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Abstract: We used luminescent CdSe—ZnS core—shell quantum dots (QDs) as energy donors in fluorescent
resonance energy transfer (FRET) assays. Engineered maltose binding protein (MBP) appended with an
oligohistidine tail and labeled with an acceptor dye (Cy3) was immobilized on the nanocrystals via a
noncovalent self-assembly scheme. This configuration allowed accurate control of the donor—acceptor
separation distance to a range smaller than 100 A and provided a good model system to explore FRET
phenomena in QD—protein—dye conjugates. This QD—MBP conjugate presents two advantages: (1) it
permits one to tune the degree of spectral overlap between donor and acceptor and (2) provides a unique
configuration where a single donor can interact with several acceptors simultaneously. The FRET signal
was measured for these complexes as a function of both degree of spectral overlap and fraction of dye-
labeled proteins in the QD conjugate. Data showed that substantial acceptor signals were measured upon
conjugate formation, indicating efficient nonradiative exciton transfer between QD donors and dye-labeled
protein acceptors. FRET efficiency can be controlled either by tuning the QD photoemission or by adjusting
the number of dye-labeled proteins immobilized on the QD center. Results showed a clear dependence of
the efficiency on the spectral overlap between the QD donor and dye acceptor. Apparent donor—acceptor
distances were determined from efficiency measurements and corresponding Forster distances, and these
results agreed with QD bioconjugate dimensions extracted from structural data and core size variations
among QD populations.

Introduction (FRET) between a fluorescent donor molecule bound to the
target and an acceptor attached to a receptor protein have been
widely used to study receptetigand interactions and changes

in protein conformation upon binding to a target analyte or used
as a response to changes in the solution conditions (e.g.,
temperature, pH conditions, et¢é)FRET is extremely sensitive

to separation distance between the donor and acceptor and is
ideal for probing such biological phenomena. Fluorescent
organic molecules have been widely used as energy donors and
acceptors in a variety of FRET-based biological studfeEhey

Difer advantages such as small size, compatibility with numerous
and simple covalent coupling strategies, and a relatively large
detectable optical signal. While FRET has already been used
extensively for biological applications, accurate measurements
of time-dependent conformational change, such as monitoring
protein dynamics over an extended period and continuous

Accurate and sensitive detection of water-soluble analytes,
such as toxins, small molecule explosives, carbohydrates, ionic.
species, and various biomolecules including DNA, proteins, and
peptides is a highly sought scientific goal with ramifications in
healthcare, safety, and defense applicatloAS he interaction
of a target molecule (e.g., analyte) with a protein receptor in a
biological recognition process is often associated with a change
in the protein conformation as a response to the binding event.
Designing and developing recognition-based sensing assemblie
that can account for such changes via a transduction signal in
a medium of interest are the focus of many research grbips.
Sensing studies utilizing ‘Fster resonance energy transfer
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organic dyes as the interacting don@cceptor pair. Organic  spectra should allow flexibility in choosing the desired excitation
dyes often have narrow absorption spectra, broad emission withwavelength in FRET studies where direct excitation of the
long tailing, and very low photobleaching thresholds, and they acceptor molecules can be substantially reduced. Furthermore,
do not allow large Stokes shifts to be realized due to the small advances in achieving surface passivation and additional
spectral separation between the absorption and emissionpeaks. confinement of the excitonic states by overcoating the native
While the overall energy transfer may be efficient in these core with a wider band gap semiconductor improves the
systems, there is often significant emission overlap that obscuresfluorescent quantum efficiency substantially, with resulting
the individual behavior of the donor and acceptor and leads to core-shell QDs having PL quantum yields comparable to those
complications in the data analy<i8.This is especially prob-  of organic dyeg>-28

lematic in the development of “multichannel” assays where  Recently, several methods have been developed to disperse
multiple analytes may be difficult to detect due to spectral cross QDs in aqueous media for use in biologically relevant
talk. studiest®-2229.30 Functionalization of the water-soluble QD

Since the development of the synthetic reaction using high- surface allows the formation of QD bioconjugates that can bind
temperature solution chemistry from organometallic precursors specifically to target molecules and form stable conjugate
to prepare high quality colloidal semiconductor nanocrystals complexes. As such, QDs have already been used successfully
(quantum dots, QDs), and the advances that followed to improvein cellular imaging, immunoassays, DNA hybridization, and
and understand their photoemission properties, there has beewptical barcoding!4°

InCI‘eaSIng Intel’est |n understand|ng the|r fundamental phyS|Ca| We have previously demonstrated that engineered recombi_
properties and developing applications that take advantage ofnant maltose binding proteins appended with an electrostatic
some of the unique features of these matefidisGoals include attachment domain (MBP-zb) bind (via electrostatic self-
developing new materials such as quantum nanorods andassembly) irreversibly onto the surfaces of QDs capped with
magnetic nanocrystal$;**designing and developing QD-based ginhydrolipoic acid ligandg! This MBP-zb provided surface
solar cells and light emitting devices (LEDS)® and recently  passjvation while maintaining its maltose binding capability.
addressing the large potential for using luminescent colloidal e subsequently developed various fluorescence-based im-
QDs as labeling reagents in biotechnological applicatiér. munoassays that employed QDs conjugated only to MBP-zb
For biological tagging applications in particular, colloidal QDs  or to a mixture of MBP-zb and another relevant protein,
have unique optical and spectroscopic properties that possesgych as avidin, to prepare mixed surface-Qibotein conjugates.
several inherent advantages over organic dyes and can offer arhjs allowed the use of an MBP functionality to separate QD

compelling alternative to traditional fluorophores in several pjoconjugates from unbound proteins over an amylose
fluorescence-based assay applications (e.g., fluoroimmuno andggjn21.3637.39

FRET-based assays). They show size dependent and tunable

absorption and photoemission properties due to quantumIuminescentQD bioconjugates as fluorescent donors in a FRET-

1 i i —11,23,2:
confinement of the charge carriers (electrtiole pairsf—1123.24 based assay. A cyanine dye (Cy3), serving as the energy

Their photogmlssmn speqtra are narrow and can be tuned Overacceptor, is covalently labeled to a recombinant maltose binding
a broad region of the optical spectrum from near-UV to near-

IR by either simpl Uit fth i "~ protein, and this dyeprotein complex was immobilized on the
y e!t ersimple manipu at!qn of the nanocry§ta dimension nanocrystal surface. Using this configuration, we explored the
for a given material composition and/or modification of the

it i ; 1,23,24
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the QDs while maintaining a fixed total number of proteins in kp-a = - 6 |

effects of varying the ratio of dye-labeled proteins attached to B x Qpl (1) (RO)G
= = X
Tof

a QD conjugate. Furthermore, we altered the degree of spectral o
overlap between the donor and acceptor (by tuning the nano-
crystal size, thus, the emission location for a fixed acceptor dye)
and examined its effect on the FRET efficiency in these systems.
In particular, we found that when the QD dimensions changed,
the measured rate of FRET can be substantially affected even
for the same dye acceptor, with better overlap providing
enhanced transfer efficiency. We also found that the measured
FRET efficiency for a fixed acceptor dye increased substantially
with increasing number of dye-labeled proteins during a titration 1287°n5"N,
sequence. This results from progressive quenching of the QD

emission and subsequent enhancement of the dye PL signal wittwhere x> = 2/3 for randomly oriented dipoles and varies
increasing number of dye-labeled proteins immobilized on the between 0 and 4 for the cases of orthogonal and parallel dipoles,
QD surface. These observations have been confirmed byrespectively. The overlap integrdl, defined as

fluorescence lifetime measurements, where a substantial short-

ening of the QD donor lifetime was measured in the presence | = L‘” PLp_con)ea()A* d1 (3)

of dye-labeled proteins. Analysis of the above set of data using

the Foster model yielded accurate estimates for the separation;g 5 quantitative measure of the dor@cceptor spectral overlap
distances for various QBbdye pairs studied. Deriving the  gyer all wavelength; it is a function of the normalized donor
donor-acceptor (D-A) separation distance for the configuration  emjssjon spectrum (dimensionless propemBbp_cor, and the

of a QD conjugate interacting with several acceptors provided acceptor absorption spectrum (expressed as an extinction
a statistical estimate for the QEprotein spatial extension as coefficient),ea. In eq 1, we introduced the Fster radius (or

where Qp is the quantum yield of the donor ang is the
excited-state lifetime of the donor; the constBris a function

of the refractive index of the mediumy, Avogadro’s number
Na, and a parameter,, that depends on the relative orientation
of the donor and acceptor dipolé$:

. [9000 x (In 10)},

)

multiple values could be extracted for the sameApair and distance) Ry, which is defined as

compared. These results demonstrate the utility of using QDs

as energy donors and lay the groundwork for the design and 9000(In 10),°Qp |

implementation of QD-based nanoscale biosensors using FRET. R, = (BQ,))"®= s p4 I 4)
N,1287°ng

Background: Fo'‘rster Energy Transfer Formalism . . .
9 9y and corresponds to a separation distance at which the rate of

transfer matches the rate of exciton decéy:- = 7p~%. Note
that the quantum yield must be measured to give an accurate
estimate of the Fster distance. The FRET efficiendy, defined

Fluorescence (or Fster) resonance energy transfer (FRET)
is a process that involves nonradiative energy transfer from a
photoexcited donor molecule, after absorption of a higher energy
photon, to an acceptor molecule of a different species (brought

in close proximity), which may relax to its ground state by 6

" . Ko Ro
emitting a lower energy photon. This process results from E= = (5)
dipole—dipole interactions and is thus strongly dependent on Ko_a + rD_l Ro6 +r®

the center-to-center separation distance; it requires a nonzero

integral of the spectral overlap between donor emission and accounts for the fraction of excitons that are transferred from
acceptor absorptiohCareful selection of an appropriate doror ~ the donor to the acceptor nonradiatively. Using eq 5 for the
acceptor pair ensures high transfer efficiency and provides two FRET efficiency, one can also define thérger distanceR,
measurable parameters: a quenched donor photoemission ands the separation distance that yields 50% energy transfer
enhanced acceptor fluorescence. While good spectral overlapefficiency. In the case where one donor species can interact with
is paramount to high transfer efficiency, the donor and acceptor Several acceptors brought in close proximity simultaneously,
photoluminescence (PL) signals must also be well resolved to the above analysis can be modified to account for the presence
extract accurate experimental information for the system under Of these complex interactions, and the above efficiency can be
investigation, e.g., a binding event due to a specific interaction expressed as

in a biological receptorligand system or a change in protein 6
conformation due to interactions with a target molecule. In E— nRy
addition, the excitation line should be chosen to coincide with nFs’OB + 6
the minimum of the acceptor absorption spectrum in order to

reduce contributions resulting from direct excitation of the \heren s the average number of acceptor molecules interacting
acceptor. Satisfying all of these conditions simultaneously is yith one donor. In the above configuration the presence of
inherently difficult using conventional organic dyes with narrow - several acceptor fluorophores increases the rate of FRET. It may

(6)

excitation spectra and small achievable Stokes shifts. be described as an effective linear enhancement of the energy

The rate of energy transfer for an isolated singleMpair transfer cross section between a donor and several acceptors
separated by a distancecan be expressed using thérsier arrayed around its center (e.g., a Qprotein—dye bioconjugate
formalism a8 complex as depicted in Figure 1).
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Figure 1. Schematic representation of the QDBP—dye nanoassembly
(bioconjugate, not drawn to scale) used. In this study, we limited the total
number of proteins immobilized on each QD surface-ib. The distance

r represents the radius or average distance between the QD center an

location of the Cy3-labeled residue on MBP.

precursors in a high-temperature coordinating solution made of TOP/
TOPO mixed with additional amine terminated ligands, followed by
overcoating the native core with a thick layer of ZnS (consisting of
~5—7 monolayers), also carried out in a high-temperature coordinating
mixture; ZnS overcoating is usually carried out at temperatures lower
than those used during CdSe nanocrystal growth to avoid compromising
the integrity of the native cores. Robust nanocrystals with narrow size
distribution, symmetric photoemission spectra (fwhm of-30 nm),

and high photoluminescence quantum yields (QY) are prepared using
this synthetic approach. Three QD samples having PL emission maxima
at 510, 530, and 555 nm were synthesized and used in this study. The
resulting CdSe ZnS core-shell QDs were rendered water soluble by
replacing the native TOP/TOPO organic capping shell with bidentate
dihydrolipoic acid (DHLA, a dithiol-alkyl-COOH) ligands, as described
previously?* This provided aggregate-free water-soluble QD prepara-
tions with good quantum yields and which were exceptionally stable

(i‘n basic pH buffer. DHLA-capped CdS&nS QD samples~<10—40
uM) stable over a period of 1 year have been routinely prepared in our

laboratory. The DHLA-capped nanocrystals have a homogeneous

The FRET efficiency can be measured experimentally and density of charge due to deprotonation of the carboxylic acid end

is commonly defined ds

F

- 7)

whereFpa, is the integrated fluorescence intensity of the donor
in the presence of the acceptor(s) aRg is the integrated

groups. The relatively long term stability is presumably due to the strong
bidentate interactions of the DHLA ligands with the ZnS surface via
their dithiol polar heads in comparison, for example, with monothiol

terminated caps:

Protein Engineering. Maltose binding protein was engineered to
express a short oligohistidine sequence (consisting of five histidine
amino acids) at its C-terminus. This histidine-terminated MBP (MBP-
his) can effectively and tightly bind to DHLA-capped QDs. Conjugation

fluorescence intensity of the donor alone (no acceptors present)yia the oligohistidine attachment resuilted in the observed progressive
Equations 6 and 7 can be combined to provide an expressionenhancement of the QD conjugate QY upon increasing number of MBP-

for the donor-acceptor separation distance for each nunmber

601 _ =)\ 16 _ L\we
rnz(nFeo ( E)) =RO(”(1 E))

E T E (®)

which can be experimentally determined from fluorescence data.

It can provide quantitative information about specific binding
events in a bioconjugate, including the case wheaeceptors
are brought in close proximity to a single donor as a result of

these specific interactions. The above configuration applies to

our QD bioconjugates, where a QD donor can interact with

his conjugated to each nanoparticle, with saturation occurring when
the number of proteins reached a maximum allowed by steric limitations
of packing around a nanocrysfalWe anticipate that this conjugation
process is driven by specific recognition of the oligohistidine element
to the ZnS/DHLA on the CdSeZnS QDs*?

In this study, we used histidine-terminated MBP, labeled prior to
immobilization on the QD surfaces with an organic dye (Cy3), which
is covalently attached to a unique residue, to carry out our FRET
investigation. Additional details that describe the protein preparation
are reported elsewhete?3 The MBP variant used in the present FRET
studies was engineered to express a cysteine residue at position 95,
replacing the usual aspartic acid residue (MBP95C-his, asp-8%s-

several acceptor dyes that have been covalently attached to th@s) s ponofunctional maleimide Cy3 purchased from Amersham

proteins immobilized on the surface to form a ©protein—
dye complex.

Pharmacia (Piscataway, NJ) was used to specifically label the D95
residue of the MBP-his. For labeling, the protein was reduced with

The above treatment of QD-based FRET with an acceptor Cleland’s Reductacryl Reagent (Calbiochem, San Diego, CA) and then

dye using the Foster analysis assumes an exciton with a

mixed with the activated dye. This procedure permitted an average

symmetric wave function around the nanocrystal center, which labeling ratio of 1.0 Cy3/MBP, as deduced from the extinction

may not be appropriaté:2*The Faster theory treats the donor

and acceptor as points in the interaction space, whereas th
nanocrystals have finite size and are relatively large compared

to the dye molecule®. Nonetheless, this treatment is the best
available for the present scenario.

Materials and Methods
Quantum Dot Synthesis.We used CdSezZnS core-shell QDs

coefficients of the protein at 280 nm and the dye at 553 nm (measured
sing a UV/visible spectrophotometer, model 8453, Hewlett-Packard,
alo Alto, CA). Cy3-labeled MBP-his proteins were purified by column
chromatography using P-6 or PD-10 columns (Amersham Pharmacia)
to remove excess unreacted dye.

QD—Protein Conjugate Preparation. Bioconjugate complexes
were prepared by adding appropriate amounts of Cy3-labeled and
unlabeled MBP to 10@L of 10 mM sodium tetraborate buffer solution
(pH 9). Approximately 24 pmol of DHLA capped QDs were added to

prepared us_ing established syn_thetic techniques _consisting of growthi,o MBP solution and allowed to self-assemble 4d¥5 min at room
and annealing of organometallic precursors at high temperature, astemperature. Molar ratios of MBFCy3 to QDs were discretely varied

described elsewhefé®2526Briefly, CdSe-ZnS core-shell nanopar-
ticles capped with a mixture of trioctyl phosphine/trioctyl phosphine

among samples from 0 to 10 while the overall ratio of MBP (labeled
and unlabeled) to QD was maintained at 15 (see sketch in Figure 1).

oxide (TOP/TOPO) ligands were prepared using a stepwise procedurépe jngividual samples were then diluted with sodium tetraborate buffer
that consists of CdSe core growth and annealing of organometallic 1 5 total volume of 3 mL. The solutions were placed in a 10 mm

(41) Kagan, C. R.; Murray, C. B.; Bawendi, M. 8hys. Re. B 1996 54, 8633.
(42) Medintz, I. L.; Clapp, A. R.; Mattoussi, H.; Goldman, E. R.; Mauro, J. M.
Nat. Mater.2003 2, 630—-638.
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12 ] P — T«gble 1. _Overlap Integrals, Quantum Yields, an_d Calculated
= 3e-14 "‘ Forster Distances for MBP-Coated QD—Cy3 Pairs
o ] donor—acceptor overlap integral, quantum yield,? Forster distance,
8 101 § 2 A pair I % 10 (cméIM) o) Ro (A)
8 g letd ﬁ S:l 510-Cy3 3.86 0.190 47.3
g 0.8 1 0 L 530-Cy3 7.01 0.153 50.4
| 450 500 550 600 650 555-Cy3 8.91 0.239 56.5
3 06 A wavelength (nm)
% ‘ —e— 510QDPL a2 Quantum yield of conjugates with 15 MBP per QD.
a —»— 530 QD PL
= 04 —=— 555 QD PL Fluorescence Lifetime Measurements-luorescence lifetimes were
E —*— Cy3 absorbance measured using a custom-built far-field epifluorescence microscope
2 0.2 1 coupled to a spectrometer and time-gated intensified charge-coupled
device (CCD) camera (Imager QE, LaVision GmbH; e&mgen,
Germany). The microscope setup permitted use of very small excitation

0.0

T T T T T

powers (~30 ©W) while maintaining a strong photoemission signal.
450 500 550 600 650 700 The excitation light source was coupled to the microscope collection
wavelength (nm) axis using a 400 nm dichroic filter and a 0.3 NAxX @bjective (Nikon,
Figure 2. Normalized absorption spectrex] of Cy3 dye and photoemission Tokyo, Japan) placed after the dichroic filter was used to focus the

spectra of the three CdS@nS core-shell QD solutions. Inset shows plots ~ €Xcitation light onto the sample and collect the emitted fluorescence

of the resulting overlap functions(1) = PLp—cor{d) x 4* x ea(4), and signal. An additional long pass filter inserted after the dichroic mirror
highlights the effects o_f size tuning the QD emission on the degree of was used to eliminate residual signal from the laser line and transmit
spectral overlap for a given acceptor dye (Cy3). only relevant (PL) signals onto the CCD detector. A pulsed GaN diode

laser (414 nm, 5 MHz, 90 ps full width at half-maximum, model

optical path quartz fluorescence cuvette (FUV, Spectrocell, Oreland, L DH400, PicoQuant GmbH, Berlin, Germany) was used to excite the
PA), and the emission spectra were measured using a SPEX Fluorolog-Zsample. The overall instrument response time was limited to 500 ps
fluorimeter (Jobin Yvon/SPEX, Edison, New Jersey). All samples were by the CCD image intensifier microchannel plate. Data were collected
excited at 430 nm, which is near the minimum of the Cy3 absorption at room temperature using a 10 mm optical path fluorescence cell filled
spectrum in order to reduce interference from direct excitation of the with 3 mL of QD conjugates in buffer solution, as described above.
acceptor (see Figure 2). Raw intensity data were obtained as functions of time and wavelength

Furthermore, control spectra collected from MBBy3 conjugates using DaVis software (LaVision GmbH).
in the absence of QD donors were recorded and subtracted from the
solution spectra to adjust for dye emission exclusively due to direct R€SUltS

excitation. To avoid inner filtering effects, QD conjugate preparations  QD—MBP—Cy3 Titrations. Figure 2 shows the absorption
with optical density (OD) at the excitation line below 0.05 were used spectrum of the Cy3 dye and emission spectra of the three QD
in all experiments. _ _ _ solutions (spectra are normalized), along with plots of the
Estimate of the Number of Proteins per QD-MBP-his Conju- overlap function for the QBdye pairs used in this study. Table
gate.Cy3-labeled MBP-his was utilized to measure the MBP concen- 1 shows the calculated overlap integralsnd Faster distances

tration in the QD conjugate solution by monitoring the absorption of . . . .
Cy3 dye at 553 nm (peak of the absorption spectrum, see Figure 2). Ro, for the various QB-dye pairs using eq 4 and the experi-

2 thi
This is better and more accurate than using the protein absorption atMental values forQp, np, and a value of?/3 for «p? this
280 nm, where interference from the large nanocrystal absorption could characterizes a random distribution of dipoles, which is justified

provide erroneous results. Experimentally, QDs (e.g., 555 nm emitting in this system due to the partially random orientation of the
nanocrystals) were mixed with the molar amount of MBP9%&y3 QD dipole, random packing of MBP around the QD surface,

necessary to form QD conjugates with the targeted number of proteinsand a random orientation of the dye dipole within the MBP

and allowed to self-assemble ferl5 min; a control solution with pure structure.

MBP95C-Cy3 (no QDs) was also prepared. The two solutions  Quantum yield measurements are reported for QDs conju-
contained the same amounts of proteins as checked by the comparabl%ated to 15 MBPs and used in the calculatiomefalues. The

absorbance. at553 nm. The conjugate and Conm.)l solutions were loade lots shown in Figure 2 and values reported in Table 1 clearly
onto an Amicon Centricon spin dialysis tube having a cutoff molecular .

weight, MW, of 100 kDa (larger than the estimated protein MW of indicate that the degree of SpeCtral overlap between th.e QD
~45 kDa) and centrifuged at 1000 g 2 times for 20 min each, with dono.rs and Cy3 acceptor varies as a function of thg emission
a borate buffer wash between the spins. The amount of dye-labeledlocation for each QD population; it further confirms the
MBP in the dialysate was extracted for each solution from the anticipated ability of controlling the degree of spectral overlap
absorbance at 553 nm. More than 95% of the protein in the control by simply tuning the nanocrystal size (i.e., its photoemission
sample passed through the membrane, whereas negligible (less thaspectrum). This property benefited from the narrow and nearly
3%) dye-labeled MBP95C was collected in the dialysate for the sample Gaussian distribution of the individual QD PL spectra.
containing the QD conjugates. The QDs conjugated to 10 or more Figure 3A—C show the PL spectra of the QD donor and Cy3
MBP95C-Cy3 with a MW of ~500 kDa or larger are blocked by the - qye acceptor for each ratia (in a titration series where
membrane. This result implies that essentially all the proteins added increasing amounts of MBPCy3 are substituted for unlabeled

self-assembled onto the nanocrystal surface to form stable Cy3-labeled s . .
QD—MBP95C conjugate. Verification of the number of MBP-his MSBeZ within each conjugate) for the three sets of Qiye pairs

per QD conjugate was derived from QD PL enhancement with u
increasing number of proteins immobilized on each QD surface as !N all cases, raw PL spectra were corrected to account for
reported in refs 21 and 42. Further proof for OBIBP conjugate direct excitation of the acceptor and deconvoluted to provide
formation as well as an estimate of the number of proteins per conjugate Separate signals characteristic of the QD and Cy3 fluorophores.
is provided by the FRET data, which will be presented below. Although acceptor absorption was minimized by selecting an

J. AM. CHEM. SOC. = VOL. 126, NO. 1, 2004 305



ARTICLES Clapp et al.

= 1.0e+6 12
= 1.0e .
. >
L A —— 01 MBP-Cy3/OD (!':J 104
@ 80e+5 —— 141 MBP-Cy310D []
o —— 2:1 MBP-Cy3/QD 'S o8
5 = s
8 6.0e+5 — ;;1 MEF-Cy3/QD D g6
w —— 7] MEP-Cy20D .
b —— 10:1 MEP-Cy3/QD |
£ 4.0e+5 - 0o 044
e (0]
S E 0.2
O 2.0e+5 - [ ]
% ) % 0.0 v eros .
= ot B E(QD PL quenching)
o 00 ; : : - 0.2+ . :
450 500 550 600 650 700 o 2 4 6 8 10
wavelength (nm) ratio MBP-Cy3/QD
= 2.5e+6 1.2
=
! >
5 B —— 01 MBP-Cy30D g 1.0 4
| —— 1:1 MBP-Cy3/QD e
@ 2.0e+6 —— 2:1 MBP-Cy3/0D Q
o —— 31 MBP-Cy3/aD O 08
g —— 4:1 MBP-Cy3/QD ©
8 106 —fimons 5 o6
% —— 10:1 MBP-Cy3/QD B
£ 1006 | O 044
(]
g E 0.2
e 1 ® 51000
_g 5.0e+5 % 0 e e
2 o B E{QD PL quenching)
o 0.0 = 0.2 + T T
450 500 550 600 650 700 0 2 4 6 8 10
wavelength (nm) ratio MBP-Cy3/QD
’;ﬁ‘ 3.0e+6 . 1.2
n-.‘_uu 2 e+ 8 1.0 F
Q ks
QO 0.8
2.0e+6 - —s
§ i
B 1546 | D08
Qo i
c 0 044
‘= 1.0e+6
]
5 2o
O 5.0e+5 | 'E;' @ 5550Ds
= = o0 ¥ MBPCR
g 9_3 [ E(QD PL quenching)
ro% 0.0 1 . i . . 024 . ] i i
450 500 550 600 650 700 1} 2 4 6 8 10
wavelength (nm) ratio MBP-Cy3/QD

Figure 3. (A—C) Evolution of the photoluminescence spectra from the QDs and Cy3 dyes in thé//iBP—Cy3 assemblies versus increasing dye-to-QD

ratio n, after deconvoluting the raw signal and subtracting the contribution due to direct excitation of the acceptor ((A) 510 nm emitting QDs, (B) 530 nm
emitting QDs, and (C) 555 nm emitting QDs). The total number of proteins per QD conjugate was fixd€). ERperimental values for the donor PL decay
percentage®) versusn together with a fit to a hyperbolic function complementary to eq 6 (solid line), the rate of FRET extracted for the donor ®l). loss (
together with a fit to eq 6 (dashed line), and the rate of FRET deduced from acceptolyé&igéther with a fit using eq 6 (dastotted line). Figure 3D,

E, and F correspond to 510, 530, and 555 nm QDs, respectively.

excitation at 430 nm (within the valley of Cy3 absorption Figure 3D-F depict the integrated PL signals for the three
spectrum, see Figure 2), appreciable PL signal due to directsets of solutions used, 510, 530, and 555 nm emitting QDs
excitation was measured in all cases. Deconvolution of the (shown in Figure 3A-C), as a function of the Cy3/QD ratio.
composite signal was performed by assuming a linear super-In addition, a fit to a hyperbolic function of the form expressed
position of PL signals with known shapes, yielding individual in eq 6 is shown for all three sets. All other relevant parameters
spectra for QDs and dye for each ratioThe data show that  (namely the separation distangeshould be unaffected during
there is a clear progression in the fluorophore emissions as athe titration experiment. The fits agree well with the experi-
function of increasing number of MBRCy3 substituted for mental observations for the progressive donor quenching
unlabeled proteins, namely a progressive quenching of the QD compared to acceptor PL enhancement with increasing number
emission and a systematic enhancement of the Cy3 emissionof MBP—Cy3 immobilized on a single QD. We also reported
as the number of dyes surrounding the QD increased fromthe values for the expected acceptor integrated PL intensity
0 to 10. extracted from the FRET efficiency, using eq 7 f&{squares
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Table 2. Fluorescence Lifetime Measurements of QDs A 10

510 QD lifetime, 530 QD lifetime, 555 QD lifetime, ® 5100Ds + 10 MBP-Cy3
! v 510 QDs + 3 MBP + 7 MBP-Cy3
bound species 7(ns) 7(ns) 7(ns) 0.8 = 510 QDs + 5 MBP + 5 MBP-Cy3
10MBP/OMBP-Cy3  2.72+0.15  3.19+007  2.51+0.15 £ 2 O300De+ b MER | MERGR
9MBP/IMBP-Cy3  2.59+0.12  2.38:0.24  2.08+0.21 5 e 510QDs+ 10MBP
8MBP/2MBP-Cy3 1.78+0.12 E 067
7MBP/3MBP-Cy3  2.03£0.10  1.44+0.12  1.1740.30 3
5MBP/5MBP-Cy3  1.60+£0.08  1.09+0.12  1.18+0.20 N o]
3MBP/7MBP-Cy3  1.47+0.32  0.95:0.04  1.35+0.02 a=
OMBP/IOMBP-Cy3  1.08£0.08  0.84:0.03  1.0140.04 5
< 0.2 A
in Figure 3D-F), and compared them directly to the fractional 00

integrated PL of the dye (triangles). In all cases, the trends are

consistent as a progressive increase in the acceptor emission
follows the expected energy gain. These results strongly suggest
that FRET is the primary mechanism for the reported observa-

tions.

Fluorescence LifetimesNonradiative exciton transfer is also
expected to substantially alter the exciton lifetime properties
of the donor. In particular, a comparison between measurements
of the exciton lifetimes of the donor alone and the donor
interacting with an acceptor molecule brought in close proximity,
7p and 7pa, respectively, should provide information on the
FRET efficiency for the present set of samples and conditions.
To investigate this phenomenon in the context of our study, we
carried out exciton lifetime measurements for all three samples

of QDs conjugated to varying ratios of MBRCy3/QD. These t=05ns 1=2.5ns t=4.5ns 1=6.5ns
values were compared to a reference consisting of-QIBP Figure 4. (A) Plot of the 510 nm emitting QD photoemission intensity
conjugates with no Cy3 labeled protein (Table 2). versus time immediately after a short pulse excitation signal. Data are shown

: . . for various QD-MBP—Cy3 conjugate configurations where the number
QD fluorescence intensity was integrated over a range of of Cy3-labeled proteins was increased from 0 to 10, while maintaining the

wavelengths representative of donor-only emission and plotted total number of proteins fixed at 10 MBP/QD. {B) Series of images
as a function of time. Figures 4A and 5A show representative showing the intensity of (B) 510 nm QDs with 3 MBP/7 MBRYy3, (C)

plots for the QD fluorescence intensity decay with time for 510 nm QDs with 10 MBP per QD, and (D) free MBRY3 equivalent to
selected dye-labeled MBP to QD ratios for 510 and 530 nm ;? zMriPi;t%ﬁaﬁ)s r QD (no QDs present) as recorded by the CCD camera
emitting QD conjugates; similar data were collected for solutions
of the 555 nm QB-MBP—Cya3 pair. There is a clear difference  coated with 10 unlabeled MBP. Last, Figures 4D and 5D show
in the donor fluorescence decay time as an increasing ratio ofdata from free MBP-Cy3 equivalent in concentration to 10
MBP—Cy3 was substituted in the QD conjugates, with shorter MBP—Cy3/QD.
decay times observed for larger Cy3/QD ratios. To extract values  Clearly, when MBP-Cy3 was immobilized on the QD
for the exciton decay time, a fit of the fluorescence decay surface, the fluorescence lifetime was noticeably shortened. The
data to a biexponential function of the typ¢) = a exp(—at) image sequence corresponding to a-€MBP—Cy3 complex
+ b exp(=pt) was used instead of a stretched exponeftial shows a near complete quenching of the QD emission following
because it provided better agreement with the present QD the initial three frames (within the initial 6.5 ns) for the 510
MBP—Cya3 data (see Figures 4A and 5A). Furthermore, becausenm emitting QD donors; a total quenching of the QD emission
the best fit corresponded twa < 1, the first decay constant  occurs within 5 ns for solutions of the 530 nm emitting QDs.
was used to extract a value for the exciton lifetimes a2, Comparison of the Cy3 signal in the presence and absence of
for all samples and reported in Table 2. QD donors shows clearly differing behavior. Without QDs
Using the raw spectroscopic data, we generated time-seriespresent, the Cy3 direct excitation is very small (at 414 nm) and
images of the fluorescence signals following an excitation laser the lifetime is relatively short. These results are a direct product
pulse. Figures 4BD and 5B-D each display three series of of an efficient FRET process between the QD donors and Cy3
four image (false color time-intensity-wavelength) frames taken acceptors and further reflect the subtle differences in the integral
at 2 ns intervals, where pixels along the abscissa axis designateverlap between the two systems; 510 nm emitting QDs provide
wavelength progression, the ordinate axis is pixel position, and a weaker overlap with Cy3 than 530 nm nanocrystals and thus
PL intensities are reported as color contours. Figure 4 corre- experience a slightly slower quenching in the presence of the
sponds to 510 nm emitting QDs, whereas Figure 5 correspondsdye acceptor.
to 530 nm emitting QDs. For clarity, the QD and Cy3 emission
maxima are indicated with dashed lines. Figures 4B and 5B
depict data from QDs coated with 10 MBP, seven of which  The set of data presented above, in particular the PL behavior
were Cy3-labeled. Figures 4C and 5C show data from QDs depicted in Figure 3 and the substantial shortening in the QD
exciton lifetime upon conjugate formation (shown in Figures 4
(44) Lindsey, C. P.; Patterson, G. . Chem. Phys198Q 73, 3348-3357. and 5), indicate conclusively that efficient FRET occurs between

Discussion
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Table 3. Comparison of Measured Donor—Acceptor Distances Using Various Estimates of Efficiency

measured donor—acceptor distance, r, ()

et 510 QD—Cy3 530 QD—Cy3 555 QD—Cy3

Cy3/QD, n QD PL? QD lifetime® Cy3PL QDPL? QD lifetime® Cy3PL QDPL? QD lifetime® Cy3PL®
1 65.2 64.2 66.0 61.2 60.3 60.7 67.8 74.0 68.9
2 64.4 65.2 63.1 58.8 60.1 715 71.0
3 66.0 64.1 65.7 62.6 58.5 60.3 715 75.4 71.4
4 65.5 64.1 61.7 59.9 70.3 69.3
5 66.7 63.1 65.7 60.9 59.0 59.2 68.5 74.5 69.1
7 64.9 64.8 65.2 60.6 60.4 59.3 69.6 76.7 70.2
10 64.8 63.0 66.0 60.8 62.3 61.4 69.2 74.7 70.3
<rp>d 65.4+08 63.9:0.8 65.4+0.7 61.6+-1.0 599+14 60.1+0.8 69.8+1.4 75.0+1.0 70.0£10
re 65-66 67-68 70-71

aEstimated using QD PL quenching data (eq°®stimated using QD fluorescence lifetime data (ecf Bstimated using Cy3 PL enhancement (eq 10)
d Reported errors are standard deviations of the experimental measurehiEstisiated from QD radius using SAXS and TEM (refs 26, 45, and 46).

A 1049 of spectral overlap between donor and acceptor by simply
|  £30GDs + 10 MBP-Cy3 changing the QD population used. It is worth emphasizing that
_ 08 20 aDes aMBP s nEbO tuning the nanocrystal photoemission location is accomplished
“§ * gggg:j;ﬂg;:;xg:% via size control, which in turn affects the separation distance
_-g 06 520 Q0s +9 MBP + 1 MBP-Of0 and thus the rate of FRET in these QD conjugates.
3 Using the conventional definition of FRET efficiency as the
% 0.4 fractional loss in donor photoemission (i.e., donor quenching,
g eq 7) upon nonradiatively interacting with one or more acceptors
< o2 and the relation betweenandn, we extracted experimental
estimates for the center-to-center separation distance for each
00 ration (see Table 3).

Compilation of all values for each QBCy3 pair provided
time (ns) an average distance with a statistical error; the mean distances

and standard deviations are also listed in Table 3. Note that

these calculations depend on two measured parameters: PL
B quantum yield of the donof)p, and the overlap integrél The

former is particularly important since it can vary with the

nanocrystal size and between samples, and it must be measured
against a well-characterized standard. In this study, we deter-
mined the quantum yield of the QDs against rhodamine 6G in
ethanol Qrsc = 95%)%2 In addition, because the QD PL
increases significantly (by values between 50 and 150%) upon
protein binding for our QB-protein conjugates), the quantum
yields used in the analysi®f) were proportionally adjusted

to account for the observed incredsé:2%

Figure 5. (A) Plot of the 530 nm emitting QD photoemission intensity Evgn though'the extracted Va.lues folisted in Ta}ble 3 are
versus time immediately after a short pulse excitation signal. Data are shown CONsistent within the same series, only comparison to those
for various QD-MBP—Cy3 conjugate configurations where the number  estimated from geometrical considerations that take into account

of Cy3-labeled proteins was increased from 0 to 10, while maintaining the the experimental radius of the QD, the protein dimensions, and
total number of proteins fixed at 10 MBP/QD. (i) Series of images : . ' . ’
showing the intensity of (B) 530 nm QDs with 3 MBP/7 MBRY3 per protein packing around the nanocrystals would validate the

QD, (C) 530 nm QDs with 10 MBP per QD, and (D) free MBEy3 above analysis and could provide an insight into the understand-
equivalent to 10 MBP-Cy3 per QD (no QDs present) as recorded by the ing of which relevant parameters affect the FRET process and
CCD camera at 2 ns intervals. its efficiency. The distances reported in Table 3 are in agreement
a QD donor placed at the center of a three-dimensional nanoscalevith those deduced from geometrical considerations for the 555
conjugate assembly with Cy3 dyes distributed at a presumablynm QD and Cy3 pair. In particular, estimates of the esiell
fixed distance from the QD center. Furthermore, the efficiency nanocrystal radius from small-angle X-ray scattering (SAXS)
is strongly dependent on the QD donor emission location, with and TEM experiments indicate that, for QDs emitting at 555
highest FRET efficiency observed for 555 nm emitting QDs nm overcoated with about five monolayers of ZnS, the overall
and weakest recorded for dots emitting at 510 nm. This result radius is~30—31 A and a spatial extension of the 95C residue
is consistent with the difference in the degree of spectral overlap on the protein (where Cy3 is fixed) from its histidine tail is
among the set of donefacceptor pairs investigated. For ~40 A#5-47 This should result in a separation distance-GD—
instance, comparison between the extreme cases indicates thatl A, which is in very good agreement with the average value
the overlap integral is ~2 times larger for the pair 555 nm  reported in Table 3. Good agreement is also observed for the
QD—Cy3 than the one for 510 nm QBCy3 (see Figure 2 and 510 nm emitting QB-Cy3 pair, where the anticipated distance
Table 1). This property confirms our ability to tune the degree from geometrical considerations (using a QD size of 25 A) is

t=0.5ns t=235ns t=4.5ns t=6.5ns
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~65—-66 A45-47 However, the distances deduced from geo- and use an alternative expression for the FRET efficiériéy,
metrical considerations for the 530 nm QDs and Cy3 pair (with

a QD radius of 28 A) are larger than those reported in Table 3 E=1— Tba ©)

using the donor quenching & 67—68 A versus 6+62 A N 75

extracted from donor quenching data). Note that the agreement

between the Cy3 integrated PL increase shown in Figure 3 andwhere tpa is the fluorescence lifetime of the donor in the
the values expected from the donor quenching is good for all presence of the acceptor anglis the fluorescence lifetime of
QD—Cy3 pairs studied. However, agreement between valuesthe donor alone. This expression is essentially a restatement of
for the separation distances extracted from donor quenching andeq 7 and constitutes a replicate measurement of distance using
those from geometrical considerations are good only for 510 donor fluorescence data. Using the lifetime results from Table
and 555 nm QD conjugates. Distances derived from FRET data2, we calculated doneracceptor distances for all QBCy3 pairs

are smaller than those measured by SAXS and TEM for the (results are shown in Table 3). These values are close to those
sample of 530 nm QDs. A lower efficiency is thus required to deduced from the QD PL loss. This is not surprising since the
provide distances comparable to those estimated from structureanalysis focuses on changes in the QD donor exciton behavior
measurements (SAXS and TEM): efficiency varies a$.1/  during interactions with the acceptor(s) and should be associated
More precisely, a slightly smaller efficiency (e.g., 0.65 for 10 with the donor PL loss. Nonetheless;-& A mismatch between
acceptors, which represents84% of what was reported) the data extracted from the donor quenching and the fluores-
would be needed to provide an average separation distance ofence lifetime data is measured for the 555 nm-Q@Iy3 pair,
67—68 A. a result that can be attributed to the strong overlap between

The higher FRET efficiency measured for the 530 QD QD and dye emissions, which made a complete separation and
samples may priori be surprising. This sample has the lowest analysis of the donor decay signal difficult. We should
quantum yield and the longest exciton lifetime of the three sets €mphasize that using 10 MBPs instead 15 to prepare the
of solutions studied (Tables 1 and 2). However, a longer exciton conjugates for the lifetime experiments does not affect the
decay lifetime would also make nonradiative energy transfer comparison, as data for GEL5MBP and QB-10MBP conju-
compete more efficiently with the donor excitation decay via 9ates provided similar values fos andQp. Both ratios of MBP
radiative and nonradiative channels than in a system havingto QD provided PL enhancement near the saturation regfirffe.
shorter exciton lifetimes. This can potentially produce a higher ~ The second analysis is based on using the enhanced acceptor
FRET signal for a donor having lower QY. The lower fluorescence signal instead of the donor quenching, where an
photoluminescence QY and the slightly longer lifetime for this alternative expression for the FRET efficiency, defined as
sample may be caused by surface defects, either within the
inorganic structure or at the interface with the organic ligands. _ €atexdFap (10)

It can be attributed to the initial preparation conditions for the ep(AedFa

QDs. Such problems are known to affect QDs prepared by wet

chemistry solutions techniques, as small but nonnegligible (in place of eq 7), is used to determine donacceptor distances
fluctuations in the photoemission efficiency of QD dispersions from the Cy3 PL enhancemerfijp is the acceptor fluorescence
are observed for these colloidal inorganic fluorophges. upon interacting with a donor, corrected for direct excitation,

It is important to note that the advantage of using donor @ndeéa(le) andep(dey) are, respectively, the extinction coef-
quenching results to calculate FRET efficiency derives primarily ficients of the acceptor and donor at the excitation wavelength
from its simplicity: the signal does not need to be adjusted by lex. Equation 10 indicates that accurate estimates of donor and
other measured parameters. Conversely, acceptor enhancemeRgceptor extinction coefficients are required when using the
requires additional adjustment to account for direct excitation @cceptor signal as a means of calculating distances. This
and estimates of the extinction coefficients of both fluorophores limitation is notably absent when using the donor quenching
(see below). However, gain in acceptor fluorescence representgnalysis. Substituting this definition into eq 8 and solving for
directly the energy transferred nonradiatively from the donor "nShould provide a new set of values for the separation distances
that contributed to acceptor emission, with no regard to non- for the three QD-dye pairs to be compared with structural
FRET sources of donor quenching. Under ideal conditions where @nalyses. However, QD extinction coefficients are inherently
every exciton is nonradiatively transferred to an acceptor, FRET difficult to determine due to uncertainties in the sample

would imply that donor photoemission loss is fully recovered Cconcentratiort? These are typically estimated from absorption
as energy gain by the acceptor. data and comparison to the growth solution, assuming a near
100% vyield in the reaction (i.e., all organometallic precursors
are consumed in the reaction leading to nanocrystal gréfvth)
which often underestimates the QD extinction coefficient. To
reduce the effects of uncertaintiesek(1ex) andep(dex) On the
analysis, we employed an alternative approach where the ratio
(45) Mattoussi, H.; Cumming, A. W.; Murray, C. B.; Bawendi, M. G.; Ober, GA(%e_X)_/ED('leX) in eq 10 was treated as a fitting paramgter with
R. Phys. Re. B 1998 58, 7850-7863. an initial value equal to the one measured from absorptior?élata.
(46) :Icgugrsray, C. B. Ph.D. Dissertation, Massachusetts Institute of Technology, Using this approach, we found that there is an optimum value

(47) (a) Chang, H. C.; Bao, Z.; Yao, Y.; Yse, A. G.; Goyarts, E. C.; Madsen,
M.; Kawasaki, E.; Brauer, P. P.; Sacchattini, J. C.; Nathenson, S. G.; (48) Michalet, X.; Pinaud, F.; Lacoste, T. D.; Dahan, M.; Bruchez, M. P.;

We now discuss the use of two alternative treatments (to
donor gquenching) of the data to extract estimates for the
separation distanag. In the first treatment, we analyze changes
in the donor exciton lifetime upon interactions with acceptor(s)

Reinherz, E. LProc. Natl. Acad. Sci. U.S.A994 91, 11408-11412. (b) Alivisatos, A. P.; Weiss, SSingle Molecule2001, 2, 261-276.
O’Shea, E. K.; Lumb, K. J.; Kim, P. Lurr. Biol. 1993 3, 658-667 and (49) Leatherdale, C. A.; Woo, W.-K.; Mikulec, F. V.; Bawendi, M. &.Phys.
references therein. Chem. B2002 106, 7619-7622.
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for ea(dew/ep(ley) that provided a near constant value for QD surface and interact with several target analytes. We are
distances over the entire range of the dye/QD ratios used for presently undertaking studies of these model sensors.

each QD-Cy3 pair. The resulting distance values were very conclusions

close to those derived from donor quenching and lifetime data
for the three donoracceptor pairs (i.ef,0~ 65 A, 60 A, and

70 A for 510, 530, and 555 nm emitting QDs, respectively; see
Table 3). Any small variation in the ratig(Aex)/ep(Lex) resulted

in a rapidly diverging trend for, (see the Supporting Informa-
tion). As expected, the values for the fitted extinction coefficient
ratio were close but slightly and consistently smaller than those
determined from experimental absorption data (see the Sup-
porting Information). While a fitting procedure is not typically

dezlrt%ble, Léncertalniuﬁt.m the exlttlnctlon Ea.ﬂp a:e |nher9 ?tlytlar%['ﬁ single nanocrystal, for a given population of QDs, or with
and the subsequent nitting results are strikingly consistent wi increasing the degree of spectral overlap for a given acceptor

donor-based measurements of the separation distance. Th'% e. Fluorescence lifetime measurements provided additional
agreement between donor and acceptor-based measuremenl%

i ; . . oof confirming that FRET was the dominant mechanism.
further confirms that a FRET process is the dominant factor in

the ab b i h ¢ of the OD | . Using Faster theory, we were able to extract measurements of
€ above observations where most ot the QD energy loss Sthe average donefacceptor separation distance for each-QD
translated into Cy3 PL gain.

dye pair and found that, in general, distance measurements
The present study differs significantly from previously yaried proportionally with average QD core size from one set
reported QD-based FRET studies in several important Weils.  f conjugates to another.
Here, the fluorescent acceptor dye has been covalently attached These results provided in-depth analysis of a-Qibotein
at a known site in an engineered, well-characterized protein. pjoconjugate FRET system and demonstrated the utility of QDs
This provided good control over the separation distances as efficient energy donors. The ability of tuning (via size) the
involved (within the range of 56100 A where FRET interac-  npanocrystal photoemission properties should allow for efficient
tions are most effective), as well as the number of dye-labeled energy transfer with a number of conventional organic dyes.
proteins in each QD conjugate. The protein immobilization on Fyrthermore, the large size of QD fluorophores compared to
the QD donor center (via self-assembly) is stable and reproduc-organic dyes allowed design of a sample configuration where
ible. Furthermore, additional tests such as measurements oOfmyltiple acceptors could interact with a single donor, which
changes in the exciton lifetime upon conjugate formation, enhances FRET signals and thus measurement sensitivity. This
variation in the spectral overlap integral, and their effects on suggests the possibility of realizing multiple analyte detection
the data were examined. In the previous reports, inclusion of ysing a single QD donor. However, we anticipate that there will
an intermediate protein between the QD and the acceptorpe some limitations to using longer wavelength emitting QDs
resulted in separation distances too large to produce significant(e.g., emission maximurm 600 nm) as FRET donors due to
FRET signals. Furthermore, control over the number and exaCt|arger core sizes and lower quantum yields. Similarly, FRET
location of the acceptors in those QD conjugates was difficult hased assays using QD bioconjugates will require careful
to realize. preparation of intermediary proteins, polysaccharides, or oli-
Finally, we discuss several properties that make QD fluoro- gonucleotides in order to ensure sufficient signal change upon
phores uniquely suited for developing QD conjugate nanosensoracceptor binding. Recepteligand binding selectivity as well
assemblies based on FRET assays. In addition to being able tas dono+acceptor binding proximity will be vital to realizing
control the overlap integral by size tuning the photoemission, an efficient and accurate assay.
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