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The  force-distance  curves  (FCs)  obtained  by  the  atomic  force  microscope  (AFM)  with  colloid  probes
contain  information  about  both  the  viscoelastic  properties  and  adhesion  of  a sample.  Here,  we  processed
both  the  approach  and  retraction  parts  of  FCs  obtained  on  polyacrylamide  gels  (in  water  or  PBS)  and  Vero
cells (in a culture  medium).  The  Johnson–Kendall–Roberts  model  was  applied  to the retraction  curves
to  account  for the  adhesion.  The  effects  of  loading  rate, holding  time  and  indentation  depth  on adhesion
force  and  Young’s  modulus,  calculated  from  approach  and  retraction  curves,  were  studied.  It  was  shown
orce spectroscopy
echanical properties

dhesion
iscoelasticity
ell
olyacrylamide gel

that both  bulk  and  local  interfacial  viscoelasticity  can  affect  the  observed  approach-retraction  hysteresis
and  measured  parameters.  The  addition  of 1% bovine  serum  albumin  (BSA)  decreased  adhesion  of  the
probe  to  the  PAA  gel  surface,  so interfacial  viscoelasticity  effects  were  diminished.  On  the  contrary,  the
adhesiveness  of  Vero  cells  increased  after  BSA addition,  indicating  the  complex  nature  of  the  cell-probe
interaction.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Atomic force microscopy (AFM) has become a powerful tool
or the analysis of mechanical properties of polymer samples and
iological objects such as cells and tissues [1–6]. One of the key
dvantages of AFM is the ability to measure forces on the order
f ten piconewtons under near physiological conditions. Typically,
he mechanical properties of samples are evaluated during force
pectroscopy experiments: the AFM probe first approaches the
ample and indents it, then retracts; the force acting on the can-
ilever is recorded during this cycle. The obtained dependencies
re called force versus distance curves (force curves, FCs). The col-
oidal probes, which consist of a spherical colloidal particle of few

icrometers in diameter attached to an AFM cantilever, provide
ccurate control of the probe geometry [5,7–9]. Commonly the
ertz model or its modifications is applied to the approach (load-

ng, extension) part of FCs to extract Young’s modulus (E), the elastic
arameter used for the characterization of the sample’s mechanical

roperties.

AFM was used to quantify the Young’s modulus of various
nimal cell types with colloidal probes and regular cantilevers
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[4,10–12]. These studies have demonstrated the link between cell
mechanics and cytoskeleton structure, and found that cell mechan-
ical properties altered in various diseases [1,13–15]. However, in
most research the capabilities of force spectroscopy are not fully
used. Retraction (unloading) curves containing information about
adhesion and tether extraction are rarely evaluated [16,17], or only
the adhesion region is analyzed [18,19]. Furthermore, the hys-
teresis observed in approach and retraction curves and attributed
to the energy dissipation during indentation can be used for the
estimation of cell viscoelastic properties (e.g. relaxation behavior)
[15,20–22]. However, for the accurate determination of the stress
relaxation from a whole AFM force–distance curve, both the con-
tribution of the adhesion and the functional form of the relaxation
must be assumed. These parameters can provide a deep insight into
cell biomechanics and can be used as additional diagnostic markers.

Here, we  address one of the key steps in whole AFM
force–distance curve processing—the assessment of the adhesion
contribution. Particularly, we  try to answer several questions. First,
what is the relation between the Young’s moduli calculated from
the approach and retraction parts of the force curve? Second, is
there any connection between the adhesion force and the Young’s
modulus? Third, how could we  process the force curves obtained at

different indentation speeds to assess the viscoelastic properties of
the samples? To answer these questions, we applied the JKR model
to the retraction curves under different loading rates, holding times
(delay between the sample indentation and probe retraction) and

dx.doi.org/10.1016/j.colsurfb.2015.06.044
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
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ndentation depths (loading forces). Although both the Hertz and
he JKR models assume the purely elastic nature of the sample, a
omparison of Young’s modulus and several additional parameters
xtracted from both approach and retraction curves can be used
or the assessment of viscoelastic effects. Polyacrylamide hydrogels
PAA gels) and mammalian Vero cells were used as model samples.
n the PAA gel samples, the addition of 1% BSA to the experimental
edium decreased interfacial forces and allowed us to obtain data

lmost unaffected by adhesion.

. Material and methods

.1. Gel preparation

Solutions of acrylamide and bis-acrylamide (both 99% purity,
mresco, USA) in Milli-Q water or PBS (Amresco, USA) were
olymerized with 10% ammonium persulfate (Sigma) and TEMED
Fluka, Germany). Concentrations of acrylamide (4%) and bis-
crylamide (0.1%, w/v) were chosen to prepare a PAA gel with
pproximately 1–2 kPa Young’s modulus (E), which is in the range
f eukaryotic cell compliances. The Young’s modulus of the PAA gels

n PBS was quantified by a rotational rheometer MCR  502 (Anton
aar GmbH, Graz, Austria) with plate–plate geometry. The equa-
ion E = (1 + 2�)G was used, where � = 0.48 is the Poisson’s ratio of
he PAA gel [23] and G is the measured shear modulus. For AFM
xperiments, a total solution volume of 100 �L was allowed to
olymerize between 18 mm (top) and 24 mm (bottom) clean glass
quare coverslips (Menzel–Gläser, Germany). Then the top cover-
lip was removed and the sample was extensively washed with MQ
ater or PBS. Prepared PAA gels had thickness near 200 �m.  For the

heometric measurements, PAA gel samples had 1 mm thickness.
hey were also prepared between two glass coverslips but the side
ace of the gel was closed by plasticine to maintain the sample thick-
ess. The PAA gels were kept in PBS/water for several days before
he experiments to reach equilibrium.

.2. Cell culture

Vero cells were grown in a DMEM medium (PanEco, Russia) sup-
lemented with 10% fetal bovine serum (FBS) (PAA Laboratories,
ustria) at 37 ◦C in a humidified 5% CO2 atmosphere in an incubator

Sanyo, Japan). Cells, subjected to AFM experiments, were seeded
n sterile glass coverslips (Menzel–Gläser, Germany) and grown
o about 60% confluency. Experiments were conducted at 37 ◦C
fter the growth medium was replaced with the L-15 medium (Lei-
ovitz’s L-15 Medium with l-glutamine, Gibco, Invitrogen) without
BS. Cells which were spread out and well-attached to the surface
ere chosen for the force spectroscopy. Force curves were taken

t the central part of cells, where the cell height is large enough
o minimize substrate effects [5]. Bovine serum albumin (BSA) was
urchased from Amresco, USA.

.3. AFM force spectroscopy

AFM measurements were performed using a commercial Solver
io atomic force microscope (NT-MDT, Russia), combined with an

nverted optical microscope (Olympus, Japan), as described pre-
iously [24]. This microscope is equipped with the closed-loop
eedback system that corrects the piezo hysteresis and nonlinear-
ties at a large displacement scale. Tipless AFM cantilevers CSG11
NT-MDT, Russia) modified with 5–7 �m diameter silica glass beads
Sigma–Aldrich Co., USA) were used. The glass bead was  glued

o the end of the cantilever using two component epoxy glue
No 908, Dynatron/Bondo Corp., USA) under the control of the
nverted optical microscope. The typical spring constant of these
antilevers is 0.03 N/m. The accurate value was determined using
B: Biointerfaces 134 (2015) 131–139

the thermal noise [25] and Sader methods [26]. The radius of the
probe was  calculated after scanning the test grating TGT1 (NT-
MDT, Russia). Before experiments, the cantilevers were washed in
toluene, ethanol and MQ water (15 min  each). Before and after mea-
surements, the relationship between the photodiode signal and
cantilever deflection (sensitivity, S) was calibrated by recording
several FCs at a bare region of the glass coverslip and measuring
its slope. Typically, FCs were taken at 2 �m/s loading rate (piezo
displacement speed along the Z axis), and the closed loop feedback
was always used. The piezo displacement range was 5–10 �m (typ-
ically 8 �m)  to obtain a non-contact region which is long enough
and free from interactions with a surface (tethering). 50–60 cells
in 5 samples (3 FCs per cell above its central part, where the cell
is quite flat and their height is large enough to diminish substrate
effects), and 3 PAA gel samples (10 FCs at 3 random locations for
each sample) were analyzed. The holding time (residence time of
the probe on the sample surface between approach and retrac-
tion with constant piezo displacement) was  0, 1, 5, and 10 s. In
experiments with different loading rates, piezo displacement speed
was between 0.27 and 32 �m/s. At a piezo speed of above 2 �m/s
a hysteresis (separation) between approach and retraction in the
contact part of calibration curves was detected, possibly caused by
the inertial effects [27]. It linearly increased with the piezo speed
and achieved 90 nm at 32 �m/s. The �z0 parameter was corrected
for this effect.

2.4. FC processing

Adhesion force is neglected in the Hertz model, which is gen-
erally applicable to approach curves in AFM experiments. When
the maximum adhesive (pull-off) force Fad is large enough in
comparison with the maximum force Fmax applied during load-
ing, i.e. for |Fad/Fmax|> 0.05 [28], which is frequently observed
in retraction curves, Hertzian analysis is no longer valid and
models for adhesive contact of spheres should be invoked.
These models include the JKR (Johnson–Kendall–Roberts), DMT
(Derjaguin–Muller–Toporov), and Maugis models [28–30]. The JKR
theory is valid for compliant samples, large tip radii, and high adhe-
sion forces, while the DMT  theory is applicable to stiffer samples,
small tip radii, and low adhesion forces. These models actually
represent the two  extreme cases in adhesive interactions, and the
transition regime between these limits is described in the Maugis
model. The dimensionless Tabor parameter � = (R�2/E2�3)1/3 is
used to choose the suitable model [31]. Here, R is the radius of cur-
vature of the colloidal probe (the surface of the sample is considered
to be flat; roughness effects are small due to sample compliance),
� is the Dupré’s work of adhesion (surface energy per unit area), E
is the Young’s modulus of the sample (the sample is much softer
than the material of the probe), and � is the equilibrium separa-
tion between the surfaces (typically taken to be within a range
0.3–0.5 nm). Regions of applicability of the DMT  and JKR models
are defined by � < 0.1, and � > 5, respectively. For the typical experi-
mental setup, we obtain the Tabor parameter of � ≈ 200, so the JKR
model is preferred. The JKR model gives the following equations
for the indentation depth ı, the contact radius a and the maximum
adhesive force Fad:

ı = a2

R
− 4

3

√
aFad

RK
; (1)

[
R
(√ √ )2

] 1
2

a =
K

Fad + F + Fad ; (2)

Fad = 3
2
��R; (3)
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here K = (4/3)E(1-�2) is the elastic constant of the sample, and F is
he normal loading force [29]. Like the Hertz model, the JKR model
lso assumes the sample as purely elastic.

Raw AFM indentation data are presented in the form of can-
ilever deflection d (units of nm,  after the sensitivity value is applied
o the signal from the photodiode) as a function of the piezo dis-
lacement z (units of nm), where the cantilever base is attached.
he loading force was determined by multiplying the cantilever
eflection by its spring constant on the basis of Hooke’s law. The
ero force (zero deflection, d = 0) level was calculated by the linear
pproximation of non-contact regions for the approach and retrac-
ion parts of FC independently, and then it was subtracted from
hem. Both indentation ı and cantilever deflection d occur during
he piezo displacement z and (z – z0) = ı + d, so the reference point of
ero indentation z0 should be determined. In the approach curves
the Hertz model) this point coincides with the contact point, which
as determined as described previously [24]. In the JKR model,

ssumed for the retraction curves, the nonzero contact radius amin
nd negative indentation depth occur at maximum adhesion force
ad just before separation of the probe and the sample (jump-out
ontact). According to the model, the zero indentation point corre-
ponds to the point where F = − 0,89Fad. The JKR theory is applicable
nder thermodynamic equilibrium conditions only, so the loading
ata and the unloading data should follow the same path reversibly
although long-range force is required for jump-to-contact during
pproach). The computed FC following the JKR model is presented
n Fig. 1A. Tensile (F < 0), and compressive (F > 0) regions and the
pecial points are marked. On the experimental FCs (Fig. 1B–D),
he approach and retraction parts are clearly distinguished while
dhesion is observed only on retraction parts (except curves on the
AA gel in water on Fig. 1B). The tethering region is also frequently
bserved after Fad point during retraction.

are proposed for the processing of adhesion-containing force
urves with the JKR model [17]. Here, we used the measured values
f d to calculate fitted values of z, as proposed by Lin et al. [17]:

 = z0 + d + a2

R
− 4

3

√
aFad

RK
(4)

here Eq (2) should be substituted for the contact radius a. The
onlinear least squares fitter (NLSF) of Origin 6 (OriginLab, MA)
as used to fit the data. To decrease the number of iterations dur-

ng fitting, the values of E and z0 from the approach curve were used
s initial guess; also the Fad parameter was found before fitting as
he local minimum on the retraction curve. To summarize, the fol-
owing steps were implemented for the whole AFM force–distance
urves processing:

Identification of zero force level for both approach and retraction
curves;
determination of contact point z0app in the approach curve, esti-
mation of Young’s modulus Eapp by fitting the contact portion of
the approach curve with the Hertz model (an exception was  made
for the PAA gels in water, as described below);
determination of Fad in the retraction curve, estimation of the
zero indentation point z0retr and Young’s modulus Eretr by fitting
the contact portion of the retraction curve with the JKR model;
estimation of derivative parameters: the ratio Eapp/Eretr, the dif-
ference between zero indentation points during approach and
retraction �z0 = z0retr – z0app, the work of detachment (mechan-
ical work required to detach the probe from the cell, which

is obtained by integrating the area under the retraction curve
restricted to the tensile region), and the force decay in experi-
ments with the varying holding times. Some of these parameters
provide a quality assessment of sample viscoelastic properties.
B: Biointerfaces 134 (2015) 131–139 133

We observed instabilities in the tensile parts of some retraction
curves on cells and gels (Fig. S1), so only the compressive part was
used for fitting as proposed in [32]. It also seems that the upper part
of retraction curves obtained on cells (high loading forces) is mostly
affected by relaxation processes since it significantly deviates from
the Hertz model (Fig. 1D). So, the first 500 or 750 nm of the inden-
tation of approach curves and the corresponding part of retraction
curves were used for the fitting procedure in experiments with Vero
cells and PAA gels, respectively.

3. Results

3.1. PAA gels in water

The jump-to-contact phenomenon was observed in the
approach part of FCs obtained on the PAA gels in MQ water
(Fig. 1B). The attraction between the probe and the gel was observed
in the approach curves at distances of 100–200 nm from the
eventual snap-in (Fig. S2). Presumably, this is caused by a com-
bination of electrostatic and van der Waals attractive forces. The
pH of MQ  water was  ≈6 due to dissolved CO2 and silica glass
microspheres had a negative surface charge, primarily through
the dissociation of terminal silanol groups [33]. The PAA gels
should be electrically neutral because uncharged monomers are
used. However, it seems in our experiments as if they had a
moderate positive charge, possibly due to the presence of impu-
rities in the reagents, so electrostatic attraction with the probe
is arises. On the calibration curves obtained at the bare glass
surface, which has a negative charge in water, the electrostatic
repulsion was observed at the same distances 100–200 nm (Fig.
S2).

The JKR model was  applied both to approach and retraction
curves, which displayed some hysteresis. The maximum adhesion
force Fad was ∼50% larger on the retraction curves (1.2 ± 0.4 nN
versus 0.8 ± 0.3 nN on approach curves). The distributions of Eapp

(1000 ± 60 Pa), Eretr (1000 ± 80 Pa), �z0 (90 ± 50 nm)  and Fad were
close to normal (Figs. S3–S5), and the variability was low within the
data obtained on the one PAA gel sample (coefficient of variation
CoV ≈3%, 5%, 10% for Eapp, Eretr and Fad, respectively), but larger
variability was  found between the samples prepared on different
days (CoV ≈6%, 8%, 30%). Some subtle uncontrolled experimental
factors (temperature fluctuations, polymerization time and others)
could affect the PAA gel mechanical properties.

The effects of loading rate on Eapp, Eretr, Fad, and �z0 were exam-
ined by varying the piezo speed for a constant maximum load Fmax

(≈9–10 nN). At the highest speed used (32 �m/s), the hydrody-
namic force acting on the cantilever was observed as increased
separation between the non-contact parts of the approach and
retraction curves [34,35]. It was taken into account by the inde-
pendent determination of the zero force level for the approach
and retraction curves using corresponding non-contact regions. It
should be noted that the indentation rate is slightly lower than
the piezo speed (by ∼10% for this experiment setup) due to the
cantilever deflection at the post-contact region.

Both Eapp and Eretr increased with the piezo speed following
a weak power law with exponents 0.064 ± 0.003, and 0.11 ± 0.01,
respectively (Fig. 2A). The ratio Eapp/Eretr also increased from ≈0.95
to ≈1.15; it was ≈1 at speeds 1–2 �m/s. The indentation rate
dependence of Fad on approach and retraction curves was opposite
(Figs. 2B and S6). While Fad on approach curves gradually decreased
with piezo speed to near zero value at piezo speed 32 �m/s, Fad

on retraction curves had a local minimum at 1–2 �m/s  speed and
then increased. Jump-to-contact occurs when the force gradient
exceeds the stiffness of the cantilever, so the probe and the com-
pliant sample bulge toward each other. But at higher piezo speed
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Fig. 1. Computed force curve following the JKR model (A) and experimental FCs from the PAA gels in water (B), PBS (C) and from Vero cell (D). The special points on computed
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urve  are maximum load (Fmax), maximum adhesion force (Fad), zero load (F = 0), 

nd  corresponding fits (dashed and dotted lines) are presented on the experiment
eferences to color in this figure legend, the reader is referred to the web version of

his effect does not appear due to the system inertia, and Fad on
pproach curves decreases or vanishes. It seems that two  opposite
ffects are manifested in the retraction curves. Low indentation
ates led to prolonged contact time and higher work of adhesion
, while high indentation rates also resulted in higher � values
ecause of the viscoelastic losses at the probe-sample interface, as
ill be discussed later. The work of detachment was  proportional

o Fad and exposed the same behavior in all experiments (data not
hown). The parameter �z0 had a local maximum at a piezo speed
f near 10 �m/s  (Fig. 2C). Apparently, it is affected by both the sam-
le relaxation and the adhesion strength. The high adhesion force
esulted in strong deformation and overextension of the sample,
o measured �z0 values could be low and even negative. With an
ncrease in the indentation rate, the relaxation processes led to the
ncomplete recovery of the sample during the probe retraction, so

z0 values increased. Then, at higher indentation rates, the growth
f the adhesion force again could cause the decrease in �z0 values.
t medium indentation rates and adhesion forces, �z0 is close to
ero.

In order to investigate the influence of the holding time on the
tudied parameters, we varied the time of the probe-sample contact
etween approach and retraction from 0 to 10 s by maintaining the
iezo displacement at a constant value. This experiment was car-
ied out at a fixed indentation rate and maximum loading force Fmax

2 �m/s  and 9 nN, respectively). An increase in the holding time
ed to higher Fad values on the retraction curves (Figs. 3A, S7). It is
nown that the adhesion force may  increase with the holding time,
robably due to the relaxation of stresses stored in asperities at the

robe-sample contact, or due to the breakage of adsorbed layers of
ater molecules and ions between surfaces [36]. This fact can be

nterpreted as an increase of � over contact time to its equilibrium
alue.
isplacement (z0, ı = 0). Approach (black line) and retraction (red line) parts of FC
ves. The insert shows the �z0 parameter determination. (For interpretation of the
rticle.)

The force decay, which is caused by the gel relaxation,
was measured as a relative (in percent) decrease in the maxi-
mum  probe-sample interaction force after the holding period. It
increased during the first 5 s of holding and was less than 10% for
PAA gels (Figs. 3B, S7, S8). The ratio Eapp/Eretr was close to one and
nearly constant. The gel relaxation led to a decrease in the cantilever
deflection and a corresponding increase in the indentation depth
and contact area during holding, but it is quite small (≈1% change
in contact area per 10 s holding time) and so could be neglected.

The maximum adhesion force Fad on the retraction curves
increased gradually with the indentation depth (and, accordingly,
maximum load), while the other parameters were nearly constant
(Figs. 3C and S9). This fact can be explained by the elevated contact
time for the deeper indentations with a constant piezo speed.

3.2. PAA gels in PBS

The jump-to-contact was  not observed during indentations at
the piezo speeds used, so here the Hertz model was employed for
approach curve processing (|Fad/Fmax| ≈ 0). However, adhesion was
presented during retraction, so the JKR model was  used for retrac-
tion curve processing (|Fad/Fmax| > 0.05). The charges of the probe
and gel surfaces in PBS (pH 7.4) and in water (pH ∼6) should be simi-
lar. Apparently, the high ionic strength of a PBS solution (162.7 mM,
Debye length ≈0.76 nm)  decreases drastically the range of electro-
static attractive forces required for the jump-to-contact. Similarly,
there was  no detectable electrostatic interaction in PBS between
the colloid probe and bare glass (Fig. S2). High ionic strength could

also decrease the Hamaker constant and strength of van der Waals
interactions [37]. These facts may  also explain the ≈30% lower Fad
values observed on the retraction curves (at piezo speed 2 �m/s).
In general, the behavior of the parameters Eapp, Eretr, Eapp/Eretr, �z0,



Yu.M. Efremov et al. / Colloids and Surfaces B: Biointerfaces 134 (2015) 131–139 135

F
P

F
h
(
(
s
u
b
n
E
p
d

P
w
P
b
≈
t
t
b

ig. 2. Variation of the Fad (A), Eapp and Eretr (B), �z0 (C) with the piezo speed for
AA gels in MQ water, PBS, and PBS with 1% BSA. Error bars represent SD, n = 3.

ad was close to that in the experiments with different piezo speeds,
olding times and indentation depths for the PAA gels in MQ water
Figs. 2 and 3). However, 40% higher Eapp (1420 ± 90 Pa) and Eretr

1400 ± 100 Pa) values were observed, possibly due to different
welling of the PAA gels in the presence of salts [38]. These val-
es are in good agreement with the Young’s modulus E measured
y the rheometer for the PAA gels in PBS (1300 ± 250 Pa). The expo-
ents in the power law for the PAA gels in PBS were the same for
retr and twice as low for Eapp compared to the gels in MQ water,
ossibly due to the gel stiffening. For the same reason, the force
ecay was almost twice as low for the gels in PBS (Fig. 3B).

To reduce the non-specific interactions, 1% BSA was added into
BS prior to the measurements. After that, the measured Fad values
ere about 0.1–0.2 nN, which is 4–7 times lower than the values for

AA gels in the absence of BSA (Fig. S5). Here the Hertz model could
e applied to retraction curves (|Fad/Fmax| < 0.05, since Fmax was

5–10 nN). The application of the JKR and Hertz models gave almost

he same E values for such curves. BSA addition eliminates the hys-
eresis in the FCs caused by adhesion while the hysteresis caused
y bulk viscoelastic behavior is preserved (Figs. S6, S7, S9). Accord-
Fig. 3. Variation of the Fad (A), and force decay (B) with holding time; variation of
the Fad with indentation depth (C) for PAA gels in MQ  water, PBS, and PBS with 1%
BSA. Error bars represent SD, n = 3.

ingly, no differences were observed in the Eapp, Eretr and force decay
dependencies on loading rates, holding time and indentation depth
for gels in PBS with and without BSA (Figs. 2 and 3).

3.3. Vero cells in L-15 medium

The measurement of the mechanical properties of cells and gels
is generally similar, but there are certain differences as observed
in the experiments. As in the case of PAA gels in PBS, the jump-
to-contact was absent during cell indentations, so the Hertz model
was employed for the processing of the approach curves. Cell medi-
ums, including L15 medium (pH 7.4), typically have a high ionic
strength comparable to that of PBS, which is required for the cell
viability. Thus, the long-range electrostatic interactions are mainly

screened. Unlike the PAA gels, cells demonstrated huge variability
(CoV ≈70–90%) in Young’s moduli and Fad. Distributions of both
parameters in cell population were wide and close to log-normal
(Fig. 4A,B), which may  be an inherent cell property and was demon-
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Fig. 5. Variation of the maximum adhesion force between the colloidal probe and
Vero cells Fad with the indentation rate (A), contact time (B) and indentation depth
ig. 4. Distributions of Eapp and Eretr (A), Fad (B), and �z0 (C) of Vero cells at 2 �m/s
iezo speed. Solid lines represent log-normal (Eapp, Eretr, Fad) and normal (�z0)
istribution function fit.

trated in other studies on cells [24,39,40]. At the same time, �z0
arameter distribution was close to Gaussian with a center near
ero (Fig. 4C). No correlation between Eapp (or Eretr) and Fad was
ound (Spearman rank test coefficient, r = −0.031; p = 0.605), but

ignificant negative correlation between Fad and �z0 was observed
r = −0.466; p = 0.0001).

The adhesion force Fad increased with the indentation rate, hold-
ng time and indentation depth (Figs. 5, S6–9). Young’s modulus
(C). Error bars represent SD, n = 5.

increased with piezo speed following a weak power law with expo-
nents 0.1 for Eapp and 0.17 for Eretr (Fig. 6A), which is higher than
for the PAA gels. The �z0 parameter behaved in the same way as
in the experiments with PAA gels: it had a zero value at low piezo
speeds and then increased (Fig. 6B).

Cells demonstrated more viscous behavior than the PAA gels.
The force decay per 10 s achieved 30–40% (Fig. 6C). Indeed, for the
PAA gels, force relaxation can be roughly described by single expo-
nential decay in accordance with the standard linear solid model

[41], while for cells the power law decay model is more appropri-
ate [9,42,43]. The associated increase in the indentation depth and
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A) and �z0 (B) from the indentation rate. Dependence of the force decay from the
olding time (C). Error bars represent SD, n = 5.

ontact area due to the decrease in cantilever deflection achieved
6%, which may  contribute to the increase in Fad.

Contrary to the case of the PAA gels, the addition of 1% BSA to the
ell medium led to a significant (3–4 fold) increase in Fad. Accord-
ngly, a decrease in �z0 was observed. Otherwise, the functional
orm of the experimental dependencies did not change (Fig. S10).
he BSA concentration used (1%) is on the same order as the total
rotein concentration in a complete cell medium (with 10% FBS).

. Discussion
The retraction portion of FC contains information about both
he viscoelastic and adhesive properties of the material, but proper

odels should be applied for data extraction. Among the models
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that take adhesion into account, the JKR model seems to be the
most suitable for the majority of AFM experiments with colloidal
probes and soft samples like cells. Here, the applicability of the
JKR model was  tested on the PAA gels and Vero cells under differ-
ent experimental conditions. In general, the retraction curves fitted
well with the JKR model equation (Adjusted R-Squared ≈0.9–0.99).
However, instabilities in the tensile part of the curve and relaxation
at the upper part sometimes led to poor fit quality. The instabilities
in the tensile part may  be caused by surface roughness [32], and
membrane–cytoskeleton detachment in the case of cells, while the
compressive part should be less affected by these factors. Therefore,
here we used only the compression part of the retraction curves for
fitting.

The sample relaxation led to the violation of the JKR model
assumptions. This effect was especially significant at the upper part
of the retraction curves (Fig. 1D). Thus, processing of the whole
retraction curve will lead to huge overestimation of Young’s mod-
ulus [22]. Therefore, here we  excluded the upper part of the curve
and used only the first 750 nm of indentation for the PAA gels and
500 nm for Vero cells in the fitting procedure. This confinement
also helped to exclude the abnormalities associated with the finite
probe radius (the JKR model assumes a « R, which is violated at high
indentation) and finite sample thickness. The applicability of the
JKR model fit for processing the mid-range of the force curves was
shown in other works for elastomeric samples [32,44].

The two parameters were introduced for the comparison of
data obtained from the approach and retraction curves: the ratio
Eapp/Eretr and the difference between zero indentation points dur-
ing approach and retraction �z0. At 2 �m/s  piezo speed (the typical
piezo speed used here) the ratio Eapp/Eretr was close to 1 and �z0
was close to 0, which proves the applicability of the JKR model (Figs.
2 A,C and 6 A,B).

Growth of the Fad with the indentation rate can be explained in
the context of fracture mechanics [45–47]. In fracture mechanics
terminology, the contact line is commonly viewed as a crack. The
effective work of adhesion done while separating two surfaces is a
function of the crack propagation rate, which is in turn affected by
the local interfacial viscoelasticity. While the JKR model considers
the thermodynamic equilibrium case, in real experiments the vis-
coelastic losses at the probe-sample interface lead to an increase in
the effective work of adhesion with indentation speed. Accordingly,
an increase in Fad is observed on experimental FCs (Figs. 2B and
5B). The kinetics of adherence of viscoelastic bodies is now under
theoretical and experimental study, and a good correspondence
between theory and experiments was  obtained for such elastomer
as poly(dimethylsiloxane) [36,48,49]. However, cells with complex
internal structure (membrane, cytoskeleton, and cytoplasm) rep-
resent a more complicated case. And while the general trend in
Fad dependence is preserved, further investigations are needed to
clarify the applicability of the existing models. For example, it was
shown that for cells, growth of the Fad with the indentation rate
may  be observed if cell-to-probe adhesion is mediated by receptor-
ligand binding with a high receptor-ligand reaction rate [50].

Parameters Eapp, Eretr and �z0 are indentation rate-dependent;
this reflects the shortcomings of the Hertz and JKR models,
which do not take the viscous properties of the sample into
account. The growth of Eapp and Eretr and the hysteresis between
approach/retraction curves (Eapp/Eretr ratio) with indentation rate
(Fig. S6) is caused by the bulk viscoelasticity of the PAA gel sam-
ples and Vero cells and is less affected by adhesion. Indeed, when
the adhesion force on gel samples was diminished by the BSA
addition, the form of indentation rate dependencies of Eapp and

Eretr was  preserved (Fig. 2A). It was also preserved for cells with
medium and high (after BSA addition) adhesion. The power law
rate dependencies of Eapp and Eretr were observed previously, and
exponents for Eapp for cells are in the range of 0.1–0.3 [24,51,52].
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everal rheology experiments on cells have also shown that the fre-
uency dependent stiffness of the cells follows a weak power law
24,52,53].

Relaxation and creep take place during the indentation cycle and
ffect the contact area, so the shape of the approach and retraction
urves is modified and the Hertz/JKR model assumptions are vio-
ated. If the functional form of the relaxation is known then the
tress relaxation and creep compliance can be extracted from one
et of indentation data (whole FC) with proper equations, and both
he Hertz and the JKR models should be modified accordingly. Oth-
rwise, parameter �z0, Eapp/Eretr and the force decay at the chosen
ndentation rate and holding time can be used for the qualita-
ive evaluation of viscoelastic properties. Here, the more viscous
ehavior of cells was manifested in elevated values of the force
ecay and higher exponent values in Eapp and Eretr dependencies

rom indentation rate than in corresponding values for the PAA
els. The entire force–time decay curves (Fig. S8) can be processed
o extract more detailed relaxational responses [27,54]. Parameter

z0 is affected by both bulk viscous properties and the adhesion
orces, so its behavior is rather difficult to interpret. It could be
sed to determine plasticity (the force-induced irreversible defor-
ation) of the sample. Here we did not observe plasticity for either

AA gels or Vero cells, since the position of the contact point is
reserved for the FCs recorded within several seconds after the
revious measurement.

The adhesion forces between the cell or PAA gel and probe
ay  have different origins, including electrostatic, van der Waals,

ydrogen bonding and others [55]. All of them may  contribute to
he work of adhesion and to its change with the time of contact.
ince both cell and probe surfaces are charged negatively at neutral
H (cell due to sialic acid residues of glycoproteins and glycolipids

ocated at the cell surface in the glycocalyx layer [56]), the pos-
ibility of electrostatic bonds was low and electrostatic repulsion
ould arise. Electrostatic forces have a more significant effect in
Q water, and are mostly screened in PBS and cell medium due

o high ionic strength. Long-range electrostatic attraction between
he probe and PAA gel was observed in MQ  water. It could be han-
led as suggested in [57] for the case of non-contact repulsion.
he long-range repulsive (or attractive) force is assumed to reach

 maximum value at the point of contact and then be constant
hroughout the indentation cycle. Consequently, the force curve
n the contact region is simply offset by a distance correspond-
ng to the maximum repulsive force, which has no effect on the
lastic response of the sample. A similar approach can be used
or the treatment of attractive forces. In that case, the measured
ad value is the sum of long-range attractive forces and short-
ange adhesion forces, while measured E values should not be
ffected.

Growth of Fad with holding time can be explained by the
on-equilibrium conditions in the sample-probe system. After
ample-probe contact is established, the work of adhesion �
ncreases to its equilibrium value, probably due to the relaxation
f stresses stored in asperities at the probe-sample contact or due
o the breakage of adsorbed layers of water molecules and ions
etween surfaces [36]. For cells, the equilibrium, if actually possi-
le, can only be achieved on a very long timescale. It was shown,
hat growth in Fad value occurs even at 60 min  holding time [58]. It is
xplained with the ability of cells to build specific protein contacts
ith the probe surface.

Since the adhesion between the sample and the probe only
evelops over time, it is an interesting question to determine
hen exactly Hertzian contact turns into JKR contact, and whether
dhesion could affect approach curves (Eapp) or not in case when
ump-to-contact is not presented. According to our data, the adhe-
ion did not affect the measured Eapp values: in experiments with
AA gels we did not observe significant changes in Eapp (and also
B: Biointerfaces 134 (2015) 131–139

Eretr) before and after BSA addition, which led to a significant
decrease in adhesion force. Also, in experiments with cells, no cor-
relation between Eapp and Fad were found. Moreover, BSA addition,
which causes an increase in adhesion force, did not lead to the sig-
nificant alteration of Eapp values. It seems that the contact area
follows the Hertz model during the approach, if jump-to-contact
is not observed. Without long-range forces, the adhesion bonds
are formed only inside the Hertz contact area. And when retrac-
tion starts, the contact begins to follow the JKR model due to the
presence of the adhesion. However, the transition from Hertzian
to JKR contact is complicated due to sample bulk and interfacial
viscoelasticity (relaxation and crack propagation).

Adhesion forces between the probe and sample can be reduced
by different ways. For example, detergent can be added to the
medium to eliminate interfacial forces [44]. Here, the addition of
1% BSA solution greatly lowered adhesion between the probe and
PAA gels due to BSA’s ability to block the hydrophobic and charged
binding sites on the surfaces (Fig. S5). However, the adhesivity of
Vero cells increased in the presence of BSA. The above results show
that presence of proteins in the medium also affects probe-cell
adhesion, which may be connected with endocytosis-associated or
receptor-ligand binding events on the cell surface. It was  shown
that probe hydrophobization can decrease adhesion to the cell sur-
face [9], but not completely, and this effect can be cell specific [59].
Overall, cell adhesion is a very specific matter and can be affected by
cell type, probe material, medium composition and other parame-
ters.

5. Conclusions

The indentation rate, depth and holding time dependencies of
adhesion forces indicate that AFM indentation experiments on
gels and cells are performed under non-equilibrium conditions.
Both bulk and local interfacial viscoelasticity can affect the mea-
surements. In the AFM experiments with cells, the tip-sample
equilibrium is elusive due to the complicated nature of the surface
interactions, including protein-bond formation and endocytosis.
Still, the JKR model fits the retraction part of FCs acquired at
medium indentation rates (1–8 �m/s) and low holding times (up
to 10 s) well enough to extract data about the mechanical proper-
ties of the samples, including maximum adhesion force, Young’s
moduli and the point of zero indentation. A comparison of these
parameters with the data from the approach part of FCs may  allow
the assessment of viscoelastic properties of the sample.

The observed maximum adhesion force depends on the probe-
sample contact time and loading rate. A higher contact time and
loading rate lead to an increase in adhesion due to the complex
nature of the probe-sample contact. The medium composition
(ionic strength, presence of proteins) also impacted the adhesion
force by regulating the probe-sample interaction.
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