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Abstract. The ability to interact with live cells in vitro in combination with either sequential 
image acquisition or continuous force sensing provide the means for tracking the dynamics of 
intra- or inter-cell processes. The former operational mode is relatively slow and is most 
suitable for events where the temporal evolution takes place on a time scale of several minutes 
to hours. For instance, aspects of cytoskeletal dynamics, cell motility or conformational 
response to external stimuli fall into this category. 
 
In this study we demonstrate cell responses from exposure to cytochalasin, glutaraldehyde and 
a tetrazolium salt. Significant changes in mechanical properties and structural features are 
observed on time scales up to 3 hrs. In addition, comparative studies of cytoskeletal 
components of dried and living cells are undertaken. 
 
 

1. Introduction 
Atomic force microscopy (AFM) is becoming an increasingly important tool-of-the-trade in the life 
sciences e.g., [1, 2]. In the study of morphology and dynamics of cells it has the particular merit of 
being able to interact non-destructively with live cells in vitro. Thus it occupies a unique niche in the 
suite of techniques that has so far been dominated by the photon- and electron-optical microscopies 
and spectroscopies. In this paper we describe with illustrative examples resolution constraints and cell 
dynamic changes from bio/chemical exposure to living cells. 

 
2. Experimental Details 
2.1. Cell Culture - Handling and Preparation for In vitro Analysis by AFM 
Primary human skin fibroblasts (HSF), human breast cancer cells (MDA-MB-231) were maintained as 
monolayer cultures in RPMI-1640 containing 15 mM NaHCO3, and supplemented with 10% heat-
inactivated fetal calf serum (FCS). The cultures were grown in a humidified environment with a 5% 
CO2 atmosphere at 37oC. The cells were harvested and grown overnight in 35 mm sterile tissue culture 
dishes. The dishes have been pre-treated by the manufacturer so as to present a negatively charged and 
hydrophilic surface, thus ensuring better cell adherence. The cells were washed and covered to a depth of 
3-5 mm with serum free media. Dehydrated cells were allowed to dry in air for 30 min or more, and then 
investigated by AFM over durations up to 3 h. The examples of AFM analyses described below were 
carried out with a ThermoMicroscope Explorer. 
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3. Results and Discussion 
3.1 Cytoskeletal cell features 
Actual spatial resolution of AFM will always depend on the ‘contact’ area, for any given operational 
mode and set of probe parameters. Thus, generally an image of a hard surface will reveal more 
detailed information than that for a soft surface. The point is illustrated by the images in figure 1 
showing free isolated actin filaments, a section of a dehydrated cell and living cell showing 
cytoskeletal networks. The images were taken at similar force loadings. If the apex of the tip is taken 
to be a spherical section, then apparent width of a cytoskeletal fibre for a dehydrated cell (assuming 
the plasma membrane lies in close contact with the underlying cell structure) is given by  
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The finite thickness of the collapsed plasma membrane, Tmem, has been taken into account. While 

the apparent width in the image, W, of the smallest fibres is some 100 nm, the deconvoluted width, 
RFib, is 30-45 nm. This would represent small bundles of fibres. The dimensional feature size of the 
filaments shown on the dehydrated cell are comparable to the isolated actin filaments in figure 1 (a). 
The apparent average filament widths however of the living cell is an order of magnitude larger 
reflecting the convolution effects of cell deformation over the cytoskeletal network. 
 

Figure 1. (a) Isolated actin filaments precipitated onto a glass slide, (b) Cytoskeletal structures evident 
on a dehydrated human skin cell. The filaments are easily discernable lying across the nucleus (A) and 
the surrounding areas e.g., (B). (c) Cell edge of a living human skin cell showing the cytoskeletal 
arrangement. 
 
3.2 Temporal evolution from bio/chemical exposure 
An example of investigations of slow intracellular dynamics is shown in a sequence of images in 
figure 2 (a) to (h), where the intracellular nucleation and growth over a period of 3 h of formazan 
crystals is apparent. The crystals arise from enzymatic conversion of a tetrazolium salt during the 
MTT assay of viable cells. The crystals represent a relatively ‘hard’ contact in comparison to the cell 
body which is easily deformed by the probe loading.  



Figure 2. Sequential imaging of a fibroblast cell showing formazan crystals growth over time. Total 
time (a) 30 min, (b) 60 min, (c) 70 min, (d) 85 min, (e) 115 min, (f) 125 min, (g) 145 min, (h) 175 min. 
 
Figure 3 shows the temporal evolution of a live fibroblast subjected to exposure to cytochalasin (a 
known cytoskeletal inhibitor). The degradation of the filamental structure/network is apparent during 
the course of the experiment with the cell loosing structural integrity from probe contact after only 30 
minutes. 
 

  
Figure 3. Cytochalasin exposure to human skin cells –Time of exposure (a) 0, (b) 5 (c) 10, (d) 20 and 
(e) 30 minutes. 
 
Figures 4 & 5 show the effects of MDA cells and fibroblasts upon exposure to glutaraldehyde which 
crosslinks the plasma membrane. The fibroblasts and MDA cells were initially imaged in order to 
obtain a suitable location. The acquisition of F-d curves was undertaken just prior to the treatment, and 
immediately after the exposure to the cells. F-d analysis of a cell will show a variety of outcomes 
because of the complex and heterogeneous content of the cytoplasm which contains organelles, 
cytoskeletal components, and water substrate effects. Figure 4 (b) shows the distribution of force 



profiles taken at different locations on the MDA cell as labelled in figure 4 (a) prior to exposure to 
glutaraldehyde. 
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Figure 4. (a) Living breast cancer cell, (b) F-d curves taken on selected regions of the cell and 
substrate. (c) Graphical representation of cell indentation over time after glutaraldehyde exposure. 
 
Figure 4 (c) shows corresponding f-d data at location (B) on the cell demonstrating its compliance and 
the progression of cellular stiffening after addition of glutaraldehyde. The MDA cell showed an 
indentation of ca. 170 nm and ca. 2600nm at time 700 sec and 0 sec, respectively at this location. Even 
at relatively low concentrations (0.002%) both of the cell lines showed significant hardening in less 
than 9 minutes. F-d data was obtained on two sections of a human skin cell indicated on the 
topographical image in figure 5 at points B and C. Utilising a pyramidal tip approximation, the 
Young’s modulus was determined to be ca. 5-10 kPa. This value is in good agreement with literature 
values [e.g., 3, 4].The data show a similar trend to MDA cells with significant cell stiffening after only 
200 seconds. Significant indentation however is still apparent (for example at position C with a 
loading force of 9 nN an indentation of 750 nm at time 800 s after exposure is measured). In an earlier 
study, using a higher concentration of glutaraldehyde on Madin-Darby Canine Kidney (MDCK) cells, 
significant cell stiffening took place within 4 min after exposure [5]. 
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Figure 5. (a) Living Human skin cell, and (b) a graphical representation of cell indentation over time 
following the addition of gluteraldehyde. 
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