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The preparation and characterization of the composite hydrogels based on double-stranded deoxyri-
bonucleic acid (DNA) and natural allophane (AK70) were reported. To understand the propensity of the
natural allophane to adsorb the DNA molecules, using zeta potential measurement, Fourier transform
infrared spectroscopy (FTIR) and electrophoresis analyses assessed the adsorption characteristics. The
freeze-dried DNA/AK70 hydrogels were demonstrated that the DNA bundle structure with a width of
~2 pm and a length of ~15-20 wm was wrapped around the clustered allophane particles as revealed by
FE-SEM/EDX analysis. The incorporation of AK70 in hydrogels induced the increase in the enthalpy of the
helix-coil transition of DNA duplex due to the restricted molecular motions of the DNA duplex facilitated
by the interaction between the phosphate groups of DNA and the protonated *(OH;)AI(OH;) groups on
the wall perforations of the allophane.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogels are hydrophilic, three-dimensional networks, which
are able to imbibe large amounts of water or biological fluids, and
thus resemble, to a large extent, a biological tissue. They are insol-
uble due to the presence of chemical (tie-points, junctions) and/or
physical crosslinks such as entanglements, crystallites and phase
separation. These materials can be synthesized to respond to a
number of physiological stimuli present in the body, such as pH,
ionic strength and temperature [1,2]. Some clay was used in the
formulation of hydrogels [3] and pH-sensitive properties [4,5].

In another design, deoxyribonucleic acid (DNA) sequences have
been frequently used as biorecognition motifs in the design of
new biohydrogels [6-8]. In this direction, we have investigated the
adsorption characteristics of single-stranded DNA (ss-DNA) on clay
particles [9].

Allophane is a short-range-order clay mineral and occurs in
some soils derived from volcanic ejecta. The primary particle of
the allophane is a hollow spherule with an outer diameter of
3.5-5.0nm and a wall about 0.6-1.0nm thick, which has per-
forations as shown in Fig. 1 [10,11]. Allophane was used as an
adsorbent. The surface area of allophane is as high as ~1000 m%g~!,
which is often larger than activated carbon. In addition to this
large surface area, the (OH)AI(OH,) groups exposed on the
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wall perforations are the source of the pH-dependent charge
characteristics of allophane [10,11].

After adsorption of DNA molecules on the allophane surface, the
hydrogel was formed in the clustered allophane particles. How-
ever, the detail of the structure development and the process of
gelation are not fully revealed yet [9]. The objective of this study
is the analysis of propensity of the natural allophane to absorb
the DNA molecules. We discussed the structure development of
DNA/allophane hydrogels.

Knowledge of such hydrogels based on DNA molecules and nat-
ural allophane clusters should also be useful in the conception of
new forms of drugs release with highly-specific dosage and an
improvement of the technological and biopharmaceutical proper-
ties in polymer/clay nanocomposite hydrogels [12-21].

2. Experimental
2.1. Materials

The allophane sample was provided by Shinagawa Chemicals
Ltd. and designated as AK70. AK70 was not further purified for use.
The overall size of a single allopane particle is ~5 nm with a surface
area of 250m?2 g~1 [9], which was estimated by the t-method [22].

The double-stranded DNA, sodium salt from salmon testes was
purchased from Sigma-Aldrich (D1626). The Guanine-Cytosine (G-
C) content was reported to be 41.2%. The melting temperature was
87.5°Cin 0.15M sodium chloride and 0.015 M sodium citrate. The
molecular weight was 1300 kDa possessing ca. 2000 base pair (bp).
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Fig. 1. Schematic representation of allophane structure. The overall size of a single
allophane particle is ~5nm. The pore-size distribution of AK70 shows a peak at
~1.9nm[11].

2.2. Adsorption experiments

The DNA was mixed in different AK70 wt. ratio
(DNA/AK70=10/90-90/10, corresponding to DNA concentra-
tion=0.011-0.90 wt%) with Millipore Milli-Q ultrapure (18 M2 cm,
total organic carbon (TOC) <20 ppb) water. In addition, 5-10 L of
dilute HCI (Nacalai Tesque) solution was added in each solutions
and adjusted to the pH 4.0. Millipore Milli Q water through dialysis
membrane was used without Tris-HCI buffer solution for all
experiments [23]. The solutions were shaken well for 72 h at room
temperature. 72 h was fixed as the equilibrium time throughout
this study because adsorption uptake approached the constant
value, as revealed by our previous paper [9]. After equilibrating
DNA adsorption (hydrogel formation) [9], the supernatant solu-
tions were collected after centrifuge at a speed of 5000 rpm for
20 min. The total organic carbon (TOC) and total nitrogen (TN)
of supernatant solutions were measured by using combustion
method with a set temperature of 800 °C after four point calibration
using an analytik jana multiN/C 2100S instrument [9].

The sediments (hydrogels designated as DNA/AK70) were also
collected to analyze the interaction between phosphate groups of
DNA molecules and functional AI-OH groups on the allophane par-
ticles.

For morphological observation and thermal analysis, freeze-
drying (FDU-2200, Eyela Ltd.) of DNA/AK70 hydrogels was
performed under 10 Pa at —80°C for 10 h.

2.3. Characterization

The morphological features of the freeze-dried DNA/AK70
hydrogels were observed through field emission scanning elec-
tron microscopy (FE-SEM) (SU6600, Hitachi Ltd.) equipped with
elemental analysis by energy dispersive X-ray spectrometry (EDX)
(INCA x-act, Oxford Instruments). The operated accelerating volt-
age was 5 kV without any metal coating of the sample surface. The
contrast of FE-SEM images depend on the atomic number of each
object, therefore, Si and Al atoms are much more highlighted than
organic DNA molecules in these experiments.

The freeze-dried DNA/AK70 hydrogels were also characterized
by using temperature-modulated differential scanning calorimetry
(TMDSC) (TA 2920; TA Instruments) at the heating rate of 5 °K/min
with a heating rate of the modulation period (A) of 60s and an
amplitude (Tamp) of £0.769K from —50 to 180°C, to determine
the melting temperature (Tr, ) and calorimetric enthalpy (AH). The

TMDSC was calibrated with Indium before experiments [24]. We
have estimated the value of the excess heat capacity (Cp) of helix-
coil transition during thermal denaturation as a heat absorption
peak of the duplex melting [25]. By considering the heat flow
amplitude (Qamp), the heat capacity was evaluated by the following
equation.

Cp = —Kep <%::§) (%) (M

where K¢p is the thermal capacity constant (=1.023). All measure-
ments were performed for four replicates and averaged to get the
final value.

Fourier transform infrared (FTIR) spectra were collected at
1cm~! nominal resolution using a FTIR spectrometer (FT-730,
Horiba Ltd.) equipped with ZnSe mull omni-cell window (GS01834,
Specac Co., UK) in transmission mode. The spectra were obtained by
averaging 25 scans with a mean collection length of 1s per spec-
trum. The background spectra used for reduction were collected
with sample. By subtracting the spectrum of AK70 from the con-
secutive spectra of DNA/AK70 hydrogels, a difference spectrum was
processed by software.

The surface charge characteristics of AK70 or DNA molecules
in water (0.1 wt%) were determined by electrophoresis (Zetasizer
Nano ZS, Malvern Instruments, UK) by the technique of laser
Doppler anemometry. The method involved washing AK70 sev-
eral times with water and adjusting the pH of the suspension in
the range of 1-12 using dilute HNO3 (Nacalai Tesque) and NaOH
(Nacalai Tesque). All measurements were performed for four repli-
cates and averaged to get the final value.

Electrophoresis was performed using microchip electrophoresis
system (MultiNA, Shimadzu Co.) in 10 mM Tris-HCI buffer solution
without polymerase chain reaction. The samples prepared from
the supernatant solutions were 0.5-1.0 ng/uL with the addition
of 50mM KCI and 1.5mM MgCl,. The DNA ladder indicators for
a standard range from 100 to 10,002 bps were used to judge the
electropherograms.

3. Results and discussion
3.1. Surface charge characteristics and adsorption properties

Based on the morphology of the allophane, AK70 sample, Fig. 1
shows the probable structure of the spherule wall, the wall per-
forations, and the intra-spherule void. The overall size of a single
allophane particle is ~5nm. The surface charge characteristics of
allophane is very different from that of DNA. Allophane has a vari-
able or pH-dependent surface charge, because the (HO)AI(OH;)
groups, exposed at surface defect sites, can either acquire or lose
protons depending on the pH of the ambient solution. They become
*(OH;)AI(OH;) by acquiring protons on the acid side of the point
of zero charge (PZC), and become (OH)AI(OH)~ by losing protons
on the alkaline side [26]. The results of the zeta potential measure-
ments of AK70 are shown in Fig. 2. The PZC of AK70 was (pH) ~6.
In the pH range of 2-11, both positively and negatively charged
species are present on the surface of allophane particle [26].

The phosphate groups of DNA molecules possess a negative
charge (PO, ). The zeta potential values for the surface of the DNA
are negative over the entire pH range from 3 to 11 and even more
smaller negative (~—40mV) at a lower pH value, which may be
attributed by the acquiring protons to the phosphate groups on the
acid side. Furthermore, the values decrease with increasing con-
tinuously to attain —100 mV at pH 9.72. Beyond pH 10.0, the zeta
potential values increase again, presumably due to the differently
charged two substituted purine groups [27].
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Zeta potential / mV
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Fig. 2. Zeta potential versus pH of AK70 and DNA. Point of zero charge of AK70 is
(pH) ~6.0. Results are expressed as mean +S.D. (n=4).

The adsorption features of DNA on AK70 at pH 4.0 were exam-
ined to clarify the interaction generated between the phosphate
groups and the Al-OH groups (Fig. 3). At lower feed concentration
of AK70 (0.004-0.05 wt% in water), the adsorption capacity of DNA
by AK70 exhibits a much larger value (~90% adsorption) than that
at higher concentration of AK70 in feed (0.1-2.1 wt% in water). The
higher feed AK70 concentration significantly reduces the adsorp-
tion (~20% adsorption) due to the clustered allophane particles,
which are formed in water [9]. The DNA molecules can more easily
adsorb on the large surface area of AK70 particles at lower feed con-
centration of AK70. Consequently, DNA feed content in lower AK70
concentration leads to the high DNA content in hydrogel. As a mat-
ter of course, the interstitial spaces of the clustered particles may
play an important role of the adsorption of DNA molecules. In our
previous paper [9], the adsorption isotherms of DNA by AK70 were
characterized by the Freundlich equation. The relative adsorption
capacity and adsorption intensity were discussed in terms of the
temperature dependence of the adsorption.
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Fig. 3. DNA content in hydrogels and DNA adsorption % for lower (red) and higher
feed AK70 concentrations (blue) as a function of DNA in feed after adsorption by
AK70 at room temperature at pH 4.0. (For interpretation of the references to color
in figure legend, the reader is referred to the web version of the article.)
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Fig. 4. Electropherogram of (a) pristine DNA (salmon testes), supernatant solution
of (b) 90% adsorption of DNA and (c) 70% adsorption of DNA, and (d) DNA ladder indi-
cators range from 100 to 10,002 bps. The dashed line represents the upper marker
(um). The lower marker (Im) appears precisely at the elution time of 44.5 s (data not
shown).

Using electrophoresis analysis we observed that the structure
of DNA is changed upon adsorption on the AK70 surfaces. Before
adsorption of the pristine DNA, the appearance of main peak is
observed at 1500bp having size range from 700 to 10,000 bps,
whereas the remnant shoulder is located around 100-700 bps size
(Fig. 4a). As conjectured, the distribution is broad owing to the het-
erogeneous base composition of the salmon testes DNA. For the
supernatant solution of 90% adsorption of DNA, the elution profile
in the electropherogram remains the short bps around the DNA lad-
der indicators for a standard range from 100 to 900 bps (Fig. 4b).
The electropherogram for 70% adsorption exhibits the profile sim-
ilar to that of 90% adsorption (Fig. 4c). The peak mainly consists
of short molecule for a standard range from 200 to 400 bps where
it appears. The reason is not obvious at present. However, what is
striking in our observation is the magnitude of the mobility of DNA
molecules on the surfaces of AK70 for the desorption process. Thus,
we need to consider the possibility that the short bps in DNA cause
desorption of the DNA molecules from the allophane surfaces.

3.2. Electrostatic interaction in hydrogels

The functional groups Al-OH exposed on the wall perforations of
allophaneis protonated with alower pH value (=4.0) of the medium.
The phosphate groups of DNA possess a negative charge (PO, ™),
which bind directly to the protonated *(OH,)AI(OH,) groups
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Fig. 5. FTIR difference spectra of (a) DNA/AK70 (2/8) and (b) DNA/AK70 (5/5) hydro-
gels recovered from the sediment, and (c) 2 wt% DNA aqueous solution in the region
of 800-1500 cm~'.

through an electrostatic interaction leading to an increased adsorp-
tion. Thus, the adsorption ability of allophanes is highly depended
on the interactions of phosphate and (OH)AI(OH, ) groups through
protonation with a varying pH.

The frequencies and the vibrational assignments for the DNA
with B-form are reported in the literature [28]. The sensitive
bands at 1226 cm~! (asymmetric stretching mode of PO, ™~ groups:
Vas(POy 7)), 1086 cm~! (symmetric stretching mode: vs(PO,~)) and
1054cm! (stretching of ribose v(C—C)) of the phosphordiester-
deoxyribose backbone provide valuable information to understand
the interaction generated between DNA backbone and allophane
surfaces. By subtracting the spectrum of AK70 from the consecu-
tive spectra of DNA/AK70 hydrogels recovered from the sediment
with ca. 20 and ca. 50wt% DNA at pH 4, a difference spectrum
was obtained (Fig. 5). The presence of the sensitive bands in the
difference spectrum is also confirmed. We notice that v,s(PO;™)
band shifts to the lower frequency side from 1226 to 1220cm~'.In
contrast, the variation of vs(PO, ~) exhibits nearly constant. The for-
mation of the interaction between PO, ~ groups of DAN and AK70
surfaces was suggested.

3.3. Morphological feature of freeze-dried hydrogels

The FE-SEM images of freeze-dried hydrogels clearly reveal the
clustered or agglomerated particles range of 10-20 wm, which are
rather than singular particles (a diameter of ~5 nm, Fig. 6). We see
that the clustered allophane particles are connected each other
to form the network structure in water. The FE-SEM image of
DNA/AK70(2/8) hydrogel at the same area shows that the C(green),
N (purple)and P (light blue) atoms derived from DNA molecules and
Al (red), Si (blue) and Fe (brown) corresponding to AK70 are dis-
tributed on the agglomerated particles as revealed by EDX mapping

-

o 42 A*’

W

Fig. 6. FE-SEM images showing freeze-dried (a) DNA/AK70 (2/8) and (b) DNA/AK70
(5/5) hydrogels. EDX mapping at the same areas for C (green), N (purple) and P (light
blue) atoms derived from DNA, and Al (red), Si (blue) and Fe (brown) corresponding
to AK70. (For interpretation of the references to color in figure legend, the reader is
referred to the web version of the article.)

(Fig. 6a). The EDX spectrum of AK70 confirms the presence of impu-
rities such as Fe-containing minerals. The DNA molecules are prob-
ably more readily covered by the agglomerated particles of allo-
phane because the negative charges of DNA molecules are neutral-
ized by the immobilized positive charges of the allophane surfaces.

For the image of DNA/AK70 (5/5) hydrogel (Fig. 6b), we see that
the DNA bundle structure with a width of ~2 um and a length of
~15-20 wm rather than single DNA tubes (a diameter and length
of 2 and 680 nm, respectively [23]) is generated beside the clus-
tered allophane particles. The C, N and Si atoms are also distributed
on the structure, suggesting that the DNA molecules are wrapped
around the allophane clusters. The DNA bundle structure may play
an important role of the interwined network formation in hydro-
gels.

3.4. Thermal denaturation of DNA molecules in freeze-dried
hydrogels

The effect of temperature upon the DNA duplex was investigated
by DSC, which measures the heat absorbed during thermal dena-
turation and melting transition [29]. By monitoring the progress
of the transition, the TMDSC measurement provides the Ty, and
associated changes in the calorimetric heat capacity.

Fig. 7 shows the temperature-induced unfolding (helix-coil
transition) of the DNA duplex in the hydrogels after freeze-drying.
As expected, the melting transition of freeze-dried DNA (red) is
broad owing to the heterogeneous base composition of the salmon
testes DNA, as mentioned above. The excess heat capacity curve of
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Fig. 7. TMDSC thermograms for freeze-dried (a) pristine DNA, (b) DNA/AK70 (5/5)
and (c) DNA/AK70 (2/8) hydrogels. Arrows on the excess heat capacity curves indi-
cate melting temperatures. AC,, is obtained as a baseline-derived gap.

Table 1
Thermodynamic parameters of freeze-dried DNA/AK70 hydrogels and pristine DNA
(salmon testes). Results are expressed as mean=+S.D. (n=4).

Samples AH (kJbp~1)? Tm (°C)
DNA/AK70 (2/8) 1024 £25 77.8+0.4
DNA/AK70 (5/5) 585+18 83.8+0.3
DNA 321416 88.5+0.5
DNA (in aq. solution)® 28 75.5

2 The values are calculated per base pair (bp).

b The value is measured in an aqueous solution (containing 5 mM sodium cacody-
late) of DNA having 160+ 5bp (5%, w/w) at pH 6.5 and reported by Duguid et al.
[25].

three examined DNA duplexs melting develops from rather high
temperature and is somewhat asymmetric as compared to that of
the helix-coil transition of DNA duplex (160 &5 bp) in an aqueous
solution of 5mM sodium cacodylate at pH 6.5 [25]. The values of
Tm and calorimetric enthalpy (AH) per bp of three examined DNA
duplexes, i.e., pristine and DNA/AK70 hydrogels are summarized
in Table 1. In case of the freeze-dried DNA duplex, the calculated
value of AH is one order of magnitude greater than that of DNA
duplex in an aqueous solution [25], probably due to the transi-
tion in solid-state. Obviously, the thermal denaturation is strongly
affected by the restricted solid-state. The suppression of the melt-
ing (increase of AH) may be ascribed to the restricted molecular
motions of the DNA duplex in bulk. This feature is much enhanced
in DNA/AK70 hydrogels. The value of AH reflects the importance
of the interaction generated between phosphate groups of DNA
molecules and functional Al-OH groups on the allophane wall per-
forations. For the DNA duplexs in DNA/AK70 hydrogels, the strand
dissociation occurs in the further region of the endotherm, judging
by its sharpness (blue for DNA/AK70 (5/5) and green for DNA/AK70
(2/8), respectively). The T, values as a heat absorption peak slightly
decreases with increasing AK70 content in hydrogel. Other inter-
esting feature is the non-zero (positive) heat capacity change (ACp)
accompanying the helix-coil transition observed in the DSC ther-
mograms. The AC, for the melting is significant to discuss the
changes in enthalpy and entropy for the helix-coil transition [30].
Such discussion is beyond the objective of this paper, and we will
report it separately [31].

4. Conclusions

In this study, we have demonstrated the structure development
of hydrogels composed of DNA molecules and clustered allophane

particles in aqueous solution. The adsorption of DNA at pH 4 was
facilitated by the interaction between the phosphate groups of DNA
and the protonated *(OH;)AI(OH,) groups on the wall perforations
of the allophane as revealed by FTIR analysis. Owing to the clus-
tered allophane particles, lower feed concentration of AK70 led to
the high DNA content in hydrogel. The adsorption morphologies
consisting of the bundled DNA and the clustered allophane par-
ticles were successfully observed through FE-SEM/EDX analysis.
The DNA bundle structure with a width of ~2 wm and a length of
~15-20 wm is generated beside the clustered allophane particles
after preparation of the freeze-dried hydrogels. The DNA molecules
are wrapped around the allophane clusters. In addition, the incor-
poration of AK70 in hydrogels induced the increase in the enthalpy
of the helix-coil transition of DNA duplex, which was ascribed to the
restricted molecular motions of the DNA duplex due to the strong
affinity between DNA and AK70.
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