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Water-induced dc conductivity of DNA: A dielectric-gravimetric study
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The dc conductivity of hydrated Li-DNA and Na-DNA powdered samples has been detected in a
composite capacitor without electrode contacts. In all slightly hydrated samples the conductivity
increases exponentially along with the water content with the same exponential factor, confirming
initial suggestions of an intrinsic semiconductivity. Above about 25% water content, capillary con-

densation produces an additional relaxation effect.

DNA (deoxyribose nucleic acid) hydration is a subject
of current experimental interest! in view of the well-
known role of water in determining the structure? of this
biopolymer. The nature of the dc conductivity of hydrat-
ed DNA seems to be still controversial, both from the
theoretical>* and the experimental>® side. The early ex-
perimental work, reviewed by Pethig,5 revealed an ex-
ponential increase of the intrinsic semiconductivity with
increasing water content up to 25%, followed by a region
dominated by protonic conductivity. However, more re-
cently Van Lith et al.,° by using pulsed ionization in or-
der to avoid electrodes in contact with samples, detected
mobile charges only above 79% water content, at vari-
ance with previous findings.

In the past years a sensitive dielectric-gravimetric tech-
nique’ has been developed in this laboratory to detect
water-induced dielectric properties of biomaterials by
avoiding direct electrode contacts, which are known® to
be a source of dielectric relaxation at low frequencies.
This technique has been applied to detect protonic con-
ductivity’ and percolation in lysozyme'® and in purple
membrane.!! The hydrated sample is placed in a glass
dish, which is part of a two parallel-plate capacitor, set
on the pan of a balance, and both the sample weight and
dielectric data in the range from 10 kHz to 10 MHz are
contemporaneously measured and stored during slow
dehydration by a constant dry air flux, at a temperature
of 27.5+0.1°C.

Na-DNA from herring sperm was from Boheringer.
RNA (ribonucleic acid) and protein contaminations were
found to be less than 1% as determined by the orcinol
method'? and 0.3% as determined by the method of
Lowry et al.,'3 respectively. The size distribution of
DNA molecules ranged from 300 to 1100 nucleotide
pairs, as determined by agarose gel electrophoresis.'*
DNA was dissolved in water at a concentration of 2
mg/ml and extensively dyalized against water. The dyal-
ized solution was made 0.4 M in counterion (Na and Li)
by addition of ethanol up to 70% of final concentration,
the precipitated DNA was recovered by centrifugation at
20000 g for 15 min. The DNA pellet obtained was
washed twice with 70% ethanol to remove excess salt,
and finally lyophilized and ground to powder. In the fol-
lowing 4 is the hydration level of the powdered sample in
grams of water per gram of dry DNA; the dry weight was
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determined by oven drying samples at 80 °C.

More than 20 different samples have been tested after
variable durations of isopiestic hydration. It was soon
realized that hydration at 5°C and even prolonged hydra-
tion at 25 °C produced an additional dielectric relaxation,
likely due to capillary water condensation on the DNA
powdered sample. Capillary condensation is known to
occur when samples are hydrated at relative humidities
higher than 30%; specifically it has been observed in
DNA samples,15 but it does not seem to have been con-
sidered when measuring dielectric properties of DNA,>¢
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FIG. 1. Loss factor vs hydration A at (a) 10 MHz and (b) 10
kHz. Triangles are for Na-DNA hydrated at 5°C: squares for a
similar sample, hydrated at 20°C. At high hydration a larger
contribution by capillary water is clearly detectable in the sam-
ple hydrated at the lower temperature.
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in spite of the known high dielectric relaxation displayed
by capillary water.!® The presence in our data of two
different types of dielectric relaxation is shown in Figs.
1(a) and 1(b), one type being characteristic of the
Maxwell-Wagner effect of our composite capacitor,”®
and the other superimposed on the previous one, which is
easily attributed to water clusters of different sizes con-
tributing to capillary water.'® The contribution of this
second relaxation proved to be dependent on the sample
hydration history and was out of our control; therefore,
in the following we shall be concerned with samples
where the effect of this second type of relaxation was
negligible in comparison to the first one.

In Fig. 2 we show the water-induced change of the fre-
quency at which maximum dissipation takes place. As
we have previously discussed® this quantity f,, is related
to the dc conductivity o of the sample by a simple equa-
tion: f,, =(2mey) " (1+¢)" /20 where ¢, is the vacuum
permittivity and ¢ is the relative dielectric constant. Al-
though our results are displayed in Fig. 2 as log,yf,,
versus h curves, since log;of,, «<log,,o, these data will be
discussed as if they represented log,,o versus h curves.
The assumption underlying the use of this last approxi-
mation is that hydration dependence of the dielectric
constant can be neglected. This assumption is justified,
because in the hydration range from A=0.15 to h=0.20
the capacitance increases only by 10%, while f,, in-
creases by more than 1 order of magnitude.

Inspection of Fig. 2 shows that at low hydration the
conductivity follows the typical exponential increase with
increasing hydration already detected in most biopoly-
mers;> o < exp(ah), where «=27.1+0.2 in Li-DNA and
Na-DNA, the latter hydrated with D,O or H,0. We
note, incidentally, that the inferred conductivity reported
here in DNA samples is of the same order of magnitude
as the protonic conductivity observed in this laboratory
with the same apparatus and in the same hydration range
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FIG. 2. Log,f, vs hydration h. A, H,0 hydrated Na-
DNA; 0, D,0 hydrated Na-DNA; O, H,O hydrated Li-DNA.
Solid lines represent the best fit through data with a slope of
27.1 (reciprocal hydration).
for protein powders.’ " !!

Our data confirm the previously detected exponential
increase of the dc conductivity at low hydration,* but we
believe our value to be more reliable because of the ab-
sence of electrode effects® and of the larger number of ex-
perimental data. The apparent disagreement with the re-
cent findings by Van Lith et al.® can be understood if in
this latter work only the motion of free electrons pro-
duced by ionization was measured at high hydration,
while an intrinsic semiconductivity of the DNA back-
bone was observed in our slightly hydrated samples with
different counterions. We believe this confirmation of the
previous suggestion® to be relevant in view of the uncer-
tainties in recent theoretical treatments. *
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