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In order to better understand the gelation process associated with collagen assembly, and the
mechanism of the in vitro morphogenetic phenomenon of ‘‘matrix-driven translocation’’ [S. A.
Newman et al. (1985) Science, 228, 885–889] , the viscosity and elastic modulus of assembling
collagen matrices in the presence and absence of polystyrene latex beads was investigated.
Viscosity measurements at very low shear rates (0.016–0.0549 s01) were performed over a
range of temperatures (6.9–11.57C) in a Couette viscometer. A magnetic levitation sphere
rheometer was used to measure the shear elastic modulus of the assembling matrices during
the late phase of the gelation process. Gelation was detected by the rapid increase in viscosity
that occurred after a lag time tL that varied between 0 and Ç 500 s. After a rise in viscosity
that occurred over an additional Ç 500 s, the collagen matrix was characterized by an elastic
modulus of the order of several Pa. The lag time of the assembly process was relatively
insensitive to differences in shear rate within the variability of the sample preparation, but
was inversely proportional to the time the sample spent on ice before being raised to the test
temperature, for test temperatures ú97C. This suggests that structures important for fibrillo-
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338 Newman et al.

genesis are capable of forming at 07C. The time dependence of the gelation process is well-
described by an exponential law with a rate constant K Ç 0.1 s01 . Significantly, K was
consistently larger in collagen preparations that contained cell-sized polystyrene beads. From
these results, along with prior information on effective surface tension differences of bead-
containing and bead-lacking collagen matrices, we conclude that changes in matrix organiza-
tion contributing to matrix-driven translocation are initiated during the lag phase of fibrillo-
genesis when the viscosity is °0.1 Poise. The phenomenon may make use of small differentials
in viscosity and/or elasticity, resulting from the interaction of the beads with the assembling
matrix. These properties are well described by standard models of concentrated solutions.
q 1997 John Wiley & Sons, Inc.

INTRODUCTION results on a model connective tissue system has
provided some insight into this question.6,20,21 The

Cells in the connective tissues of multicellular or- system consists of solutions of assembling fibers of
ganisms produce their own complex environment type I collagen. One such solution (phase 1) con-
known as the extracellular matrix (ECM; for a re- tains ú2.5 1 106 uniformly suspended cell-sized
view on the subject, see Ref. 1) . The most abundant (6 mm) polystyrene latex beads per cm3, while the
organic component of the ECM is type I collagen, a other solution (phase 2) is prepared without beads.
rod-like protein that assembles into macromolecular When droplets of the two fluids, with collagen con-
fibrils and subsequently into fibers and macroscopic centrations in excess of 1.5 mg/mL, are placed con-
fiber bundles.2,3 ‘‘Irregular’’ connective tissues, tiguously to one another on a polystyrene substra-
which include the dermis of the skin, the capsules tum (or alternatively, injected into the opposite ends
of most organs, and the loose mesenchymes from of a chamber consisting of two parallel polystyrene
which many structures form during embryonic de- plates separated by 0.2 cm), a sharp interface forms
velopment, must have the capacity to resist stresses between the two fluids. The development of this
in all directions, and consequently contain collagen interface coincides with the bulk flow of phase 1
fibers and/or fiber bundles organized into random above and below phase 2, leading to translocation
networks. of the beads (Figure 1). Movement stops after a

Networks of type I collagen also form in vitro. few minutes. The typical velocity £ of translocation
The protein first assembles into fibers, which as they is 2 1 1003 cm/s.
elongate, intermesh with each other and eventually This phenomenon, termed ‘‘matrix-driven trans-
form a gel.3 The gelation process in collagen, like location’’ (MDT),20,21 was proposed to depend on
that in other macromolecular systems, has been ana- a driving force resulting from the difference in the
lyzed in terms of the formation of random ‘‘percola- effective interfacial tensions between the two
tion networks.’’4–7 However, despite extensive phases6 :
studies of this assembly process and the physical
phenomena accompanying it, 3,8–13 a number of fun-

F Å gL (1)damental questions remain unanswered. For in-
stance, the nature of intermediate forms during col-
lagen fibrillogenesis remains controversial, 3 leading with L being the contact line between the phases,

g Å sw2 0 sw1 0 s12 the spreading coefficient, 22to uncertainty with respect to the scale on which
macroscopic structure formation occurs. sw1 and sw2 the effective interfacial tensions be-

tween the respective phases and their bounding sub-The formation of collagen networks may have a
bearing on the morphogenesis of connective tissues. strata (polystyrene and air, or the two polystyrene

plates) , and s12 the effective interfacial tension be-It has long been hypothesized that tissues of differ-
ent origin can behave as immiscible fluids.14–16 That tween phases 1 and 2. The separation of phases was

hypothesized to be the consequence of early eventsis, contiguously placed tissues will fail to exchange
cells along their common boundary despite the fact in an assembly process that eventually leads to the

gelation of collagen by virtue of the formation of athat the cells are entirely mobile within each tissue
mass. The origin of this apparent phase separation static percolation network.5,23 In particular, the

beads were proposed to interact with the dynamicalin epithelioid tissues, in which cells make direct
contact with each other, is well understood.17–19 In percolation network assumed to be present in the

collagen solution prior to its gelation, resulting incontrast, the basis for such phenomena in connective
tissues is obscure. Recently, a set of experimental a phase thermodynamically distinct from pure colla-
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Viscosity and Elasticity 339

two objectives. First, we sought to follow the behav-
ior of the viscosity and elastic modulus during and
after the gelation of collagen, and relate these prop-
erties to the scaling theory of second-order phase
transitions. Second, in order to better understand the
physical processes underlying MDT, we sought to
relate the development of any viscoelastic differ-
ences between the two phases to the previously mea-
sured values of the effective tensions.25 For this pur-
pose we performed viscosity measurements over a
range of temperatures and shear rates, in both phases
1 and 2. Similar to previous studies, 8 we found that
a rapid increase in viscosity starts only after a lag
time tL , but unexpectedly observed that the lag time
varied inversely with the amount of time the colla-
gen sample spent on melting ice after its pH and
ionic strength were adjusted to physiological values.
This implies that important early steps of fibrillo-
genesis, with no apparent effect on viscosity, can
occur at 07C. We also found that the presence of as
few as one 6 mm diameter polystyrene bead per 2.2
1 105 mm3 significantly accelerated the increase in
viscosity from the earliest stages of the gelationFIGURE 1 Diagrammatic representation of matrix-

driven translocation (MDT) assay. (A) The deposition process.
on the surface of a petri dish of two droplets of soluble From these results we conclude that the phase
type I collagen, one containing and one lacking cells, or organization and separation seen in MDT is proba-
cell-sized polystyrene latex beads. (B) A higher magni- bly based on the formation of macroscopic struc-
fication schematic representation of a side view of the two tures by collagen fibrils that arise mainly during the
droplets shortly after their fusion. (C) The translocation lag phase. Translocation itself is most likely initi-
effect—a reconfiguration of the apparent interface be-

ated by wetting forces during the lag phase, ortween the two droplets during the collagen assembly pro-
shortly thereafter, when the viscosities are less thancess. (D) A higher magnification schematic view of the
102 Poise. The continuation of translocation maygrowing collagen fibrils shown in C, disrupted by beads
be the consequence of differences in viscosity and/or cells on the left, and forming a pervasive network on
or elasticity of the two solutions as fibrillogenesisthe right.
proceeds.

gen.7 The two phases should thus exhibit a nonzero
effective interfacial tension s12 . (We use the term EXPERIMENTAL PROCEDURES
‘‘effective interfacial tension’’ throughout this
work, since as gelation proceeds the collagen-based

Preparation of Collagen Solutionsphases are elasticoviscous liquids, and their surface
free energies contain an elastic component.24) De- Type I collagen was extracted from the tails of young

adult rats as described.20 The acetic acid extract was ad-tailed measurement of the tensions at the air–liquid
justed to a protein concentration of 3–5 mg/mL and dia-interface have indeed detected a difference sw2

lyzed for 2 days against two changes of 0.1 strength0 sw1 of a few dynes/cm, with little time depen-
Ham’s F-12 medium without bicarbonate (Life Sciences,dence.25

Grand Island, NY). Phase 1 was prepared by startingIn the present work we report the results of mea-
with 0.7 mL dialyzed collagen solution on ice and addingsurements of the viscoelastic properties of assem-
in succession, with rapid mixing, 0.1 mL 9.3 1 Ham’s

bling collagen matrices in the absence and presence F-12, 0.1 mL distilled water, and 0.1 mL sodium bicar-
of suspended polystyrene latex beads. In consider- bonate (11.76 mg/mL). This, in turn, was rapidly mixed
ation of the fact that gelation is a second-order phase with 1 mL of complete Ham’s F-12 containing 9 1 106

transition,23,26 in which viscosity increases indefi- polystyrene latex beads (6 mm; Polysciences, Warrington,
nitely below the transition, and well-defined me- PA) per mL. Phase 2 was prepared as above, but with 1

mL F-12 without suspended beads. All experiments werechanical properties appear above it, our study had
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therefore performed with collagen in 11 strength tissue begun once the magnetic sphere was suspended mo-
tionless in the magnetic field. The test cell was movedculture medium, the conditions under which the MDT

effect has been best characterized.20,21 The collagen sam- sequentially for short periods (õ100 s) with the velocity
and duration of displacement being modified at each mea-ples were kept on ice for controlled amounts of time

until being transferred to the viscometer or rheometer surement, considering the result of the previous one. This
protocol allowed the perturbation of the sample duringdescribed below.
gelling to be minimized, and permitted determination of
the steady state properties of the gelling collagen.

The Couette Viscometer

We used a conventional Couette viscometer (Contraves
RESULTSLow Shear 30) with imposed shear rates. This instrument

consists of two coaxial cylinders separated by a gap of
about 0.5 mm. When the outer cylinder is set into rotation Viscosity Measurements
the torque on the inner cylinder is proportional to the

A typical run with the Couette viscometer is shownviscosity. The gap between the cylinders was filled with
in Figure 2. Time is measured from the removal ofthe sample and the viscosity was recorded as a function

of time until it reached the maximum value detectable by the collagen from ice. The two sets of points refer,
the apparatus. The shear rate S , was set to a value between respectively, to experiments with pure collagen and
1002 s01 and 5 1 1002 s01 depending on the experiment, with collagen plus beads. We observed three time
and was held constant during each run. The measured regimes:
viscosity values were between 102 and 103 Poise. Tem- (a) time Å [0 0 tL] . During this period the
perature was controlled by a thermostated circulating wa- viscosity does not vary much and remains lower
ter bath and was maintained constant to within 0.17C. On

than 0.1 Poise for both the collagen and collagenthe basis of the gap size in the viscometer and the heat
plus beads preparations. The time tL is the well-diffusivity in aqueous solutions, we estimate the tempera-
known lag time seen in previous studies in whichture equilibration times in our experiments to be on the
turbidity31 or viscosity8 were monitored. In the pres-order of 10 s.
ent studies this lag time was variable from experi-
ment to experiment, ranging between 0 and 10 min,

The Magnetic Levitation Sphere with no consistent dependence of tL on shear rate
Rheometer ( in the range 1002 s01 ° S ° 5 1 1002 s01) , or

on the presence or absence of beads. Within a givenThe elastic modulus was measured using a specially de-
set of runs, however, there was a strong inversesigned magnetic levitation sphere rheometer (MLSR).27–30

The principle of the apparatus is the following: a small dependence of tL on the time the sample spent on
magnetic sphere (0.8 mm in diameter) is kept suspended ice ( tI) prior to being poured into the viscometer.
motionless in a vertical cylindrical tube 10 mm in diame- The result of an experiment aimed at probing this
ter ( the test cell) filled with the collagen solution, by dependence is shown in Figure 3. Additional experi-
means of a monitored magnetic field. The test cell is ments conducted in the range 9.2–11.57C gave simi-
vertically translated at a variable speed between 5 1 1003

lar results (not shown). For experiments performed
mm/s and 5 1 10 mm/s. The shear rate is defined as the

at these temperatures there was no lag phase whenvelocity divided by the sphere diameter, and can be as
tI exceeded 300 s, and the viscosity immediatelylow as 1002 s01 . The total relative deformation can be
after removal from ice was larger than 0.1 Poise.made as little as 1002 . The rheological properties of the

A different situation held, however, for experi-sample are deduced from the intensity of the current in the
ments performed at 6.97C, the lowest temperaturecoil that produces the magnetic field keeping the sphere

motionless. Before gelation the sample is viscous and the studied. Here the lag times were longer, typically
intensity of the current is proportional to the viscous force 10 min for a tI of 2 min (as compared to a tL of
exerted on the sphere by the flow around it, i.e., to the about 5 min for a tI of 2 min at 11.57C), and were
velocity of translation. The viscosity of the solution is not substantially shortened by prolonging tI to 10 min.
obtained from the coefficient of proportionality. After (b) time Å [ tL 0 tS] . After the lag time the
gelation the sample exhibits elasticity and the intensity viscosity increases rapidly, with exponential kinet-
of the current is proportional to the total displacement of

ics (see below), characterized by a rate constant Kthe tube. The proportionality constant is then related to
ranging between 0.03 and 0.16 s01 , until a ‘‘bump’’the shear elastic modulus.
appears in the curve for the bead-containing prepa-In each run the test cell was filled with a collagen
ration at t Å tS (Figure 2). For six out of seven setssample before inserting it in the apparatus. The tempera-
of measurements in which bead-lacking and bead-ture of the cell was maintained at 11.57C with a thermo-

stated circulating water bath. The measurements were containing collagen solutions were kept on ice for
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FIGURE 2 A typical viscosity run in the Couette viscometer for pure collagen (open sym-
bols) and collagen plus beads preparation (solid symbols) . Shear rate: 0.0219 s01 ; T Å 11.57C;
the time the preparations spent on ice, tI Å 120 s. For the meaning of tG , tL , and tS , see text.
The inset shows in more detail the behavior of the viscosity at the onset of gelation. (Note the
scale of the vertical axis.)

identical times before analysis in the Couette appa-
ratus ( tI Å 2 min), and the lag times for the paired
preparations were within a factor of 1.5 of each
other, we found that K was 1.3–2-fold greater for
the bead-containing than the bead-lacking prepara-
tion. This included experiments performed at 6.97C
at a shear rate of 0.0161 s01 , and at 11.57C with
shear rates of 0.0219, 0.0237, and 0.0549 s01 . In
the case that did not conform to this pattern, the K
values for the two preparations were within 10% of
each other. We interpret the bump as indicating the
disruption of the gel network by the shear flow; the
fact that it was always present or more prominent
in the bead-containing preparation is consistent with
the kinetic results suggesting that the beads nucle-
ated the gelation process (see below).FIGURE 3 The dependence of the lag time tL on the

(c) time Å [ tS 0 tG] . Gelation proceeds in thetime the preparations spent on ice tI , prior to the viscosity
presence of shear. During this phase the viscositymeasurement. The three points shown correspond to mea-
becomes very large (ú100 Poise) . After a time tGsurements performed at 11.57C with the same collagen
¢ 500 s the viscosity ceases to rise and gelationpreparation (which differed from the one used in the

viscosity measurements shown in Figure 2). can be considered to be completed. At this point
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work to the initial conditions, e.g., the preparation
of the sample and its history. In any case, the data
in Figure 4 indicate that the shear elastic modulus,
like the terminal viscosity, does not show a depen-
dence on the presence of beads that exceeds the
dispersion due to sample history.

THEORETICAL CONSIDERATIONS

Percolation and Collagen Fibrillogenesis

It is only during the time period [ tL 0 tS] that the
viscous behavior can be analyzed using the current
theory of gelation, which is based on percolation.5

According to this theory, the viscosity varies as a
power of the conversion factor4 p :

h

h0

Ç S1 0 p

pc
D0x

(2)
FIGURE 4 Experimental results obtained with the
magnetic levitation sphere rheometer. The curves show
the increase of the viscosity h (solid symbols) and elastic The conversion factor is assumed to be zero and
modulus G (open symbols) near the gel point. Only re- one, respectively, at the beginning and the end of
sults obtained with a bead-free solution are shown; bead

the gelation process and is related to the number ofcontaining solutions gave similar results.
effective links N between fibers: p /pcÅ N /NG . Here
NG (which defines pc , the critical value of the con-
version factor) is the number of links at the gelation

the system is characterized by an elastic modulus threshold, when a percolating network of links con-
(see below). The shear rate had a pronounced effect nects the entire sample. In Eq. (2) h0 is the viscosity
on the final viscosity achieved by the system; the of the sample just after preparation. The measured
viscosity typically reached 1800 Poise for a shear values of the exponent x above vary between 0.6
rate S of 0.016 s01 , 1300 Poise for S Å 0.0219 s01 , and 1.5.5 All the previous experimental data for x
1000 Poise for S Å 0.0297 s01 , and 300 Poise for have been obtained by considering the time depen-
S Å 0.0549 s01 . The presence of beads had no dence of the gelation process. The gel phase is con-
apparent effect on the terminal viscosity. sidered to be reached at the time tG , when N Å NG .

According to the specific process that causes the
formation of a link, one may find different timeElasticity Measurements
dependencies for N . As a first approximation,29 N
is taken to be proportional to the time, N Ç t , soThe MLSR, in principle, enables both the viscosity
thatand elastic modulus to be measured during the same

run. Although it was difficult to observe the early
portion of the viscosity curves because the time h

h0

Ç S1 0 t

tG
D0x

(3)necessary to assemble and calibrate the apparatus at
the beginning of each run, the later viscous behavior
monitored by this method was consistent with the
Couette measurements. Once the gelation time tG In Figure 5, we plot (h /h0)01/x as a function of time

for different values of the exponent x . When Eq.had been reached, a shear elastic modulus (G) de-
veloped and saturated at a constant value (Figure (3) holds, (h /h0)01/x should vary linearly with t .

However, even for values of x that are unrealisti-4) . The plateau values of G correspond to the com-
pletion of the gelation process, and were scattered cally large when compared with the exponent ex-

pected for percolation (x Å 0.6–1.5), the variationsbetween about 1.5 and 6 Pa for various preparations.
The reason for the scatter is unclear: it could reason- of (h/h0)01/x with respect to time are not straight lines

in the vicinity of the gel point.ably be attributed to the sensitivity of the gel net-
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ity with an exponential [Eq. (5)] yields 0.04 s01 õ K
õ 0.1 s01 . Provided percolation adequately describes
collagen fibrillogenesis, using the above values of x
together with our experimental results, we predict that
k ranges between 0.03 and 0.16 s01.

Nucleation and Collagen Fibrillogenesis

As discussed earlier, we have systematically ob-
served that the rate constant, K is larger for the
bead containing solution than for the pure collagen
solution. Since the rise of the viscosity curve is
sharper for the bead containing phase at the begin-
ning of the gelation process (see inset to Figure 2),
the difference between the viscosities for the two
preparations also increases in this regime. These
observations are consistent with the elementary the-
ory of viscosity behavior in solutions.33

The surface of the polystyrene beads contain hep-
arin-like moieties, 34 which are known to have high
affinity for collagen.35 The beads can then act as
nucleation centers for collagen fibrillogenesis, and

FIGURE 5 Representation of (h /h0)01/x for the same
we suggest this accounts for the higher K values ofpreparation as in Figure 2. For clarity, we only display
the bead containing phase. According to Einstein’sthe data corresponding to pure collagen. The collagen
theory36 the zero shear viscosity of a solution ofplus bead preparation gives similar variations. We have
particles increases with the volume fraction, f ofconsidered three values of the exponent x : 0.9 (circles) ,
the particles as h /h* Å 1 / 2.5f. This result is3 (diamonds), and 5 (squares) .
exact for small values of f (õ0.05). Here h* is the
viscosity in the absence of particles. As fibrillogen-
esis proceeds and more fibrils surround the individ-

In the case of the gelation of denatured collagen, ual beads, their effective volume increases, leading
however, it has been reported32 that the number of
links formed in the course of time is well described
by an exponential dependence. Accordingly, we as-
sume that N varies as

N Ç N0[1 0 e0k( t0tL) ], for t ¢ tL (4)

where tL is the lag time as before and k is a characteris-
tic rate constant. Assuming that N0 Ç NG , one arrives
at

h

h0

Ç exp[K(t 0 tL)] (5)

where [using p/pc Å N/NG , and Eqs. (2) and (4)]
K Å kx .

Figure 6 is a semilogarithmic plot of h/h0 as a
function of time for the experiment corresponding to
Figure 2. In the time interval [tL , tS], the experimental
points both for phases 1 and 2 fall on straight lines,
which supports the behavior described by Eq. (5), FIGURE 6 Representation of log(h /h0) vs t for the
with an exponential time dependence of link forma- same preparations as in Figure 2. The straight lines were

used to determine the value of the rate constant K .tion. Matching the experimental curves for the viscos-
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FIGURE 7 Variation of the relative viscosity h /h* as a function of the effective bead concen-
tration derived using Thomas’ expression. Here h and h* denote, respectively, the viscosity of
the bead containing and bead-free collagen solution.

to the increase of the effective volume fraction feff Figure 8. The original volume fraction of the 6
mm beads is very small, being Ç 1005 , and notand Einstein’s expression is no longer applicable.

For larger volume fractions of solute particles many surprisingly the experimental results, during the
expressions have been proposed for the f depen- initial rise of the viscosity in Figure 7 can be
dence of the relative viscosity.33,36 Most of these fitted extremely accurately to Einstein’s exact
give similar results in the interval 0 õ f õ 0.5. expression. As the solutions approach the gela-
Here, for the quantitative analysis of our data we tion point the viscosities increase to very large
use Thomas’ phenomenological formula,37 well values and the contribution of beads should not
known in engineering applications: be significant. Indeed, the initial difference in

the viscosities disappears at the later stage of the
gelation process ( see Figure 2 ) . The graph inh /h* Å 1 / 2.5f / 10.05f 2

Figure 8 suggests that the increase of feff indeed
/ 0.00273 exp(16.6f)

(6)
can be interpreted as that due to the accumulation
of fibrils around beads. The linear time depen-
dence of feff implies that in the interval [ tL , tS ]The above expression is valid for 0õ fõ 0.55.37

the effective bead radius grows as t 1 / 3 . ThisUsing our experimental results for h and h* in the
growth law is identical to that observed in manytime interval [ tL 0 tS ] ( see Figure 2 ) , inverting
diffusion-induced growth processes, in particu-Thomas’ formula we have determined the effec-
lar for the typical radius of drops formed by thetive volume fraction of the latex particles. The
low volume fraction component in phase separat-resulting curve is plotted in Figure 7. The corre-

sponding time dependence of feff is shown in ing binary fluids.38
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FIGURE 8 Time dependence of the effective bead concentration obtained by combining the
experimental results for the relative viscosity with Thomas’ expression.

DISCUSSION extended periods on ice substantially shortened the
lag phase for assays performed at 9.2–11.57C, but
they had no impact on the length of the lag phaseThe motivation for this work was two-fold. On one

hand we sought to measure systematically the time if fibrillogenesis was assayed at 6.97C. It is possible
that assembly intermediates that form at 07C requireevolution of the viscosity of collagen solutions dur-

ing the process of gelation and interpret the results collisions in order to be converted into productive
nuclei, and that the kinetic energy needed for thisin terms of the modern theory of this process.29 On

the other hand, we were interested in relating the is not available at 6.97C. These two processes may
correspond to the primary and secondary nucleationresults of our earlier studies on the interfacial prop-

erties of such solutions25 to information on viscos- events hypothesized by Piez.39

The second novel finding in our fibrillogenesisity, in order to get a better theoretical understanding
of the phenomenon of MDT.20 studies is that polysterene latex beads appear to be

able to act as nucleation centers for collagen assembly.With respect to collagen gelation, our experi-
ments have led to the identification of two novel Our inference that this is the case is based on two

independent factors. First, we observed an initial ac-effects. First, while it has long been known that
small-scale assembly events, with no measurable celeration of fibrillogenesis in the presence of a very

dilute suspension of particles, reflected in larger Keffect on viscosity or optical density, take place
during a temperature-dependent lag phase, our re- values, in the period just after the lag phase has been

completed. Second, we were able to account for thesults suggest that in addition there are microscopic
nucleation events occurring at 07C that are distinct greater viscosities of the bead-containing relative to

bead-free solutions in the interval [tL , tS], by the as-from those that occur during lag phase. These pro-
cesses are distinguishable by virtue of the fact that sumption that the effective bead diameter increases
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with time. We suggest that this effect may be caused tors, respectively) . Since Ç Ç 1/e and P Ç g /e ,
the above relationship between g and h follows. Asby the nucleation of collagen assembly by the polysty-

rene beads, and its deposition on their surfaces. Com- the viscosity is increasing in time from the end of
the lag phase, MDT can proceed as long asmercial polystyrenes have been found to be excellent

mimics of the glycosaminoglycan heparin in its capac-
ity to interact with proteins.34 Moreover, previous sw2 0 sw1 0 s12 ¢ h£ (8)
studies on the interaction of heparin with type I colla-
gen indicate that the glycosaminoglycan causes assem- According to our measurements for collagen solu-
bly into fibrils of increased stability at the expense tions capable of undergoing MDT the difference sw2of lower stability structures including nonassociated 0 sw1 was 3–4 dyn/cm,25 whereas the velocity of
molecules and thin fibrils.35 This hypothesized recruit- translocation £ was of the order of 1003 cm/s.20 The
ment of collagen to the bead surface may provide a results on h, reported in this work, together with Eq.
basis for the bead-induced alteration in network struc- (8) then imply that MDT can plausibly be driven by
ture of the assembling collagen matrix suggested to interfacial forces as long as h õ 103 Poise. The
underlie MDT.7 viscosity reaches this value in about 3 min after the

While previous analyses have suggested that lag phase ends.
MDT results from an imbalance in the surface and In conclusion, our measurements on the viscous
interfacial tensions between the bead-containing properties of collagen solutions used in MDT indi-
and bead-free collagen droplets, 6,7 the magnitudes cate that, as previously suggested, these matrices
of the viscosities of these solutions clearly place are capable of being rearranged by the available
constraints on the efficacy of this mechanism. The surface and interfacial forces during the first few
previously measured difference in surface tension minutes of their assembly. Our data, moreover, indi-
between the bead-containing and bead-free collagen cate the presence of organizational differences in
solutions25 implies that there would be a nonzero particle-containing and -lacking collagen matrices
value for the spreading coefficient at their mutual from the earliest stages of the assembly process,
interface. If spreading is to drive MDT, this coeffi- which may bear on the apparent phase separation
cient must be sufficiently large to transport fluids of observed in the MDT experiment. More generally,
progressively increasing viscosity over macroscopic the results presented here contribute to a further
distances. understanding of the nucleation and assembly

Assuming that MDT indeed is driven by forces events that take place during collagen fibrillogen-
originating from a nonzero spreading coefficient esis.
[see Eq. (1)] , we can establish an energy balance
equation for our system that takes into account the
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