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E
ndocytic trafficking of membrane
surface-expressed receptor proteins
is a complex and dynamic process

that is critical to governing cellular signal-

ing and consequent cell function. Endocytic

regulation of surface-expressed receptor

proteins involves receptor internalization,

transport, and breakdown in a series of in-

tracellular vesicle containers in a crowded

cytoplasmic environment.1–4 Understand-

ing receptor endocytic trafficking at the

level of single or small numbers of recep-

tors, at specific time points during a recep-

tor’s lifetime, has been a challenge in biol-

ogy. Current bioimaging and biochemical

methodologies face limitations which make

difficult the dynamic detection of discrete

ligand�receptor complexes and probing of

their associated proteins. First, the fluores-

cent dyes and genetically engineered pro-

tein tags (Cy3, GFP) are dim, and their re-

ceptor labeling produces diffuse

fluorescence, thus preventing prolonged

glimpses of discrete groups of receptor

molecules for substantial lengths of time.

Second, GFP-tagged receptors are ex-

pressed in random amounts inside cells

and therefore the state in a lifetime of any

particular tagged-receptor protein is un-

known. Third, it is impossible to distinguish

ligand-bound versus free GFP-tagged recep-

tors from one another. Fourth, determina-

tion of the association of receptors with

other protein/vesicle compartments can-

not be easily correlated with receptor dy-

namics since both real time imaging and

biochemical assays are performed sepa-

rately and because the sensitivity limita-

tions are often done under different experi-

mental conditions, making data difficult to

interpret. A sensitive probe that would al-

low investigators to obtain dynamic infor-
mation about the real time movement of
single or small numbers of receptors, and
identify in vivo receptor interactions with
other cellular protein (e.g., vesicle, ligand)
and the vesicle containers in which recep-
tors are transported at known time points
during a receptor’s lifetime would be of
great value to investigators.

Quantum dots (QDs) are fluorescent
nanoparticles that may offer solutions to
the current technical limitations encoun-
tered in studying receptor dynamics inside
cells. QDs are intensely bright, allowing the
detection and resolution of single fluores-
cent particles, and their photostability ex-
ceeds that of fluorescent-dye-tagged
proteins.5–10 Furthermore, QDs can be in-
troduced, in a synchronized and controlled
manner, to cells in order to selectively bind
receptors. While the value of QDs as tags for
activating and tracking proteins on the ex-
tracellular membrane surface has been
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ABSTRACT Endocytic receptor trafficking is a complex, dynamic process underlying fundamental cell function.

An integrated understanding of endocytosis at the level of single or small numbers of ligand bound-receptor

complexes inside live cells is currently hampered by technical limitations. Here, we develop and test ligand nerve

growth factor-bound quantum dot (NGF-QD) bioconjugates for imaging discrete receptor endocytic events inside

live NGF-responsive PC12 cells. Using single particle tracking, QD hybrid gel coimmunoprecipitation, and immuno-

colocalization, we illustrate and validate the use of QD-receptor complexes for imaging receptor trafficking at

synchronized time points after QD-ligand�receptor binding and internalization (t � 15�150 min). The unique

value of these probes is illustrated by new dynamic observations: (1) that endocytosis proceeds at strikingly

regulated fashion, and (2) that diffusive and active forms of transport inside cells are rapid and efficient. QDs are

powerful intracellular probes that can provide biologists with new capabilities and fresh insight for studying

endocytic receptor signaling events, in real time, and at the resolution of single or small numbers of receptors in

live cells.

KEYWORDS: endocytosis · quantum dot · trafficking · neurotrophin · receptor ·
microtubule · active transport
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well-demonstrated,11–21 and the capability of cells to in-
ternalize QDs into endocytic vesicles is
well-recognized,6,13,22–31 the potential use of QDs as in-
tracellular tags for dissecting specific endocytic pro-
cesses is not understood.

Here, we test the hypothesis that QDs can serve as
physiologically faithful biological probes for tracking
the endocytic regulation of single QD-receptor com-
plexes inside live cells. We use QDs that are conjugated
to the peptide growth hormone, nerve growth factor
(QD-NGFs). NGF is a ligand that activates NGF receptors
(TrkA and p75) and plays critical roles in regulating in-
tracellular signaling in neurons.32–36 We and others
have recently demonstrated that QD-NGFs are capable
of activating TrkA receptors,37 that intact QD-NGF-TrkA
complexes are internalized into cells, and that QD-NGFs
can be visualized in dynamic movement in cells.27,38,39

In the present studies, we show through a combination
of single particle tracking, QD hybrid gel coimmunopre-
cipitation, and immunostaining assays, all of which can
be implemented in the same experimental preparation,
that QDs serve as intracellular probes for faithful track-
ing of receptor endocytosis at synchronized time points
after their binding and internalization in live cells. The
additional value of these probes is illustrated by the
unique observations that (1) internalized receptors are
processed with strikingly synchronized phases of en-
docytosis and that (2) both diffusive and active forms
of transport are rapid and efficient despite the crowded
cytosolic cellular environment. Application of these QD
probes to understanding endocytic regulation at the
scale of single or small numbers of receptor complexes
will yield new insight into how intracellular endocytic
mechanisms shape cellular signaling and govern over-
all cell function.

RESULTS AND DISCUSSION
Tracking Single QD-NGF-Receptor Complexes. In past work,

we demonstrated that QD-NGFs retain bioactivity, bind
to TrkA receptors, and activate TrkA signaling to in-
duce neurite outgrowth.27,37,40 Moreover, QD-NGF-
TrkA complexes can be identified inside cells, and QD-
NGF complexes can be visualized in motion inside
cells.27,37 Here, we first quantified the specificity of QD-
NGF binding by counting the number of QDs that were
bound when cells were treated with QD-NGFs com-
pared to the number of QDs that were bound when
cells were treated with control QD-streptavidin (the
portion of the probe that does not contain the biotiny-
lated NGF ligand). Following, we tested the possibility
of using single particle tracking to observe the motion
of QD-NGFs inside live cells.

Immediately following treatment (15 min of QD-
NGF incubation at 37 °C), QD-NGFs bind to PC12 cell
membranes in a punctate pattern (Figure 1A). In con-
trast, cells treated with control QD-streptavidin at the
same concentration do not show a significant degree of

fluorescent binding. At t � 15 minutes, a majority
(�80�90%) of membrane-bound QD-NGFs are rapidly
internalized into the cell cytosol. Figure 1B is a represen-
tative image showing that QD-NGFs have disappeared
from the plane of the membrane and can be found at a
z-plane that is 5 um from the top membrane surface,
within the cytosol at 18 min after QD-NGF treatment.
We know that a distance of z � 5 um from the top
membrane surface is clearly located in the cell cytosol
on the basis of three observations: (1) the NGF-treated
PC12 cells used in this work consistently measure 8�10
um in cell diameter (measured from 0.5 um thick
z-stacks across 15 cells, see Supporting Information, Fig-
ure S1), (2) from a focal imaging plane that is 5 um
into the cell, we consistently measure a distance of sev-
eral micrometers before reaching the collagen
substrate-coated dish floor, and (3) a focal imaging
plane of 5 um into the cell is never coincident with the
sparse, uniformly dispersed QD-NGF populations which
adheres to the collagen and marks the plane of focus
at which the bottom membrane of the cell contacts the
dish floor. These results show that time course of QD-
NGF internalization is rapid and similar to that for
known measures of NGF-activated TrkAs internaliza-
tion in the PC12 cells. This contrasts the slower internal-
ization rate of NGF-activated p75 receptors (internaliza-
tion rate t1/2��42�50 min), suggesting that we are
predominantly observing NGF-TrkA internalization at
early time points.41–45

Because of difficulty distinguishing between NGF-
binding to TrkA and p75 receptors, we use the term QD-
NGF-TrkAs only in cases where this can be directly con-
firmed. Figure 1C shows quantitative measures of QD-
NGF specific binding and illustrates that the likelihood
of observing membrane-bound QD-NGFs via NGF-
mediated interactions is �93% (26 NGF-QDs: 2
streptavidin-QDs) and the likelihood of observing inter-
nalized QD-NGFs via specific NGF-mediated interac-
tions is 91% (30 NGF-QDs/3 streptavidin-QDs). These
data show that QD-NGFs bind to the cell membrane
surface and are subsequently endocytosed into cells via
the NGF working end of the QD-NGF probe.

Internalized QD-NGFs (at t � 20 min after treat-
ment) were found to be composed of individual QD-
NGFs as they all exhibited QD-NGF fluorescence fluctua-
tions, or “blinking”, and an anisotropic oval-shaped
fluorescence profile characteristic of single ellipsoid
655 nm (red) QDs.7 Figure 1D illustrates both of these
features for a single QD-NGF tracked in the cell cytosol.
The single particle tracking algorithms applied were
successful in tracking the movement of single QD-NGF
complexes inside cells and could successfully interpo-
late between frames during which QDs blinked (e.g., the
second and fourth frames in Figure 1D).

QD-NGF Dynamics Reflect Distinct, Uniformly-Regulated Stages
of Endocytosis. Particle tracking of individual QD-NGF
complexes revealed a variety of dynamics that could
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be grouped into four general classes of movement.

These general classes of movement occurred at dis-

tinct time intervals after endocytosis. First, immediately

following QD-NGF treatment, QD-NGF complexes ex-

hibited diffusive movement that circumscribed the

membrane surface. This was most evident at t � 15

min, when most QD-NGF complexes had moved from

the membrane surface into the cytosol, and the motion

of QD-NGF complexes remaining on the membrane

could be followed at durations of 20 –30 s with confi-

dence that the same, single QD-NGF complex was

tracked (Figure 2A). Second, after internalization, QD-

NGF complexes experienced two general forms of cyto-

solic diffusion: (a) restricted diffusion, which consisted

of loosely confined random displacements (Figure 2A,

white arrowheads) and (b) unrestricted diffusion (Figure

2A, white arrows) which traversed a large area and did

not appear to retrace its path. We defined all trajecto-

ries that had a steady baseline and were composed of

small fluctuations, (� �200 nm), interspersed with

large, intermittent (�200 nm) fluctuations, as exhibit-

ing restricted diffusion (Figure 5A). We defined all tra-

jectories that had no steady baseline (average baseline

� �200 nm) as exhibiting unrestricted diffusion (Figure

5D). Mean square displacement analysis of both of

these types of fluctuations indicated that they were dif-

fusive (data not shown). Third, many QD-NGF com-

plexes exhibited active transport as evident by linear,

directed movements (Figure 2A). These directed move-

ments exhibited sustained transport in a single direc-

tion and, in some cases, sustained transport in a forward

and backward direction. We defined all trajectories

that contained at least one net linear, saltatory displace-

ment (Figure 6A) as exhibiting active transport. Fourth,

at longer durations (t � 60 min), QD-NGF complexes ex-

hibited confined diffusion, that consisted of diffusive

fluctuations which were similar to the baseline fluctua-

tions observed with restricted diffusion; however, these

Figure 1. QD-NGF-receptor specific binding, rapid internalization, and single QD tracking in PC12 cells. (A) PC12 cells examined immedi-
ately after 10 nM QD-NGF treatment show punctate fluorescence at membrane surface at t � 0 after treatment (15 min preincubation with
QD-NGF at 37 °C). Parallel control experiments using control 10 nM QD-streptavidin (the portion of the QD-NGF probe that does not con-
tain the biotinylated NGF ligand) show a lack of significant fluorescence binding. Images were acquired and processed under the same
conditions. (B) QD-NGF internalization at t > 15 min after treatment. At t �18 min, punctate QD-NGF fluorescence disappears from the
membrane surface (left image) and is found in the same field of view at a lower plane of focus in the cell (�5 �m from the cell membrane).
Z-stack information shows that this focal imaging plane resides within the cell interior (see text and Supporting Information S1). (C) His-
togram showing the number of QDs per cell focal plane for cells treated with QD-NGF and control QD-streptavidin. Likelihood of observ-
ing membrane-bound QD-NGFs via NGF-mediated interactions is �93% (26 NGF-QDs/2 streptavidin-QDs), and the likelihood of observ-
ing internalized QD-NGFs via specific NGF-mediated interactions is 91% (30 NGF-QDs/3 streptavidin-QDs). Focal planes are located at the
cell membrane surface and cell center (�5 �m from the membrane surface). QD counts taken at t � 0�15 min and t �16�90 min after
treatment from a total of 90 cells (3 independent experiments: control membrane n � 21 cells; control cytosol n � 28 cells; test membrane
n � 12 cells; test cytosol: n � 29 cells). Error bars are std. (D) Particle tracking of an internalized single QD-NGF complex. Single QD-NGF
composition is indicated by QD-NGF fluorescence blinking fluctuations and an anisotropic ellipsoid fluorescence profile. Particle tracking
algorithms successfully track QD-NGF movement and can interpolate between frames during QD blinking (e.g., the second and fourth
frames).
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trajectories were confined to movement that within

spherical regions (Figure 2A). Trajectories that were de-

fined by a steady baseline � �200 nm (Figure 7A) and

whose trajectories were spherical were defined as ex-

hibiting confined diffusion.

To determine if these general classes of movement

were associated with distinct phases of endocytosis,

we randomly tracked a large set of individual QD-NGF

complexes inside cells (n � 181) and then categorized

the motion of each QD-NGF complex without prior

knowledge of the time point at which the data were ob-

tained. The table in Figure 2B shows a cumulative sum-

mary that indicates that QD-NGF complexes exhibit

movements synchronized to distinct endocytic phases.

First, QD-NGF complexes undergo restricted and unre-

stricted diffusion (t � 16�30 min). Following this, QD-

NGF complexes undergo active transport (t � 30�90

min). Finally, QD-NGFs undergo confined diffusion (t �

90�150 min). At t � 90�150 min, a subpopulation of

QD-NGFs exhibit diffusive-based dynamics of confined

movement. Given the slower time course of NGF-p75

internalization compared to that of NGF-TrkA, this sub-

population could represent QD-NGF-p75 receptor com-

plexes that are internalized at later time points.44,45 Al-

ternatively, this subpopulation could also represent QD-

NGFs that remain in cytosolic diffusion for longer time

periods.

These data show that QD-NGF complexes undergo-

ing endocytic trafficking inside cells exhibit distinct

types of movement that reflect underlying phases of

endocytosis. A valuable trait of these QD-NGF probes

is the capability to monitor the single experience of a

large population of QD-NGF complexes. This allowed us

to make the new observation that QD-NGF complexes,

once endocytosed, do not exhibit much variation;

rather endocytic processing occurs in phases that are

regulated with a high degree of uniformity.

QD Hybrid Gel Co-Immunoprecipitation Assays Confirm Intact

QD-NGF Probe-Receptor Composition. NGF ligands remain as-

sociated with their receptors inside cells for prolonged

periods of time after endocytosis,35,45–52 but may even-

tually dissociate from receptors in progressively acidic

late vesicles. To confirm that QD-NGFs remain associ-

ated with NGF receptors after their internalization and

at progressive time points during endocytosis, we use a

novel QD hybrid gel coimmunoprecipitation tech-

nique.40 An important advantage of this method com-

pared to traditional assays (immunoprecipitation, sur-

face biotinylation) is that we can discriminate surface-

derived QD-NGF-activated TrkAs from other surface-

expressed or cytosolic TrkAs. Moreover, QD bright

fluorescence allows extremely sensitive detection, and

therefore low concentrations of QD-NGF can be used

which are comparable to the experimental conditions

in which QD-NGF dynamic tracking experiments are

performed.

The color image in Figure 3A is an electroblot of

cell lysates collected at fixed time points from live PC12

cells treated with QD-NGFs. The control lane is loaded

with a sample of freely soluble QD-NGF (e.g., no cell ly-

Figure 2. QD-NGF complexes exhibit distinct dynamics at progressive phases of endocytic trafficking. (A) Trajectories of
QD-NGF complexes at progressive time points that are superimposed on corresponding video stills show synchronized
phases of movement: (1) membrane diffusion; (2) two forms of cytosolic diffusion: “restricted diffusion” (arrowheads) and
“unrestricted diffusion” (arrows); (3) active transport; and (4) confined diffusion. Scale bar � 5 �m. (B) Table showing of the
number of trajectories categorized by type of movement at each time interval. Trajectories were categorized without prior
knowledge of their time point (see text for criteria). A total of 181 QD-NGF trajectories of 20 –30 s duration each were exam-
ined from 3 independent experiments consisting of 2 dishes each. Asterisks mark onset of distinct stages of dynamic move-
ment that reflect phases of passage through endocytic pathways.
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sate). QD-NGF complexes fractionate in a defined band,
and steady levels of QD-NGFs are present in cell ly-
sates at all time points t � 0�150 min following QD-
NGF treatment. Cell lysate-collected QD-NGF collected
from cell-lysates (lanes t � 0�150 min) migrate more
slowly through the gel compared to freely soluble (con-
trol) QD-NGFs, and indicate that cell lysate-collected
QD-NGFs may be complexed to NGF receptors such as
TrkA. Figure 3B shows the same membrane after hy-
bridization with anti-TrkA-green QDs, and shows a hue
change in the bands in all lanes (lanes t � 0�150 min
but not control lane) indicating that QD-NGF-TrkA com-
plexes are present. Little change was seen in the levels
of QD-NGF-TrkA complexes for time points up to 2.5 h
after treatment. This is again more clearly illustrated in
the grayscale images that separate the color image into
monochrome RGB separated channels (blue channel
contains no information, and is not shown). Again, a
lack of green fluorescence in the control soluble QD-
NGF lane confirms that the green fluorescence is due
to specific binding of red QD-NGF-TrkA-green QDs. Ad-
ditional negative control experiments performed un-
der the same experimental conditions as that used in
Figure 3 further verify that anti-TrkA green QDs did not
produce nonspecific binding to TrkA complexes or
QD655-streptavidin alone (see Supporting Information,
Figure S2).

In summary, these data illustrate a method for con-
firming that endocytosed QD-NGF-TrkA receptors re-
main intact inside cells. We find a sustained persistence
of QD-NGF binding to surface-derived TrkA which is
consistent with past biological studies using free NGF
(�50% of surface biotinylated TrkA is intact in cells at
60�100 min after internalization).43,45 This supports the
physiological-relevant behavior of QD-NGF probes for
tracking receptor endocytosis.

QD Immuno-Colocalization Provides Identity of QD-NGF
Vesicles for Correlation with QD-NGF Dynamics. Upon internal-
ization into clathrin-coated pits, NGF-receptors (TrkA
and p75) are subsequently transferred into early
endosomes.45,53 To identify the compartments in which
QD-NGF complexes may reside during early endocyto-
sis and to relate this to the QD-NGF dynamics we ob-
served, we performed colocalization studies of QD-NGF
complexes with early endosome antigen-1 (EEA-1), a
marker for early endosomes.54

Immuno-colocalization experiments were per-
formed with QD-NGF-treated PC12 cells under condi-
tions identical to live cell tracking experiments. Cells
were fixed at a series of time points, immunostained
and imaged. Measurements of radioactive NGF in PC12
cells show little difference in NGF binding and internal-
ization kinetics of at 10�40 nM.55 Therefore, QD-NGF
concentrations were titrated (10�40 nM), and an opti-
mal concentration of 40 nM (4� the concentrations
used in live cell experiments) was found to yield a num-
ber of internalized QD-NGF-receptor complexes opti-

mal for detecting changes in colocalized QD popula-

tions. Figure 4A shows projection images of cells fixed

at t �15, 30, and 45 min. Because the size of QD-NGFs

and the vesicles that contain them are less than that of

an optical section thickness (0.5 um), the fluorescence

of QD-NGF complexes and vesicle endosomes was usu-

ally confined to a single optical section; this combined

with the bright emission intensity of QDs allowed punc-

tate and distinct colocalization of QD-NGFs within im-

munostained vesicle compartments. At t �15 min, sev-

eral red QD-NGF-receptor puncta colocalize with green

EEA-1 early endosomes (Figure 4A), and examination of

zoomed-in images of colocalized puncta showed clear

containment of QDs inside early endosomes (Figure

4D). At t � 30 min, a greater number of QD-NGF-

receptor complexes have moved away from the mem-

brane periphery and further toward the cell center, evi-

denced by the clear presence of fluorescence-free dark

round nuclei. At this phase of endocytosis, QD-NGF-

receptor complexes can be found in early endosomes

(Figure 4B,E). However, at t � 45 min, there is little colo-

calization of QD-NGF-receptors with EEA-1 early endo-

somes (Figure 4C,F).

These data are consistent with expected receptor

endocytic trafficking and show that QD-NGF com-

plexes transiently reside in early endosomes in early

phases of endocytosis. The time period in which the

bulk of QD-NGF-receptor complexes colocalize with

early endosomes (t � 45 min) occurs before the time

period during which we observe the bulk of QD-NGF-

receptor microtubule-driven transport (t � 30�90 min)

(Figure 2B, table). This is in line with previous work

showing that NGF-TrkA complexes are sorted from

early endosomes into MVB/late endosomes,45 and that

sorting into early endosomes occurs before long-

distance transport in late endosomes.36,56

Figure 3. QD hybrid gel coimmunoprecipitation directly confirms QD-NGF
binding to TrkA receptors at progressive endocytic phases. Color images are
electroblots of fractionated (red) QD-NGFs obtained from cellular lysates prior
to hybridization (A) and posthybridization with (green)-QD anti-TrkA recep-
tor antibody (B). Lanes are t � 0, 30, 60, 150 min after QD-NGF treatment and
a control lane containing soluble QD-NGFs (no cell lysates). Color images
were viewed under UV trans-illumination and monochrome images below
are red and green separated channels. Respective color and channel-
separated images in panels A and B were obtained and processed under the
same imaging conditions. The increased background brightness after posthy-
bridization (B) is caused by transparency-enhanced membrane wetting and
the presence of posthybridization-applied blocking proteins.
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QD-NGFs Show Receptor Diffusion in Cells is Elastic and Far-
Ranging. QD-NGFs exhibited diffusive behavior which
was consistent with past observations of ligand-bound
receptors and vesicle endosomes undergoing early en-
docytic diffusive dynamics, prior to active transport.57,58

We applied QD-NGF dynamic tracking to study this dif-
fusive behavior. Quantitative analysis indicated that
QD-NGFs exhibited restricted diffusion (79% of all QD-
NGF complexes undergoing cytosolic diffusion) com-
pared to unrestricted diffusion. Restricted diffusion was
characterized by a steady baseline that contained both
a large and a small component of fluctuation (Figure 5A,
video 1). Both small and large fluctuations were revers-
ible, straying away and then returning to the same
baseline. The elastic nature of these movements sug-
gest that they involve collisions of the QD-NGF com-
plex and the vesicle endosome it resides in with other
deformable cytosolic structures. Large fluctuations

were as large as 1 �m; this is an appreciable
distance compared to the diameter of a cell
(1/10 diameter of a cell) (Figure 5B). These
large displacements thus likely represent the
collision of an endosome containing QD-
NGF-complexes with other cytosolic struc-
tures, such as cytoskeletal filaments, which
are known to possess elastic properties.2

Small fluctuations exhibited an average de-
viation from a baseline of � 122 nm, and
95% of all fluctuations were �250 nm (Fig-
ure 5C). These small displacements could
represent smaller scale collisions of QD-NGF
vesicle endosomes with other elastic cytoso-
lic structures as well as collisions of the QD-
NGF complex within vesicle endosomes
(early endosomes, late endosomes, and lyso-
somes measure �250 nm in PC12 cells59).

A minority of QD-NGF complexes under-
going cytosolic diffusion, 21% (15/73 cases
of cytosolic diffusion) experienced unre-
stricted diffusion that was less constrained
(Figure 5D and video 2). This form of unre-
stricted diffusion was composed of a mixture
of different types of displacements, includ-
ing large and small fluctuations, sustained
pauses, and a lack of a steady baseline (Fig-
ure 5D). These QD-NGF complexes were not
undergoing true “unrestricted diffusion”
given the crowded cytosolic environment
and traversed appreciably large regional di-
ameters (2.5�6 �m). The presence of sus-
tained linear trajectories indicated that unre-
stricted diffusive transport could involve
transitory interactions with microtubule net-
works (linear movement, Figure 4D). Because
of difficulty in obtaining a large sample of
these fewer-occurring numbers of QD-NGF
complexes undergoing unrestricted diffu-

sion, we did not further analyze the dynamics of unre-
stricted diffusive motion.

In summary, QD-NGF complexes exhibit diffusive dy-
namics that are consistent with past studies.57,58 A major-
ity of QD-NGF complexes undergo restricted diffusive
movements that are elastic and likely involve the colli-
sion of the QD-NGF complex within endosome and other
deformable cytosolic structures. The new observation
that QD-NGF complexes undergo far-ranging, elastic fluc-
tuations (at appreciable distances of up to 1/10 the diam-
eter of a cell), questions the conventional belief, based
on mathematical modeling, that diffusion may be ineffi-
cient in the crowded cytosolic environment.35,60

QD-NGFs Show Uniform and Far-Ranging Receptor Transport
on Single Microtubules. Active transport of receptors and
other protein cargo inside cells is mediated through
energy-expending molecular steps along cytoskeletal
motor filaments, such as actin, and microtubules.61,62 QD-

Figure 4. Imuuno-colocalization assays identify specific QD-NGF vesicle compartments
for correlation with QD-NGF dynamic behavior. Panels A, B, and C show transient local-
ization of QD-NGF in early endosomes. Collapsed vertical sections of PC12 cells treated
with 40 nM QD-NGFs (red) and immunostained with the early endosomal marker anti-
EEA-1-Alexa 488 (green) at t � 15, 30, and 45 min after QD-NGF treatment. Yellow puncta
denote colocalization of QD-NGF complexes with early endosomes. Blue arrows outline
approximate location of cell membranes (corresponding to DIC bright field images at
middle of the z-stack) and “N” denotes cell nuclei. Scale bar: 5 �m. (d, e, f) Magnified sec-
tions are indicated respectively by the boxed region in panels A�C and shows a pattern
of QD-NGF colocalization with EEA1 positive endosomes which predominates at t � 15
and 30 min (arrows), but which disappears at t � 45 min. Note: QD-NGF and EEA-1 vesicle
fluorescence predominantly localize in single vertical sections (0.5 �m thickness). Scale
bar: 2 �m.
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Figure 5. QD-NGF cytosolic diffusion is characteristic of early endocytosis but shows surprising far-ranging mobility. (A)
Representative plot of QD-NGF complexes undergoing restricted diffusion. Movements consist of large and small compo-
nents of fluctuations that are elastic, returning to a steady baseline. Inset is the corresponding trajectory of this QD-NGF com-
plex (30 s duration, tracked at t � 18 min after QD-NGF treatment) (see video 1 for corresponding real time movie). (B) His-
togram of the magnitude of all collected trajectories showing restricted diffusion. The average magnitude of restricted
diffusion is � 408 nm. Large fluctuations deviate in magnitude that are as large as 1 um from the baseline, a substantial dis-
tance relative to the size of a cell. All trajectories have been zeroed by subtracting the average position of a trajectory from
all positions within a trajectory; n is the number of frames from sampled positions. (C) Histogram of magnitude of small fluc-
tuations shows that the average size of small fluctuations was �122 nm (95% of all fluctuations were <250 nm). Histo-
gram constructed from positional plots selected by eye which did not contain large fluctuations. All trajectories have been ze-
roed by subtracting the average position of a trajectory from all positions within a trajectory; n is the number of frames
from sampled positions. (D) Representative positional plot of QD-NGF complexes undergoing “unrestricted” diffusion shows
a lack of steady baseline, a wide variety of positional displacements (large, small, pauses) and wide regional diameters that
are covered (2.5�6 �m). Inset is corresponding trajectory of this QD-NGF complex (20 s duration, 20 min after QD-NGF treat-
ment) (see video 2 for corresponding real-time movie).

�w An avi movie, video 1 , showing QD-NGF complexes undergoing restricted diffusion is available.

�w An avi movie, video 2 , showing QD-NGF complexes undergoing “unrestricted” diffusion is available.
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NGF complexes exhibited active transport in the form of

linear and directed displacements (Figure 6A, blue arrows;

also video 3) that is consistent with that observed for

microtubule transport.63–65 These linear displacements

represent a run length, or distance along, that protein

cargo is transported before it detaches from the

microtubule.63,66 Run lengths occurred as single events

interspersed among diffusive fluctuations, as a succession

of run length events in one direction or as a succession

of run lengths in a back and forth direction. The addition

of 20 �M nocodazole, a microtubule depolymerizing

agent, completely abolished these linear movements

within 15�20 min, indicating that the principal mode of

active transport was microtubule mediated. We mea-

sured the run-length distance and duration in order to

characterize the dynamics of this microtubule-driven

NGF-receptor transport.

Visual inspection of a total of 72 QD-NGF run lengths

indicated that run lengths were distinct from diffusive

fluctuations and stereotypical in shape. We verified this

by applying a series of moving average filters to auto-

matically detect and measure the distance and duration

of run lengths (see Methods). The average run length

traveled is 0.835 � 0.188 �m (Figure 6B). Run length du-

rations measured on average 0.52 � 0.19 s and thus

were also quite uniform (Figure 6C). The average speed

of QD-NGF active transport was 1.6 �m/sec (ratio of av-

erage distance and duration). This speed is consistent

with in vitro and in vivo speeds of measurements of net

NGF and Trk receptor transport (0.2�2 �m/sec) on

microtubule cytoskeletal filaments.48–50,67

The ability to visualize in vivo single QD-NGF com-

plexes undergoing active transport revealed that recep-

tor complexes undergo uniform and far-ranging transport

Figure 6. In vivo active transport of QD-NGF complexes along single microtubule-motor run lengths is uniform and far-
ranging. (A) Representative position plot of a QD-NGF complex showing active transport. Blue and red traces are the out-
puts of the automatic detection filters applied, diff and run length. Dark blue arrows indicate examples of a succession of
single run lengths. Orange arrow depicts an example of diffusive fluctuations that can be mistakenly detected by the filter;
these “false positives” were confirmed as infrequent (only 4 of a total of 72 run lengths were false, see Methods). Inset is the
corresponding trajectory of this QD-NGF (15 s duration, tracked at t � 73 min after QD-NGF treatment) (see video 3 for cor-
responding real-time movie). (B) Histogram showing that the average run length traveled by QD-NGF-receptor complexes
is 0.835 � 0.188 �m (23% of the mean); 71% of total run lengths are within the range of 0.625�0.975 �m. (n � 72). (C) His-
togram showing that the average duration of a run length is 0.52 � 0.19 s (37% of the mean) (n � 72).

�w An avi movie, video 3 , showing a QD-NGF complex demonstrating active transport is available.
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on microtubule filaments. This transport is very efficient;

once a QD-NGF complex has bound to a microtubule fila-

ment, it is transported a distance of 1 �m (�1/10 cell di-

ameter) along a microtubule before it disengages.

Real-Time Fusion of Vesicles Carrying QD-NGF Complexes in

Late Endocytosis. We observed QD-NGF behavior that

was consistent with endocytic trafficking in later stages

of endocytosis. QD-NGF complexes moved in small dif-

Figure 7. QD-NGF complexes fuse and experience spherically confined diffusion within late endosomes. (A) Representative
positional plot of QD-NGF illustrating magnitude of confinement. Inset is the corresponding QD-NGF trajectory (30 s dura-
tion, tracked at t � 79 min after QD-NGF treatment) (see video 4 for corresponding real-time movie). (B) Histogram of the
magnitude of all collected trajectories showing confined diffusion. The average magnitude of confined diffusion is �425 nm
and 80% of all excursions had a magnitude of �250 nm. (C) Frames from a time-lapse video illustrating the fusion of two
separate QD-NGF complexes (30 s duration, tracked at t � 73 min after QD-NGF treatment). Note the increase in QD inten-
sity following combination (frames 3 and 4) (see video 5 for corresponding real-time movie).

�w An avi movie, video 4, illustrating magnitude of confinement is available.

�w An avi movie, video 5, illustrating the fusion of two separate QD-NGF complexes is available.
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fusive displacements that had an average magnitude
of �425 nm (80% of all excursions within 250 �m) in
late endocytosis (t � 90 min). These displacements
were similar to the small diffusive fluctuations observed
at early phases of endocytosis (Figure 7A and video 4).
However, diffusive movements found in early endocy-
tosis, QD-NGF displacements were confined to distinct
spherical-shaped regions (Figure 7A inset, video 4). QD
fluorescence appeared larger and brighter at these later
phases of endocytosis, suggesting that multiple QD-
NGF complexes reside in these spherical compartments.
In four instances, we observed the real-time fusion of
two single (blinking) QD-NGF complexes which re-
mained fused (Figure 7C, video 5). These data show
that after active transport, QD-NGF dynamic behavior
is consistent with behavior expected at late phases of
endocytosis: QD-NGF complexes fuse into common late
endosomal compartments and undergo spherically
confined diffusion within these late compartments.

SUMMARY AND CONCLUSIONS
In this paper, we have used NGF ligand QD biocon-

jugate probes to investigate the molecular-scale dy-
namics of NGF-receptor complexes undergoing en-
docytic trafficking. Live cell single QD tracking
experiments performed in parallel with QD hybrid gel
coimmunoprecipitation and immuno-colocalization as-
says indicate that QD-NGF probes can be used to visu-
alize the real time behavior of NGF-bound receptor
complexes with nanometer-scale resolution. The time
course of these dynamics can be correlated with the
composition of QD-NGF-receptors complexes as well
as the identity of associated QD-NGF endosomal
vesicles. These sensitive QD-NGF probes differ from pre-
vious measurements in that they directly measure the
behavior of small quantities of surface-derived, NGF-
bound receptors.

Current techniques for visualizing the dynamics of
discrete proteins are limited in discriminating
neurotrophin-bound receptor complexes from that of
free receptors and visualizing neurotrophin-receptor
complexes in discrete numbers. For example, GFP-
labeled proteins cannot resolve single protein com-
plexes that are distributed in diffuse quantities inside
cells. In addition, GFP techniques cannot easily discrimi-
nate among the different states of a particular pro-
tein’s lifetime (e.g., a receptor that has just been inter-
nalized versus a receptor that has been synthesized).
While GFP techniques are suitable for visualizing the
movement of larger endosomes, photobleaching re-
mains a limiting factor in detecting and high-resolution
tracking for extended durations.

Our results support the notion that QDs can be
used as a tag on a surface receptor to faithfully report
intracellular trafficking. First, QD-NGF complexes follow
both diffusive and active transport dynamics that re-
semble studies of endosomal movement observed with

GFP-tagged endosomes, viral particles, synthetic poly-
mer complexes, and other QD-encapsulated
endosomes.29,31,38,39,57,58,68–70 Second, QD-NGF dy-
namics follow a progression of movement that is con-
sistent with classical models of endocytosis: early phase
of diffusive-based transport in early endosomes, trans-
fer to vesicle endosomes that undergo active microtu-
bule motor-based movement, and fusion of multiple
compartments into common late endosomes.1,4,71 A
possible concern of using QD probes is that their size
is larger than that of other fluorescent dyes; however,
it is noteworthy that, in nature, viral particles of compa-
rable or larger size can successfully hijack endocytic
processes in cells.54,72,73 An advantage of using QD-
ligand-bound probes such as QD-NGF to track intracel-
lular receptor dynamics is that the behavior of a ligand-
bound receptor can be quantitatively described with
precise spatial resolution without concern of fluores-
cence bleaching or diffusion of dyes from endocytic
compartments. Future work using QD-protein probes
designed to bind to engineered receptor tags will be
useful for comparing the behavior of ligand-bound ver-
sus free receptors in the same experimental prepara-
tion. In addition, because it is currently not possible to
accurately synthesize and purify QD-probes with known
valence, future development along these lines will pro-
vide probes for comparing monovalent versus multiva-
lent receptor pools.

The intracellular routes and fate of cell-internalized
nanoparticles is dependent on the physiology of the
particular cell system studied as well as the physio-
chemical and size characteristics of the nanoparticle
complex.74–78 A distinct feature of the QD nanoparticle
complexes that we have studied is that the QD-NGF
complex activates and targets a specific receptor and
thus may be expected to follow the endocytic route of
that of NGF ligand-TrkA receptors. In the absence of
QDs, NGF-receptor complexes are endocytosed
through clathrin-coated endosomes, transferred into
early endosomes, and remain intact for sustained peri-
ods of time in later endosomes prior to transfer to
lysosomes.41,46,47,52,53 Our studies show several lines of
evidence that are consistent with the idea that QD-NGF-
receptor complexes are processed in a manner that is
similar to that of NGF-receptor complexes: (1) QD hy-
brid gel coimmunoprecipatation assays show that sus-
tained levels of QD-NGF-TrkA complexes are observed
at t � 15�150 min after endocytosis (Figure 3), (2) QD
complexes colocalize with early endosomes, (3) QD-
NGF complexes show almost no colocalization with ly-
sosomal markers at time periods up to 150 min (unpub-
lished data), and (4) QD complexes can be mobile,
concentrating at growth cone tips in longer term cul-
ture (t � 48 hrs),27 rather than concentrating in a peri-
nuclear fashion about the nucleus. Although further
studies will be needed to trace the exact vesicular path-
way that QD-NGF complexes pass through after inter-
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nalization, these initial lines of evidence indicate that
ligand-bound QDs will be faithful probes for mapping
specific intracellular receptor trafficking pathways
in cells and correlating this to discrete receptor
dynamics.

Our initial application of QD-NGF probes to study
NGF receptor dynamic trafficking points to several lines
of evidence indicating that NGF trafficking operates
with a strikingly high degree of efficiency at the
molecular-size scale. First, the magnitude of single QD-
NGF undergoing diffusive displacements as well as
transport along microtubules (measured as run lengths)
exhibits little size variation (Figures 5 and 6). Second,
single QD-NGF complexes undergo endocytosis in a
uniform and highly synchronized fashion (Figure 2).
Third, while momentary interactions of endosomes with
microtubule networks may temporarily move endo-
somes significant distances during early phases of diffu-
sion movement,79,80 we observed that there exist elas-
tic displacements that occur during diffusive phases of
endosomal transport. These elastic displacements ap-
pear to transport endosomes over far-ranging dis-

tances, but bounce back to a steady baseline. While it
is believed that endosomal movement is expected to
be severely hampered in crowded cellular
compartments,35,60 there is a possibility that QD-NGF
endosomal complexes may also travel across substan-
tial distances in an elastic manner, perhaps giving com-
plexes momentary access to other substantially distant
cellular sites (Figure 5A). Finally, the in vivo single micro-
tubule run-length distances we measure are appre-
ciable in size (1�m average run length � �1/10 cell
body), and similar to that measured in in vitro assays,81

indicating that a well-regulated efficiency of underlying
active transport mechanisms is retained inside cells. En-
docytosis is a complex process involving the transfer
and transport of NGF-receptors among different vesicle
endosomes in a crowded cytoplasmic environment.1–4

Perhaps these examples of efficiency, which emerge at
the level of single or small numbers of ligand�receptor
complexes, endosomes, and microtubule filaments,
constitute multiple adaptive solutions that cells use to
successfully orchestrate the complex process of en-
docytic trafficking.

METHODS
QD-NGF Conjugation. QD-NGFs were made using previously pub-

lished methods.37 Briefly, NGF (	-NGF, 1156-NG/CF, R&D Sys-
tems) was biotinylated via carboxyl group substitution using bi-
otin hydrazide (Sigma) and 1-ethyl-3-(3-dimethylaminopropoyl)-
carbodiimide (EDAC, Sigma) at stoichiometric ratios that result
in three or less biotins per NGF. QD-NGF complexes were formed
by gentle vortexing and incubation of biotinylated 	NGF with
red 655 streptavidin-QDs (Invitrogen) at a 1:1 molar ratio (4 °C,
1 h). Prior to conjugation, QDs are monodispersed as character-
ized using AFM, TEM, and fluorescence blinking.37,82,83 After bio-
conjugation, nanoparticle QD-NGF conjugates remained mono-
dispersed as confirmed by detection of QD fluorescence blinking
and QD anisotropic ellipsoidal fluorescence profile. Because we
observe single QDs on the membrane surface and inside cells at
early phases of endocytosis, this suggests that QD probes that
we track are bound to single or small numbers of NGF-receptor
dimmers, with little exception. These estimates are supported by
recent ratiometric fluorescent intensity and TEM measurements
of vesicle endosomes of QD-NGF treated primary DRG neurons.38

QD-NGF Treatment of PC12 Cells. PC12 cells (ATCC) were grown in
collagen-coated T-75 flasks in RPMI-1640 (ATCC) supplemented
with 10% horse serum (ATCC) and 5% fetal bovine serum (Gibco)
at 37 °C. Upon reaching confluence, cells were trypsinized and
replated at a density of 16 � 105 cells/mL onto poly-L-lysine
coated glass-bottom Petri dishes (MatTek Corp) that were coated
with 50 �g/ml collagen (rat tail type I, BD Biosciences). Unless
otherwise noted, PC12 cells were incubated with NGF (	-NGF,
100 ng/ml) and allowed to differentiate for 2 days before per-
forming experiments. For QD-NGF treatment, PC12 cells were
rinsed gently with DMEM and incubated with 10 nM QD-NGF in
DMEM for 15 min at 37 °C. Next, cells were gently rinsed twice
with DMEM to remove unbound QD-NGFs, followed by cell me-
dia replacement with RPMI. Cells were then immediately placed
on the microscope stage and imaged at room temperature at
time durations from t � 0 to 150 min after QD-NGF treatment.
Warmed RPMI media was exchanged during the imaging pro-
cess to maintain adequate temperature. We found that under
these imaging conditions, the rate of QD-NGF internalization,
time course of QD-NGF migration toward the center of the cells,
and fusion of multiple QD-NGF complexes into common endo-
somal compartments were similar to that of control experiments

where QD-NGF treated cells were left in the incubator for ex-
tended durations (t � 45 and 90 min) before imaging.

QD-NGF Live Cell Image Acquisition. Images were acquired using a
Zeiss Axiovert microscope equipped with a 100� objective and
a cooled monochrome CCD camera (Axiocam). QD fluorescence
was detected using excitation and emission filters (e460spuv,
D655, Chroma). All time lapse videos were recorded at an over-
all frame interval of 79 ms (with the exception of two videos
which had an overall frame interval of 110 ms) with a camera bin-
ning of 2 � 2 pixels. Image acquisition was done using AxioVi-
sion 4.4 Software (Zeiss).

Single QD Detection and Tracking. To quantify the average num-
ber of QDs per cell from static images, QD particle counts were
made from fluorescence images using a dynamic segmentation
filter (AutoMeasure Plus module in AxioVision, Zeiss). The reliabil-
ity of these automated QD particle counts was verified by
manual counting of the same images. To study the movement
of single QD-NGF complexes, we used performed single particle
tracking using the Image J Particle Tracker Plugin developed by
I. F. Sbalzarini and P. Koumoutsakos.84 For each video clip, indi-
vidual QD-NGF complexes were detected by adjusting param-
eters for radius, cutoff, and percentile, as well as displacement,
to maximize capture of the greatest number of QD-NGFs and en-
sure that the same QD-NGF complex was tracked in all video
frames. A link range parameter of 3�4 frames (the number of
consecutive frames over which interpolation occurs) was deter-
mined to successfully interpolate between frames in which QDs
blink or momentarily disappear from the plane of focus (z-plane).
All individual trajectories were visually inspected and only trajec-
tories were further analyzed in which it was clear that the posi-
tion of the same QD-NGF complex was extracted over the entire
duration of observation. Individual trajectories for each QD were
obtained as avi and text files, and analyzed using custom-written
MATLAB (Mathworks, Inc.) programs.

Analysis of QD-NGF Trajectories. QD-NGF complexes undergoing
active transport exhibited rapid, steplike displacements in posi-
tion that did not return to the baseline, and traversed a net dis-
tance (see for example, Figure 5A). To quantify the magnitude
and duration of QD-NGF displacements, or “run lengths”, we
used a moving average detection algorithm published by Wa-
tanabe et al.29 A difference filter, diff, computed a moving aver-
age difference using the following formula:
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diff ) 1
m ∑

i)n+1

n+m

xi -
1
m ∑

i)n-m

n-1

xi (1)

where xn indicates the position of the nth point, and m is the size
of the filter. The output of diff (Figure 5A, blue trace) represents
the difference of mean positions over m data points before the
nth point, from the mean positions over m data points after the
nth point. To detect the occurrence of a run length, an std
threshold filter was applied to the output of diff. Std threshold
consisted of a moving filter which computes the standard
deviation of m data points before and after the nth point and
detects a run length if diff � 3std. Both diff and std threshold
were optimized so that the magnitude and duration of the run
lengths were best preserved (m � 9) and so that all sustained
excursions were detected as run lengths (thresholding criterion is
diff � 3std). A final thresholding filter, run length, using the
criterion std threshold � 0.6 �m, was applied to minimize false
positives that were contributed by diffusive displacements
(Figure 5A, orange arrow). The false positives were infrequent;
visual inspection showed that of all detected 72 run-length
events, only 4 resembled diffusive fluctuations. We verified that
this final thresholding criterion, while minimizing false positives,
did not overlook run lengths of lesser amplitude. Visual
inspection showed that to minimize false positives, 14% of run
lengths (11 of 79 total) were missed; however, these smaller run
lengths had amplitudes that were close to threshold values (0.5
�m � 0.096) and would not have appreciably changed the
resulting amplitude histogram.

Immuno-colocalization of QD-NGFs and Endosomes. Differentiated
PC12 cells were treated with 40 nM QD-NGFs for 15 min and
then fixed with 4% paraformaldehyde at time points t � 15, 30,
45, 90, and 150 min and 12 h, after removal of unbound QD-
NGFs. PC12 cells were then permeabilized with 0.25% Triton
X-100 (15 mins), blocked with 10% normal horse serum (1 h) and
incubated with primary antibodies: anti-EEA1 (5 �g/ml, Trans-
duction Laboratories, KY) or anti-LAMP1 (5 �g/ml, Developmen-
tal Studies Hybridoma Databank, Iowa). Alexa 488-labeled goat
antimouse IgG (5 �g/ml, Molecular Probes, OR) was used as the
secondary antibody. Fluorescence images were obtained as se-
rial optical sections (0.5 �m thickness) using an Apotome Unit
(Zeiss).

QD Hybrid Gel Coimmunoprecipitation. To determine the associa-
tion of TrkA receptors with QD-NGFs, we used a QD in-gel pull
down technique we developed18 to obtain electrophoretic blots
of cell-internalized QD-NGFs, followed by hybridization with anti-
TrkA antibody (C-14, Santa Cruz). Electrophoresis was performed
at 90�150 V for 1�2 h with 1� TBE running buffer under native
conditions using PA-AGE gels composed of a mixture of
acrylamide�agarose (2% PA�0.5% AGE). PC12 cells were
treated with 40 nM QD-NGFs for 15 min, washed, and then
treated with lysis buffer (PBS, 10% glycerol and 0.25% NP-40)
supplemented with protease inhibitor cocktail (Sigma) and phos-
phatase inhibitors (2 mM sodium orthovanadate and 10 mM so-
dium fluoride), at t � 0, 30, 90, 150 min after washing. Cell ly-
sates were cleared and then mixed with loading buffer (40% w/v
sucrose, 0.25% w/v bromophenol blue) and loaded at on hybrid
PA-AGE gels. Protein concentration of the cell lysates were mea-
sured using the Bio-Rad Protein Assay and loaded at equal
amounts (80 �g) into wells. Gel-fractionated QD-NGF com-
plexes were transferred to PVDF membranes by electrophoretic
blotting. PVDF membranes blots were hybridized with biotiny-
lated anti-TrkA antibody. Antibody biotinylation was performed
by incubation with 500-fold excess of NHS-PEO4-biotin (Pierce)
and followed by dialysis (slide-A-lyzer, 7KD MWCO, Pierce)
against PBS (pH 7.2) to remove unbound biotin. PVDF mem-
branes were blocked with 3% BSA and 0.8 �M avidin (Sigma)
and subsequently hybridized with the biotinylated-anti-TrkA an-
tibody (4 �g/ml in 1� TBS/ 0.1% Tween-20). Subsequently,
membranes were washed (three times for 10 min each with 1�
TBS/0.1% Tween-20) and streptavidin-525 QDs (green) was
added (30 nM in blotting buffer) at 4 °C overnight. A final wash-
ing step was performed (1� TBS/0.1% Tween-20). Images of
protein-QD blotted PVDF membranes were captured with a color
digital camera under UV transillumination (UVP). Care was taken

to capture and process pre- and posthybridization images un-
der the same conditions. Images were transformed to RGB for-
mat and color channels were separated with equal weights us-
ing Image J.
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