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We report superresolution optical sectioning using a multiangle total
internal reflection fluorescence (TIRF) microscope. TIRF images were
constructed from several layers within a normal TIRF excitation zone
by sequentially imaging and photobleaching the fluorescent mole-
cules. The depth of the evanescent wave at different layers was
altered by tuning the excitation light incident angle. The angle was
tuned from the highest (the smallest TIRF depth) toward the critical
angle (the largest TIRF depth) to preferentially photobleach fluores-
cence from the lower layers and allow straightforward observation
of deeper structures without masking by the brighter signals closer to
the coverglass. Reconstruction of the TIRF images enabled 3D imaging
of biological samples with 20-nm axial resolution. Two-color imaging
of epidermal growth factor (EGF) ligand and clathrin revealed the
dynamics of EGF-activated clathrin-mediated endocytosis during
internalization. Furthermore, Bayesian analysis of images collected
during the photobleaching step of each plane enabled lateral super-
resolution (<100 nm) within each of the sections.
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Fluorescence microscopy is an essential technique for cell bi-
ologists, providing 3D views of protein distributions with high

contrast and specificity. For conventional microscopes, however,
these views are limited by diffraction and have a lateral resolution of
approximately one-half the wavelength of the excitation light. Nu-
merous advances have enabled cellular imaging beyond the lateral
diffraction limit, pushing the smallest structures that can be resolved
with optical wavelengths from a few hundred nanometers to a few
tens of nanometers. On the other hand, axial resolution is even more
strongly affected by diffraction and can be threefold more coarse
than the lateral resolution (1). Progress in the axial dimension has
lagged behind lateral improvements, but various methods that offer
vastly improved axial resolution are now available, including in-
terference methods like standing wave microscopy (2), I5M (3), 4Pi-
microscopy (4), and SAIM (5) and molecule localization techniques
(6) like 3D-PALM (7–11), 3D-STORM (12–14), iPALM (15), and
3D-STED (16). However, these techniques often rely on special
optical components or photoactivatable/photoswitchable fluo-
rophore behaviors (17) and/or extensive data analysis to contend
with a multitude of artifacts.
Total internal reflection fluorescence (TIRF) microscopy (18),

one of the first optical methods to provide subdiffractive axial in-
formation, is often overlooked in the expansion of superresolution
techniques. The imaging is limited to cellular structures close to the
coverglass, but TIRF microscopy has been widely applied to in-
vestigations of processes at cell membranes and to techniques
requiring single-molecule imaging. During TIRF excitation, the
evanescent field produced by total internal reflection decays in in-
tensity exponentially with the depth into the sample from the sur-
face. As a result, only a thin layer of illumination above the interface
is created, and only fluorophores within this thin layer in the
sample are excited. This property is advantageous for imaging
by reducing the background and improving the signal-to-noise

ratio. Furthermore, depending on the optics, excitation wave-
length, and refractive indices of the media involved, the pene-
tration depth of the evanescent wave can be <100 nm (17), much
smaller than the axial extent of a point spread function in con-
ventional confocal microscopy (1).
Because much fluorophore distribution information resides

even within a TIRF excitation zone, efforts have focused on the
dependence of penetration depth on laser illumination angle to
provide quantitative information about the distances between
fluorophores and the surface. Based on such information and a
special optical design with a varying incident beam angle, TIRF
microscopy has worked well in mapping fluorophore distribution
and reconstructing 3D information in TIRF excitation zones for
cell membranes (19, 20), secretory granules (21), and microtubules
(22, 23). These techniques rely extensively on the relationship
between the fluorescent intensity and incident beam angle, which
is complicated by numerous factors (17). The refractive index
gradient and incident beam angle change the evanescent wave
profile and amplitude, with subsequent effects on fluorescence in-
tensity. Furthermore, near-field interactions of fluorophores near
the coverglass produce an axial fluorescence emission profile dif-
fering from the fluorescence excitation profile. Thus, the image
analyses must account for these complications in the differentiation
of two or more fluorophores at same lateral location but different
axial locations. Despite these challenges, 50- to 100-nm axial reso-
lutions have been reported recently in ∼800-nm-thick 3D recon-
structions of actin filaments (24).

Significance

Superresolution microscopy has made significant progress with
molecule localization, stimulated emission depletion, and structured
illumination techniques. Here we describe a simple method to
achieve ∼20-nm axial resolution based on total internal reflection
fluorescence (TIRF) microscopy. In this approach, serial fluorescent
images at multiple depths within the normal ∼200-nm TIRF illumi-
nation zone are obtained by the serial imaging and photobleaching
at multiple TIRF excitation angles. These images with ∼20-nm axial
depth intervals are then simply stacked together to differentiate
the relative distributions of multiple proteins in the axial direction.
Moreover, images collected during the photobleaching step of the
experiment can be analyzed using Bayesian analysis of fluorophore
blinking and bleaching to generate superresolution images in the
lateral direction for each depth.
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In this work, we have developed an alternative and simple
imaging protocol to improve the accessible content of TIRF
imaging and further improve the axial resolution to ∼20 nm. In
this protocol, a normal TIRF excitation zone (∼200 nm) is di-
vided into distinct layers by varying the incident beam angle. The
distance between each layer, representing the axial resolution, is
determined by the difference in the imaging depths of the eva-
nescent wave at the two adjacent angles of incidence. Images of
these layers are obtained by sequentially imaging and photo-
bleaching the fluorescent molecules at the angle of incidence
from the highest allowable value (the smallest TIRF depth) to-
ward the critical angle (the largest TIRF depth). Photobleaching
at each angle reduces background resulting from brighter signals
originating closer to the coverglass and unmasks signals deeper
in the TIRF excitation zone. Stacking these images in different
layers reconstructs a 3D image with axial superresolution. In
addition, images collected during the photobleaching steps can
be used in Bayesian analysis of fluorophore blinking and
bleaching (3B) (25) molecule localization analysis to provide
superresolution in the lateral dimension of each imaging plane.

Results
TIRF Calibration Using Fluorescently Labeled Beads. An imaging system
was built with a two-axis galvanometer that moves a laser illumi-
nation beam around the periphery of the microscope objective lens
rear aperture. This produced azimuthal rotation of the incident
beam in the sample plane and provided a time-averaged homoge-
neous illumination at multiple TIRF incident angles (SI Appendix,
Fig. S1). The TIRF depths were calculated and confirmed using
calibration experiments (SI Appendix, Figs. S2 and S3), including the
relationship between the galvanometer setting, TIRF angle of inci-
dence, and TIRF depth. In addition, TIRF depth measurements
were performed using a modified version of a previously published
protocol (26) (Fig. 1). TIRF images of silica beads (7.27 μm diam-
eter) labeled with purified mCherry were obtained at different in-
cident beam angles labeled with the corresponding penetration
depths (Fig. 1 I–L). Imaging was initiated at the largest incident beam
angle (the shallowest penetration depth) and decreased toward the
critical angle (the deepest TIRF depth) (Fig. 1 A–D). As the illu-
mination field increased in depth, the bead was detected as a larger
diameter spot (Fig. 1Q). Based on the geometry of the spherical
beads (SI Appendix, Fig. S3 A and B), the calculated penetration
depths were found to be similar to theoretical values (Fig. 1Q).
The procedure for obtaining superresolution optical sections

within the TIRF imaging zone requires collection of an image, re-
ferred to here as a “prebleach” image, at the steepest angle possible,
which results in the lowest TIRF depth. Molecules in this region are
then photobleached at the same incident beam angle, and a
“postbleach” image is collected. After moving to a smaller angle
and thus a deeper TIRF depth, a prebleach image is collected be-
fore photobleaching, and a postbleach image is collected (Fig. 1 E–
H) after photobleaching. This process is repeated until TIRF depths
of 200–300 nm are reached. Image processing simply involves
subtraction of the postbleach image from the prebleach image.
Using this procedure, we performed another calibration using

mCherry-stained silica beads starting at a calculated TIRF depth
of ∼100 nm (Fig. 1M). As the TIRF depth increased, a ring of
fluorescence of increasing diameter was observed (Fig. 1 N–P),
instead of a round spot of fluorescence of increasing diameter.
The ring was produced in each image because the molecules im-
aged at the previous TIRF depth were photobleached. As the
depth increased and images were collected further from the cov-
erslip, more of the bead was imaged, and the diameter of the ring
increased. Normalized fluorescence intensities determined from
plot profiles across the images showed a single peak at the lowest
depth (Fig. 1M), but two peaks in subsequent images (Fig. 1 N–P).
Using the peak-to-peak distances to determine the diameter,

we calculated the penetration depth in each layer based on the

geometry of beads (SI Appendix, Fig. S3 A and C). The calcu-
lated penetration depth in each layer was similar to the theo-
retical value with the exception of the 250-nm layer (Fig. 1R).

Axial Superresolution of Images of Actin Filament Bundles. We
tested the multiangle photobleaching approach in a biological
specimen by imaging actin in a fixed U2OS cell. Actin filaments
form a network near the plasma membrane. Near the cell pe-
riphery, actin filament bundles were observed at the shallowest
TIRF depths to form numerous, almost parallel filaments extending
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Fig. 1. Multiangle TIRF images of beads with and without sequential imaging
and photobleaching. (A–H) Schematic of the imaging protocols using multiangle
TIRF illumination. (A–D) A fluorescent sphere placed on a coverglass (gray rect-
angle) is imaged using TIRF excitation (blue) at decreasing angles of incidence,
which results in increasing evanescent field depths (blue). As the depth increases,
more of the object is illuminated and the fluorescence signal is observed as a
spot in the image that is increasing in diameter. (E–H) The fluorescent sphere is
imaged at the highest angle of incidence (smallest TIRF depth) and photo-
bleached at that angle before moving to the next angle. This is repeated for
each angle. The signal is observed as a ring of fluorescence that is increasing in
diameter with increasing TIRF depth. (I–P) Silica beads (diameter, 7.27 μm; re-
fractive index, 1.42) were labeled with purified mCherry and imaged using dif-
ferent incident beam angles corresponding to the calculated penetration depths
indicated (I–L) and imaged using the image-photobleach-image protocol at the
calculated penetration depths indicated (M–P). (Q) Plot profiles of the beads in
I–L were used to determine the dimensions of the bead fluorescence signals.
Based on the geometry of the beads (SI Appendix, Fig. S3B), the measured
penetration depths for the theoretically calculated values were 109.2 nm for
100 nm, 154.3 nm for 150 nm, 196.6 nm for 200 nm, and 278.9 nm for 250 nm.
(R) Plot profiles of the beads in M–P were used to determine the dimensions of
the bead fluorescence signals. Using the distance of two peaks as the diameters
of imaged beads (SI Appendix, Fig. S3C), the measured penetration depths for
the theoretically calculated values were 99.4 nm for 100 nm, 130.4 nm for 150 nm,
205.9 nm for 200 nm, and 385.1 nm for 250 nm. (Scale bar: 5 μm.)
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from the edge of cell toward the center (Fig. 2A). As the penetra-
tion depth increased, the bundles elongated (Fig. 2 C, E, G, I, and
K), suggesting that the bundles tilted away from the coverslip and
were farther from the coverglass toward the center. In addition, an
actin fiber network higher in the cell was observed as TIRF depth
increased. However, because the TIR-induced evanescent field
decays exponentially in the axial direction, the collected fluores-
cence signal originates from mainly the lowest layer even when the
illumination field penetration depth is increased, and thus the
fluorescence signals at the lower levels tend to mask or overwhelm
the signals from deeper inside the specimen.
Using the photobleaching method described above, actin struc-

tures deeper inside the cell were unmasked by removing the fluo-
rescence signals below (SI Appendix, Fig. S4); for example, actin
filament bundles along the cell edge at the increased depth were
more evident and well defined in the 100-nm layer (Fig. 2D)
compared with the 100-nm depth (Fig. 2C). At 120 nm (Fig. 2F), an
actin network that appeared to be oriented parallel to the cell pe-
riphery became evident. Comparisons with depths of 120–180 nm
(Fig. 2 E, G, I, and K) showed some evidence of this network, but
this was not well defined. The actin network also appeared to be
farther away from the coverglass toward the center of the cell
compared with the periphery. Fig. 2M shows a color-coded image of
the various depths of the actin structures. Several of the fibers can
be seen to transverse multiple layers as they extend toward the
center of the cell, and the network shown in red is ∼40–50 nm above
the brightest and shallowest fibers located at the cell periphery.
When reconstructing a 3D image of the actin filaments, we

report 20-nm sections between each layer based on the TIRF
depths at which the imaging experiments were performed. To
verify that the sections were indeed 20 nm apart, we imaged
commercialized uniform 40-nm and 20-nm fluorescent beads
embedded in a 0.4% agarose gel, which has a refractive index
close to that of water (27). The results are shown in SI Appendix,
Fig. S5 for images collected at different penetration depths
20 nm apart using the photobleaching approach. Whereas the
40-nm fluorescent beads were observed in two or three adjacent
layers, the 20-nm fluorescent beads were observed in one or
two adjacent layers. These results confirm that the images for
each layer represent an axial depth of ∼20 nm.

Two-Color Images of Cellular Proteins. A major benefit of this ap-
proach is its ability to differentiate the relative distributions of
multiple proteins in the axial direction. Implementation is straight-
forward but requires calibration of both channels using silica beads
labeled with mCherry (SI Appendix, Fig. S6 A–D) and EGFP (SI
Appendix, Fig. S6 E–H). Our data show approximately the same
peak-to-peak distances and indicate similar illumination depths at
each layer using 561- and 488-nm laser beams (SI Appendix, Fig. S6
I–P). We further tested these in control experiments by labeling the
same actin structures with two different color dyes, phalloidin-Alexa
Fluor 488 (SI Appendix, Fig. S7A–C) and phalloidin-Alexa Fluor 568
(SI Appendix, Fig. S7 D–F). Importantly, the results in SI Appendix,
Fig. S7 G–I show similar actin filament structures at each layer in
each channel. Intensity plot profiles from both channels of two fibers
(SI Appendix, Fig. S7 J–L) show slightly different relative intensities
but the same peak positions. Thus, these data showing the same
structures at each layer in both channels confirm that the optical
sectioning approach provides accurate information about the relative
positions of two protein distributions.
We performed further tests using two different protein struc-

tures on U2OS cells immunolabeled for microtubules (SI Ap-
pendix, Fig. S8 A–C) and phalloidin-labeled for actin (SI
Appendix, Fig. S8 D–F). Both actin filaments and microtubules
were found in the shallowest depth images (∼80 nm), but sec-
tioning through the TIRF excitation zone (SI Appendix, Fig. S8 H
and I) revealed that most of the actin network was located closer
to the cell periphery compared with microtubules, which showed

80
nm

10
0n

m
12

0n
m

14
0n

m
16

0n
m

18
0n

m

80
100
120
140
160
180

A

C

E

G

I

K

B

D

F

H

J

L

M

Fig. 2. TIRF imaging of actin filaments using multiangle TIRF and multi-
angle TIRF with sequential imaging and photobleaching. A U2OS cell was
fixed and labeled with phalloidin-Alexa Fluor 488. (A, C, E, G, I, and K) Im-
ages collected under TIRF illumination at penetration depths of 80–180 nm
without photobleaching. (B, D, F, H, J, and L) Images of the same cell using
the image-photobleach-image protocol at penetration depths of 80–180 nm.
(M) A color-coded 3D image of actin filaments reconstructed using the im-
ages in B, D, F, H, J, and L. (Scale bars: 10 μm.)
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a more pronounced network toward the center of the cell. In
another example, we examined the locations of zyxin-Emerald in
combination with actin filaments (SI Appendix, Fig. S8 J–M).
Zyxin has been imaged by iPALM (28) as a component of focal
adhesions and is located closer to the substrate (the coverglass)
than actin. Consistent with those previous measurements, we
found both proteins within the 80-nm layer (SI Appendix, Fig. S8
J and L), but also found that as the TIRF depth increased (SI
Appendix, Fig. S8 K and M), the fluorescent signal from zyxin
decreased, whereas a more extensive actin network became ev-
ident, indicating a deeper relative position.

Imaging of Clathrin-Mediated Endocytosis.With the superresolution
optical sectioning capability of our system, we revisited the dy-
namics of ligand-induced clathrin-mediated endocytosis in A431
cells. Clathrin-mediated endocytosis is essential for the in-
ternalization and transport to endosomal compartments of the
epidermal growth factor (EGF) receptor (EGFR). EGFR en-
docytosis determines the longevity and biological response of
EGF-activated signaling pathways (29, 30). To follow the fate of
EGFR and its ligand EGF in association with clathrin over time,
we first labeled cells with Alexa Fluor 555 conjugated to EGF for
1 h at 4 °C, a temperature that allows receptor-ligand binding but
prevents their internalization. Cells were shifted to 37 °C to allow
internalization and transport of the EGFR-ligand complex, via
clathrin labeled with Alexa Fluor 488-coated pits and vesicles, to
endosomal compartments located deeper within the cell.
The EGFR-ligand complex was found almost exclusively at the

plasma membrane (Fig. 3A, dots below 80 nm depth) of cells fixed
immediately after the receptor ligand incubation at 4 °C. In con-
trast, clathrin was located mainly in the cytoplasm near the plasma
membrane (Fig. 3B, stars above 80 nm depth). Although a fraction
of the EGFR-ligand complex was still present at the plasma
membrane without clathrin after 1–2 min at 37 °C (Fig. 3D, ar-
rowheads), some of the EGFR-ligand complex was also observed in
clathrin-coated pits/vesicles (Fig. 3 D, E, G, and H, arrows) at both
the 80- and 100-nm layers. At 7 min, the EGFR-ligand complex was
found in endosomal compartments (double arrows in Fig. 3J) be-
neath the plasma membrane; there was less localization with cla-
thrin at this time point. The axial superresolution optical sectioning
capability of our system allowed us to observe the differential
“association” between clathrin and the EGFR. At time 0 s, we
observed little clathrin localized with the EGFR at the plasma
membrane. After 1–2 min, we observed clathrin localized with
EGFR in structures resembling clathrin-coated pits and vesicles.
The localization between clathrin and the EGFR diminished at
later time points, when the EGFR enters endosomal compartments.

These observations are difficult to make with the wide-field images
shown in Fig. 3 C, F, I, and L.

Combining TIRF Sectioning with Molecule Localization Analysis. The
photobleaching procedure used in this technique offers the oppor-
tunity to achieve lateral superresolution through Bayesian analysis
of the blinking and photobleaching (3B) of the fluorescent mole-
cules (25). 3B analysis reveals superresolution information of
structures not available in the diffraction-limited images by mod-
eling an entire dataset of sequentially acquired images as arising
from a number of overlapping fluorophores. 3B analysis models
fluorophores in the dataset as occupying one of three states—“on,”
“off,” or “bleached”—using a factorial hidden Markov model.
Superresolution of spatially overlapping fluorophores is achieved in
3B by using a priori knowledge of the preceding frames of the
dataset and estimation of both blinking and bleaching events from
subsequent frames.
The images for 3B analysis are collected in multiangle TIRF

mode during the photobleaching step of the sequential image and
photobleach protocol. The image produced with 3B analysis is
considered to display the structural information from the same layer
as the final diffraction-limited image produced by subtracting the
postbleach image from the prebleach image. In comparison, Fig. 4
shows actin fibers in different layers acquired using the image-
photobleach-image protocol (Fig. 4 A, C, E,G, I, K, andM) and 3B
analysis (Fig. 4 B, D, F, H, J, L, and N). Qualitatively, the images
have similar observable structures in each layer as the TIRF depth
is increased. Moreover, the images provide similar information as in
Fig. 2, except that the 3B analysis improves the lateral resolution to
∼75 nm (SI Appendix, Fig. S9). This was determined from the full
width at half-maximum of the smallest actin filament in the image.
Although 75-nm resolution is insufficient to differentiate single fi-
bers in each actin bundle, the relative locations of each bundle or
fiber in the lateral dimension in each layer are more clearly resolved
(stars in Fig. 4). Importantly, the images produced with 3B analysis
still depicted the structures within each layer 20 nm apart; for ex-
ample, the actin fiber indicated by the arrows in Fig. 4 B and D
exists only within the 80-nm TIRF depth and with no actin fibers
close to the cell edge oriented parallel to the cell periphery appears
within the 80- to 100-nm layer (Fig. 4D). Therefore, combining
multiangle TIRF sectioning with photobleaching and 3B analysis
allows us to achieve 3D superresolution imaging (Fig. 4P). More-
over, 3B analysis allows observation of distinct fiber bundles in
images collected at TIRF depths ≥160 nm (Fig. 4 J, L, and N),
which are difficult to discern in the diffraction-limited images (Fig. 4
I, K, and M).

A B D G H J K

C F I L

E
Fig. 3. Multiangle-TIRF imaging of EGF-activated cla-
thrin-mediated endocytosis. (A–C) A431 cells were in-
cubated with Alexa Fluor 555-labeled EGF ligand (red) for
1 h at 4 °C. (D–L) Cells were shifted to 37 °C for 1 min
(D–F), 2 min (G–I), and 7 min (J–L). Cells were fixed and
stained with antibodies to clathrin and with secondary
antibodies conjugated to Alexa Fluor 488 (green). Cells in
A–Cwere fixed immediately after the 4 °C incubationwith
fluorescent EGF (0 s). Dots in A mark the EGFR-ligand
complex located at the plasma membrane, seen at the
80-nm layer at time 0 s. The EGFR-ligand complex was
found in clathrin-coated pits and vesicles at the plasma
membrane and inside the cell at 100 nm and beneath
after the 1- to 2-min incubation at 37 °C (D, E, G, and H,
arrows). The EGFR-ligand complex was found in endo-
somes after 7 min (double arrows in J). Images were col-
lected using the image-photobleach-image protocol at
penetration depths of 80–100 nm.Wide-field (WF) images
(C, F, I, and L) were collected as well. (Scale bars: 5 μm.)
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Discussion
TIRF microscopy exploits the unique properties of an induced
evanescent field by total internal reflection in a thin-layer region
of the sample immediately adjacent to the interface between
coverslip and specimen. The evanescent wave eliminates the out-
of-focus fluorescence background, improves the signal-to-noise
ratio, and offers excellent axial spatial resolution. The method
described here separates the fluorescence signal derived from
conventional TIRF illumination into several layers through the
dependence of evanescent field illumination on the incident
beam angle. This allows preferentially induced photobleaching
of fluorophores in shallow layers compared with deeper layers.
The first layer’s depth is determined by the largest angle of the
incident beam, which is limited by the numerical aperture of the
objective. After the first and shallowest section, each section’s
thickness is determined by the incident beam angle increment.
Limitations and potential artifacts of the technique are out-

lined in SI Appendix, Methods, but perhaps the most prominent is
the need for careful control of the level of photobleaching at
each depth. This in turn requires an evenly illuminated field or
restriction of the field of view to an evenly illuminated region (SI
Appendix, Fig. S10). In addition, because the evanescent wave
decays exponentially at all angles, sharp edges between adjacent
sections are not possible; thus, photobleaching in any section
reduces the number of fluorescent molecules in that section
as well as all subsequent sections, albeit to an exponentially
decaying degree. The experimental consequence of this is that a
section of insufficient thickness will not have sufficient fluores-
cent molecules to generate an image representative of the true
structure. Another limitation is that the photobleaching event
takes additional time and limits application in any studies of fast
dynamics, and a redistribution of fluorophores during the pho-
tobleaching step could lead to misinterpretation.
Despite these limitations, we performed several single-color

and two-color experiments using known and unknown structures
in which we estimated the optimal photobleaching level based
on uniform distributions (SI Appendix, Table S1). Using the
decrease in fluorescence intensity to monitor for the proper level
of photobleaching, our sequential imaging and photobleaching
protocol produced images that encoded the relative axial posi-
tions of the actin filament network near the edge of a cell (Fig. 2)
to a precision better than the axial diffraction limit found in
conventional TIRF imaging. This method also provided axial
ultrastructural information on EGF internalization dynamics
that was not accessible in normal TIRF images. Moreover,
combining this technique with 3B analysis improved the lateral
resolution within each layer and produced <100-nm laterally
resolved images at ∼20-nm axial intervals (Fig. 4).
Although this combination of techniques does not surpass the

precision and resolution reported by other 3D molecule localiza-
tion techniques (11, 14, 15), it does not require special fluorescent
molecules, optical components, or optical configurations. No special
fluorophore is required for this technique, although it must have the
capability to be turned off by some mechanism, such as photo-
bleaching or photoswitching. The photobleaching step can be per-
formed in less than 1 min, depending on the incident illumination
power, and 3B analysis can construct an image with ∼200 frames
collected during this step. Moreover, the sequential photobleaching
and imaging protocol provides a straightforward adaptation of 3B
analysis in retrieving information in the lateral dimension.
Although the multidirection TIRF excitation used here has the

advantages of averaging imperfections in the illumination field (SI
Appendix, Fig. S11) and minimizing pattern artifacts in the images,
it is not strictly necessary for the performance of this method,
which should be readily adapted to a variable-angle TIRF mi-
croscope (SI Appendix, Fig. S12). The major experimental in-
vestment is the need to calibrate the illumination angles with the
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Fig. 4. Comparison of multiangle TIRF images using the image-photo-
bleach-image protocol and 3B analysis of actin fiber bundles. U2OS cells
were fixed and stained with phalloidin-Alexa Fluor 488. (A, C, E, G, I, K, and
M) Images collected using the image-photobleach-image protocol at pene-
tration depths of 80–200 nm. (B, D, F, H, J, L, and N) 3B analysis of TIRF
images acquired during the photobleaching steps at penetration depths of
80–200 nm. Stars indicate the improvement of x-y dimensional resolution in
B, D, F, H, J, L, and N compared with A, C, E, G, I, K, and M, respectively.
Arrows point to the structures appearing within the 80-nm layer (A and B),
which are not observed within the 80- to 100-nm layer (C and D). (O) Color-
coded 3D image of actin fibers reconstructed with the diffraction-limited
images in A, C, E, G, I, K, and M. (P) Color-coded 3D image of actin fibers
reconstructed with images from the 3B analysis in B, D, F, H, J, L, and N.
(Scale bars: 5 μm.)
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TIRF penetration depth. Image processing for the diffraction-
limited images requires only a simple image subtraction. Both
command line and ImageJ plugin (31) versions of the 3B molecule
localization analysis software are available (www.coxphysics.com/
3b/), as are the scripts and protocols for performing 3B analysis
using cloud-based computation (32). In summary, the multiangle
TIRF technique described here is straightforward to use, requires
no special reagents, requires no special instrumentation, and
needs straightforward image analysis to study protein structures at
superresolution levels in axial as well as lateral dimensions.

Methods
Multiangle TIRF Imaging System.A schematic representation of themultiangle
TIRF system is shown in SI Appendix, Fig. S1. Details of the optical pathway
and hardware components are provided in SI Appendix, Methods. Micro-
Manager open source software (33) was used to control the microscope, and
the images were processed and analyzed using ImageJ (34) or FIJI (35).

Fluorescent Beads and Fluorescent Monolayer Preparation. Histidine6-tagged
fluorescent proteins were produced and purified using Ni-NTA agarose in
our laboratory as described previously (36). These were used to label uni-
form nonfunctionalized silica beads (mean diameter, 7.27 μm; refractive
index, 1.42; Bangs Laboratories). The monolayer of His-EGFP for critical an-
gle determination was prepared by sequentially coating a coverslip with
monoclonal Histidine6-tag antibody (GenScript) and His-EGFP.

Cell Culture, Transfection, and Immunofluorescence Labeling. U2OS cells were
grown in standard DMEM-HG medium with 2 mM GlutaMAX, 1 mM sodium
pyruvate (Invitrogen) and 10% (vol/vol) heat-inactivated FBS at 37 °C in a 5%
CO2 incubator. A431 cells were cultured in DMEM supplemented with 10%
(vol/vol) FCS, 2 mM GlutaMAX, and 1 mM sodium pyruvate.

For clathrin-mediated endocytosis, cells were serum starved in DMEM
supplemented with 2 mM GlutaMAX and 1 mM sodium pyruvate for ∼10 h

before the experiment. Cells were incubated in ice-cold Hepes-buffered
DMEM for 1 h, followed by incubation on ice containing 2 μg/mL Alexa Fluor
555-labeled EGF ligand (Life Technologies) in Hepes-buffered DMEM. Cells
were washed with ice-cold PBS and incubated at 37 °C in Hepes-buffered
DMEM for the indicated times before fixation.

Fixation was performed with 4% (wt/vol) paraformaldehyde (Electron
Microscopy Services) for 15 min at 37 °C. After fixation, the cells were washed
in PBS twice, quenched with 100 mM glycine in PBS, and blocked in anti-
body-dilution buffer [150 mM NaCl, 20 mM Tris, 0.1% Triton X-100, 0.1%
NaN3, and 2% (wt/vol) BSA, pH 7.4].

Immunolabeling was performed with anti-clathrin heavy-chain antibody
(Thermo Fisher Scientific; MA1-065), α-tubulin monoclonal antibody (Invitrogen;
322500), and secondary antibodies goat anti-mouse IgG (H+L)-Alexa Fluor 568
(Invitrogen; A11004) and/or goat anti-mouse IgG (H+L)-Alexa Fluor 488 (Invi-
trogen; A11001). Actin filaments were stained with phalloidin-Alexa Fluor 488
(Invitrogen; A12379) and/or phalloidin-Alexa Fluor 568 (Invitrogen; A12380).

Transfections with plasmid DNA were performed with X-tremeGENE HP
DNA transfection reagent. The transfected cells were incubated at 37 °C in
5% CO2 overnight before fixation and/or imaging. Detailed protocols are
provided in SI Appendix, Methods.

Molecule Localization Analysis. The 3B analysis (25) was performed using cus-
tom software designed for use on the National Institutes of Health’s Biowulf
cluster parallel processing system (https://hpc.nih.gov). All custom software
scripts needed to perform parallelized 3B analysis and detailed instructions on
their use are available in SI Appendix.
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