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We report a robust and practical method for the preparation of water-soluble luminescent quantum dots (QDs)
selectively coupled through an amine or thiol linkage to peptide ligands targeted to G-protein coupling receptors
(GPCRs) and demonstrate their utility in whole-cell and single-molecule imaging. We utilized a low molecular
weight (∼1200 Da) diblock copolymer with acrylic acids as hydrophilic segments and amido-octyl side chains as
hydrophobic segments for facile encapsulation of QDs (QD 595 and QD 514) in aqueous solutions. As proof of
principle, these QDs were targeted to the human melanocortin receptor (hMCR) by chemoselectively coupling
the polymer-coated QDs to either a hexapeptide analog ofR-melanocyte stimulating hormone or to the highly
potent MT-II ligand containing a unique amine. To label QDs with ligands lacking orthogonal amines, the diblock
copolymers were readily modified with water-soluble trioxa-tridecanediamine to incorporate freely available amine
functionalities. The amine-functionalized QDs underwent facile reaction with the bifunctional linker NHS-
maleimide, allowing for covalent coupling to GPCR-targeted ligands modified with unique cysteines. We
demonstrate the utility of these maleimide-functionalized QDs by covalent conjugation to a highly potent Deltorphin-
II analog that allowed for selective cell-surface and single-molecule imaging of the humanδ-opioid receptor
(hDOR).

INTRODUCTION

Semiconductor nanocrystals, also called quantum dots (QDs),
have received considerable attention due to their novel electronic
and optical properties that are desirable for applications in
biological imaging (1-3). Their broad absorption spectra, as
well as their narrow and size-tunable emissions, by altering
particle size, make it possible to excite all colors of QDs
simultaneously with a single light source for multiplexing
without substantial spectral overlap. The long photo luminescent
lifetime of QDs (30-100 ns) also allow for imaging of living
cells with minimal interference from background autofluores-
cence, while their resistance to photobleaching makes them
useful for continuous monitoring of biological processes (4).
These emerging probes can potentially aid in refining existing
methods for drug targeting and in facilitating studies in basic
biology (5, 6).

Organometallic chemistry has provided synthetic pathways
to robust, monodisperse, highly emissive nanomaterials, such
as CdSe nanocrystals capped with ZnS shells. However, for
biological imaging it remains challenging to choose appropriate
organic coating agents to generate water-soluble QDs that
maintain high luminescent quantum yields and stability. Ligand
exchange is the most common method for generating water-
soluble QDs; for example, simple thiol-containing molecules,
such as mercaptoacetic acid, have been used to replace
hydrophobic TOPO (trioctylphosphine oxide) coatings on the
surface of CdSe/ZnS nanoparticles (7-10). In this case, the
mercapto group thiolates the nanocrystal surface, while the

carboxylic acid provides solubility. This method is simple, but
the stability of the QDs in water is decreased (11) and the
thiolation leads to eventual dissolution of the nanocrystals,
resulting in the release of heavy atoms into solution (12).
Phospholipid (13), polypeptide (14), bovine serum albumin (15),
and silica (12) have also been used as capping agents but
potentially lack simple and reliable methods for further bio-
conjugation to the targeting ligand for cell-surface imaging
applications. Alternatively, amphiphilic di- and triblock copoly-
mers for encapsulating QDs via a spontaneous self-assembly
process (16, 17) allow one to circumvent these potential
drawbacks while maintaining the photoluminescent properties
of the QD label. Besides generating water-soluble QDs, the
conjugation of ligands to QDs is also critically important. Most
reported methods for QD-ligand conjugation are achieved by
precoupling the QDs with antibodies or streptavidin, followed
by addition of hapten- or biotin-modified ligands. However,
nonspecific interactions between the antibody or streptavidin
with cell-surface targets are possible. Furthermore, both antibod-
ies and streptavidin significantly increase the size of the QD
complex (∼50 nm), which could potentially affect accessibility
to crowded cell-surface locations (18, 19) and also interfere with
receptor dynamics.

Though QDs are now commercially available, few robust
literature methods have been reported for covalently conjugating
peptide and peptidomimetic ligands to QDs. In a recent study,
Schmidt and co-workers synthesized a small peptide ligand
(RGD) with an added cysteine, which was directly used to coat
bare quantum dot surfaces together with mercaptoacetic acid
(20). However, the thiol coating may possibly lead to QD
dissolution, as previously discussed. In more recent work,
Rosenthal and co-workers coupled angiotensin II to carboxylic
acid modified QDs by EDC (21). This method, though very
useful, cannot be easily utilized when a ligand of interest
contains two or more free amines and especially in instances
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where the amines are important for bioactivity. Thus, it still
remains challenging to optimize the chemistry as well as the
process for generating water-soluble polymer-coated QDs that
allow for facile covalent coupling to peptidic ligands that
maintain their bioactivity.

Herein, we present a practical method for generating water-
soluble QDs and the necessary chemistry for covalently coupling
the QDs with G-protein couple receptor (GPCR) targeted ligands
(Figure 1). GPCRs constitute a large and diverse family of
proteins whose primary function is to transduce extracellular
stimuli into intracellular signals. Since 50% of pharmaceuticals
target GPCRs, new methods for imaging GPCRs at cell surfaces
are of much interest. As proof of principle, we chose to target
the QDs to the human melanocortin andδ-opioid receptors. We
demonstrate the feasibility of QD514 conjugated toR-MSH
analogs that effectively image melanocortin receptors overex-
pressed on HEK293 cells. We also demonstrate that QDs
conjugated to Deltrophin-II analogs can be utilized for selec-
tively imagingδ-opioid receptors on cell surfaces and for single-
molecule imaging.

EXPERIMENTAL PROCEDURES

Instruments. QD absorbance was recorded by a Beckman
DU520 instrument. Fluorescence spectra were recorded on a
PTI fluorimeter (814 photomultiplier detection system and LPS-
220B power supply).1H NMR spectra were recorded on a
Bruker DRX-500 instrument.

General.All Fmoc-protected amino acids, BOP, HOBt, and
Rink-amide resin used for peptide synthesis were purchased
from Novabiochem. Boc-AEEEA (Boc-11-amino-3,6,9-triox-
aundecanoic acid) was purchased from Peptides International.
Bare QDs were synthesized using published methods (22) or
purchased from Evident Technology. All other chemicals were
purchased from Aldrich. Peptides were purified by reverse-phase
HPLC (Varian) using a C18 column (Vydac.)

Synthesis of Octylamine-Modified Poyacrylic Acid (OPA).
A. 10 mL of a poly(acrylic acid) sodium salt solution (MW
∼1200, 45 wt % in water) was acidified by 5 mL of 12 N HCl,

followed by addition of 200 mL of acetone under stirring to
precipitate NaCl. After filtration, the acetone was removed from
the filtrate by vacuum. The crude product was redissolved with
20 mL of water, frozen, and lyophilized. 4.5 g of white poly-
(acrylic acid) solid was collected.

B. 2.16 g of poly(acrylic acid) solid (0.03 mol of carboxylic
acid) and 2.85 g of 1-ethyl-3-(3-dimethylaminopropyl)carbo-
diimide hydrochloride (EDAC, 0.015 mol) were transferred into
a 100 mL round-bottom flask. 20 mL of DMF was added to
dissolve the mixture. About 1.6 mL of octylamine (0.0096 mol)
was added dropwise into the reaction flask. The clear solution
was stirred overnight under argon. TLC (CH2Cl2/CH3OH ) 7:1,
Rf(octylamine) ) 0.55,Rf(product) ) 0.24) was used to monitor the
reaction. When the reaction was complete, DMF was removed
by vacuum, and the residue was mixed with 10 mL of acetone
and transferred into a centrifuge tube. 25 mL of water was
added, and the gummy precipitated product was separated by
centrifugation (3000 rpm for 5 min) and washed with water
(25 mL × 3). The solid product was dissolved in 40 mL of
ethyl acetate (gentle heating 40-50 °C was applied), and a
tetramethylammonium hydroxide (6.4 g in 25 mL water)
solution was added to the polymer solution and stirred for 10
min, before being transferred into a separation funnel. The
yellowish aqueous layer was isolated in a centrifugation tube
and acidified by 1 N HCl to pH 2. The precipitate was separated
by centrifugation and washed with H2O (15 mL× 2). The sticky
solid was redissolved in ethanol, at which point the ethanol was
removed under vacuum and 1.63 g of the yellow solid OPA
was collected (45( 5% of the carboxylic acids were converted
to octyl amide).1H NMR (d-CH3OH): δ 0.85-0.92 (m, 3H),
1.20-1.35 (m, 10H), 1.40-1.55 (m, 2H), 1.55-1.95 (m, 3.2H),
2.05-2.50 (m, 2.4H), 2.95-3.28 (m, 2H).

Synthesis of Amine-PEG-Modified Polymer (APOPA).A.
Synthesis of Mono-Boc-Protected 4,7,10-trioxatridecanediamine.
80 g of 4,7,10-trioxatridicanediamine (0.364 mol) was dissolved
in 250 mL dichloromethane in a 500 mL round-bottom flask.
3.2 g oft-Boc anhydride (0.0147 mol) was dissolved in 20 mL
of dichloromethane and added dropwise to the diamine solution

Figure 1. Synthesis of water-soluble QDs with associated ligand conjugation chemistry. (a) Carboxylic acid functionalized QDs for conjugation
to ligands through EDAC coupling. (b) Amine-functionalized QDs for conjugation to thiol-containing ligands through bifunctional cross-linkers.
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over 4 h with stirring. After the addition, the solution was stirred
overnight. The solution was reduced to 150 mL under vacuum
and extracted with water (300 mL× 6) to remove excess
diamine. The organic layer was dried over Na2SO4, and the
dichloromethane was removed under vacuum. About 2.54 g of
mono-Boc-protected 4,7,10-trixoatridicanediamine (oily pre-
cipitate) was collected (yield 54%).1H NMR (CDCl3): δ 1.45
(s, 9H), 1.74 (m, 4H), 2.80 (t, 2H), 3.22 (m, 2H), 3.52-3.67
(m, 12H).

B. Synthesis of Amine-PEG-Modified Triblock Copolymer.
383 mg of the octylamine-modified poly(acrylic acid) (OPA,
∼0.2 mmol) and 190 mg of EDAC (1 mmol) were dissolved in
6 mL DMF in a 25 mL round-bottom flask, and the solution
was stirred for 10 min. 128 mg of mono-Boc-protected 4,7,-
10-trioxatridecanediamine (0.4 mmol) dissolved in 1 mL DMF
was added into the reaction flask. The solution was stirred
overnight, and the Kaiser test (23) was used to monitor the
reaction. When the Kaiser test indicated no free amine in
solution, DMF was removed by vacuum and the residue was
transferred into a centrifuge tube, which contained 20 mL of
H2O. The precipitated product was isolated by centrifugation
(3500 rpm for 8 min) and washed with 5 mL of H2O. The
product was redissolved in 3 mL of ethanol, which was
subsequently removed by vacuum. 8 mL of 50% TFA in
dichloromethane was added to the container to dissolve the
residue and remove the Boc group. After a short reaction time,
the solvent was removed by vacuum. The crude oily product
was redissolved with 2 mL of ethyl acetate, and the solution
was added dropwise into a centrifuge tube, which contained 30
mL of cold ether. The solid product was separated by centrifu-
gation (3500 rpm for 5 min) and washed with 20 mL of ether.
After drying, 120 mg of yellowish solid APOPA was obtained
(12-14% of carboxylic acids were converted to amide-PEG-
amine).1H NMR (CDCl3): δ 0.80-0.95 (m, 3H), 1.02-1.39
(m, 10H), 1.39-1.60 (m, 2H), 1.60-2.15 (m, 3.1H), 2.15-
2.55 (m, 1.4H), 2.78-3.00 (m, 1.1H), 3.0-3.4 (m, 2.9H), 3.5-
3.88 (m, 3.3H).

Process for Coating QD with Amphiphilic Polymer Shell
(Scheme 1). 50 mg of the OPA was dissolved in 4 mL of
dichloromethane. Tetramethylammonium hydroxide (25 wt %
in methanol) was used to adjust pH to 10. 500µL of 0.12 mM
bare QD514 in toluene (λem ) 514 nm, Evident) were added to
the solution and stirred for several minutes, at which time the
solvent was removed under vacuum. The solid was redissolved
in 500 µL of water and loaded onto a NAP-10 column
(Amersham Biosciences). Phosphate buffer A (10 mM, pH 7.35)
was used to elute the QDs. Fluorescent fractions were combined
(∼2 mL) and further filtered through a 0.45µm Acrodisc syringe
filter. The filtrate was dialyzed overnight in a Slide-A-Lyzer
dialysis cassette (MWCO 7000, Pierce) against 400 mL of buffer

A. The final aqueous QD stock solution was stored at 4°C.
QD concentration was determined by the absorption at 496 nm
(ε ) 50 000 M-1 cm-1) based on the first excitation state of
QD514.

The same process was repeated for coating QD595 (λem )
595 nm) with OPA. Twice the amount of OPA (100 mg) was
used because of the larger size of QD595 (5 nm) compared to
QD514 (3.2 nm). After dialysis, 2 mL of OPA-coated QD595
was collected. (Concentrations were determined by absorbance
at 586 nm, based on the first excitation state of QD595 (ε )
400 000 M-1 cm-1). Primary amine modified QD514 and
QD595 were prepared using a similar protocol (Scheme 1), but
starting with the amine-PEG-modified polymer, APOPA.

Peptide Synthesis and Purification.All ligands (NDP, MT-
II, Deltorphin-II (Ile-Ile), and CCK; see Figure 2) were
synthesized by solid-phase peptide synthesis using a standard
fluorenylmethoxycarbonyl (Fmoc) strategy starting with Rink
amide resin (24). The cyclization reaction of MT-II was
performed according to the method reported by Hruby et al.
(25) in 2002. Boc-AEEEA (PEG linker) was coupled at the
N-terminal of norleucine before deprotection of glutamic acid
and lysine, followed by cyclization.

The final peptides were cleaved from the resin and all
protecting groups were removed by cleavage cocktail (100 mg
of peptide resin was treated with 1 mL of cocktail) composed
of TFA and scavengers (81.5% TFA, 5% H2O, 5% thioanisole,
5% phenol, 2.5% ethanedithiol, and 1% triisopropylsilane) for
4 h at room temperature. The solution was filtered and
precipitated by transferring into a centrifuge tube containing
precooled ether. After centrifugation and 3× washes with fresh
ether, the white solid was collected and lyophilized to yield
crude product. The crude peptides were purified by reverse-
phase HPLC (Varian) using a C18 column (Vydac). Peptides
were purified with a linear gradient of 20% to 80% acetonitrile
containing 0.1% TFA at a flow rate of 8 mL/min, for 50 min.
The purified peptides were reinjected on reverse-phase HPLC
and found to be>95% pure. Thek′ value of each product was
determined by a C18 column with a linear gradient of 20% to
80% actonitrile containing 0.1% TFA at a flow rate of 1 mL/
min for 20 min.

AEEEA-Nle-Glu-His-(D)Phe-Arg-Trp-NH2 (NDP R-MSH Ana-
logue). Mass spectroscopy (ESI): observed 886.5 (calculated
886.5).k′ ) 0.64.

MT-II (R-MSH Analogue).Mass spectroscopy (ESI): ob-
served 1171.5 (calculated 1171.6).k′ ) 0.84.

Tyr-(D)Ala-Phe-Glu-Ile-Ile-Gly-Gly-(PEG)2-Cys-Gly-NH2

(Deltorphin II Analogue).Mass spectroscopy (ESI): observed
1345.5 (calculated 1346.8).k′ ) 0.95.

AEEEA-Asp-Tyr-N-MeNle-Gly-Trp-N-MeNle-Asp-Phe-NH2

(CCK-B Ligand).Mass spectroscopy (ESI): observed 1244.3
(calculated 1244.8).k′ ) 1.50.

Preparation of NDP-QD514.1.1 mL of 5µM OPA-coated
QD514 (5.5 nmol) was mixed with 10µL of EDAC solution
(0.05 mg/µl) and stirred for 10 min. 170µL of 6.4 mM NDP-
R-MSH stock solution (concentration was determined by
absorption at 280 nm in 8 M guanidine) was added to the coated
QD514 solution with stirring. The pH was adjusted to 7-8 with
25% tetramethylammonium hydroxide in methanol, and the
Kaiser test was used to monitor reaction progress. After 6 h,
the Kaiser test showed no free amine in solution, and the solution
was loaded on a NAP-10 column and eluted with buffer A. The
fluorescent fractions (∼1.5 mL) were collected and dialyzed in
a MWCO 3500 dialysis cassette against 500 mL of buffer A.
After 10 h, fresh buffer was used for another 10 h dialysis. The
final NDP-QD514 conjugate solution was 3µM as determined
by the absorption at 496 nm, described above.

Scheme 1. Processing QDs with Water-Soluble Amphiphilic
Shells
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Figure 2. Structures of the GPCR-targeting ligands investigated.
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Preparation of MT-II -QD595 and MT-II -QD514. 500
µL of 1.1 µM OPA-coated QD595 (0.55 nmol) was mixed with
20 µL of 2.8 mM MT-II (56 nmol) solution (concentration was
determined by absorption at 280 nm in 8 M guanidine) in 80
µL of 0.1 M pH 9.2 sodium bicarbonate buffer. Under stirring,
20 µL of EDAC solution (40 mM) was added, and another 20
µL was added after 2 h. The Kaiser test was used to monitor
the reaction. When the reaction was over (4-6 h), the solution
was filtered with a 0.45µm Acrodisc followed by dialysis in a
MWCO 10 000 dialysis cassette against 400 mL× 2 of buffer
A. Finally, ∼1.7 mL of 0.2µM of the MT-II-QD595 conjugate
solution was collected in which the ratio of MT-II to QD595 is
about 100:1. The same procedure was used to conjugate MT-II
to OPA-coated QD514.

Preparation of Deltorphin-II -QD595 and Deltorphin-II-
QD514.2.5 mg ofN-(â-maleimidopropyloxyl)succinimide ester
was dissolved in 1 mL DMSO to obtain a 10 mM cross-linker
stock solution. 0.6 mg Deltorphin-II (Ile-Ile) was dissolved in
200 µL H2O to obtain a 2 mMδ-opioid ligand stock solution
(concentration was determined by the DTNB test based on the
free thiol concentration (26)). 120µL of APOPA-coated QD595
(2.8 µM, 0.33 nmol) was mixed with 10µL of the cross-linker
stock solution and incubated at room temperature for 1 h. The
resultant clear solution was loaded on a NAP-10 column and
eluted with buffer A. Fluorescent fractions (∼250 µL) were
collected and mixed with 8µL of the Deltorphin-II (Ile-Ile)
stock solution (16 nmol) and 42µL of buffer A. The mixture
was equilibrated at room temperature for 1 h, at which time 3
µL of 100 mM â-mercaptoethanol was added to quench the
unreacted maleimide. After 30 min, the reaction solution was
filtered through a 0.45µM Acrodisc and dialyzed in a MWCO
10 000 dialysis cassette against 400 mL× 2 of buffer A. The
final 0.75µM Deltorphin-II-QD595 solution was collected in
which the maximal ratio of ligand/QD is about 50:1. A similar
procedure was used to conjugate Deltorphin-II to APOPA-coated
QD514. All QD or QD-ligand conjugate concentrations were
determined as described above.

Immunocytochemistry. Cells grown on 25 mm round #1
coverslips were fixed with 3% paraformaldehyde, rinsed with
25 mM glycine, and permeabilized with 0.1% Triton X-100.
The cells were incubated with the primary antibodies (rabbit
polyclonal) against theδ-opioid receptor (Neuromics, Northfield,
MN) or MC4R (RDI, Flanders, NJ) for 1 h at 25°C. Cells were
washed three times (5 min each) in phosphate buffered saline
to remove unbound primary antibody. Since the MC4R antibody
recognized an epitope on the cell exterior, live cells also were
incubated with this antibody (10µg/mL) for 5 min, washed in
antibody-free buffer (2×, 5 min each), then fixed for subsequent
processing. At this point, all fixed and permeabilized cells were
incubated with secondary anti-rabbit IgG labeled with either
Cy5 (Jackson ImmunoResearch) or FITC (Sigma) for 45 min
at 25 °C. After washing, coverslips were mounted onto glass
slides using a 50% glycerol/saline solution containing the
antibleach agent paraphenylendiamine (0.1%). NDP-QD514
and Deltorphin-II(Ile-Ile)-QD595 were used for imaging
MC4R or δ-opioid receptors as described in the results and
discussion section.

For standard wide-field imaging, slides were mounted on the
stage of an Olympus IX-70 microscope equipped with a 60×
1.4 NA objective. Illumination was provided by a 100 W Hg
lamp, and images were acquired using a liquid-cooled CCD
camera (Roper Scientific) equipped with a Kodak CCD array
(KAF1401E).

Single-Molecule Imaging: Incorporation of hDOR in
Lipid Bilayer. The lipid bilayer was formed on a fused silica
coverslip surface covered by a thin polyacrylamide film. It is
possible to make a polymer brush of controlled thickness by

the surface-initiated atom transfer radical polymerization (ATRP)
(27, 28). A 5-nm-thick polyacrylamide brush was prepared on
the coverslip according to the same procedure previously
reported (29). The lipid bilayer of 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) with cholesterol (0-10%)
was formed on the polyacrylamide-modified coverslip surface
using a standard vesicle fusion procedure (29, 30). The isolation
and purification procedure of hDOR was as described previously
(29, 31). The receptor has a His tag and myc epitope on its C
terminus, and is solubilized in buffered 1% dodecyl-â-D-
maltoside solution. The hDOR solution was added into the
buffer on the lipid membrane described above. This dilution of
hDOR suspension allowed hDOR to be incorporated into the
lipid bilayer. The lipid membrane was rinsed multiple times,
then 50 mM phosphate buffer (0.5 M NaCl, pH 7.5) was added.

Single-Molecule Fluorescence Imaging.Single-molecule
fluorescence imaging of the ligand binding was achieved by
using a highly sensitive CCD camera coupled to an argon ion
laser as an excitation source. The microscope (TE2000-U,
Nikon) was designed for total internal reflection fluorescence
imaging. For the excitation of the QDs, the blue line of the
argon ion laser (488 nm, 0.05 mW) was used. The green line
(514.5 nm, 0.26 mW) was used for Cy3 excitation. The laser
beam was used to irradiate the sample in a total internal
reflection mode via an oil-immersion 100× TIRF objective (NA
1.4, Nikon). A high-sensitivity CCD camera, PhotonMAX (512
× 512 pixels, Princeton Instruments), was used to detect emitted
fluorescence from the QDs or Cy3 dye after reduction of stray
light by the emission filter (595AF60, Omega Optical). The
fluorescence image was captured as a 500 frame movie, in which
the exposure (integration) time was 3 s for each frame.

RESULTS AND DISCUSSION

Design and Syntheses of Polymer-Coated QDs.For facile
encapsulation of QDs, we chose to synthesize amphiphilic
diblock (OPA) and triblock (APOPA) copolymers that would
potentially impart solubility to the QDs in aqueous systems for
biological imaging. In order to synthesize the block copolymers,
we chose three different commercially available poly(acrylic
acid) polymers with average molecular weights of 1200, 8000,
and 100 000. For each polymer, 40% of the free acids were
transformed to the hydrophobic octylamide groups such that
the octyl chains would encapsulate and stabilize the QD while
the unmodified carboxylic acids would provide solubility in an
aqueous environment. The red QD 595 and green QD 514 were
both coated with the amphiphilic diblock polymers in dichlo-
romethane and were subsequently purified by size exclusion
chromatography (NAP-10 column) followed by dialysis (Scheme
1). Nie and co-workers have recently utilized a similar strategy
utilizing octylamine-modified triblock copolymer (MW 100 000,
25% of the free carboxylic acid was derivatized) as the QD
coating polymer. All three copolymers afforded soluble QDs.
Notably, the low molecular weight diblock polymer (MW 1200)
provided the most reproducible coating for both the green and
red QDs, where the copolymer contains∼16 acid units of which
40% are modified with octylamine as evidenced by NMR. Both
green and red QDs coated with this low molecular weight
polymer were water-soluble and maintained high luminescence
in aqueous solution. The absorption and emission spectra are
very similar compared with those of TOPO-coated commercial
QDs in toluene (Figure 3). We investigated whether these
coatings provide extended stability and observed no changes
in solubility or fluorescence over a 6 month period (stored at 4
°C). We also tested whether these coatings are stable to various
pHs that may be found in different cellular environments and
are also required in bioconjugation chemistries. We found that
the QDs are stable between pH 3.5 and pH 10.5. Thus, our
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results provide a robust method for synthesizing stable water-
soluble QDs suitable for covalent labeling with any macromol-
ecule containing free amines via EDAC-mediated amide bond
formation.

In many peptide ligands, the amino terminal and/or free
amines play an important role in ligand/receptor interactions.
For such ligands, the EDAC-mediated coupling to carboxylic
acid functionalized QDs is not feasible. Thus, we also synthe-
sized amino functionality containing amphiphilic copolymers
as an alternate QD coating that can be further modified with
standard NHS containing bifunctional cross-linkers. We chose
to functionalize the 40% octylamine modified poly(acrylic acid)
(OPA) with 4,7,10-trioxatridecanediamine. We protected one

of the amines witht-Boc, while the free amine was coupled to
the polymer using EDAC followed by deprotection oft-BOC
with TFA to give the amino-modified OPA.1H NMR showed
that each polymer chain contained an average of six octyl chains
and two free amines. The new amino-amphiphilic polymer
(APOPA) was utilized to successfully encapsulate the QDs
utilizing the same protocol described for the diblock copolymer
(OPA) (Scheme 1). The properties of these amine-functionalized
APOPA-coated QDs were found to be very similar to the OPA-
coated QDs, with excellent water solubility, stability, and
luminescent properties. With both types of water-soluble QDs
in hand, we turned to applying them for ligand conjugation for
biological imaging.

Bioconjugation of Ligands to QDs for GPCR Imaging.In
order to showcase our bioconjugation chemistries and provide
useful biological reagents, we chose to target two different
G-protein-coupled receptors (GPCRs), the human melanocortin
receptor (hMCR) and the humanδ-opioid receptor (hDOR).
Cell-surface receptors, particularly GPCRs, play a central role
in cellular signaling and are important targets for modern
pharmaceuticals (32). Hence, there is a continuing demand for
reliable methods to directly probe cellular localization, receptor
density, and trafficking. As such, we chose ligands with high
affinity for the chosen GPCRs to allow for imaging with the
QD label. For hMCR targeting, we utilized two analogues of
R-melanocyte-simulating hormone (R-MSH), NDP and MT-II,
developed by Hruby and co-workers (33, 34). NDP and MT-II
(Figure 2) ligands were synthesized by standard solid-phase
peptide synthesis and purified. The purified peptides were
directly conjugated to the OPA copolymer coated QD514 and
QD595 by utilizing the water-soluble EDAC-coupling reagent.
The carboxylic acids on the QD surface were activated with
EDAC followed by addition of the amine-containing ligands
to generate the QD-R-MSH conjugate (Figure 1, route a). We
also synthesized another potent ligand, Asp-Tyr-N-MeNle-Gly-
Trp-N-MeNle-Asp-Phe-NH2 (CCK-B), which has been shown
to be a selective CCK-B-type analogue with an IC50 of 0.13
nM (35) and conjugated this ligand to our soluble QDs using
the above-described methodology to yield CCK-B-QD514 and
CCK-B-QD595.

In an effort to provide a general strategy for QD conjugation,
we also considered the possibility that many peptide ligands
could contain two or more free amines and thus not allow for
selective conjugation to QDs. Alternatively, the N-terminal
amine in the ligand could be important for biological activity,
which would preclude the EDAC-mediated coupling reaction
described above. Considering this situation, we prepared QDs
coated with amine functionalities (APOPA) that could be
modified by a suitable bifunctional linker, where one end
provides an activated ester that can react with a free amine on
the QD surface while the other end provides a maleimide that
can specifically react with a unique thiol that is engineered into
a ligand. To demonstrate the feasibility of this approach, we
synthesized a highly potent Deltorphin-II analog, Tyr-(D)Ala-
Phe-Glu-Ile-Ile-Gly (Deltorphin-II(Ile-Ile)), developed by Sasa-
ki (36) to selectively target theδ-opioid receptor (Kd ) 67 pM).
We incorporated a short linker and a cysteine at the C-terminus
of this ligand for facile conjugation at pH 6-8 to the maleimide-
functionalized amine-bearing QDs (Figure 1, route b). The
peptide was conjugated to the QDs to yield Deltorphin-II(Ile-
Ile)-QD514 and Deltorphin-II-QD595.

Having all of the four different sets of GPCR ligand-QD
conjugates in hand, we compared them to the commercial QDs
in toluene. All the water-soluble ligand-modified QDs were
shown to maintain high photoluminescence in aqueous condi-
tions (Figure 3). NDP-QD514 and Deltorphin-II(Ile-Ile)-
QD514 almost have the same fluorescence intensity as the bare

Figure 3. Photoluminescence of uncoated QDs and their GPCR-ligand
conjugates. (All samples are normalized to 1µM of QD) (a) QD514
labeled ligands (greenO, Evidot QD514; red], NDP-QD514; blue
0, MT-II -QD514; cyan×, Deltorphin-II(Ile-Ile); green+, CCK-
B-QD514). (b) QD595 labeled ligands. (dark redO, Evidot QD595;
yellow 0, MT-II -QD595; red×, Deltorphin-II(Ile-Ile); magenta+,
CCK-B-QD595).
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QD514. The fluorescence values of MT-II-QD514, MT-II-
QD595, and Deltorphin-II(Ile-Ile)-QD595 decreased to about
one-third those of the bare QDs, but still high enough for
bioimaging because of the strong QD photoluminescence.

GPCR Imaging Utilizing QDs. Targeting hMC4R.The
utility of the EDAC coupling chemistry in generating ligand-
modified water-soluble QDs was evaluated. NDP-QD514 was
used to target overexpressed melanocortin 4 receptor (MC4R)
in HEK293 cells (Figure 4). An MC4R-specific antibody was
used to validate receptor expression and determine the cellular
distribution of MC4R for comparison with NDP-QD514
mediated imaging. The distribution of total MC4R expression
is shown in Figure 4A where cells were permeabilzied then

probed with the receptor-specific antibody. This image shows
the distribution of all expressed receptor. However, this antibody
recognizes an extracellular epitope of the MC4R; therefore,
MC4R-transfected HEK293 cells were also incubated with the
receptor-specific antibody prior to fixation. Figure 4B shows
the distribution of surface-expressed receptor. Control cells
without receptor do not show significant fluorescence under
either condition (data not shown). Having established that
hMC4R was stably expressed, we turned to testing the selectivity
of NDP-QD514. HEK293 cells that either did not express
(Figure 4c) or expressed hMC4R (Figure 4d) were incubated
with NDP-QD514 (10-7 M). We clearly observe cell-surface
labeling by the NDP-QD514 of the HEK293 cells expressing
hMC4R (Figure 4d) with almost no background labeling. These
results clearly show that our small ligand labeled water-soluble
QDs are easily comparable to commercial fluorescently labeled
antibody-based detection methods. Importantly, most receptor
antibodies are not raised against extracellular epitopes and
therefore do not label only the surface receptors, but rather show
the distribution of all receptors (functional or nonfunctional)
including those in subcellular compartments such as seen in
Figure 4A. Therefore, ligand-conjugated QDs provide an
important tool for specifically evaluating the functional receptor
complement on the cell surface.

Targeting hDOR.To determine the utility of the APOPA-
QDs functionalized with maleimides for conjugation with thiol-
bearing ligands, we tested the Deltorphin-II(Ile-Ile)-QD595
targeting to humanδ-opioid receptors (hDOR) expressed in
CHO cells (Figures 5 and 6). CHO cells with stably expressed
receptors were incubated with 0.75 nM Deltorphin-II(Ile-Ile)-
QD595 for 1 min, washed, and subsequently imaged (Figure
5). The surface distribution of hDOR can be clearly observed.
Since Deltorphin-II(Ile-Ile) is a known agonist, it can activate
hDOR and therefore should be internalized. Cells expressing
hDOR were incubated for 1 min or 20 min with the Deltorphin-
II(Ile-Ile)-QD595. Interestingly, after 1 min we only observed
cell-surface labeling, while at 20 min, we can directly observe
receptor internalization. As shown in Figure 5, this agonist-
mediated activity is retained when the ligand is conjugated on
the QD. Control experiments show no cellular labeling or
receptor internalization. Thus, these results not only show that
the amine-modified QDs are suitable for ligand conjugation and
cellular labeling of GPCRs but that they can also be internalized
in a receptor-dependent fashion.

Figure 4. NDP-QD514 targeted hMC4R. (a) HEK293 cells incubated
with an MC4R specific antibody after cell fixation and permeabilization
showing the distribution of all expressed receptors. Arrows indicate
labeling at cell membranes. (b) HEK293 cells incubated with MC4R-
specific antibody prior to cell fixation showing the distribution of cell-
surface expressed receptors. (c) Live HEK293 cells lacking hMC4R
expression, incubated with 10-7 M NDP-QD514 15 min prior to
imaging. (d) Live cells overexpressing the hMC4R, incubated with 10-7

M NDP-QD514. Scale bars) 20 µM.

Figure 5. Images of Deltorphin-II(Ile-Ile)-QD595 mediated targeting of humanδ-opioid (hDOR) expressed CHO cells. Live cells were incubated
for 1 min with 0.75 nM QD-ligand. (a) Cells imaged after 1 min postincubation showing only surface labeling. (b) Cells imaged after incubating
for 20 min showing significant organization of Deltorphin-II(Ile-Ile)-QD595 distribution at or near cell surfaces. Scale bars are 10µm. (c) Image
is a magnification showing distribution in four cells, 15 min following the 1 min labeling period.

Peptide-Targeted Quantum Dots for GPCR Imaging Bioconjugate Chem., Vol. 18, No. 2, 2007 329



In the above experiments, the average number of Deltorphin-
II(Ile-Ile)/QD is ∼200; thus, we expected that multivalent
interaction (avidity effects) could possibly result in tighter
apparent binding constants for Deltorphin-II(Ile-Ile)-QD595
when compared to free Deltorphin-II(Ile-Ile). In a first set of
experiments, CHO cells overexpressing hDOR were incubated
with 500 nM free Deltorphin-II(Ile-Ile) in the presence of
varying concentrations of the Deltorphin-II(Ile-Ile)-QD595.

Interestingly, QD-conjugate concentrations in the range 0.375-
1.5 nM showed clear cellular labeling, even in the presence of
500 nM of free Deltorphin-II(Ile-Ile) ligands (Figure 6a). These
data suggest that the multivalent or avidity effects increase the
binding of the labeled QDs which cannot be competed off by
the free ligand. In a second experiment, we envisioned that
adding free ligand prior to adding QD-conjugated ligand would
possibly prevent QD binding. To test this, we added 500 nM
of free Deltorphin-II(Ile-Ile) ligand to the cells and incubated
for 5 min prior to adding the QD-Deltorphin-(Ile-Ile). The
QD-Deltorphin-II(Ile-Ile) was added for 1 min followed by
washing the cells and imaging. As expected, incubation of cells
with 500 nM of free Deltorphin-II(Ile-Ile) prior to adding the
QD-Deltorphin-II(Ile-Ile) prevented significant QD binding
as seen by the decrease in the average signal per pixel, from
∼1350 to∼300 (Figure 6b). The competition experiments taken
together establish that the QD conjugates target the hDOR
specifically but with a much higher binding constant possibly
due to a strong multivalent effect, which may aid in visualizing
low copy number receptors. Future experiments will aim to
develop approaches for controlling and measuring ligand density
on QD surfaces as well as to systematically explore the utility
of avidity effects.

Single-Molecule Detection of GPCRs.Single-molecule imag-
ing has emerged as a particularly useful method for investigating
receptor localization and trafficking in live cells and in model
bilayers (37). QDs provide certain advantages over traditional
fluorophores due to their broad absorption spectra, tunable
emission, and resistance to photobleaching. In order to test the
suitability of our ligand-conjugated QDs for single-molecule
imaging studies, we chose the humanδ-opioid receptor (hDOR)
as a target. In these experiments, we directly compare the
Deltorphin-II(Ile-Ile)-QD595 conjugate to a Deltorphin-II(Ile-
Ile) ligand labeled with Cy3, a widely used fluorophore.

Purified hDOR was incorporated into an artificial lipid bilayer
formed on a fused silica coverslip modified by a thin 5-nm-
thick polyacrylamide brush. Single-molecule fluorescence was
recorded with a total internal reflection fluorescence system,
by excitation with an argon ion laser at 488 nm for QDs and
514.5 nm for Cy3. Fluorescence images for hDOR binding for
both Deltorphin-II(Ile-Ile)-QD595 and Deltorphin-II(Ile-
Ile)-Cy3 were captured as a 500 frame movie, in which the
exposure (integration) time was 3 s for each frame. We observed
that both Deltorphin-II(Ile-Ile)-QD595 and Deltorphin-II(Ile-
Ile)-Cy3 had similar average residence times (bimodal:∼30
s and hundreds of seconds) on single hDORs (Figure 7). This
would at first appear to be in contradiction to the avidity effect
observed at cell surfaces; however, in the single-molecule model

Figure 6. Specificity of Deltorphin-II(Ile-Ile)-QD595 for hDOR on
CHO cells. (a) In all experiments, 500 nM of free Deltorphin-II(Ile-
Ile) was mixed with varying amounts of Deltorphin-II(Ile-Ile)-QD595
and added to hDOR-expressing CHO cells. (b) Deltorphin-II(Ile-Ile)-
QD595 conjugate (1.5 nM) targeting hDOR on CHO cells in the
absence and presence of 500 nM of free ligand with prior incubation
for 5 min. Measurements are averaged on ten cells per image and five
independent images.

Figure 7. Comparison of fluorescence intensity of Deltorphin-II(Ile-Ile)-QD595 (red) and Deltorphin-II(Ile-Ile)-Cy3 (black) in the presence of
hDOR in a lipid bilayer. (Fluorescence intensities after background subtraction.) Fluorescence is normalized at a laser power of 0.05 mW. The
one-step increase and decrease indicate one single-molecule event.
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system, the receptors are at a very low concentration and thus
several microns apart, which likely precludes multivalent
binding. Most importantly, the fluorescence from QD conjugates
was measured to be about sixfold stronger than that from Cy3.
This increased fluorescence, combined with other advantages
of the QDs such as resistance to photobleaching and multiplex-
ing, provides a potential alternative imaging agent in single-
molecule experiments for both model systems and in live cells.

We also considered the possibility that the QD conjugates
could possibly bind nonspecifically to the model bilayer. Thus,
in order to test the binding specificity, 2 nM of the Deltorphin-
II(Ile-Ile)-QD595 conjugate was incubated with hDOR in the
absence and presence of excess (19µM) free Deltorphin-II(D-
Ala2) ligand. The cumulative fluorescence images showed that
free ligand significantly reduces Deltorphin-II(Ile-Ile)-QD595
from binding the hDOR (Figure 8). Thus, these experiments
clearly demonstrate that observed binding is due to specific
interaction of Deltorphin-II(Ile-Ile)-QD595 with the im-
mobilized hDOR. Together with the whole-cell experiments,
the single-molecule experiments also suggest that careful control
experiments, with and without the targeted receptor, must be
routinely performed to distinguish between specific versus
nonspecific binding for ligand-targeted QDs.

In conclusion, we have developed a convenient method for
synthesizing two types of water-soluble QDs with carboxylic
acid and amine functionalities. We tested our approach with
two different sizes of bare CdSe/ZnS QDs (QD595 and QD514).
Both types of polymer-coated QDs displayed excellent solubil-
ity, stability, and fluorescence properties in a wide pH regime.
We envisioned that the carboxylic acid functionalized QDs can
be utilized for directly coupling amine-containing ligands, while
the amine-functionalized QDs can be used for conjugating
cysteine-containing ligands. Three small peptide ligands were
successfully conjugated to our water-soluble QDs in order to
target G-protein-coupled receptors (hMCR and hDOR). The
ligand-conjugated QDs were shown to be specific for the
targeted receptor and could be utilized for fluorescence imaging
of receptors in cells as well as in single-molecule experiments
in model bilayers. Thus, our methodology provides an expedi-
tious route for constructing new fluorescent bioconjugates that
are amenable for multiplexing and may have utility in studying
the localization and trafficking of GPCRs in live cells and in
single-molecule experiments.
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