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Two-Photon Excitation of Quantum-Dot-Based Fluorescence
Resonance Energy Transfer and Its Applications**

By Aaron R. Clapp, Thomas Pons, Igor L. Medintz, James B. Delehanty, Joseph S. Melinger,
Theresa Tiefenbrunn, Philip E. Dawson, Brent R. Fisher, Brian O’Rourke, and Hedi Mattoussi*

Luminescent quantum dots (QDs), with their large absorp-
tion cross sections, superior photo- and chemical stability,
broad excitation spectra, and narrow emission bandwidths,
are excellent alternatives to traditional organic dyes for fluo-
rescence labeling and emerging nanosensing applications.“'lo}
Using various surface-functionalization techniques (including
cap exchange and encapsulation methods), QDs can be dis-
persed in aqueous media.’>!” This has naturally led to their
use in biological applications, most notably in cellular label-
ing,*4¢71% and in the development of sensitive assays that
can detect small molecules and oligonucleotides in solu-
tion.®’ More recently, we and other groups have shown that
QDs are unique donor fluorophores for fluorescence reso-
nance energy transfer (FRET) where multiple acceptor dyes
can be positioned around the QD to substantially enhance
the overall rate of FRET between the QD and proximal
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dyes."""®1 Because of its exquisite sensitivity to changes in do-
nor—acceptor separation distance (with sixth power depen-
dence), FRET has proven to be a powerful method for detect-
ing molecular-scale interactions, such as binding events and
changes in protein conformations. FRET-based QD-biomole-
cule sensing assemblies that are specific for the detection
of target molecules including soluble 2.4,6-trinitrotoluene
(TNT), DNA, and the activity of various proteolytic enzymes
have been demonstrated.'*!%2!]

Multiphoton fluorescence microscopy is the preferred high-
resolution imaging method for thick (ca. 1 mm) tissue sam-
ples owing to its intrinsic optical sectioning ability and limited
out-of-focus photodamage. It also uses far red and near IR ex-
citation (700-1100 nm), which is ideally located in the tissue
optical transparency window.”” However, FRET perfor-
mance driven by two-photon excitation has been limited by
the photophysical properties of organic dyes and fluorescent
proteins. In particular, it is often difficult to devise a donor—
acceptor pair with substantial spectral overlap for high FRET
efficiency and nonoverlapping two-photon absorption spectra
for limited acceptor direct excitation. A recent report by Lar-
son et al. showed that water-soluble CdSe—ZnS QDs are supe-
rior probes for multiphoton fluorescence imaging where typi-
cal QD two-photon action cross sections are about one to two
orders of magnitude larger than those of organic molecules
designed specifically for such applications.[23]

In this report, we demonstrate efficient resonance energy
transfer between luminescent QDs and proximal dye accep-
tors driven by a two-photon process using sub-band excitation
energy (far red and near IR photoexcitation). The FRET pro-
cess between QDs and proximal dyes using this format has
two unique features: 1) it exploits the very high two-photon
action cross sections of QDs compared to those of conven-
tional dyes, which results in a near-zero background contribu-
tion from the dye acceptors due to direct excitation, in-
dependent of the excitation wavelength; 2) it provides high
signal-to-background ratios in FRET imaging of cells and tis-
sue samples by substantially reducing both autofluorescence
and direct excitation contributions to the acceptor photolumi-
nescence (PL) signal. These features can considerably simplify
data analysis, in particular when signals of both the QD donor
and dye acceptor are required to interpret assay results; they
can also improve applications such as intracellular FRET
sensing and imaging. Our findings also show that the energy
transfer resulting from two-photon excitation is entirely con-
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sistent with results collected using one-photon excitation
(which uses higher energy photoexcitation), and in agreement
with predictions of the Forster theory.

Table 1 shows the two-photon action cross-sectional values
measured for our QDs in toluene and in water solutions, along
with those of traditional dyes. Data show that the measured
values for QDs are 2-3 orders of magnitude higher than Cya-

Table 1. Two-photon action cross sections for QDs populations in water
and toluene, characterized using fluorescein as a standard in aqueous
buffer (pop=36 GM at 800 nm and pH13), Cy3, fluorescein and wild-
type green fluorescent protein (GFP) (from the literature [28]). Although
multiphoton absorption profiles are nonlinear optical phenomena, the
longer wavelength emitting QD populations show higher two-photon
action cross sections, consistent with the one-photon absorption behav-
ior.

Two-photon action cross section (GM, 800 nm)

water toluene
510 nm QDs 8500 —
540 nm QDs 13800 15000
555 nm QDs 23200 19500
570 nm QDs — 23000
Cy3 <1 —
Fluorescein 36 —
GFP 6 —

nine 3 (Cy3) or those reported in the literature for other com-
mon organic dyes.”**! Our measured values are comparable
to the two-photon action cross sections reported in the litera-
ture.l’! Steady-state composite spectra collected from samples
under two-photon excitation were deconvoluted to yield indi-
vidual PL contributions using the known spectral profiles of
isolated QDs and Cy3 dye emissions (see Fig. 1). In all cases,
the PL contribution due to direct excitation was measured
using control samples containing maltose binding protein
(MBP)-Cy3 only and subtracted from the composite spectra
before analysis. The QD PL spectra collected using a two-
photon excitation mode maintain the same symmetric and
narrow features as those collected in the one-photon excita-
tion mode (compare Fig. 1A and C with Supporting Informa-
tion Figs. S1 and S2 and the literaturem]). Time-resolved fluo-
rescence measurements showed a pronounced decrease in
QD donor lifetime for solutions of QD-MBP-Cy3 compared
with unconjugated nanocrystals (see Fig. 1D and Fig. S3). The
data also indicate that the Cy3 lifetime increases in the QD
conjugate as compared to Cy3 alone. This observation is con-
sistent with results using a one-photon excitation mode.!">!4
A decrease in QD steady-state PL and its lifetime were essen-
tially negligible when QDs were mixed with free dye (control
samples) due to negligible FRET interactions.

The results above indicate that the loss of QD emission is
specifically due to self-assembly of the dye-labeled protein on
the nanocrystal surface, which positions the dye acceptors
close to the QD donor. This culminates in efficient nonradia-
tive transfer of excitation energy from the QD to the proximal
Cy3 dye (see Fig. 1). The experimental FRET efficiency can
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be readily determined using the relation (developed for one-
photon excitation FRET):

Fpa

E=1- Fo (1)
where Fpa and Fp are the QD PL measured in the presence
and absence of dye acceptors, respectively.[26] Figure 1 shows
that the FRET efficiency increases with the number of dyes, n,
positioned near the QD surface. The data also show that the
dependence of the FRET efficiency on the ratio n for the two-
photon excitation mode is indistinguishable from the results
using one-photon excitation (compare Fig. 1 and Supporting
Information Figs. S1 and S2). The enhancement in the FRET
efficiency with an increasing number of dyes is due to the in-
creased effective overlap integral when multiple acceptors in-
teract with a central QD donor.'3!4%] However, the two-
photon excitation mode essentially eliminated the undesired
direct-excitation PL contribution common to the one-photon
excitation case (compare the insets in Fig. 1C and Fig. S1).
This is due to a vastly reduced two-photon absorption cross
section (ca. 10* smaller) for the dye relative to QDs (see
Table 1), indicating that the entire observed Cy3 signal from
the QD-dye conjugates (collected by a charge-coupled device
(CCD) detector) is attributed to nonradiative energy transfer.
This is a desirable advantage over a one-photon mode where
direct excitation of the acceptor, though generally small for
an optimized excitation wavelength, must be carefully sub-
tracted from the composite spectra to properly estimate the
FRET efficiency. Analysis of the QD PL loss (or E) using
Forster’s formalism provided estimates of donor—acceptor dis-
tances r for both assemblies using the formula:

R, {n(l_E)T/s

- @

where R, is the Forster distance.*?*! The 510 nm QD-MBP-
Cy3 and 540 nm QD-MBP-Cy3 titration results yielded fitted
distances r of (67+5) and (72+4) A, respectively, consistent
with the known sizes of the QD bioconjugates and with values
extracted using one-photon excitation mode.["” Equivalence
of the FRET processes using one- and two-photon excitation
modes indicates that the transition dipole of the excited QD
donor, which is responsible for nonradiative transfer of excita-
tion energy, has the same properties regardless of the photo-
excitation mechanism. Furthermore, the point dipole approxi-
mation is sufficient for describing QD fluorophores in this
arrangement.m]

We next demonstrate a unique advantage of two-photon
excitation to probe energy transfer between QDs and conju-
gated dye acceptors, while investigating the stability of self-
assembled QD-peptide conjugates within cells using fluores-
cence microscopy. Long-term stability of QD-protein con-
jugates is a crucial requirement in the design of QD-based in-
tracellular sensors. 510 nm emitting QDs were conjugated
with polyarginine-containing cell-penetrating peptides (CPPs)
bearing an N-terminal polyhistidine tract, and subsequently
incubated with human embryonic kidney (HEK 293T/17)
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Figure 1. Deconvoluted PL spectra of QDs and Cy3 as a function of the number of MBP—Cy3 per QD using two-photon excitation, 540 nm QDs (A)
and 510 nm QDs (C), along with the fractional PL (compared to unlabeled QD-conjugate solutions) and FRET efficiencies E for 540 nm QDs (B). The
inset in (A) shows a schematic of a QD—protein—dye conjugate and FRET driven by a two-photon excitation process. The inset in (C) shows a compari-
son between FRET-induced Cy3 PL (purple) and the contribution due to direct two-photon excitation collected for a control MBP-Cy3 sample (crim-
son). D) Time-resolved fluorescence decays for 540 nm QD-MBP-Cy3 where the PL signals from donor and acceptor are spectrally isolated by appro-
priate band pass filters. Decay profiles are shown for isolated QDs, isolated MBP—Cy3, and for each fluorophore when brought together in a conjugate.
Average lifetimes were estimated from fits of the experimental data to biexponential decays for all solutions [13]. Data from the Cy3 solution were well

fit to a single-exponential decay function.

cells (assembled at a ratio of ca. 60 peptides per QD, 50 nm
QD) for 1 h and fixed.” These peptides are known to med-
iate endocytosis of conjugated cargos such as proteins or
nanoparticles in a wide variety of cell lines.”>**! Two-photon
excited fluorescence images of these cells revealed punctate
QD staining consistent with endosomal uptake (Fig. 2A,
top panels), which was notably absent when the cells were
exposed to QDs alone, in agreement with our previous obser-
vations using this delivery mechanism reported in the litera-
ture.” When QDs were conjugated to both CPP and Cy3-la-
beled peptides (CPP-QD-peptide—Cy3, assembled at average
ratios of 60 CPP and two Cy3-labeled peptides per QD), we
observed efficient FRET from QDs to Cy3, as illustrated in
Figure 2B (top panels). In contrast, staining of the cells with a
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mixture of Cy3-labeled transferrin (Tf-Cy3), a commonly
used endosomal marker, and unlabeled CPP-QD does not
show any evidence of Cy3 fluorescence (Fig. 2C, top panels).
In the latter case, the dye was not directly conjugated to
the QDs, thus preventing FRET interactions. We compared
these two-photon fluorescence images with the corresponding
one-photon epifluorescence images using 488 nm excitation
(Fig. 2, bottom panels). While similar images were observed
when cells were exposed to CPP-QD and CPP-QD-peptide—
Cy3 conjugates, the cells showed bright Cy3 labeling upon
exposure to a mixture of CPP-QD and Tf-Cy3 (compare
Fig. 2C top panels and bottom panels). This demonstrates that
significant Cy3 direct excitation occurred upon one-photon
excitation at 488 nm (Fig. 2C, bottom panels). As a conse-
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Cy3-Transferrin
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Figure 2. (top panels) Two-photon fluorescence microscopy images of
HEK 293T/17 cells following incubation for 1 h with 510 nm QDs conju-
gated to: A,C) CPP and B) CPP and two Cy3-labeled peptides; CPP-QD
conjugates were prepared with 60 CPP per QD. In (C), the cells were
also incubated with Cy3 labeled-transferrin (not bound to QDs). The QD
staining is located outside of the cell nuclei and within endosomal com-
partments as demonstrated by the overlaid image in (C); representative
cell membranes are outlined in white. (1ex=840 nm, scale bar=20 pm).
Rather high concentrations of DAPI nuclear stating agent (in comparison
with QD and dye) were used to allow easy visualization of the cell nu-
cleus in two-photon excitation mode. (bottom panels) One-photon fluo-
rescence microscopy images of the same HEK 293T/17 cells correspond-
ing to the conditions in A-C. The extremely weak fluorescence signal
observed in panel A, middle image, is attributed to a slight leakage of
the QD emission into the Cy3 window. (Aex=488 nm, scale bar=20 um.)

quence, it is difficult to distinguish between Cy3 emission due
to FRET and direct excitation in a one-photon mode, without
additional background correction and image processing. Con-
versely, a PL signal due to the direct excitation of the acceptor
dye was not observed in a two-photon excitation mode even
at 20-fold molar excess relative to the QD donor. The absence
of acceptor direct excitation contribution is a unique advan-
tage of two-photon excited FRET using QD donors. While

www.advmat.de

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

one-photon excitation was only able to probe the presence of
QDs and Cy3, two-photon excitation unambiguously reveals
colocalized fluorophores and efficient energy transfer from
QDs to dyes when QD-peptide-dye conjugates are formed
prior to endocytosis. Importantly, this has allowed us to dem-
onstrate that the labeled peptides remained stably conjugated
to QDs within the endosomal compartments after 72 h.

In the final example, we combined the unique features of
two-photon excitation and FRET to implement a reagentless
solution-phase sensing assembly specific for the nutrient sugar
maltose. In this arrangement, a mutated form of MBP-His
was labeled at the unique D41C residue such that binding to
maltose induces a conformational transition (to a closed struc-
ture), which changes the local environment of the Cy3 dye
and alters its fluorescence emission.”!! The FRET efficiency is
not expected to change as the maltose concentration in-
creases, but rather the PL of the acceptor will vary monotoni-
cally owing to changes in Cy3 quantum yield. Figure 3A
shows the progression of steady-state fluorescence spectra
with increasing maltose concentration. To account for slight
variations in excitation efficiency between samples (due to
fluctuations in laser power or other factors), we plotted the
ratio between the Cy3 peak emission and that of the QD. Fig-
ure 3B shows these ratios as a function of maltose concentra-
tion using 510 and 540 nm emitting QDs in one and two-
photon excitation modes. As the maltose concentration ap-
proaches the equilibrium dissociation constant, Kp, the Cy3
PL drops dramatically. A Kp of 0.8 mM was determined for
this sensing assembly demonstrating that the response of the
sensor is consistent irrespective of the QD population or the
excitation method used.’!! In this sensing format, the QDs
function primarily as light-harvesting fluorophores, effectively
increasing the sensor two-photon cross section by several or-
ders of magnitude and allowing its effective interrogation
using two-photon excitation. (An alternate maltose sensing
scheme was also evaluated using a two-photon excitation
mode; see Supporting Information.)

In conclusion, multiphoton excitation of QDs presents sev-
eral distinct advantages in fluorescence imaging that also ex-
tend to FRET-based applications using organic dyes as accep-
tors. Because of the very large two-photon action cross
sections of luminescent CdSe—ZnS QDs as compared to dyes,
direct excitation effects and spectral crosstalk can be reduced
to background levels. As a result, detection of molecular-scale
changes via FRET can be greatly simplified and improved
using two-photon excitation. As nanosensing applications
increasingly transition to intracellular environments, multi-
photon excitation will allow more accurate targeting of struc-
tures and pathways. The interchangeable use of one and two-
photon excitation processes in FRET-based sensing allows
for the design and characterization of these tools prior to
more complicated in vivo implementation. This generalized
approach can be used to develop a wide range of unique sens-
ing schemes for real-time intracellular detection, which are
compatible with the benefits of multiphoton imaging tech-
niques.
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Figure 3. A) Composite spectra from a reagentless sensing format using 510 nm QDs with MBP—Cy3 labeled at Cys41. The Cy3 PL signal decreases
monotonically as a function of maltose concentration. B) Transformation of the PL data versus maltose concentration for four different arrangements
using 510 nm and 540 nm QDs with MBP-Cy3 using one- and two-photon excitation modes. The titration curves demonstrate the equivalence of the

sensing arrangements regardless of the QDs used or excitation mode chosen.

Experimental

Quantum Dot—Protein Conjugates: Engineered variants of E. coli
maltose binding protein were appended with a C-terminal polyhisti-
dine tract (MBP-His) to allow metal-affinity-driven self-assembly on
the surface of dihydrolipoic acid (DHLA)-functionalized QDs (see
Supporting Information) [13,14]. These proteins were also modified
to contain single cysteine mutations (at positions D41C or D95C) for
specific labeling with maleimide-functionalized Cy3 dye prior to con-
jugate assembly. MBP-His labeled at D95C was used for the steady-
state and time-resolved fluorescence experiments, while MBP-His la-
beled at D41C was exclusively used in the reagentless sensor design.
The overall MBP/QD ratio was maintained at 15:1, thus ensuring es-
sentially a complete coverage of the QD and maintaining a consistent
QD quantum yield [13].

Quantum Dot—Peptide Conjugates: CPP was synthesized by Boc-
solid phase peptide synthesis with the sequence (His)s-Trp-Gly-Leu—
Ala-Aib-Ser-Gly—(Arg)s—amide, where Aib is the artificial residue
alpha-amino isobutyric acid. The Cy3-labeled peptide was synthesized
with the sequence, Ac—(His)¢—Gly-Leu-Aib-Ala—Ala—Gly-Gly-His—
Tyr—Gly—Cys-NH,, where Ac is an acetyl group at the N-terminus.
This peptide was labeled with a maleimide-functionalized Cy3 (Amer-
sham Biosciences, Piscataway, NJ) at the cysteine residue. The poly-
histidine sequences at the N termini of the peptides allowed their self-
assembly on the QD surface. QD conjugate stock solutions were
prepared by incubating 1 pm of DHLA-capped QDs with the appro-
priate ratios of peptides, that is, 60 CPP/QD for CPP-QD conjugates,
or 60 CPP mixed with two peptide-Cy3 per QD for CPP-QD-pep-
tide-Cy3 conjugates.

Two-Photon Excited Steady-State Spectra: Two-photon excitation
was generated using a tunable Ti-sapphire laser (200 fs pulse width,
76 MHz, Clark-MXR, Dexter, MI) operating at 800 nm and focused
with an objective lens to a spot within a quartz cuvette containing the
bioconjugates sample. Fluorescence spectra were collected using a
spectrometer (SPEX 270M, HORIBA Jobin Yvon, Edison, NJ).

Fluorescence Lifetimes: The excitation source for the time-resolved
experiments used the pulse-picked output (5 MHz) of a mode-locked
Ti:Sapphire oscillator (pulse width <200 fs, Mira 900, Coherent, Santa
Clara, CA) with a center wavelength at 800 nm. PL was detected
using an avalanche photodiode (SPCM-AQR-13, PerkinElmer, Well-
esley, MA), and lifetimes were determined using a time correlated sin-

Adv. Mater. 2007, 19, 1921-1926

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

gle-photon-counting system equipped with a TimeHarp 200 card and
software (PicoQuant GmbH, Berlin, Germany).

Cell Imaging: Two-photon cell imaging was performed with a Bio-
Rad MRC-1024MP confocal system (Bio-Rad, Hercules, CA) using
ca. 10 mW of 840 nm pulsed excitation (ca. 80 fs, 80 MHz, Tsunami,
Spectra-Physics, Mountain View, CA) at the focal plane of a 60x,
0.9 NA water immersion objective (E600FN upright microscope, Ni-
kon, Melville, NY). DAPI, 510 nm QD, and Cy3 signals were separat-
ed using 490 and 550 nm dichroics. DAPI fluorescence crosstalk was
subtracted from the QD channel. One-photon cell imaging of the
same samples was performed with an Olympus IX71 inverted micro-
scope and a Princeton Instruments I-PentaMAX CCD camera
(Photometrics, Tucson, AZ). DAPI fluorescence was imaged using
350 nm excitation from a Xe lamp, while QDs and Cy3 were excited
with a 488 nm Ar ion laser and spectrally separated using a 565 nm di-
chroic mirror.
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