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Nanocrystal quantum dots (QDs) are semiconductor materials Scheme 1. Schematic of TBA-Capped PbS QD Interaction with

where electrons are confined, yielding narrow, tunable, and highly Thrombin®

stable photoluminescence (PL) compared to organic Hpasart Thrombin binding

B

. ) Aptamer (TBAL ,I/*’ ~ e
of their stable synthesis, the QD surfaces are usually capped by o S ©
long chain organic moieties such as trioctylphosphine (TOP) and 5 IG__H. 29 w0 A
trioctylphosphine oxide (TOPG)Y This capping serves two i h* romain
purposes: it saturates dangling bonds at the exposed crystalline R AU
lattice, and it prevents irreversible aggregation by stabilizing the
colloid through entropic repulsiohThese QDs can be dissolved Heparin A = Fibrinogen
. . . . binding Thrombin — ocognition
in water by ligand exchange or overcoating and have been utilized exosite exosite

for in vivo imaging3# QDs can be directly grown with biomol-

ecules, such.as DN or Colnju.gated.WIth prote.lns.through amide of 3—6 nm. The aptamer on the QD surface has a stable quadruplex structure
bond formatioft and cross-linking using glutaric dialdehytfe. that can bind to thrombin via either the heparin-binding or the fibrinogen
The capping chemistry might also serve the additional purpose of recognition exosites. Charge transfer in the QD/thrombin complex induces
providing selective binding to a target, such as a protein (Scheme photobleaching.
1). We have discovered that a DNA aptamer can passivate PbS
QDs, rendering them water-soluble and stable against aggregation
and retain the secondary structure needed to selectively bind to its
target (in this case, thrombin). Importantly, we find that when the
aptamer-functionalized QD binds to its target, and only its target,
there is a highly selective quenching of the PL. We attribute this
guenching to charge transfer from functional groups on the protein
to the QD itself. This selective detection of an unlabeled protein is

The TBA—thrombin interaction has been investigated thoroughly,
and the chair-structured TBA binds to thrombin via either heparin-
binding or fibrinogen recognition exosités® Thrombin is a serine
protease which converts fibrinogen into clottable fibrin, and its
catalytic activity can be inhibited by blocking the fibrinogen
recognition exosité®

Figure 1 presents spectroscopic measurements of thrombin using
L . S PL transduction of the QD. The steady-state PL spectrum has a
distinct from previously reported schemes utilizing electrochem- . o ;
istry,11 absorption’? and fluorescence resonance energy transfer peak near 1050 nm and sy_stemat|cally _decreases_ with Increasing

' ' thrombin concentration. Adding free TBA in these mixture solutions

13 . . ) .
EFRE(P' t.ln t.hls vt\)lork, ﬂ:je targgt dtitectlon by a uplk?.uit;:ilrelz(ct PL ddid not recover the PL intensity, indicating that the binding process
ransduction 1S observed even In the presence ol high backgrountiy ;.o ersinle at moderate time scales. From the inner panel of

concentrations of interfering negatively or positively charged proteins. Figure 1b, we determine that the detection limit of thrombirvis

We show that extraneous proteins adsorb but do not modulate then,vI under these conditions. The PL kinetic measurement at two
_PL and.are rapidly d.lsplaced by the target analyte_. This meCha_n'smdiﬁerent mixture concentrations shows that steady state is achieved
is the first to selectively modulate the QD. PL directly, enabling within 1 min (Figure 1c), similar to the time scale observed for
new types of label-free assays and detection schemes. thrombin inhibition with TBAL?

To achieve the aptamer capping chemistry, we devised a novel, g cause of PL quenching is examined by absorption spectros-
one-step synthesis of near-infrared (nIR) PbS QDs in aqueous solu-Copy for the QD with 0 and 180 nM thrombin (Figure 1d). A narrow
tion at room temperature in open air: 15-mer thrombin-binding apta- ahsorption peak is not observed since these QDs are not sufficiently
mer (TBA) and lead acetate were mixed in TAE buffer (pH 8), fol- - monodisperse. The decrease in the absorption with thrombin
lowed by the injection of sodium sulfide with vigorous stirring (molar  jngicates that the PL modulation is caused by charge transfer
ratio of TBA:Pb:S= 1:4:2). The resulting TBA-capped QDs are  (CT): we rule out FRET because thrombin absorbs only in the
stable for several months and have diameters-¢6 8m (Scheme UV. The CT occurs most likely in a way that an electron is
1 and Figure S1). The PL quantum yield is approximately 23%, cali- transferred from a functional group in thrombin (e.g., amine) to
brated with IR-1048 dye using a 785 nm laser. The particle concentra-the QD conduction band, and a hole moves in the opposite direction
tions used are approximated at 430 and 860 nM, assuming a uniform(Scheme 1), resulting in a decrease of the absorption and PL
diameter of 5 nm. Absorption measurements reveal that approxi- intensities. CT-induced photobleaching of QDs and carbon nano-
mately 20% of total TBA used passivates the QD surface tubes has been observed with amine grddp®,Ru—polypyridine

(Figure S2).

Scheme 1 shows a TEM image (inset) of the TBA-capped QDs
and their binding scheme to blood-clotting huneathrombin. TBA
forms a quadruplex structure in the presence of divalent céfions
and retains its structure on the QD surface, which is necessary for
thrombin binding (confirmed by circular dichroism in Figure S3).
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complexeg! and azobenzene compourfds.

A useful property of this scheme is that the TBA-capped QDs do
not optically respond to other interfering proteins even at much high-
er concentrations (Figure 2). We selected control proteins with a
variety of isoelectric points (pl): bovine serum albumin (BSA, pl
4.7), streptavidin (pl 5.0), proteinase K (pl 8.9), and lysozyme (pl

10.1021/ja066506k CCC: $33.50 © 2006 American Chemical Society
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Figure 1. (a) Photobleaching of TBA-capped PbS QDs360 nM) with
various amounts of thrombin. The peak wavelength near 1050 nm remains
constant. (b) The PL gradually decreases with increasing thrombin concen-
tration. The inner panel shows the linear region from 0 to 30 nM of throm-
bin, yielding the detection limit of~1 nM. (c) Photobleaching kinetics of
the QD/thrombin complex at two different concentrations measured at the
peak wavelength. (d) Absorption spectra of the QD430 nM) with 0 and
180 nM thrombin. The lower absorption with thrombin indicates that charge
transfer occurs in the QD/thrombin complex, resulting in photobleaching.
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Figure 2. PL of the TBA—QD shows no response to other proteins: BSA
(@), streptavidin ©), proteinase K+), and lysozyme x). In the presence
of 10 uM BSA and 10uM proteinase K, injection of thrombin to the QD
solution immediately induces the PL decrease.

11.0). Although the negatively charged QDs can electrostatically
interact with the latter two positively charged protetghe PL in-
tensity does not change significantly during the measurement period
(<10 min). We added 162 nM thrombin to the QD solution with
10uM BSA and 182 nM thrombin to the QD with %€M proteinase
K. The PL signals immediately decrease to 23 and 47%, respectively,
which confirms selective binding/charge transfer in the TB2D/
thrombin complex. The lower degree of photobleaching in the case
of proteinase K is attributed to the electronic screening by the protein.
We further examine the QBprotein interaction by dynamic light
scattering that provides diffusion coefficien, at protein to QD
concentrations of-8, D (um?s) for initial QD = 4.13, QD+
thrombin= 2.65, QD+ lysozyme= 0.84, and QD+ BSA = 3.92.
The QD-thrombin complex haB approximately 36% smaller than
that of the initial QD, indicating that the PL decrease is not due to
protein-induced QD aggregation. In contrast, the strong electrostatic
interaction of lysozyme with the QD results in the decreasP of
by almost an order of magnitude. This is consistent with the
observation that the lysozym&D solution becomes turbid several
hours after the protein injection, implying mixture aggregation over
time. Since BSA has overall negative charge in the mixture solution,
it does not interact with the QD significantly, so the diffusion
coefficient is similar to the initial QCD value as the scattering

from the QD dominates. Hence, extraneous proteins can adsorb on (22) 01’

the QD (depending on pH of the solution), bomly selectie
binding/charge transfer leads to photobleaching

We found that prostate-specific antigen (PSA, pl-6/&) also
induced the PL response (Figure S6). This is anticipated by the
structural similarity between PSA and thrombin: PSA also has the
heparin-binding exosité=2" that can capture the TBA-capped QD,
leading to charge transfer in the protein/QD complex. A six base
long DNA sequence (GGTTGG) was reported to selectively bind to
thrombin}” which implies that this sequence may be also used with
QD for selective detection. Alternatively, we observed that the QD

capped by 30-mer DNA alternating G and T bases quenched upon
thrombin injection probably because d(Gd¥ould also form a
quadruplex structuré but the QD with other DNA sequences such
as d(GGGGTy did not photobleach. In summary, we have found

a unique mechanism to selectively and directly modulate the PL
of a QD with an aptamer capping. This chemistry may lead to more
nanoparticle optical probes that can be activated in a highly
chemoselective manner.

Acknowledgment. M.S.S. is grateful for support from the Nation-
al Science Foundation Career Award. J.H.C. thanks the Shen postdoc-
toral fellowship, and K.H.C. acknowledges National Science Scholar-
ship from the Agency for Science, Technology and Research
(ASTAR) of Singapore. We thank Dr. M. A. Spies, Dr. C. F.
Zukoski, and E. B. Mock for the use of the CD and DLS equipment.
We also thank Dr. K. S. Suslick and P. W. Barone for insightful
discussions.

Supporting Information Available: Details of the synthesis,
characterization including TEM images, and control experiments are
included. This material is available free of charge via the Internet at
http://pubs.acs.org.

References

(1) Medintz, I. L.; Uyeda, H. T.; Goldman, E. R.; Mattoussi, Rat. Mater.
2005 4, 435-446.
(2) Murray, C. B.; Norris, D. J.; Bawendi, M. Gl. Am. Chem. Sod.993
115 8706-8715.
(3) Kim, S.; Lim, Y. T.; Soltesz, E. G.; De Grand, A. M.; Lee, J.; Nakayama,
A.; Parker, J. A.; Mihaljevic, T.; Laurence, R. G.; Dor, D. M.; Cohn, L.
H.; Bawendi, M. G.; Frangioni, J. Wat. Biotechnol2004 22, 93—97.
(4) Gao, X.; Cui, Y.; Levenson, R. M.; Chung, L. W. K.; Nie, Slat.
Biotechnol.2004 22, 969-976.
(5) Hinds, S.; Taft, B. J.; Levina, L.; Sukhovatkin, V.; Dooley, C.; Roy, M.
D.; MacNeil, D. D.; Sargent, E. H.; Kelley, S. @. Am. Chem. So2006
128 64—65.
(6) Levina, L.; Sukhovatkin, V.; Musikhin, S.; Cauchi, S.; Nisman, R.; Bazett-
Jones, D. P.; Sargent, E. dv. Mater. 2005 17, 1854-1857.
(7) Green, M.; Smyth-Boyle, D.; Harries, J.; Taylor, Ghem. Commur2005
4830-4832.
(8) Patel, A. A.; Wu, F.; Zhang, J. Z.; Torres-Martinez, C. L.; Mehra, R. K;;
Yang, Y.; Risbud, S. HJ. Phys. Chem. BR00Q 104, 11598-11605.
(9) Wang, S.; Mamedova, N. N.; Kotov, N. A.; Chen, W.; StudefNdno
Lett. 2002 2, 817-822.
(10) Mamedova, N. N.; Kotov, N. A.; Rogach, A. L.; Studer,Nano Lett.
2001 1, 281-286.
(11) Hansen, J. A.; Wang, J.; Kawde, A.-N.; Xiang, Y.; Gothelf, K. V.; Collins,
G.J. Am. Chem. So2006 128 2228-2229.
(12) Pavlov, V.; Xiao, Y.; Shlyahovsky, B.; Willner, 0. Am. Chem. Soc.
2004 126, 11768-11769.
(13) Levy, M.; Cater, S. F.; Ellington, A. DChemBioChen2005 6, 2163-
2166.

(14) Smirnov, I.; Shafer, R. Hl. Mol. Biol. 200Q 296, 1-5.

(15) Padmanabhan, K.; Padmanabhan, K. P.; Ferrara, J. D.; Sadler, J. E;
Tulinsky, A. J. Biol. Chem1993 268 17651-17654.

(16) Padmanabhan, K.; Tulinsky, Acta Crystallogr.1996 D52, 272-282.

(17) Bock, L. C.; Griffin, L. C.; Latham, J. A.; Vermaas, E. H.; TooleJJ.
Nat. 1992 355, 564-566.

(18) Landes, C.; Burda, C.; Braun, M.; El-Sayed, M. A.Phys. Chem. B
2001 105 2981-2986.

(19) Landes, C.; Bruan, M.; Burda, C.; El-Sayed, M.Mano Lett.200], 1,
667—670.

(20) Cowdery-Corvan, J. R.; Whitten, D. G.; McLendon, G.Ghem. Phys.
1993 176, 377-386.

(21) Sykora, M.; Petruska, M. A.; Alstrum-Acevedo, J.; Bezel, I.; Meyer, T.
J.; Klimov, V. I. J. Am. Chem. So2006 128 9984-9985.

Connell, M. J.; Eibergen, E. E.; Doorn, S. Kat. Mater.2005 4,
412-418.

(23) Ipe, B. I.; Shukla, A.; Lu, H.; Zou, B.; Rehage, H.; Niemeyer, C. M.
ChemPhysCher2006 7, 1112-1118.

(24) Cao, Y.; Lundwall, A.; Gadaleanu, V.; Lija, H.; Bjartell, Am. J. Pathol.
2002 161, 2053-2063.

(25) Carter, W. J.; Cama, E.; Huntington, J.JABiol. Chem2005 280, 2745~
2749.

(26) Li, W.; Johnson, D. J. D.; Esmon, C. T.; Huntington, J.Nmt. Struct.
Mol. Biol. 2004 11, 857—862.

(27) Villoutreix, B. O.; Lilja, H.; Pettersson, K.; Lovgren, T.; Teleman, O.
Protein Sci.1996 5, 836-851.

(28) Beschetnova, I. A.; Kaluzhny, D. N.; Livshits, M. A.; Shchyolkina, A.
K.; Borisova, O. F.J. Biomol. Struct. Dyn2003 20, 789-799.

JA066506K

J. AM. CHEM. SOC. = VOL. 128, NO. 49, 2006 15585





