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ABSTRACT Accurate localization of proteins within the
substructure of cells and cellular organelles enables better
understanding of structure—function relationships, including
elucidation of protein—protein interactions. We describe the
use of a near-field scanning optical microscope (NSOM) to
simultaneously map and detect colocalized proteins within a
cell, with superresolution. The system we elected to study was
that of human red blood cells invaded by the human malaria
parasite Plasmodium falciparum. During intraerythrocytic
growth, the parasite expresses proteins that are transported
to the erythrocyte cell membrane. Association of parasite
proteins with host skeletal proteins leads to modification of
the erythrocyte membrane. We report on colocalization stud-
ies of parasite proteins with an erythrocyte skeletal protein.
Host and parasite proteins were selectively labeled in indirect
immunofluorescence antibody assays. Simultaneous dual-
color excitation and detection with NSOM provided fluores-
cence maps together with topography of the cell membrane
with subwavelength (100 nm) resolution. Colocalization stud-
ies with laser scanning confocal microscopy provided lower
resolution (310 nm) fluorescence maps of cross sections
through the cell. Because the two excitation colors shared the
exact same near-field aperture, the two fluorescence images
were acquired in perfect, pixel-by-pixel registry, free from
chromatic aberrations, which contaminate laser scanning
confocal microscopy measurements. Colocalization studies of
the protein pairs of mature parasite-infected erythrocyte
surface antigen (MESA)(parasite)/proteind.1(host) and P.
falciparum histidine rich protein (PfHRP1)(parasite)/
protein4.1(host) showed good real-space correlation for the
MESA /proteind.1 pair, but relatively poor correlation for the
PfHRP1/proteind.1 pair. These data imply that NSOM pro-
vides high resolution information on in situ interactions
between proteins in biological membranes. This method of
detecting colocalization of proteins in cellular structures may
have general applicability in many areas of current biological
research.

One of the crucial aspects of current biological inquiry relates
to the organization of cells and how interactions between
proteins are involved in important cellular processes, such as
signal transduction and receptor-ligand binding. Several ex-
perimental systems have been developed in recent years to try
and identify such protein—protein interactions including the
two hybrid and phage display systems (1, 2). All such attempts
to identify interactions in disassembled cellular systems need
to be confirmed in vivo, by approaches such as chemical
cross-linking in cells or some form of colocalization study using
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microscopy. A common approach has been the use of confocal
microscopy using fluorescent antibody probes. We report here
the development of a technique based on dual-color immu-
nofluorescence labeling together with near-field scanning
optical microscopy (NSOM) (3, 4), which offers significant
advances in the detection of colocalized proteins, particularly
at the membrane of cells.

A near-field microscope is based on scanning a very small
light source, with dimensions smaller than its wavelength, very
close (in the near-field) to the specimen. This light source is
constructed from a single-mode optical fiber, which is tapered
at one of its ends and coated with aluminum on its side walls.
Light that is coupled to the fiber is emanated only from the
very end of the taper, through an aperture of 50-100 nm
diameter and is exponentially attenuated away from the tip,
but laterally confined to the aperture dimensions within the
near-field range. Whereas previous NSOM studies were
mainly performed on optically thin samples, here we show that
the unique properties of the near-field light are suitable for
selective excitation of fluorescence from the top surface of a
thick sample as well. Therefore, fluorescence NSOM is a very
useful tool for imaging cell membranes (5), unlike cross-
sectioning confocal microscopy, which is suitable for imaging
the inside of a cell. In addition, to maintain constant tip height
over the specimen during scanning, a shear-force feedback
scheme is used (6, 7). The error-signal of the feedback circuit
contains topography information, and hence simultaneously
acquired fluorescence and topography are mapped in perfect
registry, with superresolution beyond the diffraction limit.

As a demonstration of the power of the application of
NSOM to detecting colocalization of proteins in cells, we have
studied malaria-infected red blood cells. Several proteins that
are synthesized by intraerythrocytic Plasmodium falciparum
malaria parasites and are transported through the erythrocyte
cytosol (8-10) have been identified in association with the
membrane of infected erythrocytes (9, 11-21). In many cases,
the erythrocyte proteins with which they interact, the mech-
anism of association, and the consequences of association have
not been fully defined. However, it is thought that parasite
protein interactions with erythrocyte membrane proteins con-
tribute to modifications in infected erythrocyte morphology,
antigenicity, mechanical properties, and adhesive properties
during infection of red blood cells (22-29).

Knob-associated P. falciparum histidine rich protein (PfHRP1)
(15, 30) is the predominant parasite protein component of
knobs, protrusions of ~100 nm diameter on the infected
erythrocyte membrane. Purified knob structures contain
erythrocyte skeletal proteins spectrin, actin, dematin, and
protein 4.1, as well as PFHRP1 (14, 31). A 30-kDa fragment of

Abbreviations: NSOM, near-field scanning optical microscopy; Pf-
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nate; TR, Texas Red; FWHM, full-width half-maximum.
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PfHRP1 forms stable complexes with spectrin and actin in vitro
(32). Protein 4.1 also binds to spectrin and actin and provides
mechanical stability to the red blood cell membrane (33). The
mature parasite-infected erythrocyte surface antigen (MESA)
(13), also called P. falciparum erythrocyte membrane protein
2 (PfEMP2) (9) associates with protein 4.1 (34, 35). MESA has
been localized to the cytoplasmic face of knobs by immuno-
electron microscopy (9) although analysis of purified knobs has
failed to identify MESA (31), and MESA is not required for
knob formation or cytoadherence (36).

For a better understanding of these associations and their
relation to parasite gene expression and protein function, a
technique is needed that can map the distribution of malarial
proteins in the erythrocyte membrane and show their colo-
calization with host proteins. Fluorescence resonance energy
transfer (37-39) can be used to determine intimate associa-
tions between macromolecules on a 1-7 nm scale. The tech-
nique was successfully applied to study membrane proteins and
dynamic processes in living cells (for examples, see refs.
40-45). However, its application for static colocalization stud-
ies is problematical. Due to different binding affinities, it is
very difficult to ensure that the sample is comprised only of
donor-acceptor pairs when the two proteins are colocalized.
Instead, we used nonresonant fluorophores to perform simul-
taneous dual-color excitation and dual-color detection with
NSOM to image protein associations on a scale that is relevant
to the PfHRP1 knob size (100 nm). We investigated the
colocalization of parasite proteins MESA and PfHRP1 with
erythrocyte skeletal protein 4.1. We find a high degree of
physical correlation in the fluorescence maps of MESA and
protein 4.1. Our data provide unequivocal support to data
from previous biochemical and structural studies (34, 35),
which suggested that MESA is anchored at the erythrocyte
membrane through an association with protein 4.1. For the
PfHRP1 and protein 4.1 pair, however, our measurements
show poor correlation. Thus, our data indicate that whereas
MESA, PfHRP1, and protein 4.1 are all present in the knob
structures (14, 31), there is only a direct interaction between
MESA and protein 4.1. PfHRP1 and protein 4.1 are not
specifically associated with one another. We note that in our
technique protein distributions are mapped in situ in the
erythrocyte membrane, in registry with topography, whereas
in the previous investigations associations were deduced from
ex situ electrophoretic studies after the isolation of the proteins
from the membrane.

These results show that (i) membrane proteins can be
simultaneously mapped with membrane topography with res-
olution better than 100 nm; (if) these fluorescence maps are
generated by selective excitation of immunolabeled mem-
branes proteins, while discriminating against fluorescence
from the inside of the cell; and (iif) detection of colocalization
of two (or more) different proteins can be performed with high
accuracy, free from chromatic aberrations. This technique can
be very useful for the studies of ligand-receptor binding, ion
channels, and other signal transduction mechanisms through
cell membranes.

MATERIALS AND METHODS

Cell Culture. Parasites were grown in vitro as described
(46) except that 10% human serum was replaced by 0.5%
Albumax II (GIBCO) and 200 mM hypoxanthine (Sigma)
was added as a supplement (52). Parasites used in these
studies were ItG-P21 (18) and D63 (35). Parasites of both
lines express PFHRP1 and MESA.

Antibodies. mAb 89 (30) against knob-associated PFHRP1
was kindly provided by Diane Taylor (Georgetown University,
Washington, DC). Mab Pf12.8B7.4 against MESA (9) was
kindly provided by Jeffrey Lyon (Walter Reed Army Institute
of Research, Washington, DC). Rabbit polyclonal antibody
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against protein 4.1 was kindly provided by Joel Chasis (Law-
rence Berkeley National Laboratory).

Indirect Immunofluorescent Antibody Assay. Infected
erythrocytes from in vitro cultures were enriched to >50%
trophozoites by gelatin flotation (47) and washed three times
in phosphate buffered saline (PBS). Thin blood smears were
air dried, and fixed with acetone/methanol. They were reacted
at room temperature for 45 min with the appropriate primary
antibody diluted 1:20 in PBS/1% bovine serum albumin
(BSA), washed three times in PBS, and reacted for 45 min with
fluorescein isothiocyanate (FITC), tetramethylrhodamine, or
Texas Red (TR) conjugated goat anti-mouse or goat anti-
rabbit IgG (Molecular Probes) diluted 1:100 in PBS/1% BSA.
For two-color labeling, primary antibodies from mouse and
rabbit were mixed, as were secondary antibodies against both
species. In the two-color control, mAb against PFHRP1 was
followed by goat anti-mouse conjugated to either TR or FITC.
Slides were washed three times in PBS and stored on water-
soaked filter paper at 4°C. For the measurements, the filter
paper was removed and the samples were imaged in air, at
room temperature, without further drying.

Near-Field Scanning Optical Microscopy. A NSOM scan
head was constructed as an add-on to a conventional upright
fluorescence microscope (Zeiss Axioskop), which also had
confocal and bright-field capabilities. Fluorescence was col-
lected with a 100X 1.4NA oil immersion objective (Zeiss
Apoplan) and detected with an Avalanche photodiode
(SPCM-200, EG & G, Quebec). This scheme enabled us to
explore a large field-of-view by brightfield, zoom-in by
confocal, and final zoom-in by near-field microscopy. Using
this system we routinely obtained fluorescence maps with
sub-100 nm resolution and with single-molecule sensitivity
(48, 49). Such exquisite sensitivity suggests that immunoflu-
orescence studies can be performed with low copy number
membrane proteins.

Dual-Color Imaging. For colocalization studies, proteins of
interest were labeled with antibodies conjugated to two dif-
ferent fluorophores: FITC and TR. FITC was excited by a
488-nm line of an air-cooled Ar™* laser (532-AP, Omnichrome,
Chino, CA) and TR was excited by a 568-nm line of a
Krypton-Ar* laser (Innova 70 Spectrum, Coherent Laser
Group, Santa Clara, CA). The two excitation beams were
colinearly combined and simultaneously coupled to the NSOM
fiber probe. Two detectors were used to simultaneously ac-
quire the two emissions (48). Both excitation colors were
single-mode guided in the fiber (SpecTran, single mode 515 nm
FS SMC-A0515B, Sturbridge, MA). Far-field inspection of the
light emanating the near-filed aperture revealed diffraction-
limited spots for both excitation wavelengths. Dipole moment
effects that alter the point-spread-function of the microscope
for single molecules (50) were averaged out for a large number
of fluorophores present in this study. Because the two excita-
tion wavelengths shared the near-field aperture with the same
point-spread-function, fluorescence images were in perfect,
pixel-by-pixel, registry. This is in contrast to confocal and
wide-field fluorescence microscopy, where chromatic aberra-
tions cause misalignment of the two-color images acquired on
the two detectors. The excitation was blocked with a color glass
long-pass filter (515 nm, LP515; Oriel, Stratford, CT) and a
Raman notch filter (568 nm, HSPF-568-1.0; Kaiser Optical
Systems, Ann Arbor, MI). The collected light was split into two
channels by a dichroic mirror (558 nm, 558DRLP; Omega
Optical, Brattleboro, VT). To eliminate cross-talk between
channels, band pass filters 535 nm center, 25 nm full-width
half-maximum (FWHM) (535DF25, Omega Optical) and 635
nm center, 25 nm FWHM (635DF25, Omega Optical) were
placed in front of the short wavelength (FITC) and long
wavelength (TR) detectors, respectively. With the band pass
filters in place, the cross-talk was measured by exciting the
dual-color-labeled erythrocyte with either of the two single
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laser lines. With 568 nm excitation alone, the signal in the long
wavelength channel was 90% of the signal obtained with
dual-color excitation, and the signal in the short wavelength
channel was at the dark count level of the detector, indicating
no cross-talk from TR to FITC. With 488 nm excitation alone,
the signal in the long wavelength channel was 10% of the signal
obtained with dual-color excitation. In the short wavelength
channel, on the other hand, we measured the same signal level
as with dual-color excitation. The 10% cross-talk on the long
wavelength channel is due to the absorption tail of TR at 488 nm
and the emission tail of FITC, and was subtracted for all images.

A commercial data acquisition software (SPM32, RHK
Technology, Rochester, MI) was used to simultaneously ac-
quire data from the two Avalanche photodiodes (the fluores-
cence channels) and the voltage on the piezo scanner (topog-
raphy). Distribution of proteins in the erythrocyte membrane
was presented as a color-coded image overlaid on topography,
which was displayed as height in a three-dimensional plot. For
detection of protein colocalization, FITC and TR images were
pseudo-colored with red and green, respectively, and then
overlaid through pixel-by-pixel addition of their red-green-
blue values. Signals coming from areas labeled by FITC
appeared green; signals coming from areas labeled by TR
appeared red; signals coming from areas labeled with both
FITC and TR appeared yellow.

A quantitative analysis of the colocalization was carried out
through pixel-by-pixel correlation of red and green images: the
intensity in each channel was analyzed for every pixel and
displayed as a single point in a two-dimensional histogram. The
x,y coordinates of each point presented the intensities in red
and green channels, respectively. The number of occurrences
of each x,y pair was presented by a gray scale value (brighter
color corresponds to more occurrences). In such two-
dimensional histograms, two perfectly correlated images show
up as a straight line along the diagonal; anti-correlated images
result in two lines along the two axes and un-correlated images
exhibit a broad, unstructured distribution. We note that such
analyses can be performed only when the two images are in
perfect registry.

RESULTS AND DISCUSSION

Mapping of Malaria Protein PFHRP1 in the Infected Eryth-
rocyte Membrane. Fig. 1a shows a bright-field image of red
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blood cells labeled with antibody against PPHRP1 and immu-
nolabeled with tetramethylrhodamine-conjugated secondary
antibody. The NSOM tip was positioned at the center of the
field-of-view and a zoomed-in scan was performed (area
shown by yellow rectangle). Fig. 1b shows the acquired topog-
raphy signal (Left) and fluorescence signal (Right). As can be
seen, the three cells that are enclosed by the yellow box in Fig.
la are visible in the topography image, but only the infected
erythrocyte, recognized by mAb to PFHRP1, in the lower right
corner of the rectangle, is detected in the fluorescence image.
In addition, the topography image of the infected cell shows
“grainy” features and the membrane surface is deformed
compared with neighboring, uninfected cells. Examination of
a large number of cells confirmed the finding that infected cells
were consistently more deformed in topography maps. The
strength of the fluorescence signal from the immunolabeled
cells was typically 300 kHz. The background, dominated by the
fiber tip autofluorescence, was about 10 kHz. Autofluores-
cence of erythrocytes was negligible compared with the fiber
background, most probably due to the membrane specificity of
the technique. The excitation intensity drops exponentially
away from the tip and hence fluorescence from the inside of
the cell is orders of magnitude weaker than fluorescence
excited at the membrane. In addition, as shown below by
cross-section confocal imaging (Fig. 2b), PfHRP1 mostly re-
sides in the membrane for this late stage of infection. A further
zoom-in around the infected cell in Fig. 1b (yellow box) is
shown in Fig. 1c. Here the fluorescence signal is superimposed
as a color value (brightness scale goes from black via red to
yellow) on the topography to show the distribution of PPHRP1
in the erythrocyte membrane. Fluorescence spots with typical
sizes of 100-150 nm are clearly resolved. Their average density
is found to be 10 spots per wm?, which corresponds to the
surface density of knobs deduced from electron microscopy
images of isolated infected erythrocyte membranes (51). We
conclude that the fluorescence spots in Fig. 1 originate from
PfHRP1 in individual electron-dense knobs on the infected
erythrocyte membrane. We cannot, however, resolve the flu-
orescence distribution within individual knobs, since the av-
erage knob size is 105 nm (31, 51), comparable to the
resolution of the technique.

Comparison of NSOM and Confocal Membrane Imaging.
Fig. 2 compares NSOM imaging (Fig. 24) with confocal

(b)

Fi1G. 1. Mapping of malarial protein in the erythrocyte membrane. A thin blood smear of the trophozoite infected erythrocytes was fixed, then
reacted with antibodies against PPHRP1, and labeled with tetramethylrhodamine. (a) Bright-field image of the blood smear. The NSOM tip was
positioned above the three cells in the center of the field-of-view and a scan was taken within the yellow framed area. (Scale bar = 10 um.) (b)
Result of the NSOM imaging in topography (Left) and fluorescence (Right) (128 X 128 pixels, 60 nm/pixel). While all three cells are imaged in
topography, only the one in the lower right corner was infected and is visible in the fluorescence image. (c) Zoom around the infected cell, which
was seen in the lower right corner of b (128 X 128 pixels, 52 nm/pixel). The fluorescence signal is superimposed as a color value (brightness scale
goes from black via red to yellow) to the topography to show the distribution of PfHRP1 in the erythrocyte membrane. (Scale bar for b and ¢ =

2 um.) Z range for ¢ is 1 um.
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F1G. 2. NSOM (a) (256 X 256 pixels, 30 nm/pixel) and confocal (b) (128 X 128 pixels, 70 nm/pixel) imaging of infected erythrocytes labeled
with antibodies against PPHRP1. The figures show the fluorescence image (Left) and a cross section through the smallest feature (marked with a
line) found in the image (Right). The fluorescence signal is given as a color value (brightness scale goes from black via red to yellow). (a) Individual
knobs are resolved by NSOM imaging. The resolution is about 100 nm. (b) Confocal cross section through the cell. The membrane is seen as a

bright ring. The resolution is about 310 nm. (Scale bars = 2 um.)

imaging (Fig. 2b) of infected erythrocytes. These images were
separately taken on two different infected red blood cells from
the same culture, which were fixed and dried in parallel and
labeled against PfHRP1. The NSOM image (Fig. 2a Left)
shows an infected red blood cell reacted with anti-PfHRP1. A
cross section taken along the line “A” is shown in Fig. 2a
(Right). It shows the smallest feature in the image, with a
FWHM of about 100 nm. A confocal image of a similar
anti-PfHRP1-labeled infected erythrocyte is shown in Fig. 2b.
Here again the smallest feature in the image is shown in a cross
section “B” (Fig. 2b Right), with a FWHM of 310 nm. In
contrast to the selective imaging of the membrane proteins by
NSOM, the confocal image shows a cross section through the
cell. A bright ring of fluorescence in the confocal image
indicates that most of the PFHRP1 resides in the membrane as
expected in the mature trophozoite stage of the intraerythro-
cytic cycle. However, the confocal image is a cross section of
the cell and cannot reveal the distribution of PFHRP1 on the
membrane surface, or the membrane topography. Further-
more, the resolution of the confocal image is three times lower
compared with the NSOM image.

Colocalization of Malarial and Host Membrane Proteins.
Dual-color labeling and dual-color detection, together with

pixel-by-pixel analysis described above, were used to study
colocalization of two host—parasite protein pairs. A thin blood
smear of erythrocytes infected with trophozoite stage parasites
was fixed and then reacted with either mouse monoclonal or
rabbit polyclonal antibodies against the proteins under study.
Secondary antibodies (anti-mouse or anti-rabbit) labeled with
either FITC or TR were then used to stain the proteins.

The results for the control experiment are shown in Fig. 3a,
and for the two host—parasite protein pairs in Fig. 3 b and c.
The left column of the figure shows the two simultaneously
acquired and pseudo-colored images for each case. The red
and green images represent raw data acquired on long wave-
length (TR) and short wavelength (FITC) channels, respec-
tively. The center column shows an overlay of the two images,
and the right column shows pixel-by-pixel correlation of the
red and green channels. All images were taken with pixel size
(30-86 nm) smaller than aperture size (110 nm).

Fig. 3a shows the results of the control experiment. Immu-
nofluorescence staining against PFHRP1 was performed with
mAD 89. This mAb maps to a repeated epitope on the HRP1
protein. Secondary antibodies (goat anti-mouse) were labeled
with FITC and TR. The overlay image (center column) shows
only yellow areas, indicating the expected perfect overlap
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Fi1G. 3. Colocalization of malarial and host proteins in the eryth-
rocyte membrane. A blood smear of erythrocytes infected with the
trophozoite stage parasites was fixed and then reacted with two
different antibodies (from rabbit and from mouse) against the proteins
under study. Secondary antibodies labeled with FITC (anti-rabbit) and
TR (anti-mouse) were used, respectively. The left column shows the
two simultaneously acquired fluorescence channels by NSOM dual-
color imaging. The center column presents the corresponding overlay
of the fluorescence images and the right column is pixel-by-pixel
correlation between the red and green images. (a) Control experiment:
primary antibodies against PFHRP1 (128 X 128 pixels, 86 nm/pixel).
(b) Colocalization of MESA and protein 4.1 (128 X 128 pixels, 48
nm/pixel). (¢) Colocalization of PfHRP1 and protein 4.1 (256 X 256
pixels, 30 nm/pixel). (Scale bars = 2 um.)

between red and green channels, since the same protein moiety
has been labeled with two different fluorophores. This overlap
is confirmed by the pixel-by-pixel correlation, which shows a
straight line along the diagonal (right column). This result
confirms the validity of the technique, since no off-diagonal
red—green pairs could be found.

Fig. 3b shows colocalization results for the host-parasite pair
protein 4.1/MESA. Protein 4.1 was labeled with FITC-
conjugated, and MESA with TR-conjugated, secondary anti-
bodies. The overlay image (center column) predominantly
shows yellow areas of overlap between the two fluorophores.
There are very few regions where green only or red only
fluorescence can be found. The correlation analysis (right
column) shows linear distribution, indicating colocalization of
MESA with protein 4.1. This result indicates that MESA and
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erythrocyte protein 4.1 interact in situ in the membranes of
infected red blood cells.

Fig. 3¢ shows colocalization results for the host—parasite pair
protein 4.1/PfHRP1. Secondary antibodies conjugated with
FITC or TR were used to localize protein 4.1 and PfHRP1,
respectively, in the infected erythrocyte membrane. The over-
lay image (center column) clearly shows that PfHRP1 and
protein 4.1 are only poorly colocalized, as confirmed by
pixel-by-pixel correlation, which exhibits a very broad distri-
bution around the diagonal (right column). Thus, we conclude
that there is no association between protein 4.1 and PfHRP1
in the membrane of infected red blood cells. While both
protein 4.1 and PfHRP1 are present in knob structures, these
two proteins do not directly interact with each other as do
MESA and protein 4.1.

CONCLUSIONS

NSOM was used to perform membrane oriented colocaliza-
tion measurements, together with topography mapping, of
parasite and host proteins in malaria infected erythrocytes.
Our results imply that the malarial protein MESA interacts with
erythrocyte protein 4.1 in membranes of infected red blood cells,
whereas PfHRP1 does not interact with protein 4.1.

Extrapolating from previous biochemical analyses that in-
dicate the presence of protein 4.1 in knobs (14, 31), and the
evidence that PFHRP1 and protein 4.1 both bind to spectrin
and actin in the red blood cell skeleton (32, 33), it has been
tacitly assumed that PPHRP1 and protein 4.1 may interact in
infected red blood cell membranes. Our results unequivocally
show that this is not the case. These data extend our previous
finding that protein 4.1 is not required for PFHRP1 to localize
to the infected erythrocyte membrane, whereas protein 4.1 is
necessary for localizing MESA at the membrane surface (35).

We have shown that near-field scanning optical microscopy
can be specifically applied to cell membrane immunofluores-
cence studies. We applied NSOM to study membrane oriented
colocalization, together with topography measurements, of
parasite and host proteins in malaria infected red blood cells.
The technique exhibits several advantages compared with
confocal microscopy: (i) NSOM imaging exhibits superreso-
lution; (if) The near-field source excites fluorescence only from
the outermost layer (50-100 nm) of the cell—i.e., the cell
membrane; (iii) As a result, very good signal-to-background
ratio is obtained, because autofluorescence is not integrated
across the whole cell thickness; (iv) Topography information
from the shear-force feedback allows real space mapping of
proteins with subwavelength resolution (100 nm) in the cell
membrane; (v) Dual-color excitation via shared aperture
eliminates chromatic aberration, and hence permits superreso-
lution colocalization studies; (vi) Mapping and colocalization
studies can be performed with only few copies of proteins due
to the exquisite sensitivity of the instrument.
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