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ABSTRACT

A fluorescence resonance energy transfer pair consisting of a colloidal quantum dot donor and multiple organic fluorophores as acceptors

is reported and the photophysics of the system is characterized. Most nanoparticle-based biosensors reported so far use the detection of

specific changes of the donor/acceptor distance under the influence of analyte binding. Our nanoparticle design on the other hand leads to

sensors that detect spectral changes of the acceptor (under the influence of analyte binding) at fixed donor/acceptor distance by the introduction

of the acceptor into the polymer coating. This approach allows for short acceptor —donor separation and thus for high-energy transfer efficiencies.
Advantageously, the hinding properties of the hydrophilic polymer coating further allows for addition of poly(ethylene glycol) shells for improve d
colloidal stability.

Fluorescence resonant energy transfer (FRET)-based semidetectiont > Apart from their larger absorption cross sections
conductor nanocrystal (NC) sensors have emerged over theand higher photostability when compared with organic
past years as promising nanoscale sensors for analytefiuorophores, the interest in NCs as FRET donors particularly
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organic fluorophores or quenchers. In many of these nanosen-a) — +y —, ™3 b) c)

sors, the acceptors are coupled via recepligand interac-

tion, b_y linking the receptor to the NC and the ligand to the P < P/J___\
organic acceptor/quencher. The presence of an analyte_ . + TR , Q.'\ \g.% § . 1Y
engenders a change of the donor/acceptor distance that it \H,_;) x_,_,»fr \T/L
measured as a change in the FRET efficiency, either in

intensity measurements as donor quenching or sensitizedrigure 1. (a) An amphiphilic polymer is synthesized by reacting
acceptor fluorescence or as a decrease in the donor lifetimelydrophobic hydrocarbon chains (dark gray) and an organic dye

: ] : : ed) to a polar polymer backbone (light gray). Quantum dots
Several strategies for analyte-mediated distance changes ha norganic CdSe/ZnS corefshell drawn in green capped with

been demonstrated: (1) The analyte acts as a competitiveyioctyiphosphine oxide and similar surfactants drawn in dark gray)
ligand for receptor binding by displacing the original are coated with the amphiphilic polymer by intercalation of the
fluorescent ligand: (2) The analyte specifically cleaves the hydrophobic side chains of the polymer with the hydrophobic
linkage between the NC donor and the acceptd(3) The surfactant molecules on the quantum dot surface and the resultant

. - polymer-coated quantum dot is hydrophilic due to the polar polymer
analyte mediates the binding of the acceptor to the dériér. backboné? The following dye/quantum dot configurations were

(4) The analyte changes the conformation of the linkage ysed in this study: (b) polymer-coated quantum dots with dye
between the donor and the accepfofhese sensor geom-  incorporated in the polymer; (c) polymer-coated quantum dots with
etries have in common that the FRET contrast is based ondye linked to the polymer shell with a postmodification process.

reversibly or irreversibly) displacing the acceptor from the
?\IC donoz ) disp g P shell used to provide colloidal stability to the NC donor. In

In an alternative sensor configuration, the acceptor is this way, the linkage of the acceptor to the NC donor is very
9 ' P stable, the whole assembly has excellent colloidal stability,

statically bound on the NC surface and analyte binding/ . ; .
o . h Il . W
unbinding rather changes the overlap integral between donoranOI the donor/acceptor distance is potentially reduced. We

o . - h th f f thi tem t li
emission and acceptor excitation and thus modifies the FRETr:FEErfgc:ns::‘zr ii F\;ver:igrrlr?t?g(;geptcl)sr ?;SS ebrger? ﬁ:lfgénialzs
efficiency Thus, rather than changing the donor/acceptor postmodificatio;w to the outside of a polymer shell around
distance, the acceptor fluorophore conveys its indicator the NC donor
funct'i(')n to the I.:RET'pair.l Finally, one can imagine a slightly An amphiphilic polymer is synthesized by linking amino-
modified configuration in which the donor constar}tly' functionalized hydrophobic hydrocarbon chains (dodecy-
transfers energy to the acceptor, the fluorescence emissio

S . . r]amine) to a polar backbone (poly(isobutylealé-maleic
of .W.h'Ch IS chan.ged thrpugh a modulation of its quantum anhydride) M,, = 6 kDa) under reaction of the amino group
efficiency upon ligand binding.

) _ o ) of the hydrocarbon chain with the anhydride rings of the

For such static systems to provide sufficient signal and polymer backbone (reaction in anhydrous tetrahydrofuran;
stability, the acceptor should be linked as close to the donoripe quantity of dodecylamine is calculated in a way that 75%
as possible, and the linkage should be stable. Furthermore of the anhydride rings react with one dodecylamine molecule
sufficient colloidal stability is desirable, which goes hand each: for a detailed protocol see Supporting Informa-
in hand with stable linkage. Unfortunately there is a tradeoff tion) 223132 The acceptor fluorophore (amino-modified
between both demands. When the acceptor is directly IinkedATTo590) was incorporated into the amphiphilic polymer
to the surfactant-stabilized NC surface through partial ligand by reaction of the amino group of the dye with the anhydride
exchange, then the acceptor will be as close as possible tqings of the polymer backbone (reaction in anhydrous
the particle surface. Yet, surfactant-stabilized NCs have only chloroform; the quantity of dye is calculated in a way that
limited long-term stability in agueous solution and tend to 194 (or alternatively 2%, 4%, or 8%) of the anhydride rings
aggregate, as eventually the ligands and hence also thgeact with one dye molecule each, see Figure 1a. CdSe/ZnS
acceptor will unbind from the donét.Alternatively, embed- quantum dots (Qdot 545 ITK organic quantum dots, Invit-
ding the NC donor in a more complex shell, such as rogen, # Q21791MP) were then coated with the dye
encapsulation between zipper proteifidn a cross-linked  (ATTO590)-modified amphiphilic polymer according to a
ligand shellt” in a glass shel®in micelles!® or in a polymer previously published protocol (see Figure 1&b)The
coat?** and the subsequent functionalization with poly- particles are colloidally stabilized in agqueous solution by
(ethylene glycol) (PEG}?°permit a good colloidal stability  negatively charged carboxyl groups originating from opened
but increases the effective diameter of the nanopatti€te® anhydride rings. Assuming a"Fier-typer~¢ interaction
and hence donor/acceptor separation distance. While thepetween Qdot 545 ITK and ATTO590, we estimate from
polymer shell adds on the order of-8 nm to the particle  their overlap integral a Fster radius of 6.4 nm. As a control,
radius?® additional coating with PEG adds another few e coated under the same conditions Qdots 545 ITK with
nanometerd The resulting donor/acceptor distances are amphiphilic polymer devoid of ATTO dye. In one set of
hence much larger than typical ister radii, which are on  experiments, we linked to these particles ATTO dye in a
the order of a nanometer so that colloidally stable (PEG- postmodification procedure with EDC chemistry (linkage of
coated) NC-based biosensors typically have lower FRET the amino group of the amino-modified ATTO590 with the
efficiencies and signal. carboxyl groups of the polymer, mediated ¥y(3-dimethyl-

In this study, we introduce a FRET geometry in which aminopropyl)N'-ethylcarbodiimide hydrochloride, see
the acceptor is directly incorporated into the encapsulation Figure 1c). We note that the polymer-coating procedure
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ments (see Supporting Information for details). With NCs
and ATTO molecules having an absorbance of 156 000 vs
22 000 Mt cmt at 450 nm, respectively, and15% noise,

we can estimate that at least 47 ATTO590 molecules are
required to obscure the NC absorption. This number is
plausible in view of the number of dye molecules that have
been added during the polymer coating56 ATTO mol-
ecules per quantum dot in the case that only 1% of these
anhydride sites were occupied with dye). Thus, for the case
Figure 2. Quantum dots were coated with an amphiphilic polymer of the pqumer with the least att"?mhed ATTO mqlecules (1%
without (2) and with (3) incorporated ATTO590 dye. As control, Of the sites), each NC donor is decorated with about 50
empty polymer micelles with incorporated dye (1) are used. The ATTO dye acceptors.

three samples were loaded on a 1% agarose gel (arrow), and a In as much as we could determine the ATTO590 dye

voltage of 100 V was applied for around 1 h. During this time the . —
negatively charged particles migrated toward the plus pole. Fast concentration but not the exact stoichiometry (donor/acceptor

(F) and slow (S) migrating bands were observed by illumination ratio) for the QD545/ATTO590 conjugates, we first normal-
the gel with a hand-held UV lamp. The empty polymer micelles ized all measured fluorescence emission spectra to the (total)
(lane 1) can be seen as “fast” band by the red fluorescence of thenumber of ATTO590 molecules, in the NC polymer coat or
ATTO dye incorporated in the polymer. The polymer coated goq iy solution. To estimate the total number of ATTO590
guantum dots (without dye in the polymer, lane 2) can be seen as " . .

“slow” band by the green fluorescence of the quantum dots. molecules, we first directly excited the ATTO590 acceptor
Presumably, the polymer-coating procedure also produces emptyat 590 nm (where little interference from donor fluorescence
micelles, which are not fluorescent and are not detected in our assayis expected). Each of the emission spectra of the donor/
The sample with the polymer coated quantum dots with dye zcceptor conjugates, recorded at 450 nm excitation (where

incorporated in the polymer (lane 3) yields one “slow” band with . A . :
orange fluorescent and one “fast” band with red fluorescence. ThedlreCt excitation of ATTO590 is low) was normalized by

fast band (which migrated at the same speed as the control sampldlivision through the peak fluorescence measured at 590 nm
(1) with the empty polymer micelles) can be attributed to empty excitation (Figure 3). This first normalization scales the
polymer micelles, which had been formed during the polymer curves to an equal quantity of acceptors. Next, to account
coating process, and they can be observed due to the fluorescencey, fiyctuations in the excitation power we further scaled

of the ATTO dye incorporated in the polymer. The slow band . o :
(which migrated at the same speed as the polymer-coated quanturr‘he normalized emission spectra of the ATTO dye in the

dots (2)) can be attributed to polymer coated quantum dots with absence of the QD545, excited at 450 nm to a peak emission
dye incorporated in the polymer. The emission from these nano- of 1.
particles appears orange, as part of the energy absorbed by the gy re 3 displays these doubly normalized fluorescence
guantum dots is transferred via FRET to the dye in the polymer, L -
and for this reason an overlap of the quantum dot and dye em|SS|or! spectra for th? different QDS45/ATTOS90 dye
fluorescence is observed. assemblies, measured in 1 cm cuvettes. The red curve
corresponds to empty micelles devoid of NCs but with ATTO
results in some empty polymer miceffésn addition to dye embedded in the polymer. The spectral emission of the
polymer-coated particles. In contrast to earlier reports for a ATTO dye did not change by embedding it into the
similar syster®® size-exclusion chromatograpy failed to amphiphilic polymer, as the micelle spectrum matches that
separate excess polymer (in the form of micelles) from the of the normalized spectrum of free ATTO590 dye (data
polymer-coated NCs. However, gel electrophorfésdiably shown in Supporting Information). The orange trace repre-
separated the polymer micelles (see Figure 2). We used forsents QD545 nanoparticles with ATTO590 dye incorporated
all spectroscopic measurements NCs that were purified fromin the polymer shell. Two emission peaks are readily
excess micelles by gel electrophoresis. apparent. The emission peak in the green/yellow (545 nm)
To characterize the efficiency of energy transfer from the corresponds to the NC donor, the one in the red (622 nm) to
NC donor to the ATTO590 acceptor, we measured both the ATTO590 acceptor. Part of the energy absorbed by the
spectrally resolved intensities (Figure 3a) and fluorescenceNCs is directly emitted (fluorescence emission of the
decays, using a time-correlated single photon counting quantum dots in the green/yellow) and another part is
(TCSPC) approach (Figure 3b). Lifetime measurements transferred by FRET to the ATTO dye, from where it also
allow the FRET measurement independent of the donor can be emitted (fluorescence emission of the ATTO dye in
concentration, by calculating = 1 — [palZp wheretpa the red). The emission intensity of the ATTO dye bound to
andrp are the donor lifetimes in the presence and absencethe NC is more than five times larger than the direct
of the acceptor, respectively, afdlidenotes the weighted excitation of free ATTO dye molecules, indicating sensitized
average over all lifetime components, see Figure 3b andacceptor fluorescence due to FRET. Time-resolved measure-
Supporting Information for detalils. ments corroborated this interpretation. Using femtosecond-
The measured absorption spectra of the QD545/ATTO590 pulsed-laser exciation at 450 nm, we measured the fluores-
conjugates were dominated by the acceptor absorption. Incence decay of the emission of the NCs, Figure 3b. Weighted
the 556-600 nm range, the contribution of the NC to the average decay times of bare polymer coated NCs without
total absorption was barely detected so that we could notthe ATTO dye (green curve) were around 10 ns. FRET
determine the donor/acceptor ratio from absorbance measureeffered an alternative pathway for donor relaxation, reducing
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Figure 3. Spectroscopic characterization of different samples. (a) Normalized fluorescence intensity upon excitation at 450 nm. The spectra
were normalized in a way that they all refer to solutions with the same amount of ATTO dye molecules and that the emission intensity of
free ATTO dye is 1. (b) Normalized fluorescence decays. The pulse rate of a frequency-doubled Ti:sapphire laser was reduced to 4 MHz
to accommodate the long NC decay times. Traces are normalized tmdfts at peak. The noise under these conditions was on the order

of 10°.

its lifetime to about 2 ns in the presence of ATTO dye Second, in contrast to postmodification in agueous solution,
embedded in the polymer shell (orange trace). which requires a water-soluble dye, also hydrophobic dyes
In addition to NCs containing-50 ATTO molecules per ~ can be readily incorporated into the polymer shell, as the
donor (1%), we also prepared conjugates with an amphiphilic actual synthesis of the amphiphilic polymer is performed in
polymer layer in which 4% and 8% of the anhydride rings organic solvent. Third, problems with colloidal stability are
had been reacted with amino-modified ATTO dye. Increasing €qually circumvented when adding the dye directly into the
the amount of dye embedded in the polymer during synthesispolymer shell, as no condition with high salt concentration
decreased the measured average donor lifetime from 2.5 n@s needed for EDC chemistry is required. Thus, from a
(1%) to 2.1 (4%) and 1.7 ns (8%). The corresponding FRET practical standpoint, the inclusion of the acceptor facilitates
efficiencies are estimated as 0.75, 0.79, and 0.84, respecshipping the conjugates to the end user and permits a long
tively. This observation is in line with the measured shelf life, without concerns about the sensor stability.
normalized emission spectra for these conjugates (orange line In conclusion, our experiments indicate that embedding
on Figure 3a). With the peak emission of the acceptor the acceptor dye directly in the amphiphilic polymer used
normalized as above, the peak at donor emission is gettingto make the donor nanoparticle water soluble leads to a novel
increasingly smaller when increasing the ATTO concentra- and advantageous geometry that can be used for FRET-based
tion from 1% to 8%. nanosensors, for which the acceptor needs to be statically
When the ATTO dye is linked via EDC chemistry to the fixed to the donof? This assembly is known to provide an
polymer shell of the NCs (see Figure 1b for a schematic excellent colloidal stabilit§*2® and it allows for all post-
representation), the normalized intensity as well as the modification steps that have been already demonstrated for
photoluminescence decay time (dotted purple traces in partspolymer-coated particles. In particular, the polymer-coated
a and b of Figure 3, respectively) were comparable to thoseNCs (with the dye incorporated into the polymer shell) could
obtained with ATTO dye within the polymer shell (straight be further colloidally stabilized with an additional PEG shell
orange line). However, the fluorescence emission peak wasand also be modified with a precisely controlled number of
~10 nm red-shifted compared to the pure ATTO590 dye or functional groups® This makes them promising candidates
the other tested geometries, probably due to a change in thdor the investigation of cellular traffic on a single particle
local microenvironment of the dye. As before, we equally level33
varied the donor/acceptor ratio by increasing their concentra-
tion ratio during synthesis. Again, the FRET efficiencies  Acknowledgment. This project was funded by the GIP-
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spectra, evaluation of the fluorescence spectra, and time (19) Dubertret, B.; Skourides, P.; Norris, D. J.; Noireaux, V.; Brivanlou,

resolved measurements. This material is available free of

charge via the Internet at http://pubs.acs.org.
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