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Abstract: The current study reports the facile design of quantum dot (QD)-conjugated lipids and their
application to high-speed tracking experiments on cell surfaces. CdSe/ZnS core/shell QDs with two types
of hydrophilic coatings, 2-(2-aminoethoxy)ethanol (AEE) and a 60:40 molar mixture of 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine- N-[methoxy(polyethylene
glycol-2000], are conjugated to sulfhydryl lipids via maleimide reactive groups on the QD surface. Prior to
lipid conjugation, the colloidal stability of both types of coated QDs in aqueous solution is confirmed using
fluorescence correlation spectroscopy. A sensitive assay based on single lipid tracking experiments on a
planar solid-supported phospholipid bilayer is presented that establishes conditions of monovalent
conjugation of QDs to lipids. The QD-lipids are then employed as single-molecule tracking probes in plasma
membranes of several cell types. Initial tracking experiments at a frame rate of 30 frames/s corroborate
that QD-lipids diffuse like dye-labeled lipids in the plasma membrane of COS-7, HEK-293, 3T3, and NRK
cells, thus confirming monovalent labeling. Finally, QD-lipids are applied for the first time to high-speed
single-molecule imaging by tracking their lateral mobility in the plasma membrane of NRK fibroblasts with
up to 1000 frames/s. Our high-speed tracking data, which are in excellent agreement with previous tracking
experiments that used larger (40 nm) Au labels, not only push the time resolution in long-time, continuous
fluorescence-based single-molecule tracking but also show that highly photostable, photoluminescent
nanoprobes of 10 nm size can be employed (AEE-coated QDs). These probes are also attractive because,

unlike Au nanoparticles, they facilitate complex multicolor experiments.

Introduction

The present surge in life science is linked intimately to the
development of new experimental tools that allow the study of
biological processes at the molecular level. In particular, optical
single-molecule imaging techniques have emerged as powerful
tools to detect heterogeneities below the diffraction limit of
optical microscopy and to study dynamic processes in cellular
systems at the single-molecule level because these techniques
enable individual molecules to be tracked with a spatial
resolution of 20—30 nm and a time resolution in the micro-
second range. For example, single-molecule imaging techniques
have been instrumental in changing our view of plasma
membranes from a featureless lipid bilayer with embedded
membrane proteins' to a complex, compartmentalized system
exhibiting a wide variety of length scale-dependent dynamic
processes.” Interestingly, not only labeled membrane proteins
but also lipid-based single-molecule tracking probes have
emerged as powerful tools in the in-depth characterization of
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membrane heterogeneities.>* Traditionally, the detection of
single biomolecules has been accomplished via conjugated
colloidal gold or fluorescent latex spheres using nanovid
microscopy and single-particle tracking.’” "' The main limita-
tions of these traditional probes for single-molecule imaging
are their relatively large size (gold, 40—50 nm; latex, 0.1—1
um), which considerably exceeds that of the biomolecules
labeled, and the difficulty to avoid cross-linking of biomolecules.
These limitations motivated the development of single-molecule
imaging using fluorescent dye labels. Single fluorophores were
first successfully imaged at very low temperature using an
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intensified CCD camera.'* Diffusion studies of membrane
constituents became possible after the time resolution of
individual dye tracking was increased into the millisecond
range."? Although dyes overcome limitations of colloidal Au
probes in terms of size and monovalent labeling of biomolecules,
their application to single-molecule tracking remains limited due
to poor photostability, thus limiting the length of individual
trajectories.

More recently, photoluminescent quantum dots (QDs) have
emerged as an attractive alternative for fluorescence-based
imaging because they combine small size, brightness, high
photostability, and broad absorption and narrow, size-tunable
emission bands.'* ' In particular, the superior brightness and
photostability make QDs powerful probes for the single-
molecule tracking with very high time/spatial resolution. Due
to their unique absorbance and emission properties, QDs are
also particularly beneficial for multicolor experiments because
just one laser excitation wavelength is needed to excite QDs of
different emission properties. To allow biological imaging
applications, QDs need to be made water-soluble using hydro-
philic surface coatings.'”'® Initially, this was achieved by
replacing the coordinating solvent trioctylphosphine oxide with
monothiols containing hydrophilic terminal moieties, such as
3-mercaptoproprionic acid and mercaptoethanol.'®~>* Although
these coatings are very thin, they show limited stability.**
Therefore, several alternative coatings strategies have been
developed, which are based on silanes forming a stable shell
via cross-linking,'®2>% peptides,>’ polyelectrolytes,® polysac-
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charides,*® avidin,>® and QD-encapsulating amphiphilic mol-

ecules, such as hydrophilic polymers with hydrophobic side
chains or mixtures of phospholipids and lipopolymers.®' The
encapsulation with amphiphiles is interesting because the
protecting coordinating solvent layer does not need to be
replaced, thus preventing oxidative damage. Since their intro-
duction as biological imaging probes in 1998,°*** QDs have
found widespread application in biological imaging at the in
vitro and in vivo levels."*"'® Dahan and co-workers first
successfully demonstrated that QDs are excellent imaging probes
for single-molecule tracking experiments.** In their initial work,
QDs were employed to study the lateral diffusion of glycine
receptors and their entry into neuronal synapses. Meanwhile,
QDs have been employed as single-molecule tracking probes
to analyze the lateral mobility of several membrane receptors,
including EGF,* GABA,*® and Kv2.1.*” In these applications,
streptavidin-coated QDs were conjugated to either biotinylated
membrane receptors or receptor ligands. Streptavidin or avidin
coatings are attractive because they allow for the strong, specific
binding of QDs to biotinylated biomolecules. Their disadvan-
tages, however, are the relatively large coating thickness, leading
to probes sizes of more than 15 nm, and the difficulty to
monovalently label biomolecules (each streptavidin or avidin
molecules binds up to four biotins).

Here we report for the first time the successful monovalent
conjugation of 2-(2-aminoethoxy)ethanol (AEE)- and phospho-
lipid/lipopolymer (LIPO)-capped CdSe/ZnS quantum dots to
phospholipids and their application in lipid tracking experiments
on the cell surface using high-speed single-molecule fluores-
cence microscopy. The thicker LIPO coating was chosen
because it is very stable and was already successfully applied
in long-term cellular imaging studies.*® The thinner AEE coating
was pursued because the overall probe size can be reduced and
because a similar coating, which is based on short poly(ethylene
oxide) chains of just two ethylene oxide segments, was shown
to prevent the nonspecific adsorption of proteins quite ef-
fectively.*® As reported recently, confocal fluorescence correla-
tion spectroscopy (FCS) is employed to verify the colloidal
stability of AEE- and LIPO-coated QDs and to determine their
hydrodynamic radii.*® QD conjugation to lipids is achieved by
incorporating a well-adjusted amount of maleimide-containing
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Scheme 1. Reaction Scheme lllustrating the Synthesis Steps for the Design of AEE-Coated QDs

HP - (CTZI7CTTaTs
——NH—(CH2)15CH3 MPA
R ~0-P—((CHz1,CHy); CHCls
S HP—((CH,);CH3),

MPA = Mercaptopropionic acid
EDC = 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide
AEE = 2-(2-Aminoethoxy)ethanol

cross-linker molecules into the QD coatings and by reacting
QDs with sulthydryl lipids. To evaluate the inertness of the QD
probes in the presence of a membrane and to confirm the
monovalent labeling of QDs to lipids, the lateral diffusion of
QD-conjugated lipids is first examined in a solid-supported
phospholipid bilayer and compared to diffusion data obtained
using dye-labeled lipids. QD-lipids are then incorporated into
plasma membranes of several cell types, including COS-7, HEK-
293, 3T3, and NRK fibroblasts, and their lateral diffusion
behavior is examined using a frame rate of 30 frames per second
(fps). Finally, high-speed imaging experiments on NRK fibro-
blasts are presented, where QD-lipids are tracked with frame
rates of up to 1000 fps. The results from these experiments are
in very good agreement with previous single particle tracking
data using notably larger colloidal Au probes. By pushing the
time resolution in fluorescence-based wide-field single-molecule
imaging, we show that QD-lipids are promising imaging probes
in state-of-the-art high-speed single-molecule tracking experi-
ments on cell surfaces.

Experimental Section

Materials. Cadmium acetate and elemental selenium powder
were purchased from Strem Chemicals (Newburyport, MA). Tri-
octylphosphine (TOP), trioctylphosphine oxide (TOPO), hexa-
decylamine (HDA), 3-mercaptopropionic acid (MPA), 2-(2-amino-
ethoxy)ethanol (AEE), di-tert-butyl dicarbonate (DiBOC), trifluoroacetic
acid (TFA), zinc nitrate hexahydrate, potassium ethylxanthate, and
HPLC-grade solvents were purchased from Aldrich Chemical
(Milwaukee, WI). The heterobifunctional cross-linker reagent N-[p-
maleimidophenyl]isocyanate (PMPI) and amide bond catalyst
1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC)
were obtained from Pierce Biotechnology (Rockford, IL). The
phospholipids 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine
(SOPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), and 1,2-di-
palmitoyl-sn-glycero-3-phosphothioethanol (DHPTE), as well as the
lipopolymers 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-
N-[methoxy(polyethylene glycol)-2000] (DPPE-PEG2000) and 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide(poly-
ethylene glycol)-2000] (ammonium salt) (DSPE-PEG2000-MAL),
were purchased from Avanti Polar Lipids (Alabaster, AL).The

15056 J. AM. CHEM. SOC. = VOL. 130, NO. 45, 2008

fluorescent lipid probe N-(6-tetramethylrhodaminethiocarbamoyl)-
1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (TRITC-
DHPE) was acquired from Invitrogen/Molecular Probes (Eugene,
OR). Water utilized was purified using a Milli-Q water purification
system (Millipore, Milford, MA).

Methodology. (a). Synthesis of CdSe/ZnS QDs. CdSe/ZnS
core/shell QDs were synthesized using a facile sonochemical
approach, as reported previously.*® In short, TOPO-coated CdSe
QDs were synthesized in a one-pot synthesis using HDA, Cd(OAc),,
and TOPO. The ZnS shell was added using zinc ethylxanthate.
CdSe/ZnS core/shell QDs synthesized using this procedure were
found to show high crystallinity, quantum yields of 50—60%,
narrow:(:)mission spectra (fwhm ~25 nm), and size distributions of
~10%.

(b). Formation of 2-(2-Aminoethoxy)ethanol (AEE)-
Coated CdSe/Zn QDs. Reaction Scheme 1 illustrates the synthesis
steps for the formation of AEE-coated CdSe/ZnS QDs. The weakly
bound TOPO coating of TOPO-CdSe/ZnS QDs was first replaced
with the more tightly binding MPA. In a typical preparation, 0.5 g
of the crude, shelled sample was washed and precipitated three times
with a solution of 50:50 methanol/acetone and dissolved in 12 mL
of chloroform with 0.25 g of MPA. The solution was stirred under
argon for 24 h and centrifuged to separate out the hydrophilic
nanocrystals. The nanocrystals were washed in hexane (three times)
and dried under vacuum at room temperature. The dry product was
then dispersed in water. The pH of the aqueous nanoparticle solution
was then adjusted to 6.5, and 30 mg of AEE was added as the
solution was stirred in an ice bath. The amide bond formation
between MPA and AEE was catalyzed by the addition of 10 mg of
EDC. To facilitate the linkage to phospholipids, AEE was mixed
with the heterobifunctional cross-linker 2-(2-aminoethoxy)ethyl
4-(2,5-dioxo0-2,5-dihydro-1H-pyrrol-1-yl)phenylcarbamate (AEE to
cross-linker molar mixing ratio, 100:1). Some control experiments
were conducted using lower and higher molar cross-linker con-
centrations. To complete this reaction, the solution was stirred for
1 h at 5 °C. The solution was then centrifuged at 15 000 rpm and
decanted to remove any excess AEE/cross-linker as well as any
nanoparticle aggregates. The synthesis of the heterobifunctional
cross-linker is described below.

(c). Synthesis of Heterobifunctional Amine—Maleimide

Cross-Linker. First, the primary amine of AEE was protected with
DiBOC. Here, 2.5 g of AEE was dissolved in 30 mL of water with
2 equiv (4.04 g) of sodium bicarbonate. A second solution
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containing 5.19 g of DiBOC dissolved in 10 mL of dioxane was
prepared and added to the AEE solution. The mixture was stirred
for 24 h under argon, after which the protected AEE was extracted
three times with 25 mL of ethyl acetate. The ethyl acetate solution
was condensed to product via rotary evaporation. The resulting
protected AEE product was dissolved in dry chloroform and reacted
with the heterobifunctional cross-linker PMPI in a 1:2 ratio over
24 h. After completion of the reaction, the chloroform was
vacuumed off. To remove the DiBOC protecting group, the orange,
oily product was dissolved in 10 mL of a 5:1 dichloromethane
(DCM)/TFA solution and stirred for 2 h. The DCM/TFA mixture
was vacuumed off, giving a dry product. As verified by NMR, this
final product is the carboxyl- and sulthydryl-reactive heterobifunc-
tional cross-linker 2-(2-aminoethoxy)ethyl 4-(2,5-dioxo-2,5-dihydro-
1 H-pyrrol-1-yl)phenylcarbamate.

(d). Formation of Lipopolymer (LIPO)-Encapsulated
CdSe/Zn QDs. By adapting the coating procedure reported by
Dubertret et al.,>! crude, shelled QDs were first washed and
precipitated three times with a solution of 50:50 methanol/acetone
to remove any excess coordinating solvent. The hydrophobic TOPO-
capped nanoparticles were then dispersed in chloroform containing
5.5 x 107° mol of 40 mol % DPPE-PEG2000, 59 mol % DPPC,
and 0.04 mol % DSPE-PEG2000-MAL. Some control experiments
were also conducted using lower and higher DSPE-PEG2000-MAL
molar concentrations. The chloroform was removed via evaporation,
and the residue was heated to 80 °C before 1 mL of distilled water
was added, resulting in an optically transparent solution of LIPO-
coated QDs.

(e). Formation of QD-Conjugated Lipids in Solid-
Supported Phospholipid Bilayer. Solid-supported phospholipid
bilayers were formed via successive Langmuir—Blodgett (LB) and
Langmuir—Schaefer (LS) film-transfer steps following standard
procedures.*!** Specifically, microscopy coverslips were cleaned
by baking at 515 °C for 1 h, followed by sonication for 30 min
each in the following solutions: 1% SDS, methanol saturated with
NaOH, and 0.1% HClI, using a bath sonicator.** After each washing
step, the microscopy coverslips were rinsed in Milli-Q water. To
form the first (LB) monolayer, a chloroform solution of SOPC was
spread at the air—water interface of a film balance with a dipper
(Labcon, Darlington, UK). Prior to film transfer, the lateral pressure
of the SOPC monolayer was adjusted to 30 mN/m. To form the
second (LS) monolayer, a chloroform solution containing SOPC
and DHPTE (10~® mol %) was spread on the air—water interface
and compressed to 30 mN/m. In the case of dye experiments,
DHPTE was replaced by the fluorescent TRITC-DHPE. After
completion of the LB/LS transfer, the bilayer-containing cover glass
was assembled as the bottom part of a cuvette with a glass cylinder
perched atop it. In this open geometry, QD conjugation was
achieved by adding maleimide-functionalized QDs to the cuvette
and rinsing off the excess (unbound) QDs. To achieve monovalent
labeling of QDs to lipids, the maleimide surface concentration on
AEE- and LIPO-coated QDs was systematically increased, and their
binding to a solid-supported SOPC bilayer containing 10~* mol %
DHPTE was studied using wide-field single-molecule fluorescence
microscopy. For both the AEE and LIPO QDs, the required ratio
of maleimide to inert surface molecules was determined to be 1:100.
In addition, SOPC membranes containing no DHPTE were incu-
bated with both maleimide-functionalized QD systems, and no
specific binding was observed. Figure 1 illustrates schematics of
AEE- (top, left) and LIPO-coated (top, right) QD-conjugated lipids
and the design of QD-conjugated lipids in a solid-supported bilayer
(bottom).

(f). Reconstitution of QD-Lipids into Plasma Membranes. A
vesicle fusion technique was used to incorporate QD-labeled lipids

(41) Deverall, M. A.; Gindl, E.; Sinner, E.-K.; Besir, H.; Ruehe, J.; Saxton,
M. J.; Naumann, C. A. Rigikad 2005, 88, 1875-1886.

(42) Garg, S.; Ruehe, J.; Luedtke, K.; Jordan, R.; Naumann, C. A. Rigakus
J. 2007, 92, 1263-1270.

into living cell membranes. Small unilamellar vesicles (SUVs) were
created in phosphate-buffered saline (PBS) buffer by a commonly
used rod sonication technique, with the composition being a 3:1
ratio of SOPC/DOPE, as this mixture is known to be fusogenic
with the plasma membrane of cells.**** In addition, the vesicles
also contained a small quantity (10~2%) of the thiol-functionalized
lipid, DHPTE. Based upon the number of DHPTE molecules in
the vesicle solution, an order of magnitude fewer maleimide-
functionalized QDs were added to the solution to bind the vesicles.
As verified by FCS, this procedure ensured that there were no excess
functionalized QDs in the vesicle solution which could potentially
bind to proteins or other cysteine-containing biomolecules in the
cell membrane. Upon binding the maleimide-functionalized QDs
to the SUVs, they were allowed to fuse with the cells for 15—20
min before the excess vesicles were rinsed off and the cells were
imaged. Quantum dots were tracked only if they remained in focus
during lateral diffusion, thus excluding tracking artifacts due to
either unfused or internalized imaging probes.

(g). Cell Culture. NRK fibroblasts were cultured in Dubelco’s
Minimum Essential Medium (DMEM) with 10% FetalPlex Animal
Serum Complex (Gemini Bioproducts). Cells were plated on 18
mm diameter coverslips for single fluorophore imaging and used
the next day. COS-7, HEK-293, and Swiss-3T3 cells were cultured
by standard procedures, plated on 18 mm diameter coverslips for
single fluorophore imaging, and used the next day.

Detailed information about the experimental methods (confocal
fluorescence correlation spectroscopy, wide-field single-molecule
fluorescence microscopy, and oblique angle fluorescence micros-
copy) is provided in the Supporting Information.

Results and Discussion

Prior to conjugation of QDs to lipids, the colloidal stability
and the photophysical properties of capped QDs were deter-
mined in aqueous solution. Because FCS is a powerful method
to obtain the necessary information,***>*® Figure 2 illustrates
corresponding FCS autocorrelation curves of rhodamine dyes
and of CdSe/ZnS QDs with MPA, AEE, and LIPO coatings
obtained after # = 10 min (left) and t = 1 week (1"ight).41 Using
eq 2.3 (in Supporting Information), the autocorrelation curves
in Figure 2A provide the following hydrodynamic radii after
10 min: r(rhodamine) = 0.6 nm, (MPA) = 3.3 nm, n(AEE) =
4.5 nm, and r(LIPO) = 14.6 nm. As expected, the obtained
radii indicate that AEE-coated QDs are smaller than LIPO-
coated systems. The obtained radii also suggest that AEE- and
LIPO-QDs exist in solution as individual, colloidally stable
nanocrystals. The colloidal stability is evaluated more rigorously
by comparing hydrodynamic radii determined from QD samples
after + = 10 min (Figure 2, left) and r = 1 week (Figure 2,
right). While the hydrodynamic radius of the MPA-QD sample,
which was employed as a negative control, increased signifi-
cantly to r(MPA) = 12.1 nm, those of the AEE- and LIPO-
QDs samples remain largely unchanged, with r(AEE) = 5.3
nm and #(LIPO) = 16.3 nm. These findings not only verify the
excellent colloidal stability of LIPO QDs, which already have
been applied successfully in long-term cellular studies,®’ but
also highlight the promising properties of the smaller AEE QDs.
The very good colloidal stability of AEE-coated QDs observed

(43) Farhood, H.; Serbina, N.; Huang, L. | R NN 1995.
1235, 289-295.

(44) Miller, C. R.; Bondurant, B.; McLean, S. D.; McGovern, K. A.;
O’Brien, D. F. 4§ . 1998, 37, 12875-12883.

(45) Pellegrino, T.; Manna, L.; Kudera, S.; Liedl, T.; Koktysh, D.; Rogach,
A.L.; Keller, S.; Raedler, J.; Natile, G.; Parak, W. J. Nauglel 2004,
4, 703-707.

(46) Zhang, P.; Li, L.; Dong, C.; Qian, H.; Ren, J. iy 2005,
546, 46-51.
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Figure 1. Schematic illustration of AEE- (top, left) and LIPO-coated QDs (top, right) and QD-conjugated lipids in a solid-supported phospholipid bilayer
(bottom). The LIPO-coated QDs also contain phospholipids, which are omitted in the corresponding schematic.
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Figure 2. FCS autocorrelation curves of MPA-, AEE-, and LIPO-QDs in 0.1 M PBS buffer, pH 7.0, after sample preparation at t = 10 min (left) and r =

1 week (right). The rhodamine data are added as a reference.

is reasonable because similar ultrathin poly(ethylene oxide)
coatings consisting of not more than three ethylene oxide
segments were effective in preventing the nonspecific adsorption
of proteins.®

The quality of the surface coatings was further evaluated
by monitoring the photoluminescence properties of capped
QDs in aqueous solution. Specifically, FCS was applied to
determine the photon counts per particle of MPA-, AEE-,
and LIPO-coated QDs over a time period of 1 week, which
provided 550—690 for MPA-coated QDs, 530—640 for AEE-
coated QDs, and 850—1000 for LIPO-coated QDs. Most
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importantly, for all three coatings, no drop in the counts per
particle was observed over the time period of 1 week. The
lower counts per particle of MPA- and AEE-QDs relative to
LIPO-QDs are caused partially by the fluorescence-reducing
effect of the thiol exchange reaction employed in both cases.
In addition, the reduced emission observed could result from
the thinner barrier between the nanocrystal surface and water
(relative to LIPO-QDs). If water does reach the nanoparticle
surface, it can oxidize the nanocrystal, which decreases the
emission efficiency. We have demonstrated this phenomenon
by intentionally stripping off the dynamic surface-exchanged
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nanoparticle coatings with repeated washings, or dialysis,
resulting in quenched fluorescence (data not shown).

After AEE- and LIPO-coated QDs were verified to show good
colloidal stability and photophysical properties in aqueous
solution, their properties in a solid-supported phospholipid
bilayer were studied. Initially, the inertness of maleimide-
functionalized AEE- and LIPO-QDs was explored qualitatively
by monitoring their nonspecific adsorption to a bilayer without
sulfhydryl lipids using wide-field single-molecule fluorescence
microscopy. These control experiments verified no nonspecific
binding of QDs on the bilayer for both types of coated QDs
(data not shown). In the next step, QDs were conjugated to
sulthydryl lipids in the lipid bilayer. To achieve monovalent
labeling, which is essential for single-molecule imaging, the
surface of the QD must exhibit the proper concentration of
maleimide. In particular, too elevated maleimide concentrations
may cause individual QDs to bind to multiple sulthydryl lipids.
To determine conditions where QDs are monovalently labeled
to lipids, QDs with systematically varied maleimide concentra-
tions were added to a solid-supported SOPC bilayer containing
107% mol % of maleimide-reactive DHPTE, and their binding
behavior was analyzed using single-molecule fluorescence
microscopy. Specifically, four samples of maleimide-function-
alized QDs were created for both the heterobifunctional linker
and the maleimide lipopolymer. The ratio of maleimide linker
to AEE, or maleimide lipopolymer to lipopolymer, was in-
creased for each subsequent QD sample. The linker/passive
molecule ratios used were 1:10000, 1:1000, 1:100, and 1:10.
Starting with the QD sample containing the lowest amount of
maleimide groups, the samples were screened in order of
increasing concentration for binding to DHPTE-containing
membranes via single-molecule fluorescence microscopy. Mono-
valent labeling is expected at the lowest ratio of maleimide to
inert surface molecules leading to QD binding, which was found
to be 1:100 for AEE and LIPO coatings.

After verification of the inertness of AEE- and LIPO-QDs in
the presence of a phospholipid bilayer, and after identification
of the appropriate maleimide concentration on the QD surface
for lipid tracking experiments, maleimide-functionalized QDs
were tested as lipid tracking probes for single-molecule imaging
on model membranes and were compared to dye tracking probes
(TRITC-DHPE). Figure 3 compares square-displacement (r7)
histograms of TRITC-DHPE and LIPO-QD-conjugated lipids
in a solid-supported SOPC bilayer for #,, = 50 ms. Notably,
statistically identical mean-square displacement values of Bzgye
= 0.19 + 0.05 um?> and [Fgp = 0.20 £ 0.05 um> can be
derived from both histograms. This excellent agreement between
QD and dye probes is important because it shows that QDs did
not cross-link multiple lipids and that monovalent labeling of
QDs to sulthydryl lipids was achieved. It should be emphasized
that single and cross-linked lipids show different diffusion
behavior.”

The great similarity of QD- and dye-based lipid tracking
results in Figure 3 also corroborates the lack of nonspecific
binding between lipid-conjugated QD probes and the SOPC
bilayer. Of course, to investigate the inertness of lipid-conjugated
QDs more rigorously, the diffusion properties need to be
analyzed over a larger range of different time lags. Unlike dyes,
individual QDs can be tracked over longer time periods due to
their superior photostability. Figure 4 illustrates *3-time plots
of AEE- and LIPO-QDs conjugated to a solid-supported SOPC
bilayer which span a time period of 2 s. Both plots are well-
described by linear fits, thus verifying Brownian diffusion of

TRITC-DHPH
<> = 0.19sm]

Tounmes

LIPO QD-conjugated lipidg
<> = 0.20pm

Lounts

0o 0.1 02 03 04 05 08B 0.7
2 (prd)

Figure 3. Representative square-displacement (+%) histograms obtained from
single lipid tracking experiments on dye-labeled (TRITC-DHPE) and LIPO-
QD-conjugated lipids in a solid-supported phospholipid bilayer. The
resulting mean-square displacements of [F*ldye = 0.19 & 0.01 um? and GPlgp
= 0.20 4 0.01 um? are statistically identical and suggest that QD-lipids
diffuse like their dye-labeled counterparts. The [#*Cldata are based on a
time lag of #1,, = 50 ms.
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Figure 4. [F3-time plots of LIPO- and AEE-coated QDs conjugated to
thiolipids in the top monolayer of a solid-supported SOPC bilayer over a
time period of 2 s. The dashed lines show the best linear fits associated
with the Brownian diffusion model. The identical slopes of both plots verify
that LIPO and AEE coatings result in identical lipid diffusion properties.

QD-conjugated lipids in the SOPC bilayer. Furthermore, the
almost identical slopes of the two plots also show that AEE-
and LIPO-QD-conjugated lipids are characterized by the same
lateral mobility. Overall, the conducted model membrane
experiments successfully identified conditions of monovalent
QD labeling of lipids, thus facilitating single-molecule tracking
studies of these probes on cell surfaces.

To incorporate QD-lipids into plasma membranes, maleimide-
functionalized AEE-QDs were bound to DHPTE in fusogenic
SUVs composed of a mixture of SOPC and DOPE (molar ratio,
3:1) containing 102 mol % DHPTE. Again, to ensure mono-
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Figure 5. FCS autocorrelation data and corresponding best fits of free AEE-QDs (top, left), vesicles labeled with the dye lipid TRITC-DHPE (top, right),
maleimide-functionalized AEE-QDs bound to DHPTE-containing vesicles (bottom, left), and DHPTE-containing vesicles with bound and unbound maleimide-
functionalized AEE-QDs (bottom, right). The data illustrate that QD-labeled vesicles can be prepared without free, excess QDs.

02 04 06 08 10 12

14 16 18

00 02 04 06 08 10

0 B0 - 50
Cos 7 Cells 3T3 Cells HEK293 Cell
<D==1 00ums" D==063um%" 45 <D>=0.70pm3s™
25 50 4k
8 ]
=3 35 4
o 20 40
= ] 30 4
"Es 15 30
- ]
2 10 - 20 4
&
5 - 10 4
o 0

12 14 18

02 04 06 08 10 12 14 16

1.8

D (uri®s™)

D (uris")

D (pm?s™

Figure 6. Diffusion coefficient histograms for QD-labeled lipids in three cell lines, COS 7, 3T3, and HEK293.

valent binding of QDs to DHPTE, the linker-to-passive molecule

Table 1. Diffusion Coefficients of Dye-Labeled and QD-Lipids in
COS-7, 3T3, and HEK293

ratio on the QD surface was set to 1:100. Furthermore, to avoid
an excess of unbound QDs in the vesicle solution, the amount
of QDs added was kept 1 order of magnitude lower than the
amount of DHPTE. Figure 5 shows FCS autocorrelation data
and best-fitting curves of free QDs (top, left), vesicles labeled
with dye-lipid TRITC-DHPE (top, right), QDs bound to vesicles
(bottom, left), and QDs bound to vesicles + free excess QDs
(bottom, right). Not surprisingly, free QDs and TRITC-labeled
vesicles are best described by one-component fits with notably
different diffusion times of tp; = 1533 us and 7p; = 3118 us,

probe cell line D (um?s™") reference
dilCg COS-7 1.1 49
dilC6 COS-7 0.9 49
QD-DHPTE COS-7 1.07 this work
Cy3-DOPE HEK293 0.41 4
QD-DHPTE HEK293 0.70 this work
dilCyglce 3T3 0.68 50
QD-DHPTE 3T3 0.63 this work

respectively. When all maleimide-functionalized QDs are bound
to DHPTE-containing vesicles, the FCS data match those
obtained using TRITC-containing vesicles. Again, the FCS curve
is best described by a one-component fit. Furthermore, the
diffusion time of 7p; = 3256.5 us is indistinguishable (within
the experimental error of 5%) from the value determined using
TRITC-containing vesicles. A two-component fit did not
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improve the fit quality and resulted in almost identical diffusion
times of 7p; = 3247 us and tpy = 3249 us, respectively. In
contrast, with an excess of QDs, the FCS data are best described
using a two-component model. Here the diffusion times of 7p;
= 1743 us and tpy = 3428 us are in good agreement with
corresponding results obtained using free QDs and QDs bound
to vesicles, respectively. Overall, these experiments provide
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Figure 7. Representative trajectories of AEE-coated QDs bound to DHPTE in the plasma membrane of NRK cells determined at different frames rates of

30, 120, 400, and 1000 fps.

experimental evidence that samples of QD-labeled vesicles can
be prepared, where free, excess QDs are statistically insignificant.

Upon verifying the proper conjugation of QDs to vesicles,
the QD-containing SUVs were fused to the plasma membrane
of cells. As already mentioned in the Experimental Section, QD-
lipids were only tracked as long as they remained in the focus
of the microscope, thus excluding tracking artifacts due to either
unfused or internalized imaging probes. Figure 6 illustrates
diffusion coefficient histograms of QD-conjugated lipids ob-
tained from tracking experiments on COS7, 3T3, and HEK293
cells using a frame rate of 30 fps. Table 1 summarizes the
average diffusion coefficients from these studies, together with
previously reported data obtained using dye-labeled lipids. The
good agreement between QD and dye data, particularly for
COS-7 and 3T3 cells, indicates that individual QD-conjugated
lipids were tracked on the cell surface. Only the HEK293 data
show a moderate discrepancy. However, Murase and co-workers
reported a large variation of diffusion coefficients among
individual dye-labeled lipids tracked, resulting in an SD of
+0.18 um?/s.* Overall, Figure 6 and Table 1 demonstrate that
QDs conjugated to lipids maintain their inertness as tracking
probes on the cell surface.

The main advantage of QD probes over their dye counterparts
is expected to be seen in the case of fluorescence high-speed
imaging. The higher brightness of the QD-lipids in comparison
to dye-labeled lipids makes them particularly suited for faster
than video rate fluorescence microscopy. Further, the use of
organic dyes in high-speed imaging requires increased excitation
laser powers, which decreases the lifetime of the organic dyes.
In comparison, the photostability of the QD probes allows for
long-time, high-speed single-particle imaging. Figure 7 presents
typical trajectories from high-speed tracking experiments on the
plasma membrane of NRK fibroblasts using QD-lipids with AEE
coatings. These trajectories demonstrate the high photostability
of QDs and the ability to conduct long-term tracking experi-

ments with these fluorescent probes. Figure 8 illustrates lateral
diffusion and compartment size data from high-speed tracking
experiments on AEE- (left) and LIPO-coated (right) QD-
conjugated lipids in the plasma membrane of NRK fibroblasts.
Here tracking was conducted using four different frame rates
of 30, 120, 400, and 1000 fps. Regardless of the type of QD
coating, the analysis shows that the membrane consists of two
sizes of compartments, consistent with those observed previously
with 40 nm diameter gold-labeled lipids.*® As the frame rate
increases, the measured diffusion coefficient of QD-lipids
increases as expected, and the smaller compartments dominate
in the analysis. For comparison, the diffusion coefficient
determined with 40 nm diameter gold-labeled lipids viewed at
500 fps was 1.6 um?/s,*” which agrees well with this study of
AEE and LIPO QD-lipids at 400 fps, where 0.85 % 0.15 um?/s
was obtained. Overall, the tracking data in Figure 8 illustrate
that AEE and LIPO QD-lipids show very similar diffusion
properties on the cell surface. The current studies also demon-
strated that fluorescence-based single-molecule tracking experi-
ments can be conducted with frame rates of up to 1000 fps,
which currently is the maximum frame rate of our imaging
system. At 1000 fps, the signal-to-noise ratio, measured as the
ratio of the background subtracted signal to the standard
deviation in the fluctuations of the background subtracted signal,
ranged from 2 to 2.5 on live cells. What is perhaps most
important is that the photostability of the QD probes allows
imaging at these high frame rates for over a second long. Such
long trajectories will allow for quantitative analysis of structure

(47) Fujiwara, T.; Ritchie, K.; Murakoshi, H.; Jacobson, K.; Kusumi, A.
@d 2002, 7157, 1071-1081.
(48) Ritchie, K.; Shan, X.-Y.; Kondo, J.; Iwasawa, K.; Fujawara, T. Rignlys
J. 2005, 88, 2266-2277.
(49) Goodwin, J. S.; Drake, K. R.; Remmert, C. L.; Kenworthy, A. K.
i ot 2005, 89, 1398-1410.

it i
(50) Metcalf, T. N.; Wang, J. L; Schindler, M. _

1986, 83, 95-99.
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Figure 8. Frame-rate-dependent change in histograms of the diffusion coefficient and compartment size obtained using AEE- (left) and LIPO-coated QD-
lipids (right) in the plasma membrane of NRK cells. The data illustrate the features of hop diffusion at high frame rates.

and interactions in the membrane. The access to higher frame
rates is intriguing because it improves the spatial resolution of
the imaging approach.*® The improved spatial resolution is
particularly advantageous to probe sub-diffraction-limit-size
heterogeneities in cellular systems, which could previously be
studied only using much larger Au labels.

Conclusion

Previous single-molecule tracking experiments on lipids have
been limited by either a probe size, notably exceeding that of
the labeled biomolecule (colloidal Au), or poor photostability
(fluorescent dyes). In the current study, these limitations are
overcome by conjugating CdSe/ZnS QDs with bioinert surface
properties to lipids and tracking their lateral mobility in planar
model membranes and in plasma membranes. Our studies show
that highly photoluminescent, capped CdSe/ZnS with a size of
less than 10 nm can be applied as powerful tracking probes in
single-lipid tracking applications. The results presented herein
highlight their particular strength in state-of-the-art high-speed
single-molecule imaging. This experimental approach is very
attractive for obtaining information about heterogeneities of
biomolecules with a spatial resolution of less than 100 nm,
which, so far, have only been detectable using 40—50 nm
colloidal Au probes. Since molecular crowding is a common
feature of many cellular regions, the smaller size QDs are
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expected to outperform their colloidal Au counterparts in many
imaging applications. QDs are also advantageous because, unlike
Au probes, they can be employed in multicolor experiments
where different types of biomolecules can be monitored at the
same time. Although the current work has focused on QD-
conjugated lipids, the presented technology is easily applicable
to the long-term, high-speed tracking of individual proteins. For
example, as will be described in a future paper, conjugation of
QDs to proteins was easily accomplished by replacing male-
imide functional groups on the QD surface with succinimidyl
ester, which is reactive to amine groups of proteins (data not
shown).
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