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a  b  s  t  r  a  c  t

Doxorubicin  (Dox)  is a  hydrophilic  drug  extensively  used  for treatment  of  breast,  lung,  and  ovarian  cancer,
among  others;  it  is  highly  toxic and  can  cause  serious  side  effects  on nontargeted  tissues. We  developed
and  studied  a hybrid  nanoporous  microparticle  (hNP)  carrier  based  on  calcium  carbonate  and  biopoly-
mers  derivatized  with  folic acid (FA)  and  containing  Dox  as  a chemotherapeutic  drug  model.  The  hNPs
were  characterized  by  X-ray  diffraction,  and  Raman  and  Fourier  transform  infrared  (FTIR)  spectroscopies.
The  X-ray  diffraction  patterns  of  calcium  carbonate  particles  showed  about  30–70%  vaterite–calcite  poly-
morphisms  and  up  to 95% vaterite,  depending  on the  absence  or  the  presence  of biopolymers  as  well  as
their  type.  Scanning  electron  microcopy  images  revealed  that  all types  of  hNPs  were  approximately  spher-
ical and  porous  with  average  diameter  1–5 �m, and  smaller  than  CaCO3 microparticles.  The presence  of
biopolymers  in  the matrices  was  confirmed  after  derivatization  with  a  fluorescein  isothiocyanate  probe
by means  of confocal  microscopy  and  FTIR  synchrotron  beamline  analysis.  In addition,  the  coupling  of
lambda  carrageenan  (�-Car)  to FA in  the  microparticles  (FA–�-Car-hNPs)  increased  the cancer-cell  tar-
geting  and  also  extended  the specific  surface  area  by up  to ninefold  (26.6  m2 g−1), as  determined  by

the  Brunauer–Emmett–Teller  isotherm.  A nanostructured  porous  surface  was  found  in  all  instances,  and
the  FA–�-Car-hNP  pore  size  was about  30 nm,  as  calculated  by  means  of  the Barrett–Joyner–Halenda
adsorption  average.  The  test  of  FA–�-Car-hNP  anticancer  activity  on human  osteosarcoma  MG-63  cell
line  showed  cell  viabilities  of  13%  and  100%  with  and  without  Dox,  respectively,  as determined  by  crystal
violet  staining  after  24  h of incubation.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Micro- and nanomedicines for the treatment of life-threatening
iseases such as cancer, AIDS, diabetes, malaria, prion infection, and
uberculosis are in different phases of clinical trials for approval,
hough some are already currently in use in palliative therapies.
everal drugs and/or bioactive molecules have been successfully

ncapsulated in order to improve bioavailability, bioactivity, and
elivery control [1,2]. Drug encapsulation offers the advantages
f drug protection against a degradative physiological process,

∗ Corresponding author. Tel.: +54 221 483 37 94x132/103;
ax: +54 221 483 37 94x132/103.

E-mail address: grcastro@gmail.com (G.R. Castro).

ttp://dx.doi.org/10.1016/j.colsurfb.2014.09.011
927-7765/© 2014 Elsevier B.V. All rights reserved.
reduction in the potential toxic side effects associated with the drug
dosage, increase in patient comfort by avoiding repetitive bolus
injections or the use of perfusion pumps, and favorable drug phar-
macokinetics. However, drug formulations depend on the choice
of suitable carriers that must possess high encapsulation effi-
ciency, improved bioavailability, a specified drug-retention time,
lengthy stability, and no toxicity, among other relevant proper-
ties. Generally, most micro- and nanomedicines are formulated by a
trial-and-error method but with only minimum rational design. In
addition, since the usual procedure for making drug formulations is
generally based solely on a consideration of the interactions of the

cargo molecule and/or the vehicle matrix with the target tissues
without taking into account the mutual physicochemical reac-
tions between those pharmacologic components, this approach
is hampered by serious limitations for therapeutic use. Advanced

dx.doi.org/10.1016/j.colsurfb.2014.09.011
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2014.09.011&domain=pdf
mailto:grcastro@gmail.com
dx.doi.org/10.1016/j.colsurfb.2014.09.011
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evelopments in drug micro- and nano-formulations must con-
ider ways to control the kinetic release of the cargo; interactions
mong the drug, the matrix, and the other major components of
he admixture; the effects of the environment on the formulation;
nd drug stability and toxicity, among other issues. Furthermore,
he new capabilities of these recently developed medicines are also
nfluenced by particle size, surface charge, the presence of spe-
ific chemical functional groups, and the distribution and ratio of
ydrophobic and hydrophilic regions in the carrier [1–5].

Controlled drug delivery is today one of the most challeng-
ng therapeutic strategies for the treatment of acute and chronic
athologies. Among the different strategies for the development of
rug delivery matrices, biopolymers represent an attractive alter-
ative to take into account because of remarkable properties, such
s great diversity in chemical structure, stereospecific functional-
ty, a defined and wide range of molecular weight, biologic features,
irtual lack of toxic side effects, and also because they can be
onsidered as green technology [2,4,5]. In addition, natural poly-
ers offer significant advantages over chemically synthesized ones

ecause of their low production and purification costs, easy tailo-
ing, and degradability, along with the use of soft conditions for
ross-linking. Moreover, some polymers such as alginates, car-
ageenans, pectins and other polysaccharides are considered as
RAS (generally recognized as safe) by the Food and Drug Adminis-

ration (FDA, US) and thus are extensively used in the food industry.
hese reasons converge to consider biopolymers as one of the most
romising materials for the environmentally compatible synthesis
f micro- and nanodrug carriers. Polymer-based-particle synthesis
an be categorized according to four basic mechanisms: covalent
ross-linking, ionotropic cross-linking, polyelectrolyte complexa-
ion, and self-assembly [1,2,4].

Pectins (Pecs) are heteropolysaccharides extracted from plant
ell walls used in many applications as a thickener or gelling
gent in the food industry. Pecs are composed of linear polysac-
harides of partially methoxylated poly[alpha-(1,4)-d-galacturonic
cids] with pendant rhamnogalacturonan units (heteropolymer
f repeating [1 → 2]�-l-rhamnosyl-[l-l]�-d-galactosyluronic acid
isaccharide units). Pecs can be grouped into low-methoxylated
ectin (LMP) with an esterification degree (ED) below 40%,
edium-methoxylated pectin (MMP)  with an ED range between

0% and 60%, and high-methoxylated pectin (HMP) with an
D higher than 60%. LMP  and MMP  can be gelled by multiva-
ent cations, while HMP  only at acid pH and in the presence
f solutes. Pecs with an esterification degree between 20% and
5% are able to form gels by an ionotropic mechanism of poly-
er interchain cross-linking mediated by multivalent cations.

nterestingly, Pec hydrogels are temperature- and pH-sensitive,
hich is structurally associated with the simultaneous presence

f hydrophilic/hydrophobic motifs in the polymer. Particularly, the
trength of Pec-gels is enhanced by lowering the environmental pH
nd/or temperature, allowing them to be classified as smart bio-
els [5]. Also, Pec anti-adhesive and apoptosis-inducing activities
n cancer cells were recently reviewed [6]. The potential anticancer
ctivities combined with the environmental gel sensitivity make
ec gels interesting models for the development of new drug deliv-
ry hydrogel matrices combined with anticancer drugs.

Carrageenans (Cars) are a family of linear sulfated polygalac-
ans extracted from marine red algae. Cars are currently used as

 thickener or as gelling agents and also as emulsifier and stabi-
izer polymers in the food and pharmaceutical industries. Cars are
hemically composed of alternate d-galactose and 3,6-anhydro-
alactose monomers linked by �-1,3 and �-1,4-glycosidic bonds

nd sulfated at up to 41% (w/w). Cars are generally classified on the
asis of their solubility on KCl aqueous solutions which depends
n the numbers and positions of ester sulfate and 3,6-anhydro-
alactose monomers. The kappa (�), iota (�) and lambda (�)-Car
Biointerfaces 123 (2014) 158–169 159

dimers typically have one, two  and three sulfate ester groups with
an average content of 20%, 33% and 38% (w/w), respectively. Kappa
and iota Cars form thermoreversible gels but only the first one can
exhibit syneresis. Also, both Car polymers are able to form gels in
the presence of potassium or calcium ions. However, lambda-Car
is not able to form gels, but is soluble in cold water making vis-
cous solutions typically from 60 to 300 mPa  s. Biological activities
of Cars include induction of inflammatory process but also anti-
tumor, immunomodulatory, antiviral and anticoagulant activities
[7].

The processes to develop biopolymer matrices by ionotropic
cross-linking have been under study for a long time, and now some
of them are in the market. During the gelling polymer process and
in the presence of appropriate counterions, it is possible to syn-
thesize insoluble salts to make hybrid systems. Biomineralization
allows the development of artificial hybrid materials with novel
and remarkable properties. Besides, the presence of hybrid mate-
rials in living organisms with different evolution levels is a typical
example of nature’s complexity and functionality. Among the most
abundant inorganic materials in nature, calcium carbonate plays
a major role and it can be found in pearls, and mollusk shells as
a result of biomineralization mechanisms. Aragonite, calcite and
vaterite are the most common crystalline structures of CaCO3 in liv-
ing organisms. Vaterite is the most stable and useful polymorphism
for making microparticles because of its crystal size, distribution,
and spherical geometry [8]. Interestingly, several strategies for syn-
thetizing different CaCO3 crystal structures and morphologies in
the presence of biopolymers such as starch, kappa (�) and iota
(�) carrageenans, collagen, dextrans, and alginates were previously
reported [9–12]. The advantages of controlling the self-assembly
and precise manipulation of CaCO3 hybrid systems by biopolymer
templates to synthetize matrices with distinctive architectures and
sensitivities to the environmental conditions have attracted atten-
tion for the development of molecular loading and delivery devices
[13,14].

Anthracyclines, such as doxorubicin, are one of the most ther-
apeutic molecules employed in the treatment of cancer. However,
these compounds can cause undesirable side effects on nontar-
geted organs (e.g., heart, liver, kidneys, stomach, and blood-cell
lineages) along with unwanted physiologic consequences during
long-term or repeated treatments such as lengthy chemothera-
pies or recurrent pathologies. Doxorubicin hydrochloride (Dox) is
commonly used in the treatment of many solid tumors, such as
breast, lung, stomach, or ovarian carcinoma and sarcomas [15].
Dox inhibits cell growth by DNA intercalation and inhibition of
topoisomerase II along with various actions on cell metabolism.
Unfortunately, Dox is highly toxic, and the biodistribution of
anthracycline to nontargeted tissues causes serious side effects
that limit its dosage and use. Therefore, the development of new
formulation strategies involving Dox encapsulated in particulate
drug delivery systems would be highly desirable. Many studies
carried out with anthracyclines have given rise to a variety of Dox-
containing micro- and nanoparticles such as polymeric carriers,
inorganic magnetic nanoparticles with surface-adsorbed Dox, or
even solid lipid nanoparticles incorporating Dox through ion-pair
complex formation [15]. Particularly, the synthesis of CaCO3 parti-
cles, nanocomposites made of carboxymethyl cellulose-CaCO3 and
carbonate-apatite for transport of Dox has recently been reported
for the treatment of colon cancer and osteosarcomas [16–18].

Since Dox is a hydrophilic and water-soluble molecule, the
encapsulation of anthracycline into micro- and/or nanoparticulate
systems at a high rate and yield – and with a long shelf-life and well

controlled kinetic release – ultimately remains as the main chal-
lenge. In addition, major difficulties arise in controlling the cargo
release, while within the formulation process a compromise must
be found between encapsulation efficiency and the drug leakage
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rescent signals and a transmission detector for bright-field images.
These images were then superimposed electronically in correct
registration to give the final composite image (the merge). The
60 V.E. Bosio et al. / Colloids and Surfa

nduced by diffusion and/or matrix degradation as well as between
he biocompatibility and biodegradation of particle components.

In our previous work, the development and characterization of
iogel microbeads composed of alginate and carboxymethylated
uar gum to encapsulate Dox in the presence of Congo Red as a
olecular helper was analyzed [19]. The strategy was  to use the

ydrophobic aromatic ring of the polar Dox molecule interacting
ith the planar aromatic ring structure of the CR, a phenomenon

ommonly described as �–� stacking. The results showed that
he amount of CR was able to control Dox loading into the matrix
nd also the kinetics of drug release [19]. In the present work, the
pproach was to encapsulate Dox in a matrix but using the opposite
trategy: hydrophilic interactions. In this sense, a selected biopoly-
er  was chemically modified with a polar molecule, folic acid (FA),
ith the advantage of adding two additional carboxylic groups per

A molecule incorporated in the polymer chain. Another advan-
age is that FA is a well-known cellular marker and the FA-receptor
xpression is enhanced on most of the cancer-cell surface. Accord-
ngly, decoration of biopolymer-containing microsphere surfaces

ith FA should effectively increase the targeting of Dox to most of
ancer cells and concomitantly reduce the high toxic side effects of
he anthracycline.

The aim of the present work was therefore to develop, tai-
or and characterize hybrid nanostructured microparticles (hNPs)
ased on an inorganic-hydrogel matrix designed to deliver Dox as

 chemotherapeutic agent to target cancer cells. The hybrid micro-
articles containing Dox were analyzed by optical, fluorescence,
onfocal and scanning electron microscopies, FTIR, Raman and X-
ay diffraction spectroscopies, porosity determination by nitrogen
dsorption isotherms, loading and release studies in vitro. Also, the
ehavior of the hybrid microparticles in NIH 3T3 and MG-63 cell
ultures are reported.

. Materials and methods

.1. Chemicals and media

The biopolymers used in the present work were: kappa and iota
arrageenans (�-Car and �-Car) from Satiagel (SKW Biosystems).
ox was kindly supplied by LMK  pharmaceuticals (Argentina). All

he other reagents used were of analytical grade and purchased
rom Sigma–Aldrich (St. Louis, MO,  USA) or Merck (Darmstadt,
ermany) except when otherwise specified.

Dox was quantified by spectrofluorimetry (Perkin Elmer LS 50B,
apan) at a �exc of 454 nm and a �em of 588 nm through the use of
he appropriate calibration curve [5].

All the biopolymer and formulation solutions were made in
illiQ water (Millipore, Billerica, USA). The Dox stock solutions

0.9 g/l) and their dilutions were made in either MilliQ water or
uffers as stated.

Cell culture materials were purchased from Trading New Tech-
ologies (Buenos Aires, Argentina). Dulbecco’s Modified Eagle’s
inimal Essential Medium (DMEM) and fetal bovine serum (FBS)
ere supplied by GBO (Buenos Aires, Argentina), while trypsin-

DTA was provided by Gibco (Gaithersburg, MD,  USA).

.2. Dox–biopolymer interactions

Aqueous solutions of 1.0% (w/v) Pecs and Cars were made in
illiQTM water (Millipore, Billerica, MA,  USA) supplemented with

0 �M sodium azide and kept at 5 ◦C until use. After incubating

75 �l of the biopolymer stock solutions with 125 �l of Dox
olution for 2 h and 15 min  at 25 ◦C, 1.0 ml  of chilled acetone or
thanol was added to precipitate the biopolymer–cargo molecule
omplex, followed by sedimentation at 10,000 × g for 5 min.
Biointerfaces 123 (2014) 158–169

The Dox concentration was  measured in the supernatant by
spectrofluorometry as cited above.

2.3. Biopolymer targeting

2.3.1. Fluorescein isothiocyanate-labeled biopolymer
The derivatization of selected biopolymers with the fluorescein

isothiocyanate (FITC) probe was  performed as previously described
[20].

2.3.2. Folic-acid targeted �-Car
The FA was coupled to �-Car by an initial carboxymethyla-

tion of the �-Car and a subsequent activation by addition of
the carbodiimide (CDI) reactive group. The protocols for the car-
boxymethylation of �-Car, the formation of the carboxymethyl Car
(CM-Car) CDI derivative, and the coupling of (CDI-CM)-�-Car to FA
have been previously described [20,21].

2.4. The hNP synthesis

Biopolymer microparticles were synthesized in glass vials by
colloidal crystallization with CaCl2 in the presence of Glycine (Gly,
Sigma–Aldrich, Saint-Quentin-Fallavier, France), NaCl (VWR Inter-
national, Fontenay-sous-Bois, France), Na2CO3, and one of the
following polymers: hyaluronic acid, �-, �-, or �-Car. An aqueous
solution of 3.2% (w/v) CaCl2 in 1.25 M Gly–NaCl buffer (pH 10.0)
was prepared and kept frozen until use. During preparation, the
pH of the solution was  adjusted to the desired value with NaOH or
HCl. A 3.2% (w/v) Na2CO3 solution was prepared in MilliQTM water
and used immediately.

In a typical experiment, 9.0 ml  of a 3.2% (w/v) Na2CO3 solution
was mixed with 2.0 ml  of 1.0% (w/v) biopolymer solution in a 50-ml
Falcon tube under stirring (1000 rpm) for 1 min  in an ice bath. Then
9.0 ml  of 3.2% (w/v) CaCl2 in the Gly buffer was  added and mixed
with stirring for 5 min. The final concentrations in the reaction mix-
ture were, therefore, 0.1% (w/v) for each biopolymer and 1.6% (w/v)
for the Ca2+ and CO3

2− ions. MilliQTM water was then added to a
final volume of 30 ml  and the precipitated CaCO3–biopolymer prod-
ucts were collected by centrifugation. The precipitate was washed
with 30 ml  of MilliQTM water by centrifugation, and the pellet was
frozen in liquid N2 before lyophilization and final storage under
vacuum in a desiccator at room temperature until the time of char-
acterization.

2.5. Characterization of the hNP

2.5.1. Optical and fluorescence microscopy
Optical and fluorescence microscopy was  carried out with a

Leica DM 2500 microscope (Wetzlar, Germany) equipped with a
UV source and filters (495–505 nm)  for fluorescence observation.

2.5.2. Confocal laser scanning microscopy (CLSM)
FITC-labeled and non-labeled biopolymer microparticles were

examined in a Zeiss LSM 510 confocal microscope (Oberkochen,
Germany). The microscope collected 12-bit images at different
overlapping planes (scan-mode plane) with four detectors for fluo-
microscope has four lasers with multiple laser lines for excitation
of fluorophores (via the FITC filter). The software LSM 510 (2.01 v.)
was used for operating the microscope, for the merge, and for data
analysis.
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.5.3. Scanning electron microscopy
Scanning electron microscopy (SEM) images (JEOL 6310F,

roissy-sur-Seine, France) were obtained with a tungsten cathode
eld emission gun operated at 3.0 kV on dispersed powder in adhe-
ive carbon supports. The samples were prepared by sputtering the
urface with gold by means of a metallizer (Balzers SCD 030) to
btain a layer thickness between 15 and 20 nm.  The morphologies
nd surface features of the microspheres were also observed in a
hilips SEM Model 505 scanning electron microscope (Rochester,
Y, USA), and processed by an image digitizer program (Soft Imag-

ng System ADDA II, SIS).

.5.4. Roughness analysis
SEM images were analyzed by ImageJ software (NIH, USA). The

oughness of the surface was reflected in the standard variation of
he gray values of all the pixels on the image (at 2000×). First, the
EM image file was opened by the software and converted to an
-bit image. Then all the pixels on the image were selected and
tatistically measured by the computer. The lower the standard-
ariation value was, the smoother the surface was  shown to be.
istograms of the SEM images at 3000× magnification were finally
erformed in duplicate.

.5.5. X-ray diffraction
X-ray diffraction patterns for the different formulations spread

ver a glass substrate were collected in reflection mode on pow-
er and analyzed by the Origin program. The measurement was
erformed with an X-pertTM diffractometer using Cu-K� radiation
� = 1.54056 Å) from 2� = 10◦ to 70◦ in continuous mode with a 0.07◦

tep size.

.5.6. Vibrational analysis: FTIR and Raman spectroscopy
The �-Car and �-Car–Dox complexes were analyzed by FTIR

JASCO FTIR-4200, Japan). Pellets were prepared by mortaring the
amples at 5.0% (w/w) with KBr (Pike Technologies, Madison, USA)
nd scanning with background correction at 256 scans with a high-
nergy ceramic source and a DLATGS (deuterated l-alanine-doped
riglicine sulfate) detector with final analysis by the Origin program.
TIR scans were recorded in the 4000–400 cm−1 range at 4 cm−1

esolution. In addition, the hNP-Dox formulations with and with-
ut FA were determined by FTIR at the SMIS (Soleil, French National
ynchrotron Facility, France) beamline and the results were drawn
nd analyzed by the Omnic software. Images of Dox fluorescence in
he hNPs were furthermore obtained for the same samples.

The microscopic observation and Raman-spectra generation
ere carried out with a Nikon microscope linked to a Raman FRA

06 accessory of a FTIR Bruker 66 (Billerica, MA,  USA). The samples
ere analyzed under a 50X objective (focal distance, 12 mm)  upon

rradiation with a 514 nm Nd-YAG Perkin-Elmer laser.

.5.7. Nitrogen adsorption isotherms
Nitrogen adsorption–desorption at 77 K at a bath temperature

f −195.8 ◦C was carried out for dry microparticles. The surface
rea, pore volume and pore size of the different formulations
ere calculated with Micromeritics ASAP 2020 V3.00 Software

onsidering the Brunauer–Emmett–Teller (BET) equation or the
arrett–Joyner–Halenda (BJH) method.

.5.8. Car molecular weight determination
The three different Cars were studied by a high-pressure size-

xclusion chromatography system coupled to a refractometer.

olymer solutions at usually 2.0 mg/ml  were solubilized in MilliQTM

ater and then filtered through 0.45-�m pore diameter filters.
he filtered polymer was injected onto a PL-Aquagel-OH (Var-
an) column equilibrated with 100 mM ammonium acetate. The
Biointerfaces 123 (2014) 158–169 161

recovery index was calculated by the software and the concentra-
tion determined by refractometry after the appropriate calibration
(Supplementary material, Table 1S).

2.6. Dox loading and release studies

Dox-loaded microparticles were prepared by the adsorption
method. Weighed dehydrated hNPs (10, 25, or 50 mg)  were sus-
pended in 500 �l of MES  [2-(N-morpholino)ethanesulfonic acid]
buffer (pH 6.5). The Dox stock solution was then added to a
final concentration of 2.0 mg/ml. The microspheres were incubated
under a constant stirring of 30 rpm at 4 ◦C for 6 h. Next, the micro-
particles were pelleted and washed by centrifuging two times with
MilliQTM water.

The residual Dox in the supernatants was  assayed spectrofluo-
rometrically as mentioned above after loading and two washings
with the loading buffer. The loading efficiency (LE) was  evaluated
as follows:

EEDox = (Dox)to − (Dox)sup

(Dox)to
(1)

where EEDox is the entrapment efficiency defined as the difference
between the Dox concentration at time zero and in the supernatant,
divided by the concentration at time zero.

The pellets containing the centrifuged microspheres were
lyophilized and stored until the time of assay. For the release exper-
iments, 10.0–50.0 mg  of dehydrated microspheres plus 1.5 ml  of
buffer were placed in a 2.0-ml Reacti-roadTM flask, and Dox release
was performed at 37 ◦C and 30 rpm. At specific intervals, 300-�l
samples were withdrawn and replaced with an equal volume of
fresh buffer. The Dox concentration upon release was determined
by fluorescence as mentioned above.

2.7. Cell cultures

Cell lines not expressing folic acid receptors MG-63 and NIH 3T3
were selected for the studies with hybrid microparticles.

The MG-63 osteoblastic human osteosarcoma-derived cell
line (ATCC CRL-1427) was grown in DMEM supplemented with
100 U/ml penicillin, 100 �g/ml streptomycin, and 10% (v/v) fetal
bovine serum (FBS) at 37 ◦C under an atmosphere of 5% (v/v)
CO2 in air. Cultures reaching 100% confluence were subcul-
tured by treatment with 0.1% (w/v) trypsin plus 1.0 mM EDTA in
Ca2+/Mg2+-free phosphate-buffered saline (PBS: 11 mM KH2PO4,
26 mM Na2HPO4, 115 mM NaCl, pH 7.4). For the experiments, the
cells (3 × 104 cells/ml) were grown in 48-well plates at 37 ◦C for
24 h. Then, the resulting monolayer was  incubated with different
concentrations of the samples for the proliferation assay.

NIH-3T3 mouse fibroblast cells (CRL-1658TM), obtained from the
American Type Culture Collection (Manassas, VA, USA), were rou-
tinely seeded at 5000 cells per well (400 �l, 1.9 cm2) in 24-well
plates and grown in DMEM with 10% (v/v) heat-inactivated FBS
plus the above antibiotics at 37 ◦C and 5% CO2 in air.

2.8. Cell culture studies

The hNP anticancer activity, as assessed by loss of cell viabil-
ity, was tested with the MG-63 cells by the crystal violet assay.
Polystyrene particles of 5-�m diameter were used as a control for
the evaluation of the NIH-3T3 fibroblast cytotoxicity.

2.9. Viability determination (crystal violet assay)
The bioassay for mitogenesis was  carried out as previously
reported with certain modifications [22]. Stated in brief, after
growth in 48-well plates for 24 h, cultures were incubated with
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Fig. 2. (a) X-ray diffractogram of CaCO3 (vaterite) in absence and presence of �,
�  I and � carrageenans. Symbol: C, calcite. (b) Vaterite content in NhPs made in
absence or presence of K, I and L carrageenins and Gly buffer. The values are the
nd carrageenins: (gray bars, left to right: with one SO3 group or �-Car; two  SO3

roups or �-Car and three SO3
− groups or �-Car). Errors bars represent the dispersion

f the mean of at least three independent experiments.

ifferent supernatants collected from the Dox-release assays of
he hNP systems under simulated physiologic conditions at vari-
us time points; alternatively the cells were exposed directly to
he different concentrations of hNPs with and without the loaded
ox as controls (Fig. 9). Then the monolayers were washed with
BS and fixed with 5% glutaraldehyde in PBS at room temperature
or 10 min. Finally, for staining, the plates were treated with 0.5%
w/v) crystal violet in 25% (v/v) aqueous methanol for 10 min, then
ashed with water and dried. The dye taken up by the cells was

xtracted with 0.5 ml  of 30% (v/v) methanol in 100 mM Gly–HCl
uffer (pH, 3.0) per well and transferred to test tubes. Absorbance
as read spectrophotometrically at 540 nm after an appropriate

ample dilution. We  have previously shown that under these con-
itions the colorimetric bioassay strongly correlated with the cell
roliferation measured by cell counting in a Neubauer chamber
23,24].

.10. Statistical methods

At least three independent experiments were performed under
ach condition. The results are expressed as a percentage and rep-
esented by the mean ± SEM (always less than 6.6%). Differences
mong the data were assessed for statistical significance by analysis
f variance (ANOVA).

. Results and discussion

.1. Screening for biopolymer synthesis template

Thirteen biopolymers-three Cars, three chitosans, hyaluronic
cid, five Pecs, and xylan-were screened as potential matrices for
ox loading as previously reported [5]. Cars and Pecs were selected

or further binding studies because of the high interaction with the
nthracycline (data not shown). Different sulfonated Cars and Pecs
ith diverse degrees of esterification were screened with Dox to

evelop hNP formulations (Fig. 1).

Since the Cars showed better results than the Pecs (Fig. 1),
he �-, �-, and �-Cars were selected to develop the hNPs. The Car

olecular weights were characterized by high-performance liquid
mean of three replicates (n = 3) with standard deviation (SD ≤ 10%). Comparisons of
the means were performed by analysis of variance (ANOVA) with a significance level
of  5.0% (p < 0.05) followed by Fisher’s test at p < 0.05.

chromatography after the appropriate calibration (Supplemented
Material, Table. 1S).

3.2. Inorganic crystallization in the Car matrices

The vaterite content of the crystallization network during
the formation of microspheres changed drastically with the type
of polymer present in solution, and the crystal structure found
could be attributed to the amount of polar groups in the polymers
(Fig. 2a). The X-ray-diffraction peaks observed in the figure are
characteristic of CaCO3 polymorphism in the form of vaterite. In
addition, no peaks at 2� of 29.3◦ were observed, indicating the
absence of calcite in the microspheres under all the synthesis
conditions tested (Fig. 2a) [25]. In order to evaluate the effect of the
matrix components on the vaterite content, the percent vaterite
present with and without the Gly buffer or the biopolymers
was measured. The resulting samples were likewise analyzed by
X-ray diffraction (Fig. 2), but also by FTIR and Raman vibrational
spectroscopy (data not shown) and SEM (Fig. 3). The presence of

the Gly buffer and/or the different biopolymers strongly influenced
the vaterite content in the network. For example, a higher value
of vaterite (up to 100%) was found for the �-Car-CaCO3 network
than for the hyaluronic acid–CaCO3 hybrid system reported
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Fig. 3. SEM images of the CaCO3 microparticles synthesized. (a) CaCO3 MP without Gly buffer and without biopolymers. (b) CaCO3 MP  without biopolymers. (c) hNPs with
biopolymer and (d) optimization of the synthesis for �-Car and FA–�-Car (left and right respectively); longitudinal cut particle of FA–�-Car on the right inset figure.
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reviously [1]. The phenomena could be explained by the presence
f sulfonate groups present in the Cars. The addition of Car to the
a2CO3 aqueous solution at the beginning of the synthesis may

ead to certain immobilization of carbonate groups in terms of
iffusion rates, considering the 0.1% (w/v) �-Car concentration and
he resulting viscosity [11]. Depending on the experimental condi-
ions, e.g., ionic strength and the nature of the ions in the solution,
emperature, pH, etc.,  Car viscosities could reach between 60 and
00 mPa  s, which is about 1000 times higher than the viscosity of
istilled water [26]. Also, the �-Car molecules in solution become
ore ordered at low temperatures and consequently, they show

tiffer structures that reduce all the diffusional processes. Then,
he addition of Ca2+ ions to the CO3

2−/�-Car solution could start
he nucleation of calcium microcrystals not only by the carbonate
nion on the polymer surface, but also by the �-Car sulfonate
roups. Even when the Kps of CaCO3 is about 10−9, several times
ower than that of CaSO4 salt (about 10−5), the decreased diffusion
f carbonate molecules in the solution may  help the calcification
rocess mediated by the sulfonate groups of �-Car. Additionally,
uring the process of vaterite crystallization, the incorporation of
he biopolymer into the CaCO3 network be possible, as previously
eported for Car and other polymers [12–14]. Evidence based on
he hypothesis of biopolymer incorporation into the CaCO3 matrix
s the decrease in the hNP size compared with other microparticles
omposed of biopolymers and calcium carbonate alone (Fig. 2).
onfocal microscopy of the cross section of hNPs and fluorescence
icroscopy analysis indicate that �-Car was integrated not only

n the particle surface, but also located inside the matrix of the
NPs (Figs. 3 and 4).

.3. Microsphere surface and internal morphology

The diameter of the �-Car-CaCO3 microspheres (with and with-
ut FA) was ca.  2 �m by SEM analysis (Fig. 3), – with a relatively
arrow size distribution (mean diameter, 2.5 ± 0.2 �m)  – this
imension being about a half of that of the classical CaCO3 (about

 �m)  (Supplemented Material, Fig. 1S). Surface analysis of the �-
ar microspheres indicated the presence of agglomerated vaterite
anograins similar to those previously reported (Fig. 3) [8]. The
icroparticle powder was  slightly ground in a mortar and dis-

ersed on an adhesive carbon support. A broken particle located
nd visualized by SEM (Fig. 3d, inset on the right) revealed that the
nvironment inside the microspheres was homogeneous. No holes
ere present, but radial fibrous units around 1 �m in length were

bserved inside the microspheres. Thus, the growth of the CaCO3
icrocrystals within the particles was seen to be radial, as had been

reviously reported [14].
On the basis of matrix stability, because of the vaterite content

long with the results displayed in the previous figures, the �-Car-
NPs proved to be the best system owing to the high degree of
omogeneity in terms of shape and size distribution. This system
as therefore selected for further formulation studies.

.4. Presence of biopolymer and stability in hNP systems

The FTIR and Raman spectra of the Cars recorded before and
fter hNP synthesis were not different. These results confirmed the
ntegrity of the Cars during hNP gelation. Furthermore, no relevant
nteractions between the biopolymers and CaCO3 were detected

ithin the matrix, and no differences were observed in the integrity
f the biopolymers present in the microparticles synthesized by
ifferent drying and washing processes. These results strongly sug-

ested that the biopolymers were working as physical templates
or CaCO3 crystallization under those different experimental con-
itions. Finally, the Dox-loading capabilities of the hNPs were not
ompromised (data not shown).
Fig. 4. �-Car hNPs microscopies: (a) fluorescent and (b) confocal images.

The FITC-labeled �-Car biopolymer was  synthesized and added
to the solution during hNP synthesis in order to confirm the pres-
ence and distribution of the biopolymer within the microparticles
(Fig. 4). The images obtained by light and fluorescence microscopy
were used to determine the presence and location of the labeled �-
Car within the microspheres (Fig. 4a and b), while flow-cytometry
analysis was carried out to verify the presence of the labeled
biopolymer within the isolated particles (data not shown). Confo-
cal microscopy revealed that the biopolymer within the hNPs was
both inside the microparticles and on the surface (Fig. 4).

The presence of �-Car within the microspheres and the sta-
bility of the hybrid particles justified the choice of this system
to be derivatized with FA. The FA molecule has the advantage
of increasing the hydrophilicity of the �-Car chains allowing the
enhancement of Dox loading and release. Additionally, FA is one of
the most recognized molecules used for cancer cell targeting.

3.5. Porosity determination by nitrogen adsorption

A porosity determination of the FA–�-Car microspheres was car-
ried out by N2 adsorption and desorption at 77 K. Fig. 5a shows the
isotherms obtained. Gas adsorption in the P/Po range of 0.1–0.3
gave a specific surface area of 27 m2 g−1, as calculated by the

BET equation (Fig. 5b), which was ninefold higher than previ-
ously reported for the CaCO3 microspheres of a similar size range
(1–2 �m)  [27]. The high surface area compared to the 5-�m par-
ticle diameter can be explained by the presence of nanograins
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gglomerated on the microsphere surface and by the internal
orosity. In contrast to the synthesis under supercritical condi-
ions, here the adsorption and desorption isotherms did not show a
ronounced hysteresis at P/P0 > 0.43 owing to the N2-capillary con-
ensation that takes place in the particle mesopores [8]. Moreover,
he nanopores in the hNPs exhibited a low dispersion at around an
verage size of 30 nm (Fig. 5c and d), and these small dimensions of
he nanopores could explain the increased Dox-loading capability
or the �-Car hNPs over that of the nanoparticles without Car that
s indicated in the following sections.

.6. Dox-loading studies

In order to maximize Dox encapsulation in the �-Car hNP matri-
es, different loading processes and buffers were tested at various
Hs (data not shown). The adsorption method for Dox loading at pH
.5 in the presence of MES  buffer under slow stirring at 4 ◦C for 6 h
roved to be the best condition found. The presence of �-Car in the
ybrid systems provides some interaction with Dox expressed by
oderate binding of the Dox molecules to the hybrid matrix com-

ared with the non-hybrid microparticles. The experimental Dox
oading values were 29% for �-Car–CaCO3 versus an undetectable
mount of Dox in the CaCO3 particles alone. The chemical deriva-
ization of �-Car with folic acid raised the Dox loading to 83% for
A–�-Car–CaCO3, which is about a threefold loading increase. The
xplanation for this big difference of the Dox loading in both matri-

es could be attributed to the increased number of polar residues,
.g., carboxylate groups formed by the attachment of folic acid to
ar, twice for each folic acid molecule incorporated to �-Car, and
lso to the hydrophilic properties of the Dox molecule (log P = 1.27),
 desorption (©). (b) BET specific surface area analysis. (c) Volume pore determined

which allowed increasing the drug loading and reducing the Dox
release (see below) (Supplementary material, Fig. 2S).

3.7. Spectroscopy studies of the loading systems: FTIR analysis

The presence of �-Car in the hNPs and the FA in the covalently
modified biopolymer as well as the existence of vaterite as the main
CaCO3 polymorphism within the matrix were confirmed by FTIR
analysis. The fact that FTIR revealed that the interaction between
the �-Car and Dox was as had been originally found by X-ray diffrac-
tion (Fig. 1) was reassuring.

Peaks characteristic of the �-Car-hNPs were distinguished in the
FTIR spectra (Fig. 6) representing the C O stretching at 1690 cm−1,
the N H bending at 1605 cm−1, and the presence of the aromatic
group at 1510 cm−1. Moreover, an amide peak related to the binding
of the biopolymer to FA was present at 1240 cm−1 [28].

In addition, the FTIR spectra of the Dox-loaded hNPs contained
a characteristic Dox N H peak that was  shifted from 1615 cm−1

to 1628 cm−1 (�� = 13 cm−1), while the 1722 cm−1 Dox carbonyl
peak was  displaced to 1733 cm−1 (�� = 11 cm−1). The bands asso-
ciated with the aromatic Dox motifs were also shifted from 1743 to
1733 cm−1 (�� = 10 cm−1), suggesting a possible interaction with
the hydrophobicity of the anthracycline aromatic ring.

Similarly, the �-Car–Dox complex exhibited hypsochromic
shifts within the �C C vibrational mode compared to the

underivatized-Dox spectrum [28]. Thus, these FTIR studies strongly
suggested a complex interaction between the cargo and the matrix.

Finally, vaterite was detected in the FTIR spectra as the main
CaCO3 polymorph of the inorganic-matrix network (Fig. 7).
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Fig. 6. FTIR spectra of �-Car ( ) and FA

Simultaneous �-Car–Dox-hNP analyses by fluorescent and light
icroscopy (Fig. 7a) coupled with FTIR-synchrotron spectroscopy

Fig. 7b) were performed on samples immobilized in an organic
esin. A correlation was then established between the degree of Dox
oading, inorganic stability, and the presence of the biopolymer in
he matrix (Fig. 7).

Map  analysis obtained from the synchrotron beam (Fig. 7b)
ndicated that the adsorption method developed for loading the
articles with Dox had not affected the polymorphic stability of
he hNPs because of the typical calcite peaks were absent from the
TIR spectra [29].

.8. Dox-release studies

A kinetic analysis of Dox release was carried out on the �-
ar–Dox and FA–�-Car–Dox hNPs, simulating the real physiologic
onditions in vivo (i.e., PBS buffer, 37 ◦C). After 5-day incubation,
ox release from the hNP matrix was not exhausted, but a plateau
ad been reached (Fig. 8). These kinetics can be explained by the
trong interaction between the calcium ions and the �-Car chains
hat produces a highly stable cross-linked gel. As a consequence,
he Dox molecules were able to diffuse, though slowly, from the
nner microsphere layers to the surface and then be released into
he buffer. This release of Dox from the �-Car–Dox hNPs was 73%,
ut from the derivatized FA–�-Car–Dox hNPs it was only about a
hird as much, at 26%, after 25 days of incubation (Fig. 8).

.9. Cell-culture assays

The cytotoxicity of hNPs to NIH-3T3 mouse fibroblasts was
easured and compared to that of polystyrene microparticles

f similar size after 96 h of incubation. No statistical differences
ere observed for the �-Car and FA–�-Car hNPs relative to the

olystyrene control (p < 0.01; data not shown).

Supernatants of the FA–�-Car–Dox microspheres were col-
ected at different times and tested for cytotoxicity to the MG-63
uman osteosarcoma cells. The crystal violet assay indicated a
r ( ) used in the formulation of hNPs.

cell viability of 100%, 67%, 57%, and 36% in the cultures after 3, 6,
9, and 24 h of exposure to those hNP supernatants, respectively,
relative to control cultures exposed to buffer alone (Fig. 9). The cell
viability observed for different samples was in agreement with the
Dox release from the FA–�-Car–Dox hNPs (Fig. 8).

In addition, the hNPs’ anticancer activity, when tested on the
MG-63 cells, indicated a degree of cytotoxicity of FA–�-Car–Dox
hNPs similar to that seen with the Dox-containing supernatants,
with the cultures exhibiting only 14% viability after 24 h of expo-
sure to the Dox-laden microparticles. By contrast, when the hNPs
contained no Dox in the control cultures, the cells remained 100%
viable (Fig. 9). Similar cytotoxic effects to those observed here with
the Dox-containing supernatants and hNPs were obtained when
30 �g/ml of Dox in the free state was  added to the cultures. Further-
more, a significant increase in cytotoxicity was observed for both
types of hNPs relative to the uncharged particles even after only
6 h (p < 0.01). Finally, non-stirred hNPs incubated with the cell line
showed no decrease in cytotoxicity, but the cytotoxicity with the
FA–�-Car–Dox hNPs became more readily apparent at incubation
times longer than 6 h.

4. Discussion

Microparticle synthesis depends on the physicochemical prop-
erties of the molecular medium as well as on the chemical
components present in the solution, with both conditions play-
ing a key role in the colloidal crystallization of salts. Consequently,
biopolymers acting as templates determine the polymorphism of
CaCO3 crystals during hNP synthesis. On the basis of matrix stability
owing to the vaterite content and degree of homogeneity in terms
of size and shape, the �-Car-HNPs system was  therefore selected
for further formulation studies.

FTIR and Raman spectroscopies along with X-ray diffraction

indicated that hNPs containing Cars were stable systems exhibit-
ing a high content of vaterite–CaCO3 polymorphism analyzed after
lyophilization. These results strongly suggested that the biopoly-
mers were working as physical templates for the CaCO3 nucleation
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ig. 7. Analysis of �-Car–Dox hNPs by: (a) fluorescence microscopy; (b) FTIR synch
ere  performed on a cross section of samples immobilized in an organic resin.

nder those different experimental conditions, where the Dox-
oading capabilities of the hNPs were not compromised (data not
hown).

Fluorescence spectroscopy and confocal microscopy revealed
he presence of biopolymers in the porous inorganic matrix, while
EM indicated a homogeneous particle-size distribution. The small-

st synthesized particles were Car hNPs compared to the classical
aCO3 microparticles.

The presence of �-Car within the microspheres and the stability
f the hybrid particles justified the election of the system for
. Simultaneous �-Car–Dox-hNP analyses by fluorescent, light microscopy and FTIR

targeting Dox to cancerous cells by FA. The tumor targeting of
hNPs was thus performed by combining the �-Car with folic acid
(FA–�-Car) as described in Section 2.

The results of the FTIR synchrotron-beam showed that the
method of adsorption used in the Dox loading of the particles did
not affect the stability of the hNPs in terms of the content of vaterite

polymorphism. In addition, the presence of the biopolymer in the
matrix increased the specific surface area of the material to up
to ninefold (measured by the BET method) in the FA–�-Car hNPs.
The high surface area compared to the 5-�m particle diameter
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re the mean of three replicates (n = 3) with standard deviation (SD ≤ 10%). Dif-
erences among the data were assessed for statistical significance by analysis of
ariance (ANOVA) with a significance level of 5.0% (p < 0.05).

an be explained by the presence of nanograins agglomerated
n the microsphere surface and by the internal porosity. The
on-hysteresis can be attributed to the absence of a hollow core
nd could be related to the high stability of the vaterite network
ithin the system during the Dox-loading process.

A nanostructured porous surface was found in all instances,
ith the FA–�-Car-hNP pore size being about 30 nm (the
arrett–Joyner–Halenda adsorption average), and these small
imensions of the nanopores could explain the increased Dox-

oading capability for the �-Car HNPs over that of the nanoparticles
ithout �-Car.

The lyophilized Dox-loaded particles displayed a high stabil-
ty as indicated by the percentages of vaterite and Dox released,
nd the FA–�-Car-hNP system exhibited good loading capabilities.
oreover, FTIR studies of Dox loading strongly are suggesting a

omplex interaction between the cargo and the matrix.
A progressive sustained release was found under simulated

hysiologic conditions for �-Car and FA–�-Car hNPs in 25-day
xperiments. The anticancer activity tested on the human osteosar-
oma cell line with FA–�-Car hNPs indicated a higher cytotoxicity
han with non-immobilized Dox.

A coalition of the strategies of controlled release and specific

ell targeting in combination with hybrid biopolymeric-inorganic
articles, as tested in the present model system, would appear to
rovide the means for a novel platform for cancer chemotherapy.
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