
 

© 2005 The Royal Microscopical Society

 

Journal of  Microscopy, Vol. 217, Pt 1 January 2005, pp. 109–116

Received 2 August 2004; accepted 22 September 2004

 

Blackwell Publishing, Ltd.

 

Combined AFM and confocal fluorescence microscope for 
applications in bio-nanotechnology

 

R .  K A S S I E S *,  K .  O.  VA N  D E R  W E R F †,  A .  L E N F E R I N K †,  C .  N.  
H U N T E R ‡,  J.  D.  O L S E N ‡,  V.  S U B R A M A N I A M *† &  C .  O T TO *†

 

*

 

BMTI Institute for Biomedical Technology, and 

 

†

 

MESA+ Institute for Nanotechnology, Faculty of  
Science and Technology, University of  Twente, PO Box 217, 7500 AE Enschede, The Netherlands

 

‡

 

Robert Hill Institute for Photosynthesis Research and Krebs Institute for Biomolecular Research, 
Department of  Molecular Biology and Biotechnology, University of  Sheffield, Western Bank, Sheffield 
S10 2TN, U.K. 

 

Key words.

 

 AFM, confocal fluorescence microscopy, combined microscope, 
nano-manipulation, simultaneous operation.

 

Summary

 

We present a custom-designed atomic force fluorescence
microscope (AFFM), which can perform simultaneous optical
and topographic measurements with single molecule sensi-
tivity throughout the whole visible to near-infrared spectral
region. Integration of  atomic force microscopy (AFM) and con-
focal fluorescence microscopy combines the high-resolution
topographical imaging of  AFM with the reliable (bio)-chemical
identification capability of  optical methods. The AFFM is
equipped with a spectrograph enabling combined topographic
and fluorescence spectral imaging, which significantly en-
hances discrimination of  spectroscopically distinct objects.
The modular design allows easy switching between different
modes of  operation such as tip-scanning, sample-scanning
or mechanical manipulation, all of  which are combined with
synchronous optical detection. We demonstrate that coupling
the AFM with the fluorescence microscope does not compromise
its ability to image with a high spatial resolution. Examples
of  several modes of  operation of  the AFFM are shown using
two-dimensional crystals and membranes containing light-
harvesting complexes from the photosynthetic bacterium

 

Rhodobacter sphaeroides

 

.

 

Introduction

 

Atomic force microscopy (AFM) (Binnig 

 

et al

 

., 1986) has
evolved into a powerful tool in biological research. It has
the unique ability to provide structural information on the
(sub)nanometre scale in a biologically relevant aqueous
environment (Hansma 

 

et al

 

., 1994; Bustamante 

 

et al

 

., 1997).
Detailed images of  single protein structures have appeared in

the literature (Czajkowsky & Shao, 1998; Viani 

 

et al

 

., 2000),
although most high-resolution structural information is
obtained on crystallized protein samples (Muller 

 

et al

 

., 1999b;
Stahlberg 

 

et al

 

., 2001; Scheuring 

 

et al

 

., 2003; Bahatyrova

 

et al

 

., 2004b; Fotiadis 

 

et al

 

., 2004b). Measurements on mem-
brane proteins in their native membranes (Fotiadis 

 

et al

 

.,
2004a; Bahatyrova 

 

et al

 

., 2004a; Scheuring 

 

et al

 

., 2004) pro-
vide information on the natural higher order organization of
these proteins. In addition to being an imaging tool, the AFM
can be used to measure mechanical properties of  proteins and
the strength of  inter- and intramolecular bonds (Lee 

 

et al

 

.,
1994; Hinterdorfer 

 

et al

 

., 1996; Rief  

 

et al

 

., 1997; Muller 

 

et al

 

.,
1999a; Oesterhelt 

 

et al

 

., 2000). Furthermore, using the AFM
tip as a manipulation tool allows the precise and controlled
modification of  biological systems from the level of  cells down
to the scale of  individual molecules (Schoenenberger & Hoh,
1994; Thalhammer 

 

et al

 

., 1997; Fotiadis 

 

et al

 

., 2002).
Traditional AFM imaging is based on very general tip–

sample interactions, which makes the technique applicable to
a wide range of  samples. However, this also strongly limits its
capacity to identify different objects comprising the sample,
unless they have a very distinct shape or size. Several other
modes of  AFM, such as lateral force microscopy (Mate 

 

et al

 

.,
1987; Marti 

 

et al

 

., 1990; Overney 

 

et al

 

., 1994), chemical force
microscopy (Frisbie 

 

et al

 

., 1994; McKendry 

 

et al

 

., 1998; Wong

 

et al

 

., 1998) and phase contrast imaging (Anczykowski 

 

et al

 

.,
1996; Cleveland 

 

et al

 

., 1998; Noy 

 

et al

 

., 1998), use material-
specific tip–sample interactions to improve the chemical spe-
cificity. However, these modes are also often not distinctive
enough to identify multiple surface species reliably.

Optical spectroscopy and imaging, by contrast, are well-
established techniques enabling the spectroscopic discrimina-
tion of  distinct species in the sample. By fluorescent labelling
of  specific proteins it is possible to follow the processes and
dynamics of  these components within living cells. The advent
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of  more sensitive detectors also enables the measurement of
fluorescence from individual molecules (Weiss, 1999). Optical
parameters such as intensity, wavelength, polarization and
fluorescence lifetime provide valuable information about the
specimen and its surroundings. However, one of  the major dis-
advantages of  optical spectroscopy is its comparatively poor
spatial resolution, limited by diffraction to about half  the
wavelength of  the light used.

The strengths and weaknesses of  both techniques comple-
ment each other. Therefore, a combination of  AFM and optical
spectroscopy would provide a very powerful tool in biological
research. The ultimate goal of  such a combined AFM and fluo-
rescence microscope (for which we propose the acronym AFFM)
must be the simultaneous recording of  both a high-resolution
structural image as well as a chemically specific optical image.

A combination of  topographic and optical imaging is also
realized in near-field scanning optical microscopy (NSOM)
(Dunn, 1999). In this technique, a tapered optical fibre with
a subwavelength-sized aperture (typically 70–120 nm) is
scanned near the sample surface (< 10 nm). The strongly
localized optical near field at the aperture illuminates the sam-
ple, resulting in an optical image with a spatial resolution
determined by the aperture size. During scanning the con-
tours of  the sample surface are followed by the fibre tip, yield-
ing a topographic image of  the same area. However, in order to
achieve sufficient optical throughput, the aperture size has a
lower limit, which leads to a much lower topographic resolu-
tion than that achievable with AFM. In NSOM, the same probe
is used to obtain both topographic and optical images, which
can lead to artefacts in the optical signal caused by the 

 

z

 

-
motion of  the near-field probe (Hecht 

 

et al

 

., 1997). An addi-
tional limitation of  NSOM is its restriction to surface imaging,
in contrast to confocal microscopy, which enables optical sec-
tioning and three-dimensional (3-D) imaging. Furthermore,
the use of  a fragile optical probe complicates the operation of
the microscope. Integration of  AFM and confocal fluorescence
microscopy provides an easier and more flexible way of  com-
bining high topographic resolution with sensitive spectro-
scopic identification capability.

Several examples of  AFM and fluorescence microscope
combinations have been reported in the literature over the
last few years (Lieberman 

 

et al

 

., 1996; Lal & Proksch, 1997;
Foubert 

 

et al

 

., 2000; Horton 

 

et al

 

., 2000; Kolodny 

 

et al

 

., 2001;
Noy & Huser, 2003; Gradinaru 

 

et al

 

., 2004). One of  the most
significant problems in these designs is the optical back-
ground in the fluorescence detection caused by the laser used
in the AFM to detect the cantilever position (Meyer & Amer,
1988). As a result, most combined microscopes perform the
AFM and fluorescence measurements sequentially. For simul-
taneous imaging, this laser light must be filtered from the
detection path using high-quality filters, consequently block-
ing a potentially useful part of  the spectrum (Gradinaru 

 

et al

 

.,
2004). An alternative approach is demonstrated by Noy &
Huser (2003), who implemented an interleaved scanning

mode, in which each line is scanned twice during imaging. In
the first scan the AFM collects the topographical information.
During the second scan, the AFM laser is switched off  and the
optical information is collected. In this method, the two micro-
scopes still operate sequentially on the same spot, and there-
fore cannot be used to perform mechanical manipulations on
the sample while simultaneously recording optical responses.

Here we describe a custom-designed AFFM set-up that can
perform truly simultaneous AFM and fluorescence imaging,
force extension measurements and nano-manipulation. The
instrument allows the use of  any fluorescent dye throughout
the whole visible to near-infrared (IR) spectral region with sin-
gle molecule optical and mechanical sensitivity. In addition,
we have incorporated a spectral fluorescence imaging capabil-
ity in our combined microscope, which greatly enhances the
(bio-)chemical identification capacity.

We demonstrate the AFFM on 2-D crystals and membranes
containing LH1 and LH2 light-harvesting pigment protein
complexes from the photosynthetic bacterium 

 

Rhodobacter
sphaeroides

 

. The spectral imaging mode is used to discriminate
LH1 and LH2 in a mixed membrane sample, based on the
difference between their fluorescence spectra (LH1 emission
peak 

 

∼

 

890 nm, LH2 

 

∼

 

870 nm).

 

Design of  the AFFM

 

The combined microscope is based on a custom-designed
stand-alone AFM (Van der Werf  

 

et al

 

., 1993) and inverted con-
focal fluorescence microscope with single molecule sensitivity
(Fig. 1). The complete AFFM system is placed on a vibration-
isolated table. A sample scanning piezo stage (P-730 XY, Physik
Instrumente, Germany) with a scan range of  40 

 

×

 

 40 

 

µ

 

m

 

2

 

and a minimal step size of  0.5 nm in closed loop mode is used
by both microscopes. Additionally, the AFM tip can be con-
trolled in 3D space by a piezo tube scanner, so that the AFM
retains its full stand-alone functionality.

The confocal microscope uses a diode laser (Roithner Laser
Technik, RLT80010MG, 

 

λ

 

 = 800 nm) as a light source. In
addition, all available laser lines in the visible wavelength
range from an argon–krypton laser can be coupled to the
instrument through a fibre connection. The laser beam is
reflected via a dichroic beam splitter (Chroma, Q850LPXXR)
towards an oil-immersion objective (Nikon, Plan Fluor 100

 

×

 

,
NA 1.3), which focuses the light onto the sample. The fluore-
scence light is collected by the same objective and passes
through the dichroic beam splitter. By switching a foldable
mirror, the fluorescence light can be directed either towards a
single photon counting avalanche photodiode (APD) (SPCM-
AQR-14, Perkin Elmer Optoelectronics) or towards a custom-
designed prism-based spectrograph, with single molecule
sensitivity, equipped with a liquid nitrogen-cooled CCD camera
(Spec-10:100B, Princeton Instruments). Any remaining
excitation light is removed from the detection path by a holo-
graphic notch filter (HNPF-800, Kaiser Optical Systems). The



 

C O M B I N E D  A F M / C O N F O CA L  F L U O R E S C E N C E  M I C RO S C O P E

 

111

 

© 2005 The Royal Microscopical Society, 

 

Journal of  Microscopy

 

, 

 

217

 

, 109–116

 

APD is suitable for measurements that require high time
resolution, such as recording fast dynamics in fluorescence
timetraces or rapid fluorescence imaging. The spectrograph–
CCD camera combination can be used for conventional spec-
tral imaging or for recording spectral timetraces, where a com-
plete spectrum is recorded for each image pixel or time step,
respectively.

In AFM systems using optical beam deflection as a sensing
method, part of  this laser light is transmitted through and
passes beside the cantilever. In combination with a fluore-
scence microscope, this light is collected by the objective and
enters the detection path, creating a significant background
in the fluorescence measurements. Furthermore, this light may
easily excite the fluorophores in the sample. This can cause an
unwanted photobleaching of  the fluorescent material. To pre-
vent these problems in the AFFM, a diode laser with a wave-
length of  1050 nm (Roithner Laser Technik, RLT106010MG)
was installed. A similar approach was taken by Ebenstein 

 

et al

 

.
(2002). In addition, we positioned a narrow bandpass filter
(CVI Laser, F10-1050-4) inside the AFM head (Fig. 1), which
only transmits the 1050-nm emission peak and suppresses
the sidebands typical of  diode laser emission. The advantage of
using this laser wavelength in combination with the bandpass
filter is two-fold. First, it allows the use of  the AFM in combina-
tion with essentially all fluorophores in the visible to near-IR
spectrum, without the AFM laser exciting the fluorescent mol-
ecules or overlapping with their emission spectra. Second, the
narrow wavelength range, limited by the bandpass filter, makes
it possible to effectively remove this light from the detection
path of  the fluorescence microscope by a suitable notch or low-
pass filter. This allows single molecule fluorescence detection
extended to emission wavelengths in the near-IR during

operation of  the AFM. Imaging and performing force interac-
tions with the sample while simultaneously recording optical
responses is now possible.

Another common problem compromising AFM measure-
ments is interference and optical feedback effects due to AFM
laser light scattered from the reflective sample and objective
surfaces. We implemented a recently developed high-frequency
laser current modulation technique to circumvent this
problem (Kassies 

 

et al

 

., 2004).
The sample scanner is embedded in the solid support of  the

inverted microscope (Fig. 1). The AFM tripod is equipped with
a wide base plate, which effectively spans this scanner. Two
legs of  the AFM head are placed on two perpendicularly orien-
tated translation stages, which allows the coarse positioning
of  the AFM tip with respect to the optical axis of  the confocal
microscope. Fine adjustment of  the tip position can be made
using the piezo tube inside the AFM head.

The sample scanner and the tip scanner (piezo tube) are
addressed independently, which allows the flexible movement
of  the sample and the tip relative to the excitation volume and
relative to each other. It also provides the possibility to switch
easily between different modes of  operation, such as sample
scanning, tip scanning or mechanical manipulation (Fig. 2).
The computer controls the sample scanner through a 16-bit
multifunction data acquisition card (National Instruments,
6052E). The 16-bit resolution makes it possible to scan the
sample over the full range of  40 

 

×

 

 40 

 

µ

 

m

 

2

 

 with a minimum
step size of  < 0.5 nm. The tip scanner, which has a maximum
scan range of  3 

 

×

 

 3 

 

µ

 

m

 

2

 

, is controlled through a 12-bit multi-
function data acquisition card (National Instruments, MIO-
16-E4). A custom Labview program (National Instruments) is
used to control the AFFM.

Fig. 1. Schematic layout of  the AFFM with the
controllers and computer interface cards. A 1050-
nm-wavelength laser diode is placed inside the AFM
head together with a narrow bandpass filter. In the
confocal microscope, a dichroic beam splitter (BS)
reflects the excitation beam towards the objective.
Collected fluorescence light passes this beam splitter
towards the detectors. A notch filter (NF) and an
AFM laser suppression filter (ASF) remove the
backscattered excitation light and collected AFM
laser light from the detection path. By switching the
foldable mirror (M), the fluorescence light can be
directed towards the APD or the spectrograph.
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Performance of  the AFM

 

The combination of  the AFM with the fluorescence micro-
scope does not compromise the ability of  the AFM to image
with a high spatial resolution. This is demonstrated in
Fig. 3, which shows high-resolution images of  2-D crystals of
the membrane proteins LH2 and LH1, isolated from the
bacterium 

 

R. sphaeroides

 

 (Bahatyrova 

 

et al

 

., 2004b). These
images were measured in tapping mode (Veeco Instruments,
MSCT-AUHW, Si

 

3

 

N

 

4

 

 tip F, 

 

k

 

 = 0.5 N m

 

−

 

1

 

) in buffer solution
(10 m

 

m

 

 HEPES, pH 7.5, 150 m

 

m

 

 KCl). The crystals were
immobilized on a mica substrate. The AFM images were
obtained by scanning the sample, using the internal posi-
tion feedback of  the sample stage, which prevents any

image distortions due to non-linearities in the scanning
motion.

 

Luminescence of  Si

 

3

 

N

 

4

 

 and Si tips

 

A direct spatial correlation between topographic and optical
features is obtained when the AFM tip is aligned within the
excitation focus of  the confocal microscope. We observed that
proper alignment inevitably led to luminescence caused by the
tip material itself, in addition to the direct scattering of  light
from the tip. This was primarily the case with Si

 

3

 

N

 

4

 

 tips. The
emission spectra of  an Si

 

3

 

N

 

4

 

 tip (Veeco Instruments, MSCT-
AUHW) and an Si tip (Mikromasch, NSC36/Cr-AuBS) excited
with the 800-nm wavelength from the laser diode, were meas-
ured using the spectrograph and are presented in Fig. 4. The
spectra were accumulated over a 1-min interval, using 7 

 

µ

 

W
of  laser light focused on the tip.

The luminescence from the Si

 

3

 

N

 

4

 

 tip covers a broad spectral
region and may spectrally overlap with the emission of  the
chromophores in the sample, in which case it cannot be
removed by spectral filtering. The intensity of  this lumine-
scence is similar to the fluorescence intensity of  a few LH1 or
LH2 molecules. The Si tip, however, shows a different type of
emission with much lower intensity (Fig. 4), which is negligible
compared with typical single molecule emission intensities.

Crystalline silicon has an indirect band gap, and is therefore
incapable of  light emission. However, amorphous silicon and
amorphous silicon nitride are known to be strongly photo-
luminescent (Wolford 

 

et al

 

., 1983; Poolton & Cros, 1991;
Aydinli 

 

et al

 

., 1996). Silicon nitride tips are generally manu-
factured from amorphous material, produced by low-pressure
chemical vapour deposition (LPCVD) (Veeco Instruments, pers.
comm.), and thus display considerable luminescence. Silicon
tips, by contrast, are produced from crystalline silicon, explaining
the low amount of  luminescence produced by these tips. We
conclude that it is imperative to use tips made from crystalline
silicon or other low-luminescent materials during simultaneous
AFM/optical measurements.

Fig. 2. Different modes of  operation of  the AFFM: (a) simultaneous
imaging by scanning the sample between a fixed tip and a fixed focus;
(b) AFM imaging by lateral tip scanning with a specific area (selected by
positioning the sample stage) in the excitation volume; (c) force–extension
imaging with the tip moving in three dimensions; (d) force–extension
imaging with the tip ramping perpendicular to the surface and the sample
moving in lateral directions. In modes (c) and (d) optical timetraces are
recorded and stored along with the force–extension curves.

Fig. 3. High-resolution topographic images measured with the AFFM.
(a) Image of  a 2-D crystal of  LH2 complexes. The individual LH2 complexes
are packed in a zig-zag pattern, which can be clearly resolved by the AFM.
(b) Image of  a 2-D crystal of  LH1 complexes. The ring-shaped LH1
complexes with a diameter of  ∼11 nm are slightly larger than the LH2
complexes. The ring shape of  these proteins can clearly be resolved.

Fig. 4. (a) Luminescence image of  an Si3N4 cantilever, with the tip clearly
visible. (b) Luminescence spectrum of  Si and Si3N4 tips measured by
the spectrograph. Excitation intensity = 7 µW; emission accumulation
time = 1 min. The background level of  ∼80 counts is the intrinsic offset of
the CCD camera.
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Simultaneous topographic and optical imaging

 

In simultaneous fluorescence and topographic imaging mode
the sample is scanned between the microscope objective and
the AFM tip. The vertical motion of  the tip relative to the sam-
ple is induced by the piezo-tube inside the AFM in order to
maintain a constant deflection. Fluorescence and topographi-
cal information are collected simultaneously and are inher-
ently spatially correlated, owing to the coincidence of  the
excitation focus and the AFM tip.

Figure 5 shows simultaneously recorded fluorescence and
topographic AFFM images of  2-D crystals of  light-harvesting
complexes LH2. The crystals were adsorbed on a poly-

 

l

 

-lysine-
(0.01%) coated coverglass. The glasses were extensively
cleaned in a solution of  65% HNO

 

3

 

 before adding the coating.
The measurement was performed in a solution of  50 m

 

m

 

 TRIS,
pH 7.8, 150 m

 

m

 

 KCl in tapping mode using an Si tip (Mikro-
masch, NSC36/Cr-AuBS, 

 

k

 

 = 0.6 N m

 

−

 

1

 

). The optical signal
was recorded using the APD. The sample was scanned at
256 

 

×

 

 256 pixels with a pixel frequency of  2000 Hz and hence
a recording time of  the optical signal of  0.5 ms per pixel.

The LH2 crystals are observed as sheets with a length of
several micrometres and a width up to 

 

∼

 

1 

 

µ

 

m. The crystals
are 

 

∼

 

6 nm high. A clear correlation exists between the topo-
graphic and optical images. Higher topographic features on
the crystals correspond to a high amplitude of  the fluorescence
emission, indicating that a second layer of  crystal is present
rather than some impurity.

Confocal microscopy has a relatively low spatial resolution
(limited by diffraction) compared with AFM. Therefore, AFM
images usually contain more pixels per unit area than confo-
cal microscopy images. In a combined AFFM measurement
the number of  pixels per unit area should be high enough to
reveal topographical details. Consequently, the optical image
is strongly over-sampled and the continuous illumination of
the sample over many pixels may cause rapid photobleaching.
A decrease in excitation intensity can reduce photobleaching,
but can also lead to a significant decrease in signal-to-noise
ratio in the optical image. This is particularly important in single

molecule experiments where the fluorescence intensity is
low. The over-sampling of  the optical image allows a different
approach to reduce bleaching without a decrease in signal-to-
noise ratio. The total illumination time can be minimized by
switching the excitation laser on only during a small fraction
of  the scanned pixels in the ‘trace-image’, and leaving the laser
off  during the ‘retrace-image’. To achieve this, a TTL-pulse
pattern is generated together with the 

 

x

 

,

 

y

 

 scan pattern, mark-
ing the pixels where the laser should be on. This pattern is syn-
chronously sent to the laser diode controller during scanning.
The same pattern can be sent as a gating signal to the APD.
After the measurement, the square sections containing one
illuminated pixel can be binned to form a single optical pixel.
This is illustrated in Fig. 6 where, as an example, one in every
four scanned pixels is illuminated in the line direction as well
as in the image direction. The ratio between the number of
scanned pixels and illuminated pixels can be set to any value.
In the particular example of  Fig. 6 the illumination time is
reduced by a factor of  32.

 

Combined AFM and spectral fluorescence imaging

 

The ability to perform spectral fluorescence imaging strongly
enhances the chemical identification capacity of  the instru-
ment. In conventional spectral imaging mode, a complete
fluorescence spectrum is measured for each pixel. Multiple
fluorescent components can be easily distinguished even
when their emission spectra partially overlap. In order to
obtain a spectrum with a sufficient signal-to-noise ratio, the
acquisition time per pixel is usually of  the order of  10 ms or
more. In AFM imaging the time per pixel is usually much
lower, typically ranging from 0.2 to 0.5 ms. Because of  this
discrepancy, we record AFM and spectral images sequentially.

Fig. 5. Combined simultaneous imaging on 2-D LH2 crystals. The AFM
tip was aligned with the optical axis of  the fluorescence microscope. While
scanning the sample, the height profile and optical information was
detected simultaneously. The APD was used for the optical detection.

Fig. 6. Fractional illumination can be applied in simultaneous imaging
to reduce photobleaching. The total illumination time is reduced by
illuminating the sample only for a small fraction of  the scanned pixels
during the ‘trace-image’ and by switching the laser off  during the
‘retrace-image’. After the measurement, the square sections containing
one illuminated pixel can be binned to form a single optical pixel.
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The potential of  combined AFM and spectral imaging is
demonstrated in Fig. 7. In this measurement, small membrane
fragments of  the photosynthetic bacterium 

 

R. sphaeroides

 

were immobilized on a coverglass coated with poly-

 

l

 

-lysine.
The membranes contain both types of  light-harvesting com-
plexes, LH1 and LH2. The sample was measured in a buffer
solution containing 10 m

 

m

 

 HEPES, pH 7.5, 150 m

 

m

 

 KCl. The
spectral image was recorded on an area of  5.5 

 

×

 

 5.5 

 

µ

 

m

 

2

 

 at
128 

 

×

 

 128 pixels and an integration time of  35 ms per pixel.
Subsequently, a tapping mode AFM image was measured on
the same area using an Si

 

3

 

N

 

4

 

 tip (Veeco Instruments, MSCT-
AUHW, 

 

k

 

 = 0.5 N m

 

−

 

1

 

) at 512 

 

×

 

 512 pixels. The fragments are
50–100 nm in diameter and 7–50 nm in height.

The superior lateral resolution of  the AFM can be clearly
seen at location A in the images. Here, two separate mem-
brane fragments are observed lying close together in the
AFM image, but cannot be resolved in the optical image. By
contrast, the fluorescence measurement identifies those topo-
graphic structures that contain varying amounts of  light-
harvesting complexes. The optical spots clearly co-localize
with topographic features, although there are also objects in
the AFM image that are absent in the optical image. These
non-fluorescent objects could well be membrane fragments
that do not contain any LH complexes. Moreover, the spectral
data collected on each pixel provide information about the
composition of  the different membrane fragments. The spec-
trum emitted by membrane B (Fig. 7) closely resembles the
LH1 emission spectrum, suggesting that this membrane
mainly contains LH1 complexes. By contrast, membrane C
shows a spectrum resembling LH2 emission, suggesting a
larger number of  LH2 complexes in this membrane. For com-
parison, the measured emission spectra of  concentrated
solutions of  purified LH1 and LH2 complexes were scaled and
plotted along with the membrane spectra.

 

Combined optical and force extension measurements/
nanomanipulation

 

The desirability of  combined force spectroscopy and single
molecule fluorescence measurements has been addressed by
Wallace 

 

et al

 

. (2003) and Weiss (1999). For the measurement
of  mechanical properties of  objects, interaction forces and
adhesion forces, the so-called force–extension mode is often
used. In this mode, the AFM tip is lowered towards the surface
until it makes contact and a certain preset force is reached,
after which the tip is retracted. In this way, a force–extension
curve is measured and stored for each image pixel. In our
AFFM a fluorescence timetrace is recorded by the APD and
stored along with the force–extension curve for each pixel.
This type of  imaging can either be done with the sample in a
fixed location and the tip moving in three dimensions (Fig. 2c),
or with a laterally scanning sample and the tip only ramping
up and down (Fig. 2d). In general, this mode provides optical
information from the sample as a function of  the 3-D position
of  the tip.

In a force–extension measurement, the maximum force
that the tip exerts on the sample is well controlled, and the
optical response of  a molecular system can be observed as a
function of  the applied force.

The combined force–extension mode (Fig. 2c) is illustrated
using the collection of  the luminescence signal of  a silicon
nitride tip as a function of  the 3-D tip position (Fig. 8). The
excitation light was focused on the top layer of  a clean cover-
glass. The Si

 

3

 

N

 

4

 

 tip was ramped perpendicular to the glass
surface with a frequency of  1 Hz in liquid. At each pixel, a
complete force–extension curve was recorded with simultane-
ous detection of  the luminescence of  the Si

 

3

 

N

 

4

 

 tip material in

Fig. 7. Combined AFM and fluorescence spectral imaging on membranes
fragments from Rhodobacter sphaeroides, containing both LH1 and LH2
complexes. First, a fluorescence spectral image is acquired, followed by an
AFM image on the same area. Membranes containing light-harvesting
complexes can be distinguished from other surface features by comparing
the optical and topographic images. In the spot marked by A, two
membrane fragments lying close together cannot be resolved in the
optical image, demonstrating the superior lateral resolution of  the AFM.
The content of  the membrane fragments can be estimated from the
spectral information. The membrane marked by B shows a spectrum
closely resembling the emission spectrum of  LH1, whereas the spectrum
of  the membrane marked by C closely resembles that of  LH2. The solid
lines represent spectra from a single pixel in each membrane fragment.
For comparison, the measured emission spectra of  concentrated purified
solutions of  LH1 and LH2 were scaled and plotted in dashed lines along
with the membrane spectra.
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the optical timetraces. It follows that the maximum lumine-
scence intensity is detected when the tip touches the glass
surface. The measurement was made on 32 × 32 pixels over
a total lateral range of  2.7 × 2.7 µm2 and a vertical range of
∼900 nm. The force–extension curve and the optical trace
were sampled 5000 times, yielding a time resolution of
0.2 ms. The optical data were then binned 100 times. The
image of  Fig. 8(a) was obtained from the optical traces. The
amplitude in the image reflects the number of  counts at
the moment when the tip touched the surface and reached
maximum deflection. The force–extension curve and the corre-
sponding timetrace of  two particular pixels are shown in
Fig. 8(b). In pixel A the tip touches the glass outside the focus
and therefore the fluorescence signal is unchanged during the
force–extension curve. In pixel B, the tip is lowered in the cen-
tre of  the focus and the fluorescence signal increases until the
tip touches the surface.

Figure 8 demonstrates the possibility of  collecting optical
information as a function of  the tip position. More impor-
tantly, in the regime of  the force–extension curve where the tip
touches the sample, the data set provides optical information
as a function of  the well-controlled interaction force.

Conclusions

The integration of  an AFM and a confocal fluorescence
microscope provides detailed structural information about the
specimen with high (bio)-chemical specificity. The combined

information acquired by the AFFM allows the spectroscopic
identification of  topographic features.

The AFFM presented here can perform simultaneous topo-
graphic and optical imaging with single molecule sensitivity.
By shifting the AFM laser to a wavelength of  1050 nm,
chromophores that have excitation and emission wavelengths
anywhere in the visible to near-IR region can be used. Applica-
tion of  fractional illumination of  the sample during simultane-
ous imaging allows high-resolution topographic mapping
without rapid photobleaching of  the chromophores. We have
demonstrated that coupling the AFM with the fluorescence
microscope does not compromise high-resolution imaging
with the AFFM. The incorporation of  fluorescence spectral
imaging strongly enhances the chemical identification capa-
bility of  the system.

The possibility of  addressing the sample scanner and the tip
scanner independently, synchronized with the optical detection,
results in a very flexible instrument, allowing many different
types of  experiments. The combined optical and force–extension
mode provides the possibility of  measuring optical responses
of  the specimen as a function of  a well-controlled force.

These multiple imaging modes and the flexibility and
modularity of  the AFFM make it a powerful tool for bio-
nanotechnology applications.
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