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S
emiconductor quantum dots (QDs) are
one of themost promising and versatile
nanomaterials available. Widespread in-

terest in utilizing QDs for biological applica-
tions, such as multiplexed assays, imaging,
sensing, and theranostics, is a result of their
bright size-tunable photoluminescence (PL),
small size, and surface area that can be chem-
ically or biomolecularly tailored.1�5 Within
these applications, the combination of QDs
with Förster resonance energy transfer (FRET)
has been especially prominent.6,7 To date,
a myriad of FRET-based biosensing config-
urations have been developed for analytes
as diverse as metabolites, drugs, ions, nucleic
acids, and proteins, as well as the activity
of enzymes such as proteases, nucleases,

kinases, and oxidases.3,6,7 FRET has also been
used to signal the release of drug or DNA
cargos from QD vectors in theranostic appli-
cations2 and to drive the function of various
biophotonic nanostructures based on QDs.8,9

This breadth of research has been moti-
vated by the unique optical properties of
QDs, which are particularly suited for incor-
poration into energy transfer configura-
tions. As FRET donors, their broad absor-
ption spectra and/or large two-photon ab-
sorption cross sections allow for the selec-
tion of excitation wavelengths that minimize
direct excitation of fluorescent dye accep-
tors. The spectrally narrow QD PL also helps
maximize the spectral overlap integral while
minimizing cross-talk between donor and
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ABSTRACT Semiconductor nanocrystals, or quantum dots (QDs), are one of the

most widely utilized nanomaterials for biological applications. Their cumulative

physicochemical and optical properties are both unique among nanomaterials and

highly advantageous. In particular, Förster resonance energy transfer (FRET) has

been widely utilized as a spectroscopic tool with QDs, whether for characterizing

QD bioconjugates as a “molecular ruler” or for modulating QD luminescence “on”

and “off” in biosensing configurations. Here, we investigate the assembly and

utility of a new “concentric” FRET relay that comprises a central QD conjugated

with multiple copies of two different peptides, each labeled with one of two fluorescent dyes, Alexa Fluor 555 (A555) or Alexa Fluor 647 (A647). Energy

transfer occurs from the QD to the A555 (FRET1) then to the A647 (FRET2) and, to a lesser extent, directly from the QD to the A647 (FRET3). We show that

such an arrangement can provide insight into the interfacial distribution of peptides assembled to the QD and can further be utilized for sensing proteolytic

activity. In the latter, progress curves for digestion of the assembled peptides by two prototypical proteases, trypsin and chymotrypsin, were measured

from the relative QD, A555 and A647 PL contributions, and used to extract Michaelis�Menten kinetic parameters. We further show that the concentric FRET

relay, as a single nanoparticle vector, can track the tryptic activation of a proenzyme, chymotrypsinogen, to active chymotrypsin. The concentric FRET relay

is thus a potentially powerful tool for the characterization of QD bioconjugates and multiplexed sensing of coupled biological activity.

KEYWORDS: quantum dot . Förster resonance energy transfer . relay . multiplexing . peptide . protease . self-assembly
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acceptor emission. Further, the nontrivial nanocrystal
surface area permits tuning of energy transfer rates via
the assembly ofmultiple acceptors around each donor.
QDs can also be good FRET acceptors, most notably
with chemiluminescent,10,11bioluminescent,12,13orphoto-
luminescent lanthanide donors.14,15 As acceptors, QDs
offer very large spectral overlap integrals, long Förster
distances, and excellent spectral separation between
donor and acceptor emission.
Conventional FRET configurations with QD donors

typically comprise an array of fluorescent dye6,7 or
protein acceptors16,17 assembled around the central
nanocrystal. Energy transfer is observed in a single step
from the QD to one of the proximal acceptors. Even
with multiple acceptors, the approximate centrosym-
metry permits straightforward analysis of energy trans-
fer rates and efficiencies via quenching of the QD PL
and/or sensitization of the acceptor PL. This basic
format is sufficient for many biological applications
and is, by far, the most commonly reported in the
literature. However, more complex configurations with
additional energy transfer steps have also been
reported.8,18,19 For example, Medintz et al. devised a
maltose sensing schemewhere energywas transferred
in two steps, first from a QD to a Cy3 dye label on a
conjugated maltose binding protein (MBP), and then
to a Cy3.5 dye associatedwith β-cyclodextrin bound by
the MBP.18 This FRET relay enabled efficient energy
transfer over the >7.5 nm distance imposed by the
radius of the QD and the dimensions of the MBP. Lu
et al. studied a similar system where QDs were as-
sembled with enhanced yellow fluorescent protein
(EYFP) and, in turn, the EYFP was conjugated with an
Atto-647 (acceptor)-labeled oligonucleotide.19 In this
example, the FRET relay extended the net range of
energy transfer to a remarkable ∼13 nm. Similarly,
Boeneman et al. used a QD as an initial donor for an
oligonucleotide-based, four-step photonic wire that
had three relay dyes and a terminal dye along its
>10 nm length.8 The common feature of the above

studies is that the FRET relays were designed to extend
the range of energy transfer to distances greater than
that allowed by the constraints of one-step FRET. Due
to the greater number of emitters, analysis of these
relay systems was more involved than conventional
one-step FRET configurations but was simplified by
treating each relay step as occurring between a dis-
crete donor�acceptor pair. This approximation was
reasonable since the intermediate and terminal accep-
tors were associated with the same biomolecular unit
anddirected excitation energy away from the central QD.
Here, we investigate the utility of a new FRET relay

configuration that also uses a QD as an initial donor
but, unlike previously reported relays,8,18,19 is designed
to be entirely concentric with the QD. This configura-
tion is compact, such that the second energy transfer
step neither moves the excitation energy any further
away from the QD nor is limited to a discrete FRET pair
attached to a common biomolecule. Rather, the con-
centric FRET relay comprises a central green-emitting
CdSe/ZnS QD that has multiple Alexa Fluor 555 (A555)
and Alexa Fluor 647 (A647) dyes assembled around it.
As shown in Figure 1A, the dyes are distal labels on
peptide substrates that are controllably self-assembled
to the QD. Due to the spectral overlap between these
dyes, energy transfer occurs from the QD to the A555
(FRET1), from the A555 to the A647 (FRET2), and, to a
lesser extent, from the QD to the A647 (FRET3). We first
assemble varying numbers of A555-peptide and A647-
peptide per QD and characterize the energy transfer
efficiencies for FRET1, FRET2, and FRET3. Analogous to
conventional FRET configurations, the isolated FRET1/
FRET3 pathways permit determination of the radial
distance between theQD andA555/A647, respectively.
In addition, the concentric design also allows us to use
the FRET2 pathway to infer the approximate distribu-
tion of self-assembled peptides across the QD surface,
thereby addressing a question that has remained exceed-
ingly challenging to date. Next, in a second set of experi-
ments, we evaluate the potential for the concentric

Figure 1. (A) Design of the concentric FRET relay and three possible energy transfer pathways between the QD, A555, and
A647. The dye-labeled peptide substrates (Sub) are assembled to poly(ethylene glycol) ligand (DHLA-PEG)-coated CdSe/ZnS
QDs via polyhistidine (His6) tails. (B) Qualitative changes in PL from the three emitters as a function of trypsin (TRP) and
chymotrypsin (ChT) activity. The sizes of the colored arrows reflect the magnitude of the PL intensities.
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FRET relay to serve as a multiplexed probe for simulta-
neously sensing the activity of two proteases by select-
ing the peptides to be substrates for chymotrypsin
(ChT) and trypsin (TRP). Figure 1B illustrates how
changes in the relative QD, A555, and A647 PL inten-
sities can be used to orthogonally track the activity of
each protease. Importantly, the concentric FRET relay is
also able to follow the TRP-catalyzed activation of
inactive pro-chymotrypsin to ChT, demonstrating the
potential for sensing coupled biochemical processes
using one type of nanoparticle vector.

RESULTS AND DISCUSSION

Characterization of FRET Pairs. The concentric FRET
relay comprised A555, A647, and CdSe/ZnS QDs with
peak PL at 520 nm. Normalized absorption and emis-
sion spectra for each of these emitters are shown in
Figure 2. The two primary FRET pairs within the relay
were QDfA555 (FRET1) and A555fA647 (FRET2),
where the arrow indicates the direction of energy
transfer. The third FRET pair, QDfA647 (FRET3), was
much less efficient but nonetheless essential to multi-
plexed sensing (vide infra). Critical photophysical param-
eters for the three FRET pairs are summarized in
Table 1. For a given donor�acceptor separation, the
rate of FRET1 was estimated to be 14 times faster than
FRET3 and thus was expected to be the dominant
energy transfer pathway when both A555 and A647
were assembled to the same QD donor (see Support-
ing Information for the calculation). From the mea-
sured QD-A555 and QD-A647 distances (vide infra), the
actual rate of FRET1 was 10 times faster (per acceptor)
than FRET3.

Peptides. The two peptide sequences used in this
work are listed in Table 2. Each peptide included four
functional modules: (1) an N-terminal cysteine residue
that provided a unique site for labeling with malei-
mide-activated A555 or A647; (2) an extended amino
acid sequence that incorporated a recognition site for a
proteolytic enzyme; (3) a helical polyproline spacer;
and (4) a C-terminal polyhistidine sequence used for
assembly to QDs. Polyhistidine motifs enable sponta-
neous, rapid, and high-affinity (Kd ∼ 1 nM) binding
between peptides and the inorganic shell of CdSe/ZnS
QDs.20 One of the principal advantages of polyhisti-
dine-mediated self-assembly is that the number of
peptides per QD, or conjugate valence, can be con-
trolled on the basis of relative stoichiometry.20,21 Here,
this was particularly important in assembling and
tuning the concentric FRET relay around the QD. The
polyproline spacer adjacent to the polyhistidine tail
was expected to form a ∼1.2 nm type-II helix22 and
help extend the recognition site away from the
QD interface. The recognition site was chosen to
render the peptide a substrate for one of two proto-
typical serine proteases: either TRP or ChT. TRP spe-
cifically cleaves C-terminal to Arg and Lys residues;
ChT has much broader specificity but preferentially
cleaves C-terminal to Phe, Trp, and Tyr residues.23,24

The TRP substrate, SubTRP(A647), is an A647-labeled
variant of a peptide we have previously used as a
substrate in assays for TRP activity.25,26 The sequence
was modified to eliminate preferential cleavage
sites for ChT. The ChT substrate, SubChT(A555), was a
similar peptide but incorporated an Ala-Tyr-Ala-Ala
motif that Bizzozero et al. previously found to be
optimal for ChT.27 TRP and ChT were selected asmodel
proteases since these enzymes are widely available,

Figure 2. (A) Absorption (dashed lines) and emission (solid
lines) spectra for the QD, A555, and A647. (B) Spectral
overlap functions for the QD-A555, A555-A647, and QD-
A647 FRET pairs. The Förster distances are also listed for
each pair.

TABLE 1. Photophysical Parameters Important to the

Concentric FRET Relay

FRET paira ΦD
b,c εA (M

�1 cm�1)d J (cm6 mol�1)e R0 (nm)
f r (nm)g

QDfA555 (FRET1) 0.11 150000 5.21 � 10�10 4.7 5.2
QDfA647 (FRET3) 0.11 239000 3.76 � 10�11 3.0 4.9
A555fA647 (FRET2) 0.15 239000 6.68 � 10�10 5.2

a The arrow indicates the direction of energy transfer, donor (D)facceptor (A).
b Donor quantum yield (see Figure S1). c The manufacturer (Invitrogen) reports a
quantum yield of 0.33 for A647. d Acceptor molar absorption coefficient (at
absorption maximum). e Spectral overlap integral. f Förster distance. g Donor�
acceptor separation for a centrosymmetric arrangement.

TABLE 2. Peptide Sequences

abbreviation amino acid sequencea

SubChT(A555) (A555)C�SAYAATDEGNQGT�SPPPPPPPS�HHHHHH
SubTRP(A647) (A647)C�STRTDEGNQGGTS�SPPPPPPPS�HHHHHH

a Peptides written N-terminal to C-terminal and shown in modular form:
(1)-(2)-(3)-(4). Refer to the main text for a description of each module. The
protease recognition sites are indicated in bold.
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well-known, and extensively characterized and exhibit
robust hydrolytic activity.28 Analogous to previous use
of MBP as a model protein,18 TRP and ChT have been
frequentlyused forprototypingnewQD-basedbiosensing
configurations in the context of proteolytic activity.25,29,30

Assembly of the Concentric FRET Relay. The concentric
FRET relay was assembled by mixing M = 0�7 equiv
of SubChT(A555) with QDs, then incrementally adding
N = 0�7 equiv of SubTRP(A647) in a second step. This
procedure resulted in 64 distinct configurations with
varying degrees of FRET1, FRET2, and FRET3. The PL
spectra for each configuration are shown in Figure 3
and grouped according to the average number (M) of
A555 assembled. Direct excitation of both the A555
and A647 was negligible (see Figure S2), and several
trends in the FRET-sensitized PL are worth noting.
First, the QD PL decreased as the number of proximal
A555 increased. This observation was consistent with

an increasing rate of FRET1 (compare QD PL across
Figure 3A�H). In the absence of A555 (Figure 3A;M = 0),
increases in the number (N) of proximal A647 yielded
progressive quenching of QD PL via FRET3. The magni-
tude of quenching was considerably less than that
observed with FRET1, congruent with the lower rate of
FRET3 per unit distance and the approximately equal
lengths of SubChT(A555) and SubTRP(A647). However,
as the number of A555 per QD increased, there was a
progressive decrease in FRET3-induced quenching of
QD PL until becoming negligible atMg 4 A555 per QD
(i.e., no significant decrease in the QD PL intensity with
increasing A647 per QD in Figure 3F�H). This trend
reflected the nearly complete dominance of the FRET1
over FRET3 when A555 was not outnumbered by co-
assembled A647. Such behavior was expected based
on eq 1, the net energy transfer efficiency for the QD
donor, E1þ3, where k3 is the rate of FRET3, k1 ≈ 10k3 is

Figure 3. Ensemble PL spectra for [SubChT(A555)]M-QD-[SubTRP(A647)]N conjugates at values of N = 0�7 and (A�H)M = 0�7.
Each panel corresponds to a unique value of M, the number of A555 per QD. The arrows indicate the trends in PL as N, the
number of A647perQD, increased. TheQD,A555, andA647PL contributions are labeled inpanel (H). Note that the scale of the
y-axis changes from (A) to (H). The excitation wavelength was 400 nm. A single plot with M = 0�7 for N = 0 is shown in the
Supporting Information, Figure S3.
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the rate of FRET1, and k0 is the sum of the radiative and
nonradiative relaxation rates for the QD donor. Note
that FRET2 is excluded from this expression because it
occurs subsequent to FRET1 anddoes not involve theQD.

E1þ 3(M,N) ¼ 1 � IQD(M,N)
IQD(0, 0)

¼ Mk1 þNk3
Mk1 þNk3 þ k0

(1)

Considering A555 and A647, the FRET1-sensitized A555
PL increased in parallel with the number of A555 asse-
mbled per QD (compare A555 PL across Figure 3A�H;
FRET1 efficiency increases). An analogous trend was
observed in the FRET3-sensitized A647 PL (Figure 3A).
When A555 and A647 were co-assembled to the QDs,
the FRET1-sensitized A555 PL decreased as a function
of the number of A647 due to greater rates of FRET2.
Parallel increases in FRET2-sensitized A647 PLwere also
observed. These trends are shown in Figure 4A,B,
which plot the A555/QD and A647/QD PL ratios
(derived using eqs 2�6; see Materials and Methods)
as functions of the number of A555 and A647 per QD,
respectively. The data clearly show the FRET1�FRET2
relay and its “push-pull” effect on themagnitude of the
A555 PL. Figure 4C plots the A647/QD PL ratio as a
function of the A555/QD and reveals that each of
the 64 FRET relay configurations (M,N) had a unique
coordinate in this two-dimensional space. This was an
important result that we later exploited formultiplexed
sensing in kinetic assays for protease activity (vide infra).

FRET1 and FRET3 Efficiency and Radial Distance Measure-
ments. In addition to the acceptor/donor PL ratios for
the FRET configurations, we also calculated the FRET
efficiencies. For FRET relay configurations with only
A555 assembled (M = 0�7, N = 0), the FRET1 efficiency
was calculated from the quenching of the QD PL (eq 7;
see Materials and Methods). Similarly, the FRET3 effi-
ciencywas calculated from the quenching of the QD PL

when only A647was assembled (M= 0,N= 0�7). These
results are shown in Figure 5A with and without a
correction that accounts for the Poisson distribution
(i.e., heterogeneity) in the number of SubChT(A555) or
SubTRP(A647) assembled per individual QD, across the
ensemble (eq 8; see Materials and Methods).31 The net

Figure 4. Changes in (A) the A555/QD PL ratio and (B) the A647/QD PL ratio as a function of the average number of
SubChT(A555),M, and SubTRP(A647), N, per QD. (C) A647/QD PL ratios plotted versus A555/QD PL ratios. Each combination of
PL ratios (i.e., point on the plot) corresponds to a unique combination (M,N).

Figure 5. (A) Changes in FRET efficiency as a function of the
number of acceptors assembled per QD for the QD-A555
(M = 0�7, N = 0) and QD-A647 (M = 0, N = 0�7) FRET pairs.
The Poisson corrected data are shown in parallel with the
raw data. (B) Illustration of the concentric spheres upon
which A555 and A647 are positioned (on average). A few of
each dye are shown at random positions on the spheres.
The diameter of the QD is 5.6 nm.32
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effect of this population heterogeneity is a nontrivial
decrease in the apparent FRET efficiency at acceptor
valences less than ca. 4 per QD.31 The correction
allowed for a more accurate calculation of the donor�
acceptor separations from the measured ensemble
FRET efficiencies. Center-to-center separations for the
QD-A555 andQD-A647 FRET pairs were 5.2 and 4.9 nm,
respectively, as shown in Figure 5B. The close agree-
ment of these values was consistent with the equal
number of amino acid residues between SubChT(A555)
and SubTRP(A647). This result also suggested that the
A555 and A647 were co-situated on the surface of a
figurative ∼10 nm diameter sphere with the QD at its
center (i.e., the dye sphere reflecting the position of the
acceptors was concentric with the QD).

FRET2 Efficiency and Peptide Arrangement. The other
pertinent FRET efficiency was that for FRET2 between
A555 and A647. For a fixed number of A555 per QD (M),
the efficiency was calculated from the quenching of
the A555 PL (eq 7) as the number of proximal A647 (N)
increased. The data are shown in Figure 6A as a
function of N for each set of M = 1, 3, 5, 7 (complete
data for M = 1�7 are shown in Figure S4). The FRET2
efficiency increased as the number of A647 per QD
increased and, in general, decreased slightly as the
number of A555 per QD increased. It is important to
note that FRET2 was not in competition with FRET3. If
the QD transferred its energy to A647 via FRET3, then
A555 was not excited via FRET1 and FRET2 did not
subsequently occur. If the QD transferred its energy to
A555 via FRET1, then A647 was not excited via FRET3
and all A647 were good acceptors for FRET2. The
negligible direct excitation of A555 and A647 was

important for achieving this mutually exclusive nature
for FRET2 and FRET3. Furthermore, itmust also be noted
that FRET2 in these configurations did not comprise a
multiple donor�multiple acceptor system. Although
there weremultiple A555 per QD, the QDwas only able
to sensitize one A555 dye molecule, via FRET1, per
excitation event. The remaining ground state A555
were not donors, and thus this second FRET system
wasaonedonor (A555)�multipleacceptor (A647) arrange-
ment, where the various donor�acceptor separations
were, to a first approximation, different chords of a
∼10 nm diameter sphere (vide supra). Since this con-
figuration was not centrosymmetric, it was neither
straightforward to calculate the average A555�A647
separation distance nor physically relevant. Nonethe-
less, the FRET2 efficiency as a function of M and N was
expected to provide insight into the interfacial ar-
rangement of polyhistidine-appended peptides self-
assembled onto the QDs, which has been of general
interest but difficult to address due to the lack of
adequate tools. We therefore considered two limiting
models for the assembly of SubChT(A555) and SubTRP-
(A647) to QDs. The first “equidistant” model hypothe-
sized that, at equilibrium, the peptides arranged
themselves to be equidistant on the three-dimensional
surface of the QD, as far from one another as possible,
and that this arrangement was mirrored by the A555
and A647 dye labels. The second “random” model
instead hypothesized that the QD had a set number
of fixed binding sites that the peptides occupied
stochastically. The number of binding sites was chosen
to correspond to the results of a recent study that
found a maximum of 50 ( 10 peptides were able to

Figure 6. (A) Experimental andmodeled FRET2 efficiencies as a function of the number of A647 per QD, N, and the number of
A555 per QD, M. The random model data for 1 A555 and 7 A555 per QD overlap (as do intermediate values). (B) Schematic
example of the positions of 4 A555 (red) and 4 A647 (blue) dye positions in the equidistant model. (C) Schematic example of
4 A555 (red) and 4 A647 (blue) dye positions in the random model. The remaining unoccupied binding sites are also shown
(gray). The background of the dye sphere is opaque for clarity and hides some of the 50 total binding sites.
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assemble toQDs of this size.33 Thus, 50 equally favored,
evenly spaced interfacial binding sites were posited in
this secondmodel and also assumed to be reflected by
the positioning of the A555 and A647 labels. The
assumption that the dye positions reflect the binding
site positions is valid if each individual peptide has a
similar, time-averaged conformation when bound to
different sites at the QD interface.

Figure 6B shows an example of the equidistantmodel
with 8 peptides/dyes assembled per QD (4 A555 and
4 A647 in the illustration). Of the 64 different permuta-
tions of M = 0�7 and N = 0�7, a configuration with
8 total peptides/dyes is most probable (i.e., x A555 and
8�x A647). Figure 6C shows an analogous example of
the randommodel, along with the 42 unoccupied sites
that remain. For both models, the distances between
an arbitrary A555 donor and co-assembled A647 ac-
ceptors were calculated, averaged over a large ensem-
ble (including a Poisson distribution of valences), and
used to determine the expected FRET2 efficiency for
each (M,N) configuration using the parameters in
Table 1. The results are shown in Figure 6A, where
the random model has a notably higher FRET2 effi-
ciency than the equidistant model. This is because, in
the random model, peptides/dyes have the opportu-
nity to assemble very close to one another, regardless
of the total number of assembled peptides. In contrast,
the equidistant model ensures that peptides/dyes are
as far apart as possible. Given the strong distance
dependence of FRET, the outcome is a FRET2 efficiency
in the random model that can be ca. 10�40% higher
than the equidistant model depending on the (M,N)
configuration. As expected, the FRET2 efficiency in the
random model is independent of M, the number of
A555 per QD, since there is only one excited state
donor. Further considering the uncertainty in the
maximum number of binding sites per QD, adjusting
the random model for 40 or 60 peptides per QD (i.e.,
50 ( 10 peptides)33 does not significantly change the
randommodel data shown in Figure 6 (see Supporting
Information, Figure S5).

The experimental data in Figure 6A most closely
resemble the equidistant assemblymodel, falling with-
in the same range of FRET2 efficiencies. The experi-
mental efficiencies are clearly too low to correlate with
the random assemblymodel. In order for the predicted
efficiencies for the random model to begin to ap-
proach those for the equidistant model, there would
have to be a maximum of ∼20 binding sites per QD,
which is not consistent with experimental results.33

Even in such a scenario, the initial rise in the experi-
mental FRET2 efficiency with increasing A647 per QD is
much slower than predicted for random assembly (see
Supporting Information, Figure S5). The agreement
between the data and the equidistant model was not
complete, however, as the trends in FRET2 efficiency as
a function M and N deviated somewhat from those

predicted. For example, the spread in the data between
M = 1�7 was smaller than predicted, and the observed
trend;a decrease in FRET2 efficiency between M = 1
and M = 7;was opposite that predicted. There are
several possible reasons for the departures from the
ideal equidistant model. One initial hypothesis was
that homo-FRET (i.e., energy transfer between excited
state A555 and proximal ground state A555) was
decreasing the experimental FRET2 efficiency as the
number of A555 per QD increased; however, inclusion
of homo-FRET in the random and equidistant models
(see Supporting Information, Figure S6) did not repro-
duce the observed trend: there was almost no effect in
the equidistant model, and in the random model, the
effect of homo-FRET slightly increased the predicted
FRET2 efficiency (see Figure S6). Other possibilities for
the discrepancies between the equidistant model and
experimental data are nonidealities in the real system.
For example, real QDs are not spheres but are rather
faceted nanocrystals, and thismore complex geometry
will change the distances between A555 and A647 dye
molecules. Further, different facets of the QD are not
chemically equivalent, and the polyhistidine tails of the
peptides may have different affinities for each. Equidi-
stant and equally favored binding sites are thus sim-
plifying assumptions. The fluorescence properties of
the A555 may also change as more peptides are
assembled per QD, similar to the self-quenching fre-
quently observed as the degree of labeling for a
protein increases.34 This latter effect would certainly
decrease the FRET2 efficiency. Although the equidi-
stant model is not a complete description of the
QD�peptide conjugates, it appears to be a reasonable
first approximation for the binding of peptides to QDs,
averaged over both time and the ensemble. The two-
step assembly process used in our experiments is not
expected to have any significant effect on these results
(see Supporting Information, Figure S7, for discussion).
Note that our model and data do not say how the
peptides achieved the equidistant configuration,
whether via initial binding or by subsequent migra-
tion over the surface of the QD as equilibrium was
approached.

Sensing Proteolytic Activity. Given that each unique
combination of A555 and A647 per QD, (M,N), yielded
a unique combination of A555/QD and A647/QD PL
ratios, (FA555, FA647) (see Figure 4C), we hypothesized
that the concentric FRET relay assembly could be used
for multiplexed protease assays. It was possible to
investigate this possibility since the A647- and A555-
labeled peptides were designed to be substrates for
trypsin (TRP) and chymotrypsin (ChT), respectively.
Proteolytic activity was expected to progressively
change (M,N), resulting in changes in the A555/QD
and A647/QD PL ratios, (FA555, FA647), that could be
tracked in real time and thus permit quantitative
measurement of hydrolytic rates. Experimentally, the
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changes in (FA555, FA647) were measured by tracking
changes in the PL intensity at 530, 570, and 670 nm. To
a first approximation, these wavelengths corresponded
to PL from the QD, A555, and A647, respectively (see
Materials and Methods for cross-talk corrections).
Three different protease sensing experiments are de-
scribed below.

Trypsin Assay. The concentric FRET relay was first
tested for sensing applications in a proteolytic assay
for TRP activity (Figure 7A). Nominal [SubChT(A555)]5-
QD-[SubTRP(A647)]5 conjugates (0.15 μM) were mixed
with different concentrations of TRP (0.42�27 nM), and
the PL intensities at 520, 570, and 670 nmwere tracked
over time in a progress curve format.32 The expectation
was that TRP activity would convert the conjugates to
[SubChT(A555)]5-QD with loss of FRET2/FRET3 sensitiza-
tion of A647 PL. The experimental, time-dependent
changes in each PL channel are shown in the Support-
ing Information (Figure S8). A555/QD and A647/QD PL
ratios were calculated from these data and are shown
in Figure 7B. In the presence of TRP, the A555/QD PL
ratio increased and the A647/QD PL ratio decreased,

in agreement with expectations for the loss of FRET2/
FRET3. Importantly, the rate of these changes scaled
proportionally to the concentration of TRP. The PL data
were converted to activity data by mapping the time-
dependent (A555/QD, A647/QD) PL ratios to (M,N)
coordinates using the calibration data set in Figure 4.
The resulting progress curves for ChT and TRP activity are
shown in Figure 7C. As expected, the rate of digestion of
SubTRP(A647) increasedwith increasing concentrationsof
TRP, whereas SubChT(A555) was not appreciably digested
due to the absence of ChT. The few points dispersed
about the progress curves for the negative controls in
Figure 7C are artifacts of the mathematical conversion
from (A555/QD, A647/QD) PL ratios to (M,N).

Trypsin and Chymotrypsin Assay. The sensing capability
of the concentric FRET relay was next tested in a
multiplexed assay with both TRP and ChT (Figure 8A).
The TRP concentrationwas varied as before (0.42�27nM),
while the concentration of ChTwas held constant (40 nM).
The expectation was that the combined activity of
TRP and ChT would convert the [SubChT(A555)]5-QD-
[SubTRP(A647)]5 conjugates (0.15 μM) to QDs with loss

Figure 7. (A) Schematic of the TRP sensing experiment with FRET1, FRET2, and FRET3 indicated by 1, 2, and 3, respectively. (B)
(i) A555/QD and (ii) A647/QD PL ratios and (C) corresponding activity data for the digestion of (i) SubChT and (ii) SubTRP in
[SubChT(A555)]5-QD-[SubTRP(A647)]5 conjugates by different concentrations of TRP. The combined PL data (B,i-ii) are utilized
to calculate the progress curves (C,i-ii).
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of both FRET1-sensitized A555 PL and FRET2/FRET3-
sensitized A647 PL.

The experimental, time-dependent changes in the
PL intensities at 520, 570, and 670 nm are shown in the
Supporting Information (Figure S9), and the corre-
sponding changes in the A555/QD and A647/QD PL
ratios are shown in Figure 8B. The A555/QD PL ratio
rapidly decreased to the baseline, as expected for ChT
activity. A similarly rapid decrease was observed with
the A647/QD PL ratio, except that the end point
depended on the concentration of TRP. At 0 nM TRP,
the end point was ca. 0.3 but gradually approached the
baseline as the concentration of TRP increased to 27 nM.
The rapid decreases in both progress curves corre-
sponded to loss of FRET1 and FRET2 with ChT activity
and rapid digestion of SubChT(A555). The decreasing
end point for the A647/QD PL ratio corresponded to
retention or loss of FRET3 (and residual A647 PL)
depending on TRP activity and the rate of digestion
of SubTRP(A647). A close examination also shows that
the A555/QDPL ratiowas somewhat dependent on the
concentration of TRP, exhibiting a slower decrease as

the concentration of TRP increased due to different
rates of loss of FRET2 with digestion of SubTRP(A647).
Progress curves (M,N) for combined ChT and TRP
activity were calculated from PL ratios (A555/QD,
A647/QD) as noted previously and are shown in
Figure 8C. Regardless of the TRP concentration, the
progress curves for the digestion of SubChT(A555)
followed a common trajectory, as expected for a fixed
concentration of ChT. In contrast, a series of progress
curveswere observed for the digestion of SubTRP(A647)
with rates proportional to the concentration of TRP.

Activation of Chymotrypsinogen by Trypsin. The final sen-
sing configuration tested was the activation of chymo-
trypsinogen (pro-ChT) to ChT (Figure 9A). Nominal
[SubChT(A555)]5-QD-[SubTRP(A647)]5 conjugates (0.15 μM)
were mixed with 39 nM pro-ChT and varying con-
centrations of TRP (0.42�27 nM). The expectation
was that the activity of TRP would have two effects:
(1) TRP-catalyzed digestion of the full conjugates to
[SubChT(A555)]5-QD with loss of FRET2/FRET3; and (2)
conversion of the pro-ChT to ChT with subsequent
digestion of [SubChT(A555)]5-QDs to only QDs with loss

Figure 8. (A) Schematic of the TRP þ ChT sensing experiment with FRET1, FRET2, and FRET3 indicated by 1, 2, and 3,
respectively. (B) (i) A555/QD and (ii) A647/QD PL ratios and (C) corresponding activity data for the digestion of (i) SubChT and
(ii) SubTRP in [SubChT(A555)]5-QD-[SubTRP(A647)]5 conjugates by different concentrations of TRPþ 40 nM ChT. The combined
PL data (B,i-ii) are utilized to calculate the progress curves (C,i-ii).
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of FRET1. Therefore, changes in FRET1 were expected to
lag behind changes in FRET2/FRET3 and yield an initial
period of increase in the A555/QD PL ratio that was
followed by a period of decrease.

The experimental, time-dependent changes in the
PL signals at 520, 570, and 670 nm are shown in the
Supporting Information (Figure S10); the correspond-
ing changes in the A555/QD and A647/QD PL ratios are
shown in Figure 9B. The different combinations of TRP
þ pro-ChT produced trends that were clearly different
than those observed with TRP alone or TRP þ ChT. In
samples with only pro-ChT (no TRP), the A647/QD PL
ratio decreased (Figure 9B,ii) but did so at a much
slower rate than observed with an equivalent concen-
tration of ChT (Figure 8B,ii). Similarly, the A555/QD PL
ratio exhibited only a slow decrease (Figure 9B,i). Both
of these results were consistent with minimal activity
for the putatively inactive pro-ChT (cf. ChT in Figure 8)
and much slower loss of FRET1 and FRET2. As the
concentration of TRP increased, the time-dependent

A647/QD PL decreased at a progressively faster rate,
which was consistent with the expected loss of FRET2/
FRET3 with digestion of SubTRP(A647). Importantly, the
A555/QD PL ratio exhibited the expected nonmono-
tonic behavior as the concentration of TRP increased in
the presence of pro-ChT: there was (1) an initial in-
crease, consistent with the loss of FRET2 due to TRP
activity anddigestion of SubTRP(A647), followedby (2) a
turning point and decrease, consistent with the loss of
FRET1 due to delayed ChT activity and digestion of
SubChT(A555). These results were clear indications of
the TRP-catalyzed activation of pro-ChT to ChT.

Progress curves (M,N) for combined ChT and TRP
activity were again calculated from PL ratios (A555/QD,
A647/QD) and are shown in Figure 9C. The progress
curves for the digestion of SubTRP(A647) (Figure 9C,ii)
were analogous to those for equivalent concentrations
of TRP alone (Figure 7C,ii) or in the presence of ChT
(Figure 8C,ii). In contrast, the progress curves for the
digestion of SubChT(A555) (Figure 9C,i) were distinctly

Figure 9. (A) Schematic of the pro-ChT activation sensing experiment with FRET1, FRET2, and FRET3 indicated by 1, 2, and 3,
respectively. (B) (i) A555/QD and (ii) A647/QD PL ratios and (C) corresponding activity data for the digestion of (i) SubChT and
(ii) SubTRP in [SubChT(A555)]5-QD-[SubTRP(A647)]5 conjugates by different concentrations of TRP þ 39 nM pro-ChT. The
combined PL data (B,i-ii) are utilized to calculate the progress curves (C,i-ii). The arrow in (C,i) indicates the approximate
inflection point. Digestion of SubChT(A555) did not reach completion within the 10 h duration of the experiment.
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different than those observed with ChT (Figure 8B,i).
The slow decrease in SubChT(A555) per QD in the
absence of TRP was attributed to background ChT-like
activity in the pro-ChT sample. At higher concentra-
tions of TRP, the progress curves were characterized by
a time lag relative to both the parallel TRP activity
(Figure 9C,ii) and previous experiments with similar
ChT concentrations (Figure 8C,i). An inflection point
was also observed before the progress curve ap-
proached the baseline. These results were consistent
with expectations for the activation of pro-ChT to ChT.
Nonetheless, we sought to validate the general shape
of the SubChT(A555) progress curves using standard
fluorogenic substrates for TRP and ChT, NR-benzoyl-DL-
arginine-2-naphthylamide hydrochloride (BANA)35 and
Ala-Ala-Phe-7-amido-4-methylcoumarin (AAF-MCA),36

respectively. Importantly, similar lags, inflection points,
and background pro-ChT activity were observed for
the digestion of AAF-MCA by mixtures of TRP and pro-
ChT (see Supporting Information, Figures S11�S14).
This congruence between the QD-FRET and AFF-MCA/
BANA assay formats confirmed that the concentric
FRET relay was suitable not only for multiplexed detec-
tion but also for quantitatively tracking coupled en-
zyme activity.

Specificity Constants. The progress curves for the tryp-
tic digestionof SubTRP(A647) (Figure7C�9C)were fitwith
an integrated Michaelis�Menten (MM) model (see
Supporting Information for details, Figure S15) to ex-
tract specificity constants, (kcat/Km)TRP, which are listed
in Table 3. The specificity constant for ChT activity
toward SubChT(A555) was (kcat/Km)ChT = 24 s�1 mM�1

(see Figure 8). The (kcat/Km)TRP values are used to
compare between data sets and, importantly, to de-
monstrate the capacity for quantitative sensing of
proteolytic activity using the concentric FRET relay.
The specificity constants between TRP and TRP þ
pro-ChT assays were generally in good agreement;
however, in the ChT assay, particularly at lower TRP
concentrations, the measured specificity constant
tended to be higher than the other two formats. This
was attributed to the broader specificity of ChT and
some cross-reactivity with SubTRP(A647). Even with this

effect, the average values of kcat/Km for each assay
format were in agreement within the precision of the
experiment ((1 standard deviation), thus confirming
the capability for quantitative, multiplexed analysis of
protease activity using the concentric FRET relay. The
measured values for kcat/Km are comparable to those of
commercially available assays kits, which span a broad
range from 0.4 to 150 s�1 mM�1.37

Discussion and Conclusions. We have used a concentric
FRET relay to (i) investigate the physical assembly of
peptides to a QD and (ii) demonstrate multiplexed
sensing of proteolytic activity. To date, the predomi-
nant use of FRET relays has been to extend the range of
energy transfer over longer distances. Our work here
greatly expands the utility of FRET relays assembled
with an initial QD donor, as we discuss below.

FRET is well-known for its “molecular ruler” capa-
bility38 and can be used to physically characterize nano-
particles and their bioconjugates. The typical length
scale of FRET (1�10 nm)39 provides distance informa-
tion that is complementary to electron microscopy,
which tends to characterize only the inorganic compo-
nent of nanoparticles, and to light scattering techni-
ques, which estimate hydrodynamic size. For example,
FRET from a QD donor to dye acceptor has been used
to determine the orientation of proteins40 and oligo-
nucleotides41,42 conjugated to QDs and to track the
dynamic conformational switching of single Holliday
junctions bound to a QD.43 Recently, Morgner et al.
used a time-resolved analysis of FRET between lumi-
nescent terbium complex (LTC) donors and QD accep-
tors to measure asymmetry in the shape of QDs,
including the long- and short-axis dimensions.39 The
common aspect between these studies is that the
measured donor�acceptor distances were effectively
radial. Methods to obtain insight into the interfacial
arrangement of biomolecules assembled to QDs have
been largely overlooked and unknown in almost all
previous studies that use FRET to characterize QD
bioconjugates. Our use of a concentric FRET relay in
conjunction with modeling of the expected energy
transfer in two putative arrangements of dye-labeled
peptides (random vs equidistant) provided insight into
this complex question. Themodeled and experimental
data indicated that assembling a total number of
peptides less than the surface capacity of the QD
(<30%) results in nonrandom placement of those
peptides and some degree of preference for maximiz-
ing interpeptide spacing.More sophisticatedmodeling
and further development of the concentric FRET tech-
nique (e.g., time-resolved analysis and/or the introduc-
tion of an additional relay step such as QDfA555f
A647fAlexa Fluor 750) may permit resolution of non-
random, nonequidistant interfacial arrangements of
biomolecules assembled to a common QD, taking
into account nonspherical shapes and potential facet
preferences.

TABLE 3. Comparison of the Specificity Constants (kcat/Km)

for Each Concentration of TRP Used in the Three Protease

Assays with the Concentric FRET Relay

kcat/Km (s�1 mM�1)

[TRP] (nM) 3.4 6.8 14 27 ave.a

TRP 8.1 14.3 12.4 14.2 12 ( 3
TRP þ ChTb 24.3 20.4 19.1 13.9 19 ( 4
TRP þ pro-ChTc 7.9 10.8 14.1 17.9 13 ( 4

a One standard deviation is reported. b 40 nM ChT. c 39 nM pro-ChT. Lower
concentrations of TRP did not provide sufficient activity for fitting specificity
constants.
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The second novel aspect of this work is demonstra-
tion of the multiplexed detection of the activity of two
different proteases, using one QD assembly, via the
concentric FRET relay. The current state-of-the-art
for multiplexing with QDs and FRET is the use of
N different colors of QD, as components of N different
FRET pairs, to detect N different bioanalytes. Examples
include the detection of two different oligonucleotide
targets using green-emitting QDs paired with a Cy3
dye acceptor and red-emitting QDs paired with an
A647 acceptor;44 activity-profiling of two proteases
using two colors of QD acceptor pairedwith a common
bioluminescent protein donor;13 parallel detection of a
kinase and protease using two colors of QD donors
paired with Alexa Fluor 660 and gold nanoparticle
(Au NP) acceptors;45 and the concurrent detection of
cocaine and adenosine using aptamers coupled to two
different colors of QD and quenched by Au NPs.46 Our
demonstration of themultiplexed detection of TRP and
ChT activity, as well as the activation of pro-ChT by TRP,
using one QD assembly, is clearly in contrast to the
above multi-QD examples. This capability was a direct
result of the concentric FRET relay, and all three of the
possible FRET pathways (FRET1, FRET2, and FRET3) were
critical for multiplexed detection. Note that in noncon-
centric relays that aim to transfer energy over longer
radial distances from a QD, the FRET3 pathway is
typically too inefficient for this purpose.

Recently, we demonstrated a very different type of
concentric FRET relay where energy was transferred
from an LTC donor to a QD acceptor (FRET-I), which
then served as a donor for A647 (FRET-II).47,48 Multi-
plexed detection of two target oligonucleotides47 and
two target proteases48 was possible using this assem-
bly; however, the multiplexed information was en-
coded in “prompt” (QDfA647) and “time-gated”
(LTCfQDfA647) temporal channels using the milli-
second lifetime of the LTC. This format, however,
required an instrument capable of collecting time-
gated fluorescent spectra. Here, the QDfA555fA647
concentric FRET relay encodes multiplexed information

entirely in spectral channels, negating the requirement
of time-gating and offering compatibility with a much
wider range of spectrofluorimeters, plate readers, and
fluorescence microscopes commonly found in labora-
tories. As such, the current FRET relay is much more
amenable to application with tissue culture or animal
models, where it is anticipated to offer visualization
and quantitative, ratiometric sensing of coupled
proteolytic pathways without the challenge of hav-
ing to target and deliver two different types of nano-
particle probe. Prospective future applications include
tracking zymogen (pro-enzyme) activation, such as
with the caspases during apoptosis,49 or the action of
multiple matrix metalloproteinases during cancer
progression.50

In conclusion, we have demonstrated the assembly
of a FRET relay comprising a central green-emitting QD
scaffold and concentrically arranged A555 and A647
dyes using peptide bridges. Energy is preferentially
transferred from the QD to the A555 (FRET1) and then
to the A647 (FRET2), although direct energy transfer
from the QD to the A647 (FRET3) also occurs with lower
efficiency. In conjunction with modeled predictions of
energy transfer efficiency, we used the concentric FRET
relay to show that peptides self-assembled to QDs via
polyhistidine motifs have, to a first approximation, an
equidistant distribution across the surface of a QD. We
then demonstrated the simultaneous detection of the
activity of two proteases using the concentric FRET
relay, including the activation of a zymogen (pro-ChT)
to an active protease (ChT) via the activity of an
upstream protease (TRP). The concentric FRET relay
should be applicable with a variety of colors of initial
QD donor and various fluorescent dye acceptors,
provided that the spectral overlap affords analogous
FRET1, FRET2, and FRET3 pathways. The concentric relay
has strong potential for spectroscopic determination
of both the radial dimensions and interfacial arrange-
ments that characterize QD bioconjugates and for
enabling “smarter” QD-FRET probes that offer multi-
plexed detection in a single vector.

MATERIALS AND METHODS

Quantum Dots, Dyes, and Buffer. CdSe/ZnS was synthesized and
coated with poly(ethylene glycol)-appended dihydrolipoic acid
(DHLA-PEG) ligands as described previously.51,52 The structure
of the ligand can be found in the Supporting Information
(Scheme S1). The PEG provides colloidal stability across a wide
range of pH and ionic strength. Alexa Fluor 555 C2 maleimide
and Alexa Fluor 647 C2 maleimide were from Invitrogen by Life
Technologies (Carlsbad, CA). All experiments were done in
phosphate buffered saline (PBS; 10 mM, pH 7.4, 137 mM NaCl,
3 mM KCl).

Enzymes. Trypsin (from bovine pancreas; TPCK treated, es-
sentially salt-free, lyophilized powder, g10 000 BAEE units/mg
protein; enzyme commission number: 3.4.21.4), R-chymotryp-
sin (from bovine pancreas; TLCK treated, type VII, essentially
salt-free, lyophilized powder, g40 units/mg protein; enzyme

commission number: 3.4.21.1), and R-chymotrypsinogen A
(from bovine pancreas; essentially salt-free, lyophilized powder;
e1 unit/mg ChT prior to activation; g40 units/mg solid once
activated) were from Sigma-Aldrich (St. Louis, MO).

Peptides and Labeling. Peptides were obtained from Biosynthe-
sis, Inc. (Lewisville, TX) and were labeled in-house. Approxi-
mately 1 mg of peptide was dissolved in 20 μL of 50% v/v
acetonitrile (aq), then diluted with 500 μL of PBS. The peptide
solution was added to 1 mg of A647-maleimide (Invitrogen)
dissolved in 10 μL of DMSO. Residual peptide was dissolved in
250 μL of PBS and also added to the A647-maleimide. The
reaction was agitated at room temperature for 4�6 h and left
at 4 �C overnight prior to purification. Peptides were purified
over nickel(II)-nitrilotriacetic acid (Ni2þ-NTA) (Qiagen, Valencia,
CA), desalted using a reverse-phase oligonucleotide purifica-
tion cartridge (OPC; Applied Biosystems by Life Technologies,
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Foster City, CA), and dried as described elsewhere.25 Slight
modifications to the published protocol are noted in the
Supporting Information.

PL Measurements. PL emission spectra were measured using
an Infinite M1000 fluorescence plate reader (Tecan, Research
Triangle Park, NC). All samples were measured after aliquoting
into a nonbinding 96-well microtiter plate. The excitation
wavelength was 400 nm, which reduced direct excitation of
the A555 and A647 to negligible levels. In calibration experi-
ments, full PL spectra were measured for each well; in kinetic
assays, PL was measured at 520, 570, and 670 nm for each well,
in series, at 3 min intervals.

Calibration Samples. [SubChT(A555)]M-QD-[SubTRP(A647)]N con-
jugates were prepared in two steps. First, stock solutions were
made bymixing 150 pmol of QDwith 150Mpmol of SubChT(A555),
diluting with PBS to 500 μL, and incubating at room temperature
for 1.5 h. Next, 15 pmol of the [SubChT(A555)]M-QD conjugates
(in 50 μL of PBS) was mixed with 15N pmol (in 50 μL PBS) of
SubTRP(A647) and left to stand at room temperature for 2 h. The
SubTRP(A647) was taken from a stock solution with 150N pmol in
500 μL of PBS. This procedure was repeated for the ranges M =
0�7 and N = 0�7, yielding a total of 64 samples (8� 8matrix). PL
spectra were then measured in the fluorescence plate reader.

Numerical Deconvolution of PL Contributions. The composite PL
spectra for the QD, A555, and A647 emission were numerically
deconvolved. The peak emission wavelength for the QD, λQD =
520 nm, was fully resolved from those for the A555 and A647. In
contrast, the PL at the peak emission wavelengths for A555 and
A647 (λA555 ≈ 570 nm and λA647 ≈ 670 nm) also had contribu-
tions from the QD and both QD þ A555, respectively. The peak
PL intensities for each emitter, IX, were thus given by eqs 2�4,
where Xσλ is a correction factor for the PL contribution of emitter
X at wavelength λ, as a percentage of its resolved peak PL
intensity. These cross-talk correction factors were measured
from PL spectra of each emitter individually. The values of the
correction factors were QDσ570 = 0.019, QDσ670 = 0.016, and
A555σ670 = 0.076.

IQD ¼ I520 (2)

IA555 ¼ I570 � QDσ570IQD (3)

IA647 ¼ I670 � QDσ670IQD � A555σ670IA555 (4)

Calculation of PL Ratios. The PL intensity data were converted
into dye/QD PL ratios, FX, according to eqs 5 and 6, whereRX is a
correction factor (the area-to-peak height ratio) for the PL
spectrum of emitter X. The values of the correction factors were
RQD = 41.0, RA555 = 49.0, and RA647 = 49.1.

FA555 ¼ RA555 IA555
RQDIQD

(5)

FA647 ¼ RA647 IA647
RQDIQD

(6)

FRET Efficiencies. The calibration data were analyzed to ex-
tract FRET efficiencies using donor quenching efficiencies ac-
cording toeq7,where ID is theunquencheddonorPL intensity and
IDA is the PL intensity in the presence of acceptor. The FRET1 and
FRET3 efficiencies as a functionof the ensemble average conjugate
valences,M (N=0) andN (M= 0), respectively, were fit with eq 8 to
account for the Poisson distribution of actual conjugate va-
lences, m and n.31 The r/R0 term was the fitting parameter in a
least-squares algorithm. Homogeneous FRET efficiencies, E(m),
for each conjugate valence were extracted in parallel.

E ¼ 1 � (IDA=ID) (7)

E(M) ¼ ∑
25

m¼ 0
p(M,m)E(m) ¼ ∑

25

m¼ 0

Mme�M

m!

m

mþ (r=R0)
6 (8)

Spectral overlap integrals and Förster distances, R0, were calcu-
lated as described in the Supporting Information.

Modeling FRET2 Efficiency. The ensemble FRET2 efficiency was
calculated from quenching of the FRET1-sensitized A555 PL
(excitation at 400 nm), for each value ofM acrossN = 0�7, using
eq 7. The FRET2 efficiency was modeled by treating the QD as a
sphere (∼5.6 nm diameter) with binding sites on its surface. The
M A555 and N A647 dyes of a particular QD were positioned
∼5 nm from the center of the sphere, on outward radial
projections from the binding sites (i.e., on the surface of a
concentric sphere ∼10 nm diameter). The specific locations of
each dye were determined according to one of two models. In
the “equidistant” model, the M þ N dye positions were evenly
distributed over the surface of the 10 nm sphere (see Support-
ing Information) and only the identity of the dye at each
position was chosen randomly. In the “random” model, 50
candidate dye positions (corresponding to the maximum
peptide loading33) were evenly distributed over the surface
of the 10 nm sphere, and the exact dye locations of each QD
were selected at random from these candidate positions.
Note that the random and equidistant models become
equivalent when M þ N = 50. For each of the two models,
an ensemble of QDs was created and included Poisson
distributions for M and N to account for deviations from the
average ensemble stoichiometry at the single particle level
(see Supporting Information).

The overall FRET efficiencieswere computed from ensemble
averages of the efficiencies for the individual QD-A555m-A657n.
An ensemble size of 2000 was sufficient for reliable statistics.
The calculations of the individual efficiencies of the QDs were
performed both without and with the inclusion of homo-FRET
between the donors. When homo-FRET is not considered, the
situation is simple because FRET only occurs between the
particular excited donor and the various acceptors. The corre-
sponding efficiency formula is given by eq 9, where R0

DA is the
Förster distance for the A555�A647 dye pair and dDAj

is the
distance between the excited donor and the jth acceptor.
Since the conditions of the experiment were such that only
one donor A555 was excited at any time, each A555 dye was
treated as if it were isolated. QD configurations with multiple
potential donors (M > 1) were considered as different mem-
bers of the ensemble to be averaged over. Adjustments to the
model to account for homo-FRET are given in the Supporting
Information.

EDA ¼
∑
N

j¼ 1
[RDA0 =dDAj

]6

1þ ∑
N

j¼ 1
[RDA0 =dDAj

]6
ð9Þ

Enzyme Assays. Nominal [SubChT(A555)]6-QD-[SubTRP(A647)]6
were prepared with ca. 375 pmol of QD, 2.2 nmol SubChT(A555),
and 2.2 nmol SubTRP(A647) in 825 μL of PBS. Initial PL measure-
ments suggested that the final conjugates were closer to
[SubChT(A555)]5-QD-[SubTRP(A647)]5 as noted in the Results
and Discussion. A series of TRP dilutions were prepared in PBS
at 3� the final desired concentrations (0.42�27 nM) and 33 μL
added to a series of wells in amicrotiter plate. In assayswith only
TRP, 33 μL of PBS was also added to the wells. In assays with ChT
or pro-ChT, 33 μL of the appropriate (pro-)enzyme solution (3�
final concentration) was added to the wells for a concentration
of either 40 nM ChT or 39 nM pro-ChT in the assays (solutions
were prepared at fixed weight/volume; the small difference in
molar concentration was due to the differentmolecular weights
for ChT and pro-ChT). All assays were initiated by adding 33 μL
(15 pmol) of QD conjugates with PL measurements starting
immediately thereafter.

Conversion of PL Ratios to Numbers of Peptides. Each (M,N)
combination of A555 and A647 per QDwasmapped to a unique
point on a plot of FA647 versus FA555; see Figure 4C. While this
result demonstrated that multiplexed detection was possible, it
did not permit direct analysis since FA647 and FA555 were
functions of both M and N. The calibration data in Figure 4
was used to fit two functions, eq 10 and eq 11, which are strictly
empirical in form and in the value of the constant terms (see
Supporting Information). Given the PL ratios measured from
enzyme assays, (FA555, FA647), eqs 10 and 11 were used in an
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iterative scheme to determine the corresponding (M,N) at each
time point.

M ¼ (a1Nþ a2)F2A555 þ (a3Nþ a4)FA555 þ a5Nþ a6 (10)

N ¼ exp
�(FA647 � b1Mþ b2)

b3Mþ b4

� �
þ b5M

3 þ b6M
2 þ b7Mþ b8

(11)
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