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ABSTRACT: In this work, the efficiency of bioinspired citrate-function-
alized nanocrystalline apatites as nanocarriers for delivery of doxorubicin
(DOXO) has been assessed. The nanoparticles were synthesized by
thermal decomplexing of metastable calcium/citrate/phosphate solutions
both in the absence (Ap) and in the presence (cAp) of carbonate ions.
The presence of citrate and carbonate ions in the solution allowed us to
tailor the size, shape, carbonate content, and surface chemistry of the
nanoparticles. The drug-loading efficiency of the two types of apatite was
evaluated by means of the adsorption isotherms, which were found to fit a
Langmuir−Freundlich behavior. A model describing the interaction
between apatite surface and DOXO is proposed from adsorption
isotherms and ζ-potential measurements. DOXO is adsorbed as a dimer
by means of a positively charged amino group that electrostatically
interacts with negatively charged surface groups of nanoparticles. The
drug-release profiles were explored at pHs 7.4 and 5.0, mimicking the
physiological pH in the blood circulation and the more acidic pH in the
endosome-lysosome intracellular compartment, respectively. After 7 days
at pH 7.4, cAp-DOXO released around 42% less drug than Ap-DOXO. However, at acidic pH, both nanoassemblies released
similar amounts of DOXO. In vitro assays analyzed by confocal microscopy showed that both drug-loaded apatites were
internalized within GTL-16 human carcinoma cells and could release DOXO, which accumulated in the nucleus in short times
and exerted cytotoxic activity with the same efficiency. cAp are thus expected to be a more promising nanocarrier for experiments
in vivo, in situations where intravenous injection of nanoparticles are required to reach the targeted tumor, after circulating in the
bloodstream.

1. INTRODUCTION

In the latest years, nanomaterial science has attracted a dramatic
and exponentially increasing interest in the biomedical field, in
particular for their potential applications in drug delivery for
cancer therapies.1−5 One of the key challenges of such an
application is the efficient delivery of the drug to the tumor
region, while reducing as far as possible the toxic side effects.
Due to their size (<100 nm), nanoparticles can escape capture
by macrophages, being able to remain in the bloodstream for
prolonged time and to pass through endothelial cells lining
blood vessels, which are more permeable in the tumor region
(i.e., enhanced permeability and retention effect, Figure 1A),
and then to cross cell membranes.4,6 Moreover, nanoparticles
may protect the drug component from a premature degradation
and may deliver poorly water-soluble chemotherapeutic drugs
directly to tumor cells. They are also very efficient carriers since

their high surface/volume ratio allows them to incorporate
large amounts of drugs.1−5

Size, shape, and surface chemistry can dictate the behavior of
nanoparticles at the nano-biointerface.7 The shape of nano-
particles has been shown to have an impact on various
processes including circulation, vascular adhesion and phag-
ocytosis.8 Spheres show an appreciable advantage over rods in
termsof cell uptake, in fact with the increase of the nanorod
aspect ratio, the total cell uptake decreases.9 Otherwise, needle-
shaped nanoparticles seem to induce cell membrane disruption
and increased cell mobility.10 To date, the precise effects of
nanoparticle shape on cells is still a controversial issue and
deserves further investigations in vitro and especially in vivo.
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Delivery systems for therapeutics range from liposome
complexes to nanoparticles made up of various materials,
including ceramics, polymers and metals.11−13 However, several
concerns regarding the biodegradability of such materials, the
toxicity of degradation byproducts or the toxic structural
characteristics of the nanoparticles themselves have been
hindering their clinical translation.14 The possibility to use
nanocrystalline apatites as carriers for local and controlled
supply of drugs is very attractive, due to their peculiar
properties such as biocompatibility, biodegradability, easily
tunable physical-chemical properties (i.e., size and surface
composition),15,16 lower toxicity than other nanomaterials
(such as silica, quantum dots, carbon nanotubes, or metallic
magnetic particles), low production costs, excellent storage
abilities (not easily subjected to microbial degradation), and
pH-dependent dissolution.17 This latter feature is particularly
interesting since pHs lower than the one observed in normal
tissues are found in the extracellular environments of solid
tumors and in particular within the endosome-lysosome cell
compartment, where it reaches values around 5,18 thus enabling
a preferential active drug release from apatite surface in a pH-
dependent way in the tumor region (Figure 1A).
Recently, Nancollas et al. suggested that the use of citrate in

the crystallization of nanocrystalline apatite can be considered
an interesting strategy inspired from nature to control the
synthesis of this material.19 Solid state NMR studies have
recently reassessed the role of citrate in stabilizing the size and
morphology of bone apatite, where it accounts for about 5.5 wt
% of the total organic component.20 We have recently
demonstrated that the use of citrate as calcium-complexing
ions provides fully biocompatible bioinspired nanocrystalline
apatites by thermal decomplexing batch crystallization
method.21

Doxorubicin (DOXO), an anthracycline antibiotic with three
planar and aromatic hydroxyanthraquinonic rings (Figure
1B),22 has been used in this paper because it is commonly
used in cancer chemotherapies due to its broad spectrum of
antitumor activity.23 Through its chromophore group it
intercalates between two stacked DNA base pairs,24 interfering
with nucleic acid synthesis in the S phase of cell cycle.25−27 A
major problem associated with DOXO administration involves
its significant side effects, concerning in particular cardiac
function, and hepatic toxicity.28−30 These nonspecific side
effects could be dramatically reduced by the use of drug

delivery nanocarriers and this work can open new perspectives
in this domain.
Therefore, in this paper we have assessed the efficiency of

two types of bioinspired citrate-functionalized apatite nano-
crystals differing for size, shape, carbonation degree and surface
chemistry as nanocarriers for the loading and controlled release
of DOXO. The cellular uptake and the cytotoxic activity of
DOXO-loaded nanoparticles were also analyzed in vitro against
the human carcinoma GTL-16 cell line.

2. EXPERIMENTAL SECTION
2.1. Reagents. Calcium chloride dihydrate (CaCl2·2H2O, Bioxtra,

≥ 99.0% pure), sodium citrate tribasic dihydrate (Na3(Cit)·2H2O
where Cit = citrate = C6H5O7, ACS reagent, ≥ 99.0% pure), sodium
phosphate dibasic (Na2HPO4, ACS reagent, ≥ 99.0% pure), sodium
carbonate monohydrate (Na2CO3·H2O, ACS reagent, 99.5% pure),
doxorubicin hydrochloride (C27H29NO11HCl, 98.0−102.0% HPLC
grade), sodium acetate (C2H3O2Na, 99.0%), hydrochloric acid (HCl,
ACS reagent, ≥37%), acetic acid (CH3CO2H, ACS reagent, 99.7%),
sodium hydroxide (NaOH, ACS reagent, ≥ 99.5% pure) and
phosphate buffered saline (PBS) were purchased from Sigma-Aldrich.
Ultrapure water (0.22 μS, 25 °C, Milli-Q, Millipore) was used in all of
the experiments.

2.2. Synthesis of Apatite Nanocarriers. The apatite nanocarriers
were synthesized by the batch crystallization method consisting in the
thermal decomplexing of metastable calcium/citrate/phosphate/
carbonate solutions as described elsewhere.21 The nanoparticles
denoted as Ap were obtained in the absence of Na2CO3 in the
mother solution whereas those obtained in the presence of 100 mM
Na2CO3 are referred to as cAp. After the precipitation, the
nanoparticles were repeatedly washed with water by centrifugation
(Hettich Universal 32R) and freeze-dried at −60 °C under vacuum (3
mbar) overnight.

2.3. Characterization Techniques. Transmission electron
microscopy (TEM) analyses were performed with a STEM Philips
CM 20 microscope operating at 80 kV. The powder samples were
ultrasonically dispersed in ultrapure water and then few droplets of the
slurry were deposited on conventional copper microgrids. A surface
area analyzer (Sorpty 1750, Carlo Erba, Milan, Italy) was used to
measure the N2 adsorption/desorption isotherms of Ap and cAp at the
temperature of 50 °C. The specific surface areas (SSA) of the samples
were calculated using the Brunauer−Emmett−Teller (BET) method
from the nitrogen adsorption data at a relative pressure of 0.03 Torr.
Fourier Transform Infrared (FTIR) spectra were recorded on a
Thermo Nicolet 380 FTIR spectrometer. Each powdered sample (∼1
mg) was mixed with about 200 mg of anhydrous KBr and pressed into
7 mm diameter discs. Pure KBr discs were used as background. The
infrared spectra were registered from 4000 to 400 cm−1 with a

Figure 1. (A) Schematic representation of the use of nanoparticles (NPs) as passive targeting due to the enhanced permeability and retention (EPR)
effect in the tumor region. The extracellular tumor environment and the intracellular lysosome exhibit acidic pH, facilitating the selective release of
the drug within tumor cells. (B) Molecular structure of DOXO. Groups involving oxygen atoms and amino groups are marked in red and blue colors,
respectively.
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resolution of 4 cm−1. Raman spectra were collected with a LabRAM-
HR spectrometer (Jobin-Yvon, Horiba, Japan). The excitation line was
provided by a diode laser emitting at a wavelength of λ = 785.4 nm and
a Peltier cooled charge-couple device (CCD) (1064 × 256 pixels)
were used as detector. Spectrometer resolution was higher than 3
cm−1. For each acquisition and depending on the quality of the
spectra, signal averaging of three spectra and acquisition time between
100 and 300 s was performed. The Raman intensity was represented as
counts per seconds (cps). The electrophoretic mobility (ζ-potential)
measurements were performed with a Zetasizer Nano analyzer
(Malvern, UK) using disposable folded capillary cells at 25 °C. The
pH evolution of the ζ-potential was measured by using a MPT-2
autotitrator (Malvern, UK) connected to the analyzer. Diluted HCl
and NaOH solutions (0.25 and 0.1 M, respectively) were used as
titration agents.
2.4. Drug Adsorption and Release Experiments. The

adsorption kinetic of DOXO on the nanoparticles was determined
by mixing 5 mg of nanoparticles with 1 mL of aqueous DOXO
solution (1 mg/mL). The mixtures were incubated at 37 °C for
different times, up to a maximum of 48 h. Incubation was done under
agitation in the dark since DOXO is sensitive to photolytic
decomposition.31

For the study of the adsorption isotherms, 5 mg of apatite were
mixed with 1 mL of different concentrations (from 0.03 to 1 mg
mL−1) of aqueous DOXO solutions. Mixtures were then incubated
under agitation at 37 °C for 24 h. Drug loaded samples were separated
from unbound drug molecules by centrifugation at 10.000 rpm for 5
min. Afterward samples were carefully washed three times with a 1 mL
of ultrapure water to remove the physically adsorbed drug molecules.
The amount of nonadsorbed DOXO in the supernatant was measured
by UV−vis spectroscopy with a Cary 1E UV−vis spectrophotometer
(Varian, USA) at a wavelength of λ = 480 nm. This latter amount was
considered as the equilibrium concentration (Ce) whereas the
difference between the initial amount of DOXO and this latter value
was used to calculate the adsorbed amount of DOXO per unit mass of
adsorbent (Q). The molar absorptivity of DOXO in solution was
estimated from the slope of a standard calibration straight line as 18.4
± 0.3 mg mL−1 cm−1. The washing solutions containing the DOXO
molecules detached from functionalized nanoparticles (physically
adsorbed) were also quantitatively analyzed and the result was taken
into account for the calculation of Q.
The isotherm data were fitted to different models in order to obtain

comparable and physically interpretable parameters describing the
adsorption process. The models of Langmuir and Langmuir−
Freundlich (LF) were tested for the isotherms. The curves were
fitted to the experimental data using a nonlinear least-squares fitting
algorithm to obtain the model parameters (see Supporting
Information S1). The Langmuir adsorption model32 considers an
energetically homogeneous surface in which the maximum drug
adsorption capacity is defined by a full monolayer of adsorbed drug
wherein no interaction between adsorbed neighbors is considered.33,34

The Langmuir model is represented by eq 1

=
+

Q
Q K C

K C

( )

1 ( )
max L e

L e (1)

where Q is the surface coverage, Ce is the equilibrium concentration of
adsorbate in solution, Qmax is the drug loading capacity and KL is the
Langmuir affinity constant.35 The LF model, shown in eq 2, describes
an adsorption condition in which interaction between adsorbed
neighbors (cooperativity) is considered. Constant KLF represents the
LF affinity constant in eq 2 and coefficient r represents the
cooperativity coefficient. Generally, if r > 1, cooperativity is defined
as positive, and if r < 1, cooperativity is negative.

=
+

Q
Q K C

K C

( )

1 ( )

r

r
max LF e

LF e (2)

Drug release from functionalized nanoparticles was analyzed both at
the physiological pH 7.4 and at the acidic pH 5.0. The functionalized
nanocrystals (5 mg) were washed twice with ultrapure water and

freeze-dried overnight, then they were resuspended either in HEPES
buffer (10 mM, 10 mL, pH 7.4) or Acetate buffer (10 mM, 10 mL, pH
5.0) solutions containing NaCl in the range 0.18−0.20 M. Suspensions
were constantly stirred at 37 °C and at scheduled times the samples
were centrifuged and aliquots of supernatants were analyzed by UV−
vis spectroscopy. After the measurement the supernatants were
restored to the suspensions.

The release efficiency, DR, was described as the ratio (%wt) between
the amount of drug released at time t (Q(t)) and the drug loading
capacity, Qmax.

= ×D
Q

Q
100t

R
( )

max (3)

2.5. Cellular Internalization of Nanoparticles. In all the
experiments with cells, the human carcinoma GTL-16 cells,36 which
are cultured in Dulbecco’s modified Eagle’s medium containing 10%
heat-inactivated fetal calf serum (FCS), 50 U mL−1 penicillin, and 50
μg mL−1 streptomycin, were used. Cells (2.2 × 104) were seeded on
glass coverslips (12 mm diameter) in 24-well plates and after 24 h free
DOXO or nanoparticle suspensions were added. After incubation at 37
°C for 3 h, glass coverslips were washed twice with fresh PBS to
remove any free DOXO or nanoparticles. Cells were fixed with
paraformaldehyde (4%) in PBS, pH 7.2, permeabilized with Triton-
X100 (1%) in PBS, containing bovine serum albumin (2%) and their
nuclei stained with To-Pro3 (Life Technologies, Monza MB, Italy).
Accumulation of free DOXO or nanoparticle samples in GTL-16 cells
was detected using a Zeiss LSM510 confocal microscope. The
excitation wavelength used for DOXO and To-Pro3 were 476 and 633
nm respectively. Their emissions were detected between 575 and 630
nm (DOXO) and between 650 and 750 nm (To-Pro3). Images were
taken at 630x magnification.

2.6. Cytotoxicity Assays. GTL-16 cells (10 × 103/0.4 cm2

microwell) were incubated for 24 h and afterward, different
concentrations of DOXO and DOXO-coupled nanoparticles, ranging
from 0.01 to 100 μg mL−1, were added in 100 μL. After 3 days
incubation, cells viability was evaluated by the 3-(4,5-Dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide) (MTT, Sigma) colorimetric
assay. Briefly, 20 μL of MTT solution (5 mg mL−1 in a PBS solution)
were added to each well. The plate was then incubated at 37 °C for 3
h. After the removal of the solution, 0.2 N HCl acidified isopropanol
was added for dissolution of formazan crystals. Optical density was
measured in a multiwell reader (2030 Multilabel Reader Victor TM
X4, PerkinElmer) at 570 nm. Experiments were performed 4 times
using 3 replicates for each sample. One-way ANOVA with Dunnett’s
post test was performed using GraphPad Prism version 4.00 for
Windows, GraphPad Software (GraphPad Prism, San Diego, CA).

3. RESULTS
3.1. Characterization of the Nanocarriers. Figure 2

shows TEM micrographs of the Ap (A) and cAp (B)
nanoparticles. Ap are needle-like nanoparticles elongated
along the c-axis with an average length of ca. 100 nm whereas
cAp are more isomorphic with shorter average length (ca. 30
nm). The main physical-chemical properties of both types of
apatites are summarized in Table 1. Figure 2C and D display
the FTIR spectra of Ap and cAp, respectively. They exhibit a
main feature at ca. 1030 cm−1 with shoulders at ca. 1046 and
1075 cm−1 due to the triply degenerated asymmetric stretching
mode of the apatitic PO4 groups (ν3PO4). This band is slightly
red-shifted with respect to that of stoichiometric hydroxyapa-
tite, mainly in the cAp, most likely due to the presence of
CO3

2‑, and/or HPO4
2‑ ions incorporated into the crystal

lattice.21 The presence of carbonate replacing both OH− (A-
type) and PO4

3‑ (B-type) positions in the crystal lattice of cAp
is witnessed by the bands at ca. 1550, 1452, 1465 (as a
shoulder), 1415, 880, and 873 cm−1 (Figure 2D).21 Indeed, the
disappearance of the OH librational mode at 631 cm−1 in the
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spectra of cAp is due to substitution of OH apatitic groups by
carbonate (A-type substitutions).
The presence of a limited amount of carbonate in the Ap

nanoparticles (1.0 ± 0.1 wt %, Table 1) is derived from

unintentionally dissolved CO2 in the preparation media and/or
from CO2 adsorbed onto the surface materials during the
storage. More detailed information of the physical-chemical
properties of these nanoparticles has been previously
reported.21

The nanoparticles synthesized with this precipitation method
are covered by citrate ions21,37 similarly to bone apatite.20

These compositional features, together with their specific
surface areas (SSA), which are similar to the SSA of the
biological apatites (87 ± 0.6 m2 g−1),38 confirm that both Ap
and cAp, are biomimetic bone-like nanocrystalline apatites.39,40

3.2. DOXO Adsorption Isotherms and Release
Profiles. The adsorption isotherms of DOXO onto Ap and
cAp nanoparticles are depicted in Figure 3A and B, respectively.
DOXO adsorption kinetics on apatites was previously evaluated
in order to find out the time required to reach the adsorption
equilibrium (Supporting Information S2).
The test of Scatchard, the plot of Q/Ce as a function of Q,41

was carried out to evaluate the presence of cooperative effects
in drug adsorption (insets in Figure 3). The nonlinearity of the
Scatchard plot suggests the presence of cooperative effects
during the adsorption, excluding thus a Langmurian behavior. It
is presumable that the adsorption sites on the apatite surface
are energetically heterogeneous due to the different chemical
species (calcium, phosphates, citrate) present on its surface.34

Hence, the isotherms were fitted according to the LF model,42

which introduces the effects of the surface energetic
heterogeneities by means of the exponent r.35

The Qmax, KLF and r parameters (Table 2) were obtained by
fitting the experimental data with the Langmuir−Freundlich eq

2. The value of coefficient r indicates the existence of
cooperativity in the binding interaction on both types of

Figure 2. TEM micrographs of apatite nanocrystals obtained (A) in
the absence and (B) in the presence of Na2CO3. FTIR spectra of the
(C) Ap and (D) cAp nanoparticles. Red and blue peaks are due to A-
type and B-type carbonate substitutions, respectively.

Table 1. Morphological (Length (L), Width (W), Aspect
Ratio (R)) and Physical-chemical Features (i.e., Citrate and
Carbonate Content, Ca/P Ratio and Specific Surface Area
(SSA)) of Ap and cAp Nanoparticles

Ap cAp

L [nm]a,b 104 ± 40 29 ± 10
W [nm]a,b 15 ± 6 12 ± 3
Ra 8 ± 3 2 ± 1
Citrate [%wt]b 2.0 ± 0.1 2.1 ± 0.1
Carbonate [%wt]b 1.0 ± 0.1 2.9 ± 0.2
Ca/Pb 1.54 ± 0.02 1.58 ± 0.01
SSA [m2 g−1] 90 ± 9 93 ± 9

aValues obtained from TEM observations of more than 100
nanoparticles of different experiments. bData extracted from ref 21.

Figure 3. Adsorption isotherms of DOXO on nanocrystalline (A) Ap and (B) cAp. Dotted blue line represents the nonlineal weighted least-squares
(NWLS) fitting of the experimental data by using Langmuir−Freundlich equation. (Insets) Scatchard plots of the same data.

Table 2. Adsorption Parameter Obtained from NWLS Curve
Fitting of Experimental Data According to Langmuir−
Freundlich Equation

parameter Ap-DOXO cAp-DOXO

KLF [mL mg−1] 8 ± 2 8.0 ± 0.9
Qmax [mg mg−1] 0.41 ± 0.06 0.44 ± 0.02
r 1.3 ± 0.2 1.4 ± 0.1
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nanoparticles.34 This finding reveals that adsorbed molecules
are not only interacting with the substrate, but they are also
lowering the adsorption energy through positive interactions
between themselves. KLF and Qmax are very similar for Ap and
cAp. Thus, taking into account the experimental error, it can be
assumed that both types of particles showed similar drug
loading capacity.
The release of DOXO from drug-loaded Ap and cAp was

found to be strongly pH dependent (Figure 4). In fact, the
release was much higher at pH 5.0 than at pH 7.4. Specifically,
after 7 days the amount of DOXO released at physiological pH
7.4 was 17 and 10% of the total drug amount loaded on Ap and
cAp, respectively. In the acidic media, the drug was released
faster, reaching values of about 29 and 23% of the total DOXO
loaded on Ap and cAp, respectively. The lower amount of drug
released from cAp with respect to Ap suggests that the bond
between DOXO and cAp nanoparticle is stronger, possibly
because of the presence of higher amount of carbonated groups
at the cAp surface.
3.3. Characterization of the DOXO−Nanocarriers

Complexes. Raman spectroscopy was used to confirm that
DOXO was successfully adsorbed on the surface of the
nanoparticles. Raman spectra collected for cAp, DOXO in
aqueous solution and DOXO-functionalized cAp are depicted
in Figure 5. The spectrum of Ap-DOXO (not shown) was
similar to that obtained for cAp-DOXO. The spectrum of cAp
(spectrum a in Figure 5) displayed typical Raman peaks of
carbonate-apatite nanoparticles.21,43 The spectrum of DOXO in
aqueous solution (spectrum b in Figure 5) exhibited Raman
peaks assignable to vibrational modes of free DOXO.44 In
particular, the broad peaks centered at ca. 1579 and 1640 cm−1

can be assigned to the stretching vibrations of the CO groups
of the anthracene ring (ring C in Figure 1B).44,45 The Raman
bands in the region 1460−1410 cm−1 are due to the CC and
C−C stretches of the aromatic hydrocarbons.44,45 The bands in
the region 1200−1300 cm−1 are assignable to the vibrations
involving in-plane C−O, C−O−H and C−H bending modes.44

The peaks in the lower Raman shift region are most probably
due to the deformation of CO groups and skeletal vibrations.46

Similar features can be distinguished in the Raman spectrum of
the DOXO-functionalized cAp (spectrum c in Figure 5),
confirming the existence of adsorbed DOXO onto the cAp
surface.

The ζ-potential evolution, as a function of Ce, of Ap-DOXO
and cAp-DOXO suspended in ultrapure water is reported in
Figure 6A. The ζ-potentials of the bare Ap and cAp
nanoparticles were −33.9 ± 4.5 and −36.4 ± 4.9 mV,
respectively. The adsorption of DOXO produced a gradual
increase of the ζ-potential, which reached positive values with
the maximum amount of adsorbed DOXO. Different profiles of
the ζ-potential were found in both types of functionalized
apatites with higher ζ-potential values for cAp-DOXO than Ap-
DOXO for the same Ce. Nonetheless, the same ζ-potential was
attained for both once the surface was completely saturated.
The ζ-potential of the DOXO-loaded cAp decreased with

increasing pH, as shown in Figure 6B. Similar behavior was
found also for the Ap-DOXO (data not shown). The point of
zero charge (pzc) of cAp-DOXO was around 8.1, which is very
close to the pKa of DOXO (8.2),47,48 which means that the
apatite surface is almost covered by the drug.

3.4. Cellular Internalization of Nanoparticles. The
endocytotic behavior of DOXO-loaded nanoparticles, as well
as of soluble free DOXO with cells was analyzed at the confocal
laser microscopy (CLM), after cells were incubated with these
compounds for 3 h in serum-containing cell media. Figure 7
shows that in these conditions DOXO (false red color), either

Figure 4. Kinetics of DOXO release from (A) Ap and (B) cAp at pH 7.4 and pH 5.0. (Insets) Plot of DR as a function of t1/2, indicating that the
release of DOXO follows a subdiffusive regime.

Figure 5. Raman spectra of (a) cAp, (b) DOXO in aqueous solution
and (c) DOXO-functionalized cAp (0.32 mg DOXO/mg cAp). The
asterisk denotes the main peak of cAp (related to the symmetric
stretching of PO4 groups

21,43).
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in soluble form (A) or complexed at the surface of
nanoparticles (B and C), is internalized. In all cases, it is
mainly localized within the nucleus (false blue color).
Comprehensive analysis of a series of images collected along
the z-axis shows that, especially in the case of nanoparticles,
some DOXO is detected also within the cytoplasm. Moreover,
while in the case of soluble DOXO the latter is detected mainly
with a diffuse pattern, in the case of nanoparticles, dots
corresponding to DOXO stain are also visualized, especially in
the case of Ap-DOXO nanoassemblies. This result suggests that
nanoapatites carrying DOXO have been internalized and that
after internalization DOXO migrated to the nucleus.
3.5. Cytotoxicity Assays. In order to analyze the biological

effects of the DOXO-loaded nanoparticles, we measured their
effects on cell proliferation. The cytotoxic activity of the soluble
DOXO and DOXO coupled to nanoparticles at different
concentrations was assessed on GTL-16 cell line by MTT assay
(Figure 8). The measure of the IC50 revealed a different

behavior of the compounds. In fact, while DOXO IC50 was 0.25
μg mL−1, Ap-DOXO and cAp-DOXO IC50 were 1.11 and 1.04
μg mL−1, respectively, thus indicating a lower efficiency of the
complexes when compared to the soluble DOXO. The IC50
equivalent amounts of DOXO were 0.44, 1.94 and 1.82 μM,
respectively.
One-way ANOVA and Dunnett’s post-test revealed slightly

significant differences (p ≤ 0.05) between the soluble DOXO
and the DOXO coupled to nanoparticles, with no significant
difference between the two type of nanoassemblies.

4. DISCUSSION
DOXO molecules form dimers in aqueous solutions in the
concentration range used in this work, being the antiparallel
(i.e., with the −NH3

+ groups in opposite directions, Supporting
Information S4) the most stable configuration.49 Since the pH
used in the loading experiments is much lower than the pKa of
DOXO, the amino groups are protonated. Interaction of
DOXO with apatite is of electrostatic nature and adsorption of
antiparallel dimers of DOXO with the rings perpendicular to

Figure 6. (A) Plot of the ζ-potential of DOXO-functionalized Ap and cAp as a function of Ce. (B) Plot of the ζ-potential of cAp-DOXO (0.32 mg
DOXO/mg cAp) as a function of the pH. The point of zero charge of cAp-DOXO is 8.1.

Figure 7. Intracellular localization of DOXO (in false red color) in
GTL-16 cultured for 3h in serum-containing media added with (A)
free DOXO, (B) Ap-DOXO complex and (C) cAp-DOXO complex,
as visualized by confocal laser scanning microscopy (CLSM). Nuclei
stained with To-Pro3 appear in false blue color. DIC = Differental
Interference Contrast. Bar = 25 μm.

Figure 8. Effects of DOXO coupled to the two nanoparticles Ap and c-
Ap (Ap-DOXO and cAp-DOXO complexes) on GTL-16 viability
compared to the soluble DOXO after 3 days continuous treatment.
Uncoupled nanoparticles reduced cell viability to about 90−95%, only
at the concentrations higher than 33 μg/mL. Log[X] indicates the
DOXO concentration in each sample and data are expressed as
viability compared to the untreated control at the same time point.
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the apatite surface is supported by ζ-potential values described
above. The positively charged −NH3

+ groups of the DOXO
dimers electrostatically interact with the negatively charged free
carboxylate groups of adsorbed citrate and also, in a minor
extent, with the surface >PO4

δ‑, >CO3
δ‑, >OHδ‑ groups, whereas

the other amino group, in antiparallel position, will contribute
to the positive values of the ζ-potential. The pH-dependent ζ-
potential measured for cAp-DOXO confirms the existence of
free amino-groups being protonated or deprotonated as a
function of the pH (Figure 6 B). DOXO adsorbed with the
rings oriented parallel to the apatite surface can be discharged
since the theoretical total number of DOXO dimers estimated
for this configuration greatly varies from the total number of
adsorbed dimers experimentally measured (the amount of 0.44
mg DOXO adsorbed on 1 mg of cAp is equal to 2.44 × 1020

dimers of DOXO per gram of cAp, Supporting Information
S4). It can be concluded that there are not significant
differences between Ap and cAp in terms of drug loading
capacities, in particular if they are functionalized in saturating
conditions.
The stability of the nanoparticles functionalized with DOXO

and, from the other side, the release of DOXO is an important
issue to be considered, since nanoparticles would encounter
different pHs in vivo, namely the physiological pHs (around
7.4) in the blood circulation and the more acidic pHs in the
tumor microenvironment and in the endosome-lysosome
intracellular compartment (around 5.0), if internalization
occurs. Ideally antitumor drug delivery based on pH-responsive
effect requires the drug carriers to retain most of the cargo drug
in the bloodstream for several hours or even longer until they
can reach the target.
The pH-responsive release mechanism occurred under a

subdiffusive desorption regime that fits well with pseudo
empirical Korsmeyer’s power law (Supporting Information S5).
Differences were observed in the DOXO release capability of
the two types of nanoassemblies. Apparently the binding of
DOXO to cAp was slightly stronger, since the amount of drug
released from cAp was lower than from Ap. In the case of bare
cAp, a higher amount of carbonate groups at the surface
compared to Ap might be responsible for the slightly more
negative ζ-potential (Figure 6A). The more negative surface
charge would favor a stronger electrostatic interaction with the
NH3

+ groups of the DOXO. The fact that cAp-DOXO is more
stable than Ap-DOXO at physiological pH can be advanta-
geously exploited, since this would reduce the amount of
soluble DOXO in the blood circulation and thus its side effects.
On the other hand, although cAp-DOXO released lower
amount of DOXO than Ap-DOXO at acidic pH, both
nanoassemblies exhibited similar toxic activity in vitro against
a gastric carcinoma cell line.
Both functionalized apatites were uptaken by cells and were

able to carry inside their bound DOXO. Indeed, in this case
DOXO could be visualized also as a dotted pattern, besides a
diffuse pattern, which, by contrast, was the only one detectable
in the case of treatment of cells with soluble DOXO.
Nanoassemblies should have been uptaken by cells through
an endocytotic mechanism,50,51 while soluble DOXO could
easily and more quickly diffuse through the plasma membrane
due its lipophilic properties.52 The different pathways in the
internalization process could also explain the observation that a
lower level of DOXO was detectable within the cytoplasm,
relative to the nucleus, in the case of soluble DOXO treatments.
In any case the final destination of DOXO was the nucleus,

where indeed it was easily visualized. It cannot be excluded that
a certain amount of free DOXO escaped from the cell through
the multidrug-resistance (MDR) pump,53 since it is not known
if these cells express this molecule. In general the fact that
nanoparticles are internalized through vesicle with the
endocytic pathway protects in a certain way DOXO from
being released from the cells in case of the presence of MDR
and this is an advantage of drug-nanocarriers.
The internalized DOXO-apatites were able to exert their

cytotoxic activity on GTL-16 cells, since they blocked their
proliferation, although being somehow less efficient than
soluble DOXO. DOXO is one of the most popular chemo-
therapeutic molecules and thus has been used as a reference
molecule in different contexts. It has been used also coupled to
many different carriers, and depending on which one it was
coupled to, contradictory results were reported, since in some
cases it was more potent than soluble DOXO,54,55 while in
others it was less efficient,56 suggesting that the carrier used
may affect the final toxic activity. In any case, the fact that the
DOXO coupled to apatite is less toxicas shown herecan be
an advantage, since normal healthy cells could be more easily
spared. Moreover, in this context, the fact that cAp-DOXO
released lower amount of DOXO at the physiological pH
suggest that they might be safer to healthy cells in comparison
to Ap-DOXO. In summary, cAp should represent an efficient
drug carrier for tumor cells. Their selectivity for tumor cells,
which depends on the enhanced permeation retention effect
operating in the tumor microenvironment, could be increased if
these nanoparticles are functionalized with other moieties, such
as ligands or monoclonal antibodies targeting molecules
preferentially expressed at the surface of tumor cells.57

5. CONCLUSIONS

In this work we studied the drug-loading and releasing
efficiency of citrate functionalized nanocrystalline apatites as
nanocarriers for controlled delivery of doxorubicin. Apatites
were chosen as carriers since they are highly biomimetic,
biocompatible and biodegradable, being the major inorganic
constituents of hard tissues in vertebrates.15 The thermal
decomplexing of metastable Ca/citrate/phosphate/carbonate
solutions provided bone-like apatite nanocrystals with carbo-
nation degree within 1−4%. They are coated by citrate,
similarly to that recently found in bone apatites where citrate
ions, which account for about 5.5 wt % of the total organic
component in bone, were strongly bound to the apatite
nanocrystals surface.20 Two types of nanoparticles grown in the
absence (Ap) or in the presence (cAp) of sodium carbonate
were functionalized with DOXO. Although the two types of
apatite revealed different shapes and sizes, which can be
ascribed to the incorporation of carbonate into the apatitic
crystal lattice,58,59 they exhibited similar SSA. By contrast, their
chemical composition and surface properties were different,
which was then reflected in their DOXO adsorptive and release
capabilities. The adsorption isotherms of DOXO on both types
of nanocrystalline apatites fit remarkably well to LF model
suggesting, in conjunction with ζ-potential measurements, the
adsorption of DOXO dimers in an antiparallel configuration.
−NH3

+ DOXO groups interact with the negatively charged free
carboxylate groups of adsorbed citrate and also, in a minor
extent, with the surface >PO4

δ‑, >CO3
δ‑, >OHδ‑ groups. The

other free −NH3
+ group of the dimer contributes to the

positive ζ-potential values.
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Both nanoassemblies exhibited a pH-responsive release
mechanism under a subdiffusive desorption regime that fits
well with pseudo empirical Korsmeyer’s power law. After 7
days, at physiological pH, cAp-DOXO released around 42% less
DOXO than Ap-DOXO. However, at pH 5.0, comparable
amounts of DOXO were released from both surfaces.
Additionally, both were efficiently internalized by cells with
subsequent intracellular release of DOXO, followed by its
transport into the nucleus killing thus the carcinoma GTL-16
cells. These properties make these nanocrystalline apatites the
starting block to build multifunctional devices for targeted
delivery of DOXO for cancer treatment.

■ ASSOCIATED CONTENT
*S Supporting Information
This material is available free of charge via the Internet at
http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: jaime@lec.csic.es; mprat@med.unipmn.it.
Author Contributions
‡I.R.R. and J.M.D.-L. equally contributed to this work. Both
should be considered as first authors. The manuscript was
written through contributions of all authors. All authors have
given approval to the final version of the manuscript.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We gratefully thank Dr. Ezio Perucco for his help in the
experiments of confocal microscopy. This work has been
carried out within the framework of the projects CRYSFUN-
BIO MAT2011-28543 (Spanish Ministerio de Ciencia e
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“Factorıá de Cristalizacioń” (Consolider Ingenio 2010) of the
Spanish Ministerio de Ciencia e Innovacioń. J.M.D.-L. and I.R.-
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Figure S1. Molecular structure of DOXO. Groups involving oxygen atoms and amino group are marked in red and blue 

colours, respectively. 

 

S1. Data fitting and error analysis 

The errors of the measurements, shown as bars in graphics, were evaluated by using the 

first-order Taylor method for propagating uncertainties.1, 2 The experimental data were fitted 

by non-linear Weighted Least Square (NWLS), shown as dashed lines in the respective plots. 

These calculations were computed with R,3 a free software environment for statistical 

computing and graphics, and the R-package nls.  

It is worth to note that the evaluation of the goodness of a NWLS fitting curve is not as 

simple as in the linear case, where it is absolutely determined by the R2 coefficient. However, 

this drawback was overcome by introducing the parameters obtained from the NWLS method 

in a linearized version of the model equation and, then, computing the corresponding R2 

(denoted hereafter as Rlin
2). The confidence intervals of the fittings were represented as shaded 

areas. 
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As an example, the goodness of the fitting of the adsorption isotherms to the LF model 

(Equation 2) was evaluated by means of the Rlin
2 coefficient associated with the following 

linear equation 

𝑙𝑛 !
!!"#!!

= 𝑟 𝑙𝑛𝐾!" + 𝑟 𝑙𝑛 𝐶!                                              (S1) 

The obtained coefficients are shown in Table S1 and the plots of the linearized Langmuir-

Freundlich curve are depicted in Figure S2. It can be clearly observed as the R2 coefficient 

overestimates the accuracy of the NWLS fitting in comparison to the Rlin
2.  

Figure S2. Plots of the experimental values obtained during DOXO adsorption isotherms on 

Ap (A) and cAp (B) and the corresponding linearized Langmuir-Freundlich fitting curve 

(dotted blue line) with its confidence intervals of (shaded areas).  

Table S1. R values obtained from NWLS curve fitting of experimental data to Langmuir-

Freundlich equation. 

Parameter Ap cAp 

R2 0.9627 0.9970 

Rlin
2 0.8827 0.9489 
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S2. Kinetics of the adsorption: Lagergren behaviour 

The adsorption of an adsorbate from an aqueous solution can be modelled through 

Lagergren’s equation,4 consisting in a pseudo-first order rate equation 

 !" !
!"

= !
!
𝑄!"# − 𝑄 𝑡                                                          (S2) 

with Q the amount of DOXO on the nanoapatite surface and τ the time required to reach 

approximately a 63% of Qmax. By integrating equation (S2) from t = 0 to t = t and imposing 

the initial condition Q(0) = 0, one readily gets  

  𝑄 𝑡 = 𝑄!"# 1− 𝑒!!/!                                                           (S3) 

or equivalently 

!!"#!! !
!!"#

= 𝑒!!/!                                                                       (S4) 

The latter equation was employed to compute the associated Rlin
2 =0.8953 in order to 

coefficient. 

 

Figure S3. Adsorption kinetics of DOXO on cAp nanocrystals. 
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The time evolution of the adsorbed amount of DOXO on cAp at 37 °C is depicted in Figure 

S3). The maximum adsorbed amount resulting from fitting calculations is Qmax= 0.32 ± 0.02 

mg DOXO mg cAp-1 and the characteristic time is τ = (1.7 ± 0.3) hours. Therefore, the time 

required to reach the 99.32% of the Qmax is 5τ = (9 ± 1) hours. Thus, we can consider that after 

that time Q is almost constant (the system reached the equilibrium). 

S3. Assignments of Raman peaks to vibrational modes of DOXO 

The interpretation of the Raman spectrum of DOXO in aqueous solutions was based on the 

comparison of the experimental frequencies with the harmonic frequencies calculated by 

density functional theory (DFT). Theoretical harmonic vibrational frequencies of DOXO were 

obtained from Density Functional Theory (DFT) calculations using the B3LYP functional as 

implemented in the Gaussian 03 code. 5 This functional is a combination of Becke’s three-

parameter hybrid exchange functional6 and the Lee-Yang-Parr correlation functional (LYP).7 

The choice of this functional has been motivated by its remarkably good performance for 

obtaining vibrational frequencies at a computational cost significantly lower than those for 

MP2 or other post-Hartree-Fock (HF) methods. The C, N, O and H atoms were described at 

the 6-311G level.8, 9 The harmonic frequencies were calculated for the molecule in aqueous 

solutions within the polarizable continuum solvation model (SCRF-PCM)10, 11 and for 

adsorbed DOXO on a cluster with the (10-10) orientation of the hexagonal hydroxyapatite but 

considering only Ca atoms to reduce the computational time. Ca atoms were described with 

the LANL2DZ effective core potential. All frequency values are given without applying any 

scaling factor. The assignments of the observed bands to the main vibrational modes of 

DOXO based on DFT simulations are summarized in Table S2. The peaks with a shift higher 

than the spectral resolution (3 cm-1), comparing DOXO in solution and adsorbed, have been 

underlined. 
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Table S2. Raman shift of DOXO in solution and adsorbed onto cAp surface. The assignments 

of the experimental frequencies to the vibrational modes were done on the basis of the 

harmonic frequencies calculated at the B3LYP/6-311G level within the SCRF-PCM solvation 

model. The peaks with a shift higher than the spectral resolution (3 cm-1), comparing DOXO 

in solution and adsorbed, have been underlined. 

B3LYP/6-311G 
[cm-1] 

DOXO in solution 
[cm-1] 

 Adsorbed DOXO  
[cm-1] 

Assignment [a] [b] 

347.0  351 347 r N-H3
+ 

455.9  443 443 ωRingA,B,C ωC32-
H2 

457.8 465 465 ωRingA,B,C,D 
ωC32-H2 

512.2  505 505 ωC16-OH ωC 18 
ωC20=H2 

1063.1  1081 1084 δasC39-H3δN-
H3

+δC1C3-H 

1212.5  1208 1212 δC3-H δC 22-
H2δOH(C10) 

1249.4  1251 1242 δC32-H2δ C1C33C35-
H νC10C24-OH 

1295.9 1297 1295 δOH(C10C24) 
νRings 

1394.9  1412 1412 νC6C29 
νC9C26δOH(C10C24) 
δC22-H2 

1435.6 1440 1440 δsC30-H3δC1C2-H2 
νC6C29 

1569.5 1574 1579 νRingsδOH(C10C24) 
δC1C3H 

1608.2 1634 1640 νC7=0 

[a] r, δ(s-as), ν, ω belong to the rocking, bending (symmetric and asymmetric), stretching and 
wagging vibrations, respectively.  [b] CxHy represents carbon in position “x”  bounded to a 
number “y”  (y =1 2 3) of hydrogens 
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S4. Estimation of the area occupied by adsorbed DOXO with different orientations 

The maximum number of adsorbed dimers can be roughly estimated by calculating the 

surface area occupied by one dimer adsorbed with a certain orientation. The dimer was 

considered as a rectangular prism with the following dimensions 18.2x14.5x2.5 Å3 (Figure 

S4), values extracted from Agrawal et. al.12). An area of 18.2x14.5 Å2 was occupied for a 

parallel adsorption, with the cromophore ring parallel to the surface. On the other hand, the 

occupied area was 18.2x2.5 Å2 for a perpendicular adsorption, with the cromophore ring 

perpendicular to the surface. The number of dimers for each orientation (D1) is obtained from 

the ratio between the SSA of the nanoparticles and the area occupied by one dimer for each 

orientation. This value can be compared with the number of dimers (D2) adsorbed at 

equilibrium, Qmax, obtained experimentally from the adsorption isotherms. The results are 

summarized in Table S4. The variation (in percentage) depicted in table S4 was calculated as 

(D1-D2)/D2. The value obtained for the perpendicular orientation is comparable to D2 whereas 

the value obtained for the parallel is much lower.  

Figure S4. Dimensions of the DOXO dimer. 

 

Table S4. Calculated molecules for the DOXO dimer and estimated variation from the 

theoretical number of binding sites on cAp nanoparticles 
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Orientation D1 (dimers g-1) % variation* 
Perpendicular 2.1 x 1020 16.04 
Parallel 3.5 x 1019 85.48 

*The number of dimers per gram of cAp calculated from Qmax was D2=2.4x1020. 

S5. Kinetics of the desorption 

Most of desorption processes (e.g. drug release from a nano-carrier) can be understood as 

thermally activated escape processes where the energy barrier depends on thermodynamic 

parameters such as pH, temperature, etc. Under this assumption, the percentage of drug 

released, DR(t), with respect to the initial concentration loaded on the surface of a slab-like 

nanoparticle, Q0, should increase following the exact analytical solution of Fick's equation13  

𝐷! 𝑡 = 1− !
!!

!!" !!!! !!!! !!/!!

!!!! !
!
!!!                                        (S5) 

since the matrix is slab-like shaped and the drug can be considered homogeneously 

distributed along the surface of the nanoparticle. In order to avoid the use of infinite series, 

Equation S5 can be approximated as13, 14 

 

𝐷! 𝑡 ≃ 4 !"
!"!

!
!                      short times                                      (S6) 

𝐷! 𝑡 ≃ 1− !
!!
𝑒𝑥𝑝 !!!!"

!!
     long times                                      (S7) 

The non-linearity of the plot of DR(t) as a function of t1/2 (insets in Fig 4A and B for Ap and 

cAp, respectively) demonstrates that  our experimental data does not follow a fickian 

behaviour. The non-fickian response of drug release is a well-known problem commonly 

termed as subdiffusive-limited regime, usually associated with complex systems. This regime 

has been experimentally detected in several environments, such as porous media, glasses, 

transport through cell membranes and other biological systems.15-17 Korsmeyer et al. proposed 

a semi-empirical potential law which includes both fickian and non-fickian behaviors 18-20, 
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𝐷! 𝑡 ≃ 𝒦𝑡!γ ≤1                                                                           (S8) 

where 𝒦 is the effective diffusion constant and γ is the diffusional exponent. In nearly 

fickian diffusive systems defects on the geometry of the substrate could yield values of γ 

lower than 1/2, but this effect should not be dominant and, hence, this deviation should be 

negligible leading to γ = 1/2. Ritger observed that γ might also be influenced by size 

distributions.21, 22 Hence, the non-fickian behaviour could be due to the broad size distribution 

shown by the nanoapatites. Additionally, values of γ lower than 1/2 might also be explained 

considering the drug transport as a subdiffusion-limited reaction governed by Fick's law with 

memory effects15-17 and hence, by the semi-empirical Korsmeyer’s potential-law (equation 

SP8). 

Table S3 summarizes the parameters extracted from the NWLS fitting to the Korsmeyer’s 

potential-law of the experimental data obtained for the release of DOXO from Ap and cAp at 

pHs 7.4 and 5.0.  

Table S3. Values of the release profiles obtained from NWLS curve fitting of experimental 

data Korsmeyer’s power-law. 

Parameter Ap cAp 

pH5.0 pH 7.4 pH5.0 pH 7.4 

𝒦 15.87 ± 1.09 16.46 ± 0.76 11.81 ± 0.79 7.58 ± 0.09 

γ 0.11 ± 0.02 0.01 ± 0.01 [a] 0.13 ± 0.02 0.05 ± 0.01 

Rlin
2 0.925 0.1023 [a] 0.914 0.984 

[a] The evolution to the steady state occurred very fast and therefore there is not enough 
information about the relaxation process being almost impossible to obtain valuable kinetic 
data.       

 

It is not expected the dissolution of both types of nanoparticles in solution at pH 7.4. Thus, 

the drug release takes place by the previously explained sub-diffusive regime from the apatitic 
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surface to the solution, and controlled by the equilibrium concentration. However, at acidic 

pH the nanoparticles could be slightly dissolved and consequently modify the drug release 

mechanism. Nonetheless, the release from both types of nanoassemblies at acidic pH fits well 

to the sub-diffusive regime described by the pseudo empirical Korsmeyer’s potential law. 

This finding suggests the dissolution of nanoparticles is almost negligible for both types of 

nanoparticles and at both pH values.    
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