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The Stiffness of Collagen Fibrils Influences Vascular Smooth Muscle
Cell Phenotype
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ABSTRACT Cells receive signals from the extracellular matrix through receptor-dependent interactions, but they are also
influenced by the mechanical properties of the matrix. Although bulk properties of substrates have been shown to affect cell
behavior, we show here that nanoscale properties of collagen fibrils also play a significant role in determining cell phenotype.
Type | collagen fibrils assembled into thin films provide excellent viewing of cells interacting with individual fibrils. Cells can be
observed to extensively manipulate the fibrils, and this behavior seems to result in an incompletely spread stellate morphology
and a nonproliferative phenotype that is typical of these cells in collagen gels. We show here that thin films of collagen fibrils can
be dehydrated, and when seeded on these dehydrated fibrils, smooth muscle cells spread and proliferate extensively. The
dehydrated collagen fibrils appear to be similar to the fully hydrated collagen fibrils in topology and in presentation of 8¢ integrin
ligation sites, but they are mechanically stiffer. This decrease in compliance of dehydrated fibrils is seen by a failure of cell
movement of dehydrated fibrils compared to their ability to rearrange fully hydrated fibrils and from direct measurements by
nanoindentation and quantitative atomic force measurements. We suggest that increase in the nanoscale rigidity of collagen

fibrils can cause these cells to assume a proliferative phenotype.

INTRODUCTION

Cells interact with their extracellular matrix (ECM) proteins
primarily through integrin receptors (1,2), which lead to
activation of downstream signaling and cytoskeleton orga-
nization. Although specific integrin receptors interact with
specific ECM proteins through chemical recognition, me-
chanical properties of the ECM environment also play a large
role in intracellular signaling and cell response. How cells
respond to the changing mechanical properties in their
environment is likely critical to development, differentiation,
and the etiology of disease (2-9).

A number of studies have examined cellular response to
bulk mechanical properties of polymeric materials. Studies
have examined the effect of substrate compliance on cell
spreading and motility using polymeric matrices with vari-
able cross-linking to variable rigidity (10,11). Such studies
allowed estimation of traction forces and indicated that on
less rigid matrices cells are less spread, are more motile, and
have more dynamic focal adhesions than cells on stiffer
matrices. Measurements of the forces that cells can exert can
be made using micropatterned polymeric materials where
deflection of the polymer allowed precise calculation of force
applied (12,13). Such studies showed that the forces exerted
by cells, on the order of tens of nanonewtons, are greater for
more highly spread cells. Cells also appear responsive to
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very small (piconewton) resistance on subcellular length
scales (12,14).

Several studies have also shown that cell responses may
depend on how the matrix is presented to cells. For example,
on fibrillar collagen surfaces, cell migration and the recruit-
ment of myosin II-B to membrane protrusions appeared to be
dramatically different from on nonfibrillar collagen (15). The
importance of the supramolecular structure of collagen fibrils
in determining cell phenotype has been directly demonstrated
in our laboratory (16—18) as well as by others (19-21). These
studies show that vascular smooth muscle cells (vSMCs) and
fibroblasts respond with different phenotypes to fibrillar
collagen I compared to nonfibrillar collagen I even when in
both cases cell-matrix ligation occurs through the 8, integrin.
These results have led us to speculate that collagen fibrils
provide topographical and/or mechanical features that are
important determinants of cell phenotype.

VSMCs cultured on thick collagen gels are often used as a
model system to study the role of the extracellular matrix in
vascular diseases. The ligation of vSMCs to type I fibrillar
collagen occurs through the 3; integrin receptor («;3; and
aB1) and results in incomplete spreading, a stellate ap-
pearance, and a low rate of proliferation (22-24). We have
previously described thin films of collagen and have shown
that morphology, proliferation rates, integrin ligation, and
tenascin-C expression of vSMCs are nearly identical whether
cells are on thin films of collagen or on thick gels of collagen
(16,17). The thin films consist of a submicron-thick bed of
collagen fibrils and result from the self-assembly of mono-
meric collagen from solution into supramolecular fibrils at an
alkanethiol-covered surface. Thin films of collagen have
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many advantages over thick gels, including reproducibility,
ease of characterization, robustness, and spatial homogene-
ity. Furthermore, the thinness of the films gives the matrix
excellent optical properties, and so interactions between the
filopodia of the cells and the fibrils are easily seen by optical
microscopy.

Another important advantage of thin films of collagen is
that their properties can be systematically manipulated in
ways that are difficult to do with thick gels. Previously, to
determine the importance of the supramolecular structure of
the collagen fibrils to the normal vSMC phenotype, we pre-
pared thin films from solutions of relatively high concentra-
tions of collagen (from which large fibrils form) and from
solutions of low concentrations of collagen (from which
collagen adsorbs but does not form supramolecular fibrillar
structures) (16). In this study, we show that the mechanical
properties of collagen fibrils change as a result of dehydra-
tion. After dehydration, individual fibrils are significantly
stiffer and less compliant, as evidenced by quantitative small
force measurements using nanoindentation and atomic force
microscopy (AFM). In response to the increase in stiffness of
the fibrils, cells spread more and become more proliferative
compared to cells on flexible, fully hydrated fibrils. With this
experimental system, mechanical properties of fibrils and the
effect on cells can be examined without altering integrin
recognition or topography. These data show that the nano-
scale mechanical properties of collagen fibrils influence cel-
lular phenotype.

METHODS

Indication of specific manufacturers and products is for clarity only and does
not constitute endorsement by the National Institute of Standards and Tech-
nology (NIST).

Preparation and treatment of collagen films

Collagen thin films were prepared as described previously (16). Briefly, acid-
washed coverslips were coated with a 5-nm layer of chromium and a 15-20-
nm layer of gold by magnetron sputtering. Coated coverslips were then
placed in a 0.5-mM solution of 1-hexadecanethiol in ethanol for at least 8 h
before being rinsed with ethanol and dried with filtered N, gas. These
alkanethiol-coated coverslips were then incubated in neutralized solutions
(0.3 mg/ml) of native type I bovine collagen (Vitrogen, Cohesion Tech-
nologies, Palo Alto, CA) at 37°C overnight. After incubation, the samples
were lifted out of the collagen solution and rinsed with Dulbecco’s phosphate
buffered saline (DPBS) and deionized water from Teflon squirt bottles. After
rinsing, the collagen-coated coverslips were dried very briefly under a stream
of filtered N, gas. This brief drying of the thin film can be observed with
reflected light and typically takes ~30 s. Light microscopy shows that if this
brief drying is omitted, the collagen fibrils of which the thin film is composed
appear to be anchored at one end to the surface, with the other end apparently
floating free in solution. Cells seeded onto this film of vertical collagen fibrils
fail to spread to typical size and undergo apoptosis (data not shown). The
brief 30-s drying results in a horizontal meshwork of collagen fibrils.

In this study, thin films referred to as fully hydrated were immediately
immersed in DPBS after this brief drying period, and samples referred to as
dehydrated were placed in the back of the laminar flow hood and allowed to
remain dry for 24-48 h or other times as indicated. All thin films were
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incubated with culture media for a minimum of 15 min before seeding with
cells to allow protein adsorption from the serum-containing media.

Cell culture

The rat aortic vSMC line A10 (vSMC; ATCC, Manassas, VA) was main-
tained in Dulbecco’s Modified Eagles Medium (DMEM; Mediatech, Herndon,
VA) supplemented with nonessential amino acids, glutamine, penicillin
(100 units/ml), streptomycin (100 wg/ml), HEPES buffer (25 mM), and
10% (v/v) fetal bovine serum (FBS; Gibco Invitrogen, Carlsbad, CA), and
maintained in a humidified 5% (v/v) CO, balanced-air atmosphere at 37°C.
Subconfluent cultures were switched to DMEM containing 2% (v/v) FBS
24 h before an experiment. Cells were removed from the polystyrene tissue
culture flasks by trypsinization, washed with DMEM containing 2% (v/v)
FBS, and plated in DMEM containing 2% (v/v) FBS onto the collagen thin
film substrates at a density of 2,000 cells/cm?, a density at which cell-to-cell
contact is minimized.

Serum-free defined media were prepared by adding to DMEM 1 uL/mL
each of insulin and human epidermal growth factor (Clonetics, San Diego,
CA; mammary epithelium growth medium singlequots), and 5 nM
lysophosphatidic acid (Sigma, St. Louis, MO).

Light microscopy and image analysis

All light microscopy was performed on an Olympus IX70 inverted micro-
scope (Olympus America, Melville, NY) equipped with motorized shutters,
filter wheels, and stage for x, y, and z axis position control (Ludl Electronic
Products, Hawthorne, NY) and controlled by ISee imaging software (ISee
Imaging Systems, Cary, NC). For live cell studies, cells were maintained at
37°C in either a Bioptechs FCS2 closed chamber system (Bioptechs, Butler,
PA) or an incubator system that encloses the entire microscope stage (Solent
Scientific, Portsmouth, UK). Images of live cells were recorded every 30 s,
processed in ImageJ (National Institutes of Health, Bethesda, MD), and con-
verted into movies using QuickTime (Apple, Cupertino, CA) for presentation.

Cells were fixed and stained and examined by automated microscopy as
previously described (25). Briefly, cells were washed in 37°C Hank’s buffer
containing 25 mM HEPES and then immersed in 4% (v/v) formaldehyde in
DPBS for 1 h. After fixation, cells were rinsed with DPBS and fluorescently
labeled with Texas Red maleimide to label the whole cell and DAPI to label
the nuclei. This fluorescent labeling allows automated determinations of cell
area using a custom routine written for ImageJ.

Proliferation assay

Cellular proliferation was quantified as described previously (17). Briefly,
both fully hydrated and dehydrated collagen thin films were prepared in
individual wells of eight-well plates. To these thin films, vSMCs were
seeded at a density of 1,100 cells/cm? and incubated at 37°C. After 24 h, all
wells were washed twice with fresh media to remove unadhered cells, and
fresh media were added before returning plates to the incubator. After an
additional 1 h incubation, the first thin films were fixed. The remaining thin
films were fixed 48, 72, and 96 h after seeding. All thin films containing cells
were stained immediately after fixation. Automated fluorescence micros-
copy was used to image 50 fields of view of each thin film preparation, and
automated analysis of the resulting images was used to determine cell
densities. Two replicate thin films were examined for each preparation and
time point examined. An increase in the number of cells per unit area over
time provided a quantitative determination of cell proliferation.

Antibody blocking

For antibody blocking studies, cells were trypsinized to release them
from the polystyrene culture flask and resuspended in DMEM containing
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2% (v/v) FBS. To these suspended cells was added either 10 ug/ml anti-
B; integrin antibody (Fitzgerald Industries International, Concord, MA),
10 pg/ml of a control IgM (BD Biosciences, San Jose, CA), or no antibody.
Cells were gently agitated periodically to keep them in suspension for
15 min during antibody incubation and then were plated in triplicate at a
density of 2,000 cells/cm® on both fully hydrated and dehydrated collagen
thin films. After 2 h, cells were fixed and fluorescently labeled for mor-
phological analysis.

Topographical AFM

For topographical AFM (PicoScan; Molecular Imaging, Phoenix, AZ) thin
films of collagen were prepared on chromium- and gold-coated silicon
wafers. Images are shown for collagen thin films imaged in air or in aqueous
phosphate buffered saline (PBS). Samples were imaged using Si tips in a
magnetically driven, intermittent contact mode. Images were flattened with
the PicoScan software to improve visualization.

Quantitative AFM

A Molecular Force Probe three-dimensional (3D) AFM (Asylum Research,
Santa Barbara, CA) was used to image and perform mechanical testing in the
small force regime, using a BioLever (Olympus, Tokyo) microfabricated
gold-coated silicon nitride cantilever probe (with a nominal tip radius of ~40
nm. All tests were conducted in the NIST Advanced Measurement Lab-
oratory in a low-grade clean room environment where ambient temperature
was set at 20°C and controlled within 0.02°C. All quantitative AFM mea-
surements were performed under PBS. A small force was applied normal to
the fibril surface with the AFM cantilever tip while the resulting displace-
ment from the force applied to the fibril surface was measured. Contact
stiffness of fibrils, k¢, was determined using the relationship (26)

kf = kc/(S/Sf — 1),
where k., the spring constant of the cantilever, was determined using the
thermal method to be 0.031 N/m with an uncertainty of ~10% (27,28). The
parameter, s, is the optical lever arm sensitivity measured from AFM curves
of photodetector voltage, AV, versus the distance, Az, moved by the piezo on
a hard surface, and is defined as

s =Az/AV.

The parameter, s¢, is the corresponding optical lever arm sensitivity
measured for the collagen sample. Values for sy were estimated directly from
plots of cantilever deflection versus position of the z axis sensor. Although
the curves indicated a more complex function, a linear model was assumed
for simplification. The slope was measured from the plots by drawing a line
from a point on the curve at the z axis position that corresponded to a force
of 100 pN to a point on the curve corresponding to a displacement of 200 nm
in z.

For consistency, measurements were made on single fibrils in areas
where they appeared not to be in contact with other fibrils and appeared to be
lying close to the solid support. Force-displacement curves were system-
atically collected at five points along the cross section of the fibril (see
Supplemental Material Fig. 4). At the edges of a fibril, the force curves
typically showed low levels of hysteresis, but near the center of the hydrated
fibrils there was significantly more hysteresis. The center of dehydrated
fibrils was assumed to be the positions showing greatest deflection of the
probe. Multiple measurements made on each fibril were highly reproducible,
and 10 different fibrils were measured for each sample. For the estimate of sy,
we selected the force curves that corresponded to a tip position near the
center of the fibril.

Nanoindentation

Instrumented indentation tests were performed using a Triboscope indenter
(Hysitron, Minneapolis, MN) housed in a stainless steel enclosure with an
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encoded translation sample stage. To map topographical features of the
sample surface, the Berkovich indenter tip (radius 100-200 nm) was raster
scanned across the sample surface using a Nanoscope 1lla AFM controller
(Digital Instruments, Santa Barbara, CA). In a previous study, the indenter
apparatus was calibrated with Sl-traceable deadweight loading so that
absolute force accuracy is within 1% from 50 uN to 5000 uN (29). All tests
were conducted in the NIST Advanced Measurement Laboratory in a low-
grade clean room environment where temperature was controlled to within
0.02°C. All force measurements were performed under water; therefore no
capillary effects are expected to contribute to the forces measured. When
covered in water, the collagen fibrils were not conducive to topographical
imaging with this large probe, and so each had to be located manually using
the encoded translation stage. To do this, the indenter tip was lowered until
just before contact with the sample surface was made. The force output from
the indentation transducer was then monitored on an oscilloscope while the
sample was translated using the encoded stage. As the indenter contacted
a fibril, it would deflect upward enough to be detected on the oscilloscope
and then back downward after the indenter passed over the fibril. In this way,
the approximate center of the fibril could be located. Once an individual
fibril was located, a linearly ramped load was applied to the indenter tip,
and its displacement was monitored as it penetrated the fibril surface. The
loading rate used for all experiments was 100 uN/s, and ~30 loading curves
were taken for each of the fully hydrated and dehydrated samples.

RESULTS
Thin films of collagen

Thin films of collagen were formed by allowing a neutralized
solution of purified Type I bovine collagen monomer to
polymerize at an alkanethiol self-assembled monolayer. We
have examined various aspects of the formation and structure
of these extracellular matrix thin films as well as the response
of cells to these matrices as compared to thick collagen gels
(16-18). Light microscopy and AFM images are shown in
Fig. 1. The predominant features are fibrils ~200-250 nm in
diameter and up to tens of micrometers long. These fibrils are
seen in Fig. 1, A-C, by AFM and in Fig. 1 D by differential
interference contrast (DIC) light microscopy. Fig. 1 A is of
dehydrated fibrils imaged in buffer, and Fig. 1 B is of fully
hydrated fibrils imaged in buffer. Images of fully hydrated
fibrils show poorer resolution, which is an indication that
they are more flexible than dehydrated fibrils and move sig-
nificantly under the AFM tip. A closer AFM view of a sam-
ple obtained by scanning a smaller area in air allows higher
resolution imaging of smaller underlying fibrils. These are
seen in Fig. 1 C as fibrils ~75 nm in diameter and ~250-nm
long. Other AFM data reported previously (16) suggest that
the larger fibrils polymerize from the smaller fibrils as
depicted in Fig. 1 E. As can be seen in Fig. 1 D, the collagen
fibrils that make up these thin films appear to be homoge-
neously distributed across the surface. This suggests that all
cells seeded onto the surface will experience a similar extra-
cellular environment; i.e., there are no areas with a radically
different density or size distribution of fibers.

To further assess the similarities between the fully hy-
drated and the dehydrated collagen films, we performed a
variogram analysis (30) on phase contrast images of hy-
drated and dehydrated samples derived from Supplemental
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FIGURE 1 Thin films of collagen.
(A—C) Topographical AFM shows that
the predominant features of collagen
thin films are large fibrils ~200-250
nm in diameter that correspond to the
fibrils visible under the light micro-
scope. (A) Dehydrated collagen film
imaged in buffer. Scanned area = 20
pm X 20 wm. (B) Fully hydrated
collagen film imaged in buffer. Scanned
area = 20 um X 20 um. (C) Collagen
film imaged in air; scale bar = 5 um.
(Inset) A higher resolution scan allows
observation of smaller fibrils that un-
derlie the larger fibrils; scale bar =
1 pwm. (D) DIC image of a thin film of
fibrillar collagen demonstrating homo-
geneity of surface coverage; scale bar =
20 um. (E) Schematic of the structure
of a thin film depicting the hypothesis
that small collagen assemblies ranging
from monomers to 75-nm diameter
fibrils lie very close to the alkanethiol
layer, and larger fibrils grow out of
them.

Monomer / Small fibnls (~75 nm diam., <500 nm long)

Movie 1. We selected three cell-free regions from each
image and calculated the variance between pixel intensities
as a function of the distance the pixels are apart along every
row of pixels in the region. Large variance differences that
occur with high frequency at constant distances will con-
tribute to a large peak at that characteristic distance. In the
case of the images of fibrillar collagen, the largest peak is
determined by the characteristic distance between the center
of the largest fibrils and the center of the areas between
fibrils. The largest trough will be the characteristic distance
between areas of minimal variance, i.e., the distance between
the center of fibrils or the distance between the centers of
areas devoid of large fibrils. Representative variogram plots
are shown in Supplemental Material Fig. 1. This analysis
indicated that the characteristic distance between areas of
largest variance (i.e., between the center of fibrils and the
center of nonfibrillar areas) was 3.7 = 0.4 um for the fully
hydrated collagen fibrils and 4.0 = 0.2 um for the dehy-
drated fibrils and that the characteristic distance between
areas of least variance or from fibril to fibril or area to area
between large fibrils is approximately twice that, 8.5 = 1.9
pm and 8.3 * 1.8 um, respectively. This analysis suggests
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that the fully hydrated and the dehydrated collagen films are
not significantly different topographically.

Cell morphology

Fig. 2 shows cells growing on thin films of fully hydrated
(Fig. 2 A) and dehydrated (Fig. 2 B) collagen thin films.
Collagen fibrils can be seen under the cells in both images.
Despite the fact that the matrix in both samples appears
similar, vSMCs display different phenotypes on fully hy-
drated collagen compared to dehydrated collagen. As can be
seen in Fig. 2, A and C, vSMCs cultured on fully hydrated
collagen display numerous filopodia and appear to be smaller
than those on dehydrated collagen (Fig. 2, B and D), which
characteristically display well-formed lamellipodia. To quan-
tify the differences in cellular morphology seen on the dif-
ferent thin films, vSMCs were grown for 24 h on collagen
thin films that had been dried for different periods of time,
then fixed and fluorescently labeled with Texas Red
maleimide. One hundred fields were selected by preprog-
rammed movements of the stage, and a total of ~1000 cells
were imaged on each of three replicates of each collagen
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preparation. The area of each cell was determined as de-
scribed previously (25).

As can be seen in Fig. 2 E, a range of cell spread areas was
observed for all treatments. Mean cell areas were calculated
from the population of cells for each of three replicate
experiments. Mean cell area increases with the number of
hours that the thin film has been allowed to dehydrate. On
fully hydrated thin films (0 h of drying), cells spread to an
average area of 2104 pm® = 116 wm?, whereas cells on thin
films allowed to dry for 48 h spread to an average area of
4587 wm? * 104 wm?. The average area of cells on thin
films of collagen that had been allowed to dry for 1 h was
2280 um?> * 70 um?, which is not significantly different
from cells on the fully hydrated collagen, suggesting that this
amount of drying time was not sufficient to alter collagen
properties significantly. Fig. 2 E also demonstrates that an
intermediate average cell area, 3725 um? + 295 um?, can be
elicited by drying the thin films for an intermediate time of
4 h. The average area of cells on the collagen films allowed
to dry for 24 h was 4588 pm’ * 175 wm?, which is not
significantly different from the average area of cells on col-
lagen films allowed to dry for 48 h, leading to the conclusion
that the effects of drying of the thin film are complete after
24 h. In Fig. 2 F, the same data that were used to calculate
the means in Fig. 2 E are shown as histograms, which allows
the examination of distribution of cell responses. As we have
observed previously (16—18), cells within a population ex-
press a highly reproducible range of phenotypes, even though
they are genetically identical and are exposed to a spatially
homogeneous matrix. In an effort to ensure that the inter-
mediate average cell area measured on the thin film allowed
to dry for 4 h did not result from a mixture of small and large
cells that might be produced by some parts of the coverslip
being dried more thoroughly than others, cell areas were
measured on five different locations of the coverslip (each
corner and the center) and the distribution of cell areas at
each location was nominally the same as that shown in Fig.
2 F (data not shown).

Integrin dependence

Interestingly, the average cell area elicited by dehydrated
thin films of collagen is very similar to the average area of
vSMCs on denatured collagen (16). VSMCs are known to
interact with native Type I collagen through the B, integrin
receptor and with denatured collagen through the avfB3
integrin (31,32). To examine whether drying of the collagen
results in a change in integrin recognition, we performed an
integrin blocking experiment. Cells were preincubated in sus-
pension for 15 min with either an antibody to the 3, integrin
subunit, an unrelated IgM antibody, or no antibody, and then
plated on thin films of fully hydrated and dehydrated col-
lagen fibrils for 2 h. The results of this experiment are seen in
Fig. 3. Cells incubated with either no antibody or with an
unrelated IgM adhered to both fully hydrated and dehydrated
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thin films and spread to an average area of ~2000 wm?,
whereas cells incubated with the anti-3; antibody adhered
but failed to spread on both fully hydrated as well as
dehydrated thin films. The similarity of response of vSMCs
on both the fully hydrated and dehydrated thin films in the
presence of the anti-B3; antibody suggests that integrin rec-
ognition of the thin film has not been affected by drying. It
should be noted, however, that a large number of cells
incubated with the anti-B; antibody detach during fixation
and washing and that more cells appear to detach from the
dehydrated collagen than the fully hydrated collagen. This
observation may suggest that there are subtle interactions
between the cells and collagen that may not be explained by
integrin ligation alone. Nevertheless, it is clear that vSMC
adherence and spreading on dehydrated collagen remains
dependent on B, integrin ligation.

We also examined the spreading of cells on fully hydrated
and dehydrated collagen thin films in serum-free medium to
ascertain if variable adsorption of serum proteins could
account for the different cell response on the two matrices.
Cells were applied to the collagen films in serum-free media
and their areas quantified after 4 and 24 h. Cells had an
average area of 1670 = 81 wm? and 2796 *+ 225 um? after
4 h and 1802 * 21 wm? and 3864 * 414 um? after 24 h
on fully hydrated and dehydrated collagen, respectively, for
n = 2 replicate measurements (see Supplemental Material
Fig. 2). Thus, even in the absence of serum, the dehydration
of collagen resulted in a more spread phenotype, suggesting
that differential adsorption of serum components on dehy-
drated collagen is not sufficient to account for the observed
phenotype.

Proliferation

It has been frequently observed that vSMCs on fibrillar
collagen assume an incompletely spread stellate appearance,
a relatively high degree of motility, and a suppressed rate of
proliferation (22-24). Previous experiments in our labora-
tory have shown that these phenotypic characteristics are
displayed by vSMCs on thin films of fibrillar collagen as
well as on thick gels of collagen (17). In this study, we
compared the ability of vSMC:s to proliferate on thin films of
dehydrated fibrillar collagen to that for cells on thin films of
fully hydrated collagen. The results indicate that dehydration
has a dramatic effect on increasing the rate of proliferation.
As seen in Fig. 4, vSMCs on fully hydrated thin films did not
increase in number over a 96-h period, whereas cells on
dehydrated thin films experienced an increase in cell density
of >300% over the same time period.

Cellular manipulation of collagen fibrils

Examination of living vSMCs on fully hydrated collagen
over time provides evidence that cells can initiate move-
ments of collagen fibrils on the order of 1-5 wm (Fig. 5, A

Biophysical Journal 92(5) 1759-1769
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FIGURE 2 Effect of collagen dehydration on vSMC morphology. (A)
vSMCs on fully hydrated collagen films are incompletely spread and interact
with collagen fibers through filopodia. (B) vSMC on dehydrated collagen
films are well spread and form lamellipodia; (C and D). Fluorescence
micrographs of the same cells seen in A and B, respectively, stained with
Texas Red maleimide. Scale = 50 um. (E) Mean cell area of vSMCs after
24 h on collagen thin films prepared with no dehydration (0 h) or different
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FIGURE 3 Effect of anti-8, integrin function-blocking antibody. vSMCs
were preincubated for 15 min with either no antibody, a nonspecific control
IgM, or a function-blocking anti-B3, antibody. Cells were then plated on either
fully hydrated collagen or dehydrated collagen and allowed to spread for 2 h.
Cells on dehydrated collagen require ~6 h to reach their fully spread area and
so were not fully spread at the end of this experiment. Error bars represent
the standard deviation of three replicate experiments. Small inset fluorescence
micrographs depict a typical cell from each experimental condition.

and B, and Supplemental Movies 1 and 2). In addition, the
net movement of fibrils is apparent from optical sectioning in
the z axis. Fig. 5 C shows a cell that was grown on a fully
hydrated collagen thin film for 48 h. Some areas in the
immediate vicinity of the cell show extensive rearrangement
of large fibrils. A series of images collected on an axis
perpendicular to the image plane shows that some of these
missing fibrils appear to have been translocated to the top of
the cell body as shown in Fig. 5, C—E. Movement of
dehydrated collagen fibrils by cells was never observed. The
difference in cell interaction with fully hydrated and dehy-
drated collagen fibrils can be seen by comparison of Supple-
mental Movies 2 and 3.

Nanoindentation studies

Antibody-blocking studies indicate that the cells interact
with both fully hydrated and dehydrated collagen through
the B; integrin receptor, suggesting that chemical differ-
ences in the collagen matrix are unlikely to be the cause of
the different phenotypes. Furthermore, the observations of
cell-initiated movement of fully hydrated collagen fibrils and
the apparent lack of movement of dehydrated fibrils suggest

periods of dehydration before seeding cells. Error bars represent the standard
deviation of three replicate experiments. () Histograms of distributions of
cell areas after different drying times. The legend indicates the numbers of
hours the thin film was allowed to remain dry before seeding cells. Error bars
represent the standard deviation of three replicate experiments.
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FIGURE 4 Effect of dehydration of collagen on cell proliferation. The
number of cells on fully hydrated collagen did not increase over a 96-h
period, whereas cell population on dehydrated collagen increased more than
300% over 96 h. ** = p < 0.01 between fully hydrated and dehydrated
collagen. * = p < 0.05 between fully hydrated and dehydrated collagen.
Error bars represent SD of two replicates.

that the mechanical properties of the collagen fibrils are
changed during dehydration. To directly test the effects of de-
hydration on the mechanical properties of collagen fibrils,
we employed nanoindentation and quantitative AFM.

In nanoindentation, the tip approaches the surface at a
constant rate, and as it presses into the sample, the load and
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displacement of the tip are recorded and used to calculate
properties such as hardness and elasticity. Because in this
study the radius of the nanoindenter tip is on the order of the
thickness of the fibril being probed (=~100-200 nm), this
measurement is sensitive to the larger scale forces respon-
sible for the integrity of fibrils and the forces between the
fibril and its substrate. Fig. 6 shows representative force-
displacement curves generated at fully hydrated and dehy-
drated fibrils. A distinct plateau region is seen in both plots,
as marked by the arrows, indicating the occurrence of rupture
of individual collagen fibrils. To verify that these plateaus
correspond to the rupturing of the collagen fibrils, an in-
dentation test was performed in air. In this condition, the
fibrils can be imaged easily, and an individual fibril located,
indented, and imaged again to inspect the condition of the
fibril after indentation. It was observed that very little dam-
age occurred to the fibril if a load less than that necessary to
cause the observed force plateau was applied. However, if
a load greater than that necessary to cause the plateau was
applied, the fibril appeared to be cut, as can be seen in the
topographical images of Fig. 6.

Forces required for rupture are significantly different for
the fully hydrated and the dehydrated fibrils. A larger force,
322 * 18 N, is required to rupture the fully hydrated fibrils
compared to 266 = 17 uN to rupture the dehydrated fibrils.
It is apparent that the plateau region in the data for fully
hydrated collagen fibrils is not as sharp as that for the de-
hydrated fibrils. This suggests that the rupture of hydrated
fibrils is not as abrupt, perhaps because they are more
flexible than and not as brittle as dehydrated fibrils. Lower
forces of up to 100 uN could be applied repeatedly to both
fully hydrated and dehydrated fibrils without causing rupture
of the fibrils (Fig. 6 A, inset). The 100-uN indents vanished

FIGURE 5 DIC micrographs of
vSMCs on fully hydrated collagen thin
films showing manipulation of fibrils
by cells. (A-C) Sequential images of the
periphery of the cell showing fibril
movement due to cell action. A moved
fibril is indicated by the arrow, which is in
the same location in all images. Interval
between frames = 6 min. Scale = 10 um.
(D-F) A series of images taken perpen-
dicular to the plane of focus showing a
cell on a fully hydrated collagen thin film
after 48 h growth. (D) Areas immediately
around the cell appear to be denuded of
large fibrils. (E and F) Fibrils have accu-
mulated on the dorsal surface of the cell.
Scale = 20 wm.
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FIGURE 6 Nanoindentation of fully hydrated and dehydrated collagen fibrils. (A) Representative force-displacement curves before and during
nanoindentation of dehydrated (green) and fully hydrated (orange) collagen fibrils. Abrupt excursions in the loading profile during fibril rupture are indicated
by arrows. A force of 322 % 18 uN is required to rupture the fully hydrated fibrils compared to 266 = 17 uN to rupture the dehydrated fibrils; 30 different
fibrils were measured for each sample. Forces up to 100 uN could be applied repeatedly without damage to the fibrils (insef). The blue curve represents
a typical scan from an area between large fibrils (which is populated by the very small fibrils from which large fibrils arise); similar data were observed whether
the sample was fully hydrated or dehydrated. (B) A dehydrated collagen fibril in a thin film before (fop) and after (bottom) application of force with the
nanoindenter. This image was taken in air, but indentation results were comparable to the force-displacement curves of the dehydrated samples measured under
water. Although the fibril is poorly resolved because of the large tip radius, it is still clear that rupture of the fibril occurred.

almost completely upon unloading, indicating that under
these forces fibrils deform but recover.

Quantitative AFM

The quantitative AFM data also show distinct differences
between the fully hydrated and dehydrated collagen in the low
force loading regime. The smaller scale of the AFM tip (radius
~40 nm) allows analysis of smaller scale mechanical features
that are closer to the molecular scale. Representative force-
displacement curves generated with the AFM tip are shown in
Fig. 7 together with an AFM image of the areas being probed.
For these measurements, we examined areas where a fibril
appeared not to be in close contact with another fibril and
appeared to be close to the solid support. As seen in Fig. 7, the
force-displacement curves for dehydrated fibrils were very
different from those for the fully hydrated fibrils. The
dehydrated fibrils show a relatively smooth and steep
transition of force with displacement and little hysteresis. In
contrast, the fully hydrated fibrils show a relatively shallow
slope as the tip contacts the fibril, and the slope increases with
distance moved by the cantilever. This increase in slope could
be the result of forces associated with inter- and/or intra-
fibrillar interactions. Significant hysteresis is associated with
the unloading curves for the fully hydrated fibrils, which
could reflect adhesion of fibrils to the underlying surface or
perhaps a slow relaxation of deformation of the fibril.
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Repeated force displacement curves in the same place on
fibrils indicated a high degree of reproducibility, suggesting
that the low forces applied did not permanently damage the
fibrils. The z axis displacement of fully hydrated fibrils by the
applied force is significantly greater than displacement of
dehydrated fibrils. At the highest forces, both fully hydrated
and dehydrated fibrils show little deflection in response to
increasing force, suggesting that the fibrils are at that point
unable to further compress and the underlying solid support is
contributing strongly to the force curve.

We approximated fibril stiffness by assuming a linear
relationship between applied force and displacement at low
force loads. Using this assumption, we estimated the effective
contact stiffness of the fibrils in PBS to be 3 X 107> N/m *
2 X 10> N/mand3 X 10">N/m = 2 X 10~ 2 N/m for the fully
hydrated and dehydrated fibrils, respectively. These values
are the results of measurements of 10 different fibrils and
therefore indicate the variability observed between different
fibrils. These data indicate that there is on average an order of
magnitude difference in the mechanical stiffness of the fully
hydrated and dehydrated collagen fibrils.

DISCUSSION

In this study we used thin films of collagen fibrils to examine
the effect of nanoscale mechanical properties on phenotypic
responses of vSMCs. Previous studies with vSMCs (16,17)
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and with fibroblasts (18) have shown that thin films of
fibrillar collagen provide a matrix to cells that is highly ana-
logous to that of collagen gels. On fully hydrated collagen
fibrils, vSMCs exhibit a poorly spread, nonproliferative
phenotype, just as they do on thicker collagen gels (16,17).
Thin films provide opportunities for manipulating the matrix
in systematic ways. For example, we have previously studied
how collagen solution concentration influences the supra-
molecular structure of surface collagen and the resulting
response of cells (16). In the absence of large (=200 nm)
supramolecular assemblies of collagen fibrils, cells spread
extensively and become proliferative. These previous results,
together with results of others (19-21) suggest that the su-
pramolecular structure of nondenatured collagen and mech-
anical forces associated with fibrils influence cellular phenotype.
The study reported here was designed to examine directly the
effect of mechanical properties of collagen fibrils on vSMC
growth and spreading.

Thin films of collagen also provide excellent optical
properties for light microscopy, allowing better visualization
of cell interaction with collagen fibrils. Lateral movements of
fully hydrated collagen fibrils of 1-5 wm can be observed,
and the translocation of fully hydrated fibrils by cells to their
dorsal surfaces suggests that the thin films provide an
environment similar to a 3D matrix. The effect of increasing
the stiffness of the collagen fibrils results in failure of cells to
manipulate the matrix as seen in Supplemental Movies 1-3.
These observations indicate that dehydration of fibrils alters
the ability of vSMCs to manipulate them and suggest that
dehydration affects the mechanical properties of the fibrils.

How the mechanical properties of collagen are influenced
by dehydration has been addressed in many studies. Rheo-
logical studies suggest that loss of water from collagen fibrils
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FIGURE 7 Force versus displacement
with quantitative AFM. An AFM tip with
%0 a radius of ~40 nm was used to probe

';: collagen fibrils that were kept fully hy-
o £ drated (loading curve in blue and retrac-
Y tion in green) and the corresponding AFM
100 image, or were dried extensively (loading
- 150 curve in red and retraction in black) and

the corresponding image. Measurements

were taken in PBS. Five force-displace-

ment curves of each fibril were taken at

different points that span the width of the

fibrils as indicated by the arrows in the

images. See Supplementary Material Fig.

a0 4, a and b, for examples of these system-

atic measurements. The curves shown

here correspond to a position near the

center of each fibril. The parameter s¢ was

estimated from a linearization of the

<200 loading curves as described in Methods

and was used to calculate the contact
stiffness, ;.
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results in tighter packing of fibrils and enhanced mechanical
rigidity due to increased interfibril attractive forces (34).
These observations appear to be consistent with theory and
experiment on the elasticity and rigidification of hydrogels
with swelling and dehydration (35,36). Raman spectroscopy
indicates arole for hydration layers in maintaining the spacing
within collagen fibrils (37). Other studies have examined
the effect of chemical cross-linking and found an inverse
relationship between hydration of collagen and degree of
cross-linking (38,39). Molecular dynamics simulations with a
collagen-like peptide indicate that the absence of water pro-
duces an increase in the number of intramolecular hydrogen-
bonds (40). High-resolution crystal structure data indicate that
hydrogen-bonding occurs in collagen through a large number
of hydration sites (41) that form both interchain and intrachain
bridges. These H-bonds appear to be intrinsic features of
collagen triple helices, and their dynamics indicate that they
are kinetically labile and can exchange readily (42).

To begin to understand the molecular changes that ac-
company dehydration of collagen fibrils, we have examined
collagen thin films by infrared reflection spectroscopy and
observed significant differences in the spectra of fully hy-
drated and dehydrated collagen films in the amide I region.
We observed a major peak at 1655 cm ™' in fully hydrated
collagen films that was replaced by a transition at 1643 cm ™
in the dehydrated collagen films (see Supplemental Fig. 3).
Amide I shifts from 1660 to 1630 cm ™" have been attributed
to strengthening and shortening of hydrogen-bonds within
the triple helix during the process of fibril formation (43). At
completion of fibril formation, the higher frequency transi-
tion dominated again, indicating that a more relaxed, less
rigid structure of the collagen triple helix could be tolerated
in the intact fibril (43). Based on these results, our observation
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that the amide I peak shifts to lower frequencies in dehy-
drated collagen is consistent with a more rigid molecular
structure with shorter hydrogen-bonds. We also observed
differences when fully hydrated and dehydrated samples
were exposed to deuterated water; amide-deuterium (N-D)
stretches increased in fully hydrated collagen fibrils over
time for ~20 min, but little N-D exchange occurred in de-
hydrated fibrils. N-D intensities were an order of magnitude
smaller in dehydrated samples. Together, these data suggest
that dehydrated fibrils may experience closer H-bonding and
have restricted access to solvent, which would be consistent
with restricted molecular mobility.

Using nanoindentation and quantitative AFM, we also
directly observed mechanical differences in brittleness and
in contact stiffness between fully hydrated and dehydrated
collagen fibrils. We suggest that the increased stiffness of
the dehydrated fibrils allows cells to exert more mechanical
tension on the matrix, which potentiates the proliferative
phenotype. Apparent mean contact stiffness of individual
fully hydrated fibrils in PBS was estimated to be 3 nN/um,
which is an order of magnitude less than the 30 nN/um
estimated for dehydrated fibrils. The quantitative AFM
technique measures resistance to force applied normal to an
individual fibril. Nevertheless, the magnitude of these con-
tact stiffness values is similar to compliance values reported
by others. Using a polyacrylamide gel and measuring com-
pliance by deformation from a hanging weight, a value of
46 nN/um was found to cause fibroblasts to be less spread
and more motile compared to cells exposed to matrix with a
compliance of 730 nN/um (10). In another study (7), a dif-
ference of polymer compliance of a factor of 2 was sufficient
to result in differences in phenotype. Unlike studies that have
examined the effect of bulk polymer materials, the data in
this study suggest that nanoscale mechanical properties
of individual ECM fibrils are responsible for determining
phenotypic parameters such as cell spreading and prolifer-
ation in vSMCs. Similarly, the role of mechanical response
to single collagen fibrils was demonstrated by Meshel et al.
(15).

The intracellular signaling pathways that are responsible
for the differences in vSMC response to hydrated and dehy-
drated collagen films are currently under investigation in our
laboratory. A difference in adsorption of serum components
on the two different films appears not to be a determinant
of the phenotypic differences since we observed similar be-
havior under serum-free, defined media culture conditions
(Supplementary Material Fig. 2). However, our data do not
preclude the possibility that vSMCs respond to different
mechanical environments by remodeling their matrix in
different ways. The response of cells to function-blocking
antibodies to B1 integrin suggests only that 81 integrin is
involved in the initial interaction of cells with both fully
hydrated and dehydrated collagen films. It may be that the
response of cells to the stiffer fibrils stimulates matrix
remodeling with secretion of other ECM proteins that
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support the observed proliferative phenotype. This possibil-
ity will be explored in future studies.

SUPPLEMENTARY MATERIAL

An online supplement to this article can be found by visiting
BJ Online at http://www.biophysj.org.

Topographical AFM data shown in Fig. 1 was courtesy of John Woodward.

This work was funded in part by National Institute of Standards and Tech-
nology Innovative Measurement Science funding.
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