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Hydroxyapatite (HAp) particles with very different surface charges and compositions (i.e. different Ca/P and

CO3
2�/PO4

3� ratios) have been obtained by varying the experimental conditions used during the chemical

precipitation process. The DNA adsorption capacity and protection imparted against the attack of nucleases

of HAp particles have been proved to depend on the surface charge while the buffering capacity is affected

by the chemical composition. On the basis of both the surface charge and the crystallinity, the predominant

planes at the surfaces of HAp particles have been identified. Atomistic molecular dynamics simulations of

surfaces constructed with these planes (i.e. (001) and the two terminations of (010)) with the adsorbed

B-DNA double helix have been performed to get microscopic understanding of the influence of the

mineral in the biomolecule structure and the interaction energies. The results indicate that the

DNA secondary structure is perfectly preserved on the (001) surface, this stability being accompanied

by an attractive binding energy. In contrast, the (010) surface with PO4
3�, OH� and Ca2+ ions in

the termination induces significant local and global deformations in the double helix, repulsive

OH�(HAp)/PO4
3� (DNA) interactions provoking the desorption of the biomolecule. Finally, although the

termination of the (010) surface with PO4
3� and Ca2+ ions also deforms the double helix, it forms very

strong attractive interactions with the biomolecule. These binding characteristics are in excellent

agreement with the DNA adsorption and protection abilities experimentally determined for the HAp

samples. Finally, the surface charge has been found less decisive than the chemical composition in the

efficacy of the transfection process.
Introduction

DNA has been successfully applied for the preparation of a
variety of architectures and objects specied with nanometer
precision,1–5 which opens a new strategy for the preparation of
nanostructured biomaterials. On the other hand, it has been
long established that bone mineral crystals are compositionally
and structurally similar to the synthetic mineral hydroxyapatite
(HAp), Ca10(PO4)6(OH)2.6 This similarity motivated the appli-
cation of HAp as a synthetic biomaterial as has been evidenced
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in a large number of studies.7–15 Furthermore, the formation of
HAp can be regulated by DNA, which acts as a template in the
process of “biomineralization”.16–19 This phenomenon is partic-
ularly important for biomedical applications requiring the
protection of such biomolecules from aggressive environmental
conditions. In order to elucidate the role of DNA as a template to
promotemineral growth, the biomineralizationmechanism has
been recently revealed at the atomic level.16–19

In very recent studies, we examined the encapsulation of
DNA into HAp using computer simulation and experimental
techniques.16,19 Classical molecular dynamics (MD) simulations
of inorganic Ca2+, PO4

3� and OH� aqueous solutions in the
presence and absence of DNA showed that the biomolecule acts
as a template for the nucleation and growth of HAp. Simula-
tions in the absence of DNA revealed the formation of multiple
calcium phosphate clusters, which subsequently transform into
nucleation centers for the formation of HAp. In contrast,
simulations in the presence of the biomolecule revealed that
calcium phosphate clusters are formed surrounding the DNA
backbone, the phosphate groups of the biomolecule acting as a
very large nucleus for the growth of HAp. In summary, MD
simulations clearly indicated that DNA does not inhibit, as it
has been suggested before,20 but instead promotes mineral
growth. These conditions were experimentally applied in the
J. Mater. Chem. B, 2014, 2, 6953–6966 | 6953
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laboratory to create nanoparticles of spherical shape (diameter
z 20 nm) and nanocrystals (nanorods with a width of �20 nm)
with DNA inside. The encapsulation of DNA into both nano-
spheres and nanocrystals was unambiguously determined by
different techniques aer all supercially adsorbed DNA
was appropriately removed (i.e. by digestion with
deoxyribonuclease).

HAp nanoparticles are also suitable as gene delivery systems
for the transfection of cells with nucleic acids.21–24 This strategy
can be used to turn on (transfection, DNA) or to turn off (gene
silencing, siRNA) the production of a specic protein.25,26

Furthermore, HAp binding ability may confer protection to DNA
from chemical and enzymatic degradation. Indeed, the shield-
ing effect to protect nucleic acids has been proved for different
mineral surfaces.27–30 In addition, HAp columns have been used
as an efficient binding method for the sequestering of DNA.31

The inuence of the binding affinity of HAp surfaces for DNA on
the stability of the biomolecule has been recently assessed by
Brundin et al.,32 with the results indicating that DNA-bound
HAp (DNA–HAp) is more resistant to decay by ambient envi-
ronmental factors and less susceptible to degradation by serum
and nucleases.

Despite the potential interest of DNA–HAp complexes, many
aspects related to the ability of HAp to bind to DNA remain
unknown. In this work we use an approach that combines both
experimental and theoretical methodologies, which is similar to
that used for the study of biominerals made of DNA embedded
into HAp,16,19 to investigate different chemical and microscopic
aspects related to the capacity of themineral to adsorb DNA. For
this purpose, HAp particles with different morphologies and
surface compositions have been prepared. These HAp particles
have been used to investigate the inuence of composition and
charge surface on the buffering activity, DNA adsorption capa-
bility and efficacy to protect adsorbed DNA from nucleases.
Aer this, MD computer simulations using atomistic models
have been used to examine at the microscopic level the
adsorption of double helix B-DNA at the surfaces identied for
experimentally prepared HAp samples. Finally, DNA–HAp
complexes have been used to transfect E. coli bacteria, results
revealing the relative importance of the HAp surface charge and
composition in the efficacy of the transfection process.

Methods
Experimental methods

Materials. Ammonium phosphate dibasic [(NH4)2HPO4;
purity $ 99.0%], ammonium hydroxide solution 30% (NH4OH;
purity: 28–30%), Luria–Bertani (LB) medium (purity $ 96%),
ampicillin (C16H18N3NaO4S; purity: 96–100%) and deoxyribo-
nuclease from bovine pancreas (DNaseI enzyme; purity: protein
$85%,$400 Kunitz units per mg protein) were purchased from
Sigma-Aldrich (St. Louis, USA). Calcium nitrate [Ca(NO3)2;
purity $ 99.0%], hydrochloric acid solution 37% (HCl; purity:
36.5–38.0%) and sodium chloride (NaCl; purity $ 99.0%) were
purchased from Panreac (Barcelona, Spain). Ethanol (C2H5OH;
purity$ 99.5%) was obtained from Scharlab (Barcelona, Spain).
The gel loading buffer (100 bp DNA ladder, 0.1 mg mL�1; purity$
6954 | J. Mater. Chem. B, 2014, 2, 6953–6966
99.5%) and competent E. coli DH5 a bacteria were obtained
from Invitrogen (Carlsbad, USA). Sal I (10 U mL�1; SalI enzyme;
purity $ 99.5%) and SuRE/Cut buffer H for restriction enzymes
(purity $ 99.5%) were purchased from Roche (Indianapolis,
USA). The QIAprep Spin miniprep kit was purchased from
QIAGEN (Manchester, UK). Ethidium bromide (C21H20BrN3;
purity$ 99.0%) and tris–borate–EDTA (TBE) buffer (89 mM tris,
89 mM boric acid, 2 mM EDTA; purity $ 99.0%) solutions as
well as commercial hydroxyapatite [Ca5(PO4)3(OH); purity $

99.0%] were obtained from Bio-Rad (Hercules, USA). All prod-
ucts were used as received.

Synthesis of hydroxyapatites. HAp particles with different
morphologies, which have been labeled as HAp#, were synthe-
sized. More specically, sheet crystals (HAp2), amorphous
nanospheres (HAp3) and fusiform rods (HAp4) were prepared,
whereas commercial HAp Bio-Gel® HTP Gel from BIO-RAD
(HAp1) was used as the control in all assays.

Samples HAp2–HAp4 were prepared using the same proce-
dure but under different experimental conditions. In all cases
solutions of (NH4)2HPO4 in deionized water were added drop-
wise (2 mL min�1) or quickly to Ca(NO3)2 ethanol or water
solutions. The reagent concentrations were adjusted to get a Ca/
P ratio of 1.67. The pH of the reaction, which was different for
each sample, was adjusted with ammonia 30% w/v solution. All
samples were mixed 1 h by agitation (400 rpm), and the
subsequent aging step was carried out under hydrothermal or
non-hydrothermal conditions. The specic experimental
conditions used for the preparation of each sample are detailed
in Table S1.† Aer preparation, the particles were recovered
from the mother liquor by centrifugation, and all samples were
washed twice with de-ionized water and a 60/40 v/v mixture of
ethanol–water. White powder was obtained aer freeze-drying.

Morphological characterization. Transmission electron
microscopy (TEM) and scanning electron microscopy (SEM)
were used for the morphological characterization of the
different HAp samples. TEM images were obtained using a
Philips TECNAI 10 electron microscope operating at 80 kV for a
bright eld mode. Micrographs were taken with an SIS Mega-
View II digital camera. Particles were deposited on carbon-
coated grids.

SEM studies were carried out using a Focused Ion Beam
Zeiss Neon40 microscope operating at 5 kV, equipped with an
energy dispersive X-ray (EDX) spectroscopy system. Samples
were deposited on a silicon disc mounted with silver paint on
pin stubs of aluminum, and sputter-coated with a thin layer of
carbon to prevent sample charging problems.

Fourier transform infrared (FTIR) spectroscopy. Infrared
absorption spectra were recorded from powder samples with a
Fourier Transform FTIR 4100 Jasco spectrometer in the 1800–
700 cm�1 range. Specac model MKII Golden Gate attenuated
total reection (ATR) equipment with a heated Diamond ATR
Top-Plate was used.

X-Ray diffraction. Crystallinity was studied by wide angle
X-ray scattering (WAXS). Patterns were acquired using a Bruker
D8 Advance model with Cu Ka radiation (l ¼ 0.1542 nm) and
geometry of Bragg–Brentano, theta–2-theta. A one-dimensional
Lynx Eye detector was employed. Samples were run at 40 kV and
This journal is © The Royal Society of Chemistry 2014
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40 mA, with a 2-theta range of 10–60, measurement steps of
0.02�, and time per step of 2–8 s. Diffraction proles were pro-
cessed using PeakFit v4 soware (Jandel Scientic Soware) and
the graphical representation was performed using OriginPro v8
soware (OriginLab Corporation, USA).

The crystallite size (L) in the direction representative to the
(211) planes of HAp1–HAp4 samples was derived from the X-ray
diffraction line broadening measurement using the Scherrer
equation:33

L ¼ 0:9l

b cos q
(1)

where l is the wavelength (CuKa), b is the full width at half
maximum height of the (211) line, q is the diffraction angle and
0.9 is the shape factor.

The crystallinity (cc) was obtained using the following
equation:34

cc ¼ 1� V112=300

I300
(2)

where I300 is the intensity of the (300) reection and V112/300 is
the intensity of the hollow between the (112) and (300) reec-
tions, which disappears in non-crystalline samples.

Zeta potential. Measurements were performed on a Malvern
Zetasizer Nano-ZS (Malvern Instruments Ltd., Worcestershire,
UK). The zeta potential was obtained by determining the elec-
trophoretic mobility of the samples at 25 �C, using laser Doppler
velocimetry. Each measurement was conducted in a capillary
cell (DTS0012). HAp samples were re-suspended in ultrapure
milli-Q water (Millipore) at 0.5 mg mL�1 and, subsequently,
sonicated for 5 min in a water bath. Each experiment was
repeated ve times and the average values are presented in this
work.

HAp protonation assay. The protonation ability of the
different HAp samples was determined using the following
procedure. HAp particles suspended in milli-Q water (1 mg
mL�1) were protonated by adding an aqueous solution of 100
mM HCl and 50 mM NaCl up to pH z3. Samples (5 mL) were
kept in a vial under continuous stirring, the pH values being
determined every minute at 20 �C using a pH-meter. The total
time taken for this assay was 15 minutes.

Formation of DNA–HAp complexes. Aqueous suspensions of
HAp particles (5 mg mL�1) were prepared and subsequently
sonicated to enhance the dispersion. DNA–HAp complexes were
formed by adding 2.5 mL of plasmid pMT4 (0.4 mg mL�1) to the
volume of HAp suspension necessary to reach the following w/w
DNA : HAp ratios: 1 : 0 1 : 10, 1 : 50, 1 : 100 and 1 : 250.
DNA : HApmixtures were incubated for 90 min at 37 �C and 200
rpm, shaking them with a vortex every 30 min. Complexes were
separated from the solution by centrifugation at 10 000 rpm for
10 min. Sediments were re-suspended in 10 mL of sterile water.

The formation of DNA–HAp complexes was detected using
agarose gel electrophoresis. For this purpose, gel loading buffer
6� (2 mL) was added to the complex solutions (10 mL) and then
loaded in an agarose gel of 1% (w/v) containing ethidium
bromide (EtBr, 0.5 mg mL�1 of the gel) in 1� tris–borate–EDTA
buffer (TBE).
This journal is © The Royal Society of Chemistry 2014
DNA adsorption quantication. For quantication of adsor-
bed DNA on complexes obtained from DNA : HAp mixtures with
1 : 100 and 1 : 250 ratios, particles were separated by centrifu-
gation and subsequently re-suspended on 1 mL of deionized
water. An UV-3600 (Shimadzu) UV-Vis/NIR spectrophotometer
controlled using UVProbe 2.31 soware was used to record the
UV-Vis spectra of DNA–HAp complexes at room temperature, in
the 200–400 nm range, with a bandwidth of 0.2 nm and a scan
speed of 600 nmmin�1. Samples were homogenized by pipetting
before recording the spectra. In order to evaluate the denatural-
ization of DNA adsorbed on the HAp particles, spectra were also
recorded for samples heated at 94 �C.

Nuclease digestion. DNA–HAp complexes formed using
1 : 100 and 1 : 250 mixtures were prepared as described before.
Aer separating the particles by centrifugation, 9 mL of sterile
water and 1 mL of enzyme DNaseI were added to each precipitate
and digested for 1 h at 37 �C (200 rpm). Then, each sample was
mixed with 2 mL of gel loading buffer 6�. The resulting volume
was loaded in an agarose gel of 1% (w/v) for electrophoresis.

The same procedure was applied for digestion with SalI
enzyme but using SuRE/Cut buffer H for restriction enzymes
instead of water.

Bacterial transfection. DNA–HAp complexes derived from
1 : 250 w/w mixtures were separated by centrifugation and re-
suspended in 10 mL of sterile water. Considering the trans-
fection of all DNA bound to HAp as well as the binding
efficiencies estimated for each HAp sample, aliquots from 6.8 to
7.7 mL of suspensions were added to 10 mL of competent E. coli
DH5a bacteria. Samples were mixed by pipetting, placed on a
water bath for 5 min at 42 �C, and cooled on ice at 4 �C for 2
min. Aer that, 200 mL of Luria–Bertani (LB) medium were
added and samples were le at 37 �C under agitation for 1 h.
100 mL of bacterial suspension was seeded on LB agar plates
containing 100 mg mL�1 of ampicillin. Finally, samples were
incubated for 24 h at 37 �C.

To probe the transfected plasmid integrity, transformed
bacterial colonies from LB–ampicillin agar plates were picked
up and le to grow in a LB broth containing ampicillin (100 mg
mL�1). Aer 24 h incubation at 37 �C, bacterial colonies were
washed with sterile water and pelletized by centrifugation.
Purication of DNA was carried out by using the QIAprep® Spin
Miniprep kit (QIAGEN). Aliquots of 10 mL of bacterial puried
DNA were mixed with 2 mL of gel loading buffer 6� and the
whole volume was introduced in the well of agarose 1% elec-
trophoresis gel.

In order to measure the transformed efficiency, bacterial
colonies were scratched and washed with 10 mL of LB media.
Samples were homogenized by pipetting and spectra were
recorded at 600 nm using the UV-3600 spectrophotometer
mentioned above. A sample of LB media was used as the blank
for the analysis.
Computational methods

Model of DNA molecule and HAp surfaces. The DNA mole-
cule simulated in this work consisted of Dickerson's dodecamer
(50-CGCGAATTCGCG-30), which is a well-known sequence that
J. Mater. Chem. B, 2014, 2, 6953–6966 | 6955
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adopts a B-DNA double helix.35 The hexagonal HAp crystal unit
cell with P63/m geometry (a ¼ b ¼ 9.421 Å, c ¼ 6.881 Å, a ¼ b ¼
90�, and g ¼ 120�) and the 4e Wyckoff position occupied by two
hydroxyl ions, each with 1/2 occupancy,36 was generated and,
subsequently, was cleaved to obtain the (001) and (010)
surfaces. Following the strategy of de Leeuw and co-workers,37

the partial occupation of the hydroxide anions was solved by
assigning 1 and 0 occupation values alternatively in the
columns parallel to the c-direction of the unitary cell. This
conguration renders equal orientation for all OH� ions in a
column but alternated between columns since this has been
reported as the most stable ensemble.38 The employed unit cell
(44 atoms) was expanded 6 times in the x and y directions,
creating a 6 � 6 supercell. The two planes considered in this
work are (001) and (010), which are the lowest energy facets.37,38

The thickness of the supercell in the z axis entailed a 4 layer
slab, being equivalent to 3 times the interplanar distance. The
(001) facet has only one possible termination, whereas it is not
possible to construct a slab of the (010) surface with the same
termination at both sides. More specically, construction of a
stable (010) surface, in which the total dipole moment across
the slab perpendicular to the surface is zero, leads to sides that
differ in the content of OH� and Ca2+ ions. One side, hereaer
denoted (010; Ca2+), only contains Ca2+ and PO4

3� while the
other side, denoted (010; Ca2+–OH�), involves Ca2+, OH� and
PO4

3�. Although (010; Ca2+) is more stable, the (010; Ca2+–OH�)
termination was found to be the most favorable for interacting
with ionic species because of its greater variation of surface
species.37 In this work we considered both the (010; Ca2+–OH�)
and (010; Ca2+) terminations at the (010) surface. Initially, DNA
was placed parallel to the surfaces at 5 Å as the average distance
between its most outer groups and the atoms in the surface.
Charge neutralization was performed with the addition of Na+

counterions. Aerwards, both surfaces were solvated in the z
direction with 17 756 and 24 029 water molecules for (001) and
the two (010) terminations, respectively.

All energy minimizations and MD simulations were per-
formed using the NAMD 2.6 code.39 The potential energy was
computed using the Amber force-eld.40 All force-eld param-
eters for DNA as well as the phosphate and hydroxyl groups were
extracted from Amber ff03.41 It should be noted that the ff03
parameters are identical to the ff99-SB42 ones for nucleic acids,
phosphate and hydroxyl groups. Force-eld parameters of Ca2+

were extracted from the work reported by Bradbrook et al.43 The
ability of this set of force-eld parameters to reproduce the
inorganic/organic interactions found in biominerals was
recently proved.16 Water molecules were represented using the
TIP3P model.44

Initially, water and DNA coordinates were optimized through
5000 steps of conjugated gradient algorithm minimization. The
resulting coordinates of the two systems underwent 0.5 ns of
NVT molecular dynamics (MD) at 373 K (Berendsen thermo-
stat45) with frozen coordinates for DNA and HAp. Final coordi-
nates and velocities of the NVT run were used as input for 0.5 ns
NPT (298 K, 1 bar) to equilibrate water density to 1 g cm�3 in the
volume occupied by the liquid and DNA. The Berendsen ther-
mobarostat45 was employed at a constant xy plane area and
6956 | J. Mater. Chem. B, 2014, 2, 6953–6966
frozen DNA and mineral slab coordinates. Productive dynamics
started from the latter output, only keeping xed the mineral
atoms. Trajectories were 15.1 ns long, the 0.1 initial ns being
discarded as the equilibration. In addition, the DNA double
helix and the 20 Na+ counterions were solvated with 30 000
water molecules and the density of the resulting system was
equilibrated to 1 g cm�3 following the same protocol used for
the surface slabs. Productive control dynamics were 15.1 ns
long with a 0.1 ns equilibration period.

Atom pair distance cut-offs were applied at 16.0 Å to compute
the van der Waals interactions. In order to avoid discontinuities
in the Lennard-Jones potential, a switch function was applied to
allow a continuous decay of the energy when the atom pair
distances are larger than 14.0 Å. For electrostatic interactions,
we computed the non-truncated electrostatic potential through
Ewald Summations.45 The real space term was determined by
the van der Waals cut-off (16 Å), while the reciprocal term was
estimated by interpolation of the effective charge into a charge
mesh with a grid thickness of 5 points per volume unit, i.e. the
Particle-Mesh Ewald (PME) method.46 Bond lengths were con-
strained using the SHAKE algorithm47 with a numerical inte-
gration step of 1 fs. Periodic boundary conditions were applied
using the nearest image convention, and the non-bonded pair
list was updated every 1000 steps (1 ps).
Results and discussion
Synthesis and characterization of HAp particles

HAp particles with different morphologies were synthesized by
chemical precipitation (see the Methods section) under the
experimental conditions listed in Table S1.† These conditions
differ in the pH and temperature of the medium, the concen-
tration of Ca(NO3)2 in organic or aqueous solvent, and the
application or no application of hydrothermal treatment. The
morphologies of commercial HAp (HAp1) and the three
prepared HAp samples, HAp2–HAp4, which are displayed in
Fig. 1, reect the noticeable inuence of each of the different
factors examined in this work: pH, temperature of the reaction,
solvent used with the reagents, and both hydrothermal and
aging conditions. HAp2 (Fig. 1d and e) and HAp4 (Fig. 1h and i)
show crystals with very different morphologies (i.e. ower-like
and laminar crystals and fusiform rods). HAp3 particles, which
were obtained in an extremely alkaline reaction medium
(pH > 11) and without hydrothermal treatment, are the only
ones with nanospherical morphology (Fig. 1f and g).

Different morphologies were consistent with Ca/P ratios that
deviate from the value of 1.67 for the stoichiometric cases,
which reects the presence of different faces (i.e. the formula
unit of the surface unit cell cannot be expressed as an integer
multiple of the formula of the HAp bulk unit cell). Table 1
displays the Ca/P ratio for the different HAp particles as
measured by EDX spectroscopy. The Ca/P ratio for HAp1 is 1.71
� 0.25, the large deviation of the values being attributed to the
coexistence of two different morphologies in such a commercial
sample (Fig. 1a–c). HAp2 exhibits a value lower than the stoi-
chiometric ratio (1.37 � 0.07), whereas HAp4 shows a higher
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Morphology of HAp particles studied in this work: HAp1 (a–c),
HAp2 (d–e), HAp3 (f–g), and HAp4 (h–i). HAp1 refers to commercial
samples while HAp2–HAp4 correspond to samples prepared in this
work by chemical precipitation (see Methods) under the experimental
conditions displayed in Table S1.† SEM images: (a)–(d), (f) and (h). TEM
images: (e), (g) and (i).
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value (1.94 � 0.08). Finally, HAp3 showed a stoichiometric Ca/P
ratio of 1.69 � 0.05.

Table 1 includes the main physical properties (i.e. zeta
potential, particle dimensions, surface area, crystallite size and
crystallinity) of the four HAp samples studied in this work. The
zeta potential values of HAp3 and HAp4 (ZP ¼ �1.3 � 0.1 and
+0.6 � 0.1 mV, respectively) are higher than those of commer-
cial HAp1 (ZP ¼ �2.5 � 0.2 mV), which in turn is higher than
that obtained for HAp2 (ZP ¼ �3.6 � 0.2 mV). As the zeta
potentials were determined in deionized water, these values
should be considered equivalent to the surface charge. These
Table 1 Ca/P ratio, zeta potential (ZP), particle dimensions (w ¼width; ‘
and crystallinity (cc) obtained for HAp1–HAp4 particles. Average � stand

Sample Ca/P ratio ZP (mV) Particle dimensions (nm)

HAp1 1.71 � 0.25 �2.5 � 0.2 Sheets: w ¼ 273 � 37, ‘ ¼
h ¼ 19 � 2
Rods: R ¼ 17 � 3, ‘ ¼ 105

HAp2 1.37 � 0.07 �3.6 � 0.2 w ¼ 262 � 95, ‘ ¼ 227 �
HAp3 1.69 � 0.05 �1.3 � 0.1 R ¼ 32 � 4
HAp4 1.94 � 0.08 0.6 � 0.1 R ¼ 42 � 5, ‘ ¼ 276 � 15

This journal is © The Royal Society of Chemistry 2014
results combined with the crystallinities and Ca/P ratios
listed in Table 1 suggest that the surfaces of HAp4 and
HAp2 crystallites may be dominated by the (010; Ca2+) and (010;
Ca2+–OH�) terminations, respectively, of the (010) plane. Thus,
the (010; Ca2+–OH�) termination, which involves Ca2+, OH� and
PO4

3� at the top, and the (010; Ca2+) termination, with only Ca2+

and PO4
3� at the top, are consistent with the negative and

positive surface charges obtained for HAp2 and HAp4, respec-
tively. The zeta potential of HAp1, which is less negative than
that of HAp2, may be attributed to the predominance of the
(001) plane at the surface. The (001) plane is the most stable
HAp surface48 and was identied as the crystal growth plane
during the biomineralization of teeth and hard tissues (dentine
and enamel).49–52 Furthermore, these faces also determine a
morphology transformation from needles to plates.52 All these
features are consistent with the crystalline rods contained in
HAp1 samples (Fig. 1a and b), which only show a crystallinity of
50 � 4%. Although the association of HAp1, HAp2 and HAp4 to
the (001), (010; Ca2+–OH�) and (010; Ca2+) surfaces, respectively,
is an assumption derived from the zeta potential values and the
surface Ca/P ratios listed in Table 1, the results described in the
next-subsections are fully consistent with these hypotheses (see
below). Finally, the moderately negative zeta potential of HAp3
samples, which are amorphous, results from the non-regular
distribution of Ca2+, PO4

3� and OH� ions. This disordered
distribution of ions is fully consistent with the stoichiometric
Ca/P ratio measured at the surface of HAp3 samples by EDX.

The FTIR spectra of the four studied HAp samples are
compared in Fig. 2 while Table S2† quanties the characteristic
absorption bands by integrating the corresponding areas. The
spectra clearly indicate a relationship between the morphology
of HAp particles and the environment of phosphate groups. The
spectra recorded for HAp1, HAp3 and HAp4 samples show
typical PO4

3� bands at the region comprised between 950 and
1200 cm�1, even though quantitative differences are detected,
as is clearly evidenced in Table S2.† Thus, the FTIR spectrum of
the commercial HAp1 sample shows characteristic vibrational
modes of PO4

3� at n1 ¼ 957 cm�1 and n3 ¼ 1016 and 1084 cm�1,
the other two samples showing small (red and blue) shis with
respect to such values (i.e. |Dn1| # 5 cm�1 and |Dn3| # 6 cm�1).
The spectrum of HAp2 shows very remarkable resolution, pre-
senting high (blue) shis (i.e. Dn1 # 37 cm�1 and |Dn3| # 42,
41 cm�1) in comparison with the rest of the samples, which is
consistent with a notorious morphological change and their
Ca/P ratio.
¼ length; h ¼ height; and R ¼ radius), surface area (S), crystallite size (L)
ard deviation values were derived from 6 independent measures

S (nm2) L (nm) cc (%)

693 � 114, Sheets: 10 968 � 2129 12 � 2 50 � 4

� 12 Rods: 420 330 � 117 802
68, h ¼ 15 � 4 125 950 � 12 656 22 � 3 100

13 050 � 3060 6 � 1 3 � 1
1498 � 189 14 � 3 68 � 5
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Fig. 2 FTIR spectra of the HAp particles studied in this work.
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The absorption bands at �870 cm�1 (n2) and the most
intense band at �1400 cm�1 (n3) due to CO3

2� reect that this
group also plays an important role in the HAp morphology.
Thus, independent of the experimental conditions used for the
preparation of the particles, carbonated HAp samples have been
Fig. 3 X-ray diffraction patterns of the HAp particles studied in this work
HAp2, (c) HAp3 and (d) HAp4. The inset in (b) shows the patterns at 10–40
phases (see text).

6958 | J. Mater. Chem. B, 2014, 2, 6953–6966
obtained in all cases. However, the HAp3 sample, in which n2

and n3 occur as broad doublets at 826, 873 cm�1 and 1330,
1424 cm�1 (Fig. 2), respectively, shows the highest fraction of
CO3

2�. The integrated area ratio of the bands due to CO3
2� and

PO4
3� groups in HAp3 is 0.75 while in the rest of the samples

this ratio is smaller than 0.3.
Characterization of four investigated particles by X-ray

diffraction (Fig. 3) was focused on peaks at 33–34� 2q, which are
characteristics of the (211), (112), and (300) HAp reections. As
can be seen in Fig. 3b, the diffraction pattern of HAp2 clearly
reects the presence of other crystalline calcium phosphate
forms, in addition to those characteristic of HAp. More specif-
ically, dicalcium phosphate anhydrous (CaHPO4; DCPA) and
dicalcium phosphate dihydrate (CaHPO4$2H2O; DCPD) are
identied in such a sample, explaining its low Ca/P ratio. The
coexistence of HAp and other calcium phases in HAp2, which
has also been observed in the material precipitated from
aqueous calcium phosphate solutions, has been attributed to
the incomplete transformation of transient phases to HAp or to
the co-precipitation of HAp with the other calcium phosphate
phases. The coexistence of different calcium phosphates has
been observed in vivo, also suggesting that DCPA and DCPD are
intermediate phases.53 In fact the latter assumption is rein-
forced by the transformation of dicalcium phosphate into HAp
upon immersion in synthetic body uid solutions.54

The use of HAp particles as a non-viral gene carrier requires
not only the adsorption of DNA but also the dissolution of the
inorganic particles once HAp–DNA complexes have penetrated
into the cell. As the latter process may be determined by the
compositional and physical differences (Tables 1 and S2†),
. Hydroxyapatite was identified by the peaks at 33–34� 2q. (a) HAp1, (b)
� 2q to demonstrate the mixture of HAp with other calcium phosphate

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Proton-buffering capacity of the HAp particles studied in this
work.

Fig. 5 DNA : HAp complexes formed by mixing pMT4 plasmid DNA
and HAp1–HAp4 particles considering 1 : 0, 1 : 10, 1 : 50, 1 : 100 and
1 : 250 w/w ratios: (a) agarose gel electrophoretograms in which
circular and supercoiled conformations (c and sc, respectively) are
observed; and (b) quantification through the relative intensity of the
fluorescence band of the amount of DNA adsorbed in complexes
derived from mixtures with different weight ratios.
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investigation of the response of the four HAp particles to acidic
environments is required. Titration results (Fig. 4) indicated a
steep pH gradient for HAp4, whereas the slow and gradual
variation of the pH evidenced a remarkable buffering effect for
the rest of the samples. The exponential decay of the pH (y)
against the concentration of HCl (x) for suspensions of the
different particles was modeled using the following equation:

y ¼ y0 + A e(�x/s) (3)

where y0 corresponds to the pH of the acidied suspension once
stabilized, A is a constant that represents the reduction of the
pH with respect to the initial value and s is a constant to express
the pH exponential decay. Adjustment of the experimental data
led to the parameters listed in Table S3.† As can be seen, the
buffering effect is very low for HAp4 that shows the highest A
value (3.20 � 0.10). The latter value perfectly reects the
measured pH reduction, DpH, from 7.08 to 3.61. HAp1 and
HAp3 present the highest buffering effect with A values of only
1.55 � 0.07 and 1.79 � 0.06, respectively, while HAp2 shows an
intermediate situation (i.e. A ¼ 2.16 � 0.07). On the other hand,
comparison of the s values indicates that the buffering response
is about two-fold faster for HAp1 than for HAp3. The summary
of these results evidences that the chemical composition,
especially the CO3

2�/PO4
3� ratio, plays a major role in the

proton-buffering capacity of HAp particles.
Binding of plasmid DNA to HAp particles

In order to evaluate the capacity of HAp surfaces to adsorb
biomolecules, particles obtained in the previous section were
incubated with plasmid DNA. Complexes were separated by
centrifugation and detected by electrophoresis. Fig. 5a indicates
that DNA is adsorbed onto the surface of all prepared HAp
particles. However, the concentration of biomolecules adsorbed
by different HAp samples, which was quantied by measuring
the relative intensity of the uorescence bands (Fig. 5b), grows
with the concentration of HAp in the DNA : HAp mixture.
Furthermore, DNA adsorption depends on the HAp properties,
with HAp3 and HAp4 samples adsorbing more DNA than HAp1
and HAp2 (Fig. 5b). This is fully consistent with the zeta
This journal is © The Royal Society of Chemistry 2014
potential values displayed in Table 1 and the assumption that
the surfaces of HAp2 and HAp1 particles are dominated by the
negatively charged (010; Ca2+–OH�) and (001) planes, respec-
tively. Thus, the DNA polyanions are easily adsorbed onto the
amorphous and positively charged surfaces associated with
HAp3 and HAp4, respectively. On the other hand, HAp1
commercial particles show linear behavior, even though the
relative intensity of the uorescence band for complexes formed
using a 1 : 250 DNA : HAp mixture is relatively low (�20%). In
contrast exponential behavior was identied for all synthesized
particles, the relative intensity of the uorescence band asso-
ciated with DNA–HAp complexes derived from 1 : 250 mixtures
reaching values of �40% (HAp2), �70% (HAp4) and �80%
(HAp3).

The stability of DNA–HAp complexes was evaluated by
examining the protection imparted by the HAp particles against
the SalI restriction enzyme and DNaseI endonuclease. Sal1 cuts
off the pMT4 plasmid DNA at only one restriction site while
DNaseI is an unspecic endonuclease that attacks DNA inde-
pendent of the sequence. The protecting activity was tested for
complexes derived from DNA : HAp mixtures with 1 : 100 and
J. Mater. Chem. B, 2014, 2, 6953–6966 | 6959
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1 : 250 w/w ratios, which showed the highest concentration of
adsorbed DNA. Fig. 6a, which displays the electrophoretograms
obtained aer enzymatic digestion, clearly indicates that DNA
receives protection against Sal1 restriction enzymes in DNA–
HAp complexes. Moreover, quantitative analyses of the uo-
rescence bands (Fig. 6b) evidence that HAp3 and HAp4 particles
impart very remarkable protection since �80% of the DNA
contained in both 1 : 100 and 1 : 250 complexes was preserved
from Sal1. The results related to the protection imparted
against unspecic DNaseI are even more exciting. Although this
enzyme attacks all positions of DNA because of its unspecic
activity, biomolecules adsorbed onto HAp3 and HAp4 resist
considerably the aggressive action of this enzyme (Fig. 6a).
Thus, �20% of DNA in DNA–HAp3 and DNA–HAp4 complexes
remains protected from the digestion with DNaseI (Fig. 6c).

In order to investigate the thermal stability of the biomole-
cules in DNA–HAp, complexes obtained using 1 : 100 and
1 : 250 mixtures were subjected to a thermal denaturalization
process. Fig. 7a shows that the absorbance of DNA at 260 nm
without HAp, which was used as the control, increases by�41%
(hypochromic shi) when heated to 96 �C for 10 min because of
the higher exposure of all nitrogen bases. Analysis of the DNA
response upon heating in DNA–HAp complexes reveals three
different behaviors (Fig. 7b). Nitrogen bases are highly exposed
Fig. 6 Enzymatic digestion of the DNA : HAp complexes: (a) agarose ge
mixtures after digestion with SalI and DNaseI. The pMT4 plasmid was use
the enzyme (+enz); (b) quantification of DNA that remains in the complex
DNA that remains in the complexes after digestion with DNaseI unspeci

6960 | J. Mater. Chem. B, 2014, 2, 6953–6966
in DNA–HAp2 complexes, as is evidenced by the very large
hypochromic effect. In contrast, the hypochromic shi is very
low for DNA bases in complexes with HAp3 particles. This is
consistent with DNA compaction and, therefore, higher resis-
tance against thermal denaturalization. Finally, the behavior of
the biomolecule in DNA–HAp1 complexes is similar to that
displayed by the control while the shi found for DNA–HAp4
complexes is intermediate between those of DNA–HAp1 and
DNA–HAp3. The summary of these results clearly indicates that
thermal denaturalization of DNA in DNA–HAp complexes is
inuenced by the physical properties of mineral particles,
differences being fully consistent with the response of the
different complexes towards the enzymatic attack.
Computer simulation of DNA adsorption onto HAp surfaces

To understand in detail the mechanisms of interaction between
HAp and DNA at the molecular level, the focus should be on the
microstructure of HAp. For this purpose, we have concentrated
on the most signicant HAp surfaces, which are (001) and (010).
More specically, the ability to bind DNA has been modeled
considering surfaces constructed using the (001) plane and
both the (010; Ca2+–OH�) and (010; Ca2+) terminations, which
have been attributed to the HAp1, HAp2 and HAp4 samples,
l electrophoretograms of complexes derived from 1 : 100 and 1 : 250
d as the control in the absence of the enzyme (�enz) and digested with
es after digestion with SalI restriction enzyme; and (c) quantification of
fic nuclease.

This journal is © The Royal Society of Chemistry 2014
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Fig. 7 Thermal denaturation of DNA in DNA–HAp complexes: (a)
hypochromic effect detected upon denaturation of pMT4 plasmid by
incubating at 96 �C during 10 min; (b) absorbance change after
thermal denaturation for DNA–HAp complexes derived from mixtures
with 1 : 100 and 1 : 250 w/w ratios. The dashed line represents the
absorbance change in the pMT4 plasmid used as the control (see a).

Fig. 8 Snapshots showing the double helix DNA adsorbed at the (a)
(001), (b) (010; Ca2+–OH�) and (c) (010; Ca2+) surfaces at the begin-
ning and end of the 15 ns NPT-MD simulations.

Paper Journal of Materials Chemistry B

Pu
bl

is
he

d 
on

 1
5 

A
ug

us
t 2

01
4.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ita

t P
ol

ite
cn

ic
a 

de
 C

at
al

un
ya

 o
n 

17
/1

1/
20

14
 0

9:
15

:2
2.

 
View Article Online
respectively. The (010) surface with the hydroxyl channels lying
parallel to the surface has been found to interact more strongly
with some negatively charged species than (001).37 In spite of
this, (010) is thermodynamically less stable than the (001)
plane.37,52

The DNA double helix was placed above each constructed
surface and considering different starting positions. All these
systems were solvated and neutralized by adding water mole-
cules and Na+ ions, respectively. Aer several short MD runs to
thermalize and equilibrate, for each surface the most stable
system was selected for production NPT-MD runs. Fig. 8
compares the initial system with the system aer 15 ns of NPT-
MD for each surface. The response of the DNA double helix
towards the (001), (010; Ca2+–OH�) and (010; Ca2+) surfaces is
apparently very different. Thus, the forces exerted by OH� ions
of the (010; Ca2+–OH�) termination seem to induce signicant
structural distortions in the bound DNA double helix while such
a secondary structure is preserved for the biomolecule adsorbed
by the (001) and (010; Ca2+) surfaces.

In order to analyze this feature, representative structural
parameters have been examined. Fig. 9 represents the temporal
evolution of the end-to-end distance (dee) as the distance
This journal is © The Royal Society of Chemistry 2014
between the center of masses of the rst and last pairs of
nucleotides, the inter-strand distance (Dcc), which has been
calculated as the average distance between the center of masses
of each pair of nucleotides, and the root mean square deviation
(RMSD) between the DNA structures adsorbed onto HAp
surfaces and the canonical B-DNA double helix. Furthermore,
an additional 15 ns NPT-MD simulation has been carried out
considering the B-DNA double helix immersed in the simula-
tion box full of explicit water molecules. The results, which are
included in Fig. 9, have allowed us to set the upper and lower
limits of variation for dee and Dcc. Thus, these limits have been
dened using standard deviation associated with the average
J. Mater. Chem. B, 2014, 2, 6953–6966 | 6961
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values obtained for the stable B-DNA double helix in aqueous
solution (i.e. without HAp).

The temporal evolution of dee (Fig. 9a) for the DNA adsorbed
onto the (001) surface remains within the lower and upper
limits dened by DNA in solution during almost the whole
trajectory. Thus, the average dee value for the bound biomole-
cule, hdeei ¼ 30.5 � 1.2 Å, is practically identical to that
obtained in solution, hdeei ¼ 30.8 � 1.6 Å. The dee of the DNA
adsorbed onto (010; Ca2+–OH�) exhibits signicant
uctuations exceeding the upper and lower limits, as is evi-
denced by the large deviation associated with the average value,
hdeei ¼ 31.5 � 2.4 Å. Finally, the biomolecule experiences
drastic shortening upon adsorption onto (010; Ca2), stabilizing
very rapidly, hdeei ¼ 21.5 � 0.6 Å. Similar conclusions are
reached by examining the temporal evolution of Dcc (Fig. 9b).
The value for the DNA adsorbed onto the (001) surface remains
practically constant and very close to the upper limit derived
from simulations in solution. In contrast, the value for the
biomolecule bound to the (010; Ca2+–OH�) shows signicant
uctuations and is clearly smaller than the lower limit. The
latter reduction is consistent with a loss of the secondary
structure. Finally, although the adsorption onto (010; Ca2+)
initially provokes an expansion of the inter-strand distance,
aer �5 ns this parameter equilibrates at a value �0.4 Å higher
than that reached for (001). Thus, the average Dcc values for the
DNA adsorbed onto the (001), (010; Ca2+–OH�) and (010; Ca2+)
Fig. 9 Temporal evolution of (a) the end-to-end distance, dee, the (b) int
respect to the canonical B-DNA double helix, and (d) the distance betwee
z-coordinate of the normal vector to the surface, Z, for DNA adsorbed
lower limits for the dee and Dcc B-DNA double helix, which were estimate
using dashed lines. The RMSD obtained for the DNA in solution has bee

6962 | J. Mater. Chem. B, 2014, 2, 6953–6966
surfaces are hDcci ¼ 11.95 � 0.13, 10.40 � 0.67 and 12.33 � 0.53
Å, respectively. The value reached in diluted aqueous solution,
hDcci ¼ 11.71 � 0.27 Å, is similar to that obtained for the
biomolecule onto the (001) surface. Fig. 9c shows the RMSD
with respect to the canonical B-DNA. The double helix is
remarkably stable when the biomolecule is in solution or bound
to the (001) surface with average values of 2.91 � 0.54 and 3.96
� 0.25 Å, respectively. In contrast, the RMDS increases
progressively for the DNA adsorbed onto the two terminations
of the (010) surface, values higher than 8 and 6 Å being reached
aer 15 ns for (010; Ca2+–OH�) and (010; Ca2+), respectively.

Local distortions in adsorbed DNA have been investigated by
comparing the radial distribution functions of P/P pairs
(where P refers to the phosphor atoms contained in phosphate
groups of DNA), gP–P(r) (Fig. 10a), and H/O pairs (where H and
O refer to the hydrogen atoms of R–NH2 groups and oxygen
atoms of DNA bases located at the internal side of the double
helix), gH–O(r) (Fig. 10b), for the biomolecules adsorbed onto the
(001), (010; Ca2+–OH�) and (010; Ca2+) surfaces and the
biomolecule in aqueous solution. The gP–P(r) prole calculated
for the DNA in solution shows a sharp bimodal peak centered at
r¼ 6.4 and 7.0 Å that is enhanced for the biomolecule adsorbed
onto the (001) surface. However, the peak of the prole calcu-
lated for (010; Ca2+–OH�) becomes smaller and broader, sug-
gesting some type of short-range deformations at the DNA
backbone. The biomolecule adsorbed onto (010; Ca2+) also
er-strand distance, Dcc, (c) the root mean square deviation, RMSD, with
n the center of mass of the double helix and the HAp, expressed as the
onto the (001), (010; Ca2+–OH�) and (010; Ca2+) surfaces. Upper and
d from a 15 ns MD simulation in solution, are represented in (a) and (b)
n included in (c).

This journal is © The Royal Society of Chemistry 2014

http://dx.doi.org/10.1039/c4tb01184h


Fig. 10 Radial distribution functions of (a) P/P and (b) H/O
atom pairs for the DNA double helix adsorbed onto the (001), (010;
Ca2+–OH�) and (010; Ca2+) surfaces, and immersed in water. P refers
to the phosphor atoms of the phosphate groups at the DNA backbone,
whereas H and O correspond to the hydrogen atoms of NH2 groups
and oxygen atoms of DNA bases located at the internal side of the
double helix.

Fig. 11 Snapshots showing details of: (a) the attractive Ca2+(surface)/
phosphate(DNA) interactions at the (001) surface; (b) the repulsive
OH�(surface)/phosphate(DNA) interactions at the (010; Ca2+–OH�)
surface; and the attractive Ca2+(surface)/phosphate(DNA) interac-
tions at the (010; Ca2+) surface.
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deviates from the in solution behavior, even though differences
are considerably less pronounced than for (010; Ca2+–OH�).
These local distortions affect inter-strand hydrogen bonding
interactions, which are essential to retain the secondary struc-
ture. Thus, gH–O(r) calculated for the DNA in solution clearly
indicates a large number of sharp and narrow peaks, the one
centered at r ¼ 1.9 Å being associated with hydrogen bonds
between complementary bases. This peak is clearly identied in
the prole calculated for the DNA adsorbed onto the (001)
surface but it disappears when the biomolecule is deposited
onto the two terminations of the (010) surface. Thus, the rst
peak detected for (010; Ca2+–OH�) and (010; Ca2+) is centered at
r ¼ 3.2 and 3.5 Å, respectively, indicating that the accumulation
of local distortions provokes the loss of the secondary structure
evidenced in Fig. 8 and 9.

Snapshots at the end of the MD trajectories (Fig. 11) suggest
that the DNA on the (010; Ca2+–OH�) surface is only partially
adsorbed (i.e. one of the double helix extremes uctuates freely)
while the biomolecule is completely adsorbed onto the (001)
and (010; Ca2+) planes because of the higher number of inter-
action sites. Fig. 9d represents the temporal evolution of the
distance between the center of mass of the DNA double helix
This journal is © The Royal Society of Chemistry 2014
and HAp, expressed as the z-coordinate of the normal vector to
the surface (Z), for the three simulated systems. As can be seen,
aer thermalization and equilibration trajectories the param-
eter Z at the beginning of the production trajectory was 12.6,
14.7 and 9.0 Å for (001), (010; Ca2+–OH�) and (010; Ca2+),
respectively. For the former surfaces Z decreases to �10 Å in
�2.5 ns while for (010; Ca2+) it decreases to �8 Å in �5 ns,
stabilizing at such values. The average value considering the last
10 ns of production trajectory is hZi ¼ 9.85 � 0.25 and 8.02 �
0.09 Å for (001) and (010; Ca2+), respectively. This feature indi-
cates that the re-arrangements in the DNA double helix (Fig. 8)
are accompanied by an enhancement of the binding to the
surface. In opposition, for (010; Ca2+–OH�) Z progressively
increases from 14.7 to �16.5 Å in the rst 5 ns of trajectory, the
latter value increasing in only 1.5 ns to �21.5 Å. Finally, in the
last 7 ns of trajectory, Z increases slowly but progressively from
�22.8 to 24.5 Å. This prole indicates that, actually, DNA is
slowly released from the (010; Ca2+–OH�) surface undergoing a
desorption process.

The binding energy (Ebind) associated with the adsorption of
a DNA molecule to the HAp surface was roughly estimated as
the sum of the electrostatic and van der Waals contributions
from DNA/surface interactions (Eele and EvdW, respectively).
The average energy contributions obtained for the biomolecule
adsorbed onto the (001) surface are hEbindi ¼ �8508 � 251 kcal
mol�1, hEelei ¼ �8497 � 252 kcal mol�1 and hEvdWi ¼ �11 � 3
kcal mol�1, indicating that the adsorption of DNA to this
surface is thermodynamically favorable. This process is ener-
getically favored by the stabilizing surface/DNA electrostatic
J. Mater. Chem. B, 2014, 2, 6953–6966 | 6963
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Fig. 12 Agarose gel electrophoretograms showing the transformation
of E. coli DH5a with the DNA : HAp complexes. The arrows indicate
the purified pMT4 after the culture of transformed bacteria.
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contribution, which is essentially due to the attractive
Ca2+(surface)/phosphate(DNA) interactions (Fig. 11a). The
strength of the interaction between the adsorbed biomolecules
and the (010; Ca2+) surface is almost three timesmore attractive:
with hEbindi ¼ �21 561� 473 kcal mol�1, hEelei ¼ �21 518� 467
kcal mol�1 and hEvdWi ¼ �43 � 6 kcal mol�1. This has been
attributed to the disposition of the Ca2+ ions, which act as
binding sites, very suitable to interact with the phosphate(DNA)
groups once the double helix undergoes deformation (Fig. 11c).
In contrast, the average values obtained for the DNA adsorbed
onto the (010; Ca2+–OH�) surface clearly reect a repulsive
process, which is fully consistent with the structural results and
desorption process discussed above: hEbindi ¼ 10 825 � 37 kcal
mol�1, hEelei ¼ 10 868 � 44 kcal mol�1 and hEvdWi ¼ �43 � 9
kcal mol�1. The poor affinity of DNA towards (010; Ca2+–OH�) is
due to the disposition of the negatively charged hydroxyl group,
which interacts repulsively with the DNA phosphate groups.
This is clearly evidenced in Fig. 11b, which displays the dispo-
sition of the surface hydroxyl groups shielding the attractive
interactions Ca2+(surface)/phosphate(DNA). The role of the
van der Waals interactions is practically negligible for the
surfaces constructed using the two terminations of the (010)
plane, the importance of the electrostatic contribution being
noticeably higher than that reported for DNA strands deposited
on other kinds of surfaces, as for example gold55 and carbon
nanotubes.56

These results are fully consistent with experimental data
discussed above, which evidenced very different sensitivities of
the prepared HAp samples towards DNA adsorption. It is well-
known that HAp surfaces are responsible for the crystal
morphology. Synthetic HAp crystals are oen facetted with the
possible six equivalent faces related to the (001) surface in
hexagonal symmetry.57 All these faces have been reported to
adsorb negatively charged carboxylate groups.55 This behavior is
in agreement with the affinity of HAp1 towards DNA. Thus, the
surface charge and surface Ca/P ratio are consistent with the
predominance of (001) planes in semicrystalline commercial
HAp1 samples. It is possible to grow highly crystalline HAp
particles with platelet morphology exposing the (010) planes as
basal surfaces, and (001) and (100) as lateral terminations.58

Morphological and physical properties (Fig. 1 and Table 1,
respectively) suggest that (010) is the most abundant place in
HAp2 and HAp4, the difference between the two samples being
attributed to the facet termination. The (010) plane was found to
adsorb glycine amino acid, through both the N atom and the
negatively charged COO� group.49 de Leeuw and co-workers37

studied the interaction of (010) HAp surfaces with glycine,
proline and hydroxyproline amino acids, which are major
constituents of the collagen I protein. The results revealed that
interactions involving the hydrogen atoms attached to the
nitrogen of amine and the oxygen atoms belonging to the
surface hydroxyl and phosphate groups play a decisive role in
the binding of these amino acids to the (010; Ca2+–OH�)
termination of this surface.37 It is worth noting that N–H and N–H2

groups belonging to the DNA bases are less accessible than the
backbone phosphate groups because of the formation of inter-
strand hydrogen bonds through base pairing. Accordingly,
6964 | J. Mater. Chem. B, 2014, 2, 6953–6966
adsorption of double stranded DNA onto (010; Ca2+) is a very
favorable process while it is disfavored when termination of the
surface corresponds to (010; Ca2+–OH�). These results are in
excellent agreement not only with the DNA adsorption abilities
determined for HAp2 and HAp4 (Fig. 5b) but also with protec-
tion imparted by these particles to the adsorbed DNA (Fig. 6
and 7). Accordingly, simulation results discussed in this section
explain at the molecular level our previously discussed experi-
mental observations, which evidenced that HAp properties
affect not only the DNA adsorption ability but also the protec-
tion imparted to the biomolecule upon the attack of nucleases
and thermal denaturalization.
Transfection of pMT4–HAp complexes into E. coli

In order to evaluate the efficacy of the different HAp particles as
vectors for transfection processes, plasmid DNA was introduced
and amplied into E. coli bacteria. pMT4 contains an ampicillin
resistance gene that is commonly used as a selectable marker in
routine biotechnology. A heat shock protocol was applied to
transfect centrifuged DNA–HAp complexes into competent
bacteria, which were subsequently seeded into ampicillin-con-
taining LB agar plates. Growth of the seeded colonies was
observed aer 16–24 h indicating that the uidity of bacteria
membranes was changed by the created temperature unbalance
(42 �C � 2 min), enabling the entry of DNA–HAp complexes.
Internalized complexes form endosomes, endosomal escape of
DNA depending on the proton buffering capacity of the
different HAp particles. Thus, the pH of the endosomes
decreased to 5 with time, provoking the disintegration and
release of their components. Colonies were subsequently
cultured in the LB plate to promote plasmid DNA amplication.
Fig. 12 shows puried plasmid DNA extracted from these
cultures, the intensity of the bands being related to the trans-
fection efficiency. As can be seen, DNA bands derived from
complexes with HAp2 and HAp4 are weak while bands obtained
using HAp1 and HAp3 complexes show intensities similar to the
control.

Results displayed in Fig. 12 do not allow us to establish a
direct relationship between the transfection efficiency and the
amount of plasmid DNA adsorbed on HAp particles (Fig. 5b) or
the protection imparted by HAp particles against enzymes
(Fig. 6b and c). However, comparison between results reported
in Fig. 4 and 12 suggests that the response of HAp particles
This journal is © The Royal Society of Chemistry 2014
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towards an acidic medium exerts a decisive inuence on the
transfection process. Thus, HAp1 and HAp3 present the highest
proton-buffering capacity (Table S3†).

Conclusions

HAp particles with different morphologies and compositions
have been prepared by modifying the experimental conditions
used in the chemical precipitation process. The surfaces of
these particles, which differ in the zeta potential (i.e. surface
charge) and in the Ca/P ratio, show different abilities to adsorb
DNA and protect the biomolecule towards nucleases. Structural
changes induced in plasmid DNA during the adsorption process
result in an increment of the resistance against enzymatic
digestion. On the basis of their properties, the surface of HAp1,
HAp2 and HAp4 crystalline particles has been assumed to be
dominated by the (001), (010; Ca2+–OH�) and (010; Ca2+) planes,
respectively. Atomistic computer simulations have been used to
explain the inuence of the HAp surface on the binding process
and stability of the DNA conformation. The binding is favorable
for the (001) surface which allows maintaining the B-DNA
double helix conformation. In contrast, the binding is dis-
favored for (010; Ca2+–OH�) with repulsive interactions
provoking structural deformations in the DNA. The termination
of the (010) surface with Ca2+ and PO4

3� ions (010; Ca2+) adsorbs
the biomolecule through very strong attractive interactions,
even though the double helix undergoes structural distortions.
On the other hand, the CO3

2�/PO4
3� ratio has been found to be

responsible for different buffering capacities of HAp particles.
Finally, transformation assays evidence that DNA–HAp
complexes prepared in this work can be used as non-viral gene
carriers. The summary of the results indicates that physical
properties and composition of HAp play a crucial role in the
ability to adsorb DNA while the buffering activity is essential for
the transfection process.
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J. Puiggaĺı and C. Alemán, Biointerphases, 2013, 8, 10.

17 T. Takeshita, Y. Matsuura, S. Arakawa and M. Okamoto,
Langmuir, 2013, 29, 11975–11981.

18 K. B. Vasconcellos, S. M. McHugh, K. J. Dapsis, A. R. Petty
and A. E. Gerdon, J. Nanopart. Res., 2013, 15, 1942.

19 O. Bertran, L. J. del Valle, G. Revilla-López, G. Chaves,
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