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Since atomic force microscopy ( AFM) is capable of imaging nonconducting surfaces, the 
technique holds great promises for high-resolution imaging of biological specimens. 
A disadvantage of most AFMs is the fact that the relatively large sample surface has to be 
scanned multiple times to pinpoint a specific biological object of interest. Here an 
AFM is presented which has an incorporated inverted optical microscope. The optical image 
from the optical microscope is not obscured by the cantilever. Using a XY stage to 
move the sample, an object is selected with the optical microscope and an AFM image of the 
selected object can be obtained. AFM images of chromosomes and K562 cells show the 
potential of the microscope. The microscope further enables a direct comparison between 
optically observed features and topological information obtained from AFM images. 

1. INTRODUCTION 

With the introduction of the atomic force microscope 
(AFM) ,l a powerful tool has become available for high- 
resolution imaging of biological objects with dimensions 
ranging from DNA molecules2 to blood cells.3 Unlike 
other techniques with similar resolution, such as scanning 
tunneling microscopy (STM) and scanning electron mi- 
croscopy (SEM), AFM requires no coating of the speci- 
men. The demonstration by Hansma and co-workers that 
the AFM can be operated in an aqueous environment4 
holds great promises for biological studies under physio- 
logical conditions. In practice, most “imaging time” is used 
to locate specific objects of interest, which are more or less 
randomly distributed on the sample substrate, by making 
multiple AFM images. For objects with the size of 1 pm or 
larger, we have solved this problem by constructing an 
AFM which is integrated in an inverted optical microscope 
(EPI illumination). With this instrument an object of in- 
terest can be selected quickly and a direct comparison be- 
tween the optical image (in reflection or in fluorescence) 
and the AFM image can be made due to the overlapping 
field of view. 

II. INSTRUMENT DESIGN 

A problem encountered in integrating an optical mi- 
croscope in an AFM is that the tip and the cantilever are 
directly located on top of the object. In some commercially 
available AFMs~+~ special long-working-distance objectives 
are used to obtain an optical image from the top. In that 
configuration, part of the sample is hidden from direct 
optical viewing. Also other designs incorporating an opti- 
cal microscope have this problem.‘-*’ 

Since most biological objects are transparent, an opti- 
cal image can be obtained from the back side by using a 

a)T~ whom correspondence should be directed. 

transparent object carrier, e.g., a microscope slide. For this 
purpose we have taken a small objective lens from a com- 
pact disk player (outer diameter 8 mm, Philips, The Neth- 
erlands) which is positioned inside the hollow piezo tube 
(inner diameter 16 mm, Staveley Sensors, East Hartford, 
CT) used for scanning the sample in the X-Y-Z direction 
(Fig. 1). The objective can be adjusted by XY-2 (range: 
2~ 2 mm2) such that the objective and the AFM tip are 
positioned on one line. By rotating the long tube on which 
the lens is placed inside the XY-2 stage, the lens can be 
focused and an optical image of the AFM tip is obtained. 
The illumination consists of a mercury arc lamp (100 W, 
@ram, Germany) and a dichroic filter block (Nikon). 
The dichroic filter block consist of a dichroic mirror with 
50% transmittance at 580 nm, an excitation filter that se- 
lects the green line at 546 nm from the spectrum and an 
optional long-wave-pass filter with a cut-on wavelength of 
590 nm. If no long-wave-pass filter is used, the optical 
image is a reflection image. If it is used, a fluorescence 
image is obtained. The optical image is detected by a CCD 
camera (WVFlO, Panasonic) and displayed on a video 
monitor (C-S2 18 1 ET, JVC) . In reflection a slightly better 
image is obtained when two crossed Polaroids (one in the 
illumination path, the other in the detection path) and a 
quarter-wave plate (between lens and sample) are used to 
eliminate any stray light that is not originating from the 
sample. 

The hollow piezo tube, on top of which the sample (on 
a microscope slide, in air, or in a cuvet under a fluid) is 
placed, can be moved with respect to both the tip and the 
objective using a XY-translation stage (XY-1). This XY 
stage consists of two interconnected translation stages car- 
rying a large bore (35 mm diam, Micro-Controle, France). 
The XY stage is attached upside down to the base plate. In 
order to prevent contact between piezo tube and lens tube, 
small blocks are positioned inside the XY stage to restrict 
the travel range of the stage. In this way an object field 
with a size of 3x3 mm2 can be screened with the optical 
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FIG+. 1. Schematic representation of the AFM integrated with an optical microscope. The optical microscope consists of a mercury arc lamp for 
illumination, a dichroic beam splitter (BS), a beam steering mirror (M), a CD lens as an objective and CCD camera with video monitor (monitor 1). 
The CD lens is located on top of a long hollow tube and can be moved by XY-2. The CD lens can be translated in the 2 direction in order to focus the 
sample (details not shown). The AFM consists of a piezo tube for sample scanning and a commercial, V-shaped S&N,, cantilever (200 pm long) with 
an integrated tip. The displacement of the cantilever is measured by the optical beam deflection method using a diode laser and a quadrant detector. The 
data acquisition is based on a HP9000-330 work station and a VME-bus system. The AFM images are displayed on monitor 2. The sample can be moved 
overar&geof3X3mm2byXY-I. 

m icroscope. The numerical aperture of the lens is 0.4, 
which results in an optical resolution of about 1 pm. The 
field of view is 100 pm in diameter. The sample level is 2 
m m  above the base plate on which an optical beam 
deflection” module for cantilever displacement detection is 
positioned. The module consists of a laser diode ( 1 m W , 
780 nm) and a collimating lens both taken from the same 
compact disk player mentioned before. An 80-mm lens 
focuses the collimated beam at the gold-coated cantilever.5 
Since the reflected beam is detected by a quadrant detector 
(C30845, RCA), we are capable of measuring the friction 
and the deflection of the cantilever simultaneously. In or- 
der to prevent interference with the optical image in the 
fluorescence mode, a 780-nm laser diode and not a red 
670~nm laser diode is used to detect the cantilever displace- 
ment. In front of the CCD camera an additional short- 
wave-pass filter (cutoff wavelength at 660 nm, Ealing Elec- 
tro-Optics Inc., South Natick, MA) is positioned to block 
the light from the laser diode (not shown in Fig. 19. 

After selecting an object of ‘interest from the optical 
image, the object is placed under the tip and an AFM 
image is obtained. The lateral resolution is a few nanome- 
ters and the noise level in a lo&Hz bandwidth corresponds 
to a cantilever displacement of 1 A. This noise level is 
primarily due to electronic noise and mechanical and 
acoustic vibrations (no extensive vibration isolation pre- 
cautions have been taken yet). The maximum scan range is 
15 X 15 pm’. The data acquisition is based on an HP9000- 
330 work station (Hewlett Packard) and a VME-bus sys- 
tem containing an HP interface, a framegrabber (VFGlOO, 
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Imaging Technology Inc, Woburn, MA), AD converters, 
and a scan generator. The high-voltage amplifiers (range 
- 300 to + 300 V9 for the piezo tube, the control elec- 

tronics, and the power supply for the laser diode are home 
built. An image of 5 12 X 5 12 pixels takes between 15 s (fast 
scan) and 2 m in (slow scan), and they are displayed on a 
monitor (Multisync 2, NEC). In this report only the de- 
flection mode and not the friction mode is used. The AFM 
images presented here are obtained in the constant force 
mode. 

III. RESULTS AND DISCUSSION 

In Fig. 2 the optical image (in reflection) of a sample 
of metaphase chromosomes is shown. In this picture the 
V-shaped m icrofabricated cantilever ( Si3N4) l2 is clearly 
observed, with the square area of 4X4 pm2 in the m iddle 
of which the tip with a radius of typically 30 nm is located. 
Notice the beautiful interference pattern (Newton fringes) 
originating from the interference between light reflected 
from the sample carrier surface and the tilted cantilever. 
With the relatively, monochromatic green light used for 
illumination (546 nm), the observed spacing between the 
fringes is in agreement with a tilt angle between the canti- 
lever and the substrate of 15”. The white spot is from the 
laser beam sensing the displacement of the cantilever. 

In Fig. 3 AFM images at low and high resolution are 
shown of a metaphase chromosome that was selected from 
the optical image. This example demonstrates the possibil- 
ities of the instrument. The high resolution of the AFM 
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FIG. 2. Optical image in reflection of a sample of metaphase chromo- 
somes taken from a Chinese hamster lung cell line (CHL-V79), prepared 
according to method described elsewhere (see Ref. 18). Bar: 10 pm. 

reveals fine details in the chromosome structure which up 
to now are only visible with coated samples using SEM. In 
Fig. 3(a) we see that the chromatids display a pattern of 
loops with a period of about 800 nm. This confirms earlier 
observations on coiling of the chromatids.13t14 In images 
with a higher resolution, structures with sizes in the range 
of 50-60 nm are predominant [Fig. 3(b)]. Similar struc- 

(bl 
FIG. 3. AFM images of a single CHL metaphase chromosome. The ap- 
plied force is 5 nN. (a) Bar: 1 pm; (b) bar: 100 nm. 

FIG. 4. AFM images of a K562 cell. K562 cells are incubated at 37 “C for 
30 min in RPM1 buffer on a poly-L-Iysine-coated microscope slide. The 
slide is dipped in a PEM buffer, pH 6.5, at 37 “C. Then the cells are fixated 
for 30 min at room temperature. Finally, the cells are dehydrated and 
desalinated by washing in cold, pure alcohol and are allowed to air dry. 
The applied force is 5 nN. (a) Bar: I pm; (b) bar: 2.50 nm. 

tures have been visualized by SEM and have been inter- 
preted as to present the ends of loops of 30-nm chromatin 
fibers,” where the fiber reaches the surface and folds back 
into the body of the chromosome.” The fine details ob- 
served at the boundaries of the chromatids [Fig. 3(a)] have 
the same size as the structures in Fig. 3(b) and seem to 
originate from the chromosome. 

As a second example, AFM images of a cell from a 
human cell line (K562, predecessor of erythroblasts) are 
shown in Fig. 4. The K562 cells are allowed to adhere on 
a poly-L-lysine-coated m icroscope slide. After 30 m in ad- 
hesion structures are observed. These spikelike Hopodia 
have a width of 200-400 nm and have an average height of 
50 nm. On the filopodia transverse grooves at irregular 
distances of 100-200 nm are clearly visible [see, for in- 
stance, the two filopodia on the Ieft-hand side of Fig. 4(a)]. 
In Fig. 4(b) even smaller structures are observed. 

It is also possible to compare optically observed fea- 
tures and topological information obtained from the AFM 
images. For instance, the instrument enables direct com- 
parison between the optically observed banding patterns 
after treatment and the topology of the chromosomes (pre- 
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liminary results). Currently we are studying the chromo- 
some appearance under different physiological conditions, 
such as the influence of divalent cations,17 in order to ob- 
tain a better understanding of the chromosome structure. 

IV. CONCLUSION 

The atomic force microscope with an integrated opti- 
cal microscope as presented here is an instrument that is 
easy to operate and can be a useful tool for biologists to 
study biological structures and processes on a molecular 
scale under physiological conditions. Using an XY stage to 
move the sample and the optical microscope to pinpoint an 
object of interest, the imaging time is reduced significantly. 
The instruments cover an area of 3 x 3 mm2 with a lateral 
resolution of a few nanometers. Optically observed features 
and topological information obtained from AFM images 
can be compared and can give additional information for 
biological studies. 
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