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DNA adsorption is the initial stage of gene therapy for drug delivery systems and solid phase extraction
methods of DNA purification. High pore volume and high adsorption capacity are simple requirements
not only for producing 'smart’ drug delivery systems but also the development of purification kits. Silica is
the most used material for this purpose. The present study aimed at elucidating the calf thymus DNA
biosorption process by the characterization of calf thymus DNA and silica to increase the efficiency of
the currently used silica material. Mesoporous silica has long been used for DNA adsorption and silica
aerogel is the new adsorbent investigated in the present study. When DNA solution was freeze dried on
a silica wafer, self-assembled super helices formed as shown by atomic microscopy (AFM). Thus DNA
existed not as single molecules but as large sized agglomerates in water. Thus it could be adsorbed in
the macropores and on the external surface of adsorbents. Adsorption of calf thymus DNA to a silica

aerogel, a mesoporous silica gel and a silica wafer was investigated in the present study. Silica aerogel
Received 29th January 2015 thesized from TEOS b itical ethanol dryi The DNA adsorpti ity of
Accepted 17th June 2015 was synthesized from y a supercritical ethanol drying process. The adsorption capacity o
the silica aerogel was nearly two times that of the mesoporous silica gel due to its macroporous

DOI: 10.1039/c5ra01810b structure and its higher silanol content. Silica aerogel was found to be a very promising material for DNA
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Introduction

Nano and micro particles have many functions such as anti-
bacterial," detection in chemical analysis,> tumor cell targeting,*
polymer composites,** stable semiconductor material® and
DNA delivery systems.” Recent studies have been focused on
development of DNA related nanomaterials and nanotechnol-
ogies and the creation of nano-sized structures. Consequently
DNA is used for gene therapy, biological sensor preparation,
tumor targeting delivery host for targeted drugs, gene and
functional nanoscale electronic device, programmable DNA-
directed self-assembly film and DNA-conjugated metal nano-
particles.*** Besides DNA chips and DNA microarrays are used
in molecular biology, pharmaceutical industry and clinical
research to identify presence of specific biological targets.*

These kinds of technologies require pure DNA usage and
understanding of DNA interaction with surfaces. Not only DNA
purification but also DNA interactions with different surfaces
are directly or indirectly based on the adsorption of DNA. In the
case of DNA purification Solid Phase Extraction (SPE) is the most
useful and harmless technique for DNA purification. Silica is
the most commonly used material for SPE and increasing its
adsorption capacity is firstly required.
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adsorption. Therefore silica aerogel can be considered as a good candidate for the delivery of DNA.

An inorganic material, typically in the form of amorphous
mesoporous silica (SiO,) is one of the preferred matrices for
delivery host. On the other hand silica aerogel has been in
attention recently because of its tuneable physical properties of
pore size, surface area (e.g.).

Nucleic acids are adsorbed on silica and glass surfaces under
chaotropic solution conditions because of negatively charged
structure of DNA. Its adsorption by silica was extensively
investigated.””*® It is reported that silanol group through the
surface enhance the interaction.

Generally both mechanism of DNA adsorption by silica and
adsorption capacity are the investigated points. DNA adsorption
was controlled by the three effects (i) weak electrostatic repul-
sion forces, (ii) dehydration, and (iii) hydrogen bond formation.
Also the presence of a monovalent cation such as Na* neutral-
izes the negative charges on the phosphate backbone of DNA,
reducing the electrostatic barrier between DNA and silica.'
Therefore DNA adsorption capacity is increased. Silica particles
in microchips® and miniaturized set up* were used success-
fully for solid phase extraction of DNA. There are controversial
approaches to the aggregation state of DNA adsorbed on porous
solids. DNA fibres having 30-40 nm diameter were observed
between the edges and surfaces of particles when Bacillus sub-
tilis DNA was adsorbed on clay. They were not adsorbed as
single molecules but as fibres consisting of many molecules.”
However B-type duplex DNA molecules bearing a straight
cylindrical structure with a diameter of 2 nm were included in

This journal is © The Royal Society of Chemistry 2015
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the pore void of M41S type mesoporous silicas having linear
cylindrical spaces with diameters in the range from 2 to 5 nm.**
siRNA research was carried out with silica having 3-4 nm
diameter pores and 440-450 nm narrow particle size distribu-
tion. Because of its high pore volume silica met the requirement
of loading small interfering RNA.*

Possibility of inclusion of DNA and siRNA into mesopores of
mesoporous silica was investigated by Fujiwara et al** and
Mayen et al.*® respectively. Mesoporous silicas with 2.80 or 3.82
nm peak pore diameters adsorbed DNA the best in diluted NaCl
solution. Formation of the hydrogen bond between P(O)OH
groups in DNA and adsorbed water, SiOH groups, or both on
silica surfaces was regarded as a main factor in this adsorption.
The coincidence of the pore sizes and DNA diameter realizes
this unique adsorption promoted by the effect of encompassing
DNA with the inner surface of mesoporous silica.

Fortunately sol gel chemistry allows adjusting the pore size
of derived materials. The pore dimensions of silica can be
obtained in suitable size for loading large molecules. Sol-gel
derived amorphous silica (SiO,) is known to be biocompatible.
This type of silica was also confirmed as suitable for delivery of
drugs, nucleic acids (DNA, siRNA) and proteins.*

Silica aerogel is a special material that has high surface area
and porosity.”> Therefore it is also well known nanomaterial
with low density, low dielectric constant and isolation proper-
ties. It has been used in different scientific research due to its
high surface area, open pore structure and biocompatibility
since its discovery in 1931.”%*” Space engineering,*® energy
collectors,*”*° thermal insulation in solar window systems*' and
catalytic supports®**** are some of the usage areas of silica aer-
ogel. Recently silica aerogel has been used increasingly in
biomedical application because of its release properties of
enzymes and drugs.** Drugs, enzymes and proteins are added to
silica aerogel during the preparation or the drying proce-
dure.**® Not only drug release but also medical application of
aerogel has gained attention recently. For example Sabri and co-
workers tested long terms of histological evaluation on different
intramuscular and subcutaneous aerogel implants on organs.*®
Polyurea crosslinked monolithic silica aerogel implants have
been found promising for spleen, lung, heart, kidney, and
intestine. Without any infection and mild level fibrosis with
inflammation silica aerogel has been defined as biocompatible.
Its biocompatible property has been also proved for tissue
engineering scaffold application of poly-e-caprolactone
composite.* Aerogel minimize the acidic condition after poly-
mer decomposition. Therefore 3T3 and primary mouse osteo-
blastic cells were long term stabilized around pH level of 7.2 and
7.4. Biochip for molecular recognition of nucleotide acids is
another application of aerogel on biomedical application.** The
aerogel having high surface area was found to be capable of
identifying human gene ATP50.

Aerogel having mesopores was produced under regular
atmospheric conditions using the sol-gel process.** Silica aer-
ogel has the advantage of manipulating its physical properties
during preparation.”® These preparation procedures have
included three general reversible reactions: hydrolysis-
esterification, alcohol condensation-alcoholysis, and water
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condensation-hydrolysis. Alcogels were formed in the sol-gel
process. Therefore the factors that affect the reaction steps
change quality and properties of alcogel and indirectly aerogel.
Aerogels can be obtained by addition of soluble organic matter
during preparation to enlarge the pore diameter*” or by super-
critical fluid drying techniques. In supercritical ethanol drying
the pores of the alcogel were not collapsed since there were no
interfacial tension between the pore walls and gaseous ethanol.

Calf thymus DNA can be used in studying DNA-silica inter-
actions. It is a highly polymerized water soluble polymer with
molecular weight higher than 6 x 10° g mol .4+

In the present study characterization of calf thymus DNA in
size and charge and its adsorption on mesoporous silica gel and
silica aerogel were aimed to elucidate the DNA biosorption.
Silica aerogel with a high pore volume and surface area was
prepared for adsorption of calf thymus DNA. Supercritical
ethanol drying technique was used to obtain the aerogel
powder. Both DNA and aerogel were well characterized by
advanced analytical techniques before adsorption experiments.
Adsorption of DNA from aqueous solutions to the silica aerogel
and a mesoporous silica gel was investigated by Nano Drop
method, and morphology of freeze dried DNA on silica wafer
was investigated by AFM.

Experimental

Materials

Tetraethoxysilane (98%, Aldrich), ethanol (99.8% Riedel,
ammonia) (28-30%, Aldrich) were used in preparing silica
alcogel. Mesoporous silica gel from Sigma-Aldrich-Silicagel
(Grade 7734 pore size 6 nm, particle size 70-230 mesh) was
also used for DNA adsorption experiments. Sodium salt of calf
thymus DNA supplied by Sigma-Aldrich (D1501) was used in
adsorption experiments.

Methods

Preparation of silica alcogel. Silica alcogel was prepared by a
two steps sol gel procedure. The details of the method devel-
oped by Brinker and co-workers have been described by Ru and
coworkers.*® Hydrochloric acid was used as an acid catalyst of
the hydrolysis of tetraethylorthosilicate (TEOS) in the first step.
TEOS, ethanol (EtOH), distilled water and hydrochloric acid
were mixed in a 250 cm?® glass bottle at a molar ratio of
1:6:4:10 7 and led to be stirred for 30 min, and a hydrolysis
solution was obtained. In the second step, ammonia, as a base
catalyst, was added drop-wise into the solution resulting from
the first step, at the molar ratio of TEOS : NH,OH equals to
1:10 2 The alcogel formed by keeping the mixture for 940
hours at 25 °C was washed several times with ethanol. The aim
of this part is to remove excess water present inside the alcogel
structure. After preparation of the silica alcogel and the washing
procedure, the alcogel having 84.3% ethanol, 1.1% water and
14.6% silica was dried by ethanol supercritical drying.

Supercritical ethanol drying of silica alcogel. The super
critical ethanol drying set up shown in Fig. 1 was used in drying
the silica alcogel. The system has a temperature controlled 300
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cm?® PARR 4561 reactor and a 300 cm® PARR expansion vessel.
Both reactors have a net volume of 272 cm?® In a typical
experiment, approximately 5.0 g of silica alcogel and 100 cm®
ethanol was placed in the reactor. First nitrogen gas was passed
from the system by opening valves 1, 2, 3 and 4 to remove
oxygen from the system. Then all the valves were closed and the
reactor was heated to bring ethanol to a supercritical state.
Since the critical temperature and pressure of ethanol are
241 °C and 6.36 MPa by heating to 250 °C and 7.2 MPa pressure
a supercritical state was achieved. The ethanol and silica alcogel
mixture was stirred at 600 rpm during heating for heat transfer
from external heater and for obtaining aerogel particles. The
valve 2 between the reactor and expansion vessel was opened at
250 °C temperature. The gauge pressure in the system was
decreased to zero in this process as shown in the phase diagram
of ethanol in Fig. 2. The ethanol in supercritical state is
expanded into expansion vessel at room temperature and
condensed there as a liquid. Heating is stopped and the system
was opened when it was cooled to room temperature. The silica
aerogel particles were collected from the reactor and the ethanol
in liquid phase was taken from expansion vessel.
Characterization of commercial silica and silica aerogel.
Tapped bulk densities of commercial silica gel and silica aero-
gel were determined by measuring their masses packed in a
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Fig. 1 Flow sheet of supercritical ethanol drying system.
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the operating line for supercritical ethanol drying.
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known volume container. The surface properties of the
prepared aerogel and the commercial silicagel were determined
through nitrogen adsorption at 77 K using Micromeritics ASAP
2000.

Commercial silicagel, aerogel and DNA morphologies were
determined by SEM (FEI Qanta 250 FEG instruments). FTIR
spectra of the samples were taken with Shimadzu 8601 FTIR
spectrophotometer by KBr disc method to obtain functional
group information in the bulk of the samples. The change of
surface functional groups with temperature was examined by in
situ drift FTIR spectroscopy. Diffuse Reflectance Fourier
Transform Infrared (DRIFT) measurements were carried out in
an in situ heating reaction cell fitted with CaF, windows (Har-
ricks, NY) shown in Fig. 3. A praying mantis optical geometry
was used to direct the infrared beam. A 0.1 g DNA sample was
placed on the sample holder and after its spectrum at room
temperature and 100 KPa pressure was taken, the sample
chamber was evacuated down to the 0.1 Pa pressure and heated
up to 500 °C at a 2 °C min~ " rate at the same pressure. The
DRIFT spectra of the sample were obtained at different
temperatures during its dynamic heating.

Characterization of DNA. The surface charge and the particle
size distribution of dissolved DNA in water at different pH
values were determined by using Malvern Zetasizer 2000. For
this purpose 100 ng mm ° DNA in 0.001 mol dm * buffer
solutions were prepared. For pH 2 glycin-HCl, pH 3 and 4
potassium hydrogen phthalate-HCI, pH 5 and 6 acetate, pH 7, 8
and 10 phosphate buffers were used. The refractive index of
DNA was considered to be 1.5. This value is general for poly-
meric material and measurements done at 0.001 M ionic
strength.*”

The adsorption of DNA from aqueous solutions at pH 5 on
silica aerogel and commercial silica gel were investigated.
Before the analysis 100 ng mm  calf thymus DNA solution was
softly shaken to obtain a homogeneous DNA sample stock
solution at pH 5 in acetate buffer solution (ionic strength is
0.001 M). Solutions having 10-90 ng mm > DNA were prepared
by diluting the stock solution with the buffer solution.

Adsorption experiments. The adsorption isotherms of calf
thymus DNA from aqueous solutions were determined by

Fig. 3 Harricks in situ reaction cell with CaF, windows.
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measuring the DNA concentrations in solutions in equilibrium
with mesoporous silica gel and silica aerogel synthesized in the
present study. Before the adsorption experiment all adsorbents
were dried at 120 °C for 18 hours under vacuum. The DNA
concentration was measured at 260 nm. The DNA concentration
was measured at 260 nm. The A260/A280 ratios of calf thymus
DNA solutions were 1.8 indicating no protein or RNA contami-
nation. Subsequently 0.0075 mg of adsorbent (SiO,) was added
to the 1.5 cm® DNA solution to get a solid to liquid ratio 5 g
dm . DNA concentration of the supernatant was measured by
using Nano Drop Thermo Scientific ND-1000 UV-VIS spectro-
photometer after mixing at 100-200 rpm by Fine PCR mixer
incubator at 25 °C for 24 hours.

Morphology of DNA adsorbed on silica wafer. Adsorbed DNA
on silica surfaces was examined by atomic force microscopy.
Calf thymus DNA was dissolved in ultrapure water (pH 7-0.055
uS cm ) to a concentration of 100 pg cm > at pH 5. 2 ul of 100
ng em ™~ of calf thymus DNA was placed onto the surface of a
silica wafer polished in ¢ plane (0001) (CS analytic company) by
using a micropipette. DNA solution droplet on the surface was
dried by freeze drying method. The silica wafer having DNA
solution drop were placed in vials containing 1 cm® frozen
water. The vial was placed in freeze drying equipment (Lab-
conco Free Zone-4.5) and the drying was carried out at —51 °C
under vacuum till all the frozen water was evaporated. Thus
DNA particles in solution were dried on the surface of the silica
wafer without any change in their conformation.

The AFM, Digital Instruments MMSPM Nanoscope IV was
used in the tapping mode to obtain the 2 and 3-dimensional
surface topology, and phase information of the surfaces in air.
For imaging in air, Veeco RTESP tips were used. The tips had
anisotropic geometry, with tip height 15-20 pm and tip radius
less 10 nm. The spring constant of the cantilever was 40 N m ™",
Nominal length and width of the cantilever were 125 and 35 um
respectively. The typical tapping frequency was 263-291 kHz,
the scanning rate was 1.0 Hz and scan angle was zero degrees.

Results and discussion
DNA characterization

Morphology of dry calf thymus DNA. Images of calf thymus
DNA as received are shown in Fig. 4. Calf thymus DNA sample
has a very complex structure. It was in form of fibres having 2 to
5 um diameters. These fibres were consisted of super helices
from 1000-2500 molecules.

Zeta potential of DNA. Some special studies have been
focused on the DNA isoelectric point and DNA stability in ionic
solution.*® The isoelectric point of DNA from different sources is
reported about to be pH 5.0.*°° Fig. 5 displays zeta potential
distributions of DNA at pH values of 2.2, 4, 5 and 7. Zeta
potential was determined by the mobility of ions in an electric
field and the mobility depends on the particle size and particle
charge. DNA particles are not identical to each other, they both
size and charge distribution due to their intermolecular inter-
actions. Thus a distribution in zeta potential was also observed.
The zeta potentials of calf thymus DNA was reported to have a
distribution by previous reported investigations.** The average
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Fig. 4 SEM images of calf thymus DNA at (a) 1000x (b) 2000x
magnification.

zeta potentials were calculated from the distributions shown in
Fig. 5. The change of average zeta potential of DNA with pH is
shown in Fig. 6. Zeta potential measurements in the present
study showed that calf thymus DNA solutions had isoelectric
point near the pH 2 value.

DNA particle size in aqueous solution. Size characterization
of the DNA was made by dynamic light-scattering (DLS)
measurements using the Zetasizer.

Considering the information of 0.34 nm helix rise per turn,
10.5 base pair per helical turn for the double helix of B-DNA®
and the average molar mass of a base pair as 650 g mol™ ", the
length of calf thymus DNA molecules should be 300 and 400 nm
for 6 x 10° and 8 x 10° g mol™" molar" mass of DNA reported
in ref. 44 and 45. If the self-assembled fibres in dry form were
dispersed into their individual molecules, particles having 2 nm
diameter and 4.18 and 3.18 um length should be present in
aqueous solutions. Since there is a lower limit of sizes that can
be determined by the Zetasizer, the particle size distribution
shown in Fig. 7 should give information about the length of the
fibres not about their diameter. DNA in solution had the particle
size distribution shown in Fig. 7. The particle size ranged from
300 to 800 nm and it was 490 nm on the average as seen in
Fig. 7. The breadth of the distribution curve at half height was
230 nm.

40
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Fig. 5 Zeta potential distribution of calf thymus DNA at different pH
values.
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Fig. 6 Change of the average zeta potential of calf thymus DNA with
all pH values.

Silica characterization

Morphologies of mesoporous silica gel and silica aerogel.
Morphologies of mesoporous silica gel and silica aerogel are
observed in Fig. 8. There are large flat surfaces in silica aerogel
since it was not contracted during drying process. The average
size of the particles of mesoporous silica gel was found to be 162
+ 90 pum from SEM micrographs. The aerogel also had a
particulate structure since it was continuously stirred during
aerogel preparation. The average particle size of the aerogel was
around 163 + 92 pm. The average particle sizes were deter-
mined by counting 100 particles from several SEM micrographs.

Surface characterization by nitrogen gas adsorption. The
nitrogen adsorption isotherms of the aerogel and mesoporous
silica gel are as shown in Fig. 9. The aerogel had 1107 m* g "
surface area and 4.2 nm pore diameter as determined by
nitrogen gas adsorption at 77 K. Data for aerogel and the
commercial silica gel were as listed in Table 1. The mesopore
size distributions of aerogel and commercial silica gel (Fig. 10)
were determined from the desorption branch of the nitrogen
adsorption isotherms using Kelvin equation, eqn (1).
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Fig. 7 Number particle size distribution of DNA dissolved in water.
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Fig. 8 Morphology of (a) commercial silica gel at 1000x (b) silica
aerogel at 788x (c) commercial silica gel at 65x magnification (d) silica
aerogel at 250x magnification.

In(P/Po) = 2y Vi /rRT (1)

where P is the actual vapour pressure, P, is the saturated vapour
pressure, is the surface tension of liquid nitrogen, V;, is the
molar volume of liquid nitrogen, R is the universal gas constant,
r is the radius of the pore, and T'is temperature. Surface tension
and molar volumes of liquid nitrogen are 8.8 mN m™" and 34.7
em® mol " respectively at 77 K. The mesopore volume of silica
aerogel is much higher than silica gel as seen in Fig. 10.

Only micropore and mesopore volumes can be determined
by N, adsorption. Thus the total pore volume should be deter-
mined using other methods. The tapped bulk densities of the
mesoporous silica gel and silica aerogel were determined as

1000

800 -
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200

Vol Adsorbed (cm*/g STP)

0 -+ T T T r
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (P/Po)

Fig. 9 Nitrogen adsorption and desorption isotherms of Aerogel (A)
and commercial silica gel (A).
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Table 1 Surface characteristics of the aerogel and mesoporous silica
gel

Properties Silica gel Aerogel
Single point surface area (m”> g™ ) 556 1055
BET surface area (m*> g~ ") 571 1107
Langmuir surface area (m* g~ ') 787 1549
Average pore diameter (nm) (4V/A by BET) 5.5 4.2
Total pore volume (cm® g™ ") 0.79 1.19
(single point from N, adsorption)
(From tapped bulk density measurements) 0.74 7.00
Max micropore volume (cm® g™*) 0.20 0.36
Mesopore volume (cm?® g~ ) 0.59 0.73
0.5
0.4
£
£
B 0.3
L)
£
e
§“ 021 .
> <
& :
014
0.0 (FRRTLL TP OO , :
2 4 6 8 10
pore radius, nm
Fig. 10 Pore size distribution of silica aerogel (—) and commercial
silica gel (...).

0.56 g cm > and 0.09 g cm ™ respectively. Considering random
packing particles void volume fraction as 0.33 and density of
silica as 2.2 g cm™* the total pore volumes were calculated as
0.73 and 7 cm® g~ respectively for mesoporous silica gel and
silica aerogel respectively. While the total pore volumes deter-
mined by nitrogen adsorption and from bulk density
measurements were close to each other for mesoporous silica
gel, they were different from each other for silica aerogel. The
silica aerogel had pore volume of 7 and 1.19 cm?® g~ from bulk
density measurement and from N, adsorption respectively.
Thus there were macropores in silica aerogel which would allow
the entrance of large DNA particles.

Functional groups of silica aerogel and silica gel. As can be
seen in the FTIR spectra in Fig. 11 and 12 the prepared silica
aerogel and the mesoporous silica gel had characteristic peaks
of silica. The peak at 3400 cm™ " is related to the hydrogen
bonded »O-H mode of residual silanol (Si-OH) groups and of
adsorbed water.>® Another silanol band, assigned to the Si-OH
bending mode become visible at 950 cm . The strongest band,
with maximum absorption at ~1100 cm™", is assigned to the
asymmetric Si-O-Si stretching mode.

Mesoporous silica had lower concentration of silanol (Si-
OH) groups since the ratio of the absorbance values at 950
em ™ '/1100 em ™" are 0.13 and 0.15 respectively for mesoporous
silica gel and aerogel respectively. Silica aerogel adsorbed more

This journal is © The Royal Society of Chemistry 2015
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Fig. 11 FTIR spectrum of silica aerogel.
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Fig. 12 FTIR spectrum of commercial silica gel.

DNA than mesoporous silica gel; since DNA was bonded to silica
surface through silanol groups,* silica aerogel was macro-
porous and had higher surface area.

In situ drying behaviour of conventional and supercritical
ethanol dried silica. DRIFT FTIR spectroscopy gives informa-
tion about the surface of the particles. The DRIFT spectrum of
silica aerogel at 25 °C at 0.1 Pa pressure in Fig. 13 showed
hydrogen bonded OH groups peak at 3400 cm ™, H,O bending
peak at 1600 cm ' and multiple peaks related to Si-O-Si
stretching vibrations being maximum at 1100 cm™'. When
silica aerogel was heated to high temperatures, water and
hydrogen bonded OH groups are eliminated from its structure
as seen by the decrease of the intensity of 3400 cm™* band. A
new peak appears on heated aerogel at 3742 cm™ " belonging to
isolated Si—-OH groups.** The absorbance of this peak increased
up to heating to 100 °C and then remained constant up to
heating to 500 °C indicating the presence of Si-OH groups at the
surface of the aerogel (Fig. 14).

Adsorption isotherm of DNA on aerogel and silica gel. DNA
adsorption isotherms are illustrated in Fig. 15. 22.52% and
8.41% uptakes from 100 ng pl~' DNA solution at pH 5 were

RSC Adv., 2015, 5, 57950-57959 | 57955
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Fig. 13 FTIR DRIFT spectra of aerogel at 0.1 Pa and 25 °C (=) and at
500 °C (...).
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Fig. 14 Absorbance values at 3700 cm™ (M), 1100 cm™ (A) and
3400 cm™ (@) versus temperature for silica aerogel.

determined for silica aerogel and commercial silica gel
respectively. It was found that the DNA adsorption capacity was
higher for silica aerogel than that of commercial silica gel. This
could be due to higher concentration of Si-OH groups and
higher total pore volume of silica aerogel.

The adsorption of self-assembled DNA on silica aerogel and
silica gel should be a complicated process. Langmuir and
Freunlich adsorption models developed for adsorption of small
molecules on solid surfaces were applied to DNA adsorption as
an over simplification. The Langmuir model shown in eqn (2)
assumes monolayer adsorption onto homogeneous surfaces,
whereas the semiempirical Freundlich model in eqn (3) works
well for heterogeneous surfaces at low concentrations that do
not show a finite uptake capacity.

1/Qe:1/Qm+l/meCe (2)

where Q. (ug g7 ') and C. (ug cm™3) are the equilibrium
concentrations in solid and solution phase respectively. The
Langmuir coefficients » and Q,, are related to the energy of
adsorption and the maximum adsorption capacity respectively.
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Fig. 15 Adsorption isotherm of DNA on silica aerogel and silica gel at
pH 5 aerogel experimental (@), silicagel experimental (A), aerogel
model (Freunlich) (...), silica gel model (Langmuir) (—).

log Q. = log K; + 1/nlog C, (3)

K; and n are equilibrium constants (temperature dependent)
related to adsorption capacity and intensity, respectively.

Langmuir and Freundlich model graphs were drawn for
silica aerogel and mesoporous silica gel. Both isotherm models
fit to adsorption data with R* values higher than 0.8. R* values
were higher for Langmuir and Freundlich models for meso-
porous silica gel and silica aerogel respectively. However R*
value was higher, (0.96) for Freundlich model for silica aerogel,
and it was higher (0.90) for Langmuir model for silica gel as
reported in Table 2.

The Langmuir adsorption capacities of DNA with 7000 base
pairs to silica with 3.4, 5.4, 10.0 nm pore sizes and treated with
Mg>" ions were 2.49, 5.71 and 15.7 ug mg~ ' respectively. Silica
with 5.4 nm pore size and treated with Na" ions had a smaller
adsorption capacity, only 0.22 ug mg ®. On the other hand
salmon sperm DNA was adsorbed in the 0.5-2.7 pg mg™ " range
on mesoporous silica with different pore sizes at pH value of
7.43 in 0.005 mol dm? NaCl solution.® The aerogel synthesized
in the present study had 2.5 pg mg~ " adsorption capacity at pH
7 for highly polymerized DNA.

DNA images on silica wafer by atomic force microscopy
(AFM). Freeze dried DNA particles adsorbed on a flat silica
surface were imaged by atomic force microscopy to observe
their agglomeration state in water. The DNA on silica surface
was obtained by drying a droplet of a DNA solution by freeze
drying. The AFM image of dry DNA particles on silica surface
shows the original state of molecules present in aqueous solu-
tion since interfacial attractions between solid water and DNA
are negligible during freeze drying. The phase AFM image of
DNA on silica surface is seen in Fig. 16. The DNA molecules in
super helix form and in particulate form are present as seen in
the figure. The average end to end distance of the super helices
was 2.85 + 0.74 pm and their average diameter was 0.10 £ 0.1
um. The average pitch of the helices was 0.15 um. The particles
in spherical form had also a distribution and their average size

This journal is © The Royal Society of Chemistry 2015
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Table 2 Langmuir and Freundlich isotherm model constants

Langmuir Model Freundlich model

Qm b Kf

(mgg™) (em’pg™ B n (gt "gltem) R
Silica gel 1428 0.031 0.90 1.67 94 0.83
Aerogel 2500 0.037 0.84 2.30 211 0.96

was 0.1 um. The dimensions of the super helices indicate how
many DNA molecules may involve in their formation. Consid-
ering the 2 nm diameter of a double helix of DNA, super helices
were formed from nearly 500 DNA double helices. Thus the DNA
present as single molecules could not be observed in the AFM
image shown in Fig. 16. Even if they were existed, they would
not be seen, since they were in a smaller scale than the lower
detection limit of the AFM operating mode used in the present
study. While the average particle size of DNA particles were
determined as 490 nm by Zetasizer, the AFM image of the
adsorbed DNA on the silica wafer showed that they were not
present as single molecules, but as super helices in water.

Discussion

Adsorption is a process that should be taken in consideration of
both the adsorbate and the adsorbent. Therefore characteriza-
tion of the adsorbate calf thymus and mesoporous silica and
synthesised aerogel adsorbents are important. DNA dispersion
in water is important in determining the size of the pores in the
adsorbent which they can enter. Thus the size of the DNA
agglomerates both by Zetasizer and AFM. Freeze drying on silica
wafer allowed us to determine the both morphology of the DNA

Fig. 16 Phase AFM image of DNA on silica wafer.
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on flat silica surface and its original dimensions in water. Zeta
potential of DNA and silica at the adsorption pH were both
negative, thus the adsorption was due to van der waals attrac-
tion and hydrogen bonding of DNA with Si-OH groups. Thus
synthesizing aerogel with macropores and higher silanol
content allowed adsorption of large agglomerates of DNA in
silica.

DNA dissolved in water was not present as single molecules
in the present study on contrary to the observations of Fujiwara
et al.”> DNA dissolved in water had 490 nm average size as
determined by Zetasizer. AFM studies indicated the presence of
self-assembled super helices with 2.85 + 0.74 um length and
with 0.10 + 0.1 um average diameter and 0.15 pm pitch. Since
highly polymerized calf thymus DNA in the aqueous phase was
present as self-assembled large particles they could only be
adsorbed in macropores and on the external surface of the silica
particles rather than its micro and mesopores. Bacillus subtilis
DNA was also adsorbed in fibre form on another adsorbent,
clay®** similar to calf thymus DNA on silica wafer.

Silica aerogel had smaller pore diameter (4.2 nm) than that
of silica gel (5.5 nm) in micro and mesopore region. On the
other hand the surface area of silica aerogel (1107 m® g~ ') was
higher than that of mesoporous silica gel (571 m* g~ '). If the
size (490 nm by Zetasizer, 2.85 um in length, 100 nm in diam-
eter by AFM) of the DNA particles dispersed in water is
considered, the entrance of DNA in the micro and meso pores
was not possible. Thus the higher adsorption capacity of aerogel
could be explained by the presence of macropores and the
higher concentration of Si-OH groups in aerogel.

After successful initial stage adsorption, the next stage is
investigation of desorption. DNA was desorbed from meso-
porous silica with magnetic particles by using an elution buffer
with 150 mM NaCl and by increasing temperature to 37 °C.**

100.0 ©

50.0 °

0.0 °

Digital Instruments NanoScope

Scan size 10.00 um
Scan rate 1.001 Hz
Number of samples 512
Image Data Phase
Data scale 100.0 ©
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DNA made hydrogen bonds with silanol groups on adsorp-
tion and the hydrogen bonds were broken during desorption®
DNA was adsorbed both in the external surface and in the
mesopores. DNA in mesopores required a higher temperature
than DNA on external surface to desorption to eluting buffer
indicating stronger hydrogen bond formation in mesopores
than the external surface.*

Conclusions

A silica aerogel was obtained by supercritical ethanol drying
technique in the present study. It had a higher surface area and
total pore volume than a mesoporous silica gel obtained by
conventional drying. The adsorption of highly polymerized calf
thymus self-assembled DNA in the aqueous phase should occur
on the macropores and the external surface of the silica parti-
cles rather than its pores. Silica aerogel had nearly two times the
adsorption capacity than the mesoporous silica gel. DNA
adsorption onto silica surface is related with silanol group and
silanol group is directly proportional with surface area. In situ
drift FTIR spectroscopy indicated the presence of isolated OH
groups in silica aerogel. The higher content of silanol groups
and presence of macropores had positive effects on DNA
adsorption capacity in silica aerogel. While DNA adsorption in
silica aerogel best fitted to Freundlich isotherm with K; and n
constants of 211 and 2.3 respectively, it fitted to Langmuir
model with Q,, 1428 ng mg " and b 0.031 cm® pg™ " for meso-
porous silica gel. Adsorption sites in silica aerogel had a
distribution of energies (Freundlich isotherm), while in meso-
porous silica gel equal energy adsorption sites (Langmuir) were
present.

DNA adsorption is the initial stage of gene therapy for drug
delivery and DNA purification system. High pore volume and
high adsorption capacity are the simple requirements of
producing ‘smart’ drug delivery system and kit. Consequently
silica aerogel was found to be a very promising material for DNA
adsorption. Silica aerogel therefore presents an excellent
material for a short-term DNA delivery system provided it can be
made to release DNA in a safe and efficacious manner into
living vasculature and/or tissues.
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