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Standing wave total internal reflection fluorescence
microscopy to measure the size of nanostructures

in living cells
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Abstract. We present the first application of standing wave fluores-
cence microscopy (SWFM) to determine the size of biological nano-
structures in living cells. The improved lateral resolution of less than
100 nm enables superior quantification of the size of subcellular
structures. We demonstrate the ability of SWFM by measuring the
diameter of biological nanotubes (membrane tethers formed between
cells). The combination of SWFM with total internal reflection (TIR),
referred to as SW-TIRFM, allows additional improvement of axial
resolution by selective excitation of fluorescence in a layer of about
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1 Introduction

The importance of real-time observations of dynamic pro-
cesses in living cells inspires the development of noninvasive
high-resolution imaging techniques. Fluorescence-based far-
field microscopy is the most employed technique for quanti-
tative three-dimensional (3D) molecular specific imaging of
live biological specimens. The spatial resolution of far-field
microscopy is limited by the smallest possible size of a light
spot produced by the focusing optics. The size of this light
spot is defined by the point-spread function (PSF), and reso-
lution can be quantified as the full width at half maximum
(FWHM) of the PSF. For fluorescence with a peak emission
wavelength of \,,,=520 nm, collected by an objective lens
with a numerical aperture (NA) of 1.45, the calculated lateral
resolution in the imaging plane is Ax, Ay~N\,,/2NA
~ 180 nm. The axial resolution is ~3 to 4 times lower than
the lateral resolution, compromising the 3D resolution and
degrading the contrast in the imaging plane. Due to the strong
optical scattering of biological specimens, this resolution limit
is commonly not achieved.

There have been several approaches to improve resolution.
The largest improvement of axial resolution, to a value of
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~100 nm, has been achieved by 47 microscopy. Another
technique, stimulated emission depletion microscopy, has thus
far provided the best lateral resolution of ~16 nm among
far-field techniques.2 However, both techniques are based on
point scanning, which complicates their application to the
study of fast processes. Another drawback is the low effective
signal-to-noise ratio, which is critical for biological specimens
with notoriously low fluorescence intensity.

One wide-field technique, standing wave fluorescence mi-
croscopy (SWFM), has been shown to improve lateral resolu-
tion to 100 nm, a factor greater than 2 compared with stan-
dard fluorescence microscopy. The resolution improvement is
based on a periodic excitation pattern with high spatial fre-
quency. The resolution of SWFM is determined by the
FWHM of the effective PSF, which is equal to half of the
period of the excitation pattern.3 The axial resolution can be
improved by total internal reflection fluorescence microscopy
(TIRFM), which produces a thin excitation field at an inter-
face where the refractive index steps down.* This evanescent
field decays exponentially in the axial direction and is there-
fore ideal for selective excitation of fluorophores near a glass/
water interface. TIRFM has the significant advantage of im-
aging with low background fluorescence. It allows single
molecule visualization in real time.” Further improvement of
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Fig. 1 Schematic of the standing wave total internal reflection fluorescence microscopy (SW-TIRFM) setup. The inset shows the interfering beams.

SWEM resolution can be achieved by using evanescent
illumination.’ The first experimental implementation was
demonstrated with a standing wave evanescent field coupled
through an objective lens.’

We have combined SWFM and TIRFM to achieve 3D
resolution improvement by using the evanescent standing
wave pattern to selectively excite the sample near a glass
coverslip. Our technique allows real-time data acquisition for
morphometric investigations of living cells with conventional
wide-field detection. The standing wave was created at the
focal plane of the objective lens of a standard inverted micro-
scope. Our implementation allows switching between SWFM
and combined SW-TIRFM, permitting the imaging of objects
far from the coverslip or in close vicinity to it. Tests with
fluorescent beads showed an effective PSF with a FWHM of
<100 nm. We demonstrated the ability of this technique to
measure the dimensions of nanometer-size living objects,
membrane nanotubes.

2 Standing Wave Total Internal Reflection
Fluorescence Microscopy

The experimental setup is shown in Fig. 1. Laser light
(488 nm) was coupled into an objective lens of a standard
inverted microscope. The use of the inverted microscope
scheme simplified both the optical system and the experimen-
tal procedure. A specimen was placed in a standard Petri dish
with a glass coverslip bottom, which allowed convenient elec-
trophysiological recording and media replacement. We cre-
ated a standing wave pattern by using a Michelson interfer-
ometer scheme. The optical layout of this interferometer was
such that it resulted in two parallel beams with controllable
separation (mirror 1) and phase delay (mirror 2). The beams
were reflected by a dichroic mirror, and focused by a lens at
the back focal plane of an oil immersion 100X objective lens
with a high NA of 1.45. This procedure resulted in two colli-
mated beams polarized normal to the incident plane. These
beams interfered at the focal plane, creating a lateral periodic
excitation pattern with closely spaced fringes.
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The resulting intensity pattern in specimen plane
can be described as I(x)=1+cos(Kx+¢), where
K=4mmng,5 sin 0/\,, is the spatial frequency of the standing
wave, A, is the excitation wavelength, ng,,,=1.52 is the re-
fractive index of glass, @ is the beam incident angle, and ¢ is
the phase of interference pattern. The period of the resultant
interference pattern is given as As=N\,,/ (27, sin 6). Mov-
ing mirror 1, placed after the focusing lens, allowed for varia-
tion of the spatial separation between the two beams and con-
sequent adjustment of their incident angle at the focal plane.
As a result, we were able to control the period of the standing
wave pattern and also switch to TIR at incident angles above
the critical angle of 6.=61.2 deg. Achieving TIR through an
objective is only possible with a NA higher than the refractive
index of water, n,,,,,~ 1.3. At the TIR condition, the stand-
ing wave pattern penetrates from the coverslip with its inten-
sity decaying exponentially in the direction normal to the in-
terface. The penetration depth decreases with increasing
incident angle. Using a 1.45 NA objective lens, the largest
angle of §=72.8 deg resulted in a minimal fringe spacing of
As=168 nm and the smallest penetration depth of
67 nm (1/e criterion).

The modulated excitation pattern caused fluorescent emis-
sion, which was intensity modulated with the same period as
the excitation field. The fluorescence emitted by the specimen
was collected by the same objective lens and passed through
the dichroic mirror and an additional long-pass filter to block
residual excitation light. The fluorescence image was then
magnified and captured with a cooled charge-coupled device
(CCD) camera. The phase of the standing wave pattern was
precisely controlled by moving the piezoactuated mirror 2. A
computer controlled movement of mirror 2 synchronized the
image acquisition sequence of the camera. Data collection
involved acquiring an image for each of three different phases
¢, d+7/2, ¢+ of the excitation pattern (i.e., at three dif-
ferent fringe positions relative to the specimen). The SWFM
reconstructed image was calculated as the sum of the three
acquired images weighted by sinusoidal factors that depend
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Fig. 2 Imaging subresolution fluorescent beads using SW-TIRFM. (a) TIRFM, (b) SW-TIRFM reconstructed, and (c) deconvolved SW-TIRFM images,
(d) intensity profile along the x direction of (a) indicates resolution of standard microscopy, (e) intensity profiles of (b) along the x and y directions
through bead center shows an improved resolution in the x direction, (f) intensity profile of (c) shows removed side lobes and narrowed central

peak compared to SW-TIRFM x profile.

on the period and phase of the standing wave.*® The resulting
reconstructed SWFM image had an enhanced lateral resolu-
tion equal to half the fringe spacing in the direction normal to
the interference fringes. The maximum achievable resolution
with and without TIR was 84 nm and 92 nm, respectively.

3 SW-TIRFM Resolution Test

We tested the stability of the standing wave phase by imaging
the excitation pattern with the emission filter removed. Due to
the compact design of the interferometer, thermal drift was
insignificant for periods shorter than 1 min. The sensitivity of
the cooled CCD camera allowed exposure time to be as short
as 1s.

To test the resolution of our SW-TIRFM system, we im-
aged fluorescent beads with a known diameter of 100 nm,
which is below the resolution limit of standard microscopy. A
portion of the beads suspended in water would adhere to a
polylysine coated coverslip. Utilizing TIR improved the axial
resolution, which resulted in high contrast images, with very
bright beads adjacent to glass and a dark background undis-
turbed by nonadhered beads. Both TIRFM and reconstructed
SW-TIRFM images of a 100-nm bead are shown in Figs. 2(a)
and 2(b), respectively. The intensity profiles taken in two per-
pendicular directions, normal and parallel to the fringes of the
reconstructed SWFM image [Fig. 2(e)] showed that the
FWHM was 107 nm and 265 nm, respectively. The FWHM
of the intensity profile taken of the TIRFM image was
265 nm [Fig. 2(d)]. This demonstrates a one-dimensional lat-
eral resolution improvement, as measured by the FWHM, by
a factor of greater than two compared with standard wide-
field microscopy. The resolution is enhanced in the direction
normal to interference fringes. The intensity profile has two
side lobes, which are intrinsic features of SWFM resulting
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from the convolution of an object with the effective PSF of
SWEM, which is in turn a product of standard PSF and exci-
tation standing wave intensity. Since the side lobes were be-
low 50% of central maximum, the object size can be unam-
biguously extracted by linear deconvolution. We used a
method known as inverse filtering:® the Fourier transform of
the reconstructed SWFM image was divided by the effective
optical transfer function (OTF) of SWFM, then transformed
back using only values within the bandwidth of the effective
OTF. To obtain the effective PSF, we multiplied the intensity
profile of the TIRFM image of a 100-nm bead by the mea-
sured standing wave pattern. The result of linear deconvolu-
tion applied to SWFM image [Fig. 2(b)] is shown in Fig. 2(c).
The corresponding intensity profile [Fig. 2(f)] indicates re-
moved side lobes and a narrowed central peak compared to
the x profile in Fig. 2(e). The object size can be determined
from the FWHM of the intensity profile of deconvolved im-
age. The average diameter of six beads was 101+6 nm.
Therefore, our method allows to determine object sizes of at
least 100 nm with an accuracy of 6 nm.

4 SWFM Application to Live Cells

The performance of SWFM with biological samples was
evaluated by imaging biological nanotubes, that is, membrane
tethers, between living cells. The formation of cell membrane
tethers is a general phenomenon occurring during cell adhe-
sion, communication, and spreading.9 Membrane tethers can
also be pulled from a cellular plasma membrane using a mi-
crosphere attached to the membrane and manipulated by op-
tical tweezers.'® These experiments give insight into the phys-
ics of tether formation as well as the mechanics of cell
membranes. Optical tweezers in combination with patch-
clamp techniques allow the investigation of electromechanical

November/December 2006 ¢ Vol. 11(6)



Gliko et al.: Standing wave total internal reflection fluorescence microscopy...

S 1t b
0,

>

=

n0.5

c

)

)

f=

FWHM -

180 nm

0

0 05
Distance [um]

0 05 1 15
Distance [um]

1 15

Fig. 3 Imaging membrane tether formed between HEK cells. (a) SWFM reconstructed image, (b) intensity profiles taken across the tether along the
line depicted in (a), (c) was obtained from (b) by applying linear deconvolution. The tether diameter was determined as 144 nm, based on FWHM

of the deconvolved SWFM image profile.

properties of plasma membranes by measuring the mechanical
response of membrane tethers to changes in the transmem-
brane potential.'’ Direct measurement of the tether diameter is
necessary for the analysis of voltage-induced force genera-
tion. So far it has not been possible to measure tether diameter
by light microscopy, because the tether is considerably thinner
than the lateral resolution of conventional light microscopy.
Scanning electron microscopy (SEM) performed on fixed
cells has shown that tethers are 50 to 200-nm thick.’

We applied our SWFM setup to determine the diameter of
membrane tethers formed spontaneously between cultured hu-
man embryonic kidney (HEK) cells. These tethers stretch be-
tween interconnected cells and are up to several cell diameters
in length.” Because most of the tethers do not contact the
substrate, we did not utilize TIR in this case. The cell mem-
brane was stained with a fluorescent label Alexa Fluor 488
conjugated to wheat germ agglutinin, a lectin that binds with
the membrane. The cells were cultured in a Petri dish. The
label was added directly to the culture medium (50-ug/ml
final concentration) and washed away after a 15-min incuba-
tion. The Petri dish with cells was placed onto the transla-
tional stage of the microscope. The diameter of the tethers
oriented about parallel to the standing wave fringes was de-
termined by the FWHM of the intensity profile of the decon-
volved SWFM image. A SWFM image of the tether, the cor-
responding intensity profile taken along the depicted
horizontal line, and deconvolved intensity profile are shown
in Figs. 3(a)-3(c), respectively. Diameters of tethers as deter-
mined by FWHM measurements were in the range from 140
to 270 nm. These values agree with those obtained from SEM
measurements.” To our knowledge, this is the first measure-
ment of the diameter of a membrane tether from a living cell.

5 Conclusions

We have developed a technique to study biological nanostruc-
tures in living cells. SW-TIRFM through an objective lens
improved lateral and axial resolutions. Data collection and
analysis are easy and rapid, and free access to the specimen
during the experiment is retained. In addition, there is no limit
to the thickness of specimen. An effective PSF with side lobes
below 50% allows size determination with <100-nm resolu-
tion from the intensity profile of the linearly deconvolved
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SWFM image. In addition, if the object size is in the range of
20 to 180 nm, it can be extracted from the ratio between the
average value of the two side minima and the central
maximum. ' Using this technique, we determined the diam-
eter of spontaneously formed membrane tethers. This is the
first application of SWFM to measure the nanometer-sized
structure in live biological specimens. This technique can pro-
vide real-time size measurements as the total acquisition time
does not exceed 1 s. Improved two-dimensional resolution
can be achieved by rotating the standing wave pattern relative
to the specimen and acquiring additional images. By changing
the incident angle, it is possible to switch between SWFM and
SW-TIRFM. SWEM allows 3D imaging by acquiring a series
of images while changing the focal plane through the speci-
men. SW-TIRFM provides an additional improvement of
axial resolution and contrast by exciting a thin section of the
specimen adjacent to coverslip. With the appropriate choice of
fluorescent labels, this optical setup can be used to image both
the interior and surface of cells. Therefore, potential applica-
tions include studying processes occurring near the cell mem-
brane, such as exocytosis and endocytosis, as well as cell
adhesion, spreading and communication. Imaging accompa-
nied by electrophysiological measurements should make it
possible to relate structural changes to physiological cell-
signaling events. Structural transformations inside the cell,
such as those occurring in the Golgi apparatus and DNA com-
plexes, can be studied as well.

Further resolution improvement of SW-TIRFM could be
achieved by utilizing nonlinear excitation. "% Then resolution is
only limited by the signal-to-noise ratio, which in turn is lim-
ited by photobleaching. Using highly photostable fluoro-
phores, such as quantum dots, makes this approach potentially
applicable to living samples. It has also been suggested that
3D resolution is achievable by using a standing wave pattern
formed in selected orientations in space.
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