over that of the donorls) was calculated and
plotted versus the [BietQD]/[TbL —strep] ratio.

Photophysical SpectroscopySteady-state fluorescence measure-
ments were performed on Fluoromax3 fluorescence spectrometer
(HORIBA Jobin Yvon GmbH, Chiemgaustr. 148, 81549 ¢hen,
Germany). UV-vis absorption measurements were performed on

spectrum associated to quantum dots absorbing at even longeCary500 absorption spectrometer (Varian Inc., 3120 Hansen Way, Palo

wavelengths can potentially also affoRd values larger than
100 A, up to now only obtained with the help of genetically
modified large fluorescent proteif® We also demonstrated

that these couples are interesting targets in the frame of time-

resolved luminescence microscopy, allowing for visualization
of the ET process at the microscopic level.

The Lanthanide QD systems afford very large perspectives
in the frame of fluoro-immunoassays and biological analysis

Alto, CA 94304-1030). FRET measurements were performed on a
modified KRYPTOR system (Cezanne) for time-resolved integrated
single photon counting at two photomultiplier channels (545 and 665
nm for Tb and 620 and 665 nm for Eu, filter based wavelength
separation) with Zs integration steps over 8 ms using a fiber coupled
vibrant Nd:YAG-OPO laser system (L.O.T.-Oriel GmbH & Co. KG,
Im Tiefen See 58, D-64293 Darmstadt, Germany), 315 nm excitation
wavelength, and 20 Hz repetition rate. QD as well as Ln decay time
measurements were performed on an Andor iStar ICCD spectrometer

and demonstrated the physical availability of energy transfer setup (L.0.T.) with XeCl Excimer laser (Lambda Physik AG, Hans-
to QD. Finally, one can also envisage to use different QDs of Bockler-Strasse 12, D-37079 “@imgen, Germany) excitation and

varying sizes and emission maxima to search for multiple
recognition events with spectral and temporal discrimination,
multiplexing®! which is of great interest in immunological

modified KRYPTOR system with fiber coupled vibrant Nd:YAG-OPO
laser excitation.
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Experimental Section

LnL —strep labeling was performed by mixing 0.5 mg of the sulfo-
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with 1 mg of streptavidin (Promega GmbH, High-Tech-Park, Schild-
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Time-Resolved Luminescence Titration of TbL—Strep by Biot—
QD. In a typical resonance energy transfer experimai2 mLsolution
of ThL—strep (2.7x 1077 M) in 50 mM borate buffer (pH 8.3)
containing 2% BSA and 0.05% NaNwas titrated by increasing
amounts of Biot-QD (1x 1078 M) in the same buffer. After each
addition of aliquots, the UVvis spectra of the solution were recorded
from 300 to 700 nm on a Uvikon 933 spectrometer to calculate the
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Supporting Information Available: Luminescence decay
times, 7p, and lanthanide centered quantum yields,,, for
EuL —strep, T —strep, and Eu(TBP)strep in different buffer-
ing media (Table T1); overlap integralg and Faoster radiiRy
of the donor-acceptor pairs with Biot-QD as acceptor (Table
T2); MALDI-TOF spectra of streptavidin and its three lanthanide
bioconjugates as well as UWis spectra of the Ln complexes,
streptavidin, and Lastrep (Figure S1); influence of azide
concentration on Tb—NHS and Tl —strep luminescence
decay time (Figures S2 and S3); relative luminescence intensities
of EuL—strep, and Th—strep as a function of added BSA
(Figure S4); and control experiments for dynamic energy transfer
between Th, EuL, and Eu(TBP) with Biot QD (Figures S5
S7) and between Eu(TBP) and BietAPC) (Figure S8). This
material is available free of charge via the Internet at
http://pubs.acs.org.
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