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SYNOPSIS 

The response of A-phage DNA molecules to a well-defined elongational flow field generated 
by a Taylor four-roller mill was investigated by observing the flow birefringence, An. An 
in the center of the four rollers, near the stagnation point, was localized at  the mill exit 
symmetry plane. The intensity gradually increased from the off-symmetrical plane to the 
center of the mill, and a t  the exit symmetrical plane, the intensity was maximum. An also 
gradually increases with the strain rate, 1.. These observations indicate that DNA molecules 
in the solution would be free draining in nature. From the decay of An at each point in the 
mill after a sudden stop of the mill operation a t  24 s-', the rotational diffusion coefficient 
of molecules, D,, at  each point in the mill space was estimated, where the relaxation time 
of the decay of An was considered to be related to the molecular disorienting process. It is 
concluded that a t  24 s-l A-phage DNA molecular coils near the stagnation point, which 
was assumed to be a prolate spheroid as a whole, was so deformed that the aspect ratio p 
(=b/a i 1, where a and b are, respectively, the longer and shorter axes) would be & of that 
of the DNA molecule which has just entered the mill space. This result suggests that there 
is a possibility for the DNA molecule to be in a stretched conformation at a higher strain 
rate. 0 1996 John Wiley & Sons, Inc. 

I NTRO DUCT10 N 

The static and dynamic properties of DNA are of 
fundamental importance in biology. The stiffness of 
DNA determines both its persistence length and its 
dynamic properties, as well as the strain energy 
stored in highly distorted DNA. A t  the same time, 
since phage DNA such as A-phage DNA has a large 
molecular weight with monodisperse distribution, it 
is used as a model system for visualizing single- 
polymer molecules and testing theories about the 
dynamic motion of polymer molecules.'~2 

It has been well established that flexible polymers 
manifest a conformational transition in a well-de- 
fined elongational flow field: a coil-stretch transi- 
t i ~ n . ~ - ~  In a stretched state, a polymer molecule is 
considered to be in an almost fully extended con- 
formation, which has been deduced from molecular 
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scission by an elongational flow field. On the other 
hand, light-scattering investigation of flexible poly- 
mers in conjunction with elongational flow experi- 
ments revealed that, even in the stretched state, the 
radius of gyration of the polymer molecule was only 
twice that in the quiescent state.7 If the overall 
structure of a polymer can be considered as an el- 
lipsoid, this result indicates that the aspect ratio p 
(=b/a, where a and b are, respectively, the longer 
and shorter axes of the prolate spheroid) in the flow 
field decreases to be about of the ratio of the un- 
perturbed molecule.' 

Previous elongational flow works on DNA mol- 
ecules revealed that the scission of molecules in an 
elongational flow field halves the molecular 
 eight.^,'^ This suggests that DNA molecules in a 
flow field of high strain rate would be in an almost 
fully extended conformation. 

The purpose of the present work was to estimate 
the degree of extension of a molecule in a flow field. 
For this, we studied the response of DNA molecules 
in a solution to the well-defined elongational flow 

1389 



1390 SASAKI ET AL. 

field which was generated by the Taylor four-roller 
mill system. We used A-phage DNA, which has a 
monodisperse molecular weight distribution. 

EXPERIMENTAL 

A-Phage DNA 

The A-phage DNA used in this work was purchased 
from Sigma Chemical Co. The molecular weight of 
the DNA was 3.1 X lo7 Da, which corresponds to 
48,502 base pairs. The molecular weight distribution 
was monodisperse, which was assessed using agarose 
gel electrophoresis (Fig. 1, lane A). Lyophylized 
DNA powder was dissolved into 0.2M of NaCl 
aqueous solution. Sample solutions were (1) 10 pg/ 
mL of DNA, 0.24M of NaC1, and 80% glycerol; (2) 
7 pg/mL of DNA, 0.24M of NaC1, and 80% glycerol; 
and (3) 5 pg/mL of DNA, 0.24M of NaC1, and 80% 
glycerol. Glycerol was used as a viscosity builder. A- 
Phage DNA molecules have been reported to have 
a radius of gyration Rg of about 1 pm in an aqueous 
solution.' This Rg value suggests that the c* for the 
dilute solution of this polymer should be 12 pg/mL. 
The concentration of all of sample solutions used 
was below c*. 

Apparatus 

The elongational flow field was generated by a four- 
roller mill system which has been described in detail 
previously." To  record the birefringence pattern 
microscopically, a Panasonic portable video cassette 
recorder NV-180 and a Panasonic video camera 
Model WVP-F2EB were used. Birefringence was 
calculated by taking the square root of the intensity 
which was obtained by a photodiode. 

The results of the measurements using glass 
equipment coated with a thin silicon rubber layer 
were compared with the results of measurements 
without the silicon coating. Both results were the 
same, even quantitatively. In the following, we pres- 
ent the results of both sets of measurements. All the 
measurements were performed at room temperature. 

RESULTS AND DISCUSSION 

It has been known that DNA molecules of a high 
molecular weight are easily degraded by shear flow 
fields. However, the critical fracture strain rate if 
for A-phage DNA (M, = 3.1 X lo7 Da) solution 
without the viscosity builder was found to be - 5 

R A B  

Figure 1 Agarose gel electrophoresis of A-phage DNA 
before (lane A) and after (lane B) the elongational flow 
experiments. Lane R shows the reference bands. 

X lo3 s-'.' In this work, elongational flow experi- 
ments were carried out for strain rates 1. < 50 s-'. 
Before and after the elongational flow experiments, 
the molecular weight of DNA was checked by elec- 
trophoresis and it was confirmed that the molecular 
weight did not decrease (Fig. 1, before [lane A] and 
after [ lane B ] the experiment). Therefore, there was 
no need for us to consider flow-induced molecular 
scission. 

Glycerol is known to be a denaturant for the DNA 
double helix." However, the existence of more than 
0.2M of NaCl maintains the duplex conformation 
of DNA even in a solution with 80% glycerol, which 
was proved by UV absorption spectrum assessment 
of the sample solutions containing 80% glycerol and 
0.24M of NaCl. 

Pattern Observation 

At 1. = 24 s-' , when the crossed polarizer and ana- 
lyzer are positioned at 45" to the mill inlet and outlet 
direction, birefringence was observed all over the 
area enclosed by the rollers for all the DNA con- 
centrations examined. Intensity along the exit sym- 
metry plane was larger than that in the off-symmetry 
plane. A small rotation of the compensator showed 
that the direction of the optical axis in the brightest 
birefringence is slightly different from that in the 
birefringence in the off-symmetry plane. Figure 2 
shows the birefringence profile along the inlet sym- 
metry plane at eight stages in the experimental range 
of applied strain rates. These were obtained by mea- 
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Figure 2 Birefringence profile for 10 pg/mL of A-phage 
DNA solution along the inlet symmetry axis at eight stages 
from i = 2 s-l to 24 s-': (A) 2 s-'; (B) 3 s-'; (C) 4 s-'; (D) 
5 s-'; (E) 7 s-'; (F) 10 s-'; (G) 16 s-'; (H) 24 s-'. 

suring the intensity profile from "stills" at fixed 
strain rates from the video recording and plotting 
the birefringence on an arbitrary scale. It was found 
that 

1. Nonlocalized birefringence appears first. 
2. A sharp localized birefringence line then ap- 

3. The localized line thickens. 
pears. 

Preliminary experiments for a solution of 7 pg/mL 
concentration of DNA shows that the half-width of 
the birefringence profile does not change with the 
DNA concentration. The birefringence intensity 
changes continuously from the outermost part on 
the inlet line to a point in the vicinity of the stag- 
nation point. 

When the polarizer and analyzer directions were 
placed parallel and perpendicular to the entry and 
exit directions, respectively, a birefringent signal was 
not observed at all. According to accumulated results 
for elongational flow experiments of polymers, l3 this 
result indicates that the optical axis of the birefrin- 
gent solution is almost parallel to the exit symmet- 
rical axis. 

Intensity Measurements 

All the intensity measurements were carried out with 
a polarizer and analyzer inclined at 45" to the mill 
inlet and outlet directions. Figure 3 shows the flow 
birefringence, An,  plotted against the strain rate, 
4 for (0) 10 pLg/mL, ( 0 )  7 pg/mL, and ( A )  5 pg/ 
mL solutions of DNA. It can be seen that there is a 
critical strain rate, E,. Up to E,, An = 0; from E, - 1 
s-l to E - 3 s-l, An increases rapidly; and for E > 3 
s-l, An gradually increases. 

Free-draining Nature of DNA Coil 

Ode11 and Taylor regarded the criticality at E, as the 
manifestation of the coil-stretch transition of "DNA 
coils."1o They reported that the change in the chain 
hydrodynamic property from nonfree draining to 
free draining reduces the criticality of the transition. 
The birefringence pattern with the birefringence in- 
tensity profile along the mill inlet symmetry axis 
observed here also evidences the reduced criticality 
of the transition and then the free-draining nature 
of the DNA coil in the solution. 

When a polymer molecule, whose monomer unit 
is birefringent in nature, is a free-draining chain, 
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Figure 3 Elongational flow-induced birefringence in- 
tensity, An, plotted against strain rate, E ,  for (0) 10 pg/ 
mL, (0)  7 pg/mL, and (A) 5 pg/mL of A-phage DNA so- 
lutions. 
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molecular deformation tends to occur at any strain 
rate. Then, in the A n  vs plot, the criticality for the 
coil-stretch transition is reduced, and in the bire- 
fringent pattern, the boundary of the localization 
become ambiguous. This is exactly the situation for 
A-phage DNA coils (Figs. 2 and 3) .  In this case, the 
birefringence observed is attributed to the defor- 
mation of the molecular coil. 

Relaxation Process 

Observation of A n  decay after a cessation of the flow 
provides information about the dynamic properties 
of molecules. However, purely operational consid- 
erations restrict the range and accuracy of results 
based upon a cessation of flow in the four-roll mill. 
In the case of the equipment used in this work, it 
takes no more than $j s (the time for recording one 
frame of a video) for the flow of the fluid to stop 
because of a suitable strain rate at the cessation. 

Figure 4 shows the relaxation process of An after 
the sudden stop of the flow at 24 s-l for 10 pg/mL 
of the DNA solution. For all the solutions measured, 
there were two distinct processes: an initial rapid 
relaxation (stage 1 ) followed by a slow relaxation 
(stage 2 ) .  The result was obtained by a photodiode 
and the measured birefringence was integrated all 
over the microscopic field. There was, however, a 
distribution of A n  in the field as shown in Figure 2. 
Figure 5 shows the time evolution of the birefrin- 
gence profile for 10 pg/mL of the DNA solution, 
after the mill is stopped at the strain rate of 24 s-', 
along the inlet symmetry plane. It is clearly shown 
that the birefringence at  the off-symmetrical plane 
or foot region in the profile decreases faster than 
that near the stagnation point. Figure 6 ( a )  shows 
A n  decay after the stopping of the mill at each point 
of the inside area of the four rollers (a t  each point 
in the profiles in Fig. 5),  where log A n  are plotted 
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Figure 4 A typical decay curve of flow-induced bire- 
fringence for 10 pg/mL of DNA solution after the cessation 
of the flow at the strain rate i. = 24 s-'. 
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Figure 5 The time evolution of the birefringence profile 
for 10 pg/mL of DNA solution, after the mill is stopped, 
along the inlet symmetry plane for (A) t = 0.2 s, (B) 0.3 
s, (C) 0.5 s, (D) 0.8 s, and (E) 1 s. 

against the frame number which is proportional to 
the time after the cessation of the mill. In every 
plot, log An is linearly related to time. (In the decay 
at 2.5 mm from the stagnation point, only the initial 
part shows the linear relation. The deviation from 
the relation was due to the uncertainty of the back- 
ground A n  value.) This linearity indicates that dur- 
ing the observation at least the relaxation is caused 
by a single mechanism of molecular relaxation. The 
slope of the decay increases with the distance from 
the central stagnation point. Figure 6 ( b )  shows the 
relative relaxation time, T,, at each point in the flow 
field where the values are normalized by the value 
at the stagnation point. It was found that the T, of 
a molecule which has just entered the mill is small 
and T, increases as it approaches the stagnation 
point. A still such as in Figure 2 is the integrated 
record over $j s. The last frame in Figure 6 was re- 
corded at about 0.4 s after the mill stopped. From a 
comparison of Figure 4 with Figure 6 ( a ) ,  stage 1 in 
Figure 4 can be attributed to an observation of a 
parallel multirelaxation process in the mill space. 
Stage 2 was considered to be a prolonged birefrin- 
gence relaxation near the stagnation point. 

In the stopped flow measurements, the relaxation 
process of the flow birefringence is generally re- 
garded as containing both a disorienting process of 
deformed molecules and a recovering process from 
the deformed conformation. Both stage 1 and stage 
2 are thought to be based on a single mechanism, 
since in both processes, the relaxation proceeds as 
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a simple exponential function. The largest relaxation 
time in stage 1 was 0.52 s and the relaxation time 
of stage 2 was 6.7 s, where the latter value is similar 
to the longest molecular relaxation time for the X- 
phage DNA: 3 s for a molecule of 12.8 pm.' From 
this fact, we conclude that the main contributor to 
stage 2 is the molecular recovering process, and the 
dominant mechanism of stage 1 is a disorientation 
process of deformed molecules. 

Degree of Molecular Deformation 

As we concluded that stage 1 is dominated by the 
disorientation process of deformed molecules, ob- 
served relaxation time, 7, is related to the rotational 
diffusion coefficient, Dr; 7 = i D r .  D, is generally 
related to a parameter characterizing an anisotropic 
structure of a molecule such as an aspect ratio, p .  
In the elongational flow field generated by the four- 
roller mill, a molecular coil is considered to be de- 
formed in a prolate spheroid. For a prolate spheroid, 
the relation is described as l4 

where k is the Boltzmann constant; T, the absolute 
temperature; a and b ,  respectively, the longer and 
shorter radii of the prolate spheroid ( p  = b / a  5 1 ) ;  
and v,, the viscosity of the solvent. The ratio of D, 
of the molecule a t  the outer most region (just when 
it enters the mill space), Do, to that at the stagnation 
point, D,, ( Do/D,  = A ) ,  is described as 

where 

Assuming for the DNA coil, 

hence, 
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Figure 6 (a) Logarithm of An plotted against time (in 
video frame units; one frame corresponds to & s )  on the 
inlet symmetry plan a t  (0) the stagnation point, (0) 0.5 
mm, (A) 1.0 mm, (A) 1.5 mm, (0) 2.0 mm, and (U) 2.5 
mm from the stagnation point for 10 pg/mL solution. (b) 
Relative relaxation time T, plotted against the distance 
from the stagnation point, R,. The relaxation time a t  each 
point was normalized by the value at the stagnation point. 

Figure 7 shows the plot o f f  ( p )  as a function of p .  
f ( p )  is found to be a decreasing function of p .  Ac- 
cording to Figure 6 ( b )  , A is 20. A molecule which 
has just entered the mill space has an aspect ratio 
slightly smaller than 1, because the molecule man- 
ifested the birefringence. If we assume po - 0.95, 
f ( p o )  - 0.66, and, thereby, f ( p , )  - 0.033, then, p s  - 0.08. Menasveta and Hoagland reported that the 
change in Rg by the coil-stretch transition in poly- 
styrene was at  the most a factor of 2,' from 350 nm 
in the coiled state to 650 nm in the stretched state 
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Figure 7 
p ,  of the prolate spheroid. 

f (p) in eq. (3) plotted against the aspect ratio, 

in an elongational flow field at  a strain rate of more 
than lo3 s-’. This duplication in the Rg value cor- 
responds to a decrease in p to k of the p value of the 
coil? Our value of p s / p o  - & is smaller than the 
value reported by Menasveta and Hoagland for 
polystyrene. The strain rate for the extension of 
molecules in our experiment is 24 s-l and this is far 
smaller than the value - lo3 s-l, around which the 
coil-stretch transition for polystyrene was ~bserved.~ 
In the case of A-phage DNA, the coil-stretch tran- 
sition seems to be still proceeding at  24 s-l, which 
suggests that the DNA coil will be continually elon- 
gated over this strain rate. 

CONCLUSIONS 

The birefringence pattern in the mill space ( Fig. 2 ) 
and the shape of the An vs. t. plot (Fig. 3 )  indicate 
the reduced criticality of the coil-stretch transition 
of “DNA coils” in the elongational flow field. The 
reduced criticality suggests that the DNA molecule 
in the solution is regarded as a free-draining coil. 
At the strain rate of t. = 24 s-l, the aspect ratio p 
of the DNA molecule as a spheroid is smaller than 
&. The free-draining nature suggests that the DNA 
molecule in the elongational flow field of our exper- 
iment is on the way to a more stretched conforma- 
tion. There is a possibility that the DNA molecule 

is almost in a stretched conformation before scission 
of the molecule by the elongational flow field begins. 
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