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ABSTRACT: Due to possessing unique optical properties, semiconductor
quantum dots (QDs) have been applied to construct bioconjugates. Using
QDs as donors, the Förster resonance energy transfer (FRET) system can be
developed and applied to biological imaging and sensing, and various
construction strategies have been reported. To provide a new practicable
method, we introduce a protocol with two routes to construct a
supramolecular FRET system based on the high-affinity interaction between
melittin and phosphocholine. Melittin exists with a random coil structure in
aqueous environments but will adopt a bent helix when inserted into natural or
artificial membranes. Such specific and high affinity protein−membrane interaction makes it possible to construct a QDs-based
FRET system. The strategy applying protein−membrane interaction to construct a QDs-based FRET system can be applied to
the investigation on the protein−membrane interaction through distance-depended FRET and further proteolysis of trypsin.
Because of the existence of various protein−membrane interactions in real life, the system has the potential to be expanded to
other related systems.

KEYWORDS: For̈ster resonance energy transfer, quantum dots, protein−membrane interaction, phosphocholine, melittin, protease,
trypsin

1. INTRODUCTION
Förster resonance energy transfer (FRET), the nonradiative
transfer of energy from a fluorescent donor to an acceptor
chromophore via a dipole−dipole coupling mechanism, is a
powerful tool in the fields of biology, biochemistry, medicine,
and other life sciences.1,2 Due to FRET depending on the r−6

distance, it can determine the distance between two
fluorochromes in a distance range of 1−10 nm,3 and it has
been applied in the determination of concentrations4 and
structural changes of molecular systems within nanometer-scale
systems in vitro and in vivo.5 Several applications on FRET-
based biosensors for functional intracellular investigations and
cellular imaging have also been developed recently.6−8

Quantum dots (QDs) are excellent FRET donors because of
their capacity to bind multiple acceptor molecules and unique
photophysical properties, such as high quantum yields, narrow
fluorescence spectra, tunable fluorescence wavelength, and high
resistance to photodegradation.9,10 Recent reports have
described the approaches using QDs as a FRET donor with
organic fluorophores, organic quenchers, or gold nanoparticles
as the acceptor.11,12

The strategy connecting donor and acceptor is important to
the application of FRET. Using QDs as FRET donor, several
methods have been designed to connect quantum dots with
functional molecules. These include not only covalent
couple13,14 and electrostatic attachment15 but also some specific

supramolecular interaction involving several weak interactions,
such as the interactions between cDNA;16,17 between the Ni-
NTA conjugate and oligohistidine-tagged proteins;18,19 be-
tween antigen and antibody, like biotin with streptavidin;20,21

and the host−guest complexation interaction between β-
cyclodextrin and appropriate substrates22 and so on. Especially,
the hexahistidine (His6) segment to attach the peptide to the
surface of the QDs via metal-affinity coordination interactions
between His6-tract and the metallic surface of the CdSe/ZnS
core/shell QDs has been widely used to construct the FRET
model to achieve the function of detecting enzymes.4,23−25 By
introducing specific supramolecular interaction, FRET could be
applied to more research areas. Herein, we report the
introduction of the interaction between protein and membrane
into the QDs-based FRET system.
Melittin is a widely used convenient model for exploring

protein−membrane interactions.26−29 Such 26-residue peptide
has a net positive charge of six at neutral pH, of which the N-
terminal region (residues 1−20) is predominantly hydrophobic,
whereas the C-terminal region (residues 21−26) is hydrophilic.
The amphiphilic property of melittin results in a random coil
structure in aqueous environments but adopts a bent helical
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conformation when inserted into natural or artificial mem-
branes. While the C-terminal section is approximately parallel
to the lipid bilayer, the N-terminal section is inserted halfway
into the membrane.30,31 On the basis of such properties of
melittin, the interaction between melittin and phospholipid is
chosen to construct the FRET system. The specific and high
affinity interaction between melittin and phosphocholine will
provide a stable assembly which needs no extra assistance. The
phosphocholine layer encapsulated on QDs provides a sphere
scaffold to further binding with melittin. As the melittin can be
easily incorporated into a recombinant protein, it can also be
designed to deliver drug.32 These advantages make it possible
to be applied to many other related research areas.
As a superfamily of enzymes, proteases play key functions in

many normal biological processes.23,33 Trypsin, belonging to
the protease, is the most important digestive enzyme produced
by the pancreas. It participates in the transformation of many
pancreatic proenzymes into their active forms in the intestine.
Trypsin level is increased with several types of pancreatic
diseases.34−36 Therefore, monitoring trypsin is directly
important to clinical diagnosis and pharmaceutical drug
development. In this study, we show not only the FRET
applications on the distance determination of interaction
between melittin and different kinds of phosphocholine,
which is an important parameter to characterize the mechanism
of membrane proteins, but also the application of such FRET
system on the trypsin concentration assay. As various protein−
membrane interactions exist in real life, different kinds of FRET
systems would be designed through such similar supra-
molecular strategy, which will expand the practical applications.

2. MATERIALS AND METHODS

2.1. Materials. CdSe/ZnS core/shell QDs with emission
maxima centered at 525 nm are purchased from Wuhan Jiayuan
Quantum Dots Company. Cy3 succinimidyl ester (Cy3-SE) is
purchased from Fanbobiochemicals Company. Melittin
(89.4%) is purchased from Sigma-Aldrich (Shanghai) Trading
Co., Ltd. DLPC and 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) are purchased from Avanti Polar Lipids, Inc. Trypsin
(1:250) is purchased from Beijing Dingguochangsheng
Biotechnology Co, Ltd.
2.2. Encapsulating Quantum Dots. QDs is encapsulated

in DLPC (or DOPC) micelles37,38 as follows: 1 mL of CdSe/
ZnS QDs in hexane (8 μM, as supplied by the Corporation) is
precipitated by addition of methanol (1 mL); then, the
precipitate is dissolved in 1 mL of chloroform with 10 mg of
DLPC (or DOPC). After complete evaporation of the
chloroform, the residue is heated to and kept at 80 °C and
then 1 mL water is added to obtain a suspension containing
DLPC micelles, which include both empty micelles and those
containing QDs. The empty micelles are removed with
centrifugation at 12 000 rpm for 10 min, and the precipitate
is washed by water for three times. Subsequently, the
supernatant is discarded, and the DLPC encapsulated QDs
(DLPC-TOPO-QDs) are resuspended in 1 mL of phosphate
buffer solution (PBS, 5 mM, pH 8.0).
2.3. Cy3 Labeling on Melittin. One mg of melittin is

dissolved in 1 mL of PBS solutions (5 mM, pH 8.0). Then, 1
equiv of Cy3 SE in 50 μL of DMF is added, and the solution is
stirred for 4 h at room temperature. Then, the solutions are
dialyzed against PBS in a dialysis bag (MWCO 2000) to
exclude the excessive Cy3. The final concentration of Cy3 in

labeling on melittin is determined by UV−vis absorption at 548
nm (ε = 150 000).39

2.4. Förster Resonance Energy Transfer Analyses on
Quantum Dots-Dye Construction. Fluorescence spectra are
measured on a Shimadzu (Japan) RF-5301PC fluorescence
spectrophotometer. Separate QDs and dye-acceptor emission
profiles for each corresponding peptide/QDs ratio are gained
through curve fitting using OriginLab (OriginLab Corp.,
Northampton, MA) by comparison to spectra collected from
the individual component alone. FRET efficiency En (n is the
number of dye-acceptors per QD) is determined using eq 1,
where FD and FDA are the fluorescence intensities of the donor
in the absence and presence of acceptor(s), respectively.

= −E
F
F

1 DA

D (1)

Data from FRET efficiency is analyzed using Förster theory
to determine the values for center-to-center (QD-to-dye)
separation distance r using eq 2, where R0 designates the
Förster distance corresponding to 50% energy transfer
efficiency for a single donor−single acceptor configuration.
Equation 2 is applicable to single QD/multipeptide dye
conjugates as it specifically incorporates the presence of
multiple acceptors centro-symmetrically arrayed around the
QD donor.
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2.5. Measurements of Fluorescence Lifetime. Fluo-
rescence decay curves of the QDs are collected on a HORIBA
JOBIN-YVON (French) FL3-TCSPC spectrophotometer. The
sample is excited at 400 nm, and the fluorescence decay curves
are collected at 530 nm.

2.6. Activity Assay of Trypsin. For the activity assay of
trypsin, as-labeled Cy3-melittin is preincubated with different
amounts of trypsin for 20 min at 37 °C in PBS (pH 8.0). Then,
0.2 equiv of DLPC-TOPO-QDs is added into such solution,
and the sample is kept for 1 h at room temperature before
collecting the fluorescence spectra. All assay points are
performed in duplicate or triplicate, and finally, the standard
deviations are shown.

3. RESULTS AND DISCUSSIONS
The CdSe/ZnS core/shell QDs, which are capped by
trioctylphosphineoxide (TOPO), were encapsulated by DLPC
first. When they are explored by transmission electron
microscopy (TEM), the DLPC encapsulated QDs still appear
fairly monodisperse without any aggregations (Figure S-1 in the
Supporting Information). The comparison for the emission
spectra of QDs before (TOPO-QDs) and after (DLPC-TOPO-
QDs) being encapsulated by DLPC (Figure 1) shows that a
minor red-shift (Δλ = 5 nm) of the emission peak is induced
after encapsulation. Figure 1 also shows that the fluorescence
emission of DLPC-TOPO-QDs and the absorption spectrum
of Cy3-melittin have a remarkable spectral overlap, indicating
the potential to produce efficient energy transfer from the QDs
as a donor to the contiguous Cy3 dye as an acceptor. Then, we
employ two routes to construct a FRET model based on the
interaction between Cy3-labeled melittin and the DLPC
encapsulated QDs (Scheme 1).
In the first route, we connect the DLPC-TOPO-QDs and the

melittin without Cy3 labeling. As the fluorescence of intrinsic

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am3000984 | ACS Appl. Mater. Interfaces 2012, 4, 1267−12721268



tryptophan in melittin (Trp19) responds to the association of it
to liposome bilayers,40 we first use the fluorescence of Trp19 to
characterize the interaction between melittin and the
phosphocholine monolayer on QDs surface. The results
manifest an obvious blue-shift after mixing the solutions of
melittin and DLPC-TOPO-QDs (Figure 2A), which illustrate a
change of Trp19 from bulk water to a hydrophobic membrane
environment.40 The fluorescence quenching of Trp19 may be
attributed to the high absorption of QDs in this wavelength
coverage (Figure S-2, Supporting Information). Therefore, we
conjecture that the N-terminal section of melittin has inserted
into the DLPC layer but the hydrophilic C-terminal section is
still partially exposed to solution.
Then, the Cy3-SE is added into the solution containing the

as-prepared DLPC-TOPO-QDs/melittin to label the exposed
amino-group of melittin. A FRET between QDs and Cy3 is
expected in this case. Figure 2B shows the fluorescence
spectrum of the constructed DLPC-TOPO-QDs/melittin and
those of it with time after Cy3-SE addition (λex = 400 nm,

where the absorption of Cy3 is negligible). The fluorescence
intensity of DLPC-TOPO-QDs decrease remarkably, and an
obvious fluorescence emission band for Cy3 at 568 nm shows
up with time. The observations clearly indicate that a FRET
from the QDs to Cy3 takes place following the labeling of Cy3
on melittin. Furthermore, the control experiment under the
same excitation (λex = 400 nm), in which Cy3-SE is added
directly into the DLPC-TOPO-QDs solution without melittin,
does not exhibit such a Cy3 emission (Figure S-3, Supporting
Information), supporting additionally that the observed FRET
is ascribed to the interaction between Cy3-melittin and DLPC
capsulated QDs.
The second route to construct FRET system between QDs

and Cy3 is performed using Cy3 prelabeled melittin (Cy3-
melittin) to interact with DLPC-TOPO-QDs (the second route
in Scheme 1). A 1 h incubation is necessary to bind the Cy3-
melittin and DLPC-TOPO-QDs before collecting the fluo-
rescence spectra. With the ratio increase of Cy3-melittin to
DLPC-TOPO-QDs, the remarkable fluorescence quenching of
DLPC-TOPO-QDs occurs simultaneously with the gradual
increase of Cy3 emission at 568 nm (Figure 3A). After curve
fitting, individual spectrum for DLPC-TOPO-QDs and Cy3-
melittin are obtained and the FRET efficiency and relative
photoluminescence (PL) signal of Cy3-melittin versus Cy3/
QDs ratio is quantitatively calculated (Figure 3B). Similar
changing tendency can be observed from both aspects of donor
and acceptor with the increasing of Cy3/QDs ratio. Note that,
among the molar ratios, the relative PL signal enhancement of
acceptor is not as high as the FRET efficiency, being ascribed to
the low quantum yield of Cy3 in PBS buffer solution
(Φ=0.04).41 That means that only a small proportion of
energy transferred from QDs to Cy3 can be emitted.
To further verify that the quenches of QDs emission and the

increase of Cy3 intensity are due to FRET, we measure the
fluorescence lifetimes of the QDs emission before and after
binding with Cy3-melittin (Figure 4). The fluorescence decay
curve shows a much extended decay rate for the excited state of

Figure 1. Normalized fluorescence emission spectra of the TOPO-
QDs, DLPC-TOPO-QDs, and Cy3-melittin; together with the
absorption spectra of Cy3-melittin.

Scheme 1. Preparation Schemes of Phosphocholine-TOPO-QDs/Cy3-Melittin Assembly in Two Different Routes
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QDs after addition of Cy3-melittin. A fast component and a
slow one are obtained after fitting the data,42 and both of them
reduce (the fast one reduce from 8.9 to 3.8 ns and the slow one
reduce from 25.6 to 15.9 ns), which should be ascribed to the
energy transfer from QDs donor to Cy3 dye acceptor.
It is well-known that interactions of membrane proteins,

peptide toxins, and delivery vectors with a lipid layer generally
affect their fundamental activity strongly.43,44 FRET is one of

the most well-established techniques to monitor protein−
membrane interactions, and the present FRET system could be
a convenient model to study such interaction by changing the
encapsulation layer or the membrane proteins. DLPC has
shorter hydrophobic tails than DOPC, but DOPC has a double
bond in the hydrophobic tails, which makes the length different
between them. In addition, it was reported that melittin adopts
different orientation in DLPC and DOPC membranes,45 that
might affect the inserting depth of melittin in membranes.
Herein, we use DOPC instead of DLPC to encapsulate QDs
and further compare the FRET differences of them between
QDs and Cy3. The results in Figure 5 show that a slightly lower
FRET efficiency is observed for DOPC-TOPO-QDs/Cy3-
melittin in comparison to that of DLPC-TOPO-QDs/Cy3-
melittin (Figure 3B). In addition, the center-to-center
separation distance r between donor and acceptor are
quantitatively calculated1 on the basis of the FRET data for
both of DLPC-TOPO-QDs/Cy3-melittin and DOPC-TOPO-
QDs/Cy3-melittin systems, which reveal that the distance r is
relatively shorter in DLPC-TOPO-QDs/Cy3-melittin (5.7 ±
0.3 nm) than in DOPC-TOPO-QDs/Cy3-melittin (6.1 ± 0.3
nm). More precise design and study would help to get more
details of the interaction between lipid layer and membrane
protein.
Several QDs-based FRET systems have been used for

detecting the activities of enyzmes24,46,47 by designing specific
peptide modified on QDs. Herein, we show that our FRET

Figure 2. Fluorescence emission spectra of (A) the endogenous tryptophan in melittin (10 μM) before and after interacting with DLPC-TOPO-
QDs (1 μM) for 1 h (λex = 280 nm) and (B) DLPC-TOPO-QDs/melittin and the time-course measurement after adding Cy3-SE (10 μM) (λex =
400 nm).

Figure 3. (A) Fluorescence spectra of DLPC-TOPO-QDs/Cy3-melittin with different ratio n of Cy3/QDs (λex = 400 nm). The contribution of
direct excitation of Cy3 has been subtracted from the original fluorescence spectrum. (B) FRET efficiencies of DLPC-TOPO-QDs/Cy3-melittin
deduce from the donor PL loss (square) and relative PL signal deduce from acceptor gain (triangle) as a function of Cy3-to-QD ratio (n).

Figure 4. Fluorescence decay curves of the QDs emission at 530 nm
(λex = 400 nm) for DLPC-TOPO-QDs in the absence and presence of
3 equiv of Cy3-melittin.
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system also has the capacity to detect trypsin activity. Since
trypsin cleavage of peptidyl sequences on the side of lysine (K)
and arginine (R) residues34 and melittin meets this condition,
we expect that trypsin will hydrolyze melittin and destroy the
interaction between DLPC-TOPO-QDs and Cy3-melittin,
demolishing the FRET between QDs and Cy3. Actually,
exposing the preassembled DLPC-TOPO-QDs/Cy3-melittin
complex (5:1 mol ratio of Cy3/QDs) to different amounts of
trypsin for 1 h incubation, little to no fluorescence recovery of
QDs can be observed. Sapsford et al. have demonstrated that
the protease could be sterically precluded from productive
interactions with the peptide substrate once assembled on the
QDs,41 so we suggest a similar steric effect resulting in
noneffective proteolysis of melittin by trypsin. Then, we change
the protocol to incubate Cy3-melittin with trypsin for 20 min at
37 °C first and then add the DLPC-TOPO-QDs and allow
them to assemble for 1 h. The collected data show that the
presence of trypsin induces remarkable changes of FRET. By
converting the changes in QDs donor PL to I/I0 (relative to
DLPC-TOPO-QDs/Cy3-melittin complex not exposed to
trypsin), we plot the dose response increase of QDs PL against
trypsin concentration (Figure 6). The result is a direct evidence
of the peptide cleavage by trypsin; it implies not only that the
following comeback of QDs fluorescence induced by trypsin
cleavage on melittin definitely can be used to assay its protease
activity but also that the response of DLPC-TOPO-QDs/Cy3-
melittin to trypsin could be further applied to the high-

throughput screening of trypsin inhibitors, which are carried
out currently.

4. CONCLUSIONS
The high affinity interaction between phosphocholine and
melittin is used to modify CdSe/ZnS core/shell QDs, and a
FRET system between QDs and Cy3 labeling on melittin is
formed, which is assayed by steady-state photoluminescence
spectra and the time-resolved fluorescence spectra. Such an
efficient FRET system is used to characterize the center-to-
center separation distance r between donor and acceptor, which
can be applied to study the protein−membrane interactions,
monitor the proteolytic activity of trypsin, and further have the
potential to be used in the high-throughput screening of trypsin
inhibitors. Such a concept and protocol in constructing a QDs-
based FRET system based on the specific interaction between
membranes and melittin will have more applications because of
the wide existence of protein−membrane interactions.
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Figure 6. Increasing plot of QDs PL (I/I0) as a function of trypsin
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