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ARTICLE INFO ABSTRACT

Keywords:

Dielectric spectroscopy was tested as an alternative tool to study degradation of deoxyribonucleic acid (DNA) in

DNA its solid form. The specimens, prepared from biological DNA, were periodically heated and cooled according to a

Deoxyribonucleic acid
Melting

Dielectric spectroscopy
Thermal stability

programmed scheme. Simultaneously, their dielectric parameters (permittivity and dielectric loss) were moni-
tored as function of frequency and temperature. The analysis of Bode plots allowed to determine the upper limit
of thermal stability of solid DNA at 120 °C, because heating at higher temperatures resulted in irreversible

changes. These changes were identified as denaturation by gel electrophoresis and UV-vis absorption methods.

1. Introduction

The deoxyribonucleic acid (DNA) is a macromolecule of fundamental
importance for all living organisms. Many unique chemical and physical
properties distinguish DNA from synthetic polymers, due to its ability to
maintain the structure of the double-helix.

This fact, since the beginning of the last decade, has motivated the
search for new applications in fields outside of the life sciences. In such
applications, DNA is used as a bulk material, in its natural form or in a
complex with an amphiphilic (surfactant) molecule. These materials in
the form of thin layers have been added to the structure of devices
classified as organic electronics, optoelectronics and non-linear optics.
As a consequence, a significant improvement in performance was
observed. An extensive discussion of non-standard DNA applications can
be found in recent review articles, for example in [1,2].

DNA is a highly hydrophilic biopolymer [3,4], what directly impacts
on its morphology [5,6]. In the case of DNA complexes, aliphatic (and so
hydrophobic) tails of surfactant molecules extend to outermost di-
rections, making possible to dissolve the complex in some organic sol-
vents [7]. However, even this hydrophobic cocoon does not protect
entirely the DNA backbone from water molecules penetrating from the
surrounding atmosphere [8-10]. Water molecules confined in either
DNA or DNA complex belong to a one of two pools, according to the
strength and the character of the binding mechanism. The first shell,
referred to as tightly bound water, consists of molecules directly bound
via hydrogen bonds to hydrophilic sites on the DNA helix. To the other
one, known as loosely bound water, belong water molecules attached to
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tightly bound waters [11]. These waters can be the source of uncon-
trolled ionic conduction that may occur extremely detrimental for per-
formance of organic electronics devices. A range of techniques is used to
dry DNA, like for example freeze-drying or prolonged equilibration in
dry atmosphere. However, even prolonged drying under vacuum in
presence of P05 is insufficient to entirely dry DNA and leaves a few
weight percent of water [12]. Thin films of DNA for organic electronics
are processed from solution. Such films, even if initially dried, have to be
transferred to an evaporating system, where other layers are deposited.
During the transfer, the DNA layer risks an extra contamination with
atmospheric humidity. For this reason, the film is heated inside the
evaporator to remove residual water or solvent. The question arises,
what is the actual temperature, that DNA is able to withstand without
irreversible changes concerning its principal morphology. The double
helix of DNA, where planar base pairs are arranged in equidistant stacks,
is believed to determine electrical charge transport [13]. The double
helix structure is also vital for effective hosting dye molecules used in
DNA-based nonlinear optics [14,15].

The structure of the double helix under the influence of factors such
as pH or temperature, undergoes denaturation process [16], also called
DNA melting. Its source resides in the disruption of Watson-Crick
base-pairs. During the DNA melting occur local openings and reclosing
of the double-stranded helix, referred to as breathing fluctuations [16].
In the course of such a process, the DNA molecule is sorely deformed.
The double helix is locally stretched, bended, untwisted or compressed
[17]. The structural change is crisp, and virtually no stable intermediate
state exists between the fully native and fully denatured states. This
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process can be classified as one-dimensional first-order phase transition
[18]. At the end bases lose their stacking and the specific helical form of
the backbone disappears [19]. The reverse process known as renatur-
ation is also possible for oligomeric DNA under special, carefully
controlled conditions. In a buffer solution, DNA dissociates in two
separate strands between 70 °C and 90 °C, depending on ratio of A-T and
G-C base-pairs, helix length etc. [16]. However, in the solid form of
DNA, due to lack of excess water, this phenomenon is supposed to occur
at higher temperatures.

In polymer science a standard tool used to detect thermal decom-
position is thermogravimetric analysis (TGA). Many researchers locate
DNA degradation at the temperature equal c.a. to 220 °C, where occurs
an abrupt loss of the sample mass [20,21]. As can be seen in Fig. 1, in a
thermogram of DNA four regions can be discerned by the derivative of
the mass loss.

The first one, below 100 °C, the second between 100 °C and 150 °C,
the third between 150 °C and 220 °C and the last one is located above
220 °C. These ranges may vary, depending on experimental conditions.
At temperatures inferior to 220 °C, the gas released by the heated DNA,
is only water vapour [22]. Intuitively it can be assumed, that loosely
bound water is removed in the first region, the tightly bound water in
the second one, while nothing particular happens in the third region.

However, as it was demonstrated in [23], elevated temperatures
induce shortening of long chain DNA (2686 base pairs - bp) starting
already from 130 °C. On the other hand, the authors detected content of
the double helix DNA even in the specimen heated at 200 °C. Never-
theless, the role of short heating time (single minutes) and the used
protocol should be emphasised here.

In the case of DNA dissolved in water, the melting temperature can
be easily determined according to well established protocols [16]. On
the contrary, melting occurring in other forms of DNA still remains the
subject of research and debate. Different alternative approaches has
already been proposed. For example melting of double strand DNA
macromolecules anchored to surfaces were studied by surface plasmon
resonance technique (FO-SPR) [24] or electrochemical methods [25].
Denaturation of separated DNA helices deposited on a support was
observed by atomic force microscopy [26], while that occurring in bulk
samples of solid DNA neutron scattering [27], differential scanning
calorimetry (DSC) [28] or X-Ray diffraction [12]. The knowledge about
DNA thermal degradation is of wider importance, not only for organic
electronics and biotechnology but also for scientifically remote areas
like archaeology or forensic science [29,30].

In a previous work [31], we reported on spectroscopic ellipsometry
as a convenient tool to analyse thermal degradation of DNA transformed
in submicrometer, thin films.
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Fig. 1. An example of TGA thermogram of DNA powder. The mass loss curve
refers to the left axis, while its derivative, DTG to the right axis (adapted
from [22]).
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In the current study we continue this research with help of dielectric
spectroscopy. Each material, on molecular level, contains electric di-
poles of different nature. In external electric field, due to interactions
with the molecular surroundings, they behave like damped oscillators.
The relaxation time is a measure of the time, such an oscillator needs to
regain its equilibrium after it has been disturbed. The distribution of
relaxation times allows concluding about occurring molecular phe-
nomena. This constitutes the basis of dielectric spectroscopy, that
measures permittivity (denoted as ¢’) and dielectric loss (denoted as ¢”)
as function of the field frequency and an environmental factor, most
often the temperature [32].

Dielectric spectroscopy has already been applied for DNA testing
since pre-Watson-Crick era. However, because of the significance of
DNA in bioscience, experiments were mainly limited to aqueous solu-
tions. Nevertheless, the knowledge about relaxation processes occurring
in DNA is still incomplete.

An exhaustive review of experimental findings and postulated
theoretical models can be found in [33]. The main conclusions presented
there can be summarized as follows. DNA double helix does not have a
permanent net dipole moment. In the literature, the model qualitatively
describing the dielectric DNA response is referred to as
Manning-Mandel-Oosawa model. It assumes that once DNA is dissolved
in an aqueous solution, some of the negative charge of the molecule is
neutralized by cations, especially in saline solutions. In effect a coun-
terion layer forms around the DNA molecules. The counterions are
non-localized, what implies that the positive ions can move relatively
freely along the DNA surface and within the surrounding hydration
shell. Therefore, the dipole moment of DNA occurs as a result of
distortion of the counterion layer, forced by external electrical voltage.
Typically, in aqueous solution of DNA, three relaxation processes are
observed — at several kHz, between 1 MHz and 1 GHz and the last one
above 1 GHz. The exact values vary, depending on the material and
experimental conditions [33].

However, it is more common to use dielectric spectroscopy limited to
low and medium radio frequencies (below a few MHz) as the tool for
solid polymers characterization [32].

To interpret results of dielectric spectroscopy it is customary to draw
so-called Bode plots that show ¢ and ¢ against frequency in double
logarithmic scale. Several typical features of the curves allow a rough
classification of the phenomena that are behind them. In vicinity of the
frequency corresponding to a relaxation process, ¢ decreases in a step-
like manner. A strong increase of ¢ at low frequencies is due to elec-
trode polarization. On the other hand, ¢” exhibits a maximum at the
relaxation frequency. Its linear increase with decreasing frequency is
explained by ohmic-like conductivity. Maxima appearing in £” Bode plot
from high to low frequencies by convention labelled by successive letters
of the Greek alphabet, starting from the letter o [32].

In the case of linear polymers at moderate temperatures, most often
only a-relaxation is observed within this frequency band. This relaxation
is associated with micro-Brownian motion of the whole chains [32]. The
double strand DNA is a stiff macromolecule of persistence length esti-
mated at c.a. 50 nm [34]. Thus, the expected movements of its segments
in the solid would be seriously hampered. Consequently, if a feature
similar to a-relaxation occurs in the dielectric spectrum of heated DNA,
it can be interpreted as the presence of single chains that have emerged
as a result of the decomposition of the double helix.

2. Materials

Low molecular weight DNA (purity 98%) obtained from salmon
sperm and other chemicals were provided by Sigma-Aldrich and used
without further purification. Stock of Tris-HCl (Tris - tris(thydrox-
ylmethyl)aminomethane) buffer was prepared at 1 M concentration
with pH adjusted to 8. DNA was dissolved in the buffer to obtain 5 mg/
ml DNA in 10 mM Tris-HCL. For electrophoresis TBE buffer (0.089 M
Tris, 0.089 M Boric acid, 0.002 M EDTA) was used.



J. Nigiot et al.

DNA fibers were freeze-dried at —53 °C, under 0.056 mbar for 18 h
and stored in tightly closed container. Next, it was compressed in three
tablets (6 mm diameter, thickness c.a. 0.5mm), each under different
loads — 50, 30 and 20 Bar. During this process and transfer to experi-
mental setup, tablets remained in contact with laboratory atmosphere of
normal humidity.

3. Methods
3.1. Electrophoresis

Electrophoresis was carried out in 3.5% (w/v) agarose gel in TBE
buffer, following the standard procedure [35] using Mupid-exU appa-
ratus. Reference standards — 50bp and 100bp DNA Step Ladder (Prom-
ega) were simultaneously introduced to the gel. The DNA were stained
in the gel with a fluorescent dye — ethidium bromide and visualized by
illumination with UV light. By this method, molecular mass of the
reference and the thermally treated DNA specimens were estimated.

3.2. UV-vis absorption spectroscopy

The absorbance of DNA samples in solution was measured on Spe-
cord 250 plus spectrophotometer (Analytik Jena) in a 10 mm quartz
cuvette.

3.3. Dielectric spectroscopy

Dielectric measurements in the frequency range from 1Hz to
2.5 MHz and testing voltage of 0.3 V were performed using a turn-key
Broadband Dielectric Spectrometer (CONCEPT 81, Novocontrol Tech-
nologies GmbH) equipped with an automatically controlled cryostat
(Novocool Cryosystem V.2.2). Samples were measured in plate capacitor
geometry, mounted in proprietary holder BDS 1200. The temperature
was varied in 10 °C steps. Rise or decrease of the temperature was car-
ried out at 10 °C/min speed, then the temperature was kept constant for
next 8 min. This time was empirically established as sufficiently long for
the sample to become thermally equilibrated. The heating program was
divided in several heating/cooling cycles as it is illustrated in Fig. 2. In
the further text the cycles will be named by descriptions used in the
diagram.

4. Results and discussion
4.1. Distribution of DNA molecular mass

DNA extracted from natural cells is a statistic polymer. Bulk quantity
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Fig. 2. Scheme of the heating program.
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consists of shorter and longer macromolecules. Thus, such a DNA is
characterized by distributed molecular mass. A range of standard
experimental methods is used to determine dispersion of molecular mass
in polymers. However, in the case of DNA the most accurate is electro-
phoresis. A specimen of the tested DNA solution, is introduced to
agarose gel. Next, the applied electric field forces the DNA to move.
Because shorter macromolecules move faster, the distance travelled in
the gel depends on molecular mass.

To calibrate this dependence, a reference sample (so called calibra-
tion ladder) of known, discrete molecular mass distribution, travels
simultaneously with the studied one. At the end of the protocol, both the
ladder and the studied sample are stained with a fluorescent dye and
visualized in UV light. A monodispersed molecular mass can be easily
identified by reference to the ladder. In the case of a polydispersed
molecular mass such a task is more complicated. It can be assumed that
staining efficiency is proportional to the number of DNA base pairs that
the macromolecule consists of. Hence, the intensity of fluorescence is
proportional to the amount of DNA accumulated in the particular region
of the gel. Consequently, the polydispersed DNA distributed along the
gel can be seen as a streak of gradually varying fluorescence intensity
(see the photo in Fig. 3a). The relative intensity at a place chosen in the
streak, can be correlated to the located there percent of the total base
pairs number of the specimen. Two different ladders in Fig. 3a are in
perfect agreement, so positions of their steps can be used to rescale in
base pairs units, the distance travelled by the tested DNA. In Fig. 1b are
shown fluorescence intensities of 50 bp ladder and the tested DNA as a
function of the covered distance, represented in logarithmic scale.
Equally spaced peaks from the 50 bp calibration ladder indicate a simple
exponential dependence between the distance and the molecular mass.
This feature was used to rescale the plot of the tested DNA in terms of
relative intensity and base pair number. After simple calculations, there
were found for the tested DNA the number average molar mass, M, =
57bp = 3,75-10* gmol ™', the mass average molar mass M,, = 74bp =
4.91-10* gmol~! and corresponding polydispersity 1.31.

As the first one, the DNA tablet compacted under 50 bar was sub-
jected to the experimental routine. In Figs. 4-11 are shown Bode plots of
both ¢’ and ¢” recorded during heating and cooling cycles from the 1st to
the 4th one. These data will be discussed qualitatively, because of the
experiment details. It was not possible to monitor changes of neither its
dimensions nor of the quality of the surface in contact with the elec-
trodes. This parameters may have varied, what probably happened in
result of the first heating/cooling cycle. Comparison of curves for
T =30°CinFig. 4a and b evidences less intense ¢’ at lower frequencies,
while the value at the opposite end remains similar. Such an effect can
be explained by smaller electrode polarization due to a better surfaces
accommodation between the sample and the electrode caused by
heating.

Similarly, in the course of the measurements, water vapour may have
permanently left the sample. Indeed, in traces for ¢” shown in Fig. 5a
gradually appears a maximum at low frequencies then disappears upon
prolonged heating (see Fig. 5b). Such an effect may be associated with
the release of excess water. However, a deeper discussion of water dy-
namics in DNA is beyond the scope of this research. It is worth to un-
derline, that if measured at 30 °C, the shape of the curves that ¢ and &”
adopted after the first heating/cooling cycle remains essentially stable
after consecutive heating/cooling to 80 °C (Figs. 6 and 7) and next to
120°C (Figs. 8 and 9). As it is shown in Fig. 12 the only difference is a
small decrease in values at low frequencies. The relaxation at several
kHz known from the literature [33] does not appear.

A closer inspection of Fig. 9a, illustrating variations of ¢” on heating
up to 120°C, reveals that the general pattern observed up to 80°C
imitate that shown in Fig. 7a. At temperature of 110°C and above
emerges a shoulder located at c.a. 10° Hz. The cooling process moves
this shoulder leftwards (Fig. 7b) and finally, at 30 °C, the shape of ¢” plot
returns to its initial form. The appearance of this shoulder is not
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Fig. 3. Molecular mass distribution of the studied DNA sample. (a) Photography of UV illuminated, stained agarose gel containing (lanes from left to right): cali-
bration ladders 100bp, 50bp and the studied DNA, (b) fluorescence intensities, read from the picture, of 50bp ladder (red, labelled line) and of the DNA (black line).
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Fig. 4. Bode plots of ¢ variation in the course of (a) 1st heating, (b) 1st cooling.
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Fig. 5. Bode plots of ¢” variation in the course of (a) 1st heating, (b) 1st cooling.

accompanied with any change of ¢ trace that reproduces the scheme
observed at heating/cooling up to 80 °C.

The next heating/cooling cycle extended to 150 °C has a completely
new character (Fig. 11a). The shoulder appears in ¢” trace again at c.a.
110°C. Next, at gradually raised temperatures, its maximum moves
towards low frequencies, i.e. in the reverse direction that expected for a
typical relaxation process. This time, unlike before, the process is
accompanied with a distinct step-like change of ¢ (Fig. 10a). As the

temperature decreases, the shoulder (Fig. 11b) as well as the step
threshold of ¢’ (Fig. 10b) move in the direction of lower frequencies, in a
way characteristic of a normal relaxation process.

During the cooling this shoulder disappears at c.a 70 °C, then unex-
pectedly reappears 50 °C (Figs. 11b and 12b). The shoulder persisted at
least for a couple of hours after completion of the cooling, when the
sample was conditioned a regularly measured at 30 °C. The recorded ¢’
traces are also definitely different than that described previously
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Fig. 6. Bode plots of ¢ variation in the course of (a) 2nd heating, (b) 2nd cooling.
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Fig. 8. Bode plots of ¢ variation in the course of (a) 3rd heating, (b) 3rd cooling.

(Fig. 12a).

The data provided by dielectric spectroscopy may be presented in a
more visually convincing manner in terms of the loss tangent (dissipa-
tion factor), defined as tans = ¢”’/¢’. Its value doesn’t depend on sample
geometry what is an important asset [32]. Maps, illustrating the
dependence of tans on frequency and temperature are shown in Fig. 13
(for the 3rd heating/cooling cycle) and in Fig. 14 (for the 4th hea-
ting/cooling cycle). If one compares Fig. 13a and b, it can be concluded
that the two images are very similar by the character, beside of a
negligible difference in values of tané. This observation is very true,

particularly for lower temperatures.

Fig. 14 contains contrasting images with those shown in Fig. 13.
Already in the course of heating, an additional peak, visible as an island
on the map, appears in vicinity of 10° Hz (Fig. 14a). During the cooling
the peak maintains intensity and shifts towards lower frequencies, as
predicted by Arrhenius law. Below 60 °C the peak separates in two parts.
The first one continues to move toward lower frequencies, while the
other and travels rightwards, ending at 10% Hz, when temperature rea-
ches 30 °C. The picture emerging from the analysis in terms of tand is
consistent with that obtained for permittivity and dielectric loss.
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All the reported above observations confirm an important structural
change occurring in DNA heated at increased temperatures between
120°C and 150 °C. This change can be associated with thermal dena-
turation of DNA double helix. Results obtained for the two other tablets
were qualitatively identical, so they will not be discussed.

To confirm the hypothesis, put forward above, tablets, after
completion of the heating/cooling routine, were dissolved in Tris buffer
and next subjected to electrophoresis together with a reference material.
The picture of the stained gel (Fig. 15), evidences the absence of double
stranded DNA in thermally treated samples, at least of a length close to

the initial (tens of base pairs).

The second assessment was performed with help of UV-vis absorp-
tion spectroscopy. The purity of DNA is routinely evaluated by the ratio
of absorbance at 260 nm and 280 nm. It is approximately equal to the
weighted average of the A260/A280 ratios for the four nucleotides
present. Pure DNA preparations have an A260/A280 ratio of greater
than or equal to 1.8, depending on actual composition of the nucleic
acid. The ratio A260/A230 is used as a secondary measure of nucleic
acid purity. Expected values are commonly in the range of 2.0-2.2. If the
ratio is appreciably lower in either case, it may indicate the presence of
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Fig. 12. Bode plots of (a) ¢, (b) & recorded at T =30 °C, shown in semi-logarithmic scale.
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contaminants that absorb strongly near 280 nm and 230 nm, respec-
tively [16].

Data presented in Table 1 support the conclusion drawn from elec-
trophoretic research. At the end of the heating/cooling treatment, the
DNA sample consisted mostly of single strands. Without additional tests,
the kinetics of the observed phenomenon cannot be fully and unequiv-
ocally understood. However, a purely speculative model can be imaged
as follows. Starting at 120 °C, as the temperature rises, DNA helices of
increasing length separate. Thus, the average relaxation time increases,

140 tan 6
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Fig. 14. Dependence of tan § on frequency and temperature. (a) 4th heating cycle, from 30 °C to 150 °C, (b) 4th cooling cycle, from 150 °C to 30 °C.

what explains the shift of a-relaxation peak towards lower frequencies.
During the cooling process, only single strands are present in the sample,
so it resembles a linear polymer from morphological point of view. The
question about the length of single strands remains open, as well about
the origin of the onset peak appearing at the end of the 4th cooling
(Fig. 11b).
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Fig. 15. Photography of UV illuminated, stained agarose gel containing spec-
imens not treated thermally: (a) calibration ladder 100bp, (b) non-heated DNA
tablet 50 Bar, (c) original DNA powder, next, DNA tablets after being heated up
to 140 °C (d) 20 Bar, (e) 50 Bar, (f) 30 Bar.

Table 1
Results of UV-vis absorption tests.
Sample A260/A280 A260/A230
DNA powder, as delivered 1.87 2.27
DNA tablet, not heated 1.9 2.19
DNA tablet, heated at 150 °C 1.61 1.62

5. Conclusions

Dielectric spectroscopy has proven to be an interesting alternative
method for studying changes in DNA exposed to elevated temperatures.
The reported research, established thermal stability limit at 120 °C for
the solid, biological double strand DNA. At higher temperatures the test
samples got permanently denatured. No evidence of renaturation was
found, at least for a few hours. This conclusion is in line with results
obtained for double strand DNA thin films studied by spectroscopic
ellipsometry [31]. However, kinetic factor seems to be of vital impor-
tance for DNA degradation. In the reported research samples were
heated for “sufficiently long” time. In the case of a thermal stress applied
for much shorter periods, DNA can resist higher temperatures as it was
described in [23]. Nevertheless, the quantitative interpretation of the
presented phenomenon requires much more extensive and detailed
research.
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