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ABSTRACT A laser-trap microrheometry technique was used to determine the local shear moduli of Type | collagen gels.
Embedded 2.1 um polystyrene latex particles were displaced 10-100 nm using a near-infrared laser trap with a trap constant
of 0.0001 N/m. The trap was oscillated transversely =200 nm using a refractive glass plate mounted on a galvanometric
scanner. The displacement of the microspheres was in phase with the movement of the laser trap at frequencies less than
1 rad/s, indicating that at least locally, the gels behaved as elastic media. The local shear modulus was measured at various
positions throughout the gel, and, for gels at 2.3 mg/mL and 37°C, values ranged from G = 3 to 80 Pa. The average shear
modulus G = 55 Pa, which compares well with measurements from parallel plate rheometry.

INTRODUCTION

Collagen is a class of proteins found in human skin, bone,
tendon, ligament, and connective tissue. It is a principle
component of the extracellular matrix (ECM) in tissues
(Hay, 1991; Alberts et al., 1994). Collagens constitute 25%
of the total protein mass of multicellular animals (Alberts et
al., 1994), and therefore they are a natural material to be
used for tissue equivalents (Lanza et al., 1997). Of the
collagen present in the body, about 90% is Type 1. Type I
collagen is soluble in dilute acid and can be obtained by
extraction from rat tail tendon or bovine calf skin, among
other sources (Elsdale and Bard, 1972a,b). Upon raising the
pH and temperature to physiological conditions, a Type I
collagen solution forms a hydrogel. Cells can be grown on
this gel, which acts like an ECM. With time, the cells have
two important mechanical effects on the hydrogel. 1) They
cause the gel to shrink in volume by more than an order of
magnitude. This occurs as the gel fibrils are compacted and
water is lost through syneresis (Moon and Tranquillo, 1993;
Barocas et al., 1995). 2) The collagen fibrils, which initially
have a random orientation within the hydrogel, become
aligned. This, in turn, causes a directed motility of cells
along the fibrils (Dickinson et al., 1994). Both effects ap-
pear to be caused by the traction forces exerted by the cells
on the hydrogel. The ultimate goal of our research project is
to measure these traction forces and to understand their
effect on the restructuring of the collagen gels.

The method we use to measure traction forces is based on
Hooke’s law from elasticity theory. When a linear spring is
stretched by a displacement (Ax), the spring exerts a restor-
ing force (F) given by F = —kAx. If a load is applied to a
spring with a known spring constant (k) and the resulting Ax
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is measured, Hooke’s law gives the force. We use a similar
concept, although the equations become tensorial (Dembo
et al., 1996). By first measuring the mechanical properties
of the gel and then measuring the deformation the cells
cause in the gel, we use elasticity theory to calculate the
traction forces that cells exert on collagen hydrogels.
Dembo and Wang (1999) used this method to analyze
traction forces on uniform, stiff polyacrylamide hydrogels.
The Type I collagen hydrogels we work with are much less
stiff, and include the possibility that the mechanical prop-
erties were nonuniform. We examined the gels using laser-
trap microrheometry. The results of these measurements are
reported in this paper.

Several researchers have studied the rheology of Type I
collagen using macroscopic techniques. Hsu et al. (1994)
used a cone-and-plate rheometer to study collagen hydro-
gels with a collagen concentration of 0.91 mg/mL. They
examined how ionic strength and the presence of other
macromolecular components (e.g., dermatan sulfate, hyal-
uronic acid, fibronectin, elastin) affected the rheology of the
gels, finding elastic shear moduli from 10 to 100 Pa. Ba-
rocas et al. (1995) studied collagen at 2.1 mg/mL using
Couette rtheometry. The collagen gel behaved as a Maxwell
fluid with a zero-shear viscosity of 7.4 X 10° Pa*s and a
shear modulus of 15.5 Pa. Knapp et al. (1997) examined the
rheology of collagen hydrogels in confined compression,
which enabled them to examine the two-phase behavior of
collagen gels (i.e., fibrils and water). Djabourov et al.
(1993) and Newman et al. (1997) studied the rheology of
collagen hydrogels during the gelation process. None of
these studies examined local rheological properties, which
we expected to be important on the 10—100-wm scale of
single cells.

Various methods can be used to determine the micro-
rheological characteristics of a sample. Manipulation of
magnetic microparticles, coupled with video detection of
nanometer displacements, was used by Guilford and Gore
(1992) to study interstitial connective tissue. A similar
method was used by Ziemann et al. (1994) to examine
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entangled actin networks. Mason and Weitz (1995a,b)
followed the Brownian motion of a particle with dynamic
light scattering and interpreted the movements using a
generalized Langevin equation. They were able to obtain
G' and G” for a suspension of silica particles in ethylene
glycol (i.e., hard spheres) and a 15% solution of poly-
ethylene oxide in water, showing good agreement with
classical mechanical rheology measurements. Schnurr et
al. (1997) developed a laser interferometry method that
also used the Brownian motion of a particle to determine
G' and G" for semiflexible F-actin solutions and poly-
(acrylamide) gels. They consistently found that control
measurements taken using a cone-and-plate rheometer
were lower than the microrheometric measurements. Val-
entine et al. (1996) used a laser trap to manipulate a
polystyrene latex particle immersed in a polymeric fluid
(telechelic PEO). They observed bead movements using a
position-sensitive detector. Although the authors mea-
sured only the viscous component of the fluid, they were
the first to demonstrate the method of laser-trap micro-
rheometry (see also Hough and Ou-Yang, 1999).

In this paper, we use the laser microrheometry tech-
nique to probe collagen gels on a micron-length scale.
This method has the advantage that it can measure local
mechanical properties in situ even as the cells exert
traction on the gel, which is important because we expect
the mechanical properties of the gel to change consider-
ably over long time periods due to cell action. Not only
do the properties of these gels change in magnitude with
time, but significant heterogeneity of properties arises
(Crocker et al., 2000), and, with time, the mechanical
properties become anisotropic. This method is capable of
measuring the rheology along two or three axes, although
in this paper we measure the mechanical properties in one
axis only.

MATERIALS AND METHODS
The Type | collagen hydrogel

Collagen gels were formed from Vitrogen 100 Type I collagen (No
98D241A , Collagen Corp., ). Vitrogen 100 is a purified, pepsin-solubilized
bovine dermal collagen sold in solution at 3.0 mg/mL in 0.012 N HCL It
is 99.9% collagen, with 95-98% being Type 1. Further information about
Vitrogen 100 can be obtained from the Collagen Corporation. A hydrogel
can be formed by neutralization of the collagen solution. Milliliter batches
of collagen solutions at concentrations of 0.5-2.3 mg/mL were made by
adding 0.1 N NaOH to the collagen solution, bringing the pH to 7.4.
Sulfate-stabilized polystyrene latex microspheres (2.1 wm, Interfacial Dy-
namics Corporation, , Oregon) were added to the solution before gelation,
along with phosphate buffer saline (PBS, pH 7.4) and enough water to give
the final concentration. Solutions were injected into rectangular capillary
tubes (Vitrocom, Mountain Lakes, NJ) of size ID = 0.20 mm, inner
width = 2 mm, and length = 5 cm. The solutions were incubated in the
capillary at 37°C for 60 min to cause gelation. The solutions showed no
visible signs of gelation before the incubation process. Scanning electron
micrographs (SEMs) of fixed gels in open containers show collagen fibrils
in a felt-like, interconnected matrix (Fig. 1). The fibril matrix is also visible
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FIGURE 1 Scanning electron micrograph showing upper surface and
cross-section of a 2.3-g/mL collagen gel. The gel was cut across with a
razor blade after critical-point drying, but before metal shadowing.

in hydrated gels when viewed by high-resolution differential interference
contrast optical microscopy.

Calibrating the laser trap

In our study, we used a variation of the laser-trap method given by
Valentine et al. (1996), using digital video microscopy to obtain the
position of individual particles to within =2 nm (Gelles et al., 1988). A
near-infrared diode laser (SDL-5762 MOPA laser, 1000 mW, 992 nm
wavelength) was used to produce a laser trap (Svoboda and Block,
1994; Kuo, 1995) in an Axiovert 135TV microscope (Zeiss) equipped
with a 100X, 1.25 NA oil-immersion objective. Transmitted-light im-
ages were captured with a C4880 CCD digital camera (Hamamatsu,
Japan) operated via the custom software of our Automated Interactive
Microscope (see Taylor et al., 1996). Eight-bit images (250X256 pix-
els) were acquired at 8—11 frames/sec. The power of the near-infrared
laser could be controlled from 1 to 99% in 100 parts. The laser trap was
oscillated =200 nm using a refractive glass plate made of an ordinary
microscope slide. The slide was mounted on a galvanometric scanner
and oscillated rotationally (~=*1°) at a rate of 0.06—60 rad/s (Fig. 2).
The glass slide “beam steerer” shifted the laser beam by refraction,
which caused movement of the beam focus in the transverse direction
by roughly 100 wm. After demagnification through the microscope, the
trap movement was measured to be ~190 nm. The precise number
could be controlled by adjusting the amplitude of the galvanometer
rotation. The custom software enabled us to know the precise time of
image capture and the precise position of the beam steerer. The exper-
imental setup of the laser trap is shown in Fig. 2.

Calibration of the laser trap was done using a standard hydrodynamic
method with microspheres in a water specimen. The microscope stage was
driven at various steady speeds from 0 to 100 wm/s (measured by watching
the movement of nontrapped tracer particles), and the steady-state displace-
ment of the trapped particle away from the center of the trap was measured
using video microscopy (Gelles et al., 1988) and image processing.

Biophysical Journal 81(3) 1786-1792
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FIGURE 2 Schematic of the laser trap. The dotted lines represent the
near-infrared laser radiation for the trap, whereas the solid lines indicate the
transmitted light by which we are able to image the particle.

Particle position was defined by the center computed in NIH Image
software as

xf(x) dS

fix) dS

where x,, represents the particle center; S represent the area over the whole
object space; and f{x) represents the local binary gray level, obtained by
thresholding the image to black and white.

Two forces act on the particle during calibration: the optical force (F))
holds the particle in the trap, and the hydrodynamic force (Fy;) caused by
the moving fluid displaces the particle from the trap center. For small
displacements, F; is given by

FL= - kL(xp - XL) 5 2)

where k; is the trap constant, x,, is the position of the particle center, and
X is the position of the laser-trap center. We found this linear relation for
x, — xp < 200 nm (Fig. 3). Fy; is given approximately by Stokes law,

P
Fy=6mmal, 3)

where 7 is the fluid viscosity, a is the particle radius, and U is the fluid
velocity past the stationary particle. More sophisticated forms of Eq. 3
could have been used when the height (z) between the particle center and
the capillary wall was small. However, for z/a > 5 (as in our experiments),
Eq. 3 has less than 10% error (Goldman et al., 1967). Nevertheless,
experimentally, we did calibrate the trap at various heights (z) above the
capillary wall.

Because the particle was not accelerating, F; + Fy; = 0. Thus, Egs. 2
and 3 give the trap constant k; as a function of the fluid velocity (U) and
displacement from the center of the trap. Figure 3 shows the linearity of the
trap with displacement from the trap center (i.e., how well k; remains
constant). It is seen that, to within experimental uncertainty, the trap
remains at roughly &, = 100 uN/m for small (x, — x;) at full laser power.
Figure 4 shows k;_ for various heights (z) above the capillary surface. The
dip near z = 0 is due to the error in Stokes law discussed above (i.e., we
do not account for the glass surface). The decrease in k; with z above 10
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FIGURE 3 Calibration of the laser trap. The trap constant (k; ) is shown
as a function of distance (x,, — x ) of the particle from the center of the trap.
The trap is linear to roughly 160 nm, but even at 200 nm, k& is still 72%
of the value near the center of the trap, which is 100 uN/m.

um is due to optical aberration with depth of focus into the specimen. This
originates in the refractive index mismatch between immersion oil (n =
1.52) and the gel (n = 1.33-1.34). Note that &, = 0.00010 N/m at the
maximum. Because our gels were less than 0.25% collagen, this trap
constant should have remained unaffected by light scattering.

We calibrated the trap at various laser powers, and the trap constant
remained proportional to the applied power. This indicates that the particle
did not absorb a significant amount of laser energy. If this had occurred, the
fluid around the particle would have increased in temperature, decreased in
viscosity, and given a different laser-trap constant. In addition, in the
collagen hydrogel, no change in gel fibrils (e.g., deformation or dissolu-
tion) was ever seen that indicated an elevated temperature field near the
laser focus.

Laser trap microrheometry

After the trap was calibrated, collagen specimens containing identical
particles were tested. Each test particle was centered into the trap using the
motorized stage control and video microscopy. Alignment by eye was
obtained to within 100 nm; one can align the center of objects much more
accurately than the resolution limit of the microscope. Focus was set
reproducibly by observing the central bright disk of the spheres. Misalign-
ment at higher collagen concentrations (where the gel has a higher mod-
ulus) is more problematic than at low concentrations, because the laser trap
then cannot pull the microsphere near to the center of the trap. On the
contrary, at lower collagen concentrations, the hydrogel is sufficiently
weak that the trap pulls the microsphere much closer to on-axis alignment.

After the alignment to a cross-hair was done, the laser trap and the beam
steerer were turned on. Centration (and focus) error caused the test particle
to “jump” when the trap was activated, and this was used as a cue to
optimize further the centration. Thus, in hydrogels with a low collagen
concentration (i.e., lower modulus), this jump allowed quicker centration
of the microsphere.



Microrheology of Type | Collagen Gels

hydrodynamic effect
of capillary wall aberration

| — 1
140 T T - —

effect of optical

120 ¢ °

100

80'

k;, (uN/m)

60 r

40 |
T=22°C
20 2a=2.1 um

0 L L I . n
0 10 20 30

A z (um)

contact with the
capillary wall

FIGURE 4 Effect of z position of microsphere on trap strength. The trap
constant (k; ) is shown as a function of distance away from the lower wall
of the chamber. At small z, the value of &, appears to be reduced, because
we neglect the hydrodynamic effect of the capillary wall. At large z the
value of & is truly reduced due to optical aberration. In our experiments,
z was kept at roughly 10 um.

By assuming the collagen hydrogel acted as an elastic (E) material, the
calculated force of the gel on a spherical particle is (Phan-Thien and Kim,
1994)

1—v
FE = - 247TG£15X(5_6V>, (4)

where G is the storage modulus, a is the particle radius, and 6, is the
displacement of the sphere. For an incompressible material, v = 0.5. In this
case, the term in parentheses is 0.25 and Stokes law for an elastic material
is recovered. It is difficult to measure v for a biphasic material like a
collagen gel, but if we estimate the term in brackets to be 0.25, then the
maximum error is about 10% from this equation because it is relatively
insensitive to v. We found no viscous behavior over short time periods (see
Results), and, thus, Eq. 4 was used for all calculations. Other more
sophisticated equations could have been used, including equations that
account for viscoelasticity and anisotropy.

RESULTS

Figure 5 shows the results from a typical experiment in a
collagen gel. With the trap off, the particle underwent
small-amplitude, localized Brownian motion in the elas-
tic medium (Mason and Weitz, 1995a; Schnurr et al.,
1997). It was usually the case that the particle was not
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FIGURE 5 Position of trapped microsphere as a function of time. The
2.1-pum polystyrene latex particle was moved in a 2.3-mg/mL collagen gel
at 22°C at a frequency of 2 rad/s. The displacement of the particle is given
in nanometers. Note that, initially, before the trap is turned on, the micro-
sphere is not centered with the trap. After the experiment (near 13 s), when
the trap was released, the particle returned to its initial position.

initially centered on the trap (as shown in Fig. 5), as
determined by comparison to the position of a trapped
particle in water. Thus, when the trap was turned on, the
particle jumped slightly. The positions in Fig. 5 were
obtained by taking a moving average over three camera
frames. Three frames takes roughly 0.38 s, which is much
less than the time scale of ~3 s for particle movement. In
all cases, the number of frames used in the moving
average were much less than the time scale of movement
(e.g., for the high frequencies, no moving average was
possible). The moving average was used to reduce the
effects of a drifting hydrogel (e.g., by up to 5 nm) during
the experiment. The slow camera frame rate limited our
temporal resolution, and, therefore, we were not able to
detect viscous effects at high frequencies.

For all hydrogels tested, the shear modulus (G) was
determined in the frequency range of 0.06—63 rad/sec at
22°C and 37°C (Fig. 6). The average G increases with
collagen concentration as expected. However, the most
striking pattern is the variation in shear moduli for the same
concentration. Indeed, these same variations occurred
within individual gels. For example, the 2.3-mg/mL gel has
local shear moduli that vary from 2 to 90 Pa. This is not
simply an experimental artifact. When viewing the speci-
men, most of the particles are visibly immobile (at least, to
the resolution of the television system and human eye).
However, some of the particles underwent visible Brownian
motion. This Brownian motion gave no net displacement
with time. Rather, it occurred within a harmonic well
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FIGURE 6 Shear modulus (G) for gels at 22°C. @, 2.3 mg/mL; O, 1.5
mg/mL; and A, 0.5 mg/mL. The lines give the average G at 2.3 mg/mL (fop
line), 1.5 mg/mL (middle line), and 0.5 mg/mL (bottom line). Note the
large heterogeneity in properties with position for the same gel concentra-
tion.

(Chandrasekar, 1943). This same behavior was seen in
hydrogels at 37°C. Figures 6 and 7, which quantify both the
trends and the heterogeneity in G, are the primary results of
this paper.

The microscopic measurements give G values compa-
rable to those obtained from our measurements using
macroscopic rheometry (controlled stress Rheometrics
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FIGURE 7 Shear modulus (G) for gels at 37°C. @, 2.3 mg/mL; O, 1.5
mg/mL; and A, 0.5 mg/mL. The lines give the average G at 2.3 mg/mL (fop
line), 1.5 mg/mL (middle line), and 0.5 mg/mL (bottom line).
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FIGURE 8 Rheological measurements from a macroscopic rheometer
using a 40-mm parallel plate. The collagen concentration was 2.3 mg/mL,
and the gap between the plates was 1 mm.

Scientific SR-5). Neutralized, cold collagen solutions
were brought to 37°C on the rheometer under zero shear
conditions for 60 min until the hydrogels formed. For a
few runs, we caused gelation under testing conditions;
the gels appeared to be formed in ~10 min. After the gel
was formed, the temperature was changed to the desired
level over a period of 3 min. In our parallel-plate rheo-
meter (40-mm plate, 1-mm gap), a large G’ and a small
G" were relatively constant from 0.15 to 25 rad/s for both
22°C and 37°C (Fig. 8).

The linearity of the collagen gels was checked with a
stress sweep. Barocas et al. (1995) showed that collagen is
linear up to ~10% strain. Figure 9 shows that, for a collagen
concentration of 0.5 mg/mL, the shear modulus of the
hydrogel increased slightly with strain, but that, up to 10%
strain, only a small variation in shear modulus (G) occurred.
The nonlinearity probably occurs as the physical (i.e., non-
covalent) bonds within the gel material break and reform, a
process that increases at higher strains.

DISCUSSION

The most striking feature of Figs. 6 and 7 is the significant
variations in mechanical properties as a function of position
within each gel matrix. Although we did not determine the
precise length scale of this heterogeneity, we do know that,
over length scales of 100 wm, the variations tend to average
out. We determined this in experiments done with calibrated
microneedles (data not shown), in which we applied a
known force using the microneedle, and then obtained the
material properties by observing the long-range deformation
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FIGURE 9 Linearity of collagen gel at 0.5 mg/mL. The gel is essentially
linear Hookean up to 10% strain. Forward indicates an increasing strain
amplitude, and reverse indicates decreasing strain amplitude.

field in the gel. The results indicate much smaller variation
in mechanical properties. However, the focal adhesions
between a fibroblast and its supportive collagen matrix are
highly localized in the gel, and therefore the local charac-
terization of the gel network is probably most relevant to
cellular experiments. We did not determine whether the
collagen concentration was altered in the immediate vicinity
of the particle.

We do not detect the viscous portion of the modulus in
microrheometry. This could be the result of our poor
temporal resolution, because the imaging system attains
Nyquist sampling for only the lower oscillation frequen-
cies. With f = 11 frames/sec as our camera frame rate,
our uncertainty in 8 for tan 8 = G"/G’ is w/f (radians). So,
to detect a tan 6 of 0.2 would require w < 2.2 rad/s for
our camera frame rate. Thus, we would only detect the
expected viscous behavior in our 0.6-rad/s measure-
ments. Nevertheless, we do not detect viscous behavior
even at this experimental frequency.

Overall, our results compare well with previous research-
ers, which are mentioned in the Introduction. Our parallel-
plate measurements are comparable to, but slightly lower
than, those obtained from laser-trap microrheometry. We
cannot explain this difference, although it has been seen
before (Schnurr et al., 1997). Although the proper method
for averaging the mechanical properties for our hydrogel is
unknown, the average shear modulus (G) from the micro-
rheometry measurements does not depend strongly on the
method of averaging. In the theory of mechanical properties
for composites (Chawla, 1998; Christenson, 1979), there are
two “rules of mixing” (Fig. 10): action in parallel (isostrain)
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FIGURE 10 Rules of mixing for mechanical properties.

and action in series (isostress). The equations of averaging
for each are:

Gparallel = E b.G,, (5)
1
Gseries = m (6)

In calculating averages, the ¢; were assumed to be 1/N,
where N is the number of measurements taken (i.e., each
local value of G was weighted equally). For the 2.3-mg/mL
gel at 37°C, the parallel rule gives (G) = 54 Pa, whereas the
series rule gives (G) = 45 Pa. This occurs because the
regions with low G (e.g., G = 2 Pa) have a higher impact on
the average when used in the action-in-series model. Table
1 gives the average values for each gel concentration.

CONCLUSIONS

A laser-trap microrheometry technique was used to measure
local mechanical properties in Type I collagen gels. The
method can measure a frequency range of 0.06 to ~60 rad/s,
and can measure heterogeneity and anisotropy in the me-
chanical properties. In the experiments reported here, it was
shown that collagen gels (0.5-2.3 mg/mL) at 22°C and 37°C
have shear moduli that vary from position to position.
Although we have not yet determined the length scale of

TABLE 1 Gel properties from laser trap microrheometry
averaged over local positions for T = 37°C
gel concentration (Gisostress) (Gisostrain?
(mg/mL) (Pa) (Pa)
0.5 6.7 £ 0.57 4.55 +0.73
1.5 42 +24 38 £21
2.3 55*+39 47 =20

Each of the N local measurements of G in the various experiments were
weighted equally (i.e., ¢; = 1/N). The £ gives the standard error of the
mean for the average value. The spread from position to position is shown
clearly in Figs. 6 and 7. At each concentration, about thirty total samples
were done. Note that, for the isostrain model, a few values far from the
mean produce a large standard error.

Biophysical Journal 81(3) 1786-1792
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this variation, the variation is large (e.g., for 2.3-mg/mL
collagen gels, the local shear modulus varies from 2 to 90
Pa). Future experiments will be more involved, fully en-
abling the capability to measure anisotropic properties along
multiple axes.
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