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The mechanical cues that adherent cells derive from the extracellular matrix (ECM) can effect dramatic changes in cell
migration, proliferation, differentiation, and apoptosis. Model ECMs composed of collagen fibrils formed from purified
collagen are an important experimental system to study cell responses to mechanical properties of the ECM. Using a self-
assembled model system of a film composed of 100—200 nm diameter collagen fibrils overlaying a bed of smaller fibrils,
we have previously demonstrated changes in cellular response to systematically controlled changes in mechanical
properties of the collagen. In this study, we describe an experimental and modeling approach to calculate the elastic
modulus of individual collagen fibrils, and thereby the effective stiffness of the entire collagen thin film matrix, from
atomic force microscopy force spectroscopy data. These results demonstrate an approach to the analysis of fundamental
properties of thin, heterogeneous, and organic films and add further insights into the mechanical and topographical

properties of collagen fibrils that are relevant to cell responses to the ECM.

Introduction

Collagens are a family of cell-adhesive proteins that are a major
constituent of the extracellular matrix (ECM).! Cells interact
with ECM proteins such as collagen primarily through integrin
receptors, and the ligation of specific integrins in part deter-
mines cell response to the local physiological environment by
initiating intracellular signaling events. In addition to the role
of ECM receptor ligation, many studies have also shown that
the mechanical properties of the ECM can have a great in-
fluence on cell responses such as migration, proliferation and
differentiation.””°

Thin films of Type I collagen have allowed us to examine the
effects of changes in mechanical properties of collagen on cell
response without altering receptor engagement or collagen supra-
molecular structure.*” Films of collagen are formed by self-
assembly of collagen at hydrophobic surfaces such as alkanethiol
monolayers’ or untreated polystyrene.® Collagen monomers
adsorb at hydrophobic surfaces and at sufficiently high solution
concentrations apparently nucleate the self-assembly of fibrils of
100 to 200 nm in diameter. These larger fibrils appear to grow out
of, and sit on top of, a layer of smaller diameter (< 50 nm) fibrils.
In addition, we have illustrated that collagen fibrils formed by the
neutralization of acid-solubilized collagen monomers form fibrils
that have a supramolecular structure and banding pattern
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(Supporting Information, Figure S1) similar to those seen in
collagen gels and in vivo.’ These structures are consistent with colla-
gen structures that exist in vivo and with structures in collagen
gels.!

Studies with collagen films have strongly suggested that the
mechanical properties of the larger collagen fibrils play a critical
role in determining cell response.® At an overall thickness of
approximately 600 nm, films of collagen allow for clear micro-
scopic observations of cells moving and reorganizing the larger
collagen fibrils. Furthermore, cells on collagen films exhibit the
same responses as cells on collagen gels with respect to integrin
engagement, and measurements of cell spreading and prolifera-
tion rates, tenascin-C gene expression, and other indicators of cell
signaling responses®’"'* are unaltered. These quantitative data
strongly suggest that the mechanical signals provided by collagen
gels are generated in a fibrillar matrix that provides mechanical
signals from nano- and microscale structures similar to those
occurring in the ECM.

There are many examples of altering, and measuring, bulk
properties of cell culture materials, and relating material proper-
ties such as elastic modulus to particular cell responses.!'! Such
material properties are considerably more difficult to measure at
the nano- and microscale, particularly under physiological aqu-
eous conditions. Yet itis likely that responses to materials at these
very small scales are highly relevant to cell biology, as they are on
the scale of cellular structures such as focal adhesions. In this
report, we present atomic force microscopy (AFM) measure-
ments in imaging and force spectroscopy modes, together with a
mathematical model, to estimate the elastic modulus of collagen
films. The model considers the films as two-layer composites com-
posed of an underlying bed of smaller fibrils covered with a layer
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of larger fibrils. The properties of both layers were determined
independently from AFM force spectroscopy measurements
using a sharp probe, and the predicted properties of the composite
structure were validated by direct measurement using a colloidal
probe. The report examines the nanoscale mechanical properties
of collagen that might be sensed by cells and affect cellular
response to the ECM.

Materials and Methods'?

Preparation of Collagen Thin Films. Thin films of Type I
collagen were prepared on alkanethiol treated gold coverslips
from an acid stabilized monomer stock solution (Purecol, Nutacon
BV, Leimuiden, Netherlands) as described previously.®” The
fibrils were formed by noncovalent association of collagen mono-
mers at neutral pH and were not additionally cross-linked in any
way. Our protocol was to briefly expose the films to a stream of N,
to cause the fibrils to collapse onto the surface in a reproducible
manner. Collagen samples prepared in this way consist of small
fibrils that grow on the surface of the coverslip and allow the
polymerization of large fibrils to occur (Figure 1).”'*~'5 Samples
were kept under phosphate buffered saline (PBS) solution and
stored at 4 °C until use. Hydrated samples were warmed to
ambient temperature and examined with AFM under PBS. To
generate a dehydrated condition, samples were dehydrated by
removing the PBS, rinsed with H,O, and then air-dried for 24 h on
the AFM stage. The dehydrated samples were then recovered with
PBS for an additional 24 h before AFM measurements. The
coverslips had six square scratch marks (40 um x 40 um) inscribed
on them using a diamond indentation probe, so the same sample
regions could be located through the use of an inverted micro-
scope before and after dehydration.

AFM Topographical Imaging. All AFM experiments were
conducted at the NIST Advanced Measurement Laboratory in
which the temperature was set at 20 °C and controlled within
0.02 °C. To reduce thermal drift, samples were allowed to equili-
brate at room temperature for 24 h before collecting data at each
condition tested. An MFP-3D AFM (Asylum Research, Santa
Barbara, CA) attached to an inverted optical microscope was used
to collect images in intermittent contact mode at a linear scan rate
of 0.1—0.3 Hz using silicon nitride cantilever probes (Biolever,
Olympus, Tokyo) with spring constants ranging from 0.023 to
0.026 N m~'. The shape of the tip was directly determined by
scanning electron microscopy. The probe tips were paraboloids of
revolution, with cross-sectional radii, p, given by p* = 4kh,, where
he 1s the contact depth of the tip measured from the apex and k is
the parabolic constant. For the tips used here, k& was approxi-
mately 3 nm, leading to tip radii of approximately 20 nm. From
AFM images, the surface roughness and the height of the large
fibrils were determined at the same locations before and after
dehydration. The surface roughness of the regions with small
fibrils was also calculated by segmenting the regions correspond-
ing to the large fibrils and removing their contribution from each
image.

AFM Force Spectroscopy Measurements on Individual
Collagen Fibrils and Fibril Bed. From AFM images of the
collagen films collected using the references markings described
above, force spectroscopy measurements were performed before
and after dehydration using the probes used for imaging. Such
measurements provide the force exerted by the probe tip on the
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Figure 1. (a) AFM image that indicates both large collagen fibrils
and a bed of small collagen fibrils are present in the samples.
(b) Schematic diagram illustrating the structure of the collagen thin
film. In previous studies performed by our laboratory”'? and
others,'*! the large collagen fibrils were observed to grow out of
the small bed of fibrils.

sample as a function of the imposed displacement of the canti-
lever. For indentation contact experiments, such as conducted
here, the force, P, and penetration, /4, of the tip into the sample
surface are taken as positive when directed into the sample. The
force-displacement data were converted into force—penetration
data by subtracting the cantilever deflection from the displace-
ment. Force—penetration data were obtained for both the indi-
vidual larger collagen fibrils (100 to 200 nm diameter) and on the
underlying bed of smaller fibrils (< 50 nm diameter) attached to
the substrate (Figure 1).

To obtain an average value of the modulus for the bed of small
fibrils, 40 force—penetration curves were collected at different
locations on the bed of small fibrils before and after dehydration.
The indentation modulus, Es* , of the bed of small fibrils was
determined by fitting the curves to the relation appropriate to
indentation by a parabolic probe:'®

4 .
P= §E5(2k)1/2h3/2 (1)

For an isotropic material (as assumed here), the indentation
modulus is given by E;k = Es /(1 — vg?), where Eg and vg are the
elastic modulus and Poisson’s ratio, respectively, of the bed of
small fibrils.

To ensure the force—penetration data were collected from the
center of an individual large fibril, force—penetration data were
first obtained across the fibril using a small normal peak force
(0.5 nN) and the position with the least hysteresis chosen as the
fibril center (Supporting Information, Figure S2). Between 10 and
20 force—penetration measurements to various peak forces ran-
ging from 0.1 nN to 2 nN were performed for the large fibrils using
an imposed probe displacement rate of 0.5 um s~ . Before each
experimental trial, probe deflection sensitivities were calibrated
on glass substrates and probe cantilever spring constants were
determined using the thermal method.!” The longitudinal elastic
modulus, Ey, of the long fibrils was determined by fitting the
force—penetration measurements to a relation appropriate to a
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stiff cylindrical beam on a compliant elastic foundation'® (see
Supporting Information):
3 4
oY (2
R R

where R is the radius of the large fibril and k& is the foundation
modulus of the bed of small fibrils, given by

1/2

P = 4.30E k4 RN/A 2)

B (1—vs)Es _ Eg(1—vs)’
ko = (I+vs)(1—2ve)H (IS—2VS)H (3)

and A is the foundation thickness. The thickness of the bed of
small fibrils was estimated by force spectroscopy from the pene-
tration at which indentation substrate effects were evident as
significant contact stiffening. This thickness is a lower bound due
to the possible presence of compressed small fibrils between the
probe and substrate even at large forces.

AFM Force Spectroscopy Measurements on Collagen
Thin Films. Colloidal probe force—penetration data were col-
lected on the thin films before and after dehydration to obtain
mechanical information averaged over a larger probe area. The
experiments were performed over a peak force range of 5 nN to
300 nN at an imposed probe displacement rate of 0.5 ums™ ' using
30 um diameter gold coated silicon colloidal probes (Novascan,
Ames, TA) with normal spring constant of 1.29 N m~!. About
20 force—penetration curves were obtained on ten randomly
selected regions to determine average collagen thin film modulus
values. Colloidal probe deflection sensitivities and spring con-
stants were determined as stated above for the AFM probes.

Statistical Analyses. All experimental measurements are
reported as mean + standard deviation. Effects of dehydration
on film topography, dimensions, and properties were determined
by paired or unpaired Student’s #-tests at a significance level of
p =0.05.

Results

All data presented are the results of measurements performed
on collagen films submersed in aqueous solution. To enable
evaluation and interpretation of AFM data on collagen films,
we measured films that were kept fully hydrated at all times, and
films that were allowed to dehydrate for 24 h prior to being
submersed in aqueous solution and measured. We have pre-
viously shown that collagen films that are allowed to dehydrate
in air for more than a few hours provide a mechanically
stiffened environment to cells, even after having been replaced
in aqueous medium for periods of days.® Cells are observed to
physically manipulate collagen fibrils but can no longer do so if
the films have been dehydrated. Cells on dehydrated films
become well-spread and proliferative as is consistent with their
response to a stiff matrix, and nanoindentation measurements
of dehydrated large fibrils reveal increases in their contact
stiffness.® By comparing the properties of fully hydrated and
dehydrated collagen films we hope to develop greater insight
into the properties of collagen fibrils that are likely to be
important to cell response.

Collagen Matrix Topography. As a first step in under-
standing the nanomechanical properties of collagen fibrils,
AFM imaging was used to examine the nanoscale topography
(Figure 2) with respect to the height of the fibrils and the
roughness of the surface. These data are summarized in Table 1,
and are used in subsequent models. For these analyses we chose
areas in which extensive interactions between larger fibrils were
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minimized. An example of such a region is shown in Figure I.
While these regions had less fibril coverage than most areas, the
selection simplified the quantitative analysis of individual fibrils.

The centerline average roughness (R,) from five (5 um x 5 ym)
scans of fully hydrated collagen films was R, = 67 £ 13 nm. Cross-
sectional height profiles were also collected from 21 selected fibrils
from five AFM images of fully hydrated fibrils as indicated in
Figure 2a (area analyzed is indicated by L—L'). The mean height
of the entire field was obtained by least-squares analysis, and was
subtracted from the profiles. To obtain a better representation of
the height of each large fibril, each height was determined by
averaging 10 profiles taken across the fibril at different positions
along its length. The average height of these isolated fibrils was
147 £ 18 nm.

We also examined these same areas after allowing the films to
dehydrate on the AFM stage. Dehydrated films showed signifi-
cantly different topography. Previous reports have suggested an
important role for water in fibril packing and mechanical stiff-
ness.'>? After dehydration, average roughness was observed to
decrease to R, = 47 £ 9 nm, and the average height of the large
fibrils decreased to 118 + 15 nm. Despite the large standard
deviations, when each area was compared before and after
dehydration, a paired #-test indicated significant differences due
to dehydration.

The role of the underlying bed of small fibrils in cell response
has been unclear, largely because of its small dimensions. Parts d
and e of Figure 2 show digitally magnified regions of the AFM
images shown in Figure 2, parts a and b. The average roughness of
the bed of small fibrils in fully hydrated samples was 45 & 12 nm.
Significant decreases in roughness occurred in these areas in
response to dehydration; roughness decreased to 30 + 7 nm.
Topography of this layer also changed; profiles such as that
shown in Figure 2f indicate the bed of the small collagen fibrils
was substantially flattened on dehydration.

Elastic Modulus of Collagen Films. Knowing fundamental
physical constants of collagen films, such as the elastic modulus,
will enable us to understand the forces to which cells are
responding, and to unambiguously compare data collected
from cells on collagen films with data from cells on bulk pro-
tein or polymer matrices. We have addressed the challenges
associated with determination of the physical mechanical con-
stants of a very thin and heterogeneous material by treating it asa
two-layered structure and analyzing each layer independently
(Figure 1).°

Elastic Modulus of the Underlying Bed of Small Fibrils.
The reduced elastic modulus of the underlying bed of smaller
fibrils, ES* , was determined from force—penetration curves,
obtained in regions devoid of larger fibrils and analyzed using
the Sneddon elastic contact model'® for a parabolic shaped probe.
Figure 3a shows representative force—penetration curves obta-
ined on the bed of smaller fibrils before and after dehydration to a
peak force of 1.5 nN. As seen in Figure 3 the curves exhibit little
hysteresis, suggesting a largely elastic response. In addition, the
curves suggest that for forces greater than about 0.5 nN the probe
begins to sample the underlying stiff gold-covered glass substrate.
To minimize the effect of the stiff substrate on determination of
the reduced elastic modulus, the model was fit to portions of the
curves as depicted in the inset of Figure 3a.

The variation of E5 with penetration is shown in Figure 3b;
the values of Eq are approximately constant up to penetrations
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Figure 2. AFM topographical images of collagen fibrils at the same location (a) before and (b) after dehydration. The cross-section L—L' isa
representative section taken across the width of large fibrils. An overlay of cross-section data taken across the same large fibril shown in part ¢
details a representative height change observed in large fibrils after dehydration. (d) Magnified image of the small bed of hydrated collagen
fibrils from a region of part a enclosed by a box. (¢) Magnified image of the small bed of dehydrated collagen fibrils from a region of part b
enclosed by a box. (f) S—S' is a representative section taken on the bed of small fibrils before and after dehydration.

Table 1. Comparison of AFM Topographies of Collagen Fibril Films Before and After Dehydration

before dehydration after dehydration

centerline average surface roughness with large fibrils, R, (nm)

centerline average surface roughness of underlying bed of small fibrils, R, (nm)

height of large fibrils (nm)
thickness of bed of small fibrils (nm)
“Indicates a statistically significant difference after dehydration.

of about 250 and 70 nm for the fully hydrated and dehydrated
layers, respectively, before a gradual increase in the apparent
modulus as the stiffer glass substrate begins to dominate the

3632 DOI: 10.1021/1a903073v

67+13 47 £9¢
45+ 12 30+ 7¢
147+18 118 £15¢
410£30 160 £ 10¢

measurement. Large variability was observed for penetrations of
less than 50 and 25 nm for fully hydrated and dehydrated fibrils,
respectively, resulting from instrumental noise and uncertainties
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Figure 3. (a) Force—penetration curve and (b) the reduced elastic
modulus of the bed of small fibrils before and after dehydration.
A magnified region of the force—penetration curve is provided as
an inset in part a. White arrows in part a indicate that the probe
samples the substrate at larger forces, while a black arrow indicates
that adhesion events are more significant for the bed of collagen
fibrils before dehydration.

in determining the point of contact?' and these data were removed
from the analysis. Es* values were determined within the pene-
tration ranges indicated in Figure 3b and were 6.1 & 0.8 kPa for
fully hydrated films and significantly greater, 22 + 4 kPa, after
dehydration. The increase in modulus arising from the probe
sensing the substrate allowed the thickness of the bed of hydrated
small fibrils to be estimated as 410 £ 30 nm. Consistent with the
topography measurements, the thickness of the bed of small fibrils
was significantly smaller, 160 & 10 nm, after dehydration. On the
basis of the size and diameter of the small fibrils, the thickness of
the compressed fibrillar layers between the probe and substrate at
peak load were probably much smaller than the estimated
thicknesses of the beds of small fibrils and hence had negligible
effect on thickness estimation.

Observations of the small fibril bed such as those in Figures |
and 2 indicate that the density of fibrils in the bed is inhomoge-
neous, with a structure including “clumps” of fibrils somewhat
separated from each other, and not forming an interconnected
gel. As a consequence, on loading the bed normal to the substrate
the clumps will compress individually with little communication
of strain to adjacent clumps of fibrils and thus generate little, but
not zero, transverse strain in the overall small fibril foundation.
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Figure 4. Representative force—penetration curves on a large
fibril before and after dehydration obtained by gold-coated silicon
nitride probe and shown at (a) full scale or (b) shown magnified
with only the extension curve shown for clarity. The black solid
lines appended to part b indicate the regions of data that were used
in the calculation of elastic modulus values for large collagen
fibrils.

The Poisson’s ratio of the bed of small fibrils is thus expected to be
very small, certainly much less than the value of 0.5 appropriate
for a fully interconnected gel, but not 0, as would be appropriate
for a fully disconnected structure in the manner of a Winkler
foundation.'® Here the value of the Poisson’s ratio of the bed of
small fibrils was taken as vg = 0.1, leading to negligible effects
in deducing Young’s moduli from the measured indentation
moduli of the bed. Consideration of eq 3 indicates that, for small
values of vg, the assumed value of Poisson’s ratio also has a very
small effect on the inferred foundation modulus of the bed of
small fibrils.

Elastic Modulus of the Large Collagen Fibrils. Force—
penetration measurements on the large fibrils were also per-
formed, and together with the measurements on the underlying
bed of smaller fibrils, were applied in a beam on elastic foundation
model to determine the longitudinal elastic modulus, Ey, of the
large fibrils. Representative force—penetration curves on the same
fibril before and after dehydration are shown in Figure 4a. The
curves in Figure 4 exhibit hysteresis, probably due to nonelastic
effects such as poroelastic deformation of the porous fibrillar
network in the aqueous solution. However, the highly reprodu-
cible force curves obtained at the same location and the compar-
ison of AFM images before and after indentation (Supporting
Information, Figure S3) suggest a largely elastic response of the
large fibril on small fibril bed system. A schematic diagram of the
elastic bending of a large collagen fibril on an elastically supporting
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Figure 5. (a) Schematic diagram of the collagen thin film indented
by the conventional AFM probe and (b) summarized data of the
elastic modulus of the individual large fibrils. The error bars
represent 1 standard deviation of the measured quantities.

bed of smaller fibrils under the AFM probe is shown in Figure 5a.
Magnified regions of the force—penetration loading curves are
shown in Figure 4b along with the fits from the model, eqs 2 and 3.
The fitting region was the initial penetration to a depth less than
30% of the radius of the large fibrils, although the model fits the
experimental data well to penetrations somewhat less than a large
fibril radius. Applicability of the model can be further assessed by
the fact that the inferred elastic moduli of the large fibrils yields a
characteristic length scale for deformation, (1/1), that is much
smaller than the fibril length, /, such that A/> 1; 1/~ 11—17 was
observed here. Fully hydrated fibrils exhibit a wide range of
longitudinal elastic moduli of 7 to 97 MPa. The same fibrils after
dehydration also show a broad range, 12—230 MPa. The range of
modulus values we observe for fully hydrated and dehydrated
collagen fibrils could be the result of differences in the individual
fibrils including: size,” the rope like structure of the collagen
fibrils,?® or the orientation of collagen fibrils relative to the probe
during indentation.”?” %’ In addition, the modulus measurements
reported in this work might be influenced by the anisotropic
nature of collagen fibrils, an effect reported for dried collagen
fibrils indented in air at loading forces greater than 300 nN with
an AFM tip.** Interestingly, this anisotropic effect is not observed
in collagen fibrils indented under liquid at forces less than 4 nN
with an AFM tip in a experimental setup similar to the one
describe here.”> A summary of the longitudinal elastic modulus
calculated for the tested fibrils before and after dehydration is
shown in Figure 5b (note the logarithmic scale). The mean
modulus values for fully hydrated and dehydrated fibrils were
significantly different, 32 and 81 MPa.

Prediction of the Effective Elastic Modulus of the Thin
Film Structure. The stiffness of the overall composite structure
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Figure 6. Force—penetration curves on the fully hydrated (blue
solid line) and dehydrated (red dotted line) collagen thin films
obtained from colloidal probe measurements at S nN normal force.
Larger hysteresis (white arrow), as well as more significant and
prolonged adhesion event (black arrow) is observed before dehy-
dration. Black solid lines on the force—penetration curve illustrate
data fitting to the JKR theory.

contains contributions from both the individual larger fibrils and
the bed of smaller fibrils. A two-layer composite model can be
used to estimate the effective elastic modulus of the entire film
composed of both components by treating the components as
lamina in parallel and a simple volume-fraction based rule of
mixtures:
1 14
TR @
T L S

where Eris the effective elastic modulus of the entire collagen thin
film, and V' and Vg are the volume fractions of the large and
small fibril layers. The volume fraction of the larger fibrils for use
in eq 4 was obtained from five AFM images of 20 um x 20 um
scans. The volume fraction of the smaller fibrils was estimated by
multiplying the area fraction from the AFM image with the
thickness determined from the force—penetration curves. The
volume fractions of the large fibril and small fibril components
were 0.24 and 0.76, respectively, before dehydration and 0.44 and
0.56 after dehydration. Using the average values of the elastic
moduli of the 10 large fibrils (E; ) along with the average values of
elastic moduli for the bed of small fibrils, the effective elastic
moduli of the entire collagen thin film structure, Et, before and
after dehydration were estimated to be 8 + 1 kPa and 40 + 9 kPa,
respectively.

Effective Measured Elastic Modulus of the Thin Film
Structure. The mechanical properties of the thin film structure
were measured using a colloidal probe attached to the AFM
cantilever.”® The larger probe size (30 #m radius), compared to the
unmodified AFM probe (20 nm radius) was expected to sample
the average mechanical properties of the composite collagen thin
film structure composed of many larger individual fibrils together
with the bed of smaller fibrils underneath them.

As observed in Figure 6, the force—penetration responses for
the colloidal-probe measurements were hysteretic, indicative of
large adhesive forces present between the colloidal probe and the
collagen thin film, particularly in the hydrated state. The force—
penetration responses were fit using the Johnson—Kendall—Roberts
(JKR) model,>” which takes adhesion into consideration in

(26) Dimitriadis, E. K.; Horkay, F.; Maresca, J.; Kachar, B.; Chadwick, R. S.
it 2002, 82, 2798-2810.
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Figure 7. (a) Schematic diagram of the collagen thin film indented
by the colloidal probe and (b) summarized data of the elastic
modulus of the entire collagen sample with respect to penetration
depth. The error bars represent one standard deviation of the
measured quantities.

calculating the modulus of the film. Representative force—
penetration curves on fully hydrated and dehydrated collagen
thin films obtained with the colloidal probe under 5 nN normal
peak forces, together with JKR model fits are shown in Figure 6.
The JKR model fit the experimental force—penetration curves on
both the fully hydrated and dehydrated samples (Figure 6) for
5 nN peak forces through the entire range. However, as the peak
force was increased to 30 nN and beyond, discrepancies between
experimental results and JKR model fits were apparent, suggest-
ing a response from the stiff supporting glass substrate (data not
shown).

A schematic diagram of the interaction between the colloidal
probe and the collagen thin film is shown in Figure 7a. The
effective elastic modulus of the entire collagen thin film, Et
(determined by assuming a Poisson’s ratio of 0.2)*%° with respect
to the maximum penetration depth is summarized in Figure 7b. It
was found that the effective elastic modulus of the fully hydrated
thin film structure at approximately 300 nm penetration (about
5nN force) was 16 £+ 4 kPa. For approximately 80 nm penetration
(same force), the modulus of the dehydrated thin film was
significantly greater, 50 £ 10 kPa (z-test with equal variances).
These values are similar to those estimated from the two-layer
composite model. Although the stress field beneath the spherical
probe is not exactly homogeneous as is assumed in the laminar
composites estimation, the large probe used suggests that the
majority of the film structure experienced simple compression
during the colloidal probe measurements.

As the peak force was increased, the elastic moduli for both
samples increased significantly and did not agree with the two-
layer model estimate. For peak forces of approximately 150 nN,
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corresponding to penetrations of approximately 850 and 600 nm
for fully hydrated and dehydrated collagen thin films, respec-
tively, the maximum penetration ceased increasing with increas-
ing peak force suggesting that the probe had fully compressed the
film between the underlying stiff gold coated glass substrate
(Figure 7b and Figure S4 in Supporting Information). The
maximum indentation depths for fully hydrated and dehydrated
collagen thin films determined by using the colloidal probe were
larger than the estimated thickness of the bed of small fibrils
(410 nm %30 and 160 nm £10 nm for fully hydrated and dehy-
drated collagen) and therefore, it was concluded that several large
fibrils were indented by the colloidal probe.

Discussion and Summary

In this study we used quantitative AFM to evaluate funda-
mental mechanical properties of Type I collagen fibrils as a
component of collagen films. Measurement of the mechanical
properties of collagen fibrils in these thin films presents challenges
not associated with classical mechanical measurements. Such
challenges arise from the lateral and vertical structural hetero-
geneity of the films (Figure 1), the small dimensions of character-
istic components of these films (<200 nm), the small thickness of
the films (=600 nm), and the performance of these measurements
in an aqueous buffer.

As depicted in Figure 1, these thin films are composed of a
distribution of larger fibrils on a bed of small fibrils. To determine
the modulus values for the larger fibrils within these films, we
developed a new method of analysis based on a beam on an elastic
foundation model described in the Supporting Information. This
model incorporates data collected from the fibril topography
observed from AFM imaging, AFM force—penetration curves on
the bed of smaller fibrils, and AFM force—penetration curves on
individual larger collagen fibrils. Through the use of this method
we have determined that the bed of smaller fibrils has an elastic
modulus of 6.2 £+ 0.8 kPa and the larger fibrils have an average
longitudinal modulus of 32 MPa. The values reported here for the
moduli of individual 100—200 nm diameter collagen fibrillar
components of a cell culture matrix are the first of which we are
aware. The modulus of the entire film structure was estimated
from a laminar composite model using these values as 8 & 1 kPa.
Large diameter colloidal probe AFM measurements were used to
sample a large area of the film structure and provide information
about the aggregate response. The elastic modulus of the fully
hydrated collagen film measured with the colloidal probe was
16 £ 4 kPa, and compares favorably with the calculated compo-
site value.

AFM was also used to characterize the collagen films after
dehydration. Elastic modulus was observed to increase after
dehydration, and topographical features were observed to de-
crease in scale. These observations are consistent with the likely
role that water plays in the structure of collagen and the interac-
tion of collagen fibrils."”* ™ The mean elastic moduli increased
to 81 MPa for the larger fibrils and 22 + 4 kPa for the bed of
smaller fibrils. The modulus of the composite collagen film was
calculated to be 40 + 9 kPa, which was in good agreement with the
value experimentally determined using the colloidal probe of 50 4
10 kPa, providing further validation of the beam on an elastic
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foundation model. The finding that dehydration results in an
increase in modulus of the collagen film is consistent with our
previous observations that dehydrated collagen films provide
signals to cells that result in increased spreading and proliferation,
and other observations that are consistent with cell response to
stiffer matrices.®

We observed a difference of several orders of magnitude in the
elastic modulus of the individual larger fibrils and the underlying
bed of smaller fibrils. Previous studies have been reported on the
compression,” and pulling® of isolated fibrils with diameters of
200 to 500 nm and adsorbed onto solid surfaces. These measure-
ments were made in buffer and resulted in values of ~1 and
~30 MPa, respectively. These values compare to mean elastic
moduli of 32 and 81 MPa that we report here for fully hydrated
and dehydrated fibrils. That large fibrils have such a large elastic
modulus is a surprising finding, given the observed movement of
large fibrils by cells,® which suggests that cells sense and manip-
ulate the large fibrils. We have observed that the ability of cells to
manipulate large fibrils is highly dependent on whether collagen
films are fully hydrated or dehydrated, and the failure of cells to
move the larger fibrils is associated with cell spreading, prolifera-
tion, and other characteristics of cells in a contractile phenotype.
Such data suggest that the mechanics of movement of the larger
collagen fibrils is highly relevant to cell response. While the
current study has examined collagen fibrils by measuring forces
applied normal to the collagen film, it is possible that lateral
stiffness, which was not measured in this study, is also likely to be
very important in cell sensing of the ECM. Semiquantitative
observations of lateral displacement of a mass of larger fibrils of a
collagen film using an AFM tip indicated that fully hydrated
fibrils can be laterally displaced by applying a force of 5 nN at the
AFM tip; after dehydration, the application of 100 nN of force
was insufficient to alter the location of the larger collagen fibrils®®
(see also Supporting Information Figure S5). While quantifica-
tion of lateral forces associated with collagen fibrils is a great
challenge, such a study is ongoing.

The results of this study also suggest that topography may play
an important role in cell response to collagen, given the difference
in topography that was measured as a result of dehydration of
collagen films. Recent micropatterning experiments®® provide
new insight into how topography might influence rates of migra-
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tion of cells as a result of affects on cell spreading. An important
issue that the use of thin films for cell culture raises is that cells
may actually sense the substrate that the collagen thin film is
grown on.”” We have experimentally determined in a separate
publication” that cells on these thin collagen fibril films
(~400—600 nm) behave similarly to millimeter thick collagen
gels in terms of morphology, actin stress fibril formation, and
ECM production. In addition, we have published a recent study®
that directly compares cell response on films with a thin coating of
nonfibrillar collagen and on the thicker hydrated collagen fibrils.
From these previous results based on data collected for several cell
responses we believe the influence of the underlying substrate
below the hydrated collagen fibril films on cell behavior is
minimal. As added proof, our findings are in line with a recent
publication®” that illustrates cell spreading is inhibited on com-
pliant films with thickness of 500 nm or 70 um that have modulus
values similar to those we report.

The composite values observed in our experiments for fully
hydrated collagen films are similar to modulus measurements
reported for in vivo tissues, such as breast tissue (~1 kPa)*® and
skin (~10 kPa).** Our reported values of around 40 kPa for the
collagen films are also on the order of the modulus to which
muscle cells are reported to respond in studies that use poly-
acrylamide to modify the compliance of the cell substrate. The
films of collagen that are the focus of this study allow an
unprecedented examination of the topographical and mechanical
characteristics of a bed of collagen fibrils, adding to our know-
ledge of how nanoscale features of matrix can influence cell
response.
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