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Abstract  

The elastic modulus of an oral cancer cell line UM1 is investigated by 
nanoindentation in an atomic force microscope with a flat-ended tip. The commonly 
used Hertzian method gives apparent elastic modulus which increases with the 
loading rate, indicating strong effects of viscoelasticity. On the contrary, a rate-jump 
method developed for viscoelastic materials gives elastic modulus values which are 
independent of the rate-jump magnitude. The results show that the rate-jump method 
can be used as a standard protocol for measuring elastic stiffness of living cells, since 
the measured values are intrinsic properties of the cells.    
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Introduction  

Evidence suggests that metastasis may be related to the mechanical stiffness of 
the cancer cells [1-9]. For this reason, a lot of efforts have been made to investigate 
the mechanical properties of cells by methods including nanoindentation [5, 9-18], 
micro-pipette aspiration [1, 19-22] and micro-fluidic techniques [3, 23-26]. In general, 
the deformability of cancerous cell types was found to be different from that of their 
normal counterparts. Ward et al [1], Guck et al [3], Lekka et al [9] and Park et al [12] 
found that different sources of cancerous cells are more deformable than their normal 
counterparts, and Li et al [16] found that malignant breast cancer cells are softer than 
benign ones. On the other hand, Rosenbluth et al [13] and Zhang et al [20] concluded 
that the leukemia cell line HL60 [13] and hepatocellular carcinoma cells [20] are 
stiffer than normal. Whether cancerous cells are stiffer than normal may depend on 
the cell type and pathogeny of the disease, and the above observations by different 
researchers suggest that mechanical properties can be used to indicate the difference 
between cancerous cells and normal cells. 

Among the methods commonly used for measuring mechanical behavior of cells, 
nanoindentation is by far the most popular since quantitative measures of the 
mechanical properties can be obtained directly without the need of time consuming 
post-experiment analysis such as finite-element modeling. Carrying out 
nanoindentation in an atomic force microscope (AFM), rather than a commercial 
nanoindenter, also has the advantage of enabling scanning imagining on the same 
platform as the mechanical indentation, as well as providing very accurate spatial 
control of the indent location with submicron precision. Environmental fluid 
chambers for AFM are also well developed and available at low costs, thus enabling 
conditions close to in vivo to be achievable. In a typical AFM nanoindentation 
experiment [5, 9-18], the load (P) vs displacement (δ) data are gathered while the cell 
is indented at a fixed displacement rate. The P-δ data are often fitted by the Hertzian 
model of elastic contact [27] to generate an elastic modulus. Since the Hertzian model 
assumes the sample to be purely linear elastic, while a cell consists of a 
cytoplasm-membrane-cytoskeleton structure which does not behave in a purely linear 
elastic manner, the Hertzian model is almost definitely a wrong description of the 
nanoindenation response. In fact, Li et al. [16] found that the elastic modulus of breast 
cancer cells measured by such a method increased with the loading rate, resembling 
the behavior of viscoelastic materials [28]. The fact that the modulus so obtained is 
not an intrinsic property of the specimen, but is dependent on the way the experiment 
is carried out, precludes reliable comparison between different types of cells or the 
same type of cells treated with different protocols, or between results gathered from 
different laboratories.  
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The cytoplasm-membrane-cytoskeleton nature of living cells should be more 
accurately described by viscoelasticity, than by purely linear elasticity as in the 
Hertzian model. Accurate measurement of the elastic modulus of a viscoelastic 
material by nanoindentation needs to have viscous effects properly considered [29, 
30]. In this paper, we investigate the validity of a recently developed rate-jump 
protocol for carrying out AFM nanoindentation [31] on a cell line. Instead of running 
the test at a constant displacement rate as in the Hertzian method, in this protocol a 
step change in the displacement rate is imposed, which results in a step change in the 
load rate. Theoretical considerations [32] have shown that the relationship between 
these two step changes yields an elastic modulus which is intrinsic of any power-law 
viscoelastic material.  

In addition to considering viscoelastic rather than elastic responses in the 
measurement protocol, any attempt to use a measured elastic modulus as a signature 
of a cell’s state should also take into account consideration of the phase in the cell 
cycle, cell mobility and cell migration, which are factors that can affect the 
cytoskeleton [33-39]. Thus, indenting a cell at different phases of its life cycle and/or 
at different positions may result in different elastic modulus values. These undesirable 
variables can be minimized by indenting on a comparable position which can reflect 
the entire cell [17], and synchronizing the batch of cells to be tested at a certain stage 
of the cell cycle such as G0/G1. In this work, we employed an oral cancer cell line 
UM1, and we took steps to standardize and synchronize the cells, so as to enable 
comparable conditions for the AFM nanoindentation. The UM1 is a head and neck 
squamous cell carcinoma (HNSCC) cell line with high metastatic potential [40]. It is 
used in this work as a prototype of mammalian cancer cells.  

 

Materials and Methods  

Cell culture  

Cells from the oral cancer cell line UM1 were cultured in a DMEM/F12 medium 
containing 10% FBS and 1% penicillin-streptomycin, and were maintained at 37 0C in 
a 5% CO2 incubator (Bionex@, Korea). A batch of these cells was prepared for AFM 
scanning and nucleus staining, by digestion with trypsin in 5 min, followed by harvest 
and planting onto a 14mm diameter glass coverslip (Thermo Menzel, Germany) kept 
inside a 24-well plate for 24 hours prior to AFM scanning. Another batch of UM1 
cells were prepared for AFM nanoindentation by planting onto a 25mm diameter glass 
coverslip which was then placed inside a 35 mm plastic dish for 24 hours, followed by 
synchronization into the G0/G1 stage by serum starvation [41-43]. The cells were 
transferred into a normal DMEM/F12 medium containing 10% Fetal Bovine Serum in 
a cell holder maintained by a heater (BiocellTM, JPK) at 37 0C. After these steps, the 
cells were ready for AFM nanoindentation. 
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Cell structure and nucleus observation 

The batch of cells for AFM structure scanning was treated with the method 
adopted by Buño [44]. After the treatment, the cells were fixed onto a rough glass 
coverslip, which was then put inside a BiocellTM holder which maintained the 
temperature at 370C, and the holder was mounted onto the AFM stage. For cell 
nucleus staining, the protocol recommended in the product Hoechst 33342 (sigma) 
was followed. After the staining, the samples were inspected under an integrated 
microscope with an inverted optical microscope (Nikon Eclipse Ti, Japan) on the top 
and a Nikon TI-FLC fluorescent exciter at the bottom.  

AFM indentation 

The cells used in the nanoindentation experiments were living cells in 
DMEM/F12 medium solution containing 10% Fetal Bovine Serum maintained at 
37OC. These conditions ensure that the cells can survive for at least 4 hours, which is 
much longer than the entire duration of the indentation tests of not more than 2.5 
hours. The AFM employed for cell indentation was a Zeiss microscope integrated 
with a JPK NanoWizard II controller (JPK instruments AG, Germany). A silicon 
nitride cantilever-tip (CSG01, NT-MDT) was used, the spring constant of which was 
calibrated by the thermal fluctuation method [45] to be 0.037 N/m, and the cantilever 
sensitivity was calibrated by indenting on glass in the DMEM/F12 medium solution. 
The vertical deflection of the cantilever as measured by the photodiode and the 
piezoelectric displacement of the base of the cantilever-tip can therefore be converted 
directly into force and penetration displacement of the sample’s deformation.   

To simplify the tip-sample contact geometry [46] and to avoid the AFM tip 
punching through the very soft cell membrane during indentation, the very end of the 
CSG01-NT-MDT silicon nitride tip was cut off by focused ion-beam (FIB) milling 
(FEI Quanta 200 3D FIB/SEM) to form a flat-ended cylinder shape. The FIB process 
started with rough milling at current 0.5nA, followed by fine milling at 50 pA. Figure 
1(a,b) shows the resultant AFM tip produced for nanoindentation, the end-diameter of 
which was measured by the software of FIB instrument to be 1μm, length around 5μm. 
A flat-ended tip with a cylindrical shape has the advantage of a constant contact area 
with the sample during indentation. Therefore accurate determination of the solid 
contact point between the tip and sample is not necessary in our measurements, and 
this greatly simplifies the analysis.   

The AFM used in the present nanoindentation experiments has the feature that 
the sample sits on a stationary platform while the motion of the clamping base of the 
cantilever-tip is controlled (Figure 1c). Thus, during indentation, the height δ of the 
cantilever base was programmed to move downward, and the deflection of the 
cantilever’s end was detected by the photodiode as the output. With the datum set at 
the contact point with the sample, the deflection of the cantilever’s end as detected by 
the photodiode is simply the indentation depth h.  
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The common Hertzian indentation protocol, as described above, was 
implemented on top of the nuclei of the cells at different displacement rates of the 

AFM cantilever base (i.e. ) of 0.1μm/s, 0.275μm/s, 0.55μm/s or 1.1μm/s in different 

tests. The detailed load profile was as follows: the tip was first approached, followed 
by retraction for 5μm in 1 second, then indentation to a depth of 5.5μm according to 
the speed of the AFM cantilever base adopted, then holding for 30 seconds and finally 
retraction at 0.1μm/s for 10 seconds. The Young modulus E was then calculated by 
Sneddon’s formula for flat-punch indentation [47] which originates from the Hertzian 
contact model:  

                                        (1) 

where P is the indentation force, E is Young’s modulus, ν is the Poisson ratio which 

is assumed to be 0.5 (i.e. incompressibility assumed) for the cell samples,  (= 0.5 

μm, see Figure 1(a,b)) is the end-radius of the cylindrical flat-end tip, and  is the 

indentation depth. From Figure 1c, the indentation force is given by .  

For the rate-jump method, the experimental procedure is similar to the above for 
the Hertzian protocol except for the use of the same loading displacement rate of 0.55 
μm/s followed by holding of 30s, followed by unloading at a displacement rate of 0.2 
μm/s, 0.1 μm/s or 0.067 μm/s in different tests. The Young modulus was calculated by 
the following formula [31-32]: 

                        (2) 

where  is the resultant jump in the load rate at the onset of the unloading, 

i.e.  where and  are the load rates before and after the jump at 

the onset of the unloading, and  is the jump of the indentation depth 

rate where  and  are the indentation depth rates just before and after the jump 

at the onset of unloading. The a, E and ν in eqn. (2) have the same meanings as in eqn. 
(1). The similar forms between eqns. (1) and (2) in fact stem from a theorem derived 
in ref. [32], which states that the effective elastic modulus for a viscoelastic material 
is given by solving the stress-strain problem for the same spatial domain but treating 
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the material as if it were purely elastic, and then substituting force and displacement 

in the resultant relation by their rate jumps respectively. The  obtained 

from eqn. (2) is in fact the resultant value of all the spring elements in the viscoelastic 
constitutive relation with all the dashpots (assumed nonlinear in general) ignored, and 

hence should be an intrinsic property of the specimen. From Figure 1c,  in eqn. (2) 

is given as .  

The indentation was always made on the most bulging part of the cell shown 
under AFM, and normally this was also the center of the cell. Each cell was indented 
only once by either the rate-jump or Hertz protocol, and for a given loading profile, 
more than 20 repeated measurements were made and each of these was on a different 
cell.   

 

Results  

Cell observation 

It has been reported that stiffness can be highly variant by indenting on different 
parts of the cell [5, 48-51], and thus randomly indenting on the rim or bulging parts of 
the cells should lead to large scatter of the results. Figure 2a shows the AFM scanned 
morphology of a typical UM1 cell, where the nucleus makes up a big area inside the 
cell. In the fluorescent microscopy image in Figure 2b, the brightest and oval-shaped 
parts are the nuclei stained by Hoechst. The nucleus is not always close to the center 
of cells, and Figure 2a in fact shows that the nucleus is located near the rim of that 
scanned cell. Thus, when performing indentation, the tip were made to indent on the 
most bulging part of the cells (the arrows shown in Figure 2c), which should be the 
exact location of the nucleus.  

AFM nanoindentation 

Figure 3a shows typical indentation force P vs indentation depth h curves for the 
UM1 cell line at different loading rates using the Hertzian indentation protocol. 
According to eqn. (1), the average slope of such a curve should be proportional to the 
elastic modulus, but it can be seen from Figure 3a that the average slope increases 
with the loading rate. This is a typical viscoelastic response. Figure 3(b,c) show the 
elastic modulus calculated using eqn. (1) at different loading rates – the calculation 
was actually performed by the JPK DP data processing software. In Figure 3(b), only 
data for shallow indentation depths up to 100 nm were used, and in Figure 3(c), data 
up to 500nm were used, in accordance with the usual practice [52-55]. The apparent 
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elastic modulus here clearly shows a steady rise with the loading rate, in agreement 
with Li et al.’s observation from breast cancer cells [16]. 

Figure 4a shows plots of the height δ of the base of the cantilever vs time as 
input conditions in the rate-jump protocol, in which the loading history was 
programmed to be identical up to the end of the hold at 41s, followed by different 
retraction rates in different tests. At the start of each experiment, the tip approaching 
protocol of the machine sensed the sample’s surface by making the tip contact the 
sample until a small contact force of about 2.6nN was reached, followed by retracting 
the tip slightly until the contact force was slightly negative in the attractive regime. 
The state of the machine at the end of this procedure is known as the set point, and in 
the loading profiles shown in Figure 4a, the displacement δ of the AFM cantilever 
base (see Figure 1c) is relative to this set point, i.e. zero marks the set point, δ > 0 
marks downward travel and vice versa. After the set point was detected, the cantilever 
base was programmed to move upward (i.e. δ  becoming < 0)  by 5 µm at a constant 
speed, hence retracting the tip further from the sample. After this, the cantilever base 
was brought down (i.e. δ  increasing towards > 0) at a constant speed as shown in 
Figure 4a to make the tip indent on the sample, and the programmed travel of the 
cantilever base past the set point in the indentation direction was 500nm. Followed by 
a hold period of 30 sec, the cantilever base was made to retract at different speeds of 
0.067, 0.1 and 0.2 µm/s as shown in Figure 4a. Figure 4(b,c) show the corresponding 
plots of the indentation force vs time, and the displacement h of the end of the AFM 
cantilever as detected by the photo-diode (see Figure 1c) vs time, respectively. It is 
interesting to see from Figure 4b that during the hold period, the indentation force 
dropped from 10, 13 or 16 nN in the three different curves to about 4 nN, and this is 
manifestation of viscous relaxation of the cells. Plots such as Figures 4(b,c) were used 

to obtain the rate jumps  and  in eqn. (2), and Figure 4d and Table 1 show the 

calculated Young’s modulus. One-way ANOVA analysis of these data obtained from 
the rate-jump protocol showed that the mean values of the modulus at different 
retraction rates are not significantly different (p>0.05). However, ANOVA analysis 
showed that the mean values of the Young modulus obtained from the Hertzian 
protocol are significantly different (p<0.001) between the different loading rates. It 
should be noted that in both the Hertzian protocol and the rate-jump protocol, the 
maximum indentation depth was on the order of 1 µm. For the Hertzian protocol, the 
modulus was calculated using data up to indentation depths of 100nm and 500nm, and 
although these two sets of data differ, they both exhibit a rising trend with the loading 
rate as shown in Figure 3(b,c) and Table 1.  
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Discussion 

While our earlier treatment deals with viscoelastic behavior [31,32], the 
mechanical response of the cytoplasm-membrane-cytoskeleton structure of a cell may 
be better described as poro-viscoelastic [56, 57], where the coupling between the 
stresses in the solid components (i.e. cytoskeleton and cell membrane) and the 
pressure in the fluid component (i.e. cytoplasm) is considered. A very general 
poro-viscoelastic constitutive model may be a general network composing (i) linear 
elastic elements of the form  

p
ijklijklij c λδεσ += ,       (3a)  

and (ii) viscous dashpot elements such as, but not restricted to, the Odqvist form [32]  

ij
m
eij sc 1

2
3 −= σε .           (3b) 

Here, klσ  and ijε  are the stress and strain tensors, 2/)( ,, ijjiij uu +=ε , where iu  

is the displacement, and  denotes time rates. In eqn. (3a), ijklc  are the 

elastic constants of the solid components, pλ  is the eigenstress due to the fluid, and 

ijδ  is the Kronecker delta. In eqn. (3b), 
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is an effective stress, and kkijijijs σδσ )3/(−=  is the deviatoric stress, and c and m 

are constants. Such a form of poro-viscoelastic constitutive law is similar to that 
developed recently by Suvorov and Selvadurai [56], but is more universal in the sense 
that (i) the elasticity as described by eqn. (3a) is anisotropic, and (ii) the viscous 
components as described by eqn. (3b) are in general non-linear. The spring elements 
in eqn. (3a) and dashpot elements in eqn. (3b) can be arranged in any network 
arrangement as appropriate to the cell structure, including, but not limited to, the 
standard linear solid model.  

Following our earlier approach [31, 32], we are interested in the response due to 
a step change in the loading rate or in the displacement rate at time tc, which results in 

step changes ijσ∆  in the stress field and ijε∆  in the strain-rate field across tc, after 
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settlement of any transient effects. From eqns. (3a) and (3b), these step changes are 
given by  

p
ijklijklij c λδεσ  ∆+∆=∆ ,      (4a) 

 
for the elastic elements, and 
 

[ ] 0|)(|)(
2
3 11 =−=∆ −

−
+

−
ij

m
eij

m
eij ssc σσε    (4b) 

 
for the dashpot elements. The last step in eqn. (4b) stems from the fact that stresses in 

the system must be continuous across the jump. In eqn. (4a), pλ∆ is the jump of the 

rate of the eigenstress on the solid skeleton due to the fluid. The eigenstress is 
proportional to the fluid pressure p; for example, Suvorov and Selvadurai showed that 

for an isotropic material, , where KD is the bulk modulus of the 

drained solid structure and KS is the bulk modulus of the solid phase itself. In a cell 
during nanoindentation, as long as the membrane is not broken, the fluid content 
inside is conserved and so to a good approximation, the fluid pressure p is conserved 

for a short duration before and after the rate jump across tc. Thus, 0=∆p  and 

0=∆ pλ across the jump, and so eqn. (4a) reduces to 

 

klijklij c εσ  ∆=∆ .       (4c) 

 

Together with eqn. (4b), eqn. (4c) indicates that },,{ ijijiu σε  ∆∆∆  can be solved as 

the {displacement, strain, stress} of a linear elastic problem, defined on the same 
space domain and described by the same elastic constants cijkl as the original 
poro-viscoelastic material. For this reduced problem, due to eqn. (4b), the model 
network consists of only the elastic elements which are the same as the original 
poro-viscoelastic material, without the dashpots.  
 

The analysis here therefore explains why even with the fluid content and the 
viscous factors in the cell, a valid solution in eqn. (2) for the cell, which is supposed 
to be poro-viscoelastic, can be obtained by replacing P and h in the elastic solution in 

eqn. (1) by  and  respectively. The results in Table 1 show that the rate-jump 

protocol involving eqn. (2) yields invariant elastic modulus for the UM1 oral cancer 
cell line, while the Hertzian protocol involving eqn. (1) does not. It is important to 
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realize that our treatment here assumes eqns. (3a) and (3b) to hold within a short time 
window (tc-δt, tc+δt) at about tc, which is the moment the step change is applied. The 
step changes given in eqns. 4(a-c) are the result of writing down eqns. 3(a,b) at the 
beginning and end of this time window, during which transients may occur, and 
subtracting between these two time points. In other words, the elastic constant 

measured, which is the resultant of ijklc  in the viscoelastic network, is the value 

reflecting the sample’s microstructure at time tc – this microstructure should in 
general depend on the treatment history of the sample up to tc, but as long as this 
history up to tc is the same, this will be a constant factor. In the present rate-jump 
experiments, the load history up to the onset of the unload was indeed the same, and 
only the retraction rate immediately after the onset of the unload was different 
between the tests (c.f. Figure 4a). The elastic modulus obtained by eqn. (2) therefore 
represents the state of the specimen at the point of the onset of the unload, and so we 
should expect the states of the cells tested here to be comparable at the onset of the 
unload: the cells were synchronized at the G0/G1 phase for the indentation tests, and 
the load history was identical up to the onset of unload. Indeed the elastic modulus 
measured at the onset of unload was shown to be invariant with respect to the 
retraction rate, and so the rate-jump protocol is verified for this cell line. On the other 
hand, for the Hertzian protocol, Figure 3(b,c) and Table 1 show that the evaluated 
elastic modulus changes with the loading rate as well as the indentation depth range 
used in the calculation. In fact, the Hertzian protocol assumes that the cell remains 
elastic over the whole depth range used in the calculation, and so the modulus data 
calculated from data up to large indentation depths such as 500nm should be rather 
unreliable.    

Although the rate-jump protocol has been found valid for synthetic materials 
including soft metals and polymers in different test geometries [29-32], this is the first 
time this protocol is verified for living cells. This shows that the present cell line can 
be fairly accurately described as viscoelastic or poro-viscoelastic in terms of their 
deformation under load. Moreover, the results indicate that the rate-jump protocol is 
better than the conventional Hertzian protocol for measuring stiffness of cells, since 
the unwanted effects of viscosity are eliminated and the measured stiffness becomes 
an intrinsic property of the cell independent of the way in which the experiment is 
carried out. The present work also shows the importance to synchronize the cells 
before indentation, and the merit brought about by adopting a flat-ended geometry of 
the indenter tip. The rate-jump protocol should form a basis of standardization where 
results of the same cell type can be compared between laboratories. 

 

Conclusion 
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The commonly used Hertzian protocol for nanoindentation yields apparent 
elastic modulus of UM1 cells that increases with the loading rate, indicating strong 
effects of viscoelasticity. However, a rate-jump protocol developed for viscoelastic 
materials gives invariant elastic modulus. The applicability of this rate-jump protocol 
to poro-viscoelastic materials is also demonstrated theoretically.    
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Figure Captions 
 

Fig.1a: End-on view of silicon nitride tip produced by FIB milling. 

Fig.1b: Side view of silicon nitride tip produced by FIB milling. 

Fig.1c: Schematic showing the AFM used. 

Fig.2a: AFM scanned morphology of a UM1 cell. 

Fig.2b: Nucleus of UM1 stained by Heochst under fluorescent microscope. 

Fig.2c: UM1 cells indented by AFM tip, top view under optical microscope. 

Fig.3a: Indentation force vs indentation depth curve for UM1 cells at different loading 
rates using the Hertzian indentation protocol.   

Fig.3(b,c): Apparent elastic modulus of UM1 cell line at different loading rates 
calculated with the Hertzian indentation protocol using data up to (b) 100nm and (c) 
500nm of indentation depth. 

Fig.4a: Displacement of cantilever base vs time curve used in rate jump tests on UM1 
cell line. Here, zero height is the set point detected by the machine, δ > 0 means 
downward travel of the cantilever base, and vice versa. The load history is identical 
up to the end of the hold at 41s, followed by retraction at rates of 0.2μm/s, 0.1μm/s 
and 0.067μm/s respectively.  

Fig.4b: Resultant indentation force P vs time curve in rate jump tests using the 
loading profiles in Fig. 4a.   

Fig.4c: Resultant displacement h of end of cantilever as detected by the photo-diode 
vs time in rate jump tests using the loading profiles in Fig. 4a. Zero marks the set 
point, h > 0 means downward movement of the tip, and vice versa.   

Fig.4d: The elastic modulus of UM1 cell line with different unloading rates in the 
rate-jump method. 
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Table1: Comparison of the elastic modulus (average±SD) of UM1 cell line between 
Hertzian model and rate-jump method (unit: kPa; n=20)  

Hertzian 
model 

Loading rate 0.1μm/s 0.275μm/s 0.55μm/s 1.1μm/s 
Modulus up to 100nm  0.7±0.31 1.18±0.55 1.56±0.64 1.91±0.7 
Modulus up to 500nm 1.92±0.82 3.9±0.88 5.85±1.56 8.46±3.63 

Rate-jump 
Unloading rate 0.2μm/s 0.1μm/s 0.067μm/s 

Modulus at ~500nm  3.65±1.82 4.03±1.81 3.49±1.64 
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 Fig.1a: End-on view of silicon nitride tip produced by FIB milling 

 

 Fig.1b: Side view of silicon nitride tip produced by FIB milling 
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Fig.1c: Schematic showing the AFM used 
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  Fig.2a: AFM scanned morphology of a UM1 cell 

  

Fig.2b: Nucleus of UM1 stained by Heochst under fluorescent microscope  
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   Fig.2c: UM1 cells indented by AFM tip, top view under optical microscope 
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Fig.3a: Indentation force vs indentation depth curve for UM1 cells at different loading 
rates using the Hertzian indentation protocol.  
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(c) 

Fig.3(b,c): Apparent elastic modulus of UM1 cell line at different loading rates 
calculated with the Hertzian indentation protocol using data up to (b) 100nm and (c) 
500nm of indentation depth. 
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Fig.4a: Displacement of cantilever base vs time curve used in rate jump tests on UM1 
cell line. Here, zero height is the set point detected by the machine, δ > 0 means 
downward travel of the cantilever base, and vice versa. The load history is identical 
up to the end of the hold at 41s, followed by retraction at rates of 0.2μm/s, 0.1μm/s 
and 0.067μm/s respectively.  

 

Fig.4b: Resultant indentation force P vs time curve in rate jump tests using the 
loading profiles in Fig. 4a.   
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Fig.4c: Resultant displacement h of end of cantilever as detected by the photo-diode 
vs time in rate jump tests using the loading profiles in Fig. 4a. Zero marks the set 
point, h > 0 means downward movement of the tip, and vice versa.  

 

Fig.4d: The elastic modulus of UM1 cell line with different unloading rates in the 
rate-jump method 
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