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ABSTRACT Astrocytes are the most abundant glia and are responsible for potassium ion homeostasis, among 

others functions. Given its importance several atomic force microscopy studies have analyzed their topography and 

rigidity. It has been found that the presence actin filaments can be revealed by rigidity maps. Likewise, there are 

studies that found that the Young's modulus (modulus of elasticity) can decrease in astrocytes in the presence of 

drugs, especially actin synthesis inhibitors. However no studies have been reported on how the stiffness of these 

cells can change in the presence of parasite invasion. In the present work, we made an atomic force microscopy 

study in order to determine the changes in the Young's modulus of astrocytes after an invasion by Trypanosoma 

cruzi, the parasite responsible for Chagas disease. To do this, we analyzed the topography and elasticity map of the 

astrocytes, before and after infection. Founding that this parasitic invasion decreases the general cell stiffness of the 

cell and that of the actin filaments decreases considerably. 
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I. INTRODUCTION 

 

The behavior of biological bodies is very different from 

inert objects, such as polymers, ceramics or metals. 

Biological systems like inert systems possess certain 

electrical and mechanical properties, but also exhibit 

complex behaviors such as sensors, motors and 

metabolism, among others [1]. The study of these 

properties is of great importance of living organisms 

because it allows us to understand the relationship 

between the biological functions and the mechanical 

response, given a characteristic structure [1]. For 

example, the elasticity and deformability of erythrocytes 

is important to understand their movement through the 

bloodstream, in particular when moving through the 

capillaries [1]. The area responsible of this study is 

known as cellular mechanics, from which great 

advances have been achieved like understanding the 

transmission of mechanical forces in cells, particularly 

in the contact between cells [2]. Likewise, new 

techniques for the study of cellular 

mechanotransduction have been developed, among 

which is microcontact printing, magnetic twisting, and 

magnetic pulling [3]. 

 

One of the instruments that has enabled considerable 

progress in this area has been the atomic force 

microscope (AFM). The techniques for using this 

microscope are grouped in two modes, contact and non-

contact. In contact mode it is possible to obtain 

topographical images of various cells, for example 

fibroblasts [4], astrocytes [5-7], and neurons [8]. 

Likewise by the force mapping method, which involves 

pressing the tip of an AFM on a specific region of the 

sample, it is possible to exert forces on the order of pN 

and also study the mechanical properties of cells, in 

particular the Young's modulus (modulus of elasticity) 

[4-8]. Several of these studies have focused on highly 

relevant cells or biological importance, such as 

astrocytes, which are the focus of our work.  

 

Astrocytes are the most abundant glia in the central 

nervous system (CNS) and likewise these are of vital 

importance in neuronal activity. Astrocytes are more 

numerous than neurons, often 10:1 and occupy 25% to 

50% of brain volume. [9, Ch. 10]. In their most 

important functions we find the homeostasis of 

potassium ions, among others; and the synthesis of 

neurotransmitters by participating in the glutamate-

glutamine cycle. Astrocytes are responsible for 

controlling the concentration of potassium ions in the 

extracellular space, since this concentration increases 

with the neuronal activity and this can affect cerebral 

blood flow, glucose metabolism and neuronal activity, 

among other processes [9, Ch. 10]. Astrocytes are the 

only ones that contain glutamine synthetase enzyme 

responsible for converting glutamate to glutamine, 

which makes them an essential part in the metabolism 

of glutamate [9, Ch. 10]. Furthermore, the astrocytes 

present receptors for all chemical classes of 

neurotransmitters (amino acids, monoamines, and 

peptides), this indicates that the receptor-mediated 

effects of psychoactive drugs can involve astrocytes [9, 

Ch. 10]. 



 

When studying the mechanical properties and 

particularly rigidity of astrocytes, the cytoskeleton is the 

most important, that is, its contribution is more 

significant in relation to the cell membrane [10, Ch. 7]. 

The cytoskeleton is composed of three types of 

filaments, actin filaments (diameter ~6nm), intermediate 

filaments (diameter ~10nm) and microtubules (outer 

diameter ~25nm) [10, Ch. 7]. Among intermediate 

filaments, the spectrin is highlight; this is responsible 

for giving consistency to the membrane and cytoskeletal 

structure, through its pentagons or hexagons 

organization [11]. However, in studies of rigidity in 

astrocytes has been established that actin filaments and 

microtubules are the most relevant to the Young’s 

modulus, this by comparing results obtained by 

mapping forces with the observation using specific dyes 

to each type of filaments [7]. It also found that the 

modulus of elasticity in astrocytes is highly dependent 

actin filaments [5]. Moreover, in fibroblasts no change 

was observed in the map of forces, and therefore the 

Young's Modulus, when inhibits microtubule 

polymerization [4]. 

 

An interesting result in the study of the elastic moduli in 

fibroblasts by AFM is that the rigidity of the cell 

changes in the presence of certain drugs, such as 

cytochalasin B and D, and Latrunculin A, which are 

primarily polymerization inhibitors of the actin 

filaments [4]. Then, it is of interest study versus what 

other components, chemical or biological (not precisely 

inhibitors); this property of the cells may change. And 

how study microorganism helps to understand the 

biology and cellular behavior, a candidate for this study 

is the intracellular parasite Trypanosoma cruzi. 

 

The parasite Trypanosoma cruzi is a protozoan that 

causes the parasite infection known as Chagas disease 

[12]. This disease is common in Latin American 

countries, where territories are considered endemic [12]. 

The chronic phase of disease has a latency of 10-30 

years and his effects found are heart failure, 

gastrointestinal dysfunction, and meningoencephalitis, 

causing more than 10,000 deaths in 2008 [12]. The 

parasite life cycle is divided into two stages, one is in 

the carrier insect and other within a mammalian host, in 

which in turn differ various forms of the parasite [12]. 

In the infective form called trypomastigotes is when 

enters into humans, and then when introduced into a cell 

differ as amastigotes. This moment is as it enters its 

reproductive stage, after several replications returns to 

form trypomastigotes and released by destroying the 

cell membrane and thus killing the host cell [12]. 

 

In this paper are studied the changes in the Young's 

modulus of astrocytes when are infected with the 

parasite Trypanosoma cruzi. Therefore, we examine the 

elasticity and topography of these cells with the AFM in 

contact mode and by force mapping mode. Relevant 

measurements are performed with uninfected astrocytes 

and infected ones, i.e. with amastigotes inside. This 

allows us to make a qualitative comparison between the 

images and the data of Young's modulus obtained in 

both cases. 

 

 

II. MATERIALS AND METHODS 

 

Astrocyte culture  

 

The human astrocytes cell line used in all experiments 

was CRL-1718 from ATCC (Manassas, VA, USA). 

Cells were maintained in RPMI-1640 (Sigma, St. Louis, 

MO) medium with 10% of fetal calf serum (FCS) 

(Eurobio, Les Ulys, France), glucose at 4.5g/L (Sigma), 

10mM HEPES, 2mM L-glutamine, 1mM sodium 

pyruvate (Gibco, Auckland, New Zealand), and 

cultivated in P35GC-1.5-14-C glass bottom plates from 

MatTek at 37°C and 5% CO2. Following adhesion (2-3 

days) and before a monolayer was formed, cells were 

analyzed by removing the bottom slide for mounting on 

the AFM.  

 

Parasite culture   
 

Trypomastigotes of the T. cruzi I DA strain 

(MHOM/CO/01/DA) were obtained from an acutely 

infected human donor in the town of Sutatenza, Boyacá, 

Colombia [13]. Parasites were maintained in Vero cells 

and kept frozen in DMEM (Sigma-Aldrich) containing 

10% FBS (Eurobio) and 10% DMSO (MP Biomedicals, 

Solon, OH, USA). 

 

Atomic Force Microscope 

 

The equipment used is an Asylum MFP-3D-BIO 

microscope, whose operation is based on scanning 

probe microscopy. This allows the study of surface 

properties of materials, and analysis of biological 

samples. Also has a nano-positioning sensor in each of 

the three axes, which allows high precision 

measurements [14]. It’s used a silicon nitride tip, the 

TR400PSA model from Olympus. It is appropriate for 

the study of biological samples, due to its low nominal 

spring constant of 80 pN/nm, which may range between 

20 and 230 pN/nm [14]. The XY range for images is of 

approximately 90x90μm. 

 



Contact mode and force mapping 

  

The force mapping method is performed with the AFM 

in contact mode, which as its name suggests is when the 

tip contacts the sample. In this way, it can be study the 

rigidity of the samples and obtain topography images of 

these with high resolution (Fig. 8 y 12); these images 

are performed by sliding very gently the tip of the 

cantilever on the surface of the sample[15]. For analysis 

of the stiffness or elasticity of the cells it’s used the 

force mapping, which involves obtaining a cell 

pixelated image where each pixel refers to a graph of 

force vs. indentation (Fig. 9). These graphs are the result 

of pressing the tip against the sample in a certain 

position, indicating also the height of the sample at that 

location[15]. 

 

To do a force map must be select a specific area of the 

cell and indicate how many lines and pixels per line to 

be performed. Next must be set a force distance, which 

indicates the height to retract the tip after penetrating the 

sample, i.e., losing contact with the cell (force exerted 

of 0pN). It’s also needed to set a limit on the sample 

penetration in order to not break or disrupt the cell 

membrane so that may affect data collection. This limit 

is set by forcing a level of force applied, i.e. a maximum 

pressure on the sample. 

 

Measurements  
 

The measurements were performed at the microscopy 

center at the Universidad de los Andes. For these, a 

sample is functionalized (astrocyte culture) on a small 

plate of glass (cover glass), so that the cells are fixed to 

the surface, which is indispensable to perform the 

measurements. Said plate must be set to the surface of 

the sample holder of the device (AFM), this is done 

using a minimum amount of vacuum grease. And then 

placing the tip on the cantilever, and this in its 

respective socket, the system installation on the 

microscope is completed adding no more than 1 ml of 

medium to the sample (inside the bracket). If the 

measurement is to be performed with temperature 

control may be necessary to add more cell medium. 

 

For proper calibration is needed to locate a small piece 

of glass with the sample; onto this piece the 

measurements to calibration are done. When the 

assembly is ready, the tip is placed onto the workpiece 

for the respective calibration, whereupon data is 

obtained from the virtual deflection, the spring constant 

of the tip, through the resonance frequency, and the 

Invols, which is the voltage of the photosensor 

according to the height displaced, these values vary with 

each measurement. 

 

After calibrating the system must be locate a target, that 

is, select the cell that is to be analyzed, it is 

recommended to do so by the optical microscope and 

the astrocyte should preferably be outstretched, since in 

this way presents a greater visibility of actin filaments 

as observed in measurements. In the case of infected 

cells is essential to select the target by fluorescence, 

since under normal light the granules observed may 

correspond to vesicles or some other organelle. Next 

must define an area on which are performing the 

mapping of forces; and based on this, it’s set the number 

of lines and dots per line which determine the number of 

pixels to be our map. Also it’s specified the limit 

strength at 1 nN to all measurements, and set a traveling 

speed of the tip of 2.5μm/s, equivalent to a frequency of 

0.25Hz, which for a typical image measuring 20x40 

pixels takes approximately 50 minutes. Likewise, it’s 

fixed a force distance of 3μm, this because the surface 

of the cell is not uniform and this prevents tearing of the 

cell membrane when the tip moves after retracting in 

each pixel. 

 

After completing the force mapping of astrocytes, it’s 

performed the topographical image of the cell in 

question. It should handle this order, first the force map 

and then the topography, since in obtaining the 

topographic image there is an increased risk of breaking 

the cell membrane. 

 

All measurements shown in this paper were performed 

without temperature control, that is, at room 

temperature. In the development of experiments we 

attempted to simulate the real conditions by controlling 

the temperature to 37 ° C (body temperature), but when 

it’s performed the force mapping under this condition, 

the data obtained could not be set using the model 

Hertz, this because the quality of the data was 

compromised since the fluctuations with temperature 

control in AFM calibration parameters are more 

sensitive. Furthermore, the cells inevitably become 

softer as the temperature increases, to the point where is 

difficult do the adjustment to determine the modulus of 

elasticity corresponding. 

 

Hertz model 

 

Hertz model is the simplest method for the study of 

mechanical contact between two bodies. This applies for 

elastic contact between non-adhesive surfaces. The 

solution relates the force applied to the elastic modulus 

(Young's modulus) of the material and the depth of 



indentation on simple geometries materials [16]. 

Different assumptions must be considered for the 

solution, including that the deformation of the sample is 

small, the radius of the contact area is much smaller 

than the radius of said material, the surfaces are 

continuous and have no friction during contact [16]. 

 

Data Analysis 

 

For data analysis it’s used Igor Pro 6.31 software with 

complement MFP3D developed by Asylum. The first 

thing to do is load the AFM software (Fig. 1) and then 

load the data from the experiment to be analyzed (Fig. 

2). Automatically there is a height map to a zero force 

(Fig. 10a, 11a and 13a), where by clicking on each pixel 

can be observed the corresponding graph to the 

measurement at this point. The parameters shown in this 

graph can be selected in the Display tab of the window 

Master Force Panel, for the analysis it’s selected only in 

one axis Y (Axis1) the force data and on the X axis the 

values corresponding to indentation (Fig. 3 ). Thus the 

graphs obtained by each pixel are of force vs. 

indentation, where there are two lines, the red one 

corresponds to the extension (penetration) and the blue 

one to the retraction (Fig. 9). These graphs using the 

Hertz model allow us to calculate the Young's modulus 

associated with this region (pixel). 

 

 
Fig. 1. Load the AFM software in Igor Pro. 

 

To obtain Young's modulus, after set the parameters of 

interest in Display tab, headed to the tab Elastic of the 

Master Force Panel (Fig. 4). In the section Force Single 

Plot select the Hertz model tab, since with this is 

performed the adjustment (Fig. 6). Here introduce the 

assumptions of the model, where should consider the 

geometry of the tip as a cone (which is actually a 

pyramid [13]) with an average angle of 36 ° (which is 

an approximate value based on the angle and the actual 

geometry of the tip) (Fig. 5.a.). Another parameter to 

introduce is the material of the cantilever tip, silicon 

nitride; thereby the software automatically sets the value 

of Poisson's ratio at 0.25 and elastic modulus at 

290GPa, characteristic values of the tips of this material 

(fig. 5.b.). Finally it is necessary to include the Poisson 

ratio of the sample, which for biological materials 

(cells) is approximately 0.33 (Fig. 5.c). 

 

 

 
Fig. 2. Load the data for the analysis. 

 

 

 
Fig. 3. Display tab in the Master Force Panel, where it’s select the 

parameters to get the graphics force vs. indentation. 

 



 
Fig. 4. Section Single Force Plot in the tab Elastic of the Master 

Force Panel where calibration parameters are shown, and each of the 

graphs per pixel were analyzed to find a fit with no problem. 

 

Then it’s needed to disable the Offset options in the 

Initial Guess, whose functionality is to position the zero 

point or origin in the graphs of force (Fig. 6). This point 

is best selected manually on the graph by right clicking 

on the desired point and selecting the XY Offset. And 

so, it’s possible to position the cursor adjustment (red 

and blue) in the desired position on which it’s want to 

make the adjustment (Fig. 9), but they must be located 

on the red line, corresponding to the extension. The blue 

line, retraction, is used to analyze adhesion on the 

sample and is performed mainly by Oliver Pharr model. 

 

a) b)  

c)  
Fig. 5. Section where the model assumptions required to make the 

adjustment were entered. a) Geometry of the tip. b) Poisson rate, 

material and elastic modulus of the tip. c) Poisson rate of the sample. 

 

 
Fig. 6. Tab to fit according to the Hertz model where are disabled 

the offset parameters, shows the results for the elastic modulus of the 

sample at a given pixel, and if the setting presents no problem the 

parameters are exported from it. 

 

When all the parameters were set and the adjustment 

region as well as the zero point (contact point) was 

selected, it’s possible to press on Fit and in the results 

region it is shows the Young's modulus of the sample in 

the corresponding pixel (Figure 6). However, this value 

is not entirely reliable since the adjustment may have 

various warnings, for example, that is needed more 

contact data. The software list these warnings, and what 

it’s must do is find a point (pixel) on the sample in 

which, appropriately varying the fit region and the 

contact point, the model does not present any warning 

(Fig. 4). 

 

 
Fig. 7. Section Entire Force Map in the tab Elastic of the Master 

Force Panel where after exported the parameters of a seamless fit 

into a given pixel, full adjustment is made from all points on the 

display based on these. 

 

Having found the ideal fit point, in parameter section 

(Force Master Panel - Elastic - Single Force Plot - 

Hertz) click export option, thereby are exported 

adjustment parameters for this point; based on these, do 

the adjustment of all points (Fig. 6). Now turn to the tab 

Entire Force Map, where should check that all 

parameters have been set automatically and then click 

on Fit, wherewith the software performs the adjustment 

of all points of our map based on the parameters 

exported (Fig 0.7). The result is a new map, similar to 

the heights map, but where the scale is given by the 

values of Young's modulus (elasticity map) (Fig. 10b, 

11b and 13b). 

 

It is inevitable that many pixels present a poor fit, and 

these are identified by a value of Young's modulus 

(color on the scale) inconsistent with the adjacent pixel 

value. Therefore, it is necessary to correct the fit of each 

of these pixels by modifying the contact point and the 

region setting, and then pressed Update Map Values 

(Fig. 6) finding that the value has been corrected. 

 

 

III. RESULTS AND DISCUSSION 

 

Figure 8 shows the topography error image of an 

uninfected astrocyte at room temperature. In this image, 

filaments that are most likely the actin filaments of 

cytoskeleton, were observed [4,5].  

 

Two measurements were performed on uninfected 

astrocytes, to compare the characteristic value of 

Young's modulus of the cells in general and that of actin 

filaments; the measurements on an infected astrocyte 

were also performed and compared the elastic moduli 

with respect to uninfected cells. The elastic moduli were 



obtained from Force vs. indentation graphs. These are 

similar to that shown in Figure 9 where the red line 

indicates the curve when the cell is approached by the 

tip and the blue curve when the tip goes in the direction 

of retraction.  

 

 
Fig. 8. AFM image of the height error during the topography scan of 

an uninfected astrocyte, obtained in contact mode. The observed 

filaments are presumably actin filaments. 

 

The fit region (between the red and blue cursors) is 

chosen such that its upper limit is over 800pN and the 

lower one is below 100pN.  

 

The resulting images of the height map and the map of 

the Young's modulus for the uninfected and infected 

cells are shown in Figures 10, 11 and 13 respectively. 

 

For the first sample, a region of 20x80μm was selected. 

The estimated height for this astrocyte is approximately 

8μm (Fig. 10a). In the obtained elasticity map there are 

regions more rigid than others. The regions that are 

more rigid have previously been associated with actin 

filament, and the softer ones with nuclei. Here it’s 

observed on the right side of figure 10b a soft region 

that bulges with respect to the average height of the cell 

that has an average modulus of 743.6 ± 434.5 Pa which 

is likely the nuclear region.  The stiffer regions near the 

edges of the cell on the left have a Young's modulus 

around 4.805 ± 1.323 kPa and are likely actin filaments 

(Fig. 10b). 

 

For the second sample, a region of 20x40μm was 

selected. The estimated height for this part of the 

astrocyte is approximately 3μm (Fig. 11a). The 

elasticity map does not reach the nucleus region, since 

the astrocyte is larger and the measuring region is 

smaller than in the previous sample. This is done in 

order to focus the analysis on the edge of the cell. For 

this astrocyte a Young's modulus of approximately 

9.588 ± 2.797 kPa on actin filaments was obtained (Fig. 

11b). It’s seen that there are variations in the Young's 

modulus between the two cells, but they are in a similar 

range. These astrocytes usually have cytoplasmatic 

extensions or podocytes (Fig. 11), or even two nuclei 

(Fig. 10), because they are cancer cells. 

 

Figure 12 shows the height error of the topography of an 

infected astrocyte with Trypanosoma cruzi (amastigotes 

inside); in this image cannot be seen filaments. It is 

possible that this is caused because of the parasite´s 

invasion. This is so far hard to confirm because the 

quality of the image obtained is not ideal. It was not 

possible to obtain a better picture since the cell 

membranes tore often when taking images at the forces 

used in figure 8, which probably means that the 

membrane was more fragile.  

 

 
Fig. 9. Characteristic force vs. indentation curve with a Hertz model 

fit. The red line corresponds to the extension and the blue to the 

retraction. 

 

a)  

b)  
Fig. 10. Force Map image of an uninfected astrocyte at room 

temperature. a) Map of the cell heights in the range of 8μm. b) 

Elasticity map of the cell with a value between 6 and 8kPa on actin 

filaments. Image details: In the calibration for this measurement a 

virtual deflection of -31.76mV/μm, an Invols of 40.89nm/V and a 

spring constant of 37.23pN/nm were obtained. 

 

For the infected sample was selected a region of 

20x40μm, covering almost an entire cell; the estimated 

height for this astrocyte is about 6μm (Fig. 13a). In the 

elasticity map, stiffer regions than others were obtained 

as in the first uninfected sample. Clearly the region over 

the nucleus is softer, having a modulus of elasticity 



approximately 422.2 ± 136.6 Pa, and the region on the 

actin filaments, as is common, has the highest rigidity 

with a Young's modulus about 2.240 ± 0.615 kPa (Fig. 

13b). 

 

a)  

b)   
Fig. 11. Force Map image of an uninfected astrocyte at room 

temperature. a) Map of the cell height in the range of 3μm. b) 

Elasticity of the cell with a value between 8 and 12kPa on actin 

filaments. Image details: In the calibration for this measurement a 

virtual deflection of -42.63mV/μm, an Invols of 39.12 nm/V and a 

spring constant of 31.09 pN/nm were obtained. 

 

 

a) b)  
Fig. 12. a) AFM image of the height error during the topography 

scan of an infected astrocyte, obtained in contact mode. b) Elasticity 

map of the cell with a value between 1.5 and 2.5kPa on actin 

filaments. 

 

As can be seen by comparing the measurements and the 

values of Young's modulus between uninfected cells 

and infected cells there is a clear decrease in stiffness of 

astrocyte due to the invasion by Trypanosoma cruzi. 

The Young's modulus of the cell generally decreases, 

but still retains the hardness ratio between the regions, 

that is, softer at the nucleus and more rigid on actin 

filaments, but with substantially different values to the 

values obtained for uninfected astrocytes. 

 

a) b)  
Fig. 13. Force Map image of an infected astrocyte. a) Map of the cell 

heights in the range of 6μm. b) Elasticity map of the cell with a 

range of values between 1.5 and 2.5kPa on actin filaments. Image 

details: In the calibration a virtual deflection of -26.32mV/μm, an 

Invols of 28.69nm/V and a spring constant of 61.34pN/nm were 

obtained. 

 

 

 
Fig. 14. Fluorescence image of T. cruzi infected astrocyte. Only the 

parasites were labeled with fluorophore CSFE. A fluorescent cell is a 

sign of an infected cell. 
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