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unchanged for a monodisperse system. Moreover, a local 
maximum in the steady-state angle can occur when the 
statistical average shifts its weight with shear rate from 
longer rods to shorter rods. Additionally, both the Doi- 
Edwards and the EEMG models predict a substantially 
smaller overshoot in the birefringence compared to that 
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ABSTRACT Two-color flow birefringence measurements under steady-state and transient shear flow have 
been obtained on two collagen samples with different molecular weight distributions. The results have been 
compared to models describing solutions of strongly interacting rodlike polymers, the Doi-Edwards and 
Doi-Edwards-Manucci-Grizzuti (DEMG) models, which were studied in detail in part 1 of this two-part series. 
We have found that only the DEMG model is successful in describing the flow dynamics of the polydisperse 
collagen solutions. Quantitative comparison of the model to the steady state and the inception of shear results 
is very good, and the agreement is somewhat poorer with data obtained upon the cessation of shear flow. The 
quantitative discrepancies in the comparison could be attributed to  the finite but limited flexibility of the 
collagen molecules. 

Introduction 
The flow response of rodlike and semiflexible polymer 

chains is of importance to a number of processes utilizing 
both synthetic and naturally occurring materials to fa- 
bricate products with important and unique properties. 
For example, ultrahigh-strength fibers can be spun from 
solutions of rodlike aromatic polymer molecules and the 
possibility of producing such fibers has attracted a great 
deal of interest from the aircraft and automotive indus- 
tries.' On the other hand, several naturally occurring 
macromolecules (some proteins and viruses) have rodlike 
or semiflexible conformations and the flow properties of 
such systems are also of interest. Collagen protein is one 
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specific example of such a macromolecule which has found 
application in the fabrication of artificial skin for use in 
the treatment of burns2 and as an injectable substance in 
many cosmetic and reconstructive surgery  application^.^ 

The addition of stiff macromolecules in moderate con- 
centration, below any liquid crystalline formation, leads 
to profound changes in the flow properties of these solu- 
tions. Subsequently, there has been a marked increase in 
the research directed toward understanding the dynamics 
of rodlike polymer solutions in the semidilute regime. 
Advances in both experimental and theoretical approaches 
have been made in recent years, especially with regard to 
the nature of the interactions between separate chains and 
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their influence on the fluid dynamics. The experimental 
results reported in the literature, however, mostly involve 
mechanical measurements either under steady flow con- 
ditions or in the limit of linear viscoelasticity. There are 
very few data on transient flows of large amplitude, and 
since such flows often offer much more stringent tests of 
theoretical descriptions of flow processes, it  would be of 
interest to study time-dependent flows. 

This paper reports the time-dependent behavior of 
collagen proteins using a new optical technique, two-color 
flow birefringence (TCFB), with which very fast, transient 
flow phenomena can be studied. This is part 2 of a two- 
part series studying the dynamics of rodlike polymer so- 
lutions in semidilute concentrations. In part 1: we have 
examined two recent molecular theories, the Doi-Edwards 
model5 for monodisperse solutionu and the Doi-Ed- 
wards-Marrucci-Grizzuti (DEMG) model6 for polydisperse 
solutions, that describe the dynamics of strongly inter- 
acting rigid rods a t  concentrations below the isotropic- 
nematic phase transition. In particular, the model pre- 
dictions of the rheooptical response of such systems to 
steady-state and transient shear flow were calculated. The 
numerical solutions indicate that polydispersity plays a 
very important role on the flow properties especially under 
transient flow conditions. In addition, we have found that, 
unlike flexible systems, the rodlike systems exhibit a 
relatively small overshoot in the flow birefringence fol- 
lowing the inception of shear flow even at very high shear 
rates. 

Collagen was chosen for this study primarily because of 
its rodlike conformation resulting from a triple-helix con- 
figuration, although it is an interesting system to study in 
its own right. The triple-helix conformation that charac- 
terizes all collagen molecules is a coil of three polypeptide 
subunits, or a chains. Each CY chain twists in a left-handed 
helix with three amino acids per turn, and the three chains 
are wound together in a right-handed superhelix to form 
a rodlike molecule about 1.4 nm in diameter. The collagen 
molecule is about 300 nm long.' 

Collagen does not exist as individual triple-helical 
molecules in the animal; rather, it packs into ropelike 
fibrils. In the fibril the molecules undergo spontaneous 
cross-linking through lysine amino acid side chains. When 
collagen molecules are solubilized by acid from the fibril, 
these cross-links remain and result in a polydisperse so- 
lution of collagen monomers, dimers, and higher aggre- 
gates. 

Recent studies8i9 indicate that the collagen molecule is 
not perfectly rigid but rather somewhat flexible. Both 
linear viscoelasticitf and sedimentation measurementsg 
imply a persistence length of 170 nm for collagen, in com- 
parison with the contour length of 300 nm. On the other 
hand, a technique using electron micrographs to determine 
the local curvature and hence the overall flexibility of the 
collagen molecules indicates a persistence length of about 
60 nm.lo In spite of these somewhat inconsistent results, 
this protein molecule is nonetheless very stiff when com- 
pared with other biopolymers. It has a low level of flex- 
ibility with a Young's modulus 40 times larger than that 
of the double-stranded DNA.8 Because of its high chain 
stiffness and the possibility of preparing samples well 
characterized in molecular weight polydispersity, collagen 
was chosen as a model system for this study on rodlike 
chains. Moreover, the collagen solutions are optically 
transparent and easy to handle in an optical experiment. 
In this study, we have examined two type I collagen sam- 
ples with bimodal and trimodal molecular weight distri- 
butions. We will compare the flow birefringence results 
with the DEMG model predictions. The effects of slight 
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Figure 1. Schematic representation of the TCFB setup: (-) 
blue light, (---) green light. D = photodetector; F = line filter; 
H = pinhole; M = mirror; P = polarizer. 

flexibility on the flow dynamics of rodlike chains will also 
be discussed. 

Experimental Section 
Material Preparation and Characterization. Rat Tail 

Tendon Collagen. The collagen samples were made available 
to us directly from the Collagen Corp. of Palo Alto, CA. The rat 
tail tendon collagen was prepared by the method of Chandrakasan 
et al." The purified solution was then lyophilized and stored 
below freezing. Final solutions were reconstituted by dissolving 
the lyophilized samples in 0.01 M HC1 followed by addition of 
glycerin to increase the viscosity for the two-color flow birefrin- 
gence experiments. The solutions contain 80% of glycerin by 
volume. A previous stud9 indicates that glycerin does not change 
the hydrodynamic properties of collagen significantly. 

Bovine Collagen. Collagen protein from cowhide was isolated 
and purified by a modification of the method of Drake et a1.l2 
The source, bovine corium, was swollen and pulverized in dilute 
acid, followed by solubilization with porcine pepsin at a weight 
ratio of pepsin to collagen of 1:lOO. The solubilized collagen was 
purified by filtration, ultrafiltration, and, in some cases, ion-ex- 
change ~hromatography.'"'~ This collagen preparation was 
characterized as containing no detectable non-collagenous proteins 
following collagenase digestion (Advanced Biofactures type 111, 
Lynbrook, NY) and examination by polyacrylamide gel electro- 
phoresislB in conjunction with the highly sensitive silver staining 
technique described by Morrissey." Electrophoretic analysis of 
this material indicated that it was largely type I collagen and 
contained less than 5 %  type I11 collagen. 

Because of cross-linking, collagen rods in acidic solution can 
exist as single rods (monomers) or aa two or more rods attached 
by short telopeptide chains (dimers, trimers, etc.). When solu- 
bilization of collagen from tissues is carried out in the presence 
of pepsin,12 however, some of the cross-links can be removed. 
Pepsin is a porcine proteolytic enzyme which cleaves most of the 
telopeptide chains, but leaves the rodlike helix intact. A portion 
of the telopeptides survive the pepsin treatment even after ex- 
haustive digestion, however. The result is that polymeric species 
still remain. Under the denaturing conditions of the electro- 
phoresis experiment, the bovine collagen exhibited a, @, and y 
chains, as well as some higher aggregates. @ and y chains are 
derived from cross-linked native triple-helical molecules. Frag- 
menta smaller than a chains represented less than 5 %  of the total 
collagen. The amino acid composition of the collagen provided 
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two residues of tyrosine per thousand residues, indicating about 
70% removal of telopeptides. 

Collagen in acid solution at 3 mg/mL was then precipitated 
in 0.02 M sodium phosphate at pH 7.2. The fibrillar precipitate 
was harvested by centrifugation a t  17000G and redissolved by 
dialysis vs. 0.01 M HCI. Purified preparations were held in 0.01 
M HCI a t  5 OC, either after submicron filtration or in traces of 
sodium azide. The final solutions used for the TCFB experiment 
were prepared hy adding 80% glycerin by volume to the purified 
collagen solutions to increase the viscosity. 

Determination of Concentration. The concentrations of the 
final solutions were determined by the Biuret methodts with a 
Gilford 2500 spectrophotometer at a wavelength of 550 nm. 
Preliminary experiments on standard solutions have been done 
to ensure that glycerin does not affect the measurements. 

Determination of Polydispersity. Although high-pressure 
liquid chromatography and polyacrylamide gel electrophoresis 
were carried out on denatured collagen chains (a chains), these 
techniques are of limited use for native (triple-helical) collagen 
for polydispersity determination. I t  is difficult to apply sizing 
chromatographic techniques to native w h e n  b w  of the very 
high molecular weight (monomera: 300ooO; dimers: 6ooooO; etc.). 

The best method for determining polydispersity appears to be 
direct visualization by transmission electron microscopy. With 
the technique of rotary shadowing it is possible to discriminate 
monomeric, dimeric, and higher collagen aggregates?s 

The rotary shadowing technique was adapted from Shotton 
et al.m BS modified hy Engel et aLn The collagen samples in dilute 
HCI were diluted to 30, 15, and 3 %/mL with distilled water and 
made 70% with respect to glycerin (v/v) yielding final concen- 
trations of 10.5, and 1 pg/mL. The solutions were then sprayed 
with an airspray over freshly cleaved mica chips a t  a distance of 
20 cm. The chips were then mounted onto a motor-driven hor- 
izontal table rotating at 120 rpm in a vacuum chamber. At  a 
vacuum of 2.0 X torr the samples were shadowed with 
platinun-earhon at a 6’ angle, followed by carbon coating at a 
90’ angle. Replican were floated off the mica chips in distilled 
water, washed, and picked up on 300 mesh copper grips. Samples 
were viewed with a Phillips 300 electson microscope at 60 kV using 
a 30-rm objective aperture. Photographs were taken on Kodak 
4463 EM film. 

Ten representative fields of each collagen sample were pho- 
tographed and printed a t  a final magnification of 75000 X. A 5 
X 5 cm grid network was overlaid and the nube ra  of monomeric, 
dimeric, and trimeric species were counted. Counts were made 
a t  several concentrations in order to rule out monomer overlap 
being falsely counted as dimer or trimer species. 

Rhwoptical Measurements. The measurement of flow-in- 
duced optical anisotropy in the form of birefringence has been 
used for many years in order to probe conformational changes 
resulting from hydrodynamic forces. Optical techniques such as 
the flow birefringence are advantageous to methods using me- 
chanical devices for stress measurements. Mechanical devices 
are often limited in response time by the inertia of their me- 
chanical components. which sometimes even distort the measured 

Figure 2. Photomicrograph of a carbon-platinum replica of 
salt-soluble rat tail tendon collagen. While the majority of the 
collagen is observed as monomers of 300 nm, there are several 
dimeric forms noted having contour lengths of 600 nm, consistent 
with cross-links in terminal regions. In addition, occasional 
trimeric forms are noted, having contour lengths of 900 nm, again 
consistent with cross-linking in terminal regions. Rare oligomeric 
forms are also noted. Original magnification = 75000% 

Figure 3. Photomicrograph of a carbon-platinum replica of 
pepsin-soluble hoviue skin collagen. In contrast to the previous 
figure, the collagen is observed in two forms: the major one being 
monomeric, having a contour length of 300 nm, and a minor one 
being dimeric, having contour lengths of 600 nm, consistent with 
terminal cross-links. No trimeric or oligomeric species were oh- 
served. Original magnification = 750WX. 

simultaneously, each one using light a t  a specific wavelength. 
Illustrated bv a dotted line in Fieure 1. the 514.5nm wavelength 

s ipah.  Moreover. thew measurementn are usually averages over 
a lnrge surface such as the surfare of the flow device and therefore 
not suitahle for inhomogeneous flow studies. In contrast. optical 
measurements are nonintrusive. more localized, and rapable of 
murh faster response times. In spite of these advantages, however, 
the flow bwfringence whnique has been r e s t r i d  to steady-state 
flows in the past. I t  has unly been recently that schemes have 
k e n  proposed to extend this technique tn time.dependent fluws. 
The twerolor flow hirefringenre (TCFRJ technique was the first 
proposed scheme that allows SimultaneouS determination of the 
flow-induced birefringence In and Orientation angle x with a single 
measurement. The only two previous method3 whirh have been 
wed fur transient flows Gmnemaker et al./’Osaki et aLn) requlre 
at lea81 two dependent experiments to obtain these two unhownr 

The technique of TCFB has been reported in detail in ref 24 
and thus only a brief summary whirh includes rerent modifications 
of the setup is presented here. The principle behind TCFB is 
the use of an argon ion laser by which two intense light heams 
separated in wavelenpth by 26.5 nm (green and blue) can be 
generated. Using a unique optical setup as shown in Figure 1, 
one cnn effectively perform two  flow birefringence experiments 

is selected d y  a narrow band line filter and it is directedhy 
mirrors M? and M, to go through polarizer P2. This monochro- 
matic, linearly polarized beam is further directed by F, to pass 
through the flow cell. The optical anisotropy of the sample in 
general interacts with the incident light and changes ita state of 
polarization. The polarization of the transmitted light is then 
analyzed hy a crossed polarizer P, (with respect to P,) and the 
intensity is measured by phutodetector I ) ,  A similar optical 
arrangement for another flow birefringence measurement is set 
up for the 489- wavelenpth (solid h e )  as the beam is c o n d u d  
hy F, and M, to pass through polarizer P,, blue line filter F,. and 
finally through the flow cell in roincidence with the green line. 
The transmitted beam is dlrected by F, toward analper P, (with 
respect to P,) and hlue line fiter F,. and the intensity is measured 
by photodetector I)? These two simultaneous intensity mea- 
surements provide two pieces of information on the anisutropy 
and the orientation of the polymer sample if the polarizations 
of the two incident beams are set at two different directions. In 
our configuration. the polariiation directions of P, and P, are 45‘ 
apart Adeta l  storage oerillmpe (Nicole1 4562) is used to record 
the two intensity wave forms. and the unknom birefringence and 
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Figure 4. (a) Steady-state birefringence vs. the applied shear 
rate for five rat tall tendon collagen solutions. (b) Same set of 
data reduced by the concentration scaling suggested by the DEMG 
model. 

angle of orientation of the sample can be determined from the 
data at  time scales as fast as 5 ms. Two photodetectors, D1 and 
D2 for blue and green light, respectively, which were not included 
in the original setup, have been added to measure the incident 
intensities simultaneously in order to eliminate any uncertainty 
due to variations in the laser power output. The entire experiment 
including the flow dynamics of a Couette cell, data collection, and 
data manipulation are computer controlled. 

The flow field, generated by the Couette cell consisting of two 
coaxial cylinders, is a good approximation of a homogeneous, 
simple shear flow since the gap width, d, between the cylinders 
(d = 0.5 mm) is much smaller than the dimensions of the cylinders 
(2.54 cm for the inside diameter of the outer cylinder). For 
transient flows, the outer cylinder is set in motion by a syn- 
chronous stepping motor through a coupling electromagnetic 
clutch/brake module. The motion of the cell boundary can 
therefore be described as a step change in the angular velocity. 
The flow initiation time, T ,  needed for the fluid motion to achieve 
steady state is generally approximated by the Newtonian limit 

T = d 2 / v  (1) 

where Y is the kinematic viscosity of the solution. When the 
solution response time is much longer than the flow initiation time 
(which is the case for the data reported here), the fluid motion 
has been assumed to simulate a step change in shear rate. The 
validity of this assumption has been tested and confiied by using 
solutions of different concentrations. A more detailed discussion 
on the Couette flow development can be found in ref 25. 

The transient flow experiments followed a programmed 
schedule similar to the one described in ref 24. Such a schedule 
is needed for signal averaging to enhance the signals. The com- 
puter f is t  sets the stepping motor at a chosen speed and direction. 
Next, it sends out a signal that simultaneously engages the 
electromagnetic clutch which abruptly initiates the flow field and 
triggers the oscilloscope to start data collection from the photo- 
detectors. After a scheduled period during which the polymer 
solution establishes steady state, the computer sends out another 
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Figure 5. (a) Steady-state orientation angle vs. the applied shear 
rate for five rat tail tendon collagen solutions. (b) Same set of 
data reduced by the concentration scaling suggested by the DEMG 
model. 

signal to engage the electromagnetic brake to stop the flow in- 
stantaneously. Another duration long enough for the system to 
completely relax back to the isotropic state is allowed before the 
computer repeats the same schedule by sending out another signal 
to engage the clutch and so on. The signal averaging is performed 
by the oscilloscope and the intensity measurements are transferred 
to the computer at  the end of the experiment. Normally the 
signals were averaged 3-10 times for the collagen solutions de- 
pending on the noise level. All the experiments were performed 
at  room temperature, about 24 OC. 

For TCFB, it is important to ensure that dispersion of the 
birefringence of the sample is small near the wavelengths of the 
incident beams. Measurements by Oriel and SchellmanH indicate 
that dispersion for collagen solutions at  488 and 514.5 nm is 5%, 
which results in an error of <2.5% for An when dispersion is not 
taken into account. 

Experimental Results 

Transmission Electron Microscopy (TEM). Figures 
2 and 3 are the transmission electron micrographs of the 
rattail  tendon and bovine collagen, respectively. T h e  
rattail  tendon collagen was found t o  he trimodal in mo- 
lecular weight distribution containing 78% monomers, 
20% dimers, and 2% linear trimers. Since numerical so- 
lutions using the DEMG model indicated that a small 
amount of the high molecular weight component can affect 
the flow properties of the  solution ~ i g n i f i c a n t l y , ~  the 
trimers cannot be considered negligible. T h e  bovine col- 
lagen, on the  other hand, is bimodal in molecular weight 
containing 85% monomers and 15% dimers. No trimers 
or higher aggregates were found in this sample. 

Two-Color Flow Birefringence (TCFB). Rat Tail 
Tendon Collagen-Trimodal System. Steady-state and 
transient flow measurements have been performed on five 
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Figure 8. Percent overshoot in birefringence upon the inception 
of shear flow vs. the dimensionless shear rate for the rat tail tendon 
collagen solutions. 

rat tail tendon collagen solutions at concentrations between 
0.92 and 3.68 mg/mL. Figure 4a shows the steady-state 
flow birefringence as a function of shear rate for the five 
solutions, and Figure 5a is the corresponding orientation 
angle plot. The Doi-Edwards model suggests that if the 
shear rate g is normalized by the rotational diffusivity D,, 
which is proportional to cW2, and the time t is normalized 
by D;l, then both the steady-state and the transient flow 
data for all concentrations should fall onto two sets of 
curves as follows: 

An/c  = Mfl(g /DrJr t )  (2) 

Here, fi and f z  are two universal functions unique for a 
specific molecular weight distribution, and M is a pro- 
portionality constant associated with the intrinsic optical 
anisotropy of the system. Such a concentration scaling, 
as shown in Figures 4b and 5b, does indeed collapse all 
steady-state data onto two master curves. The solid lines 
in these plots are the DEMG model calculations using 
infiiite series expansion as described in part l.4 The values 
for the parameters needed for the numerical calculations 
are c1 = 0.78, c2 = 0.20, c3 = 0.02, L1 = 0.7538, L2  = 1.508, 
and L3 = 2.261. Here, the subscripts 1-3 are used to denote 
collagen monomers, dimers, and trimers, respectively. c, 
is the number concentration (normalized by the total 
number concentration c )  for rods with length Li, and L,  
has been normalized by the appropriate average rod length, 
( C C ~ L ~ ~ ) ” ~ .  Quantitative fitting of the model predictions 
to the data requires two adjustable parameters, M and p, 
in which 0 is the proportionality factor needed to equate 
the rotational diffusivity D, to ci and L,. For a monodis- 
perse system, the relation suggested by the Doi-Edwards 
model is 

D, = P(cL~)-~D,,, (4) 

where D, is the rotational diffusivity for a single, untan- 
gled rod. For a polydisperse system, the expression is more 
complicated and is written as eq 15 and 18 of part l.4 
Figures 4 and 5 show thrt  the steady-state data agree very 
well quantitatively with the DEMG model in spite of the 
limited flexibility of collagen. The original Doi-Edwards 
model, on the other hand, yields a poorer quantitative 
agreement with the results. 

Figures 6 and 7 show the transient flow data following 
the inception of shear for six different shear rates ranging 
from g /D,  = 1.56 to 250. In Figure 6, An has been nor- 
malized by the steady-state value at that shear rate, Anss. 
Time t has been normalized by the characteristic time D;l. 
There are no additional adjustable parameters for fitting 
the transient flow data besides P and M ,  which are the 
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Figure 9. Double-logarithmic plot of the temporal positions of 
the overshoot in birefringence upon the inception of shear flow 
vs. the dimensionless shear rate for the rat tail tendon collagen 
solutions. 

same ones obtained from fitting the steady-state data. 
Upon the inception of shear, the collagen results indicate 
that the birefringence overshoots before it reaches steady 
state a t  all shear rates studied. The DEMG model, on the 
other hand, predicts no overshoot when g / D ,  is less than 
or near unity. Moreover, the magnitude of the overshoot 
measured experimentally is always higher than the model 
prediction at any given shear rate. Figure 8 plots the 
magnitude of the overshoot vs. glD,, with the model 
prediction denoted by the solid line. The overshoot 
measured for the rat tail tendon collagen is 3 4 %  higher 
than the model predictions over a large range of shear rate. 
This “excess” in the overshoot is believed to be a direct 
measure of the flexibility of the molecule. A flexible 
molecule can be deformed by extension of its coiled con- 
figuration in addition to the orientation effects of the flow, 
which is the only form of flow response for a perfectly 
rodlike molecule. The overshoot in An for rat tail tendon 
collagen is still small compared to other more flexible 
systems, however. A previous study on xanthan gum, a 
double-stranded helical molecule that has a less rigid 
structure than the triple-stranded collagen, indicated an 
overshoot in An as high as 50% .24 Flexible polymers such 
as polystyrene, on the other hand, produce overshoots of 
200% or more at  high shear rates.27 

As summarized in a double-logarithmic plot of Figure 
9, the time predicted for the maximum in the overshoot 
is slightly shorter than that measured for the rat tail 
tendon collagen. The agreement is nonetheless quite good 
over the whole range of shear rates. The time-dependent 
angle (Figure 7 )  exhibits an undershoot following the in- 
ception of strong shear by both the model and the data. 
The overall trend of Figures 6 and 7 indicates that quan- 
titative fitting of the model to the data is better a t  high 
shear rates than at  low shear rates. 

Figure 10 shows plots of the relaxation of the birefrin- 
gence following the cessation of shear. As is predicted by 
the DEMG model for a polydisperse system, the relaxation 
data show multiple relaxation times-a rapid initial drop 
followed by a slower decay. This trend is not predicted 
for a monodisperse solution described by the original 
Doi-Edwards model, which is characterized by a single 
relaxation time. The faster decay results from the relax- 
ation of the monomers which are governed by a higher 
value of D,, and the slower decay is due to the relaxation 
of the dimers and the trimers. Quantitative comparison 
of the model to the data is good at  high shear rates, es- 
pecially a t  short times. The agreement worsens as the 
shear rate decreases. This series of plots shows that the 
model predicts a weak shear rate dependence of the re- 
laxation rates, while the measurements indicate that the 
relaxation rates are strongly dependent on shear rate. 
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Figure 12. (a) Steady-state birefringence vs. the applied shear 
rate for four bovine collagen solutions. (b) Same set of data 
reduced by the concentration scaling suggested by the DEMG 
model. 

Figure 11 is the time-dependent orientation angle fol- 
lowing the cessation of flow. The angle decreases slightly 
during the relaxation process a t  all shear rates. This 
phenomenon is not predicted for a monodisperse system 
because the drop in the angle is again a result of the 
multiple relaxation times characterizing the system. Since 
the monomers are disoriented by the Brownian motion 
faster than the dimers and the trimers, the average ori- 
entation angle drops with time during relaxation toward 
the orientation of the longer rods, which are oriented at 
lower angles than the monomers. Consequently, the ori- 
ginal Doi-Edwards model is not adequate for describing 
the dynamics of collagen since it predicts the angle to 
remain constant at the value prior to the cessation of flow 
during rela~at ion.~ The relaxation results also indicate a 
better quantitative agreement between the DEMG model 
and the data a t  higher values of glD,. 

Bovine Collagen-Bimodal System. The flow bire- 
fringence measurements of the bovine collagen solutions 
are compared to the DEMG model for bimodal systems 
using parameters c1 = 0.85, c2 = 0.15, L,  = 0.8305, and L2 
= 1.661. Four solutions with concentrations ranging from 
0.75 to 2.36 mg/mL have been studied. Figures 12a and 
13a are plots of the steady-state birefringence and orien- 
tation angle, and Figures 12b and 13b show the same set 
of data reduced by the concentration as described in eq 
2 and 3. The solid lines are the DEMG model predictions, 
which are fitted to the reduced data by adjusting M and 
P. 

Figure 14 shows plots of the time-dependent An fol- 
lowing the inception of shear for six shear rates covering 
g /D,  = 0.319-31.9. The magnitude of the overshoot is 
always higher than the model prediction at  any value of 
g/D,  as in the case of rat tail tendon collagen. The percent 
overshoot as a function of the applied shear rate is sum- 
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Figure 13. (a) Steady-state orientation angle vs. the applied shear 
rate for four bovine collagen solutions. (b) Same set of data 
reduced by the concentration scaling suggested by the DEMG 
model. 

$/D 7- 

marized in Figure 15. This graph indicates a 10% excess 
overshoot of the birefringence for the bovine collagen so- 
lutions over the range of shear rates studied. If we com- 
pare this plot to Figure 8, the bovine collagen appears to 
be less rigid than the rat tail tendon collagen, which ov- 
ershoots 3-6% over the model predictions. Figure 16 
summarizes the temporal position of the maximum of the 
overshoots double-logarithmically. This plot shows that 
the data also agree quite well with the model prediction 
(solid line). The time-dependent orientation angle fol- 
lowing the inception of shear, as shown in Figure 17, ex- 
hibits undershoot a t  higher shear rates by the model but 
only slightly by the data. 

Results following the cessation of shear are shown in 
Figures 18 and 19. The relaxation of the normalized 
birefringence (Figure 18) is again characterized by two 
distinct relaxation times as is predicted by the DEMG 
model. Quantitative comparison of the model to the data, 
however, is not as succedul, especially at lower shear rates. 
The data indicate longer relaxation times for both the 
monomers and the dimers. The orientation angle, shown 
in Figure 19, exhibits a decrease by both the data and the 
model upon the cessation of shear as a result of polydis- 
persity. 

Discussion 

Both the steady-state and the transient flow data in- 
dicate that the concentration scaling (f2 dependence of 
D,) predicted by the Doi-Edwards model is indeed correct. 
The inverse-square dependence on the concentration 
means that two-body collisions are the dominant mecha- 
nism for steric hindrance. 

The adjustable parameter, M, which is associated with 
the intrinsic anisotropy of the polarizability of collagen in 
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Figure 15. Percent overshoot in birefringence upon the inception 
of shear flow vs. the dimensionless shear rate for the bovine 
collagen solutions. 

glycerin-water, is found to be 7.7 X cm3 for the rat 
tail tendon collagen and 7.2 X cm3 for the bovine 
collagen. When these values are normalized by the cor- 
responding characteristic length, the constant M is 5.8 X 

cm3 for monomeric rat tail tendon collagen and 6.0 
x cm3 for monomeric bovine collagen. Within ex- 
perimental errors, these two values for M are essentially 
identical, which is expected since both collagen samples 
contain mostly (at least 95%) type I collagen. 

The values of the second adjustable parameter @ are 6 
x lo6 and 3 X lo6 for the rat tail tendon and bovine col- 
lagen solutions, respectively. These values are much larger 
than a value of approximately O( 1) anticipated by Doi and 
Edwards.s High values of /3 have been reported for rodlike 
macromolecules in the past by others studying steady-state 
flows and several possible explanations have been pro- 
posed.2s*29 Most explanations suggest that the rods do not 
have to traverse their entire length in order to remove the 
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a t  any given value of g/D,. At low shear rates where the 
short rods are only slightly oriented by the flow, the overall 
flow dynamics are dominated by the long rods. A t  higher 
shear rates were the flow effect saturates for the long rods, 
the dynamics of the short rods begin to dominate. At this 
point, the angle starts to level off or even increase toward 
the orientation of the shorter rods which are oriented at  
a higher angle than the longer rods. 

The effects of polydispersity are especially important 
in the cessation of flow results. The multiple relaxation 
times characterizing a polydisperse system are responsible 
for the decrease in the orientation angle measured during 
the relaxation process (Figures 11 and 19). The birefrin- 
gence also relaxes with more than one relaxation rate as 
shown in Figures 10 and 18. 

Quantitatively, model comparison has been found to be 
good with the steady state and the inception of shear flow 
results, and fair with the relaxation results. Moreover, data 
obtained at higher shear rates provide better agreement 
with the model. We attribute most of these quantitative 
disparities to the finite but limited flexibility of the col- 
lagen structure. At very low shear rates, in particular, the 
applied flow field has very little effect on the equilibrium 
conformation of the slightly flexible molecules and 
therefore the flow dynamics deviate more from that pre- 
dicted by the DEMG model, which describes perfectly 
rodlike systems. At  higher shear rates, on the other hand, 
the flow tends to extend the molecule closer to a rodlike 
configuration, thereby improving the f i t  with the model. 

The limited flexibility possessed by the collagen mole- 
cules is directly indicated by the magnitude of the over- 

shoot in birefringence following the inception of shear flow. 
Both samples produce overshoots with magnitude close to 
but slightly higher than that predicted by the model. The 
bovine collagen, however, was found to yield a higher ov- 
ershoot than the rat tail tendon collagen, which suggests 
that the former sample is somewhat less rigid than the 
latter. The higher degree of flexibility could be the result 
of the pepsin treatment used to remove the telopeptides 
in isolating the bovine collagen from the source. Pepsin 
digestion, not used in preparing the rat tail tendon colla- 
gen, could cause incomplete cleaving of the telopeptides, 
resulting in a more flexible cross-link for the dimeric 
molecules. Moreover, it has been suspected to cause a trace 
amount of imperfect helices possibly nicked at  about 225 
nm from the N-terminal end of the helix since this is the 
site for attack by vertebrate c~l lagenase .~~ Another pos- 
sible explanation for the difference in flexibility is me- 
chanical degradation by high flow rate pumps used to 
handle the commercially manufactured bovine collagen. 
The rat tail tendon collagen, on the other hand, was pre- 
pared on a test tube scale and therefore has escaped such 
treatment. 

In general, data obtained on the more rigid rat tail 
tendon collagen are in better agreement with the DEMG 
model. For example, following the inception of shear the 
rat tail tendon collagen produces undershoots in the 
orientation angle very similar to the model predictions 
(Figure 7). The bovine collagen, on the other hand, yields 
a much smaller undershoot (Figure 17). Furthermore, the 
relaxation data also show better agreement for the rat tail 
tendon collagen solutions. Since increasing the flexibility 
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increases the disparity, it  is a good indication that the 
limited flexibility of the molecules is responsible for the 
remaining discrepancies between the experimental results 
and the DEMG model. The effects of chain flexibility will 
be studied more thoroughly in another paper focused solely 
on this subject.31 

Concluding Remarks 
We conclude that the effects of polydispersity on the 

flow dynamics of semidilute rodlike systems are adequately 
described by the DEMG model. The remaining quanti- 
tative discrepancies between the data and the model could 
largely be due to the limited flexibility of the systems used 
for this study. Recently we have devised a new procedure 
by which more rodlike collagen molecules can be prepared 
by reducing the contour length close to the persistence 
length. This new preparation procedure will allow us to 
vary the rigidity of the molecules and hence offer an op- 
portunity to study the effects of limited flexibility directly 
by experiment. This study will be reported in a forth- 
coming paper. 
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