Biophysical Journal Volume 80 May 2001 2477-2482 2477

Extraction of Near-Field Fluorescence from Composite Signals to Provide
High Resolution Images of Glial Cells
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ABSTRACT The subdiffraction optical resolution that can be achieved using near-field optical microscopy has the potential
to permit new approaches and insights into subcellular function and molecular dynamics. Despite the potential of this
technology, it has been difficult to apply to cellular samples. One significant problem is that sample thickness causes the
optical information to be comprised of a composite signal containing both near- and far-field fluorescence. To overcome this
issue we have developed an approach in which a near-field optical fiber is translated toward the cell surface. The increase
in fluorescence intensity during z-translation contains two components: a far-field fluorescence signal when the tip of the fiber
is distant from the labeled cell, and combined near- and far-field fluorescence when the tip interacts with the cell surface. By
fitting a regression curve to the far-field fluorescence intensity as the illumination aperture approaches the cell, it is possible
to isolate near-field from far-field fluorescent signals. We demonstrate the ability to resolve actin filaments in chemically fixed,
hydrated glial cells. A comparison of composite fluorescence signals with extracted near-field fluorescence demonstrates that
this approach significantly increases the ability to detect subcellular structures at subdiffraction resolution.

INTRODUCTION

The principle of near-field microscopy was first described1998; Hollars and Dunn, 1998; Vickery and Dunn, 1999).
in 1928 by Synge, who suggested the possibility of extendThe paucity of successful biological applications for NSOM
ing the resolution of the light microscope by illuminating probably arises because the original development of the
samples through a minute aperture that was significantlyechnique was performed in the physical sciences, where the
smaller than the wavelength of illuminating light (Synge, samples have very different characteristics from those in the
1928). Ash and Nicholls (1972) put this method into prac-|ife sciences.

tice using 3 cm radiation and a restricted aperture. Resolu- |nstead of being a planar sample on a coverslip, as is used
tion equivalent toA\/60 was achieved. The use of a taperedin the physical sciences, cells have significant thickness,
optical fiber to provide restricted aperture illumination of they must be imaged in solution, and, finally, they are
samples has opened a new area of subdiffraction resolutiqﬁygmy compliant samples. Consequently, despite repeated
imaging (Betzig and Chichester, 1992). Using optical ﬁbersattempts to image living or even chemically fixed and
with apertures of the order of 50 nm, it has been demo”hydrated cells, little success has been achieved.

strated that single molecules could be interrogated to deter-' g..5use of the potential breakthroughs in understanding

mine. thgir physico-chemic-al properties (Iganchez. et 6?l'cell biology that might be achieved if we could image with
1997, Xie and Dunn, 1994; Trautman et al., 1997; Bet2|g50 nm resolution, we have taken a different approach to

and Chichester, 1992, 1993). Despite the potential for higrberforming NSOM. In this report we describe the develop-

resolution imaging that near-field scanning optical micros- . . P . :
copy (NSOM) provides, there have been few examplesment of a biological near-field microscope (BNFM), which

where this technigue has been effectively utilized Withach|eves subdiffraction resolution on cells in solution.
biological specimens (Hwang et al., 1995, 1998; Subrama-

niam et al., 1998; Lewis et al.1999; Nagy et al.1999; Bui et

al., 1999; Marchese-Ragona and Haydon, 1997; ValaskoviIATERIALS AND METHODS

etal., 1997; Haydon et al., 1996; Moers et al., 1995; Hollars

and Dunn, 1998: Sanchez et al., 1997). Although those thare!l culture

have been successful demonstrate that NSOM has the penriched astrocyte cultures were produced from 1- to 3-day-old Sprague-
tential to revolutionize the biosciences (Hwang et al., 1995pawiley rat cortices as previously described (Parpura et al., 1994). Briefly,
cortices were dissected and the tissue was enzymatically (papain 20 U/ml;
Sigma, St. Louis, MOL h at37°C) and mechanically dissociated. The cells

; T o were plated into culture flasks and maintained at 37°C in humidified 5%
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Labeling of actin filaments surface (Haydon et al., 1996). In our previous studies we

, . , performed measurements at single points of the cell. We
Cultured astrocytes were fixed with 4% formaldehyde in phosphate buff-

ered saline (PBS) for 30 min at room temperature. The cells were thepave_ now eXte_n_ded this ap_prqach to permit linescan and
rinsed with PBS, permeabilized with 0.25% Triton X-100 PBS for 10 min, Imaging modalities. As an initial test of our system, we
and blocked for 20 min with a PBS solution containing 5% bovine serumloaded astrocytes with the freely mobile dye, calcein, and
albumin (BSA), 5% normal goat serum, 0.25% Triton X-100, and 0.02% asked whether we could reliably detect a fluorescence signal
NaN,. Actin filaments were labeled by either of two methods. Cells were as the optical fiber was translated in thaxis toward the

exposed to Oregon green 488 phalloidin (Molecular Probes, Eugene, OR . . . .
5U/ml in PBS with 0.5% BSA, 5% normal goat serum, 0.25% Triton cell. Fig. 1 shows a wide-field image of cultured astrocytes

X-100, and 0.02% Nal for 20 min at room temperature. The staining l0@ded with calcein. We then switched to illumination
solution was removed, the cells were rinsed three times with PBS, and the§hrough the near-field optical fiber and extended the fiber
were ready for imaging. Alternatively, an anti-actin monoclonal antibody toward the cell. Fig. 1B shows a typical fluorescence
(Chemicon, Temecula, CA) was applied at a dilution of 1:100 in 0.5% approach curve obtained during translation of the near-field

BSA, 5% normal goat serum, 0.25% Triton X-100, and 0.02% NaN fiber t d th Il. Note that this fl . i
overnight at 4°C. The cells were then rinsed three times (5 min) with 0.5%I er towar e cell. Note tha IS Tluorescence signal Is a

BSA, 5% normal goat serum, 0.25% Triton X-100, and 0.02% Nagfore composite signal of both far-field and near-field fluores-
application of a goat anti-mouse secondary antibody conjugated to Alexgence. Initially the fluorescence signal is due to far-field

Flour® 488 (Molecular Probes) for 1 hour at room temperature. Thej|lumination of the sample. However, as the fiber made

preparations were then rinsed with PBS before imaging. __contact with the cell surface, there was a nonlinear increase
Confocal microscopy was performed using a Prairie Technologies

(Middleton, WI) confocal microscope. Post-image processing was per-In fluorescence intensity due to local excitation of the sam-

formed using either Adobe Photoshop v4.0 or Metamorph software v4.1€ by the evanescent wave at the tip of the near-field
(Universal Imaging Corp., Downingtown, PA) optical fiber.

Continued extension of the piezo caused no further in-
crease in fluorescence, since the tip of the fiber is in contact
with the cell surface. However, as reported previously (Hay-
To load cells with the indicator calcein, astrocytes were incubated for 5 mirdon et al., 1996), when the piezo was extended for more
in saline solution containing p.g/ml of calcein AM (Molecular Probes). than about J_Mm after contact, we observe an anomalous
This indicator is insensitive to ion concentrations and is freely mobile inaqyction in intensity during excessive translation of the
the cytosol. fiber. The cause of this reduction in fluorescence intensity is

not clear, but may result in part from a compression of the
Instrumentation cell as well as from a disturbance of the evanescent wave at

the tip of the optical fiber. For the purposes of this study,
Lo LS . . chowever, we have ignored this anomalous reduction in
illumination positioning source with a confocal detection pathway (heD

Prairie Technologies) that is attached to a Nikon Diaphot 300 invertedﬂuoresce_nce' alth(_)UQh W_e frquently extended the piezo to
microscope. Near-field optical fibers (50 nm reported aperture diameteré@use this reduction in intensity to serve as a reference
Topometrix, Santa Clara, CA or Nanonics, Jerusalem, lIsrael) werepoint.
mounted on a triple axis motorized manipulator (25 mm movement in each
axis) that also contained three axes of piezo-controlled movementr(i.5
in each axis). Optical fibers were positioned above cells by visualizing the
relative position of cells and the optical fiber with an ORCA digital camera
(Hamamatsu, Japan) that was connected to one arm of our optical detectior
pathway. Using this system we were able to control the position of the
near-field fiber with respect to the sample using calibrated software in
which we could define th& andy image coordinates, and then command
the motors to drive the optical fiber to the appropriate location. An aperture
was then positioned at the secondary image plane, around the image of the
tip of the near-field fiber. Positioning was performed by two motors that
are calibrated such that aperture positioning is controlled from the camera
image. After confirming the appropriate positioning of the aperture, a
mirror was moved OUt_ OT the optical pathway s_o_that all photons WETeC|GURE 1 Translation of a near-field optical fiber to a calcein-loaded
directed to a photomultiplier tube. The photomultiplier tube output was fedliving glial cell demonstrates multiple fluorescent components. A
throqgh a preamplifer to an |ntegra_tor. To commence near—flel_d stut_jles Wf)hotomicrograph of a field of glial cells that are loaded with the indicator
provided voltage ramps to the piezo to extend the near-field fiber calcein. B) Depiction of the relation between the fluorescent intensity of
repeatedly toward the sample. calcein and the position of a near-field optical fiber that provides the
excitation illumination. As the fiber approaches the cell from a distance,
the intensity of fluorescence increases due to far-field illumination. How-
RESULTS ever, as the tip of the optical fiber interacts locally with the cell surface,

Previ lv. we demonstrated that th tical signal from there is a nonlinear step in fluorescence intensigrt{cal dashed linpdue
eviously, we aemonstrate a € opucal signal Iro El‘o local excitation of the fluorophore by the evanescent wave of the optical

mobile fluorochrome within a cell can be used to Monitorfiper. Continued translation of the fiber causes little change in intensity
the relative positioning of a near-field optical fiber on a cell until an anomalous reduction in intensity as the cell is compressed.

Loading cells with calcein

To perform our near-field studies, we developed an integrated near-fiel
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For biological studies, where samples have significantould extract the far-field from the near-field fluorescence
thickness, composite far- and near-field fluorescence sigby using a linear regression curve. Consequently, for each
nals will be commonplace, and will hinder the potential ztranslation we fit a linear regression curve to the data
resolution that can be achieved even with the smallesbased on the slope calculated during the initial far-field
near-field aperture. To further test the utility of this ap- fluorescence component. Fig. @ demonstrates that this
proach, we turned to chemically fixed astrocytes in whichapproach does allow the selection of the nonlinear fluores-
the actin cytoskeletal network was labeled with Oregoncence component from the fluorescence curve that is ac-
green 488 phalloidin. In contrast to calcein-loaded cellsquired during translation of the optical fiber to the cell
phalloidin-labeled actin filaments provide a non-uniform surface. Since this nonlinear component is not detected in
fluorescent sample (Fig. &). Z-translation of a near-field unlabeled cells and is only obtained when the fiber ap-
optical probe to the surface of phalloidin-labeled astrocyteproaches a labeled filament (as opposed to unlabeled re-
generates two types of fluorescence intensity curves. In thgions of a cell), and since near-field fibers with a small
first, there is a relatively linear increase in fluorescenceaperture are required to detect this fluorescence, we suggest
intensity as the tip approaches the cell surface (Fig).2n  that it results from the local interaction of the evanescent
the second, there is this linear increase in far-field fluoreseomponent of the energy present at the tip of near-field
cence until the fiber tip locally excites a phalloidin-labeled optical fibers with the phalloidin-labeled actin filament.
actin filament. Local excitation of the phalloidin-labeled  To study further the utility of the extraction of near-field
actin filament by the evanescent wave causes a nonlinedrom far-field fluorescence data, we performed linescans on
increase in fluorescence intensity (Fig.@. Since the phalloidin-labeled astrocytes. Fig. 3 demonstrates the re-
increase in far-field fluorescence durimgranslation of the  sults of one such experiment. In this experiment,zpgezo
optical fiber, is approximately linear, we reasoned that we
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FIGURE 2 Oregon green 488 phalloidin-labeled actin filaments can be 'E -
detected with near-field optical fibersA)Y A top view reconstructed con- 5 0'2 )
focal image of a glial cell that is labeled with Oregon green 488 phalloidin. =i 'D Peak Intensity
(B) anq Q) Relation betwg_en the quoresce_nt intensity of_ Oregon green 488 D) 0 05 1 15 2 25 3 35 4 45
phalloidin and thez position of a near-field optical fiber. InBj the
fluorescence signal is shown Whe_n a near-field fit_)er_approaches aregion gf 2 0; i Near-Field
an astrocyte that does not contain a labeled actin filament beneath the tip = 0'5 i)
of the near-field optical fiber. Only a linear increase in fluorescence %‘ 0'4
intensity due to far-field excitation is detected. By contras}, (a step 5 0'2
=i ii)

increase is fluorescence is detected when the evanescent wave of the
near-field optical fiber illuminates a labeled actin filament. Superimposed
on the data are two regressions corresponding to the linear regression of a
baseline fit, as well as a linear regression that is offset by 2 standard Distance (um)

deviations (SD) from the baseline. Note that as the tip interacts with the

sample, the nonlinear increase in fluorescence exceeds these regressioREGURE 3 Linescan over bundles of actin filament) To perform a

The upper trace represents the near-field fluorescence that was extractédescan over the surface of an Oregon green 488 phalloidin-labeled glial
from the composite signalldwer tracg. Points that exceed the linear cell, the near-field fiber was translated in thaxis at each point along the
regression corresponding to the mean plus 2 SD for three consecutiviine. (B) Threez-translation fluorescence curves are shown at three points
points, were identified as due to evanescent excitation of the samplealong the line, labeled i, ii, and iiiG) The peak fluorescence at each point
Though one might normally use 3 SD as a criterion, we found that datds shown. D) The intensity of the extracted near-field signal is shown.
which exceeded the mean plus 2 SD for three consecutive points was Idote that the composite fluorescence signaldnghows little resolution of
more stringent way of isolating near-field data, because it prevented largactin filaments, whereas after extraction of the near-field signal, distinct
transient spikes from being accepted as near-field data. actin bundles can be resolved)(
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was translated toward the cell and the peak fluorescence B |
intensity (composite near- and far-field fluorescence sig- -
nal), as well as the extracted near-field fluorescence inten-
sities, were determined. Then th@iezo was used to move
the fiber to an adjacent region before a secaitiinslation
was performed. By repeatedly performingranslations of
the optical fiber that were followed by moving arincre-
ment (Fig. 3A), we were able to generate intensities of
fluorescence at each point on a linescan (Fidg)3In the
composite fluorescence signal (Fig.Q, little structural
definition can be resolved due to the overwhelming contri-
bution of far-field fluorescence to the composite signal.
However, when the near-field fluorescence component is|
extracted (Fig. 3B) during eaclr-translation and plotted on
a normalized near-field linescan plot (Fig. 3), cross- FIGURE 5 Composite fluorescence and near-field imaging of actin bun-
sections of bundles of actin filament are now resolveddles. &andB) 2 X 5 umimages that were generated over one actin bundle
Using this method, it has been possible to resolve aCtil’]'Sing a near-field optical fiber as the excitation spurd@. The peak
filaments with a resolution of about 50 nm (Fig. 4). Furthermtensﬁy of quorescen_ce (composite of near and far-field fI_uorescerR)e).(
o - : ) ] The extracted near-field fluorescence image. In these imagesxa33
validation of the utility of this approach is provided by a gaussian filter was used for display purposes.
rare experiment in which the size of the aperture increased
while performing a linescan. When the size of the aperture
increased it was difficult to detect the nonlinear fluores-near-field extraction algorithm shows promise for permit-
cence component durirgtranslations of the optical fiber, ting high resolution imaging of biological samples.
and we were unable to detect structures with sub-diffraction
resolution. _ _ DISCUSSION
As a final test of this approach, we adopted an imaging
mode in which each pixel in th& andy coordinates is In this study we have taken a novel approach to obtaining
generated by-translations of the optical fiber. Fig. 5 shows near-field optical data from cells. Instead of using shear-
an image of the peak fluorescence intensity (compositéorce feedback to maintain the near-field tip at a constant
signal, Fig. 5A) at eachx andy pixel during a near-field position with respect to the sample, we performed open loop
imaging experiment and an image of the extracted near-fiel@xperiments in which feedback per se is not employed.
component of each pixel (Fig. B). Clearly the use of a Rather, we use the fluorescent signal of the sample to
provide the necessary information to obtain subdiffraction
resolution structural data. Using both living and chemically
fixed (hydrated) astrocytes, our studies show that the fluo-
rescent signal generated by a near-field optical fiber is a
composite of both far-field and near-field fluorescence.
Although studies performed with single molecules or mono-
layers will not detect such a problem, this is a serious issue
for biological imaging. Because cells have significant thick-
ness, excitation energy that propagates to the far-field will
illuminate distant fluorophore, causing a high background
fluorescence signal upon which the near-field signal is
superimposed. If this signal were constant, one could simply
-y subtract a background level from a composite image to
leave an uncontaminated near-field image. However, be-
0 100 200 300 400 500 600 cause this far-field component changes unpredictably across
Distance (nm) a cell, this approach is not feasible. Instead we demonstrate
an alternative approach in which the relative contribution
FIGURE 4 Linescan showing extracted near-field fluorescence intensitfrom far- and near-field fluorescence signals are identified
obtained from phalloidin-labeled astrocyte. A linescan was performed on &t each pixel.

phallo_idin-lab'eled gstrocyte by pgrforming sequertitanslations of the To identify the near-field component of a cellular fluo-
near-field optical fiber at 10 nm increments along the cell surface. Near- n ianal Wi nstructed r h rves in which
field fluorescence was extracted from total fluorescence using the Iinea‘cesce ce signal, e_CO structed app oac' curves ¢
regression method and is plotted at eagtpsition. Intensities of fluores-  the slope of the far-field fluorescence, during #igansla-

cence are shown on a linear scale with arbitrary units. tion of the near-field field optical fiber, is used to identify

Intensity (a.u.)
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the relative near- and far-field signals (Figs. 1-4). Thenear-field extraction algorithm that has been developed in
validity of this method is demonstrated in several ways. Wethis study, it is anticipated that we will be able to record
were unable to extract high-resolution near-field fluores-highly localized submembrane changes in ion concentration
cence when the aperture spontaneously enlarged during avhen using fluorescent ion indicators. Whereas evanescent
experiment. When actin filaments were fluorescently la-wave or total internal reflection microscopy also reveals
beled,ztranslation of the optical fiber onto cells generatedsurface events such as vesicle dynamics (Zenisek et al.,
fluorescence curves consisting of either the far-field fluo-2000), illumination through the near-field fiber provides
rescence (e.g., Fig.B), or the composite near- and far-field increased, y resolution, albeit at the expense of temporal
fluorescence (e.g., Fig. @). Finally, when calcein, a rela- resolution in imaging applications.

tively homogeneously distributed fluorescent indicator, was

loaded into astrocytes, we reliably detected both the nears . - or M McCloskey for comments on this manuscript

field and far-field signals during eachtranslation of the o '
optical fiber, irrespective of its position over the cell.

One limitation of translating the near-field optical probe
repetitively to the cell surface, in its current mode of oper-
ation, is that it is a relatively slow process that can takecREFERENCES
about 30.0 ms for each extgnsmn/retractpn Cy.CIe' It Shou'%sh, E. A., and G. Nicholls. 1972. Super-resolution aperture scanning
bel poss_|ble, hpweyer, to increase the imaging speed _by microscopeNature. 237:510~512.
using higher vibration speeds and a lock-in approach imetzig, E., and R. J. Chichester. 1992. Near-field optics: microscopy,
which the fluorescence intensity at two phases of the oscil- sp(_ectroscopy, and surface modification beyond the diffraction limit.
lation are taken as indications of the near-field and far-field Science257:189-195. _
fl With h h ticipate that etzig, E., and R. J. Chichester. 1993. Single molecules observed by

uorescence. _' such an approac ’We_ an_|C|pae - al It hear-field scanning optical microscopcience262:1422—1425.
should be possible to generate 180100 pixel images in  gyi, J. 0., T. Zelles, H. J. Lou, V. L. Gallion, M. I. Phillips, and W. Tan.
about 10 s. 1999. Probing intracellular dynamics in living cells with near-field

Much care and attention has been taken in developin% ozt'cs-"l- '\(‘3‘3”?5,;" M:thOd'fg:g‘lST- A Basarsky, M. Slczensii, and

H _ H _ay on, P. G., 5. Marchese Ragona, |. A. basarsky, M. SzZulCzewskl, an
hlgh speed, rellgble fee,dbac_k methods to control the pos M. McCloskey. 1996. Near-field confocal optical spectroscopy (NCOS):
tioning of near-field optical fibers over samples. Although subdiffraction optical resolution for biological systemk. Microsc.
these feedback methods are critical for studies in the phys- 182:208-216.
ical sciences that employ hard samples we now demorf3ollars, C. W., and R. C. Dunn. 1998. Submicron structure in L-alpha-

h h f ,d . livi I dipalmitoylphosphatidylcholine monolayers and bilayers probed with
strate t _att _ey are not necessary for studying living ce S_' confocal, atomic force, and near-field microscoBiophys. J.75:
One major difference between these two classes of study is 342-353.
the compliance of the sample under study. In the originaHwang, J., L. K. Tamm, Bohm, T. S. Ramalingam, E. Betzig, and M.
studies in the physical sciences, contact between the tip andEdidin: 1995. Nanoscale complexity of phospholipid monolayers inves-

. ’ . tigated by near-field scanning optical microscopycience.270:

substrate instantly damages the aperture of the near-fieldg10_g14.
optical fiber, immediately compromising optical resolution. Hwang, J., L. A. Gheber, L. Margolis, and M. Edidin. 1998. Domains in
However, since cells are soft, contact between the cell cell plasma mﬁmbrane§ investigated by near-field scanning optical mi-
surface and the optical fiber rarely leads to aperture damage, ¢"0ScOPY Biophys. J.74:2184-2190. _

o dv of th f field ical fib . Lewis, A., A. Radko, N. Ben Ami, D. Palanker, and K. Lieberman. 1999.
o ur study of the use of near-field optical fi QFS 1o Image  Near-field scanning optical microscopy in cell biologyends Cell Biol.
living cells should now pave the way for a series of novel 9:70-73.
high-resolution investigations in cell and molecular biology. Marchese-Ragona, S. P., and P. G. Haydon. 1997. Near-field scanning
Since we can image at subdiffraction resolution, one can optical microscopy and near-field confocal optical spectroscopy: emerg-

ially i . he distributi f b ’ ing techniques in biologyAnn. N. Y. Acad. ScB820:196-206.
potentially investigate the distribution of membrane pro-y e« m W p. A G. T. Ruiter, A. Jalocha, and N. F. Van Hulst. 1995.
teins and receptors, as well as other macromolecular enti- Detection of fluorescence in situ hybridization on human metaphase
ties. Perhaps even more exciting, however, is the opportu- Chfomeos_gmgszg)é near-field scanning optical microscafframicros-
nity to examine dynamic events in the cell cortex by z:g;);yl'D 1A7Je_nei A K. Kirsch, J. Szollosi, S. Damjanovich, and T. M
'”ij'nat'on through the plasma mem_brane' ThIS metho JO\;in. ’1999. Ac’tivation-depehdent clustéring of the erbéz receptor
will not, however, be able to probe at distances into the cell tyrosine kinase detected by scanning near-field optical microscopy.
in a manner similar to confocal microscopy, since the nature J- Cell Sci112:1733-1741. o o
of the evanescent wave restricts biological near-field mi-ParPura, V., T. A. Basarsky, F. Liu, K. Jeftinija, S. Jeftinija, and P. G.
. . Haydon. 1994. Glutamate-mediated astrocyte-neuron signaNiaiyire.

croscopy to surface imaging. Nonetheless, for these surfacesgg-744_747.
measurements, near-field microscopy clearly surpasses coBanchez, E. J., L. Novotny, G. R. Holtom, and X. S. Xie. 1997. Room-
focal microscopy inx, y, and z resolution. We have now temperat}t:re quore_sce_nce imsging and spectrgscopy of single molecules
demonstrated that we can reliably position near-field optical Y Wo-Photon excitationd. Phys. Chem. ALO1:7019-7023. =
fibers on livin Il nd. in rallel studi have dem n_Subramanlam, V., A. K. Kirsch, and T. M. Jovin. 1998. Cell biological

ers o g cells anda, parallel studies, have demo applications of scanning near-field optical microscopy (SNO&II

strated that the fibers are non-invasive to the cells. Using the Mol. Biol. (Noisy-le-grand)44:689—700.
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