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ABSTRACT: The response of T4-phage DNA molecules to an elongational flow field was
monitored by flow-induced birefringence as a function of temperature. The flow-induced
birefringence observed in this study was localized in the pure elongational flow area
with a critical strain rate, indicating that the birefringence was attributed to a coil–
stretch transition of DNA molecules. The slight decrease in the birefringence intensity
with increases in temperature to 40°C was explained by a thermal-activation process.
At temperatures above 50°C, flow-induced birefringence decreased remarkably, and no
birefringence was observed at temperatures above 60°C. After the flow experiments,
ambient temperature was reduced back to room temperature, and flow experiments at
room temperature were performed again. Flow-induced birefringence was recovered
almost completely in samples for which the first flow measurements were made at
temperatures below 53°C. Irreversible changes were observed for samples for which the
first flow experiments were performed at temperatures above 55°C. The temperature
dependence of UV-absorption spectra revealed that the double-strand DNA helix began
to partially untwine at a temperature over 50°C, and duplexes became almost com-
pletely untwined at a temperature over 55°C. A comparison of electrophoresis patterns
for untwined molecules showed that flow-induced scission of DNA molecules occurred in
a sample solution in flow experiments performed at 65°C, while no molecular weight
reduction was observed in the sample solution at 55°C. In this article, this difference
between the untwined DNA molecules is discussed on the basis of the thermally
activated bond scission (TABS) model. © 2002 John Wiley & Sons, Inc. J Appl Polym Sci 83:
1357–1365, 2002
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INTRODUCTION

DNA molecules of phage origin, such as T4-phage
DNA, T7-phage DNA, and l-phage DNA, have
contour lengths over several tens of microns in

their double-strand state. DNA molecules of that
size are observable using optical microscopes in
conjunction with a fluorescent micrographic
method.1–4 In a sodium chloride aqueous solution
of a certain concentration, since the persistence
length of a phage DNA molecule ranges from 50 to
90 nm,5,6 DNA molecules even in a double-strand
state have been considered to be a model of semi-
flexible coil or wormlike chains.5,7 Thermal dena-
turation of DNA molecules has been regarded as a
process of a helix–coil transition.8 However, be-
cause a DNA molecule in a helix structure is
regarded as a semiflexible random coil, the helix–
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coil transition of a DNA molecule is thought to be
hydrodynamically different from that of an a-he-
lical polypeptide chain.

The hydrodynamic response of a chain molecule
to an elongational flow field provides various quan-
tities characterizing chain properties such as flexi-
bility.9 To monitor the response of polymers to the
elongational flow field, a flow birefringence tech-
nique has been employed. On the basis of accumu-
lated results, it is possible to classify polymers by
the flow-induced birefringence pattern. For flexible
polymers, elongational flow-induced birefringence
is localized along the pure elongational flow field. In
a birefringence (Dn) versus elongational strain rate
«̇ plot, there is a critical strain rate «̇c below which
no birefringence is observed, and Dn increases rap-
idly over this strain rate. This phenomenon has
been rationalized as a coil–stretch transition of flex-
ible polymer chains.10 In the case of rigid-rodlike
molecules, nonlocalized birefringence is observed
over the whole irradiated field around the pure
elongational flow field.11,12 Dn increases continu-
ously with «̇ and there is no critical strain rate. By
making use of these differences in the response of
polymers to the elongational flow field, conforma-
tional transitions of biopolymers have been success-
fully investigated.13–16 The elongational flow field
has been shown to be a new useful tool for studying
the conformational transition of both synthetic and
biological polymers. Results from hydrodynamic
studies have contributed to an understanding of the
global properties of macromolecules.

The aim of the present study was to determine
the hydrodynamic features of thermal denatur-
ation of long DNA molecules. For this purpose,
the response of DNA molecules to an elongational
flow field was observed as a function of tempera-
ture using a flow birefringence technique. In this
article, the results obtained from flow experi-
ments are discussed in terms of change in the
molecular conformation by thermal untwining
and a scission of DNA molecules by the elonga-
tional flow field.

EXPERIMENTAL

Materials

We used coliphage T4 DNA, whose molecular
weight is 1.1 3 108 Da, that is, 167,000 base pairs.

T4 DNA molecules in a solution of 10 mM Tris–
HCl, pH 8.0, and 1.0 mM EDTA were purchased
from the Sigma Chemical Co. (St. Louis, MO).
DNA solutions were prepared by dilution with
water containing 0.2M NaCl. For the elongational
flow measurements, 90% (v/v) of glycerol was
added as a viscosity builder. The final concentra-
tion of DNA was 5 mg/mL. T4 DNA molecules
have been reported to have a radius of gyration
(Rg) of about 1 mm in an aqueous solution.6 This
Rg value indicates that the critical concentration
c* for a dilute solution of T4 DNA should be 12.9
mg/mL, which means that the concentration of all
samples examined in this work was below c*.

Apparatus and Method

The elongational flow field was generated by a
four-roller mill system, originally utilized by Tay-
lor for the study of liquid droplets in a flow field.17

Details of the four-roller mill used in this study
were described elsewhere.16 To quantify the re-
sponse of DNA molecules to the elongational flow
field, the flow-induced birefringence, Dn, gener-
ated in the DNA solution was observed. Measure-
ments of Dn as a function of the elongational
strain rate, «,̇ were performed isothermally over
the range of «̇ 5 0–70 s21. The elongational
strain-rate value was determined by Torza’s for-
mula for a four-roller mill apparatus.18 The tem-
perature of the solution was changed from 25 to
65°C. At each temperature, the temperature was
kept within 61°C from the nominal value by the
use of a heat jacket through which thermally reg-
ulated water was circulated. By observing the UV
spectrum around 260 nm, using a SHIMADZU
UV-160A spectrometer, the thermal denaturation
of DNA at each temperature was assessed. Deg-
radation of DNA molecules was investigated us-
ing agarose gel electrophoresis.

RESULTS AND DISCUSSION

Elongational Flow-induced Birefringence

Figure 1(a) shows the flow birefringence, Dn, plot-
ted against the elongational strain rate, «,̇ at tem-
peratures from 25 to 65°C. The birefringence ob-

Figure 1 (a) Flow-induced birefringence Dn plotted against the elongational strain
rate «̇ at (E) 25.0°C, (F) 30.0°C, (‚) 40.0°C, (Œ) 50.0°C, (h) 53.0°C, (■) 55.0°C, and ({)
65.0°C. (b) Magnification of the initial part of Dn versus «̇ plot for 30.0°C. (c) Dn at «̇
5 50 s21 plotted against temperature.

1358 SASAKI, MAKI, AND NAKATA



ELONGATION FLOW OF DNA AS FUNCTION OF TEMPERATURE 1359



served was localized along the pure elongational
flow field and had a critical strain rate, «̇c, in the
strain-rate dependence as shown in Figure 1(b).
These results indicate a typical coil–stretch tran-
sition phenomenon, although the Dn versus «̇
curve at about «̇c has less criticality compared
with the coil–stretch transition of a typical flexi-
ble polymer. The birefringence originated from
the coil–stretch transition of double-strand DNA
molecules. The reduction in criticality has been
explained by the free-draining nature of DNA
molecules.19 The Dn value became saturated at
about «̇ ; 50 s21. Figure 1(c) shows the temper-
ature dependence of Dn at 60 s21. The Dn value
gradually decreases up to 40°C and decreased
rapidly over 50°C, and no birefringence was ob-
served at temperatures above 55°C. Figure 2(a)
shows the critical strain rate, «̇c, at which the
coil–stretch transition is expected to occur, as a
function of temperature. Over 50°C, «̇c increased
rapidly with the temperature. Elongation of a
polymer chain occurs at the strain rate where the
frictional drag force by solvent molecules over-
comes the entropic retraction force of the polymer
chain. As the solvent viscosity changes with the
temperature, the critical strain rate will also
change with the temperature. Figure 2(b) shows
an Arrhenius plot of «̇c against the inverse of
absolute temperature. From room temperature to
40°C, there is a linear relation, and over 50°C,
data points deflect from the linear relation. The
linear relation in «̇c and 1/T indicates that the
activation energy for the coil–stretching process
does not change within the temperature range in
which a linear relation holds. Therefore, it is con-
cluded that the hydrodynamic shape of the DNA
molecule remained unchanged in the tempera-
ture range to 40°C. Figure 3 shows Dn plotted
against the reduced strain rate:

«̇R 5 ~«̇ 2 «̇c!/«̇c 5 ~«̇/«̇c! 2 1 (1)

where the first term on the right-hand side indi-
cates the Deborah number. By plotting Dn
against «̇R, it is possible to compare the stretching
processes of polymer chains with different values
of «̇c.

20 Dn versus «̇R curves for data obtained at
25, 30, and 40°C were superimposed on each
other, and a single master curve was obtained,
while those for data obtained at temperatures
over 50°C were deflected from the master curve.
These results also indicate that the hydrody-
namic properties of DNA molecules at tempera-

tures over 50°C are different from those at tem-
peratures in the range of 25–40°C.

Figure 4 shows values of Dn measured at 60
s21 as a function of temperature (E). Filled circles
(F) are Dn values measured at 25°C and 60 s21

after the first flow experiments at the indicated
temperatures. The second flow measurements at
25°C were performed at 30 min after the solution
temperature had been reduced to 25°C. To 53°C,

Figure 2 (a) Critical strain rate «̇c plotted against
temperature. (b) Arrhenius plot of «̇c.
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Dn values for the second flow experiments almost
completely recovered at room temperature but
recovered only partially at 55°C. Over 65°C, no
birefringence was observed in either the first or
second experiment.

UV Spectroscopic Results

Figure 5 shows the temperature dependence of
UV absorption at 260 nm for the same DNA so-

lution as that used for the elongational flow ex-
periments. Partial untwining of a DNA duplex
occurs at temperatures over 50°C. The observed
untwining temperature is slightly lower than
those reported in the literature. The DNA solu-
tion tested contained 90% glycerol. Although its
activity is not so high, glycerol is listed as one of
the denaturing agents of DNA molecules.21

Therefore, the difference in untwining tempera-

Figure 3 Dn plotted against reduced strain rate, «̇R 5 («̇ 2 «̇c)/«̇c, for different
temperatures. Symbols for each temperature are the same as those in Figure 1(a).

Figure 4 (E) Dn measured at «̇ 5 60 s21 plotted against temperature. (F) Dn values
were measured at 25.0°C and 60 s21, after the first flow experiments at each temper-
ature.
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tures was attributed to the glycerol in the solution
used in the present study. The DNA chains in the
untwining part would be random-coil-like chains
and would not contribute to the flow-induced bi-
refringence unless the single-strand chains were
considerably stretched. This is why the birefrin-
gence at temperatures over 50°C was smaller
than that observed at 25–40°C. According to Fig-
ure 4, in DNA molecules at temperatures of 50
and 53°C, the untwining region almost com-
pletely recovered its initial double-stranded
structure after the solution was cooled to 25°C. By
thermal untwining, it seems that the resistance of
DNA molecules against the stretching force in-
creases, according to the deflection of «̇c from the
Arrhenius law and the rapid increase with in-
creases in temperature thereafter [Fig. 2(b)]. Sin-
gle-strand DNA molecules are more flexible than
are DNA duplexes, suggesting that the entropic
contraction force of untwined chains is larger
than that of double-strand DNA molecules.

Electrophoresis and Elongational Flow Field-
induced Scission of DNA Molecules

Figure 6 shows electrophoresis bands of DNA so-
lutions after the flow experiments at indicated
temperatures. Although seen only slightly, but
clearly, the band of 55°C is found to be located at
lower molecular weight than that of 25°C. At
65°C, the electrophoresis band shifted also in the

direction of lower molecular weight, and at the
same time, the bandwidth increased. In our pre-
vious investigation, at room temperature, no deg-

Figure 5 UV absorption at 260 nm of DNA sample solution used for the flow exper-
iments plotted against temperature.

Figure 6 Agarose gel electrophoresis of T4 DNA sam-
ple solutions after the flow experiments. Lanes 1, 2,
and 3 show the patterns for sample solutions after flow
experiments performed at 25, 55, and 65°C, respec-
tively. Lane R shows a set of monodisperse calibrant
markers. The arrow indicates the direction of migra-
tion, that is, decreasing molecular weight.
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radation of the molecular weight of T4-phage
DNA was observed at the strain rate up to 176 s21

after more than 100 passes.16 Then, the 25°C
band can be regarded as indicating the molecular
weight of intact T4 DNA. Using the 25°C band as
the reference with the reference bands in the R
lanes, molecular weights of the shifted bands
were estimated and are listed in Table I. The
molecular weight value corresponding to the 55°C
band was almost half of that for the intact T4-
phage DNA. The center of the shifted and broad-
ened band at 65°C is located at almost 1/24 times
that of the intact T4-phage DNA. These features
of the 55 and 65°C bands suggest that molecular
scission caused by the flow occurs at these tem-
peratures.

It is well known that scission of polymers can
occur in flow fields where the mechanical forces
associated with the flow field are sufficient to
rupture the covalent bonds along the chain. A
number of fracture studies have been performed,
and the results have been rationalized within a
theoretical framework known as the thermally
activated barrier to scission (TABS) model.22–25

According to the TABS model, fracture proceeds
in an elongational flow field as a two-stage pro-
cess. In the first stage, molecules are stretched by
the elongational flow field into an extended con-
formation and are aligned with their molecular
axes parallel to the flow direction. In the second
stage, the extended conformation is then sub-
jected to fracture. Scission of the extended confor-
mation always occurs near the midpoint, where
the stress in the molecule reaches a maximum
value, in accordance with the theoretical predic-
tion of Frenkel.26 Regarding the results shown in
Figure 6, it is not unreasonable to investigate the
scission that occurred at 55°C on the basis of the
TABS model.

Fracture studies on DNA molecules have also
been performed, and the results have been ana-
lyzed using the TABS model.27 For l-phage DNA,
the fracture strain rate, «̇f

l, was determined to be

6.8 3 103 s21. This value is two orders of magni-
tude larger than our uppermost strain rate (70
s21). According to the TABS model, the critical
strain rate for fracture is related to the contour
length, L, and then to the molecular weight, Mw,
of a polymer chain by the relationship22

«̇f } 1/L2 5 1/Mw
2 (2)

On the basis of this equation, the critical fracture
strain rate for T4-phage DNA «̇f

T4 was estimated
as follows: Since the molecular weight of l-phage
DNA and T4-phage DNA are 31.5 and 110 MDa,
respectively,

«̇f
l/«̇f

T4 5 @~31.5/2!/110#22 (3)

where 1/2 in the numerator indicates that
l-phage DNA is circular. Using the value «̇f

l 5 6.8
3 103s21, «̇f

T4 was determined to be 139 s21. As
mentioned above, for T4 DNA, no molecular
weight degradation was observed at the strain
rate after more than 100 passes.16 The scission of
circular l-phage DNA may be somewhat different
from that of linear DNA molecules. It has been
reported that no degradation of T7-phage DNA
(Mw 5 25 MDa) occurred after 40 passes at the
strain rate at 12,000 s21, that is, «̇f

T7 . 12,000
s21.27 By the same procedure using eqs. (2) and
(3), the lower limit of «̇f

T4 was estimated to be «̇f
T4

. 620 s21. Although the expected value for T4-
phage DNA was much smaller than that for
l-phage DNA and for T7-phage DNA, the value is
larger than the uppermost strain rate of our ap-
paratus (70 s21), up to which untwined DNA mol-
ecules were fractured. DNA molecules in these
discussions were in a double-stranded state. In
Figure 5, the conformational transition seems to
have been completed at 55°C, that is, the DNA
molecule is thought to have been almost com-
pletely untwined. This suggests that untwined
DNA molecules are not so stable against fracture
caused by the flow field compared with double-
strand DNA molecules.

In Figure 6, flow-induced scission was also ob-
served in the samples used for the flow experi-
ments at 65°C. But, as compared with the result
for 55°C, the estimated molecular weight was
much smaller than that of intact T4 DNA and the
band was much broader. This indicates that the
scission rate drastically increased with increasing
temperature. According to the TABS model, the
scission rate, K(T), is described as

Table I Molecular Weight Corresponding to
the Electrophoresis Bands

Lane Molecular Weight (Da)

25°Ca 1.1 3 108

55°C 6.0 3 107

65°C 4.7 3 106

a Used as a reference.
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K~T! 5 A exp@2u0~«̇!/kBT# (4)

u0 5 U0 2 ~Cahsl2N2«̇/8! (5)

where U0 is the dissociation energy; C, the correc-
tion factor determined by the molecular shape; a,
the stretched bond length; hs, the solvent viscos-
ity; l, the monomer length; and N, the number of
monomers.23 A is the preexponential factor re-
garded as the attempt frequency for fracture and
the scission rate at «̇ 5 «̇f. If experiments are
performed at «̇ # «̇f, u90(«)̇ . 0, then K(T) would
change with the temperature according to the
usual Arrhenius law. Equation (4) suggests that
the scission rate can increase with an increase in
temperature. Figure 7 shows K(T) schematically
plotted against the strain rate at different tem-
peratures. At a strain rate smaller than «̇f, even
K(T) ; 0 at T0, at T(.T0), K(T) could have a
definite value. The developed foot of the K(T) ver-
sus «̇ plot slightly below «̇f with an increase in

temperature can explain the difference in flow
behaviors of untwined DNA molecules at 55 and
65°C. The difference suggests that «̇f for untwined
T4 DNA molecules is larger than 70 s21.

CONCLUSIONS

By monitoring the elongational flow-induced bire-
fringence, the hydrodynamic features of the ther-
mal denaturation process of T4-phage DNA mol-
ecules were investigated. A remarkable reduction
in birefringence was observed at about 50°C, and
no birefringence was observed at temperatures
above 65°C. With the aid of UV spectra, these
changes corresponded to thermal untwining of a
DNA duplex. At temperatures to 50°C, the change
was reversible, while at temperatures above
65°C, the birefringence reduction was not recov-
ered by cooling the solution to 25°C. This irrevers-
ible change was attributed to the flow-induced
scission of DNA molecules. Untwined DNA mole-
cules are much more unstable compared with a
DNA duplex, probably because of the disappear-
ance of the structural stability factor by untwin-
ing.
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