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The rehydration of salmon sperm deoxyribonucleic acid (DNA) and cetyltrimethylammonium chloride
(C19H42CIN) complexes was observed using hydration kinetics, sorption isotherm, and high power proton
relaxometry (at 30 MHz). The hydration kinetics shows (i) a very tightly bound water not removed by incubation
over silica gel (A} = 0.061 & 0.004), (ii) a tightly bound water saturating at AY = 0.039 + 0.011, with the
hydration time % = (1.0440.21) h, a loosely bound water fraction (iii) with the hydration time t5 = (19.1£3.2) h
and the contribution progressively increasing with the air humidity. For the hydration at p/po = 100%, after
to = (152.6 # 2.5) h of incubation the swelling process begins. The swelling time was t5 = (12.5 & 5.4) h, and the
swelling amplitude A} = 0.14040.016. The sorption isotherm is sigmoidal in form and is fitted by the Dent model
with the mass of water saturating primary binding sites AM/mo = 0.102 £ 0.021. Proton free induction decay is
a superposition of the immobilized proton signal (Gaussian, with T5g =~ 30 us) and two liquid signal components
coming from tightly bound (737, =~ 100 ps) and loosely bound water fraction with the amplitude proportional to
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the mass of water added (757, ~ 1000 ps).

PACS: 82.56.Na

1. Introduction

While biomaterials often have useful properties, they
cannot be easily reproduced. Moreover, biomaterials
are a renewable resource, often obtained from post-
-production wastes. Their nature provides inherent
biodegradability. Among all available natural polymers,
the DNA is known to have many unusual properties due
to its unique double-helix structure [1]. This structure,
owing to fundamental biological role [2], has already been
thoroughly studied.

A single DNA strand can be viewed as a polymer built
of elementary bricks referred to as nucleotides. A nu-
cleotide contains one of four bases (adenine (A), gua-
nine (G), cytosine (C), thymine (T)), the deoxyribose
sugar and the phosphate. All of the bases of a nucleotide
can participate in hydrogen bonding. The double he-
lix structure adopted by DNA is composed of two inter-
-twinned strands. The specific distribution of hydrogen
accepting and donating sites favours efficient hydrogen
bonds only between adenine and cytosine or between
guanine and thymine. As a result, the nucleotides pair
with each other in a complementary fashion. In double-
-stranded DNA, the distance between the two sugar—
phosphate backbones is the same for each base pair.
Consequently, all DNA molecules have the same regu-
lar structure in spite of the fact that their nucleotide
sequences may be quite different [3].
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The DNA double helix may be imagined as a tun-
nel of 7—7* stacking nucleic base pairs system available
for charge migration. The relatively weak m—7m* electron
conjugation renders material with a large optical trans-
parency window (cut off at around 300 nm due to absorp-
tion of bases). It is still discussed whether, regarding the
electrical charge transport, DNA belongs to the class of
insulators [4], semiconductors [5], conductors [6] or even
superconductors [7].

The extracted DNA is soluble exclusively in water.
However, due to water high surface tension and low
evaporation rate in normal conditions, film processing
through standard spin-coating technique does not lead to
acceptable results. Moreover, the pristine DNA is very
sensitive to hydration [8] which may substantially influ-
ence the final device performance [9].

A breakthrough in DNA-based technology was made
by demonstrating a series of DNA-cationic surfactant
complexes [4]. DNA, which is an anionic polyelectrolyte,
can be quantitatively precipitated with cationic surfac-
tant in water by an ion exchange reaction. A smart choice
of cationic surfactants pursues to DNA complex insolu-
ble in water and more mechanically and thermally stable
than crude DNA. Such complexes were found to be solu-
ble in a range of common alcohols instead of water. Cir-
cular dichroism analysis indicated that the right-handed
double helix structure of DNA was retained in the bulk.

The best quality films were fabricated from DNA com-
plex with cetyltrimethylammonium (CTMA) (Fig. 1).
DNA-CTMA has large band gap of 4.7 eV required for
an efficient electron blocking layer (EBL) and thus can
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Fig. 1. The cetyltrimethylammonium chloride —

C19H42CIN (usually abbreviated CTMA).

play a crucial role in improving light emission in OLEDs.
Thin films of DNA-CTMA exhibits optical losses as low
as 0.2 dB cm~! at 1.550 nm. Relatively large dielec-
tric constant of 7.8 for DNA-CTMA combined with very
smooth surface of thin films make it promising material
for applications in the FET transistor stuctures.

There were already reported working applications like
devices based on second and third order nonlinear op-
tical effects [10], low loss optical waveguides [11], holo-
graphy [12], organic photovoltaics [13] and organic field
effect transistors [14]. DNA may also serve a matrix
for other compounds. There have been investigations
on lumophore-doped DNA and laser emission from solid
state thin films of DNA [15].

Because of these facts, DNA-CTMA is nowadays ex-
tensively studied flagship of DNA derived materials ap-
plied in photonics and molecular electronics. Neverthe-
less, some aspects of DNA-CTMA, like kinetics of hydra-
tion, are still poorly understood. The effect of mild hy-
dration from gaseous phase is very important as it models
the influence of various environmental conditions expired
by DNA-CTMA films.

Thus, we studied a number and distribution of water
binding sites, sequence and kinetics of their saturation,
and the formation of very tightly, tightly, and loosely
bound water fractions at rehydration process of DNA—
CTMA complexes, trying to understand the molecular
mechanism of structural changes during rehydration from
the anhydrous state. We monitored the effect of the sam-
ple swelling occurring for hydration from p/pg = 100%.

2. Materials and methods

DNA sodium salt, extracted from salmon milt and roe,
was purchased from CIST (Chitose Institute of Science
and Technology, Japan). It was isolated from frozen
salmon milt and roe sacs. The claimed molecular weight
was My = 108 daltons (Da) or 1500 base pairs and pu-
rity better than 96%.

A solution of 33.3 ml of deionized water and 200 mg of
DNA sodium salt was put in a baker, and stirred mechan-
ically for three hours with a magnet bar at room tem-
perature, which produced clear and homogeneous and
viscous solution. Next, the beaker was placed in ultra-
sounds cleaner for 100 min at a stabilized temperature to
reduce molecular weight of DNA and hence the viscosity.
The temperature was close to the ambient to avoid DNA
degradation. After such procedure, the solution viscos-
ity decreased. Next, cationic surfactants CTMA were
dissolved in deionised water (200 mg in 150 ml). Sur-
factants solutions were added dropwise to the solution of

DNA and constantly stirred for 20 h. The resulted prod-
uct was filtered off, washed out with deionised water and
dried.

Before the hydration courses the air dry samples
(Am/mg = 0.114 +0.011) were incubated for 240 h over
silica gel (at relative humidity, p/po = 0%), dehydrating
to the hydration level Am/mo = 0.0823 £ 0.0017. The
dehydration kinetics was well fitted with the single ex-
ponential function with the dehydration time constant
t = (4.9+1.3) h.

The hydration time-courses were performed from the
gaseous phase with the controlled humidity, at room
temperature (¢ = 22°C), over the surfaces of super-
saturated solutions of KCyH302 (p/ps = 23%), CaCly
(p/po = 32%), K2COs3 (p/po = 44%), NagCr207 (p/po =
52%), NH4N03 (p/po = 63%), N328203 (p/po = 76%),
KQCI‘Og (p/po = 88%), NaQSO4 (p/po = 93%), KQSO4
(p/po = 97%), and over a water surface (p/po = 100%).

After completing the hydration courses, the dry mass
of the samples was determined after heating at 70°C. Af-
ter heating for 30/, the sample was weighted, then heating
was continued. No further decrease in sample mass was
recorded for 5 days of drying. The thermal decomposi-
tion of DNA-CTMA systems starts at 110°C, as mea-
sured using DSC, although the thermal decomposition of
native DNA starts at 200°C [16].

Proton free induction decays (FIDs) were recorded on
WNS HB-65 high power relaxometer (Waterloo NMR
Spectrometers, St. Agatha, Ontario, Canada). The reso-
nance frequency was 30 MHz (at By = 0.7 T); the trans-
mitter power was 400 W; the pulse length 7/2 = 1.5 us.
Data were acquired using Compuscope 2000 card in an
IBM clone computer, controlling the spectrometer, and
averaged over 2000 accumulations. Repetition time was
2 s. The measurements were performed at room temper-
ature (t = 22°C).

The data were analyzed using the one-dimensional,
FID analyzing procedure of the two-dimensional (in time
domain) NMR signal-analyzing program CracSpin writ-
ten at the Jagiellonian University, Cracow [17]. The
swelling was fitted using program Origin, and the thresh-
old function for the triggering of the swelling process was
modeled by the function 1[1 + tanh(a(t — to))] for high
values of the parameter «.

3. Results

8.1. Hydration kinetics

The hydration courses for lyophilized DNA-CTMA
complexes performed from the gaseous phase (see Fig. 2)
are fitted well by single exponential function for p/py <
32%:

Am(t)/mo = Aj + AY[1 — exp(—t/t})], (1a)

where Am/mg is the relative mass increase, A% is the
saturation level for very tightly bound water fraction (i)
not removed by incubation over silica gel (p/py = 0%),
Al is the saturation level for the tightly bound water
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fraction (ii), and ¢} is the corresponding hydration time
constant. The averaged over the all target humidities,
AB equals 0.061 4 0.004. For tightly bound water com-
ponent AM = 0.039 + 0.011, whereas the hydration time
t = (1.04 £ 0.21) h. For the hydration from p/py be-
tween 32% and 100% the loosely bound water fraction
appears and the hydration course is better fitted by the
two-exponential function

Am(t)/mo = Aj + AY[1 — exp(—t/t})]
+ Ab [1- exp(—t/tg)], (1b)

where A} is the saturation level for the loosely bound
water fraction (iii), and t§ = (19.1 £ 3.2) h is the cor-
responding hydration time constant. The constant A}
increases gradually with the relative humidity of the at-
mosphere. The third exponential in hydration kinetics
curve was not observed, as it was in salmon sperm DNA
not treated by the use of surfactant [8].

100 200 300
t[h]

Fig. 2. The hydration kinetics for DNA-CTMA com-
plexes performed from the gaseous phase at different val-
ues of relative humidity p/po, recorded as relative mass
increase expressed in units of dry mass Am/mg. Targets
humidity: p/po = 23% — open circles, p/po = 32% —
open triangles, p/po = 44% — open reverse triangles,
p/po = 52% — open diamonds, p/po = 63% — open
starlets, p/po = 76% — closed diamonds, p/po = 88%
— closed triangles, p/po = 93% — closed starlets,
p/po = 97% — closed reversed triangles. The error bars
are within the plot symbols.

3.2. Swelling

The DNA-CTMA lyophilizate rehydrated from p/py =
100% revealed the delayed hydration process starting at
to = (152.6 £ 2.5) h. Two-step function model, which
describes the swelling process, was fitted to the data

Am(t)/mo = Ab + A} [1- exp(ft/t}f)]
+ AB[1 — exp(—t/t3)]
N 0, t < to,
AL exp(—1/)], ¢ > 1o

where A} = 0.140 £ 0.016 was the swelling amplitude,
and t8 = (12.5 £ 5.4) h was the swelling time. The am-
plitude of the swelling was much smaller than for salmon

(2)

sperm DNA and started after significantly shorter de-
lay [8]. This may suggest differences in outer surface of
the DNA-CTMA lyophilizate grains (Fig. 3).
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Fig. 3. The swelling process observed at hydration ki-
netics for DNA-CTMA complexes performed from the
gaseous phase. The presented hydration courses were
performed at 93% (open squares), at 97% (open circles)
and at 100% (closed triangles). Slightly decreased sat-
uration hydration level for the last sample reflected the
sample variability.

8.8. Sorption isotherm

For DNA-CTMA complexes the total saturation hy-
dration level, C", was calculated as

o = Xn: A;, (3)
=0

where n equals 1 or 2 depending on hydration level (see
Eq. (1a), (1b)), and subsequently was taken for the con-
struction of sorption isotherm.
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Fig. 4. The sorption isotherm for DNA-CTMA com-
plexes. The values of h (= p/po) represent the rel-
ative humidity, and the values of relative mass in-
crease, Am/myg, are defined as the C™ values taken from
Eq. (1a) and (1b). Closed squares — measured points,
solid line — the Dent model, dotted line — BET model.

The sorption isotherm is approximately sigmoidal
(Fig. 4), which is well fitted by the theoretical sorption
models dealing with the two types of water binding sites,
(i) “primary” water binding sites (directly to the adsor-
bent surface); and (ii) “secondary” water binding sites
(to the bound water molecules). Either in the Brunauer—
Emmett—Teller (BET) [18] model or the Dent [19] model
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the sorption isotherm is expressed by

AM bih @
mo (1—bh)(1 + bih — bh)’

where h is relative humidity, p/pg is expressed in absolute
units, and AM/mg is the mass of water saturating pri-
mary binding sites. If S; is the number of binding sites
covered by i water molecules, and the contribution of
empty primary binding sites is Sy, the parameter 1/b; is
defined as Sy/S1|n=1 = 1/b1. Both considered models of
sorption isotherm differ in population of subsequent lay-
ers of secondary bound water, S,,/S,—_1|p=1. BET model
takes b = S,,/Sp—1|n=1 = 1, whereas in the Dent model
this number may be varied between 0 and 1.
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Fig. 5. Parabolic form of the Dent and BET model
of the sorption isotherm for DNA-CTMA complexes
[closed squares — experimental data, solid line — fitted
Dent model (Eq. (3b)), dotted line — fitted BET model

(Eq. (3))].

To test the relevance of the model used, the sorp-
tion isotherm is usually presented in parabolic form (see
Fig. 5), which for BET model is expressed as

h
— = A+ Bh—-(A+ B)Rh?
Amjmg + Bh— (A+ B)h?, (5a)
whereas for the Dent model as
h
——— =A+Bh-Ch? b

where parameters , b, by are connected with A, B, C

by the formulae

b_\/B2+4AC—B b_§+2b AM 1
- 24 T " mg Aby
(6a,b,c)

For DNA-CTMA complexes the sorption isotherm is
much better described by the Dent model (b = 0.814 +
0.040) than by BET model. This value resembles the ob-
tained for lyophilized native (b = 0.896) [20] or modified
photosynthetic membranes (b = 0.863) [21].

The mass of water saturating primary water binding
sites was AM/mg = 0.102 £ 0.021, which is the value
close to that obtained from hydration kinetics for very
tightly bound water pool.

For the DNA-CTMA complex, the empty binding sites
proportion at h = 1 equals 1/b; = 6.85%, which is in the

range for those measured for native and for modified pho-
tosynthetic membranes [20, 21], and significantly exceeds
the value for solid tissues of living organisms at dehydra-
tion, e.g. for Usnea antarctica, 1/b; = 0.008% [22], for
Umbilicaria aprina 1/by = 0.02 [23], whereas for Himan-
tormia lugubris 1/by = 1.11%, and for Caloplaca regalis
1/b; = 1.93% [24].

3.4. Proton free induction decays

The FIDs for protons of the DNA-CTMA complexes,
at low hydration levels (Am/mgy < 0.1), are well fitted by
the superposition of one Gaussian component, with the
amplitude S, coming from immobilized protons, and one
exponential component, Li, coming from water tightly
bound on the surfaces of the structure (Eq. (7a)):

FID(t) = S exp (- ( TE*S )2> + Lyexp <— T;Ll)’ (7a)

where T3¢ =~ 30 ps is the proton spin-spin relaxation time
of solid component taken as the 1/e-value of Gaussian
solid signal, and 757 is the relaxation times of proton lig-
uid fraction L;. For higher hydration levels a solid Gaus-
sian signal is no longer observed and for Am/mgy > 0.2
a signal from the loosely or free water fraction appears

(Eq. (7b))
)i ) ™

FID(t) = Ly exp <—
where for higher hydration levels loosely bound water
component, Lo, and 757~ are the amplitude, and relax-
ation time of loosely bound water fraction, respectively.
A typical FIDs are shown in Fig. 6.

The hydration dependence of the proton relaxation
times for fitted components of the FID signal of DNA—
CTMA complexes is presented in Fig. 7.

For the proton fraction L; the value of the decay time
does not depend much on the hydration level and equals
T57, ~ 100 ps. Proton FID time for the L; fraction re-
sembles that for the immobilized (tightly bound) water
signal of photosynthetic membranes [20, 21], bark and
bast [25], wheat seed [26], lichen thallus [22, 23, 27], den-
tine and dental enamel [28], and of the controlled pore
glasses [29].

For the hydration levels Am/mg > 0.2 the long, Lo,
signal component appears. The relaxation time 75, =~
1000 ps. The Lo signal, expressed in units of total liquid
signal, Ly/(L1 + L2), increases in the intensity with the
increasing hydration level (Fig. 8), suggesting that this
component comes from water loosely bound or free water
in the system. It is an average of some proton subsys-
tems being in fast exchange regime [30]. The spin-spin
relaxation times 757 ~measured in FID experiment are
shortened by By mhomogeneltles [31]:

* ? (7)

T T2 2
where T5 is spin—spin relaxation time, « is gyromagnetic
ratio, and ABy is a change of magnetic field By within
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Fig. 6. Proton FID recorded for DNA-CTMA com-
plexes at 30 MHz; the pulse length 7/2 = 1.5 us. The
relative mass increase was (a) Am/mo = 0.132, and (c)
Am/mg = 0.241. Y-axis shows the normalized signal
amplitude. The solid line represents a least squares fit of
Eq. (7a) and (7b), respectively, to the data ((b) and (d)).
The residual function, calculated as the difference be-
tween the fitted and the recorded values of the FID sig-
nal, does not exceed 1.1% and 0.8%, respectively.
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Fig. 7. The hydration dependence of proton FID re-
laxation times for DNA-CTMA complexes. Solid sig-
nal component, S (closed squares), tightly bound water
component, Li (open spheres), and loosely bound wa-
ter, Lo (open triangles), component.

-
o
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Fig. 8. The Ly/(L1+ L2) hydration dependence for re-
hydrated DNA-CTMA complexes. The solid line was
fitted from Eq. (8).
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the sample; and this is a reason why 757 ~does not in-
crease for higher hydration levels. Although the solid and
short exponential components in the FID experiment are
not changed by ABj as compared to those measured by
the Carr—Purcell-Meiboom—Gill (CPMG) echo train, the
measured 757 are significantly shortened.

The Lo signal, expressed in units of total liquid sig-
nal, Lo /(L1 4+ Lo), almost linearly increases with the in-
creased hydration level and is well fitted by the depen-
dence (Eq. (8)):

Ly
L1+ Lo
—(0.235 + 0.025). 8)

The estimated (Eq. (8)) value of hydration level at
which the loosely bound water fraction appears is equal
to Am/mg = 0.0693+0.0077. This value is slightly lower
than that (AM/mg = 0.102 £ 0.021) obtained as water
portion saturating primary water binding sites.

(Am/mg) = (3.39 + 0.11)Am/myg

4. Discussion

The lengths of fully extended CTMA molecule may be
estimated as | = 2.5 nm [32]. However, for the tem-
peratures above main transition [33, 34] as the effec-
tive lengths of hydrocarbon chain there should be taken
0.751 [35]. This makes 3.75 nm as an effective diameter of
the micelle formed by CTMA in presence of water. This
value fits well to the DNA molecule lengths, enabling it
to form DNA-CTMA micelle even when a real complex
is not built. This might explain very effective dissolu-
tion of DNA lyophilizate in presence of CTMA. As solid
component of proton FID signal vanished at relatively
low hydration level, the detailed analysis of all liquid sig-
nal components was more difficult, and it was probably
a reason why the estimation of water amount saturating
primary water binding sites differs from the saturation
value of the immobilized water component, Ly, from the
FID signal.
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