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a b s t r a c t

Surface modification of doxorubicin (DOX) intercalated zirconium phosphate (ZrP) nanoparticles
(DOX@ZrP) is proposed to improve the potential of this drug delivery system for cancer therapy. The sur-
face of DOX@ZrP nanoparticles was modified with an amorphous layer of Zr(IV) followed by modification
with monomethyl-poly(ethylene glycol)-monophosphate (m-PEG-PO3) as a feature to increase the
DOX@ZrP biocompatibility. 31P{1H}MAS NMR data shows a new peak at �26 ppm corresponding to the
PO4

3� groups coordinated with Zr(IV) on the surface. Initial MTS cell viability assay reveals that m-PEG-
PO3/Zr(IV)/DOX@ZrP exhibits �20% higher cytotoxicity than free DOX and the other ZrP materials when
human prostate cancer PC3 cells are exposed for 48 h. m-PEG-PO3 polymer coating of DOX@ZrP nanopar-
ticles promise to have a strong impact on the targeting, distribution and degradation of the nanoparticles
under physiological environment that should result in a more efficient chemotherapy agent than free
doxorubicin.

� 2017 Elsevier B.V. All rights reserved.

1. Introduction

Inorganic layered nanomaterials (ILN) have become very attrac-
tive in the last decades [1]. The distinctive property of this type of
materials lays on the strong covalent interactions of the atoms
within an individual layer while at the same time they participate
in weaker van der Waals interactions with the adjacent layers
[2,3]. ILN have been used for many applications such as solar
energy harvesting [4], pollutant absorbents [5,6], catalysis [7,8],
electron transfer reactions [9,10], and nanomedicine [11,12]. There
are different types of ILN: anionic, uncharged, and cationic [13–18].
Our research work focuses on the cationic-exchange ILNs,
specifically on the layered tetravalent metal phosphate zirconium
bis(monohydrogen orthophosphate) monohydrate (Zr(HPO4)2�H2O,
a-ZrP) and the a-ZrP type of nanoparticles.

The zirconium phosphate crystal structure was first reported by
Clearfield and Smith in 1968 by the single-crystal method and
refined by Clearfield and Troup in 1977 [19,20]. According to the
crystal structure, a-ZrP is constituted by zirconium atoms aligned
in an imaginary plane with alternate phosphate groups above and
below this plane. Three oxygens from each phosphate group are
connected to three different Zr atoms, and the fourth is protonated
and points away from the layer, either in the interlayer space or on
the surface. This hydroxyl group can be deprotonated via an ion
exchange reaction or via acid-base proton transfer. This structural
arrangement provides a zeolitic cavity that is able to host only one
water molecule per formula unit which is held in the crystal lattice
by strong hydrogen bonds with the hydroxyl groups [21]. The
interlayer distance of a-ZrP is 7.6 Å with each layer having a thick-
ness of 6.6 Å [22]. A displacement of the water molecules in the lat-
tice can occur during the intercalation process of a guest molecule.
The zeolitic cavities interconnect to each other by entrances with a
diameter of 2.61 Å, limiting the size of ionic species that can be
incorporated by direct ion-exchange [17]. The charge field of the
interlayer space can restrict the orientation and mobility of the
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bound guest [22]. This material is highly stable at low pH and high
temperature. Due to the versatility of this ILN an extensive list of
uses and potential applications of a-ZrP have been reported such
as ion exchange, sensors, polymer nanocomposites, antimicrobials,
fire retardants, and non-soluble surfactants [18,23].

We have focused our interests in Zr(HPO4)2�6H2O (h-ZrP), the
hydrated form of a-ZrP, which has six water molecules per formula
unit and an interlayer distance of 10.3 Å, but maintains a-type lay-
ers. The h-ZrP converts to the a-ZrP upon dehydration [24]. Using
h-ZrP for intercalation reactions while wet increases the number
of compounds able to be intercalated, without a preintercalation
step, compared to a-ZrP, as well as an increase in the number of
potential applications of these materials. Nowadays the application
of nanotechnology for delivery of chemotherapeutic drugs has
become a promising area of research that aims to satisfy the neces-
sity of side-effects inhibition. The acidic ion exchange capacity of h-
ZrP allows the incorporation of different species. During the past
years, our collaborative efforts have been dedicated to the interca-
lation into ZrP of different anticancer drugs to develop potential
drug nanocarriers to target cancer cells [25–28].

Doxorubicin (DOX) is one of the most widely used anticancer
drugs with high efficiency [29]. DOX major mechanisms of action
are the inhibition of Topoisomerase II and generation of radical
oxygen species causing programmed cell death [30]. In spite of
its effectiveness, DOX induces several acute side effects, such as
cardiomyocytes degradation, due to the lack of selectivity to cancer
cells [30]. Díaz et al. reported the first intercalation of DOX into zir-
conium phosphate layers (DOX@ZrP) as a potential drug delivery
system [25]. An expansion of the interlayer distance to ca. 20 Å
measured by X-ray powder diffraction (XRPD) was reported. A
loading percent of 34.9% by weight of DOX into ZrP nanoparticles
was achieved. Cellular studies showed a high bio- and hemocom-
patibility of ZrP nanoparticles, while DOX@ZrP intercalated
nanoparticles showed an increment in cellular uptake and cytotox-
icity in MCF-7 (breast cancer) and MDA-MB-231 (metastatic breast
cancer) cell lines compared with free DOX [31]. In addition, the
release of DOX was sustained for two weeks [25,31]. These results
reveal the promissory anticancer potential of DOX@ZrP nanocarri-
ers. The contact area between nanoparticles and the lipid bilayer is
a crucial factor that influences the penetrating capability of these
carriers [32–33]. ZrP nanoparticles are not spherical, instead they
have a platelet shape which promises to be more suitable to reach
the tumor endothelium and to improve contact area with the cell
membrane [32]. Spherical nanoparticles tend to stay in the center
of the capillary blood flow disrupting the extravasation process
thorough the fenestrations, and consequently limiting their ability
to recognize specific molecular markers on the tumor endothelium
[34]. Although platelet-like ZrP nanoparticles modified with inter-
calants are attractive nanocarriers, there is interest to also modify
the nanoparticle surface to add new capabilities, such as biocom-
patibility [35–36].

The high charge density of the surface of ZrP (up to one charge
per 24 Å2) is a feature of this material that can be exploited to mod-
ify the surface of this material [13]. The deprotonation (ion-
exchange reaction) of hydroxyl groups and activation of the surface
by means of the attachment of specific molecules open new possi-
bilities to novel studies in the ILN area (Scheme 1). Different
approaches of surface functionalization of a-ZrP for different appli-
cations have been recently reported by the Clearfield group
[37–40]. The attachment of molecules to the surface may improve
the biocompatibility of the ZrP nanoparticles [41]. Poly(ethylene
glycol) (PEG) modification has become a widely used method to
increase biocompatibility of nanoparticles [42]. Recently, NMR
monitoring of PEG-modified DOX-intercalated ZrP showed partial
intercalation of PEG chains into the interlayer space for sonicated
samples [43]. Here we report the surface functionalization of

DOX@ZrP nanoparticles with monomethyl-poly(ethylene glycol)-
monophosphate (m-PEG-PO3) for non-sonicated samples, which
prevents intercalation of PEG chains. This ZrP surface PEGylation
promises to improve biocompatibility of the nanoparticles [37].

2. Materials and method

2.1. Materials

Zirconyl chloride octahydrate (ZrOCl2�8H2O, 98%) and phospho-
ric acid (H3PO4, 85% v/v) were obtained from Sigma-Aldrich. Dox-
orubicin hydrochloride 99% was obtained from Medchem Express
Company. Monomethoxy-poly(ethylene glycol)-monophosphate
(m-PEG-PO3) 2000 MW was purchased from JenKem Technology.
Ethanol was obtained from Alfa-Aesar. All reagents were used
without further purification. Distilled water was obtained by using
a Barnstead purification train (18 MX-cm).

2.2. Instrumentation

X-ray powder diffraction (XRPD) measurements were per-
formed from 2 to 40� (in the 2h axis) using a Bruker D8 Advance
X-ray power diffractometer with Cu Ka radiation (k = 1.5406 Å)
with Bragg Brentano assembly and operated at a potential of
40 kV and a current of 44 mA. Bragg’s law (nk = 2dhkl sin h) was
used to determine the interlayer distance in the ZrP layers consid-
ering the first order diffraction peak at the lowest diffraction angle,
where k is the wavelength of the X-ray source, dhkl is the interlam-
inar distance between planes in the unit cell, and h is the diffrac-
tion angle. Vibrational spectroscopy data were obtained using a
Bruker-Tensor 27 FT-IR spectrometer with the OPUS Data Collec-
tion Program for the analysis. The 31P{1H}, 13C{1H}, and 1H MAS
NMR experiments were carried out with a Bruker Avance-400
solid-state NMR spectrometer (400 MHz for 1H nuclei) equipped
with a standard 2.5-mm MAS probe head. The standard single
pulse (direct nuclear excitation, DE) and cross-polarization (CP)
pulse sequences were applied for nuclei 1H, 31P, and 13C at time
delays needed for the full spin-lattice relaxation and the spinning
rate was 7 kHz. The contact times of 2 and 6 ms were adjusted
for 13C and 31P nuclei, respectively, to observe the regular pro-
ton-carbon and proton-phosphorus CP MAS NMR spectra. The
external standards used for 1H, 13C, and 31P NMR experiments were
TMS and H3PO4 solution, respectively. Kinetics of proton-phospho-
rus cross polarization has been studied by variations in contact
times between 100 and 10,000 ls used for the 31P{1H}CP MAS
NMR experiments. The kinetic data have been treated with a stan-
dard fitting computer procedure. Elemental analyses were per-
formed using a four-spectrometer Cameca SX50 electron
microprobe at a beam current of 20 nA and an accelerating voltage
of 15 kV. All quantitative experiments employed wavelength-dis-
persive spectrometers (WDS). Analyses were carried out after stan-
dardization with pure elements. Thermogravimetric experiments
were carried out on a TGA Q500 TA instrument. Samples were
heated from room temperature to 1000 �C at a heating rate of
10 �C per minute under a mixture of air and nitrogen (90% air).
Scanning electron microscopy (SEM) images were performed in a
high-resolution field emission JEOL-JSM 7500F SEM to analyze
powder samples previous deposited over ultrathin carbon film on
lacey carbon support film, 400 mesh, copper was purchased from
Ted Pella, Inc. The images were analyzed using scanning transmis-
sion electron microscopy (STEM) mode in bright field.

2.3. Zirconium phosphate synthesis

h-ZrP was directly synthesized using the reflux method [44]. A
0.05 M ZrOCl2�8H2O solution was added dropwise to a 6 M H3PO4
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