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Abstract. The atomic force microscope was used to im- 
age peritoneal macrophages after phagocytosis of latex 
beads with 0.45 gm in diameter and of zymosan parti- 
cles. The rigidity of the phagocytosed material allowed 
to image the live membrane at forces below 2 nN. Re- 
peated scanning of the membrane unavoidably caused 
the protrusion of the beads and increased their virtual 
height. The influence of fixation by glutaraldehyde on 
the image and the corresponding force vs. distance 
curves were analyzed and compared. Short treatment 
with Triton X-100 enabled us to identify intracellular 
components, such as embedded latex beads, cell nucle- 
us and cytoskeletal strands. The data demonstrate that 
it is possible to image living cells if they are bolstered 
by stiff material. 
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Introduction 

It is well known that the resolution for the application 
of the atomic force microscope (AFM) (Binnig, Quate 
& Gerber, 1986) depends on the stiffness of the mate- 
rial under investigation and therefore reflects the local 
solid-state properties of the sample. In the case of hard 
samples, images at atomic resolution can be obtained 
(Manne et al., 1991; Ohnesorge & Binnig, 1993) which 
are dependent on the surface topology and probe geom- 
etry (Allen et al., 1992; Radmacher et al., 1992). On bi- 
ological specimens, molecular resolution was obtained 
on flat organic model membranes (Weisenhorn et al., 
1991; Zasadzinski et al., 1991; Bourdieu, Ronsin & 
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Chatenay, 1993) and on isolated and spread membrane 
areas with embedded or attached proteins (Worcester, 
Miller & Bryant, 1988; Hoh et al., 1993; Yang et al., 
1993). The AFM has also been applied to living or 
fixed cells (Butt et al., 1990; Henderson, Haydon & Sa- 
kaguchi, 1992; H6rber et al., 1992). Recently, the AFM 
has been used to study membranes of living RBL-2H3- 
cells (Chang et al., 1993) and of a cultured line of lung 
carcinoma cells (Kasas, Gotzos & Celio, 1993). At 
physiological incubation conditions, the resolution de- 
creases with increasing cell height. Also, the reproduc- 
ibility decreases due to the sample-tip interaction (Butt 
et al., 1990; H6rber et al., 1992) and the dynamic be- 
havior of living cells (Fritz, Radmacher & Gaub, 1993). 

The success of recording the relief of soft plasma 
membranes under in vivo conditions is limited by the 
two-dimensional viscoeleastic properties of the mem- 
brane as well as the enclosed cytoplasm and the com- 
plex surface topography. The elastic properties are 
mainly determined by the architecture of the cytoskel- 
eton and are reflected in the coefficients of tension, 
surface shear and bending (Evans & Parsegian, 1983). 
The dynamic membrane topography is formed by the 
largely unknown interaction of the cytoskeleton with 
microfilaments and microtubuli which form the fre- 
quently occurring microvilli and membrane protrusions 
and enfoldings. 

In this presentation, we used the property of murine 
peritoneal macrophages to phagocytose particles to bob 
ster the cytoplasm. The activation of particle phago- 
cytosis by the reagent zymosan extracted from cell 
walls of Saccharomyces  cerevis iae  yeasts as well as by 
latex beads is well known and has been studied exten- 
sively with immunological (Wright & Silverstein, 1986) 
and electrophysiological methods (Kolb & Ubl, 1987). 
We applied the AFM to analyze the size and distribu- 
tion of phagocytosed material as well as force vs. dis- 
tance curves at different states of fixation. Furthermore, 
we used phagocytosis as a tool to improve the tip-sam- 
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Fig. 1. Live routine peritoneal macrophage after phagocytosis of latex beads of 0.45 btm in diameter. Imaging was carried out in the fluid cham- 
ber completely filled with PBS and presented in the shaded mode (see Materials and Methods). (a) Image after the first scanning. The image 
of 12 • 12 ~m was taken at a scan rate of 23 gm/sec. (b) Image after the fifth scanning. Same cell as in a. The bar denotes 5 btm, respective- 
ly. Maximal scanner area: 25 • 25 gm. Spring constant of the cantilever: 0.064 Nm -l .  

p l e  i n t e r a c t i o n  to  i m a g e  l i v i n g  a n d  f i x e d  m e m b r a n e s  o f  

m u r i n e  p e r i t o n e a l  m a c r o p h a g e s  in  a p h y s i o l o g i c a l  e n -  

v i r o n m e n t .  T h e  d e g r e e  o f  m e m b r a n e  w r a p p i n g  a r o u n d  

t h e  l a t e x  b e a d s  w a s  m o d u l a t e d  p o s t e r i o r i  b y  e x p o s u r e  o f  

t h e  c e l l s  to T r i t o n  X - 1 0 0 .  I n  t h e  l a t t e r  c a s e ,  i t  b e c a m e  

p o s s i b l e  to  i m a g e  i n t r a c e l l u t a r  c o m p o n e n t s  a n d  to  d i s -  

c r i m i n a t e  m e m b r a n e  c o v e r e d  a n d  u n c o v e r e d  l a t ex  b e a d s .  

Materials  and Methods 

CELL MATERIAL 

Peritoneal macrophages were obtained as previously described (Kolb 
& Ubl, 1987). Through a small hole in the abdominal wall of a 
NMRI mouse about 3 ml of HEPES-buffered saline (see below) was 
injected. The abdomen was agitated manually and the solution with- 
drawn. Cells were washed twice at 300 • g and resuspended in cul- 
ture medium (Dulbecco's modified Eagle medium (DMEM) plus 
10% fetal calf serum). The cells were seeded in petri dishes on small 
pieces obtained from the bottom of those dishes and maintained at 
37~ in 95% air and 5% CO 2. 

ELECTROLYTE SOLUTIONS AND FIXATION PROCEDURES 

The macrophages become spontaneously adherent. After an incuba- 
tion period of about 30 rain the culture medium was replaced. In one 
series of experiments, the cells were exposed to latex beads of diam- 
eter 0.453 -+ 0.009 btm (Serva). The corresponding stock solution was 
diluted 1:1,000 in culture medium. In the case of zymosan A (Sig- 
ma), the particles were added at 50 gg/ml to a pure electrolyte (in mM): 
140 NaC1, 5.6 KCI, 1.2 MgC12, 2.6 CaCt 2, 0.5 glucose and 10 

HEPES, at pH 7.4. The particle suspensions were finally dispersed 
by sonification for 1 min. 

The macrophages were exposed to particle-containing media 
for a further 60 min at 37~ Thereafter, the particle suspensions were 
replaced and the cells were washed under slight pressure to get rid of 
nonadherent cells. Either zymosan-free electrolyte solution (see 
above) was used or the culture medium was rinsed with a HEPES- 
buffered saline (HBS) (in raM): 134 NaC1, 4 KC1, 1 MgC12, 1 CaCI2, 
18 glucose, 20 HEPES or a phosphate-buffered saline (PBS) (in mM): 
136.9 NaCI, 2.7 KC1, 0.7 CaC12, 0.4 MgSO2, 0.5 glucose, 1.5 KH2PO 4, 
8.3 Na2PO 4, 8.3 Na2PO 4 adjusted to pH 7.4, respectively. 

For fixation 1% glutaraldehyde (Serva) was added to the buffer. 
The cells were kept for 15 min in the presence of the fixans at room 
temperature and washed with pure electrolyte solutions. After glu- 
taraldehyde treatment and before air-drying, the cells were thoroughly 
rinsed with distilled water. Prior to fixation, Triton X-100 (Serva) was 
applied at 37~ for 5 rain at 0.1% in HBS. 

A F M  IMAGING 

A commercial TMX 20t0 (Topometrix) was used. The V-shaped can- 
tilevers had a spring constant of 0.032 Nm i For living, unfixed 
macrophages, those with 0.064 Nm -1 or 0.032 Nm -I were applied as 
indicated. The tip geometry was pyramidal with a base and height of 
4 gm, respectively. For determination of force vs. distance curves we 
used an xyz translator (scanner) with a maximal xy scanning area of 
7 • 7 btm. Imaging was performed with scanners of 7 • 7 btm, 25 
• 25 btm or 75 • 75 gm area and carried out at room temperature. 
The plastic coverslips were mounted on a metal disc and in a fluid 
chamber. For imaging under electrolyte solution, the fluid chamber 
was filled completely. The solutions were filtered through a 0.2 gin 
millipore filter. The force was monitored prior to imaging and set be- 
low 2 nN. The images were taken in the constant force mode which 
is synonymous with height mode. The commercial software was 
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Fig. 2. Live murine peritoneal macrophage after phagocytosis of latex beads (see Fig. 1). Imaging and force vs. distance curve were carried 
out in the fluid chamber with PBS at room temperature. (a) Image after the first scanning. The arrow denotes part of the adherent membrane 
close to the plastic coverslip. Image size: 4.9 • 4.9 gm, scan rate 10 gm/sec, bar 500 nm. (b) Force vs. distance curve at a randomly selected 
elevated membrane location. The units of the y-axis (left scale) are as read from the AFM with an installed scanner of 7 • 7 p_m. The maximal 
contact force was set to 20 nN which corresponds to the maximal value of the drawn curves, while the minimal value corresponds to 0 nN. The 
distance of the x-axis is given by the movement of the z-transducer after contact. The unbroken line shows the motion of the sample towards 
the tip, the dashed line from the tip. The time for a complete circle was less than 1 sec. Spring constant of the cantilever: 0.032 Nm -1. The 
curve (*) was drawn by use of the relation (Sneddon, 1965; Tao et al., 1992): 

Az = z + B(1 - ~/(1 + 2 z/B)) 

Az is the cantilever deflection which was derived from the applied force divided by the cantilever spring constant (see vertical scaling on the 
right hand of the figure), z is the distance after contact which corresponds to the negative values on the x-axis, In the constant B, the parame- 
ters of the shear rigidity, the Poisson constant and the parameters of geometry of the tip are lumped together. From a least-squares fit, B = 732 
nm was obtained. 

used for leveling and shading with simulated light from the left. By 
the process of shading, a more plastic image is derived. The corre- 
sponding gray scale is not related to the height scale, but to the an- 
gle between the surface orientation and the light direction. The im- 
age of Fig. 6b is unshaded and the corresponding height scale is pre- 
sented. 

Results and Discussion 

Prior to imaging, the macrophages were allowed to 
phagocytose particles of different origin. Figure la 
shows a low-magnification image of a living murine 
peritoneal macrophage with phagocytosed latex beads 
with a diameter of 0.45 gm in PBS. The surface ap- 
peared smooth, but often the top of the cell was too el- 
evated and scan-induced distortions became visible (see 
Fig. la), Such a quasi-unperturbated image could be ob- 
tained for macrophages which were sufficiently rigid af- 
ter phagocytosis of numerous beads. Chang et al. (1993) 
hardened the membrane surface of RBL-2H3-cells by 
crosslinking membrane receptors. In accordance with 

their observations, we find that the AFM can yield an 
undistorted image of the plasma membrane of living 
cells if the support, the cytoskeleton and the cytoplasm 
are rigid enough. But even in this advantageous case, 
repeated scanning enhances the relief structure and 
seems to indent the membrane between the latex beads 
(Fig. lb). In general, the image of the soft plasma 
membrane appeared in electrolyte solution as shown in 
Fig. 2a. Clear images of flattened membrane areas 
close to the surface of the substrate are visible (see ar- 
row), as well as elevated membrane areas obviously 
deformed by the imaging tip, even with forces of about 
0.5 nN (compare H~iberle, H6rber & Binnig, 1991; Yang 
et al., 1993) and low-scan rate (see figure legend). The 
latter appears as smearing or lateral deformation which 
is most probably caused by the cantilever indenting or 
even penetrating the intact membrane (see also Hen- 
derson et al., 1992) and the scanning movement from 
left to right. Similar observations were made for un- 
treated macrophages. The figure indicates that already 
forces of this low magnitude might cause scan-induced 
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Fig. 3. Fixed (1% glutaraldehyde) murine peritoneal macrophage after phagocytosis of latex beads. Imaging and the force v s .  distance curve 
were carried out in the fluid chamber with HBS at room temperature. (a) Image after the first scanning. Bar: 500 nm. (b) Force v s .  distance 
curve at a randomly selected membrane location. The unbroken line shows the motion of the sample towards the tip, the dashed line from the 
tip. The units of the y-axis are as given by the AFM with an installed scanner of 7 • 7 gin. The maximal force was set to 20 nN, while the min- 
imal value corresponds to 0 nN. The time for a complete circle was less than i sec. Spring constant of the cantilever: 0.032 Nm -I. 
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Fig. 4. Fixed (1% glutaraldehyde) and air-dried murine peritoneal macrophage after phagocytosis of latex beads. (a) Image after the first scan- 
ning. Bar: 500 nm. (b) Force v s .  distance curve at a randomly selected membrane location. The unbroken line shows the motion of the sample 
towards the tip, the dashed line from the tip. Positive distances correspond to attractive forces. The units of the y-axis are as given by the AFM 
with an installed scanner of 7 • 7 gm. The maximal force was set to 20 nN, while the value at positive distance from the membrane corre- 
sponds to 0 nN. The time for a complete circle was less than 1 sec. Spring constant of the cantilever: 0.032 Nm -1. 

deformation on living cells which were observed less of- 
ten for fixed and/or dried macrophages (see below). 
The image could not be improved by reducing the scan- 
rate to a tenth of the total image size per second. As 

Persson (1987) pointed out, even a local force of the 
substrate-tip interaction in the order of 0.01 nN causes 
deformations when studying soft biological materials. 

The local elasticity of the sample can be estimated 
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Fig. 5. Fixed (1% glutaraldehyde) and air-dried murine peritoneal 
macrophage after phagocytosis of latex beads. (a) Image using the 
scanner of 75 • 75 btm. Bar: 5 btm. (b) Image of enlarged area as 
indicated in a. For comparison, the image of pure latex beads of 
0.45 btm in diameter is given in the inset. In both cases, the bar 
denotes 500 nm. (c) Height profiles along the two lines given in b. 
Note the different scale on the y-axis for the two profiles. For the 
upper profile, zero height corresponds to the membrane surface, 
while for the lower graph it corresponds to the surface of the 
support with the attached pure latex beads. Spring constant of the 
cantilever: 0.032 Nm I. 

from modulat ion of  the vert ical  sample posit ion yield-  
ing to a modula t ion  of the force between tip and sam- 
ple. The corresponding force vs. distance curve (see 
Fig. 2b) reveals  a hysteresis  of  repuls ive  forces de- 
pending on the polar i ty  of  the distance change. At- 
tract ive forces are minimized  by the electrolyte  in the 
fluid chamber  and were not observed (compare Lyub-  
chenko et al., 1993). This means that the vert ical  in- 
teraction between tip and sample is dominated  by an 
elastic indentat ion rather than by an adhesion between 
tip and sample. For  determinat ion of  the data given in 
Fig. 2b, the maximal  appl ied force was set to 20 nN 
which would correspond to a cant i lever  deflect ion of  
625 nm at a spring constant  of  0.032 Nm-1.  From Fig. 
2b, we der ived a slope of  0.05 Nm - l  at - 1 0 0  nm. The 

slope can be considered as the effect ive stiffness of  the 
t ip-sample  system which is a factor of  10 smaller  than 
measured for Cd-arachidate  monolayers  (Radmacher  et 
al., 1992). The der ived value of  the slope is in the or- 
der of the spring constant of  the used cantilever. There- 
fore, occasional ly  the image of  the canti lever  was ob- 
tained and the macrophage  could be considered as can- 
t i lever (data not shown). For a quanti tat ive descr ipt ion 
of  the force vs. distance curve, we used the approach of  
Tao, L indsay  and Lees (1992). The theoret ica l  de- 
scription is given in the legend of  Fig. 2b. The corre- 
sponding curve is indicated by stars. The figure shows 
that this descr ipt ion of  microelast ic  propert ies  of  bio- 
logical  material  cannot be applied to describe the course 
of  the measured t ip-sample  interaction. 
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Fig. 6. Triton-treated (0.1% Triton X- 100 for 5 rain) and air-dried murine peritoneal macrophage after phagocytosis of latex beads. (a) Image 
of a macrophage. Bar: 5 ~tm. Note that the transition membrane to coverslip is not visible. The latex beads appear to be partially covered by the 
membrane. (b) Unshaded image of the area denoted as ] in a. Arrows denote examples of cytoskeletal strands. Bar: 500 nm. (c and d) Two- and 
three-dimensional image of a part of the membrane and the underlying latex beads corresponding to area [1 of a. Arrows denote holes in the 
plasma membrane caused by Triton. Bar: 500 nm. Maximal scanner area: 75 • 75 btm. Spring constant of the cantilever: 0.032 Nm ~. 

The elastic deformation of the sample can be most 
simply characterized by the work required to change 
area, surface shear, and binding of the membrane.  For 
red cells, it has been measured that the elastic coeffi- 
cients for increase of membrane surface area (tension) 
are up to six orders of magnitude greater than the elas- 
tic coefficients for surface extension and bending (Evans 
& Parsegian, 1983). A maximal tension that produced 
lysis of red cells was observed to be 0.03-0.04 Nm-1 

(Kwok & Evans, 1981). Comparison with the above 
value suggests that the local vertical deformation could 
yield membrane rupture and that the force v s .  distance 
curve is determined by the surface tension. 

For comparison, a force vs .  distance curve of a glu- 
taraldehyde-fixed plasma membrane  in HBS is pre- 
sented in Fig. 3b. The force v s .  distance curve for the 
down and up movement  of the sample shows an about 
straight line with a slope of 0.11 N m - l  at - 1 0 0  nm 
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Fig. 7. Fixed (1% glutaraldehyde for 15 min) murine peritoneal macrophage after phagocytosis of zymosan particles. Imaging was carried out 
in the fluid chamber with HBS at room temperature. (a) Image size is 17 • 17 ~m. Bar: 5 btm. (b) Image of the area indicated in a. The bar de- 
notes 500 nm. Maximal scanner area: 25 • 25 btm. Spring constant of the cantilever: 0.032 Nm 1. 

which is about twice as large as observed with live 
macrophages, At distances larger than - 3 0  nm, varia- 
tions can be seen which might be responsible for dis- 
tortions shown in the corresponding image (Fig. 3a). 

In the force vs. distance curve obtained under air- 
dried conditions, the transition from the nontouching to 
the touching condition of the tip becomes clearly visi- 
ble during the down movement (Fig. 4b). A slope of 
0.18 N m - I  is obtained. It means that air-drying only 
causes a further increase of the slope by less than a fac- 
tor of two. At larger forces, air-drying has no further 
significant influence on the slope of the force vs. dis- 
tance curve (compare Figs. 3b and 4b). Longer fixation 
with glutaraldehyde of increasing concentration and/or 
drying did not result in steeper slopes (not shown). Fur- 
thermore, an attractive pull-out force (Israelachvili, 
1985) of about 16 nN can be read from the dashed 
curve of Fig. 4b which is in the range obtained by Lyub- 
chenko et al. (1993). 

The increasing values for the slope of the force vs. 
distance curves as a function of cell fixation are re- 
flected in the apparent membrane property presented in 
Figs. 2a, 3a and 4a, A comparison indicates that the 
contrast of the image which appears to be virtually re- 
lated to the stiffness of the membrane surface increas- 
es with increasing degree of fixation, 

The image of a fixed and air-dried macrophage is 
presented in Fig. 5. Comparison with the image ob- 
tained under in vivo conditions (Fig. 1) shows that the 
fixation procedure changes significantly the topology of 
the cell surface. The smooth surface is transformed to 

a surface composed of enfoldings and bulgings. The la- 
tex beads emerge out of the membrane which allows 
their closer inspection. On magnified images (Fig. 5b), 
the latex beads can be identified by the shape of the 
wrapping membrane which is confirmed by the corre- 
sponding height profile (Fig. 5c). A lateral resolution 
in the order of about 50 nm was obtained. For com- 
parison, the image and height profile of pure latex beads 
are shown in Fig. 5b and c. The height of the pure la- 
tex beads closely agrees with the diameter of about 450 
nm for the beads. It is known that the height of the ob- 
ject is affected only by the compressibility of the object, 
while the width is additionally affected by the sharpness 
or geometry of the tip (Allen et al., 1992). Due to the 
specific pyramidal geometry of the tip (see Materials 
and Methods), the derived spacing for the latex beads 
in Fig. 5c gives only an upper estimate. 

Treatment of macrophages with Triton X-100 al- 
lows the identification of cytoskeletal structures and 
the unwrapping of the phagocytosed latex beads. Fig- 
ure 6 shows the image after a mild treatment with 0.1% 
Triton X-100 for 5 min. In Fig. 6a, the transition be- 
tween plasma membrane and substrate is not visible. 
But in a magnified and unshaded image (Fig. 6b) fibrous 
structures are apparent along the rim (see arrow) with 
a height of 15-40 nm and a width of about 150 nm. 
Similar structures have been observed with AFM (Hen- 
derson et al., 1992; Chang et al., 1993) which have 
been recognized as bundled actin filaments. These 
structures are hardly visible in the shaded mode (see Fig. 
6a). An enlarged image of phagocytosed beads shows 
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areas of membrane covered and uncovered surfaces 
(Fig. 6c and d). In the latter case, cytoskeletal ele- 
ments could not be identified around phagocytosed la- 
tex beads. This observation supports the hypothesis of 
Wright and Silverstein (1986) that cytoskeletal elements 
are not involved in the ingestion process of small (< 1 
/am) latex beads. 

Figure 7 shows a fixed (glutaraldehyde) macro- 
phage after phagocytosis of zymosan particles. The 
image was taken in HBS. The shape of the elongated 
particles can be recognized from Fig. 7b. As in the case 
of phagocytosed latex balls (Fig. 1), the membrane ap- 
pears as a characteristic relief-like structure formed by 
the zymosan particles. 

The data indicate that the main problem for AFM 
of biological material is the softness of the samples 
which is reflected in the shape and slope of the force vs .  

distance curve. In our case, the smallest possible imag- 
ing force of about 0.5 nN is not sufficient for an undis- 
torted scan of live cell membranes at elevated parts of 
untreated macrophages. Yet, after particle phagocyto- 
sis, macrophages are sufficiently rigid for imaging. 
With further minimizing of the imaging force and ex- 
perimentation with surface treatment, much can be done 
to elucidate the details of a single phagocytotic event. 
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