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Forster resonance energy transfer (FRET) between donor and a . oa b o
acceptor chromophores provides a sensitive mechanism for probing e
interactions between the chromophores and with their local environ- § 5

ment. As donor chromophores, luminescent semiconductor quantum
dots (QD) offer significant advantages over fluorescent dyes
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including superior photostability, broad absorption, and narrow, o W

size-tunable emission. As a result, there is rapidly growing interest )

in QD—organic dye hybrids for FRET-based sensingAt the

single-particle level, these hybrids have potential for measuring the 0 0 20 30 40 0 10 20 30 40
local environment of nanostructures and studying macromolecule Time (ns) Time (ns)

conformational fluctuations. For most purposes multiple acceptors Figure 1. Emission spectra and decay profiles from bulk samples of
are bound to a single QD hub that serves as the sole energy donorQD605-Cy5 hybrids. Blue and red represent QD605 and Cy5, respectively.
A major hurdle to using QBdye hybrids in single-particle Data in panels a and c represent samples witli& QD605-to-Cy5 ratio.

lications is th D’ molicated. intermittent emission. or Data in panels b and d represent samples withlal QD605-to-Cy5 ratio.
applications is the QD’s complicated, inte ent emission, o Spectral data are shown as black dots with maximum likelihood estimation

b.Iinking,5‘8. whose kinetic mechanism remains unkndWithe (MLE) fits of two Gaussian profiles overlaid as solid lines. Emission decay
single-particle FRET signal in these QD-multiple-acceptor systems profiles QD605 (blue 4") and Cy5 (red “0”) binned at 480 ps are shown
must be distinguished from acceptor dye photobleaching events,for clarity. Decay profiles of QD605 without acceptor (blue dashed) and
flickering dye emission caused by the QD donor blinking, and direct that of Cy5 alone (red dashed) are shown for reference in panel c. The
excitation of the acceptors. Here we demonstrate that the combinednSets in panels ¢ and d show close-ups of the histogram rising edge binned
use of multiparameter fluorescence spectros&ébidyand model- at 96 ps.

free statistical analysidcan address these issues. These methods ission is d FRET and di itation. Th
should also be applicable to analyze the complex excited-state 2ccePLOr emission 1S due to an r.IOt |rec§ ex0|tat|pn. €
dynamics in other multichromophore systems, where various typesa_pparent slow rise of the acceptor_(_amlssmn tranS|ent_ (Cf.' m_sets of
of multiparameter single-molecule spectroscopy have previously F'gl_”e_ 1c,d) results from competition between the intrinsic de-
been employed-15 Our multiparameter single-molecule micro- excitation of the aC(_:ept_or and energy _transfer frqm the donor. A
scope measures the wavelength, emission delay relative to excitatiorFPUP!ed four-state kinetic model involving the excited and ground
(excited-state lifetime), and chronological time (intensity) for each States of donor and acceptor explains this process. This model uses
detected photon. By measuring changes of multiple spectral & Single exponential, expt/zp), to describe the donor emission
parameters synchronized through correlated emission intensity dc@y, wherep is the donor decay with acceptors. The acceptor
jumps, high confidence event assignments can be obtained even ifEMission is described by exp(7o) — exp(~t/za), wherer, is the

low signal-to-background environments. The model-free statistical NWINSIC_de-excitation time constant of the acceptor without the
analysis quantitatively determines the time of emission intensity donor. The bulk-level characterization, however, contains convo-

changes, taking into account the magnitude of the change and thduted contributions from the static distribution of number of acceptor
number of photons used in the evaluatién. dyes around a QD donor, as well as those from the dynamic QD
We have performed multiparameter FRET measurements for bulk emission blinking and bleaching events. These issues are resolved
samples of various QD605-Cy5 hybrids made with biotinylated QDs [N Single-particle studies as discussed below.
and Cy5 labeled streptavidin. Figure 1 panels a and b show results_ OUr single-particle measurements produce a time-stamped photon
with, on average, about 5 and 1 dyes per QD. The FRET efficiency, '€cord thatis subsequently divided into QD donor and dye acceptor
indicated by the ratio of acceptor to donor emission in the spectra, Channels on the basis of the time-integrated spectrum of that QD,
reflects the number of acceptors. The time-resolved excited-stated€termined from a time segment after dye photobleaching. Emission
kinetics provides additional information about the energy transfer INteNsity time traces (trajectories) for a single QD-dye hybrid are
process (cf. Figure 1c,d). For example, with many acceptors presentdisplayed in Figure 2 panels a and b, which show complicated
(cf. Figure 1c), energy transfer to the acceptors reduces the donordynamics in both the donor and acceptor channels. To distinguish
excited-state lifetime te-3.7 ns from its acceptor-free value of ~acceptor photobleaching events from fluctuations due to donor or
~10.5 ns. On the other hand, with only one acceptor (cf. Figure 2cCeptor blinking, donor and acceptor intensity change points are
1d), the decay of the acceptor emission is prolonged fra ns first identified. Causal relationships between donor and acceptor
intrinsic lifetime to ~7.4 ns because energy transfer can occur change-point pairs are then established on the basis of their overlap

throughout the long donor lifetime. This result verifies that the N time, which we quantify by the affinity functionaf. Finally,
the sign of the change points within each pair are examined.

t University of California at Berkeley Opposite signs indicate photobleaching while identical ones suggest
# Sandia National Laboratory. ' QD blinking. A§ an e?(amplle, the.change—point.reconstructed donor
§ Lawrence Berkeley National Laboratories. and acceptor intensity trajectories are superimposed onto 10 ms
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transfer to the dye. The decays for all trajectory segments were fit

ﬂ{m aph 605 nm E{m \‘6“0\5'\: using the MLE method to determing andz, in the kinetic model.

’ FRET No FRET The MLE method can determine lifetimes to 10% accuracy with

Biotin < 2 e %y Cys (photo- less than 200 photori$:1° Here, single-expongntiall fits are used
Polyethylene 678 N bleached) because the small number _of photons contained in eac_h segment
glycol (PEG) Streptavidin % cannot support more complicated models. The QD luminescence

lifetime fluctuates throughout the trajectory (cf. Figure 2c), but the

12 bonor ' ' | ; ' ' change-point analysis identifies when its lifetime increases owing
7, L‘L_H_L_‘J”—Hf | WWW to the bleaching of an acceptor dye. Similarly, an example with
£ two dyes is shown in the Supporting Information (cf. Figure S2).
= 0 b) : : ’ ) : : : N : o : In summary, we demonstrated the unique capabilities of com-
é l ! ceere i bining multiparameter spectroscopy and model-free statistical
- U—U u | J l I approach in the study of complex @alye hybrid FRET systems
- org ; ¥ ' ' ¥ * ' at the single-particle level. Multiparameter measurements that
S0 ——————, ""‘*-'—’-'—-T‘-'—.'._— combine spectral and temporal information provide correlated
© 05 5 7l 3 410 iz 14 15 15 20 signals to confidently identify the origin of measured fluorescence

Time (s) l changes. Use of the model-free statistical approach to detect
5 820-941s 5 4 15808 significant events in the multiparameter data successfully distin-
7 2485 photons 28086 photons guished processes such as acceptor photobleaching from interfering
2 830 photons 86 photons L. .
c M //\‘ donor and acceptor blinking. This study suggests a robust approach
% &5 66?,\, T T TR Y for qsing QD-dye hybrid FRET-based sensors in single particle
8 avelength (nm) Wavelength (nm) applications.
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Figure 2. Results for a QD605-(Cyshybrid. Cy5 photobleaching event Sciences, the U.S. Department of Energy.

is identified with a green vertical line. Blue and red represent donor and Supporting Information Available: Detailed description of sample
acceptors, respectively. (a, b) The 10 ms binned and the change pOIntpreparation, instrumental configuration, determination of causal rela-

reconstructed (1% false-positive) donor (a) and acceptor (b) intensity traces'. ) . . . . .
are shown in light and solid lines, respectively. (c) Donor lifetime from UONShip between change points, discussion of change-point detection

each donor change-point segment. (d, e) Representative emission spectraiethod, the 96 ps binned lifetime profiles of the QD605-(Gy5)
(black dots) and MLE fits (solid lines) of individual donor change-point example, and the results for a QD605-(Cybybrid. This material is
segments. (f, g) Emission decay profiles (binned at 480 ps for clarity) from available free of charge via the Internet at http://pubs.acs.org.

the corresponding segments in panels d and e; MLE fits are overlaid as
szlid lines. The inset in panel f shows a close-up of the histogram rising References
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