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ABSTRACT A new method for high-resolution imaging, near-field scanning optical microscopy (NSOM), has been
developed. The concepts governing this method are discussed, and the technical challenges encountered in constructing
a working NSOM instrument are described. Two distinct methods are presented for the fabrication of well-
characterized, highly reproducible, subwavelength apertures. A sample one-dimensional scan is provided and compared
to the scanning electron micrograph of a test pattern. From this comparison, a resolution of >1,500 A (i.e., =\/3.6) is
determined, which represents a significant step towards our eventual goal of 500 A resolution. Fluorescence has been
observed through apertures smaller than 600 A and signal-to-noise calculations show that fluorescent imaging should be
feasible. The application of such imaging is then discussed in reference to specific biological problems. The NSOM
method employs nonionizing visible radiation and can be used in air or aqueous environments for nondestructive
visualization of functioning biological systems with a resolution comparable to that of scanning electron microscopy.

INTRODUCTION

Resolving components spatially in biological systems pres-
ents a classical biophysical problem. Most imaging tech-
niques presently in use are fundamentally limited by the
wavelength of the radiation. In this paper we present our
development of a unique new imaging method that is
independent of the radiation wavelength. This method
permits the nondestructive imaging of surfaces within their
native environment, with a resolution comparable to scan-
ning electron microscopy. We have called this advance in
biophysical technology “near field scanning optical micros-
copy” (NSOM).

The resolution limits for this new technique fall between
the extremes defined by light microscopy (2,500 A) and
fluorescence energy transfer methods (=40 A to =80 A).
Using visible wavelengths, a conservative estimate of the
resolution is ~500 A. Thus, it is likely that this technique
will make an important contribution to the investigation of
macromolecular assemblies such as lipid microdomains,
receptor clusters, and photosynthetic reaction center
aggregates. Furthermore, unlike other techniques at this
resolution, near-field imaging will be able to follow the
temporal evolution of these macromolecular assemblies in
living cells. Therefore, NSOM has the potential to provide
both kinetic information and high spatial resolution.
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Conceptual Basis of Near Field Scanning
Optical Microscopy (NSOM)

The fundamental principle underlying the NSOM concept
is outlined in Fig. 1, where visible light is depicted as being
normally incident on a conducting screen containing a
small (subwavelength) aperture. Because the screen is
completely opaque, the radiation emanating through the
aperture and into the region beyond the screen is first
collimated to the aperture size rather than to the wave-
length of the radiation employed. This occurs in the
near-field regime. Eventually the effect of diffraction is
evidenced as a marked divergence in the radiation, result-
ing in a pattern that no longer reproduces the geometrical
image of the aperture. This occurs in the far-field regime.
To apply the collimation phenomenon, an object, such as
a cell membrane, is placed within the near-field region
relative to an aperture. In this case, the aperture acts as a
light source whose size is not limited by the considerations
of geometrical optics. The light source can be scanned over
the object, and the detected light can be used to generate a
high-resolution image. Because the resolution is dependent
upon the aperture size rather than the wavelength, it
should be possible to obtain 500 A or better resolution if a
sufficiently small aperture is used. These are the essential
features of the NSOM technique, which can be applied in
air or aqueous environments using nonionizing, visible
radiation. Thus, macromolecular assemblies in functioning
biological systems can be imaged at high resolution.
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FIGURE 1 Schematic representation showing the collimation of radia-
tion emanating from a subwavelength aperture.

Comparison With Other Optical Methods

[t is important to distinguish NSOM from more conven-
tional diffraction limited techniques. For example,
although images have been obtained of isolated 250 A
structures using video-enhanced contrast optical micros-
copy (1), the images of these structures are, in the best of
cases, limited by diffraction to sizes of 1,000-2,000 A.
Hence, with this method it is difficult to determine the true
sizes of the observed features. Furthermore, two or more
structures will not be individually resolved if their
respective Airy disks overlap (as determined by the Ray-
leigh criterion). In comparison, the NSOM method should
generate images which indicate the true sizes of assemblies
even when these assemblies are separated by much less
than the wavelength.

Historical Background

As far back as a decade ago, the principle of super-
resolution microscopy was demonstrated at microwave
frequencies (A = 3 cm) by Ash and Nicholls (2). In their
pioneering experiment, a grating of 0.5 mm periodicity was
imaged with an effective resolution of \/60. However, until
we reported our initial results in 1983 (3), there were no
published attempts to extend this technique to the visible
region of the spectrum. This is quite understandable,
because the minute physical dimensions of the optical
near-field demand aperture fabrication and microposition-
ing technologies on a nanometer scale. Furthermore, it is
not immediately obvious that the results of the microwave
experiment could be extended to the visible regime,
because the finite conductivity of thin metal films has to be
considered in the design of screens for submicron aper-
tures, whereas the comparatively thicker metal screens
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used in the microwave case are completely conducting and
thus opaque.

Since our original report, several additional publications
on near-field imaging technology have appeared (4-11).
Fischer (8) has produced an interesting series of results by
scanning a subwavelength aperture over a second, larger
aperture, but these results are difficuit to interpret for a
number of reasons. For example, the opacity of the metal
films used was not large, so that the apertures were poorly
defined and much stray light was transmitted through the
aperture screens. In addition, coherent, monochromatic
illumination was used at grazing incidence, so that a series
of standing waves may have been generated when the
polarization of the electric field was perpendicular to these
screens.

A near-field imaging system for use in the far infrared is
also currently being developed by Massey (10). Although
this system may find many applications (such as in the
detection of heat transport on a microscopic scale), it will
not approach the resolution capabilities of NSOM and can
best be viewed as a complementary imaging technique.

Finally, Pohl et al. (11) have developed a system for
super-resolution microscopy that shares some of the same
features as our NSOM instrument. They call their tech-
nique “optical stethoscopy.” This is somewhat of a mis-
nomer, as the analogy to a medical stethoscope is not
strictly valid. This can be understood by treating the
optical aperture and the acoustic stethoscope as classical
waveguides. In the optical case, a consideration of the
appropriate boundary conditions indicates that all modes
are evanescent (decaying) within the aperture (12).
Indeed, only the finite thickness of the aperture screen
permits the flow of any energy at all. A different set of
boundary conditions must be invoked in the acoustic case.
These conditions lead to the existence of a single propagat-
ing plane wave (13) and explain why a 20 Hz (A = 17 m)
sonic disturbance can be detected through a long stethos-
cope tube only a centimeter in diameter. :

At the experimental level, the sizes and the structure of
the apertures used by Pohl et al. (11) were not character-
ized. In addition, the nature of their manufacture presents
considerable challenges in the attainment of reproducibili-
ty. To demonstrate 250 A resolution using optical tech-
niques, not only must the apertures be well-characterized,
but it is also essential to have well-characterized test
structures. Neither of these criteria were met in Pohl et
al.’s paper.

In short, initial attempts to implement the near-field
scanning concept attest to the difficulty of the NSOM
technique. To appreciate the technical challenges inherent
in this form of microscopy, we have performed model
calculations to obtain a first approximation to the pattern
of radiation in the near field. These calculations (to be
published) investigate the transmission of light through a
slit of infinite length in a screen of finite thickness, and
were based on the powerful Green’s function technique of
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FIGURE 2 The energy flux emanating from a 500 A wide slit, normal-
ized to the energy of the incident plane wave, is shown plotted as a
function of both the perpendicular distance (z) from an 1,800 A thick
conducting screen and the ratio of the lateral distance from the center of
the slit to the half width of the slit (x/a). Notice that the radiation is
collimated to roughly the edge of the slit (x/a = 1) out to ~z = 250 A,

Neerhoff and Mur (14). In particular, the component of
the time-averaged Poynting vector perpendicular to the
screen was calculated in the region just beyond the screen.
The results are shown in Fig. 2, where the divergence of the
energy flux is plotted as a function of the distance from the
slit. These results show that the radiation remains colli-
mated to a distance of at least half the slit width. Further-
more, they also indicate that the extent of the near-field
increases with the slit width. Finally, these near-field
energy flux calculations exhibit a close-to—exponential
decrease in intensity with increasing distance from the
screen. This suggests that rigid stability requirements will
need to be maintained in the z direction, as will be
discussed more fully in the following section. Of course,
significant differences can be expected between the near-
field radiation pattern of a slit and that of a circular
aperture, but the simpler slit geometry should give an
indication of the pattern to be expected in the aperture
case.

TECHNICAL CHALLENGES TO BE
ADDRESSED

To construct a super-resolution microscope, several practi-
cal considerations must first be addressed. These consider-
ations fall into two broad categories: micropositioning and
enhancement of the signal-to-noise ratio.

Micropositioning

The theoretical analysis mentioned above indicates the
degree of control required over the aperture-to—object
separation. For example, the radiation emanating from a
500 A-wide slit remains collimated to an approximate
distance of 250 A. Furthermore, because the intensity in
the near field is so strongly dependent upon distance, the
separation must be maintained with a precision of ~20 A.

Near-Field Scanning Optical Microscopy (NSOM)

To satisfy such strict positioning requirements, several
potential problems must be successfully confronted. These
are discussed below.

Vibration Isolation. In a typical laboratory
environment, building vibrations exist at frequencies as low
as 2—4 Hz, although most of the vibrational energy is in the
5-30 Hz range (15). In our environment, we have mea-
sured displacements of up to 1 u in this frequency range. If
this energy were to be transferred without attenuation to
the critical components of an NSOM system, and if the
aperture and object were not held together with sufficient
rigidity, then their relative displacement could vary by two
to three orders of magnitude greater than the precision
required. To preclude this possibility, it is necessary to
design an isolation system which attenuates both horizon-
tal and vertical vibrations from the floor at frequencies
above a few Hertz. In addition, such a system must use a
damping mechanism to insure that any vibrations trans-
mitted to the microscope are transient in nature. This
damping mechanism is also needed to reduce the vibrations
induced by the motion of the sample stage itself in the
course of a scan. Finally, an effective isolation system must
also shield the NSOM instrument from acoustic vibra-
tions, which fall in the 20 Hz-20 kHz range.

Thermal Drift.  Although the thermal expansion
coefficients of the various components of an NSOM
system will vary widely with composition and size, it can be
expected that these components will expand/contract
roughly 0.1-1.0 gm for every 1°C increase/decrease in
temperature. Hence, the differential rate of expansion of
the aperture relative to an object could present a serious
obstacle towards obtaining the required micropositioning
capabilities for super-resolution microscopy. This obstacle
can be surmounted through two lines of attack: either the
instrument can be designed so as to insure that the thermal
expansion of the aperture relative to the object is rather
small, or else stringent control can be maintained over the
temperature of the entire apparatus. Ideally, both of these
methods should be used.

Aperture and Sample Translation. As a final
micropositioning requirement, it is necessary to translate
the aperture and sample accurately relative to one another
in all three spatial dimensions. As mentioned above, the
translating system should position the aperture with a
precision of ~20 A in the z direction (perpendicular to the
sample plane). However, it is equally necessary to obtain
accurate positioning in the x and y directions, as one factor
which limits the resolution of an NSOM system is the size
of the steps taken while scanning. In particular, the step
size should be shorter than half of the desired resolution
(16). Hence, a system designed for 500 A resolution must
include positioning control of >250 A in the x and y
directions.
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Factors Determining the Signal-to-Noise
Ratio

Signal Considerations. The light transmitted
through a submicron aperture is weak enough to require
the use of sensitive detection electronics. A good detection
system becomes increasingly important when it is consid-
ered that, in the interest of producing high resolution
images rapidly, the aperture must scan quickly over the
object, so that the time available at each point to accumu-
late the requisite counting statistics is rather brief. Weak
signals can particularly be expected in biological applica-
tions, where contrast differences in a specimen can be quite
small. In such applications, a variety of nondestructive
methods would be needed to increase contrast, ranging
from the computer enhancement of images to the fluores-
cent labeling of specimens.

Noise Considerations. Because rather weak sig-
nals are expected, one obvious source of noise is that of
statistical noise. The significance of this source can be
reduced by increasing the period of data collection, but this
is done at the expense of scan speed. Systematic noise can
also be expected from the detection system in the form of
dark noise and noise from the preamplifier and discrimina-
tor electronics. Noise will also be introduced if there is any
variation in the light intensity used to illuminate the
sample or aperture. Furthermore, because the aperture
screen is not completely opaque, any light which is trans-
mitted through this screen (rather than through the aper-
ture) will contribute to the systematic noise.

There are also sources of noise related to the issue of
micropositioning. First, unwanted variations in the xy
positioning of the sample relative to the aperture can either
cause an apparent distortion in the image (for variations
long compared with the scan time) or else can smear the
contrast and resolution information at a point (for varia-
tions short compared with the data collection time at that
point). Of even more significance are the large variations in
apparent signal strength which can be caused by slight
changes in the aperture-to—object separation. Finally, noise
can be introduced when scanning thick (>1,000 A), trans-
lucent samples, because the system will detect light scat-
tered from the diffraction-limited far-field regions as well
as from the collimated near-field regime. In short, consid-
erable effort must be expended to increase signal strength
and reduce noise so as to permit rapid high resolution
microscopy.

INITIAL FEASIBILITY STUDIES

Our initial goal was to construct a simple prototype to
demonstrate the feasibility of the NSOM concept. The
essential features of this prototype are discussed below.
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Submicron Aperture Fabrication

Aperture Arrays. Two radically different tech-
niques have been used in fabricating submicron apertures
for near-field microscopic studies. The first scheme con-
sists of the formation of aperture arrays in a thin, planar
silicon nitride membrane. These arrays were formed using
electron beam lithography at the National Research and
Resource Facility for Submicron Structures. This tech-
nique, which was described in earlier papers (17, 18), has
generated uniform, reproducible holes as small as 80 A in
diameter. After aperture formation, the opacity of the
surrounding membrane was increased by evaporating alu-
minum over the arrays. Similar apertures have already
been applied in optical transmission studies showing that
visible light from a tungsten source is transmitted through
holes as small as 300 A (3). The efficiency of the transmis-
sion process is shown in Fig. 3 4, where light transmission
through 2,400 A-diameter apertures is depicted. Figure
3 B demonstrates the alteration in the signal-to-noise ratio
in going to a 600 A diameter aperture array. The unifor-
mity of the transmitted intensity attests to reproducibility
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FIGURE 3 (A) 5,145 A light transmission through 2,400 A diameter
apertures is shown detected in the far field with an optical multichannel
analyzer. Note the uniformity of the light transmission through the nine
apertures shown. Incident beam power was 0.62m W /cm?. (B) 5,145 A
light transmission through 600 A-diameter apertures is shown as detected
in the far field with an optical multichannel analyzer. Incident laser
power was as above. Note the even for these smaller apertures a good
signal-to-noise ratio is achieved.
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of this method of aperture fabrication. In addition to the
utility of such arrays in characterizing the optical proper-
ties of submicron apertures, they can be applied to non-
scanning near-field imaging methods.

Pipette Apertures. The principal problem in
near-field imaging is the finite depth of field resulting from
the limited extent of the collimation of radiation in the near
field. Because of this limitation, apertures in a planar
membrane cannot probe recessed regions in rough sur-
faces. To address this problem, we have developed a
simple, inexpensive method of aperture fabrication involv-
ing the formation of submicron apertures in the tips of
highly tapered, metallized glass pipettes. This method is
based on an extension of the technology developed for
making glass pipettes used in probing cells electrically by
the patch clamp method (19). We have extended this
technology by: (a) fabricating apertures with diameters of
<1,000 A; (b) characterizing the apertures at the tips of
the pipettes with scanning electron microscopy; (¢) show-
ing that light is transmitted through such pipette aper-
tures.

A two-stage method was used for constructing the
apertures. The first stage tapered the pipette and the
second stage pulled until the breaking point was reached.
By varying the wall thickness of the glass pipettes, aperture
diameters from <1,000 A-5,000 A with outer diameters of
5,000 A-7,500 A were reproducibly generated. Thicker-
walled pipettes were found to produce smaller apertures.

FIGURE 4 A scanning electron micrograph of the tip of a metallized
pipette is shown with a 5,000 A outer diameter and with a <1,000 A
central aperture. Although even smaller apertures could be prepared with
our technique, they would be difficult to characterize with the limited
resolution of the SEM available.

Near-Field Scanning Optical Microscopy (NSOM)

Aluminum was again evaporated to increase the opacity of
the glass wall surrounding the aperture. This evaporation
resulted in a uniformly metallized tapered pipette with an
aperture <1,000 A at the tip (see Fig. 4).

The taper of the pipette is of particular importance.
When light is passed down the pipette, it is transmitted
through the outer glass walls as well as through the central
region (see Fig. 5). The inner diameter of the pipette
rapidly tapers to dimensions of less than an optical wave-
length. This model of light transmission suggests that the
radiation exists in a propagating mode throughout the
length of the pipette, since the pipette outer diameter is
larger than the cut-off value calculated by treating it as a
classical wave guide. Only at the thin metallized region at
the tip of the pipette is the cut-off threshold reached. Thus,
the large throughputs observed are a consequence of the
fact that the region of evanescence is short. After leaving
the aperture, the radiation once again exists in a propagat-
ing mode.

An NSOM Prototype—Design

The pipette-type apertures were an important advance in
our development of a simple NSOM prototype, but even
for the initial feasibility experiments, the technical chal-
lenges discussed above had to be addressed in at least a
preliminary fashion. The consideration of these challenges
in our development of a workable NSOM prototype will
now be discussed.

Initial System. A two-stage system was used to
shield the instrument from floor vibrations. The first
consisted of a large table top mounted on tennis balls.
Measurements in our laboratory indicated that this system
reduced high frequency vertical disturbances to amplitudes
of <300 A. The second consisted of a heavy steel plate
resting on a foam pad, which provided isolation in the
intermediate frequency range (10-50 Hz).

Using precision translation stages and conventional
micrometers, the pipette was positioned with ~1 um accu-
racy in the xp plane over the section of the sample to be
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FIGURE 5 A cross-sectional representation of a metallized pipette is
shown together with the propagation of light toward the tip.
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scanned. Another stage was used to position the pipette
within a few microns of the sample surface. To bring the
pipette within the near-field region, a stacked piezoelectric
element was used (see Fig. 6). A low-noise (15 mV peak to
peak), high-voltage supply was used to insure that the error
in the piezoelectric expansion due to voltage ripple was
considerably less than the 20 A limit mentioned previously.
Another piezoelectric element was used to drive the pipette
in the scan direction. The step size could be varied, but was
typically 150 A. Because conventional piezoelectric ele-
ments have limited expansion ranges, the scans were
constrained to be no larger than several um. Furthermore,
these conventional elements exhibit hysteresis problems
(=15% of the full expansion), so that accurate positioning
could be achieved only along a single axis.

To deal with the problems posed by signal-to-noise
considerations, the prototype system (see Fig. 6) used an
optical multichannel analyzer with an SIT vidicon detec-
tion system in conjunction with a conventional light micro-
scope. This design insured that a sufficient portion of the
available light was collected and detected. Noise in each
channel of the detector was at most half the signal due to
the aperture, even when small apertures and weak (tung-
sten) illumination were used. Much of the noise consisted
of a constant background level, which was easily sub-
tracted. To measure the noise from other sources, the final
detection signal was plotted as a function of time in a test
situation where the aperture position was fixed. The result-
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FIGURE 6 A schematic diagram of the experimental apparatus used for
our initial feasibility experiments is shown. Both the optical multichannel
analyzer and the piezoelectric translators are controlled with a microcom-
puter.
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ing variations in intensity were roughly one percent of the
apparent signal. These noise fluctuations were at least an
order of magnitude smaller than the intensity changes
observed in the course of a super-resolution scan.

NSOM Prototype—Results

Microfabricated Patterns for Resolution Tests.
To test the NSOM method, it was necessary to fabricate
objects that could be used to define the resolution limits of
the resulting device accurately. Toward this end, electron
beam lithography was used to create a mask consisting of
several sets of line gratings with varying periodicity. The
image of this mask was reproduced with high fidelity as a
series of aluminum lines on a glass coverslip using the
method of contact printing. These lines were 2,000 A wide
and were separated by spacings ranging from 2,000 A-
8,000 A. In Fig. 7, a scanning electron micrograph of one
of these gratings is shown. Note the quality with which the
pattern is reproduced. As noted above, such high-quality
test objects with reproducible features are required before
any conclusions can be drawn about NSOM resolution.

A One-Dimensional Scan. Using the NSOM
prototype and the test object discussed above, a one-
dimensional scan was performed that demonstrated
super-resolution capabilities. The light from a 100W tung-

FIGURE 7 A scanning electron micrograph of a grating of aluminum
lines on glass used for our resolution tests is shown. The lines were 2,000 A
separated by 4,000 A. To obtain this micrograph the sample was coated
with a 100 A thick film of gold palladium.
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FIGURE 8 A scan of the test grating in Fig. 7 is shown. From the
sharpness of the intensity modulation between adjacent maxima and
minima, a resolution of <1,500 A is inferred. Furthermore, note that the
periodicity of the grating is reproduced over the entire scan.

sten lamp was passed through a pipette to illuminate the
aperture. The tip was brought into contact with the sample
surface and then was retracted several nanometers for
scanning.

The initial scan was performed using a 5,000 A diameter

pipette-type aperture; the results are shown in Fig. 8. Note
that the periodicity of the grating pictured in Fig. 7 is
reproduced throughout the entire length of the NSOM
scan. A resolution of >1,500 A is inferred from averaging
the sharpness of the steps in going from transmission
minima to adjacent transmission maxima and vice versa.
Note further that the technique permits detection of sharp
edges with a resolution considerably better than the limit
expected based on a naive model of the aperture size. This
is understandable, because with a sufficient signal-to-noise
ratio it should be possible to detect changes in intensity due
to partial occlusion of the aperture by the sharp edge.

Future Improvements

Although the prototype system was sufficient to demon-
strate the super-resolution concept, it suffered from a
number of limitations. These included the inability to scan
in two dimensions, the inability to scan over rough topogra-
phy, the inability to produce highly reproducible scans, and
the inability to scan at high speed. Methods exist for
attacking all these problems. We are currently incorporat-
ing these methods in the construction of a second-genera-
tion NSOM instrument. Many of the ideas used in this
construction effort were first developed for scanning tun-

FIGURE 9 Perylene fluorescence through (a) 1,200 A diameter and (b) 600 A diameter apertues are shown. The exciting laser light at 5,145
A illuminated the sample from below, and the fluorescence was detected through the apertures from above. The laser power that was used
caused no detectable bleaching of the sample. The fluorescence was recorded with ASA 400 Kodak Ektachrome film using a 30 s exposure.
These arrays contain graduated aperture sizes with the maximum corresponding to the diameters noted above. Please refer to the color figure

section at the end of this book.

Near-Field Scanning Optical Microscopy (NSOM)
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neling microscopy, where positioning on a subangstrom
scale is required (20). At the completion of this effort, we
hope to have a versatile system capable of investigating
problems of biophysical interest.

BIOPHYSICAL APPLICATION

Fluorescence Detection

Because NSOM uses visible radiation, many of the tech-
niques already developed for conventional microscopy
(e.g., polarized illumination, phase contrast methods, etc.)
can be used to advance the biophysical applicability of
super-resolution microscopy. In particular, contrast
enhancement by fluorescence techniques will be useful,
because many biological systems can be selectively and
nondestructively labeled with fluorophores; others contain
fluorescent domains in their natural state. The only poten-
tial problem associated with fluorescent labeling lies in the
reduction of the signal strength because of the limited
cross-sections and quantum yields of these fluorophores.
However, in this paper, we have taken a first step in
demonstrating the feasibility of fluorescence imaging by
observing fluorescence emanating from subwavelength
apertures (see Fig. 9). This result was obtained by illumi-
nating a thin film of perylene with 5,145 A radiation from
a laser, and viewing the fluorescence transmitted through
an aperture array with the appropriate filter. Note that
relatively strong signals are obtained, even though perylene
has only a moderate quantum efficiency.

Fluorescence From a Functioning
Biological System

The next step in approaching a significant biological
problem involved observing the transmission of fluorescent
light through submicron apertures emanating from a via-
ble biological specimen. To acheive this, spinach chloro-
plasts were used. A suspension of such chloroplasts was
placed directly on an array of 2,400 A holes, and the
suspension was made sufficiently dense so that the chloro-
plasts adhered to the array and did not migrate. The
chloroplasts were illuminated through the apertures using
4,579 A laser radiation incident from the opposite side of
the array, and the fluorescence was detected back through
these same apertures in reflection. The results, shown in
Fig. 10, demonstrate the feasibility of detecting such
fluorescence on a submicron scale in a nondestructive
manner.

Chloroplasts were chosen for our initial experiments
because they are involved in the current debate concerning
the distribution of the two photosystems involved in photo-
synthesis. Photosystem II is involved with the splitting of
water while photosystem I is involved with the alteration in
the oxidation-reduction potential of electrons ejected from
the split water. Both photosystems are found in the thyla-
koid membranes of chloroplasts, but only photosystem II
fluoresces at room temperature.
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FIGURE 10 Photosystem II fluorescence is shown detected through
2,400 A diameter apertures using epi-illumination. The incident intensity
from an argon ion laser at 4,579 A was 0.067 W /1? at the surface of the
array. Kodacolor ASA 400 film and an exposure time of 40 s was used to
detect the fluorescence from the chloroplasts.

The membranes themselves contain two structurally
distinct regions: the grana, in which the membranes are
stacked; and the stromata, which are regions of unstacked
membranes interconnecting the grana regimes. According
to one model, photosystem I is excluded from the stacked
regions of the grana. However, the evidence on which this
model is based comes from freeze-fracture electron micros-
copy, detergent methods of fractionating the grana and
stroma membranes, and mechanical fractionating methods
(21, 22), all of which have a disruptive effect on the
membranes. Conventional microscopy cannot be used
because the grana regions cannot be resolved with suffi-
cient clarity to determine the distribution of the two
photosystems. In contrast, near-field microscopy should
provide the resolution necessary to determine the photosys-
tem distribution within viable chloroplasts maintained in
their native environment. We are currently working on this
problem. Our results should help elucidate energy transfer
mechanisms involved in photosynthesis.

Signal-to-Noise Ratio Calculations for
Biological Applications

The signals detected by fluorescence NSOM imaging are
weak and many possible sources of noise can be expected.
In this section we illustrate the feasibility of fluorescence

IMAGING TECHNOLOGY




imaging methods by calculating the signal-to-noise ratio in
a specific biological application. The particular problem
we focus on is the detection of a receptor in the plasma
membrane of human fibroblast cells that binds low density
lipoprotein (LDL). LDL is the predominant transporter of
plasma cholesterol, and at least 30 fluorescent lipid mole-
cules can be incorporated per LDL molecule (23). It has
been shown that with the fluorescent lipid 3, 3'-dioctade-
cylindocarbocyanine iodide (dil[3]), single LDL mole-
cules on single LDL receptors can be detected (23). We
can use this data to obtain signal-to-noise estimates that
will indicate the feasibility of imaging such receptors.
However, these calculations are not limited to this exam-
ple, because phycobiliproteins have been shown to be as
highly fluorescent as LDL and can be used to label
selectively a variety of cellular receptors (24). We have
been able to irradiate LDL molecules with green light for
~1 min at an intensity of 1 uW/u? before the resulting
fluorescent image begins to fade. This corresponds to a
total dose of 1.9 x 10 photons/cm?.

To determine how this limit affects the incident intensity
and hence the total signal in an NSOM application, we
consider here the specific case of near-field microscopy in
reflection. The use of such a geometry is advantageous,
because each molecule is affected only when the illu-
minated aperture is overhead. In practice, this is not
strictly true, because the finite opacity of the screen must
be taken into account. For example, a 600 A-thick layer of
aluminum will transmit ~0.01% of the incident light. If the
attenuation of the radiation in the aperture is assumed to
be 90%, then the differential transmittability of the aper-
ture relative to the screen is 10°.

In a typical scan, we may wish to record a 100 x 100
element image within 100 s. In this case, the differential
transmittability indicates that the LDL molecules will
receive dosages roughly ten times greater from transmis-
sion through the screen as they will from transmission
through the aperture. Hence, to remain below the photo-
bleaching threshold within the 100 s scan time, a maxi-
mum photon flux past the screen of 1.7 x 10® photon/
s/cm? is permissible, corresponding to an incident intensity
of 5.4 mW /2,

Although at first glance it may appear troubling that the
dosage from screen transmission is an order of magnitude
greater than that from aperture transmission, when the
situation is considered in detail it is not problematical at
all. First, it must be remembered that these figures refer to
the total dosages in the course of a scan, and at any given
time the intensity directly below the aperture is ~1,000
times greater than the intensity below the screen. Further-
more, from the standpoint of the signal-to-noise ratio, we
are only interested in the fluorescent light that is transmit-
ted back through the aperture and screen for eventual
detection. In as much as this is the case, the transmission of
light through the screen is unimportant, because any
fluorescence which might otherwise be generated by LDL
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molecules under the screen is highly quenched by the
presence of the metal within the screen (25). Hence, only
the fluorescence from the near field directly below the
aperture contributes to the signal, and only far-field fluo-
rescence contributes to the noise.

The maximum permissible intensity calculated above
can now be used to estimate the total signal which can be
expected in our Gedanken experiment. In particular, by
again assuming a 10% transmitability for the aperture and
noting that the above scan parameters lead to a 10 ms
exposure time per pixel location, we find that 1.7 x 10
photons/cm? for each pixel are transmitted through the
aperture. We will further assume that these photons are all
incident on the fluorescent site of a single receptor.

To calculate the resulting signal, we note that each of
the 30 dil chromophores per LDL molecule has an effec-
tive photoabsorption cross section of 3.8 x 10~"7 cm? with a
fluorescent yield of 0.1 (23). Using these numbers we find
an initial signal of 1.9 x 10° fluorescent photons/pixel.

A number of factors cause the detected signal to be
lower than this initial value. First, in the reflection mode
described here, the assumed aperture transmission reduces
the fluorescent light intensity by 90%. Second, inefficien-
cies in the collection optics can be assumed to reduce the
intensity further by 50%. Finally, the photomultiplier that
will form the heart of a sensitive detection system has a
quantum efficiency of only 20%. When all these factors are
taken into account, the detected signal is found to be 1.9 x
10* counts/pixel.

To determine the noise associated with a signal of this
strength, we first consider noise due to photon counting.
Statistical noise for the above counting level is ~44 counts/
pixel. In contrast, dark noise from the photomultiplier
should be <10 counts/s. For the above scan rates, this cor-
responds to 0.1 counts/pixel, and hence is quite negligible.

Other fundamental sources of noise arise from the
limited extent of the collimation of radiation in the near
field. For example, although the LDL molecules in close
proximity to the metal screen will not exhibit fluorescence,
other such molecules bound to the far side of the cell
membrane will be weakly illuminated by residual far-field
radiation from the aperture, and hence may yield dim
fluorescence noise. This noise is considerably less than the
signal due to fluorescence from receptors within the intense
near-field radiation pattern emanating from the aperture,
as can be understood by the following simple argument.

As was mentioned previously, the intensity of radiation
emanating from a slit falls in an almost exponential
manner within the near field. It is reasonable to assume
that similar behavior exists in the case of a circular
aperture. In fact, by treating an aperture of diameter d =
500A as a waveguide, a specific form of exp[—2zr/d] can
be assumed to hold out to a collimation distance of ~250 A.
Hence, the radiation should remain collimated through the
entire thickness of that portion of the cell membrane which
is directly under the aperture, and any fluorescence that
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occurs in this region can be considered to contribute to the
signal. In contrast, any fluorescence which occurs in the
far-field region contributes to the noise. However, within
the far field, the aperture can be modeled as a dipole
radiator, so that the outward flux falls as 1/r% If we
assume that this behavior is valid up to r = 250 A, then the
continuity of intensity at this distance can be used to
provide a complete, qualitiative model of the energy flow
past the aperture.

We can now use such a model to estimate the signal-
to-noise ratio caused by the limited extent of the collimated
near field. The signal is determined by integrating the
exponential intensity factor over a hemisphere of 250 A
radius. Similarly, by integrating the factor of 1/r® over a
250 A-thick shell 1 um away (which represents the mem-
brane furthest from the aperture), the noise is found. In
this example, which should fairly well model the binding of
LDL receptors to fibroblast cells, the noise is found to be
several orders of magnitude less than the signal. Even if we
were to assume that chromophores are evenly distributed
throughout the bulk of the cells (certainly not the case in
our example), a signal-to-noise ratio of 7.7 can be obtained
using this model. When it is also considered that the
fluorescence from the chromophores decreases in intensity
by 1/r% as well, the noise is dropped even further.

The implications of this last point cannot be overempha-
sized. The finite extent of the near-field is used to advan-
tage since the far-field noise is small compared with the
near-field signal. Thus, NSOM can be used to image
surfaces on thick samples without sectioning.

Returning to our model for imaging L.DL receptors, it
can now be seen that the most significant source of noise is
statistical in nature. Thus, by using the above results, we
find that a signal-to-noise ratio of ~44 should be obtaina-
ble, and hence the experiment should be entirely feasible.
Indeed, it would not be necessary to run the experiment at
the threshold for photobleaching. If, for example, the
incident intensity were to be decreased by a factor of ten, a
signal-to-noise ratio of almost 14 would still be achieved.
Alternatively, the size of the scan speed could be increased
by a factor of ten with an identical change in the signal-
to-noise ratio.

CONCLUSIONS

Our initial prototype system has demonstrated the feasibil-
ity of NSOM as a high-resolution imaging technique.
Furthermore, the results of the fluorescence experiments
and the signal-to-noise ratio calculations indicate that
NSOM may be applied to a variety of biological problems.
For example, with the development of a flexible second
generation system, NSOM could be used to: image lipid
microdomains in model membrane assemblies (26) or
living cells; investigate banding patterns in chromosomes
with fluorescent molecules that bind to particular DNA
sequences and structures (27); delineate cystoskeletal
interactions with membrane bound proteins; characterize
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alterations in cell surface topography as a result of cellular
stimulation (28); visualize organelle movement along dis-
sociated actin filaments (29); and study the kinetics of
specific proteins during muscle contraction (30). In addi-
tion, this technique could be used to investigate problems in
many other areas from microelectronics to chemistry
where nondestructive, high-resolution imaging is required.
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DISCUSSION

Session Chairman: Benno Schoenborn
Scribes: Robert V. McDaniel and Dinakar Salunke

WARE: Does the transmission of the aperture depend on the shape of the
wavefront or on the wavelength?

BETZIG: The transmission of a small aperture in the near field depends
on the area of the aperture for both an incident plane wave and an
incident converging wavefront. Transmission drops as the fourth power
of the wavelength and increases as the fourth power of the aperture
radius.

STEWART: I would like to ask a couple of technical questions. What is
the depth of focus for NSOM? Would there be light scattering problems
due to passage of the light from the aperture through the cell before it
reaches the detector, which may affect your resolution?

BETZIG: The depth of field is quite small. For example, it is 200 A for
a 500-A diameter aperture. Because of the narrow depth of field, we
must use a feedback system to maintain the distance from the aperture to
the specimen. For example, the methods of scanning tunneling micros-
copy or capacitance microscopy could be used. One could also monitor
the fluorescence of a uniformly distributed fluorophore and use the
variations of intensity in the near field to monitor the distance. With
regard to scattering by the cell, this is a signal-to-noise problem. The
light from the surface is the signal and the scattered light can be consid-
ered to be noise. This technique is solely a surface probe; the interior of
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cells cannot be studied. We can also use either reflected light or reflected
fluorescence (epi-illumination) to avoid scattering by the interior of a
thick specimen.

STEWART: Let me understand this correctly. Is there indeed a rapid fall-
off of the signal with distance from the aperture?

LEWIS: Yes, because of the exponential decrease in the near-field inten-
sity. Also, for fluorophores out of the near-field, there is a 1/r® depen-
dence in the fluorescence, so that only fluorophores near the aperture
contribute to the signal.

STEWART: So therefore the method would be useful mainly for examin-
ing the cell surface?

BETZIG: Yes. There is also the possibility of doing reflection micros-
copy, in which the near-field phenomenon is used both coming and
going. Then the aperture is used to illuminate only a small section of the
surface, and the light is collected from only the same small area. The
resolution of the reflection technique is probably better than from trans-
mission, but the signal-to-noise ratio will be decreased by the light
having to pass twice through the aperture.

STEWART: In the periodic scan that you have shown, what was the
spacing of the lines? Have you used Fourier transform techniques to
look for higher orders?

BETZIG: We have not done that with our scans, but we have done this

with super-resolution lithography of the test pattern. We observe three
orders and the spacing is 2,000 A.
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