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Abstract

Naked mole rats (NMR) demonstrate exceptional longevity and resistance to cancer. Using 

biochemical approach, it was previously shown that the treatment of mouse fibroblast cells with 

RasV12 oncogene and SV40 Large T antigen (viral oncoprotein) led to malignant transformation in 

cells. In contrast, NMR fibroblasts were resistant to the malignant transformations up on this 

treatment. Here we demonstrate that atomic force microscopy (AFM) can provide information, 

which is in agreement with the above finding, and further, add unique information of the physical 

properties of cells that is impossible to obtain by other existing techniques. AFM indentation data 

was collected on individual cells, and subsequently, processed through the brush model to obtain 

information about the mechanics of the cell body (absolute values of the effective Young’s 

modulus). Furthermore, information about physical properties of pericellular layer surrounding cells 

was obtained. We found a statistically significant decrease in the rigidity of mouse cells after the 

treatment, whereas there was no significant change found in the rigidity of NMR cells upon the 

treatment. We also found that the treatment caused a substantial increase in a long part of the 

pericellular layer in NMR cells only (the long brush was defined as having a size of >10 microns). 

The mouse cells and smaller brush did not show statistically significant changes upon the treatment. 
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The observed change of cell mechanics is in agreement with the frequently observed decrease of cell 

rigidity during progression towards cancer. The change of the pericellular layer due to malignant 

transformation of fibroblast cells has practically not been studied, though it was shown that removal 

of a part of the pericellular layer of NMR fibroblasts made the cells susceptible to malignant 

transformation. Although it is plausible to speculate that the observed increase of the long part of the 

brush layer of NMR cells might help cells to resist the malignant transformations, the significance of 

the observed change in the pericellular layer is yet to be understood. As of now, we can conclude 

that the change of cell mechanics might be used as an indication of the resistance of NMR cells to 

malignant transformations.

Keywords: cell mechanics, naked mole rats, genetic stability, atomic force microscopy, pericellular 

coat, brush model.

Introduction

Naked mole rats (NMR) exhibit an unusually long lifespan of up to 30 years, approximately nine 

times longer than mice 1-3. It has also been accompanied by resistance to cancer 4, 5. NMRs exhibit 

very little functional decline as they age, high fecundity until death, and no increase in mortality due 

to age 6. Spontaneous cancer in NMR cells is very rare, and they are highly resistant to induced 

tumorigenesis 7, 8. Researchers have linked this resistance to a variety of reasons. NMR secret 

hyaluronan acid (HA) 5-10 times larger in molecular mass compared to humans or mouse 9. In 

addition, they exhibit resistance to oxidative stress, commonly linked to aging 10. The NMR cells are 

sensitive to contact inhibition; cells arrest proliferation at a lower density relative to mouse 

fibroblasts 8. 

Normal fibroblasts can be malignantly transformed by the introduction of a defined set of 

oncogenic hits, which include inactivation of tumor suppressors pRb and p53 and introduction of 

activated Ras oncogene RasV12 (Ras hereafter). SV40 Large T antigen (LT) is a viral oncoprotein 

that binds and inactivates pRb and p53 tumor suppressors 11, and is often used to experimentally 
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induce malignant transformation of cells. Mouse cells are malignantly transformed with high 

efficiency by a combination of LT and Ras. In contrast, NMR fibroblasts are resistant to malignant 

transformations with this set of factors and require either very high expression of Ras or abrogation 

of hyaluronan synthesis 12. Furthermore, LT and Ras cause fewer transcriptional changes in NMR 

cells when compared to mouse cells 13. 

Here we investigated physical changes of both NMR and mouse fibroblast cells upon the 

malignant transformations with LT and Ras. Atomic force microscopy (AFM) has become popular 

in studying the physical properties of cells 14-16, in particular, cell mechanics 17-19. Correlation 

between elasticity of cells and different human diseases or abnormalities has been implicated in the 

pathogenesis of many progressive diseases, including vascular and kidney diseases, cancer, malaria, 

cataracts, Alzheimer, complications of diabetes, cardiomyopathies 17-22 and even aging 23-25. 

In addition to the mechanics of the cell body, AFM can be used to obtain information about 

the pericellular coat, a layer consisting of glycocalyx molecules, and corrugation of the pericellular 

membrane. Mechanically, this layer resembles the behavior of polymer brush. As recently 

discovered, this pericellular brush (PB) layer is critical to understanding the overall cell mechanics 26 

by providing not only additional information about the mechanics of the PB layer but also allowing 

to calculate the effective Young’s modules in a more accurate self-consistent way. The latter is 

paramount when comparing results obtained on different microscopes and different labs. 

Furthermore, the brush model allows obtaining the parameters of physical properties of cells in the 

robust manner, i.e., weakly dependent on the uncertainties in the experimental data and model 

assumptions. As was recently shown, the errors in the definition of the effective Young’s modulus 

due to possible uncertainties of the model and experimental data are within 4%, which is less than 

the error, for example, due to a typical uncertainty in the spring constant of the AFM cantilever 27.  

The knowledge of the PB layer has a big biological significance. This layer surrounds 

neurofilaments to maintain interfilamentous spacing 28. It is responsible for cell-cell interaction 29, 

cell migration 30, differentiation, and proliferation 31, 32. The PB layer is important in embryonic 

development 33, wound healing 34, inflammation 35, 36, and mammalian fertilization 37. It is involved 

in epithelial-mesenchymal transition 33, resistance to apoptosis (cell death), and multidrug resistance 
38. Furthermore, it has been demonstrated that the cell surface can be substantially changed as a 

result of genetic alterations 39. 
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In this work, we use the AFM technique to measure the physical properties of NMR and 

mouse fibroblasts in response to the malignant transformations using LT oncoproteins and Ras 

oncogene. Indentation force curves were collected with AFM. Cell geometry was taken into account 

to calculated the exact contact area between the AFM probe and cell. The collected force curves  

were processed with the brush model to study the alteration of cell mechanics and properties of 

pericellular coat surrounding the cells. We observed that the mechanics of the cell body of NMR 

cells changed insignificantly upon introduction of LT and Ras. At the same time, similar treatment 

of mouse cells did show a significant decrease in the rigidity of the mouse cell body. Such a change 

is in agreement with multiple works reporting softening of cells during progression towards cancer 
19, 24, 40-43. As to the precellular coat layer, the malignant transformations caused a substantial 

increase in the long part of the brush in NMR cells only (the long part was defined as having the size 

>10 microns). The other cells and smaller brush did not show statistically significant changes upon 

the malignant transformations. The change of the pericellular layer due to the malignant 

transformation of cells has not been studied for fibroblasts.  Nevertheless, it was shown that a 

removal of a part of the pericellular layer of NMR fibroblasts made the cells susceptible to malignant 

transformation 12. Although it is plausible to speculate that the observed increase of the long part of 

brush of NMR cells might help cells to resist the malignant transformations, the significance of the 

observed change in the pericellular layer is yet to be understood. Thus, as of now, we can conclude 

that the change of cell mechanics might be used as an indication of the resistance of NMR cells to 

malignant transformations. 

Materials and Methods

Cells

Primary fibroblast cells were extracted from the skin tissue of animals by means of enzymatic 

digestion. The experiments were performed on cells at low passage numbers (population doubling 4-

10). Cells were grown at 37oC,  5% CO2, and 5% O2 on treated polystyrene culture dishes (Corning) 

using Eagle’s Minimum Essential Medium (EMEM) supplemented with 15% FBS (Gibco) and 1% 

Penicillin-Streptomycin solution (Gibco) for 1-2 days. Cells were transported to the AFM lab in 

Corning flasks filled with culture media overnight without freezing. The amount of the growth 

medium in the flasks was close to the maximum possible to avoid mechanical damage of cells during 
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transportation. After receiving, the excessive medium was removed (only 10 ml of the media was 

kept in each flask). After transportation, flasks with cells were placed in an incubator at 37C (5% 

CO2) for 12-16 hours. Before the AFM imaging, the top side of the culture bottles was removed. The 

AFM study was done directly in the medium on the cells attached to the bottom of the culture bottle. 

A relatively large amount of the medium insured the safety of the cell while imaging (ran about three 

hours; no statistical difference differences between the cell parameters derived from the 

measurements in the beginning and at the end of the experiments was noticed). The study of this 

work was done on cells close to confluency. 

Atomic force microscopy 

Dimension 3100 and Dimension Icon (Bruker Nano/Veeco, Inc.) AFMs with Nanoscope V 

controllers with nPoint (nPoint, Inc.) close-loop scanners (200 m × 200 m × 25 m, XYZ) were 

used in the present study. It is important to stress that the use of such a large Z-range close-loop 

scanner is critical to detect a rather large brush layer. Standard cantilever holders for operation in 

liquids were used. The force curves were collected with a vertical ramp size up to 22 µm. To 

minimize viscoelastic (time-dependent) effects, force-indentation curves were collected with the 

fixed approach vertical speed of 27 µm/sec and retract speed of 120 µm/sec. The force-volume 

images of cells were collected with the resolution of 16x16 pixels within 50 x 50 µm2 area for 

sparsely distributed cells and the resolution of 32x32 pixels within 150x150 µm2 area for dense cells. 

A standard V-shaped arrow 200 µm AFM tipless cantilevers (Veeco, Santa Barbara, CA) were used 

throughout the study. A 5 µm diameter silica balls (Bangs Labs, Inc.) were glued to the cantilevers 

as described in 23. A dull spherical probe is required to extract rigidity of the cell body in a self-

consistent way 26. Specifically, the elastic modulus of the analyzed force curves was near for 

different indentation depths 44, 45. The radius of the probe (~2500nm) was measured by imaging the 

inverse grid (TGT1 by NT-NGT, Russia), see the supplementary materials for detail. The cantilever 

spring constant (~0.06 N/m) was measured using the thermal tuning method before gluing a silica 

ball.
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It should be noted that a reliable detection of the outer part of the pericellular brush layer 

(called long or outer brush) may require an accurate recording of rather small forces. For example, it 

can be smaller than 100pN (see, Fig. S3c). Therefore, it is important to use the AFM setup that can 

hold the baseline (zero force) with sufficient accuracy. In the case of the used Dimension series of 

Bruker microscopes (3100 and Icon), it was attained by the use of an additional the nPoint scanner 

(commercially available add-on for Dimension series AFMs). The baseline was held at zero within 

0.22 nm or 13pN  (RMS) when the AFM tip is approaching the Petri dish surface from  7 to 1 µm 

(Figure S5). Closer than 1 µm, one can see a noticeable repulsion presumably due to hydrodynamic 

viscous squeezing out water between the AFM probe and sample. It is important to note that the 

chosen vertical approach speed of 27 µm/sec was chosen specifically to this effect small.  If one 

interprets this hydrodynamic squeezing force as an effective brush layer, one can find the effective 

“size” of such brush (L*N as defined later in the paper) to be very small compared to the cell brush 

(14 µm-1 versus 100-1000 µm-1, see Figure 6). It allows us to ignore this effect. A possible influence 

of the bottom substrate under the measurements of the modulus is less than 12%, and therefore, is 

ignored in this work (see the supplementary materials for detail).

Data collection and processing 

The force-volume mode of operation was utilized to obtain force curves over the cell surface and 

simultaneously record cell topography. While the approach and retract indentation curves are 

recorded by the AFM, only the approach curves are analyzed. This is because the retraction curves 

are subject to the complex relaxation behavior of cell deformation, and the approach curves are 

recorded over a relatively undisturbed surface. 

The model described below was developed for a known geometry such as a sphere over 

either plane or hemisphere or sphere. Therefore, we consider only the force curves from the top area 

of cells (following the previous works  46-48). This geometry can be approximated by the sphere-

over-sphere configuration. We consider only the force curves on the cell surface around the top 

when the incline of the surface is less than 10-15 degrees. To identify such curves, the cell height 

image was used (this image was collected as a part of the force-volume data set). The angle of the 

incline was calculated using SPIP software (by Image Metrology, A/S ). The radius of the cell 

curvature was derived from these images after correcting the cell heights for deformations, see ref. 49 
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for detail; an example is given in supplementary materials, figure S5. On average, 4-5 force curves 

per cell were analyzed.

The brush model was used to process the force curves. A brief description of the Brush 

model is provided here, see 50, 51 for detail. Even more detail, including the robustness and error 

analysis of this model was presented in 27, where a high robustness of the model and relatively low 

error of the derived parameters were reported. Each force curve derived from the AFM is a function 

of the cantilever deflection (d) with respect to the vertical displacement of the AFM scanner (Z). A 

schematic of an AFM probe deforming a cell surface, which is covered with a pericellular brush 

layer, Fig. 1. The origin of Z is defined at the maximum deflection of the AFM cantilever (maximum 

indentation force), which gives the following relation between the geometrical parameters defined in 

Fig. 1: 

                                      

2 3

2/3
0

9
16

probe cell

probe cell

R Rkh Z Z d d
E R R

 
    

  
                                   (1)

where Z0 is the position of the undeformed cell body, h is the distance between the AFM probe and 

the surface of the cell body, E is the elastic (Young’s) modulus, k is the spring constant of the AFM 

cantilever, and R probe (R cell) are the radius of the AFM probe (cell). The Poisson ratio of a cell is 

chosen to be 0.5. Because of a small range of possible variations of the Poisson ratio, the error due to 

the uncertainty of its definition is small.
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Figure 1. A schematic of an AFM spherical indenter (probe) deforming a biological cell. Z is the 

vertical position of the AFM scanner, d is the AFM cantilever deflection, Z0  is the position of an 

undeformed cell body,  i is the deformation of the cell body, Z=0 is assigned to the maximum force, 

and h  is the distance between the cell body and AFM probe.

It should be noted that the Hertz model used in equation 1 is based on the assumption that the 

thickness of the cell body is much greater than the indentation depth. In the present work, this 

assumption is valid. The average thickness of the cells (derived from the force volume images, see 

the supplementary materials), was ~10 microns, whereas the indentation depth was ~0.5 microns.

The raw force curve (d vs Z) requires two steps to be processed. In step 1, the curve is used to 

determine the effective Young’s modulus of the cell body. After some initial deformation, a portion 

of the force curve can be assumed to have a fully squeezed PB layer, or h=0. Because the adhesion 

force between the probe and cell surface is either absent or negligible compared to the indention 

force,  the Hertz contact model can be used 45 in this step. The effective Young’s modulus can then 

be determined from fitting this maximum deflection portion of the curve with equation (1), in which 

h=0, and undeformed position of the cell body (Zo) is treated as a free unknown parameter. A 

graphical example of such processing is shown in Fig.2 (left). It should be noted that due to intrinsic 

inhomogeneity of the cell body, the self-consistency of the above approach can be verified by 

calculating the values of the Young’s modulus and different penetration depths. The depth 

independence indicates the sought self-consistency, see 50, 52, 53 for detail. 

Step 1 Step 2
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Figure 2. An example of processing of an indentation force curve through the brush model. The 

experimental data are shown with open circles. Step 1 (left) shows the fitting which defines the 

effective Young’s modulus of the cell body (assuming a fully squeezed pericellular brush layer). Step 

2 (right) displays the derived force due to the brush layer as a function of the distance between the 

AFM probe and cell surface. One can see the exponential force dependence (straight line in the 

logarithmic force scale). 

In step 2, the parameters of the pericellular brush layer (effective grafting density and brush length) 

are determined. Equation (1) is used to determine h(d), where the values of E and Z0 are no longer 

unknown and defined at the previous step. The derived curve represents the force due to exclusively 

the pericellular brush layer. Plotting this force in the logarithmic scale will show a linear straight 

slope, indicating exponential force-distance dependence in this portion of indentation. Such force 

dependences are typical for the indentation of entropic polymer brushes and/or surfaces with random 

asperities. To describe the parameters of this layer, the following equation is used for the force of 

steric interaction between a spherical probe and a semi-spherical cell  32,34,35:

  ,                                            (2)𝐹(ℎ) ≈ 100𝑘𝐵𝑇𝑅 ∗ 𝑁3 2𝑒𝑥𝑝 ( ―2𝜋
ℎ
𝐿)𝐿

where kB is the Boltzmann constant, T is the temperature,  N  is the surface density of the brush 

constituents (grafting density, effective molecular density), * ( )probe cell probe cellR R R R R   , and L is 

the equilibrium thickness of the PB layer. This formula it is valid provided 0.1<  h/L <0.8.

In multiple cases, the force due to brush does not show a single exponential behavior. It is 

rather well described by a double exponential behavior 46, 54. This represents “inner” and “outer” 

parts of the PB layer. The inner brush is mainly defined by the corrugation of the pericellular 

membrane described in biology as microridges and microvilli. The outer brush is mainly defined by 

long polysaccharide molecules of glycocalyx surrounding the cell 49. The brush is assumed to consist 

of two characteristic length and grafting densities, corresponding to the shorter and more rigid inner 

brush, and the longer and assumedly softer outer brush. The force due to the double-sized brush 

layer is well parameterized by the following equation 49:

                       (3)𝐹(ℎ) ≈ 100𝑘𝐵𝑇𝑅 ∗ (𝑁3 2
1 exp ( ―2𝜋

ℎ
𝐿1)𝐿1 + 𝑁3 2

2 exp ( ―2𝜋
ℎ
𝐿2)𝐿2)
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where , , and ,  are the parameters of the outer and inner brush, respectively.𝑁1 𝐿1 𝑁2 𝐿2

It should be noted that the above models describe the situation of the static measurements. In 

the same time, as was shown in 49, the measured parameters of the brush layer depend on the 

indentation speed. The use of the static approximation is justified by the present state of the art. For 

example, the Young’s modulus is a static one, and strictly speaking, it should be measured infinitely 

slowly. Nevertheless, it cannot be measured with a very low speed of indentation because cells are 

active material. It can be changed during the measurements if the measurements are done too slowly. 

The presently used speeds are a compromise between the time of the measurements and relatively 

slow speed. It is worth noting that in principle, one can take into account the indentation speed and 

calculate time-dependent (visco- or poro- elastic) properties of the cell body. However, the best of 

the authors knowledge, there is no time-dependent theory of the polymer brush exist at the moment. 

Therefore, to study the changes of the cells studied in this work, we keep exactly the same speeds of 

indentation for all groups of cells considered in our work.

It is also important to note that the approach speed of the sample and AFM probe was chosen 

to avoid a noticeable hydrodynamic (viscous) effect. A representative force curve approaching the 

petri dish surface (away from cells) is shown in figure S4 of the supplementary material. One can see 

almost no viscous effect when approaching the surface. A possible influence of the bottom substrate 

under the measurements of the modulus at less than 12%, and therefore is ignored in this work (see  

the supplementary materials for detail).

Statistical analysis

Two sample variance test was done to compare the distribution of data of the control to each 

modification. If population variances were similar, the ANOVA test was used to determine the 

statistical significance of the observed difference. If population variance was significantly different, 

the non-parametric Mann-Whitney test was used to determine if the difference is significant. 

Hereafter, the statistical significance p is marked in all graphs with * (p < 0.05), ** (p < 0.01), *** 

(p < 0.001).
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Results 

Naked mole rat (NMR) and mouse fibroblast cells were analyzed using the brush model described in 

the Methods section. The derived modulus, brush length, and brush density values were then 

compared between control (wild type) and genetically modified cells (LT and LT-Ras 

modifications). 

Examples of data processing are shown in the supplementary materials. The average height 

of NMR cells was 8.5 µm and 6 µm for mouse cells. Indentation depth (of the cell body) used to 

calculate the Young’s modulus were ~0.5 microns. Therefore, the bottom effect was negligible. The 

curvature radius of the top part of the cells was at a range of 9.0 – 160 µm (NMR) and 6.0 – 170 µm 

(mouse).  Figure 3 shows the results for the effective Young’s modulus calculated for mice and 

NMR. A significant decrease in stiffness of mouse fibroblast cells due to genetic modification is not 

reciprocated in the NMR fibroblast cells. The derived modulus values for control and modified 

NMR (left) and mouse (right) cells are represented by the mean and one standard deviation. One can 

see that the NMR cells show no significant change in the modulus due to either of the genetic 

modifications. At the same time, the mouse cells demonstrate a significant decrease of 1.9 times in 

modulus with the LT modification and a decrease of 2.7 times with the LT-Ras modification. 

C   lt lt-Ras

NMR NMR M M M

C lt-Ras  lt 

  NMR   Mouse 

  lt C lt-Ras
n = 40 n = 37

  lt C
n = 40 n = 37

C   lt lt-Ras C lt-Ras  lt C LT-Ras C  LT C C
70 28 21

  LT LT-Ras
25 21n=

Figure 3. The values of the effective Young’s modulus calculated for mice and naked mole 

rats. The mean value and one standard deviation are shown. The abbreviations in the bottom: 

C stands for the control (wild) cell type, LT is for LT modification, LT-Ras is for LT-Ras 
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modification. The number of tested cells is shown at the bottom of the graph.  The statistical 

significance p is marked in this graph with ** (p < 0.01), *** (p < 0.001).

The analysis of the forces due to the PB layer shows that some force curves demonstrate a single 

brush behavior whereas the other curves show the double brush behavior within the same cell. 

Roughly 50% of NMR control, 21% of NMR LT, 78% of NMR LT-Ras, 81% of mouse control, 

60% of mouse LT, and 29% of mouse LT-Ras cells have at least one force curve with the double 

brush behavior. It is constructive to compare the behavior of these two types of brush separately. 

Figure 4 shows the results for the single brush only. One can see that the NMR single brush is 

shortened by approximately 1.3 times with the LT-Ras transformation. When comparing the grafting 

density of the PB layer, the NMR cells are significantly affected by the genetic modification. Both 

LT and LT-Ras modification significantly increase the brush density of the NMR cells, by 6.1 and 

3.2 times, respectively. However, the mouse cells show no significant change in density relative to 

the control.

C   lt lt-Ras C lt-Ras  lt 

  NMR   Mouse 

C   lt lt-Ras C lt-Ras  lt 
n = 70 n = 31 n = 35 n = 40 n = 37 n = 28

C   lt lt-Ras C lt-Ras  lt 
n = 70 n = 31 n = 35 n = 40 n = 37 n = 28

C   lt lt-Ras C lt-Ras  lt C   lt lt-Ras C lt-Ras  lt 
n = 35 n = 6 n = 14 n = 18 n = 15 n = 7

  lt CC
18 15 7

lt-RasC   lt lt-Ras C lt-Ras  lt C lt-Ras  lt 
n = 70 n = 31 n = 35

C lt-Ras  lt 
n = 70 n = 35

  lt C lt-Ras
n = 40 n = 37 n = 28

  lt C lt-Ras
n = 37

C   lt lt-Ras C lt-Ras  lt C LT-Ras C  LT C C
35 20 18 17

  LT LT-Ras
22 19n=

C   lt lt-Ras C lt-Ras  lt 

  NMR   Mouse 

C   lt lt-Ras C lt-Ras  lt 
n = 70 n = 31 n = 35 n = 40 n = 37 n = 28

C   lt lt-Ras C lt-Ras  lt 
n = 70 n = 31 n = 35 n = 40 n = 37 n = 28

C   lt lt-Ras C lt-Ras  lt C   lt lt-Ras C lt-Ras  lt 
n = 35 n = 6 n = 14 n = 18 n = 15 n = 7

  lt CC
18 15 7

lt-RasC   lt lt-Ras C lt-Ras  lt C lt-Ras  lt 
n = 70 n = 31 n = 35

C lt-Ras  lt 
n = 70 n = 35

  lt C lt-Ras
n = 40 n = 37 n = 28

  lt C lt-Ras
n = 37

C   lt lt-Ras C lt-Ras  lt C LT-Ras C  LT C C
35 20 18 17

  LT LT-Ras
22 19n=

               

Figure 4. The parameters of the single-brush layer calculated for mice and NMR cells: a) the 

brush length and b) grafting density of the pericellular brush layer. The mean value and one 

standard deviation are shown. The abbreviations in the bottom: C stands for the control 

(wild) cell type, lt is for LT genetic modification, LT-Ras is for LT-Ras modification. The 

(a) (b)
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number of tested cells is shown at the bottom of the graph. The statistical significance p is 

marked in this graph with ** (p < 0.01), *** (p < 0.001).
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n = 40 n = 37 n = 28

  lt C lt-Ras
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Figure 5. The parameters of the double-brush layer calculated for mice and NMR cells: the 

brush length for the outer (a) and inner (b) brush, and the grafting density of the outer (c) and 

inner (d) pericellular brush layer. The mean value and one standard deviation are shown. The 

abbreviations in the bottom: C stands for the control (wild) cell type, lt is for LT genetic 

modification, lt-Ras is for LT-Ras modification. The number of tested cells is shown at the 

bottom of the graph. The statistical significance p is marked in this graph with * (p < 0.05), 

** (p < 0.01), *** (p < 0.001).

(a) (b)

(c) (d)

Page 13 of 20 Nanoscale



Figure 5 presents the results of processing double-brush force curves. Because for some cell 

types the number of such force curves is low, the statistical significance has to be considered rather 

cautiously.  One can see that NMR outer brush length changes due to lt modification by about 1.4 

times. LT-Ras elongates the inner brush by about 1.6 times. NMR outer brush density changes 

significantly with both modifications, by 3.4 and 2.6 times, respectively. Inner brush density does 

not show significant changes for NMR cells compared to control. It is important to note that only six 

cell samples were categorized as NMR LT-modified double brush; thus, this level of significance 

could be due to a small population of the sample. Mouse cells show no significant changes in the 

double brush.

Discussion

One can see in the obtained results that the malignant modification does not make any 

statistically significant changes in the mechanics of the NMR cell body, whereas the mechanical 

properties of mouse cells decrease substantially. As shown in multiple publications 24, 41, 42, 55, the 

decrease of the cell stiffness correlates well with the progression towards cancer. One of the key 

distinctive features of NMR is their overall longevity and resistance to cancer. So the observed 

results vote in favor that the considered malignant modifications do not lead to the development of 

cancer in NMR. At the same time, the stiffness of mouse cells drops after the malignant 

modifications as expected for malignant cells. So, we can speculate that AFM can be used to identify 

malignant modifications that could lead to the conversion of normal cells to cancerous. Nevertheless, 

it should be noted that the malignant cells are not always softer than normal cells.  For example, no 

statistically significant difference between rigidities of cancer and normal cells was reported for 

human cervical epithelial cells during progression towards cancer 46. To be precise, normal cells 

studied in that work were grown in the culture medium, which contained a higher concentration of 

human growth factors. This was done to mimic the case of normal cells in a reactive tissue (the 

tissue formed under inflammation or irritation). Geometry of cells grown under such conditions 

becomes very similar to the geometry of malignant cells. As a result, normal and cancerous cells 

were almost identical under an optical microscope. In contrast, virtually all previous works, which 
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reported the differences in mechanics of malignant and normal cells, were performed using “regular” 

normal cells that had different geometry seen under a regular optical microscope.

NMR cells demonstrate a statistically significant change in the size of the PB layer. Both 

NMR and mouse cells show changes in the grafting densities of the PB layer for both single and 

double brush cell types. NMR cells, however, demonstrate a more consistent increase of the 

combined brush length and density with the malignant modifications.  Fig.6 demonstrates it by 

presenting an integral parameter representative of the total amount of the brush, which is a product 

of the brush length and grafting density. If applied to the polymer brush model, such a parameter 

gives the total effective length of all molecules of the brush layer per unit area. We found that there 

is a statistically significant increase in the brush part/layer, which size was greater than 10 µm. For 

simplicity, we call it “long brush”, and the rest is “short brush”. The long brush comprises the outer 

brush in the case of double brush, and in the case of a single brush. One can see from Fig.6a that 

NMR cells show a substantial increase of the long brush with LT and LT-Ras modification, by 7.1 

and 2.9 times, respectively. Mouse cells do not show any statistically significant change of the long 

brush. As was shown before using guinea pig fibroblast cells 49, the long brush comprises long 

polysaccharide molecules of glycocalyx, presumably hyaluronic acid. 

To the best of the authors' knowledge, the physical properties of the pericellular brush layer 

during malignant transformations have not been studied for fibroblast cells. As was shown for an 

example of human cervical epithelial cells, the decrease in the size and grafting density of the outer 

brush layer correlated with the malignancy of those cells 46. However, the outer layer of those cells 

had a size of ~2µm, which is more similar to the inner layer of both NMR and mouse fibroblasts. 

Furthermore, biochemical analysis of hyaluronic acid, one of the major components of the 

pericellular brush layer, shows a very complicated correlation between hyaluronic acid and 

progression to cancer. The size-dependent biological functions of hyaluronic acid add to the 

complexity of possible analysis 12, 56. Dealing with NMR cells, one deals with a very high-molecular 

weight hyaluronic acid (vHMW HA, > 6000 kDa), which is unique to NMR. As was shown 12, the 

enzymatic removal of this hyaluronic layer made NMR cells susceptible to malignant 

transformation. So it seems to be plausible to speculate that the observed increase of the long brush 

of NMR cells may correlate with the increase of vHMW hyaluronic component of the pericellular 

layer.  And this might help to decrease the chances of NMR cells becoming malignant. To address 

this hypothesis, further studies are needed.
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In conclusion, it is worth noting that the obtained results are not only in obtaining a new 

knowledge about physical properties of age- and cancer- resistant cells.  We  also expect that the 

results presented in this work will further expand the interest in atomic force microscopy and 

demonstrate that this technique allows obtaining unique information, which might be used to shed 

light on the longevity and resistance to cancer.

(a)

C   lt lt-Ras C lt-Ras  lt 

  NMR   Mouse 

C   lt lt-Ras C lt-Ras  lt 
n = 70 n = 31 n = 35 n = 40 n = 37 n = 28

C   lt lt-Ras C lt-Ras  lt 
n = 70 n = 31 n = 35 n = 40 n = 37 n = 28

C   lt lt-Ras C lt-Ras  lt C   lt lt-Ras C lt-Ras  lt 
n = 35 n = 6 n = 14 n = 18 n = 15 n = 7

  lt CC
18 15 7

lt-RasC   lt lt-Ras C lt-Ras  lt C lt-Ras  lt 
n = 70 n = 31

C lt-Ras  lt 
n = 70

  lt C lt-Ras
n = 40 n = 37 n = 28

  lt C lt-Ras
n = 37

C   lt lt-Ras C lt-Ras  lt C LT-Ras C  LT C C
70 26 32 28

  LT LT-Ras
15 10n=

C   LT LT-Ras

NMR NMR M M M

C  LT 

  NMR   Mouse 

n = 35        6   14 22 30 9
C C LT-Ras

(b)

Figure 6. The L*N parameter for the brush layer calculated for NMR and mice cells: both for 

the longer (a) and shorter (b) brush. The mean value and one standard deviation are shown. 

The abbreviations in the bottom: C stands for the control (wild) cell type, LT is for LT 

genetic modification, LT-Ras is for LT-Ras modification. The number of tested cells is 

shown at the bottom of the graph. The statistical significance p is marked in this graph with 

** (p < 0.01), *** (p < 0.001).
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