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Cell Motility and Metastatic Potential Studies
Based on Quantum Dot Imaging of Phagokinetic
Tracks™*

By Wolfgang J. Parak, Rosanne Boudreau, Mark Le Gros,
Daniele Gerion, Daniela Zanchet, Christine M. Micheel,
Shara C. Williams, A. Paul Alivisatos,* and

Carolyn Larabell*

Motility and migration of cancerous cells are extremely det-
rimental properties that lead to metastases and formation of
secondary tumors. Migration of cells and their metastatic
potential are well known to be correlated, so that metastatic
potential could be rapidly assayed by simply measuring motil-
ity.!] Present methods for observing cell motility suffer from a
number of practical limitations. In this communication we sug-
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gest that recent advances in semiconductor nanotechnology
may potentially enable improved cell motility assays, based
upon the phagokinetic uptake of colloidal quantum dots.

The most direct method for observing cell motility, time
lapse videos of cells in culture,[z] is restricted to measurements
on just a few cells at a time, and therefore this approach is not
widely used to make statistically significant studies of cell
populations. Improved statistics can be obtained with the
“scratched wound method”,m in which a region of the cell cul-
ture substrate is denuded of cells, and then the time scale for
the filling of this “hole” is observed. Unfortunately, the his-
tory of the cell migration paths is lost, and the analysis is com-
plicated by subjective analysis of the complex and variable
patterns of cell motion that lead to hole filling. A significant
advance occurred with the development of the Boyden Cham-
ber invasion assay, in which cells are seeded on one side of a
membrane, and the rate of appearance of cells on the other
side is monitored.*! This method is by far the most widely
used, yet it is extremely laborious; it requires that the cells be
fixed, and thus destroyed, and it certainly does not allow for
real time variation of the external conditions.

Twenty-five years ago, Albrecht-Buehler proposed a meth-
od for studying cell motility based upon observation of
“phagokinetic tracks”." In the most general way, we can say
that a phagokinetic track is generated when a cell passes over
a layer of “markers”, and ingests them, leaving behind a blank
spot equal to the area the cell has traversed. In principle the
method is very powerful, as it provides a rapid and automatic
method for integrating cell motility while preserving the his-
tory of individual paths. Until now, the method has only been
used in a limited way due to problems with the available
markers. Luminescence could not be used for phagokinetic
tracking, because organic dyes bleach too quickly. Instead, the
only marker that has been used is sub-micrometer Au parti-
cles, which can be imaged optically in transmission, and these
impose many limitations, so that the technique has not
received widespread acceptance.

The Au particles must be large (0.15 um) in order to be ob-
servable optically. Such large particles do not stick well to the
substrate, and therefore have to be grown directly on the sub-
strate in a process that yields highly inhomogeneous particle
distributions. Since the particles are grown directly on the sub-
strates by pouring a hot (near boiling) aqueous solution onto
the substrate, the range of usable substrates is limited.
Further, due to the large size of the Au microcrystals, when a
cell moves one diameter, it ingests a volume of Au corre-
sponding to ~1% of the total cell volume, and there is a
strong possibility that this perturbs the cell motility. This is
particularly true for small cells, such as epithelial cells, which
are of particular importance in studies of metastasis and in
neurons. The film homogeneity is poor, and the inter-particle
distance is large, limiting the resolution. Finally, this method
provides only one level of contrast, so that it is restricted to
measurements in two dimensions and it cannot easily be
coupled to information about chemical signals involved in cell
motility. Here we demonstrate the first use of nanometer-size
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colloidal quantum dots as markers for pha-
gokinetic tracks. The preliminary work
shown here demonstrates that the use of
the dots has the potential to circumvent the
limitations mentioned above.

Colloidal quantum dots are protein-sized
crystals of inorganic semiconductors, initial-
ly developed for opto-electronic applica-
tions.’! They are robust and efficient light
emitters, with a wide range of applications
in cell labeling.”! When coated with a suit-
able solubilizing layer, such as silica, they
are stable under physiological buffer condi-
tions.®! Until now, quantum-dot based bio-
logical labeling experiments have been con-
fined to static labeling. Here we show that
colloidal semiconductor nanocrystals are
spontaneously ingested by a wide variety of
cells, while remaining fully luminescent,
thus enabling the tracking of dynamical
phenomena inside cells over periods of
weeks. We also demonstrate that this phe-
nomenon can be used for quantum-dot
based imaging of phagokinetic tracks.

In all the experiments, thin layers of col-
loidal semiconductor nanocrystals were de-
posited on collagen-coated tissue culture
substrates, followed by seeding of cells.”)
Two sizes of colloidal nanocrystals, CdSe(2.8 nm)/ZnS/SiO,,
8 nm total diameter emitting at 554 nm, and CdSe(4.1 nm)/
ZnS/SiO,, 16 nm outer diameter emitting at 626 nm, were
used. The detailed preparation of these samples has been de-
scribed before.®! Two types of cell lines were examined in de-
tail, human mammary epithelial tumor cells (MDA-MB-231)
and non-tumor cells (MCF-10 A), using both confocal fluo-
rescence microscopy and multi-photon microscopy.[w] Several
other cell lines were also investigated, showing similar results.

The colloidal quantum dots were readily ingested by all the
cell lines examined. For instance, as early as three hours after
plating of the tumor cells on the nanocrystal-coated collagen,
the tumor cells had engulfed numerous nanocrystals that are
packaged in small clusters in the cytoplasm, presumably in
vesicles (Fig. 1). Optical sections obtained with the confocal
microscope verify that the nanocrystals are within the cell
rather than on the cell surface (Fig. 2). A single 0.5 um thick
optical section through the nanocrystal-filled vesicles in the
MDA-MB-231 cells was obtained using two-photon excitation
with a Ti:sapphire laser, showing small packages of nanocrys-
tals on the periphery of the large perinuclear vesicles; likely
packages of nanocrystals prior to incorporation in the large
storage vesicles (Fig. 2C). The large cytoplasmic volume occu-
pied by the nanocrystal-filled vesicles becomes quite apparent
in the 3D reconstruction of these optical sections (Fig. 2D).

These cells were also labeled with the dye FM 4-64, a
lipophilic styryl dye frequently used to visualize vacuolar or-
ganelles and to study the endocytic pathway. The FM 4-64
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Fig. 1. Uptake and transport of quantum dots by breast tumor cells. Human mammary epithelial tumor
cells (MDA-MB-231) were grown on collagen that had been coated with a thin layer of silanized,
water-soluble, green fluorescent semiconductor nanocrystals. FM4-64 (# T-3166, Molecular Probes,
Eugene, OR, US) was added to the medium immediately prior to imaging. The FM4-64 was rapidly
incorporated into the cell plasma membrane, internalized, and packaged in small vesicles (red). The
cells also engulfed the nanocrystals and incorporated them into small, but initially separate vesicles
(green). The cells were examined over time by collecting images every 30 s using confocal microscopy.
The FM4-64 suffered from marked photobleaching and was barely detectable after 5 min (C) and not
detectable after 10 min (D). In contrast, the nanocrystals demonstrated no photobleaching and actually
become brighter upon excitation as described previously [8,12]. Multiple nanocrystal-filled vesicles are
seen in the cytoplasm; one such vesicle (blue arrow) can be seen traveling from the cell periphery (blue
dot) toward the nucleus. The scale bar is 10 wm.

rapidly faded during the first 10 minutes of data collection (one
image collected every 20 seconds) due to significant photo-
bleaching, a common characteristic of organic dyes (Figs. 1A-
C). In contrast, no detectable decrease in the intensity of the
green-emitting nanocrystals was observed during the 16 min-
utes of imaging shown here (Figs. 1A-F), or after extended
time periods of laser exposure. After uptake, small vesicles of
nanocrystals were transported from the cell periphery to the
perinuclear region. Transport of one such vesicle is shown in
Figure 1 as it travels at 0.1 um s~ towards the nucleus; a veloci-
ty compatible with transport via microtubule motors. The
growth of cells on a layer of red-emitting nanocrystals gener-
ated identical results (not shown). The size of the nanocrystals
had no effect on uptake, transport, or storage of nanocrystals.
One week after growth on nanocrystal-coated collagen, all
cells contained perinuclear nanocrystals (Fig. 2). To determine
whether nanocrystals were restricted to the cytoplasm, or had
entered the nucleus, 4’,6-diamidino-phenylindole (DAPI) was
added to visualize the chromosomes. Both DAPI and green-
emitting nanocrystals were examined simultaneously using
two-photon excitation at 760 nm wavelength, providing thin
optical sections through the nucleus and demonstrating that
nanocrystals were excluded from the nucleus. There is also no
evidence of degradation of these nanocrystals over time. Cells
that were trypsanized, re-plated on collagen in the absence of
nanocrystals, and examined three days later all contained large
nanocrystal-filled vesicles around the nucleus (Fig. 3). Since
there were no nanocrystals on the extracellular matrix for new
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Fig. 2. Quantum dots are stored in large vesicles. Human mammary epithelial
tumor cells (MDA-MB-231) and non-tumor cells (MCF 10 A) were grown on
collagen gels coated with either green-emitting (8 nm-diameter) or red-emitting
(16 nm-diameter) nanocrystals for 24 h. Optical sections of live cells obtained
using a 40x, 1.3 NA lens determined that the nanocrystals are in the cell cyto-
plasm rather than coating the surface of the cells. A) Non-tumor, relatively im-
motile cells contain a few small vesicles filled with red-emitting nanocrystals.
B) The tumor cells have engulfed numerous green-emitting nanocrystals that
have been packaged in large vesicles that are stored in the perinuclear region.
The size of the nanocrystals had no influence on the ingestion. C) An optical
section obtained using two-photon excitation at 760 nm wavelength with a
Ti:sapphire laser shows that the nanocrystals are not coating the surface of the
vesicles; the vesicles are filled with nanocrystals. Several small clusters of nano-
crystals are also seen approaching the large storage vesicles. D) A 3D recon-
struction of serial optical sections collected with the Ti:sapphire laser at 0.5 um
intervals reveals the cytoplasmic volume occupied by the massive number of
nanocrystals taken up by the tumor cells. The scale bars are: A,B) 10 um,
C,D) 2 pm.

Fig. 3. Quantum dots are stored in perinuclear vesicles. Large vesicles of green-
emitting quantum dots are seen in the perinuclear region of human mammary
epithelial tumor cells (MDA-MB-231) that had been cultured for 7 days. Simul-
taneous two-photon excitation (760 nm wavelength of a Ti:sapphire laser) of
the DNA label, DAPI, and the green-emitting nanocrystals demonstrates that
the vesicles are very close to the nucleus. The scale bar is 10 um.
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cells to engulf, the nanocrystals must be passed to daughter
cells during cell division. No toxic effects of the nanocrystals
on the cells were obvious within 10 days after exposure. How-
ever, no quantitative data are available so far.

The degree of nanocrystal uptake reflects the migratory be-
havior of the cells. MDA-MB-231 cells, which are a highly
dedifferentiated, invasive mammary epithelial cancer cell line,
voraciously engulf nanocrystals as they migrate. In doing so,
they generate a region free of nanocrystals that clearly reveals
their migratory pathways, as can be seen in cells that were cul-
tured on nanocrystal-covered collagen for 24 h (Figs. 4D-F).
Such clearings are not seen around cells examined three hours
after plating (Figs. 4A—C). In contrast, the MCF-10 A cells, a
highly differentiated, spontaneously immortalized, non-tumor
mammary epithelial cell line that is not migratory, demon-
strate an intact layer of nanocrystals around them with little
or no evidence of motility or migration after 24 h of culture
on the nanocrystal-coated collagen (Figs. 4J-L). The layer of
nanocrystals looks virtually identical to that seen around cells
after three hours of growth on the nanocrystal-coated col-
lagen (Figs. 4G-I). The behavior of these two cell types on
nanocrystal-coated extracellular matrix is consistent with the
behaviors characteristically associated with these cell types in
the absence of nanocrystals; MDA-MB-231 cells are very in-
vasive and migratory and MCF-10 A cells are non-invasive,
relatively immotile cells.!!)

The nanocrystal-free zone around the MDA-MB-231 cells
seen after 24 h is created by the engulfment of the nanocrys-
tals as the cells crawl around the dish, rather than the dis-
placement or degradation of nanocrystals. This is clearly dem-
onstrated in Figure 2, which shows optical sections of the cells
obtained using confocal microscopy. Numerous large vesicles
filled with nanocrystals are seen juxtaposed to the nucleus in
the MDA-MB-231 tumor cells after 24 h (Fig. 2B), whereas
only a few, small foci containing nanocrystals can be seen in
the MCF-10 A cells (Fig. 2A).

The uptake of nanocrystals likely reflects non-specific en-
gulfment via a process of pino-, endo-, and/or phagocytosis of
the surrounding matrix. Nanocrystals readily adhere to the
cell surface, most likely due to interactions of the cell surface
glycoproteins and glycolipids with the nanocrystal surface.
Addition of a drop of nanocrystals to a dish of cells not pre-
viously exposed to nanocrystals results in the almost immedi-
ate coating of the entire cell surface with nanocrystals, clearly
delineating all lamellipodia and filopodia (not shown). The
same attraction probably occurs as cells encounter the nano-
crystals as they crawl across the matrix, resulting in adherence
of nanocrystals to the cell surface and subsequent engulfment.
It is less likely that the nanocrystals trigger uptake via the pro-
cess of receptor-mediated endocytosis, since they are non-bio-
logical, but it is possible that the associated matrix to which
they are attached could trigger that process. Whatever the
mechanism, cells engulf nanocrystals as they crawl, leaving
behind a history of migratory movements and accumulating
the evidence of their consumption in large perinuclear storage
vesicles.
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ADVANCED

HUMAN MAMMARY EPITHELIAL TUMOR CELLS (MDA-MB-231)

Fig. 4. Engulfment of nanocrystals reveals migratory paths of breast tumor cells.
Human mammary epithelial tumor cells, MDA-MB-231 (A-F), and non-tumor
cells, MCF 10 A (G-L), were grown on collagen that had been coated with a
thin layer of silanized, water-soluble, red fluorescent semiconductor nanocrys-
tals. Images were collected with a confocal microscope using fluorescence de-
tectors to examine the nanocrystals (B, E, H, K) and DIC (Differential Interfer-
ence Contrast) to visualize the cells (C, F, I, L). The merged images (A, D, G, J)
show the cells and the layer of nanocrystals. After 3 h, the layer of nanocrystals
beneath the tumor cells (B) and non-tumor cells (H) looks fairly continuous.
The cells can only be seen using DIC imaging alone (C, I) or in the merged fluo-
rescent/DIC image (A, G) but not with fluorescence alone (B, H). After 24 h
large clearings in the nanocrystal layer are observed around the tumor cells (D,
E), but not the non-tumor cells (J, K). The nanocrystal-filled tumor cells are
also fluorescing brightly after 24 h (E). The non-tumor cells, in contrast, seen in
DIC (L) cannot be detected with the fluorescent detector after 24 h (K). The
images were collected at the optical section that best showed the layer of nano-
crystals. Since some tumor cells are crawling into the underlying collagen after
24 h, they are less distinct in the DIC image (F). Figures 4A—C are a composite
of several small images of adjacent regions on the dish. The arc of brighter fluo-
rescence is due to photo brightening caused by illumination of that region to
the mercury arc lamp. The scale bars are 200 pum.

Colloidal quantum-dot based phagokinetic tracking as dem-
onstrated here, promises to be a versatile and powerful meth-
od of quantifying motility in a wide variety of circumstances.
Because the preparation of the markers has been separated
from the process of substrate priming, a wide variety of tissue
culture substrates can be used, including growth on extracellu-
lar matrix substances. This approach generates a thicker, but
more natural, environment compared to glass cover slips. The
quantum dots are robust and do not photobleach, and yet they
are small enough to be non-perturbative to the cells, and to be
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MATERIALS

useful for phagokinetic tracking of small epithelial cells that
are responsible for 90 % of cancers. Since the detection is lu-
minescence based, the tracks can be observed using standard
fluorescence microscopy. Dots with many emission colors can
be prepared and bio-conjugated to a range of targeting mole-
cules, so that it is possible to monitor cell motility and migra-
tion while simultaneously tracking specific proteins tagged
with complementary fluorescent molecules (green fluorescent
protein (GFP), cyan fluorescent protein (CFP), yellow fluo-
rescent protein (YFP), or blue fluorescent protein (BFP)). Fi-
nally, it is of great interest to study motility in three dimen-
sions in layered extracellular matrix media, and this is
possible if the colloidal dots of different size are deposited in
a vertical gradient, providing depth contrast. Quantum-dot
based phagokinetic tracking thus has the potential to lead to a
wide range of new methods for the quantification of cell mo-
tility and the rapid assessment of metastatic potential.
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