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Frictional properties of native and fibronectin (FN)-functionalized type I collagen (COL) thin films
were studied via atomic force microscopy. The COL lateral contact stiffness was dependent only on
the hydration state, indicating that shear deformation was invariant with FN. In contrast, the COL
coefficient of friction and shear strength varied with both functionalization and hydration state. The
changes in shear strength were found to correlate well with changes in mean cell spread area on the
same thin films, suggesting that shear strength is a better indicator of cell spreading than heretofore
considerations of film, and thus extracellular matrix, stiffness alone. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4824685]

The development, growth, and maintenance of normal
tissue in the body are enabled by interactions between cells
and the extracellular matrix (ECM).1 These interactions are
dictated not only by the composition of the ECM and the
specific integrin receptors on the cell but also by the mechan-
ical properties of the ECM.” As a result, it is necessary to
study the mechanical properties of ECM constituents and
correlate the properties to the cell response, as the resulting
cell behavior-ECM properties relationships facilitate an
improved understanding of cell migration, proliferation, and
differentiation. In particular, the mechanical properties of
collagen (COL) and fibronectin (FN) are of great interest, as
they represent two of the most common proteins in the
ECM. A number of groups have studied the folding and
unfolding of single molecules and fibrils of COL and FN
using atomic force microscopy (AFM),>”” and in doing so,
gained quantitative insight into molecular and sub-molecular
properties (e.g., Young’s modulus, Poisson’s ratio, contour
and persistence lengths). However, there are obvious diffi-
culties related to investigating cell behavior on single mole-
cules or fibrils and thus with establishing the aforementioned
behavior-properties relationships. As a result, recent work
has focused on the development of robust and reproducible
thin films of COL fibrils®’ to more readily examine the
effects of ECM composition and mechanics on cell
behavior.'®"* More specifically, these model ECMs were
used to correlate the normal contact stiffness, often inter-
preted in terms of Young’s modulus, to cell spreading on
COL films subjected to dehydration,'™'" low and high vac-
uum,]2 and FN-functionalization.”® In this Letter, we study
the shear contact properties of native and FN-functionalized
type I COL films with AFM and correlate the properties with
mean cell spread areas on the same films, as cells are known
to generate lateral movement of the ECM.'® A key feature
of our approach is the separate determination of the lateral
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contact stiffness of the films, characterizing the resistance of
the films to shear deformation, and the shear strength of the
film-AFM probe interface, characterizing the resistance of
the interface to failure. Previous studies have focused on the
former, the reversible deformation of the contact; here, we
extend these studies to consider the irreversible failure of the
contact, associated with adhesive instability and fracture.
Type I COL thin films with and without FN were depos-
ited as previously described.”'*'? Briefly, acidified COL
monomer was diluted to 300 pug/ml using phosphate buffered
saline (PBS) and further neutralized with sodium hydroxide.
The resulting solution was incubated on 50mm bacterial-
grade polystyrene dishes overnight at 37 °C to facilitate COL
polymerization and fibril assembly on the surface. Excess
COL solution was aspirated from the sample, and the remain-
ing surface-adhered COL was rinsed with PBS and >18.2 MQ
cm deionized (DI) water. COL films were then exposed to a
stream (30 s to 60s) of filtered N, to remove excess DI water
from the fibril surface, which resulted in a COL film with
large (=200 nm in diameter) fibrils on top of a bed of smaller
(/75 nm in diameter) fibrils.>® At this time, the samples were
divided into two groups: the “untreated” COL films were
stored in PBS at 4°C and the “dehydrated” COL films were
dried for 24 h in a laminar flow hood and then stored in PBS
at 4 °C (the dehydration is not physiologically appropriate, but
does facilitate changes to mechanical properties without dras-
tically altering integrin recognition or surface topography,
thereby enabling cell behavior-mechanical property relation-
ships that are physiologically relevant). Samples from each
group were also incubated in 3ml of a 25 ug/ml PBS-based
FN solution for 24 h prior to storage in PBS at 4 °C, thus form-
ing both untreated COL/FN and dehydrated COL/FN compos-
ite films. FN binds to COL'* via a site about 30kDa from the
amino terminus on the FN'° and residues 757 to 791 on the
COL."*" Intermittent-contact mode AFM images of some of
the COL films are shown in Fig. 1, both in PBS solution and
in air at 25°C. In Figs. 1(a) and 1(b), the images of the
untreated and dehydrated COL in PBS highlight the large

© 2013 AIP Publishing LLC
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fibrils and the reduction in film thickness from the dehydration
procedure (FN has a negligible impact on film topography, as
shown previously with AFM"). In Figs. 1(c) and 1(d), the
images in air reveal the smaller fibril bed and the expected
periodic banding patterns in the large fibrils.” !

Lateral force measurements on the films were also car-
ried out in an AFM in PBS solution at 25 °C using both col-
loidal sphere and sharp probe tips. In the colloidal probe
experiments, a gold sphere (~25um in diameter) was
attached to the end of a rectangular AFM cantilever using a
two-part, room temperature epoxy. The torsional spring con-
stant k., of the colloidal probe was obtained via the cali-
brated reference cantilever method'® in air; kiey at the bottom
of the sphere was found to be 0.98 = 0.07 N/m using a sepa-
rate reference cantilever with a normal spring constant of
1.84 =0.09N/m (unless stated otherwise, experimental
uncertainties are one standard deviation of the sample popu-
lation mean). The lateral optical lever sensitivity Sj., of the
colloidal probe was then acquired by laterally pressing the
equator of the sphere against a rigid surface in PBS solution;
Siev at the bottom of the sphere was 0.019 = 0.001 V/nm. In
the sharp probe experiments, cantilevers with integrated
gold-coated probe tips (=60 nm in diameter) were used. ki
values for the sharp probes were determined via torsional
beam theory.l9‘20 The geometric properties (length, thick-
ness, width, and tip height) for this approach were found
with confocal microscopy and scanning electron microscopy,
whereas the mechanical properties (Young’s modulus and
shear modulus) were found from the measured normal spring
constants®' coupled with flexural beam theory; the latter
analysis resulted in an average Young’s modulus of 146 GPa
and a shear modulus of 56 GPa (assuming a Poisson’s ratio
of 0.30), in good agreement with results for silicon nitride
cantilevers.?? ko, ranged from 0.9 N/m to 1.1 N/m. The mul-
tiple location pivot method>® was then used to obtain the lat-
eral force sensitivities T, for the sharp tips in PBS solution;
Tiey varied from 0.14 =0.02V/nN to 0.16 =0.02 V/nN
(uncertainties represent the standard error in the method fit).

+150

Small fibrils

Large fibril Periodic banding pattern
FIG. 1. Intermittent-contact mode AFM images of the COL films in (a) and
(b) PBS solution and (c) and (d) air at 25°C. In PBS solution, the images of
the (a) untreated and (b) dehydrated COL films highlight the large fibrils and
the reduction in film thickness from dehydration. In air, the images reveal the
(c) small fibril bed and the (d) periodic banding patterns in the large fibrils.
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Figure 2 shows the lateral force measurements on the
COL films with a gold colloidal probe; this probe type allows
for measurement of mechanical properties over areas similar
to cell spread areas, which translates to contact with the
small fibril bed and several large fibrils as shown schemati-
cally in Fig. 2(a). Friction loops in the trace (upper, probe
moving left) and retrace (lower, probe moving right) direc-
tions for the untreated and dehydrated COL films with and
without FN at a normal force F,,=0.27nN are shown in
Fig. 2(b). In all four loops, smooth sliding is observed over a
majority of the trace (i.e., the lateral force F is constant over
the lateral displacement x). However, there are several
instances of stick-slip behavior, particularly for the untreated
COL films, likely as the tip interacts with (and detaches
from) the large fibrils on the COL surface. Several stick-slip
events exhibit multiple instabilities, indicative of multiple
fibrils attached to the probe tip in parallel.>* Average values
for Fy as a function of F,, are shown in Fig. 2(c). Overall, Fy
varied almost linearly with F,, for all films (for clarity, only
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FIG. 2. (a) Schematic diagram of a colloidal probe in contact with a COL
film. F¢ as a function of (b) x and (c) F,, for the untreated and dehydrated
COL films with and without FN. In (b), smooth sliding and stick-slip behav-
ior with multiple instabilities are observed. In (c), F varies linearly with F,
for all films; the solid line represents a linear fit to the untreated COL/FN
data, with p as the slope.
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TABLE I. The extracted values for p, kg, and t for the untreated and dehydrated COL films with and without FN. A values taken from Ref. 13. Uncertainty
values represent the standard error in the fit or one standard deviation of the mean.

Untreated COL Untreated COL/FN Dehydrated COL Dehydrated COL/FN
s 0.43 +0.02 2.85+0.19 0.32 +0.01 0.94 +0.25
kep (N/m)° 0.03 =0.01 0.03 +0.01 0.05 +0.01 0.05 +0.01
7 (kPa)® 145.6 = 12.5 303.1 =43.0 327.1+132 871.5 + 100.4
Acs (um?>)° 2919 + 345 4071 + 323 5458 + 87 6883 + 326

“Standard error in the fit.
®Standard deviation of the mean.

one fit line is shown). Two potential reasons for the linearity
include: (1) plastic deformation in the films® or (2) elastic
deformation between the AFM probe tip and multiple
fibrils.?® In (1) and (2), Ff can be represented by Fy= uF,,
where the complexity of the coefficient of friction y can vary
from something as simple as the ratio of shear strength to
yield strength25 to something dependent on many geometric
and material properties.?® Despite the difficulties in interpret-
ing p, the values show a clear dependency on both the hydra-
tion state and the presence of FN, as shown in Table L.

The dehydrated COL films exhibited a slightly smaller
average Fy than the untreated COL films, particularly at larger
F, as shown in Fig. 2(c). The decrease in F is likely due to a
two-fold change in the COL films as a result of the dehydra-
tion. First, there is a considerable increase in the Young’s
modulus and decrease in the thickness of the small and large
fibril beds,'®!" both of which lead to smaller contact areas A
and therefore smaller Fy. Second, the dehydration process
greatly reduces the mobility of the large fibrils; in previous
work,27 untreated COL fibrils were displaced with F, of 5nN,
whereas dehydrated COL fibrils could not be displaced with
the maximum F,, available with the AFM instrument and tip,
indicating that the dehydrated fibrils are far more likely to ex-
hibit smooth sliding and the associated smaller F; values as
shown in Fig. 2(b). The addition of FN to the COL was found
to have a much greater effect on the lateral force; F increased
by ~4x and ~3x for the untreated and dehydrated COL
films, respectively. The dramatic increases associated with FN
are not due to changes in the topography or Young’s modulus,
as the size of the fibrils is invariant and the Young’s modulus
increases,13 the latter leading to a decrease, not an increase, in
A, and F. Therefore, the changes in Fy cannot be solely due to
the factors above.

Figure 3 shows the lateral force measurements on the
COL films with a sharp probe tip. As shown schematically in
Fig. 3(a), the sharp probe is different than its colloidal coun-
terpart in that it interlocks and manipulates individual fibrils
instead of resting on top of them. This is clear from the fric-
tion data in Fig. 3(b), as the number of stick-slip events with
a single instability increased. These events are separated by
100s of nm, which represents distances much larger than
those reported by Gutsmann ez al.*® for individual COL mol-
ecules (namely, 78 nm for the major binding distance and
22 nm for the minor binding distance). Thus, the events are
likely due to interactions between the probe tip and entire
COL fibrils, as opposed to interactions between the probe
and individual COL molecules. The total lateral stiffness k.
of each fibril is the slope of the load-displacement behavior

for each stick-slip event. The fibril contact stiffness kg, can
be calculated from ki, and ko by kgp = (1/kor — 1kiey) .
However, because ki, > kioi» kap = kior. Moreover, Fy varied
sublinearly with F, for all films as shown in Fig. 3(c), in
agreement with contact mechanics models based on adhesive
contact in the presence of interfacial forces. As a result, Fy is
related to the interfacial shear strength © by Fy=1tA., with
the relationship between A. and F, defined by an appropriate
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FIG. 3. (a) Schematic diagram of a sharp probe in contact with a COL film.
Fy as a function of (b) x and (c) F, for the untreated and dehydrated COL
films with and without FN. In (b), there are a number of stick-slip events
with a single instability, the slope of which are k. In (c), F¢ varies subli-
nearly with F, for all films; the solid line represents a fit to the dehydrated
COL data using the JKR model, with 7 as the fitting parameter.
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contact model (here, the Johnson—Kendall-Roberts (JKR)
model?). The lone fitting parameter is 7, as the Young’s
moduli and works of adhesion are known from earlier
work,13 and the probe radius and Poisson’s ratio are taken
from nominal or assumed values.”

As shown in Fig. 3(b), the friction traces for the dehy-
drated COL films were much different than those for the
untreated COL films. In particular, k, (and hence kgp)
changed from 0.03 N/m = 0.01 N/m for the untreated COL to
0.05N/m £0.01 N/m for the dehydrated COL. Therefore,
the dehydrated COL fibrils are almost twice as stiff as the
untreated COL fibrils, as shown in Table I. McDaniel et al.'°
reported kg, for similar untreated and dehydrated COL films
up to an order of magnitude less than those here. However,
in that study, kg, was ascertained using normal force spec-
troscopy, signifying that a stiff cylindrical beam on a compli-
ant elastic foundation may be more compliant in the normal
direction than in the lateral direction. Despite the differences,
it is clear that the dehydrated fibrils are stiffer than the
untreated fibrils due to an increase in the interfibril attractive
forces.>' Specifically, the absence of water results in addi-
tional and shorter intramolecular hydrogen bonds, which
bring about a stiffer molecular structure.'®**2* As shown in
Fig. 3(c), both data sets are well-described by the JKR model
(for clarity, only one fit line is shown). From the JKR fits, t
was found to increase from 145.6kPa = 12.5kPa for the
untreated COL to 327.1kPa = 13.2kPa for the dehydrated
COL, providing further evidence that dehydration results in
films more resistant to shear forces.”” The addition of FN to
the COL did not have an impact on kg, but did result in a
~2x and ~3x increase in 7 for the untreated COL and dehy-
drated COL, respectively. The dehydrated COL is more dis-
posed to FN-based changes to t than the untreated COL;
variations in the conformational state of FN>*3° from
changes in the surface and bulk properties of the COL'* may
explain the differences in the increase to 7. Despite the dif-
ferences, the increases from FN are in good agreement with
the increases for other functionalized COL, which range
between 1.2x and 12x.%"7% Additionally, the increases in
7 from FN elucidate the increases in F; observed with the
colloidal probe in Fig. 2.

Chen et al."® investigated fluorescence microscopy
images of A10 rat aortic vascular smooth muscle cells
(vSMCs) labeled with Texas Red-C2-Maleimide after 24 h
incubation on the same series of COL films. The mean
vSMC spread area A increased in the following order: (a)
untreated COL, (b) untreated COL/FN, (c) dehydrated COL,
and (d) dehydrated COL/FN. Interestingly, t increases as A
increases, as shown in Table I. The significance of shear
properties on cell behavior was qualitatively recognized by
McDaniel ez al.'® via time-lapsed images of vSMCs on COL
films; the images provided visual evidence that cells initiate
lateral movement of individual COL fibrils on the order of
lum to 5pum. Spurlin et al?’ also acknowledged the
importance of shear properties on cell behavior via lateral
movement experiments on untreated, dehydrated, and
transglutaminase-functionalized COL. The observations,
although informative, could not distinguish unambiguously
which of the mechanical properties of the film in shear was
determining cell response. Heretofore, film normal stiffness,

Appl. Phys. Lett. 103, 143703 (2013)

often interpreted in terms of Young’s modulus but linearly
related to film lateral stiffness, has been regarded as the pri-
mary factor in determining cell behavior; the lateral motion
induced in the COL fibrils comprising the film implies
that resistance to deformation must play a role in cell
motion.'®"® However, without quantitative F; measure-
ments, the role of resistance to adhesive shear failure
between the cell and the fibrils could not be assessed. Such
failure occurs when the rate of mechanical energy decrease
on cell-fibril deformation exceeds the rate of cell-fibril sur-
face energy increase at the contact.”” Here, this instability
was characterized by the frictional shear strength t: The
much stronger correlation between t and A, than between
kgp and A ¢ suggests that changes in cell spreading are deter-
mined by considerations of both deformation and adhesion
rather than deformation alone.

In summary, the frictional properties of untreated and
dehydrated COL with and without FN were investigated via
AFM using colloidal sphere and sharp probe tips. In both
cases, the Fy curves revealed stick-slip events from the tip
interacting with COL fibrils; the colloidal probe tip inter-
acted with multiple fibrils in parallel, while the sharp tip
manipulated individual fibrils. The resulting kg, values were
dependent only on the hydration state, indicating that FN
does not have an appreciable impact on the bending proper-
ties of the COL fibrils. In contrast, ; and T were dependent
on both the hydration state and the FN, signifying that the
shear properties are changed by functionalization and dehy-
dration. The changes in T were found to correlate well with
the changes in A, suggesting that 7 is a much better indica-
tor of cell behavior on COL films, and thus the ECM, than
considerations of stiffness alone. Future work on other ECM
proteins will investigate this possibility, and in doing so, ena-
ble similar behavior-property relationships to be established.

K.H.C. acknowledges financial support from the
National Research Foundation of Korea (NRF) Grant funded
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