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ABSTRACT: In this work we utilize the combination of labelfree total internal reﬂection microscopy and total internal
reﬂectance ﬂuorescence (TIRM/TIRF) microscopy to achieve
a simultaneous, live imaging of single, label-free colloidal
particle endocytosis by individual cells. The TIRM arm of the
microscope enables label free imaging of the colloid and cell
membrane features, while the TIRF arm images the dynamics
of ﬂuorescent-labeled clathrin (protein involved in endocytosis
via clathrin pathway), expressed in transfected 3T3 ﬁbroblasts
cells. Using a model polymeric colloid and cells with a
ﬂuorescently tagged clathrin endocytosis pathway, we demonstrate that wide ﬁeld TIRM/TIRF coimaging enables live
visualization of the process of colloidal particle interaction with the labeled cell structure, which is valuable for discerning the
membrane events and route of colloid internalization by the cell. We further show that 500 nm in diameter model polystyrene
colloid associates with clathrin, prior to and during its cellular internalization. This association is not apparent with larger, 1 μm
in diameter colloids, indicating an upper particle size limit for clathrin-mediated endocytosis.
KEYWORDS: imaging systems, total internal reﬂection ﬂuorescence, live cell imaging, clathrin, endocytosis, evanescent wave microscopy
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atomic force microscopy (AFM),15,16 near-ﬁeld scanning
optical microscopy (NSOM),17 scanning surface confocal
microscopy (SSCM),18 and scanning ion-conductance microscopy (SICM).19
Currently, the most widely used imaging techniques, such as
confocal laser microscopy, allow live imaging of biological
specimens, but they require the use of a ﬂuorescent label to
mark both cellular structure(s) implicated in the process, as
well as the colloidal particle of interest.12,20−22 Stable
ﬂuorescent labeling of colloidal particles requires development
of an appropriate labeling protocol,23 determined in each case
by the chemistry of the colloid, meaning a bespoke procedure is
needed for each system. Furthermore, development of a
labeling procedure is not practical for screening a number of
diﬀerent nanomaterials/colloids, for instance, in cell internalization and toxicity studies. The introduction of a ﬂuorescent
label to the colloidal particle may also give rise to additional
issues of photobleaching and phototoxicity to the cell, making
long-term studies less practical.24 Evidently, there is a need to

INTRODUCTION
Interactions of a colloidal-size particle with the cellular
membrane and the mechanisms of its cellular internalization
and traﬃcking determine the resultant intracellular distribution
of the particle and consequent eﬀects on the cell. This applies
to diﬀerent colloidal particles including those designed for drug
delivery purposes, such as polymer-based nanoparticles,1
dendrimers,2 polymer−drug conjugates,3 microparticles,4 and
liposomes,5 or diﬀerent nanonanomaterials, such as iron-oxide
contrast agents or quantum dots.6
Some of the ﬁrst attempts to visualize the subcellular
structures involved in endocytosis of colloidal particles, such as
clathrin coated pits (CCPs), were performed using transmission electron microscopy (TEM).7 Despite achieving
unparalleled resolution, electron microscopy methods provide
a static snapshot on ﬁxed cell specimens,8 rather than real-time
live imaging that would aﬀord deeper understanding on the
endocytosis process and pathways involved. Substantial
progress is evident in high-resolution imaging of the endocytic
machinery involved in the internalization of colloidal particles
by living cells, utilizing a number of microscopy techniques
including: (i) optical techniques, such as diﬀerential interference contrast (DIC) or confocal laser scanning microscopy
(CLSM),9−14 and (ii) scanning probe techniques, such as
© 2015 American Chemical Society
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Figure 1. Schematic representation of the experimental setup conﬁguration. For the two color TIRF illumination, the laser beams are expanded by
lenses L1−4 and combined at a dichroic beam splitter (DBS). To control the incident illumination angle, the mirror and focusing lens L5 can be
translated by the stage to allow positioning of the focal point in the back focal plane (BFP) of the microscope objective lens. For TIRM illumination,
the amber LED is imaged by condenser lenses L6 and L7 onto an annular mask that is conjugate to the BFP of the microscope objective. Lenses L8
and L9 image the mask into the BFP to provide illumination above the critical angle. Fluorescent emission and reﬂected LED illumination pass
through the multiband dichroic beamsplitter (MDBS), and tube lens L10 forms an image on the electron multiplying charge-coupled device
(EMCCD).

membrane and study their internalization in a living cell. In our
experimental set up, the colloid and cell membrane are
unlabeled and imaged by the TIRM arm of the microscope,
while the endocytic structure of interest, clathrin, is expressed
in genetically modiﬁed cells conjugated with green ﬂuorescent
protein (GFP), which is visualized by TIRF. We demonstrate
that the TIRM/TIRF microscope can be used to distinguish the
uptake pathways of 500 nm model polymeric colloids in 3T3
ﬁbroblast cells. Indeed, we achieved a direct visualization of the
formation of clathrin coated pits (CCP) around the colloidal
particle, prior to internalization by the cell.

develop high-resolution live cell imaging techniques to study
nanoparticle−cell or cell−substrate interactions but without the
need to ﬂuorescently label the colloid/substrate and/or the cell.
Recently, to address the above issues we introduced a total
internal reﬂection microscope (TIRM) capable of in situ labelfree imaging of colloidal particle internalization by living cells.25
The penetration depth (decay) of the evanescent ﬁeld varies
with incident angle, ranging from approximately 180 nm when
the incident beam is 2 degrees above the critical angle to about
120 nm when the incident beam angle is increased by a further
5 degrees. Similar was previously reported for variable TIRF
microscopy.26 This means that both the TIRM and TIRF
imaging ﬁelds are localized at the plasma membrane of a cell in
contact with the substrate. The lateral resolution of both TIRM
and TIRF imaging channels is diﬀraction limited at close to 200
nm.
We suggest that TIRM would be a “natural partner” for TIRF
because both imaging techniques have comparable lateral
resolution, axial localization, and ﬁeld of view (as depicted in
Figure 1) as opposed to, for example, TIRF in combination
with diﬀerential interference contrast (DIC) as another labelfree imaging technique. The latter is a powerful combination,
but the temporal and spatial resolution of DIC was shown to be
limited when used in combination with TIRF.27 TIRM/TIRF is
therefore a potentially useful tool in the study of cellular
membrane events, such as with colloidal particle interaction,
with improved spatial resolution, especially in the axial
direction.
In the present work we describe the application of combined
TIRM/TIRF microscopy to cloned cells expressing GFPclathrin to visualize label-free colloidal particles close to the

■

MATERIALS AND METHODS
Cell Culture. Murine ﬁbroblast (3T3) cells were obtained
from the European Collection of Cell Cultures (ECACC). The
cells were cultured in Dulbecco’s Modiﬁed Eagle’s Medium
(DMEM), supplemented with 10% new born calf serum
(NBCS), 1 unit/mL penicillin, 1 mg/mL streptomycin, 2.5 μg/
mL amphotericin B (antibiotic/antimycotic solution), and 1%
L-glutamine, in a humidiﬁed incubator at 37 °C and 5% CO2.
Every 6−7 days the cells were removed from the tissue culture
ﬂasks, using 0.25% trypsin and 1 mM ethylenediaminetetraacetic acid (EDTA) in phosphate buﬀered saline (PBS), and
reseeded.
Plasmid Construction. mRNA extraction and cDNA
synthesis from murine 3T3 cell extracts was accomplished
using a μMACS One-Step cDNA kit (Miltenyi Biotec). Fulllength mouse clathrin light chain (mLCa) was ampliﬁed from
the cDNA using the PfxUltima PCR system (Invitrogen, UK)
and the following primers: forward 5′ GCCCGGGAATTCCATGGCCGAGTTGGATCCAT (EcoRI site underlined),
3863
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with each pixel 8 μm × 8 μm in size. Sequential TIRM and
TIRF images were acquired by the camera under the control of
iQ version 1.5 (Andor Technologies, Belfast UK). Mechanical
shutters, also under the control of iQ via a breakout box (Andor
Technologies, Belfast UK), were placed in the beam path to
minimize photobleaching and to switch between TIRM and
TIRF illumination. TIRM and TIRF images were acquired with
exposure times of 90 and 400 ms, respectively.
Image Analysis. For overlaying of TIRM and TIRF video
sequences, they were ﬁrst streamed to a kinetic image disc on a
PC (Dell, UK). The images from each channel (TIRM and
TIRF) were then imported into ImageJ as an image sequence.
Sixteen-bit images were converted to RGB images. The RGB
images were false colored using the look-up table (LUT)
function on ImageJ. TIRF images were pseudocolored green for
EGFP-clathrin, and TIRM images underwent an inverse LUT
prior to a red LUT being applied. The image sequences were
overlaid using the image calculator function in ImageJ and
summer where appropriate. The resulting combination image
was ﬁnally cropped and saved as an Avi ﬁle.

reverse 5′ GCCCGGGTACCTCAGTGCACCAGGGGGGCC
(KpnI site underlined). The resulting PCR product was cloned
directly into pEGFP-C1 (Clontech, BD Bioscience, Palo Alto,
CA) using the EcoRI and KpnI sites to produce mLCa-EGFP
(clathrin−EGFP).
Transfection of Cells. Stocks of 3T3 cells were maintained
in 6-well plates (Corning Life Sciences, France) at 5% CO2 in
DMEM (Sigma-Aldrich, UK) supplemented with 10% fetal calf
serum (FCS). For transfection, cells were grown to 80%
conﬂuence and transfected with 5 μg plasmid DNA using
TransFast Transfection Reagent (Promega, UK) in accordance
with the manufacturer’s instructions.
Preparation Deposition for TIRM/TIRF Uptake Studies. Glass based dishes (35 mm, Iwaki, Japan) were coated with
a 0.01% poly L-lysine (PLL) solution (MW 70,000−150,000,
Sigma-Aldrich, UK) for 15 min at room temperature. Following
coating with PLL the dishes were rinsed three times with
distilled water and once with PBS. Particle adhesion to the PLL
coated surface was achieved by adding 1 mL of a 0.016% w/v
suspension of surfactant-free white carboxyl latex (Interfacial
Dynamics Corporation, Eugene, OR) to the dish for 30 min.
The remaining suspension was subsequently removed, and the
dish was rinsed with PBS.
Scanning Electron Microscopy (SEM). For SEM, samples
were ﬁxed in 3% glutaraldehyde in 0.1 M sodium cacodylate
buﬀer, pH 7.3, for 2−3 h. The samples were then washed in 3 ×
10 min changes of 0.1 M sodium cacodylate buﬀer. Specimens
were then postﬁxed in 1% osmium tetroxide in 0.1 M sodium
cacodylate buﬀer for 45 min, prior to being washed in three 10
min changes of 0.1 M sodium cacodylate buﬀer. The samples
were then dehydrated in 50%, 70%, 90%, and 100% normal
grade acetone for 10 min each, then for a further two 10 min
changes in analar acetone. Dehydrated samples were then
critical point dried, mounted on aluminum stubs, and sputter
coated with gold palladium.
TIRM/TIRF Microscopy. A combination of TIRM and
TIRF utilizing illumination through the microscope objective
(PlanFluor 100× NA 1.45, Zeiss) was performed using a
standard inverted biological microscope (TC 5400, Meiji) with
custom-built illumination optics. The optical conﬁguration used
for TIRF imaging of clathrin-EGFP included excitation with a
488 nm solid state laser (Protera 488-15, Novalux, Sunnyvale,
CA) reﬂected oﬀ a polychroic mirror (z488/532). Emitted light
was collected through a suitable emission ﬁlter (z488/532m).
All ﬁlters and polychroic and dichroic mirrors were obtained
from Chroma Technologies (Brattleboro, VT). TIRM imaging
of 3T3 cells was achieved with illumination using a light
emitting diode (LED) with a center wavelength of 580 nm
(LXHL-ML1D Luxeon Star, Lumileds, CA) reﬂected oﬀ the
same polychroic mirror. This wavelength was chosen to ensure
the ﬂuorophores were not excited by the TIRM channel. In
order to minimize the chromatic aberration, as short a
wavelength as possible was chosen compatible with nonexciting
ﬂuorescence. After total internal reﬂection from the sample the
illumination light is transmitted through both the polychroic
mirror and emission ﬁlter with 85% eﬃciency, resulting in
approximately 11% of the initial illumination reaching the
camera, which was suﬃcient to provide bright TIRM images;
while giving >80% transmission of the ﬂuorescent wavelengths
through the polychroic mirror and the emission ﬁlter.
The camera utilized to acquire images was a 14-bit cooled
EMCCD (iXon DV-885 KCS-VP, Andor Technology, Belfast
UK). The resolution of the camera was 1004 × 1002 pixels,

■

RESULTS AND DISCUSSION
The experimental setup adopted in the present study to
perform TIRM/TIRM imaging of cell internalization events
occurring at the membrane is illustrated in Figure 1. The
classical experimental model to study cellular endocytosis of
colloidal particles involves the addition of a colloid suspension
to cells grown on a culture substrate, followed by quantitation
of uptake using ﬂuorescence microscopy, ﬂow cytometry, or
spectroscopy on digested cells.9 This model is relatively simple
to arrange and has been performed in numerous studies, e.g.,
refs 9, 12, and 28−30. To allow the use of TIRM/TIRF
imaging, with the imaging depth in the order of 200 nm in the
axial direction from the adherent cell membrane, the colloidal
particles were adhered to the surface of a polylysine (PLL)
treated coverslip (PLL treatment being a standard cell culture
protocol to promote attachment)31 to which the cells
(suspended in culture medium) were subsequently added.
The scanning electron microscopy image in Figure 2A shows
a cell and polystyrene colloidal particle (2.0 μm) at 30 min time
point following addition of a cell suspension to substrate
adhered colloid. At this stage the cell still possesses spherical
morphology, likely due to the relatively short length of time it
was exposed to the treated substrate surface, with protrusions of
the cell membrane (lamellipodial and ﬁlopodia) present. Figure
2B shows cell morphology 60 min later in the incubation
period, illustrating an advanced stage of the cell-colloidal
particle interaction/internalization process. The image illustrates that the cell membrane is beginning to veil over the two
particles adhered to the treated surface, suggesting the initial
stages of cellular internalization. These SEM images demonstrate that the experimental setup (as illustrated in Figure 1)
used for the TIRM/TIRF microscopy is suitable for the study
of cell−colloid interactions.
It should be noted that our experimental set up shares its
main arrangement properties with some other reported studies,
particularly “substrate mediated delivery” approaches,32−37
where delivery colloids are immobilized to a surface, or a
biomaterial, that supports cell adhesion. Polystyrene colloids of
2 μm in diameter were chosen for the purposes of SEM
imaging (Figure 2) to aid their visualization and distinction
from cellular structures. Previously, we have demonstrated that
these particles are internalized by 3T3 cells.25
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further conﬁrmed by confocal microscopy using ﬂuorescently
labeled colloid and conventional cell tracker orange-labeling of
the cells.25 However, TIRM imaging on its own could not
access information on the membrane constituent(s) involved in
the cell−colloid interaction and consequently identify which
internalization pathway was involved. The present study
focuses on the potential of combined TIRM/TIRF microscopy
to visualize the events occurring at cellular membrane during
endocytosis of a colloidal particle in situ and to, simultaneously,
identify the pathway involved in colloid internalization. To this
end, the EGFP-clathrin LCa fusion protein was successfully
developed and expressed in murine 3T3 ﬁbroblast cells. A
plasmid encoding enhanced GFP was attached to the Nterminus of mouse placental clathrin “light chain a” (LCa) and
the protein expressed. Previously, it has been shown that this
type of EGFP-clathrin LCa conjugate is incorporated into
structurally and functionally active clathrin trimers and coated
pits in cells, and that cells expressing GFP−clathrin were active
in receptor-mediated endocytosis.38 Indeed, this construct has
been used successfully by several authors to study the clathrin
mediated endocytosis pathway.39−41
Figure 3 illustrates the use of TIRM/TIRF combination
microscopy. Image A represents TIRF of an individual 3T3
ﬁbroblast cell whereby discrete green puncta are understood to
correspond to cellular membrane structures formed by
association of EGFP-clathrin molecules (coated pits) and
clathrin coated vesicles (clathrin coated pits that are
progressively invaginating, undergone scission, and are being
released into the cell cytosol), which are present intracellularly
at/or in proximity of the adherent membrane within the
imaging depth of TIRF of less than 200 nm. For a clearer
visualization of discrete ﬂuorescent puncta, a low-spatial
frequency background due to cytoplasmic EGFP-clathrin has
been removed from the image. This was achieved by low pass
ﬁltering to remove background and low spatial frequencies,
gaining images free from ﬂuorescence due to cytoplasmic
clathrin. TIRM in image B shows the cellular membrane and
structures in the membrane proximity within the TIRM
imaging depth of the same ﬁbroblast cell. The mechanism for
the image formation of the label-free images is discussed in
some detail previously.25 In essence, we may consider the
mechanism to be akin to frustrated total internal reﬂection. For
a uniform object with relative low refractive index, total internal

Figure 2. SEM images of 2 μm in diameter polystyrene colloid and a
3T3 ﬁbroblast cell. (A) Membrane and ﬁlopodia of a 3T3 cell 30 min
following addition of cells to surface adhered colloid. (B) A 3T3 cell
with colloidal particles at 60 min time point showing that the
membrane is beginning to engulf the colloidal particles.

In our previous work, which focused on the design of the
TIRM/TIRM microscope, we demonstrated that a TIRM arm
of the current instrument is per se capable of imaging individual
cells and their internalization of label-free submicron colloid;

Figure 3. TIRM/TIRF analysis of clathrin distribution in a 3T3 ﬁbroblast cell 24 h post-transfection. (A) TIRF image of a 3T3 ﬁbroblast cell
transfected with EGFP-clathrin. For a clearer visualization of discrete ﬂuorescent spots, a low-spatial frequency background due to cytoplasmic
EGFP-clathrin has been subtracted from the image. (B) TIRM image of the same ﬁbroblast cell captured immediately following the TIRF image. (C)
Combined TIRM/TIRF image highlighting the distribution of clathrin puncta on the cell membrane.
3865
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Figure 4. Low magniﬁcation TIRM/TIRF imaging of 500 nm (diameter) polystyrene colloid undergoing endocytosis by EGFP-clathrin Lca
transfected 3T3 cells. (A) TIRF image of EGFP-clathrin Lca. (B) Label-free TIRM image of 500 nm carboxyl modiﬁed polystyrene particle adhered
to the surface of a polylysine coated substrate. A red false color look-up table (LUT) was applied to aid colocalization studies. (C) Overlay of the
TIRF and TIRM images. (D) Magniﬁed section of the TIRM/TIRF overlay of image in C, as represented by the white outline. Yellow puncta
(highlighted by the white triangles) represent the colocalization of EGFP-clathrin and the 500 nm colloid. Scale bar represents 15 μm (panels A−C)
and 6 μm (panel D).

concurrently viewing ﬂuorescently labeled cellular structures of
interest. This image highlights the advantages associated with
TIRM/TIRF imaging of biological samples; low background
ﬂuorescence, high signal-to-noise, and high image contrast. It
should be also noted that, unlike a brightﬁeld image, TIRM
allows well-localized imaging of events at, or close to, the
adherent cell membrane.
The direction of migration of the cell in Figure 3
(approximately from lower left toward upper right corner of
the image) and corresponding distribution of EGFP-clathrin
signal, sparsely distributed at the “lagging side” of the cell and
progressively denser toward the “leading edge”, is similar to that
previously described for Madine Darby Canine Kidney
(MDCK) cells.42 The denser spatial positioning of clathrin
toward the leading edge of the cell was attributed to the
processes of exocytosis and endocytosis functioning to adjust

reﬂection will occur and the image will appear bright and
homogeneous since all the light is evenly reﬂected. When an
object moves into the evanescent ﬁeld, which either scatters or
refracts light into propagating light, energy is removed from the
incident beam resulting in a reduced intensity of the internally
reﬂected light. The label free mode is thus sensitive to the
presence of objects (such as cell membrane), which impinge
the evanescent ﬁeld. In general, the image will appear darker as
the cell membrane approaches the surface of the substrate
(coverslip).
Figure 3C, an overlay of images A and B, illustrates how
combined TIRM/TIRF microscopy can be applied to study an
event occurring at the nonlabeled cell membrane in contact
with the substrate (e.g., membrane ruﬄing) by nonﬂuorescent
TIRM at very high resolution of topographical information
(relative to “standard brightﬁeld” light microscopy), while
3866
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Figure 5. TIRM/TIRF images of polystyrene colloid endocytosis by 3T3 cells expressing EGFP-Clathrin LCa. Cellular uptake of 500 nm (A−C
panels) and 1.0 μm (diameter) polystyrene colloids (D−F panels), shown in 12 sequential frames selected from a sequence of 100 at 2 min per
frame. (A) Twelve sequential TIRM images of a 500 nm particle. The particle is internalized over the time-course of 12 sequential frames (i.e., 24
min in total). Images have been pseudocolored red and inverted to aid colocalization analysis. (B) Twelve sequential TIRF images of EGFP-Clathrin
LCa. Clathrin is observed to increase in intensity between frames 5−7, i.e., over a period of 6 min. Images are pseudocolored green. (C) Overlay of
TIRM and TIRF images in A and B. Frames 5−8 show colocalization of clathrin and 500 nm particle. (D) Twelve sequential TIRM images of a 1 μm
particle. The particle is internalized over the time-course of the presented frames (24 min in total). (E) Twelve sequential TIRF images of EGFPClathrin LCa. The image sequence depicts movement of clathrin puncta. (F) Overlay of TIRM and TIRF images in C and D. Although clathrin can
be seen to be in close proximity to the particle, there is no colocalization like that seen with the 500 nm particle. Panels A, B, and C are equivalent to
2.5 μm; panels D, E, and F are equivalent to 4 μm.

membrane tension to facilitate the generation of motile force or
internalization of chemokines, cytokines, and growth factors.42
It must be noted that preferential distribution at the leading
edge of ﬁbroblasts cells also applies to clathrin-independent
carriers, with this polarization playing a critical role during cell
migration.43
Figure 4A is an image of a 3T3 cell expressing EGFP-clathrin
taken using the TIRF channel of the TIRM/TIRF microscope.
In panel B, TIRM was used to image 500 nm diameter colloids
adhered to a PLL-coated coverslip (colloid false-colored red to
aid colocalization analysis when TIRM and TIRF images are
overlaid). Overlaid TIRM and TIRF images are presented in
panel C and a magniﬁed section of this image is shown in panel
D. The colocalization of clathrin with the 500 nm colloid is
represented by the presence of yellow puncta in the overlaid
image (marked by the arrowhead). Image analysis reveals that
there were a total of 35 colloidal particles adhered to the PLLcoated surface, which is presented to the adherent cell
membrane. Of these, 13 particles (37%) are colocalized with
EGFP-clathrin.

Panel A in Figure 5 shows a series of 12 images (captured at
intervals of 2 min per image frame) from a typical TIRM timelapse sequence, which depicts (from top left to bottom right
image) the presence of the colloidal particle in images 1 to 8,
followed by its disappearance between images 8 and 9. TIRF
images in panel B show the EGFP-clathrin signal captured 100
ms prior to the TIRM image at the exact spatial location of the
specimen cell. Following the images (from top left to bottom
right) a gradual increase in the EGFP-clathrin intensity is
evident in images 1 to 8, followed by loss in the ﬂuorescent
signal between images 8 and 9, i.e., within 2 min. Panel C
(Figure 5) is the resultant TIRM/TIRF overlay. An increase in
yellow color intensity between images 5 and 8 indicates the
colocalization of the EGFP-clathrin (TIRF, green) with the 500
nm colloid (TIRM, red). The disappearance of all signals (red
TIRM, green TIRF, and yellow overlap) after image 8 indicates
that the 500 nm colloid has been internalized by the cell, i.e.,
both the particle and clathrin have moved outside the
microscope’s axial imaging range of approximately 200 nm.
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“planar clathrin lattices” of membrane domains; however, this is
still poorly characterized.57 Our study indicates that in 3T3 cells
internalization of 1 μm polystyrene colloid can occur, although
the process does not appear to be mediated by clathrin
machinery.

Panels D−F in Figure 5 show the results for an experiment
identical to that described above, except that the 500 nm
colloid was replaced by 1.0 μm counterpart. Panel D shows the
disappearance of a 1.0 μm particle between image frames 4 and
5. The EGFP-clathrin signal captured 100 ms prior to the
TIRM image, at the same spatial location of the specimen cell is
shown in panel E. Panel F (overlay) demonstrates that there is
no colocalization of EGFP-clathrin with the 1.0 μm colloid
during the particle internalization event (between frames 4 and
5).
The correlation of the TIRF EGFP-clathrin with the TIRM
colloid imaging suggests that the 500 nm-sized (diameter)
particle was internalized by cells via a clathrin-mediated
pathway. The time between each image/frame shown in panels
of Figure 5 is 2 min, which thus indicates that from the initial
association of clathrin (panel B, image frame 5) with the
particle at the adherent cell membrane, it takes approximately 6
min prior to the internalization event (panel B, image frame 8).
This period of clathrin persistence represents the time needed
for the cell to recruit enough clathrin to the site to form a
clathrin-coated pit and thus enable internalization of the
material. The increasing EGFP-clathrin signal in images shown
in Figure 5 (panel B) represents this process of recruitment of
clathrin to the endocytic site. Following the recruitment of
clathrin to form a clathrin coated pit, it is likely that this leads to
the formation of a clathrin coated vesicle (detached from the
cell membrane), as suggested by the rapid disappearance of
both the TIRM (particle) and TIRF (clathrin) signal from the
evanescent ﬁeld.
Literature reports on studies of a single colloidal particle
endocytosis by a single cell, where the mechanism of
internalization has been elucidated, to allow a comparison of
our data, are rare. However, from the literature it is evident that
the lifetimes of clathrin puncta at the membrane are variable,
ranging from seconds to several minutes.44−46 Lifetimes in the
order of minutes, as we show here, have been reported before.
A study using combined TIR and WF ﬂuorescence microscopy
to examine formation of clathrin structures tagged with LCaDsRed showed structures that have a constant ﬂuorescence
signal and are relatively long-lived (>200 s) at the adherent
surface of Swiss 3T3 cells.47,48 Other authors have also reported
similar ﬁndings,49−52 including a study that used a TIR-WF
protocol and describes long-lived endocytic clathrin structures,
naming them “clathrin-coated plaques”.53
The involvement of clathrin-mediated uptake in cellular
uptake of 500 nm diameter particles seen here would be above
“size limit” reported previously in murine melanoma cell line
B16, as assessed by employing pharmacological inhibitors to
determine endocytic route (versus direct visualization in the
present study). The study concluded that caveolae-mediated
internalization is a predominant pathway of entry for 500 nm
particles.9 In contrast, clathrin-dependent uptake of larger
cargoes was demonstrated in studies showing clathrin
participation in the cellular entry of L. monocytogenes, other
bacteria, and large viruses using a so-called “zipper mechanism”.44,54−56
Regarding internalization of 1 μm diameter colloid by a
nonclathrin-dependent process by 3T3 cells observed here,
particles of this size were not internalized by B12 cells in the
above study,9 although a recent paradigm shift on the role of
clathrin in internalization of large cargos (particularly
pathogenic bacteria and large viruses) suggests that clathrinmediated endocytosis machinery may be acting in a form of

■

CONCLUSIONS
In summary, we have developed a novel experimental tool to
directly visualize the initial stages of single colloidal particle
internalization in a living cell. This methodology is particularly
powerful as it does not require either the colloidal particle
system (e.g., drug delivery carrier) or the cell structures to be
labeled to enable live visualization. Furthermore, we illustrate
that through the use of cloned cells expressing speciﬁcally
ﬂuorescently tagged endocytic proteins, this technology enables
elucidation of the endocytic pathway for particular colloid
systems by combined TIRF/TIRM. We demonstrate the
application of TIRM/TIRF technology developed by showing
the colocalization of GFP-clathrin with 500 nm colloidal
particles and their subsequent internalization into the cell,
indicating a clathrin mediated route of endocytosis. We also
show a lack of such colocalization for larger 1 μm colloid,
suggesting that the cellular internalization in this case does not
occur via the clathrin pathway.
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