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Semiconductor nanocrystals (NCs) serve as useful fluorescentdye conjugation method may be applied to water-soluble NCs that
labels owing to their photostability, continuous absorption spectra, have been cap exchanged with thiol-functionalized poly(ethylene
and efficient, narrow, and tunable emissioR.These properties glycol)s1* The samples can be easily purified with dialysis filters
of NCs have been exploited for applications in biological imatjing to ensure that unreacted dyes are removed from the sample. The
and in single particle tracking studie®Vhereas NCs are usefulin  complete procedures for the synthesis of CdSe/ZnS NCs and
identifying position in a microenvironment, their intrinsic insensitiv-  squaraine dye and their subsequent conjugation are given in the
ity to the presence of most biological or chemical agents renders themSupporting Information (SI).
of limited utility as sensing probes of that microenvironment. An The sensing action of the N&quaraine conjugate is imparted
important step in this direction has been the recent development ofby modulation of the FRET efficiency arising from the engineered
water-soluble CdSe NCs with the ability to sense target analytes overlap of the pH-sensitive dye absorption spectrum with the (pH-
irreversibly using fluorescence resonant energy transfer (FRET) asinsensitive) quantum dot emission (Figure S1 of SI). Owing to the
a signal transduction mechaniénf. These previous studies, how-  pH dependence of the dye absorption spectrum, the spectral overlap
ever, do not demonstrate reversible and ratiometric chemical sensingoetween the dye absorption and the NC emission increases as the
using fluorescent NCs. We now show that a reversible NC-based pH is lowered. This spectral overlap integdais directly related
fluorescent sensor can be designed by conjugating a dye with anto the critical FRET distancd?,, which in turn affects the energy
equilibrium response to an analyte to the surface of a CdSe/ZnS NC.transfer efficiencyE(R,) as shown in eq 1:

We show that properly controlling energy transfer between the NC

and dye engenders a general method for the development of ratio- R06
metric NC sensors, thus providing a means for detecting analytes J(pH) = fd/lepH(l)d(/l)l4, R, 31/6, E(R) = —— (1)
with high precision, irrespective of changes in excitation intensity, +R

wavelength, or collection efficiency. Our constructs thus remove
several difficulties encountered with dye-only-based ratiometric where is wavelengthe,u(2) is the pH-dependent molar absorp-
nanoscopic sensing systefns. tivity, d(1) is the normalized NC donor emission, aRdis the

High quality CdSe NCs overcoated with ZnS and capped with donoracceptor distance. The inset of Figure S1 shows a calculation
trioctylphosphine oxide liganés!!were encapsulated by a hydro-  of R, as a function of pH; details of the FRET calculation are
phobically modified poly(acrylic acid) (Figure 1j.The squaraine included in the SI. At high pH, FRET should be inefficient as the
spectral overlap is small. Hence, the emission spectrum should be
dominated by luminescence from the NC. As the pH is lowered,
R, grows larger and the FRET efficiency increases owing to a
strengthening of the dye absorption cross sectjp(l). The NC
emission should then be quenched as a result of energy transfer to
the dye, which will in turn become more emissive.

The experimental results shown in Figure 2 are consistent with
the calculated trend iR, and expected FRET efficiency. The inset
shows the response of the absorption profile of the—d¢e
conjugate above and below thK(~8.5) of the dye. As observed
for the free dye in homogeneous solution (Figure S1), the dye

squaraine dye absorption band is suppressed under basic conditions. Consequently,
Figure 1. A sensor constructed from a colloidal CdSe NC that is overcoated €nergy transfer from the NC to the dye is inefficient, and the
with an outer layer of ZnS. The native phosphine oxide ligands are emission spectrum is dominated by the NC at 613 nm. As pH is
encapsulated with an amphiphilic polymer upon which a pH-sensitive |owered, the absorption cross section of the dye is increased, and
squaraine dye is conjugated. Upon excitation, the CdSe/ZnS nanocrystalcph T from the NC to the dye becomes more efficient; emission
may either fluoresce or transfer energy to the squaraine dye. The FRET . . . '
efficiency is modulated by the environment as the dye’s absorption profile ffom the NC-dye conjugate is now dominated by that of the dye
is a function of pH. Consequently, the ratio of NC to dye emission becomes at 650 nm. The largest changes occur near fgob the dye. The
a function of environmental variables. steady-state emission results are confirmed by time-resolved

3 o i _emission studies of the N&ye conjugate. As shown in Figure

dye** shown in Figure 1 was linked to the polymer backbone via g3 N emission of a conjugated sensor has a reduced lifetime as
ester linkages using _1-ethy|-3-(3-d|methylam|nopropyl)carbodumlde compared to that of the unconjugated NC. These results establish
(EDC) as the coupling agent. We have also found that the SaMEthat the emission from the NC donor is guenched by the presence

T Present address: Department of Chemistry, The University of lllinois at of the organic dye acceptor, as has been previously observed in
Chicago, Chicago, IL 60607. other construct$’
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independent band shape (see inset, Figure 3), a feature that is not
present in single molecular ratiometric sensérghus, the NG

dye conjugate does not need to use two independent excitation
sources (or alternatively a single excitation specifically at an
absorptive isosbestic point) for proper function.

In summary, we have developed a new strategy for chemical
and biological sensing by tethering emissive water solubilized NCs
to environmentally sensitive dye molecules. We have observed a
S ratiometric response to pH owing to modulation of FRET efficiency
6.‘|'>0 700 750 between the emissive NC and dyes conjugated to the NC surface.

A/ nm The approach is general as a sensing construct because the narrow,
Figure 2. The emission profile of a water-soluble (3.2 nm radius)-NC  Size-tunable emission spectrum of NCs enables them to be FRET
squaraine dye conjugate changes as a function of pH (red solid line, 6.0; donors that may be easily custom-engineered to match the acceptor
orange dotted line, 7.0; yellow solid line, 8.0; green dotted line, 9.0; and absorption features of a dye conjugated to the surface of the NC.

blue solid line, 10) withlex = 380 nm. The normalized spectra show pH . e "
dependence with an isosbestic point appearing at 640 nm. The absorbancér aken together with the broad excitation spectrum and photostability

of the squaraine dye is suppressed in the conjugate at basic pHs as show§onferred by NCs, the reversible and ratiometric approach presented
in the inset. The overall quantum yield of this construct isk71%. here makes NCs versatile agents for chemical and biological
Deconvolution of the absorption spectra into dye and NC components revealssensing.

that the dye to NC ratio is (3.4 0.2):1. Shown in Figure S2 of the Sl are
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Figure 3. Sensing of the local pH by the NC/dye construct with variations NMR spectra for the preparation of pH-sensitive squaraine dyes, water
in the excitation intensity and local environment. The ratio of NC to dye solubilized core shell NCs, and the conjugation of the two. Time-
emission varies such that pH is determined within 5% when altering the resolved emission of NC versus NC/squaraine dye conjugates as well

8”:_; entrance of thI% i.(e Iazrn(?oexcit)atio(? o;‘]the ﬂuor_irr_lete[](red dotted ”_”ﬁ_' as results from other pH-sensing conjugates. This material is available
.5 mm; green solid line, 2.00 mm) and when examining the construct within 5 .

a highly scattering media (blue solid line) shown by the picture of the vial. free of charge via the Internet at hitp://pubs.acs.org.
The inset shows that emission was independent of excitation wavelength
(blue solid line, 380 nm; green solid line, 450 nm; red solid line, 520 nm). References
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