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Abstract

Controlled and local drug delivery systems of anti-inflammatory agents are attracting an
increasing attention because of their extended therapeutic effect and reduced side effects.
In this work, the sol–gel process was used to synthesize zirconia/polyethylene glycol (ZrO2/PEG)
hybrid materials containing indomethacin for controlled drug delivery. Different percentages
of PEG were introduced in the synthesis to modulate the release kinetic and an exhaustive
chemical characterization of all samples was performed to detect the relationship between
their structure and release ability. Fourier transform spectroscopy and solid-state NMR show
that the Zr–OH groups of the inorganic matrix bond both the ethereal oxygen atoms of the
polymer and the carboxylic groups of the drug. X-ray diffraction analysis ascertains the
amorphous nature of those materials. Scanning electron microscopy detects the nanostructure
and the homogeneous morphology of the synthesized materials.
The bioactivity was demonstrated by the formation of a hydroxyapatite layer on the surface
of the samples, after soaking in a simulated body fluid. The release kinetics study, performed
by HPLC UV–Vis spectroscopy, proves that the release ability depends on PEG and the drug
amount and also demonstrates the indomethacin integrity after the synthetic treatment.
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Introduction

The class of the organic/inorganic nanocomposites hybrid

materials is attracting a considerable attention today because

of their properties, which come from the synergic effects

of the two components and cannot be achieved otherwise,

as they result from the interplay between the two phases on

a nanometric scale.

Such hybrids appear promising for several applications,

including the making of solid-state lasers (optical compo-

nents), the use as replacements for silicon dioxide as

insulating materials in the microelectronic industry, or as

anticorrosion or scratch resistant coatings and host materials

for chemical sensors (Dubois et al., 2008; Wang et al., 2010,

2011; Zheng et al., 2011). Also, the biomedical and pharma-

ceutical researches are showing a growing interest toward that

class of materials. Many works suggest the use of those

materials in biomedical applications (Vallet-Regi et al., 2011;

Shirosaki et al., 2012; Pandey & Mishra, 2013), such as the

scaffold for tissue engineering (Russo et al., 2010; Terzaki

et al., 2013; De Santis et al., 2013), as biosensors (Lu & Lin,

2011), as coating to improve the biological performance of

implants (Catauro et al., 2013a), or as drug delivery systems

(Goldberg & Gomez-Orellana, 2003; Catauro et al., 2007a,

2008; Catauro & Bollino, 2012; Chen et al., 2013; Coll et al.,

2013; Kolodziejek et al., 2013). The development of that last

issue is one of the major objectives of the pharmaceutical

research in order to sustain or control the release of active

agents.

Controlled and localized drug release offers several

advantages, if compared to other delivery options. Plasma

concentrations of drugs administered via injection, inhalation,

or ingestion can require repeated and relatively greater

dosing, because the drug distribution occurs in whole body.

The pharmacokinetics of oral drug delivery, the most popular

and favorite route of administration, is influenced by some

physiological and pathological factors of the patient, which

can make the active principle ineffective or even toxic

(Goldberg & Gomez-Orellana, 2003). Controlled local release

systems may provide the desired constant drug concentrations

at the delivery site, lower systemic drug levels, and a potential

reduction of deleterious side effects (Danhof et al., 2008).

In this work, zirconia/polyethylene glycol (ZrO2/PEG)

hybrid materials containing indomethacin (IND) have been

proposed as controlled drug delivery systems. The compo-

nents choice is related to previous researches. Indeed, the use

Address for correspondence: M. Catauro, Department of Industrial and
Information Engineering, Second University of Naples, Aversa, Italy.
Tel: +39 0815010360. Fax: 39 0815010204. Email: michelina.catauro@
unina2.it

D
ru

g 
D

el
iv

er
y 

D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

M
on

as
h 

U
ni

ve
rs

ity
 o

n 
12

/1
5/

14
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



of ceramic materials as carriers for drug release has been

extensively reported in many biomedical applications

(Catauro et al., 2006; Teoli et al., 2006; Habraken et al.,

2007; Catauro et al., 2013b) because of their biocompatibility,

mechanical, and chemical stability. The biological properties

and the release ability of ZrO2 glass systems together with

the capability of same polymers, i.e. poly("-caprolactone)

and poly(ether-imide), to modulate their release kinetic was

already evaluated elsewhere by Catauro et al. (2007a,b, 2008)

and Catauro & Bollino (2012).

The materials were prepared by means of the sol–gel

process, a technique to make glasses and ceramics at low

temperature. That method is an interesting approach to

prepare hybrid materials, because it takes place in a solution,

thus allowing to introduce easily the organic phases in an

inorganic material, while preventing its degradation. The base

reactions of sol–gel process are the hydrolysis of alkoxide

precursors to form a solution (sol phase) and the condensation

of the intermediate species that causes the formation of a

3D network (gel phase) (Brinker & Scherer, 1989; Hench &

West, 1990).

The sol–gel process provides a convenient way to produce

porous (Lu & Lin, 2011), biocompatible, and bioactive

materials. The last property, that is the ability of forming an

uniform apatite layer on the surface of a biomaterial allowing

its strong bonding to bone in vivo (Kokubo et al., 2003;

Catauro et al., 2007a), is related to the formation of hydroxyl

groups in the inorganic network and is required to use those

materials in dental and orthopedic fields.

The aim of this work is to synthesize a new class of

hybrid materials for drug delivery and to investigate the

release kinetic of the anti-inflammatory by the systems.

A particular attention has been devoted to study the effect

of the PEG on the drug release modulation and to detect

the relationship of the structure and ability of those mater-

ials to release the anti-inflammatory agent. Moreover, the

structural identity of the released indomethacin has been

confirmed.

For that purpose, various percentages of polymer (from 0

to 50 wt%) and indomethacin (from 5 to 15%wt) were added

to the inorganic part (ZrO2) to synthesize different hybrid

systems. Their extensive chemical characterization allowed to

detect a dependence between the formation of interactions

among the phases and their concentration in the systems,

which is responsible of a different behavior in terms of drug

release.

Finally, the bioactivity of the synthesized samples has been

studied by soaking them in a simulated body fluid (SBF)

to evaluate their possible use in dental or orthopedic fields.

In fact, the use of implantable therapeutic systems, filling

materials for bone or tooth repair, which can also release

pharmaceuticals (i.e. anti-inflammatory agents or antibiotics)

may reduce inflammatory or infectious side effects of implant

materials.

Materials and methods

Sol–gel synthesis

The organic/inorganic hybrid materials, consisting of an

inorganic ZrO2 matrix, in which different percentages of

PEG (0, 6, 12, 24 and 50%wt) were added, were synthesized by

means of the sol–gel process from an analytical reagent

grade of zirconium propoxide Zr(OC3H7)4 (Sigma-Aldrich,

St. Louis, MO), ethanol, water, and acetylacetone (AcAc,

Sigma Aldrich, St. Louis, MO) with a molar ratio

Zr(OC3H7)4:H2O:AcAc¼ 1:1:4.5. Acetylacetone was added

to control the hydrolytic activity of zirconium alkoxide.

Successively, PEG (PEG 400, Sigma Aldrich, St. Louis,

MO), previously dissolved in ethanol, was added to the

solution under vigorous stirring. ZrO2/PEG hybrids were

then all mixed with a solution of EtOH/indomethacin (5, 10 and

15 wt%) (Sigma-Aldrich, St. Louis, MO). After the addition

of each reactant, the solution was stirred up to the point,

by which homogeneous and transparent sols are obtained. After

gelation, the gels were air-dried at 50 �C for 24 h to remove the

residual solvent without any degradation of the polymer and the

drug. The product obtained after that the treatment is shown in

Figure 1. The flow chart in Figure 2 describes schematically the

sol–gel synthesis of the said hybrid materials.

Figure 2. Flow chart of ZrO2/PEG/IND gel synthesis.

Figure 1. Bulk of ZrO2/PEG/IND. Only one case is shown as all systems
show same aspect.
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Chemical characterization

Fourier transform infrared (FTIR) transmittance spectra were

recorded in the 400–4000 cm�1 region using a Shimadzu

Prestige 21 spectrometer, equipped with a DTGS KBr

(deuterated tryglycine sulphate with potassium bromide

windows) detector, with a 2 cm�1 resolution (45 scans).

KBr pelletised disks, containing a mixture of the samples and

KBr with a concentration of 1 wt%, were made and FTIR

spectra were elaborated by IRsolution software (Shimadzu,

Kyoto, Japan).
1H–13C CPMAS NMR spectra were obtained on a

400 MHz spectrometer (Avance III, Bruker) equipped with

a 4 mm MAS probe. The spectra were obtained by spinning

the sample at 11 kHz, with a 1H 90� pulse of 3.5 ms, with

a delay time of 4 s, and a contact time of 3 ms. The spectra

were referenced to tetramethylsilane (TMS) and analyzed

with the Topspin package (Bruker, Billerica, MA).

The nature of ZrO2 gel and ZrO2/PEG/IND hybrid

materials was investigated by X-ray diffraction (XRD)

analysis using a Philips diffractometer. Powder samples

were scanned from 2�¼ 5� to 60� using Cu Ka radiation.

The microstructure of the synthesized gels was studied

by scanning electron microscopy (SEM, FEI Quanta 200).

Before the analysis, the samples were mounted on stubs with

colloidal graphite and metalized with Au.

Study of in vitro bioactivity

To investigate their bioactivity, the hybrids materials were

soaked in a SBF with an ion concentrations almost equal

to that of the blood plasma, as scheduled by Kokubo &

Takadama (2006). During the soaking, the temperature was

held at 37 �C. Taking into account that the ratio between the

exposed surface area of the sample (Sa) and the volume

of solution (Vs) influences the test, a constant ratio

Sa/Vs¼ 10 mm2 ml�1 was used (Kokubo & Takadama, 2006).

After 21 d of incubation, the samples were rinsed in distilled

water and were observed. SEM (Quanta 200) equipped with an

energy dispersion spectroscopy (EDS) has been used to study

the morphology of precipitate on the surface of the samples and

to perform a qualitative elemental analysis.

Study of in vitro release

For the drug release study, discs with a 13-mm diameter

and 2-mm thick were obtained by pressing 200 mg of fine gel

powders (5125mm) into a cylindrical holder by means of a

Specac hydraulic press.

The discs were soaked in 3.5 ml Dulbecco’s phosphate

buffer saline (DPBS) SBF fluid at 37 �C under continuous

stirring. Drug release measurements were carried out by

means of HPLC UV–Vis ESI MS analysis.

Chromatographic analyses were carried out on an Agilent

1100 HPLC system (Agilent Technologies Inc., Santa Clara,

CA), equipped with a quaternary pump, a microvacuum

degasser, an autosampler, a thermostatic column compartment,

and a UV–Vis detector. Chromatographic separation was

achieved by a Hydro� C18-reversed phase column (4 mm

particle size, 150 mm� 2.0 mm i.d., Phenomenex, Torrance,

CA) at a flow rate of 0.40 ml/min with isocratic elution of 0.1%

(v/v) formic acid aqueous solution and acetonitrile (85:15, v/v).

The UV detection of indomethacin was performed at 320 nm.

To generate the calibration curve, several known concentra-

tions of the standard (0–2.0 mM) were injected; the response

factors based on the linear regression of a plot of the peak area

versus the concentration were computed.

The injection volume was 10 ml. The LC system was

coupled to an Api2000 QTrap (Applied Biosystem, Carlsbad,

CA) with an ESI source operating in the negative mode with

the following parameters: HV voltage 4500 V, dry gas N2,

10.00 l/min with a dry temperature set at 365 �C; nebuliser

35 psi. Full-scan mass spectra of the HPLC eluates were

recorded during the chromatographic separation yielding

[M�H]� ions. To obtain further structural information,

these ions were trapped and fragmented to yield the precursor

product patterns of the analytes. The mass range was recorded

from 50 to 800 m/z. The instruments were controlled by an

Analyst Software version 1.6 (AB Sciex, MA). Drug release

curves (release versus time) were normalized to the indo-

methacin curve by multiplying the original data by the

indomethacin factor (Aindomethacint¼0/Asamplet¼0).

Results and discussion

Sol–gel syntesis

Gelation is the result of hydrolysis and condensation reactions

according to the following reactions:

Zr OC3H7ð Þ4þnH2O) Zr OC3H7ð Þ4�n OHð ÞnþnC3H7OH

ð1Þ

�ZrOHþ C3H7O� Zr)� Zr� O� Zr � þC3H7OH ð2Þ

� Zr� OHþ OH� Zr)� Zr� O� Zr � þH2O ð3Þ

The reaction mechanism is generally accepted to proceed

through a second-order nucleophic substitution (Sanchez

et al., 1988; Brinker & Scherer, 1989). The gelation times

of the synthesized systems change as a function of the

polymer and drug amounts, as shown in Table 1.

Hybrids characterization

The structure and the microstructure of the ZrO2/PEG/IND

hybrid materials were studied using FT-IR, solid-state NMR,

XRD, and SEM. In Figure 3, pure indomethacin FT-IR

spectrum (curve e) is compared with ZrO2 (curve a) and

ZrO2þ IND (5, 10, and 15 wt%) (curves from b to d) gels

spectra. The dominating feature of the indomethacin spectrum

(curve e) is the presence of strong bands at 1710 and

1690 cm�1, which can be ascribed to the vibrations of

carboxylic and amide groups, respectively (Del Arco et al.,

Table 1. Gelation time in function of indomethacin and PEG amounts.

% PEG in ZrO2 network

% IND in ZrO2

network 0% PEG 6% PEG 12% PEG 24% PEG 50% PEG

5% IND 11 d 13 d 16 d 17 d 18 d
10% IND 14 d 17 d 26 d 27 d 29 d
15% IND 18 d 27 d 28 d 28 d 31 d

DOI: 10.3109/10717544.2013.865816 Synthesis of ZrO2/PEG/indomethacin hybrid materials 597
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2004; Castro et al., 2012). Those signals, typical of the

indomethacin polymorphic g-form (Taylor & Zografi, 1997;

Castro et al., 2012), disappear in ZrO2þ IND (5, 10, and

15 wt%) spectra (Figure 3, curves b–d). A possible explan-

ation can be found in the formation of the H-bonds between

the C¼O groups of the drug and the ZrO2 inorganic matrix,

which causes the lowering of the absorption frequency

(Coates, 2000), whereby the indomethacin signals are covered

by characteristic strong bands of ZrO2 localized in the 1600–

1400 cm�1 region (Georgieva et al., 2012) (Figure 3, curve a).

The concurrent change in the shape of the broad band

attributed to –OH vibrations at 3440 cm�1, which can be

observed by comparing curve a with b, c, and d, supports such

hypothesis. In the ZrO2þ IND (5, 10, and 15 wt%) systems

spectra (Figure 3, curves b–d), however, some peaks are

visible (i.e. those at 2930 cm�1 due to methyl (–CH3)

vibration) whose intensities increase with the drug amount,

thus confirming the presence of indomethacin in those

materials (Coates, 2000). Moreover, the bands that are

present in the indomethacin spectrum (Figure 3 curve e) at

1590 cm�1, assigned to –C–C– stretching of the aromatic

rings, and at 1224 cm�1, due to –C–O– stretching of ether

group (Del Arco et al., 2004), appear to be shifted to 1564

and 1217 cm�1, respectively, in the hybrid systems spectra

(Figure 3 curves b–d). That evidence suggests the establish-

ment of weak interactions between the drug and the ZrO2

matrix, which perturb the delocalization of the aromatic

ring electrons (Coates, 2000). The said peaks are also present

in the spectra of all the systems containing both the drug

and the polymer, as shown in Figure 4 where, as an example,

PEG and indomethacin spectra (curves f and e) are compared

with ZrO2þ 50% PEGþ IND (0%, 5%, 10%, 15%) spectra

(curves from a to d). In those spectra the typical peaks of PEG

are also present. The intensity of those last peaks increase

with the polymer amount, as it is evident in Figure 5, where

the PEG spectrum (curve f) is compared with those of the

hybrid systems containing 15%wt IND and different amounts

of PEG (0 to 50 wt%) (curves from a to e). The typical

PEG methylene C–H stretching band at 2870 cm�1 appears

in curve b and its intensity increases (from b to e) together

with methylene C–H bending of the polymer at 1454 cm�1

(Coates, 2000). Also, the peaks due to alcohols C–O and

ethereal C–O–C stretching at 1250 and 1100 cm�1, respect-

ively (Coates, 2000), appear to be increasing from b to e.

Moreover, the sharp AcAc C–C–H bend, typical of the ZrO2

spectrum (Figure 5, curve a) at 931 cm�1 (Gallo & Piccirillo,

2012; Georgieva et al., 2012) is replaced with a little broader

peak at 948 cm�1 attributed to PEG C–C stretching (Coates,

2000). Finally, the change in the shape of the broad band

at 3440 cm�1 suggests the formation of hydrogen bonds,

which is also probably occur between the –OH groups of the

inorganic matrix and the ethereal oxygen atoms of the PEG

chains (H-bond donors).

Solid-state NMR confirms the FTIR results. Figure 6

shows the 13C–1H CPMAS spectrum of pure indomethacin

(curve b) compared with that of ZrO2þ IND 15 wt% (curve

a). Indomethacin exists in two possible polymorphs, e.g. a
(meta-stable) and g (stable) (Masuda et al., 2006; Gallo &

Piccirillo, 2009). The spectrum of Figure 6, in excellent

Figure 4. FT-IR spectra of (a) ZrO2þ PEG 50 wt%t, (b–d) ZrO2þ PEG
50 wt%þ IND (5, 10, and 15 wt%) gels, (e) pure indomethacin, and
(f) PEG.

Figure 3. FT-IR spectra of (a) ZrO2, (b–d) ZrO2þ IND (5, 10, and
15 wt%) gels, and (e) pure indomethacin (curve e).

Figure 5. FT-IR spectra of (a) ZrO2þ IND 15 wt%, (b–e) ZrO2þ PEG
(6, 12, 24, and 50 wt%)þ IND 15 wt% gels, and (f) PEG.
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agreement with that reported by Masuda et al. (2006), clearly

points to the g moiety. The peaks assignment is reported

in Figure 7 following the determinations of Masuda et al.

We refer to that paper for further details. The presence of the

inorganic part causes: (i) a generalized increase of the

peaks linewidth due to disorder, (ii) a variation of the peaks

intensity, probably due to different magnetization transfers

during CP contact time, (iii) relevant shift downfield (10 and

15 ppm, respectively) of the carbons 11 and 14, which is in

agreement with the formation of a hydrogen bonds scheme,

and (iv) a modification of the spectral features of the aromatic

ring bonded to the ether oxygen. This last result is not easy

to explain and requires some specific DFT calculations to be

addressed.

Figure 7 shows, as an example, the 13C–1H CPMAS

spectra of ZrO2þ PEG 12 wt% with the addition of different

amounts of indomethacin (from 5 to 15 wt%) (curves from a

to c). The corresponding spectra with 24 and 50 wt% of PEG

are similar. No significant differences are observed among the

spectra. The characteristic peaks of PEG400 may be clearly

observed at 71 ppm (C–O chain carbons), and 62 ppm (C–OH

terminal carbons) (Domján et al., 2009). The peaks are very

large due to intrinsic disorder. The addition of indomethacin

does not induce any significant change in the position and

shape of peaks, besides the increase of a peak at about

155 ppm when passing from 5% to 15% of the drug. This

peak is due to the carbon (5) of indomethacin (see Figure 6a).

We also stress here that CP-MAS is not a quantitative

technique because of possibly unequal magnetization transfer

from protons to carbons.

Figure 8 shows the 13C–1H CPMAS spectra of ZrO2þ IND

15 wt% with the addition of different amounts of PEG (from

0 to 50 wt%) (curves from a to e). The addition of the polymer

does not determine relevant changes in the indomethacin

peaks, but for small changes of the peak shape of the aliphatic

carbon 10, which was already reported to be structured

(Masuda et al., 2006). A shoulder at about 73 ppm is observed

in the main PEG peak, which can be probably attributed to

a non-covalent interaction among a small fraction of the

ether oxygens with the carboxyl group of the indomethacin

molecule. Interestingly, this interaction is confirmed by the

aliphatic carbon 10 (see inset B) rather than by the carboxyl

11. However, the combined analysis of Figures 7 and 8 shows

that there are no strong interactions among the indomethacin

molecules and the polymer strands.

Those observations allow to classify the synthesized

materials as class I hybrids (hybrids characterized by weak

bonds between the two phases), according to Judenstein

et al.’s classification (Judeinstein & Sanchez, 1996).

Figure 9 shows the diffractograms of indomethacin

(panel a) and ZrO2þ PEG 50 wt%þ IND 15 wt% (panel b).

In pure indomethacin diffractogram crystallinity peaks are

clearly visible, which disappear completely in the

Figure 6. 13CPMAS NMR spectra of (a) pure
indomethacin and (b) ZrO2þ IND 15 wt%.

Figure 7. 13C–1H CPMAS spectra of (a–c) ZrO2þ 12 wt% PEGþ IND
(5, 10, and 15 wt%).

DOI: 10.3109/10717544.2013.865816 Synthesis of ZrO2/PEG/indomethacin hybrid materials 599
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Figure 8. 13C–1H CPMAS spectra of (a) ZrO2þ IND 15 wt% and (b–e) ZrO2þ PEG (6, 12, 24, and 50 wt%)þ IND 15 wt%.

Figure 9. XRD spectra of (a) pure indomethacin and (b) ZrO2þ 50% PEGþ IND 15 wt%.

600 M. Catauro et al. Drug Deliv, 2014; 21(8): 595–604
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diffractogram of the hybrid materials. All samples exhibit

the characteristics broad humps of amorphous materials,

for this reason only a diffractogram is shown as an example

(see Figure 9b).

The surfaces of all synthesized systems were observed by

SEM and no significant differences were noted. Figure 10

shows the SEM micrographs of ZrO2 (panel a) and hybrid

systems containing different amounts of PEG (from 6 to

50 wt%) and 15 wt% of indomethacin (panels from b to e).

All systems appear to be homogeneous and no separation

of phases is visible even at high magnifications, thus

confirming that the synthesized materials are nanostructured

hybrid ones.

Bioactivity and EDS analysis

SEM micrographs of the hybrid materials after soaking

in SBF for 21 d (Figure 11a) show the characteristic apatite

globular crystals on the surface of all systems with a similar

distribution. The confirmation that the surface layer observed

in the SEM micrographs is composed of calcium phos-

phate is given by EDS analyses, reported in Figure 11(b).

Figure 10. SEM micrograph of (a) ZrO2 (b–e) ZrO2þ PEG (6, 12, 24, and 50 wt%)þ IND 15 wt%.

DOI: 10.3109/10717544.2013.865816 Synthesis of ZrO2/PEG/indomethacin hybrid materials 601
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The ratio between the atomic content of Ca and P is 1.6,

in agreement with the chemical formula of hydroxyapatite

(Uchida et al., 2001).

The formation of apatite on the materials may be caused

due to the presence of Zr–OH groups on their surface. These

groups could lose protons and increase the negative charge on

the surface, thus attracting the calcium ion (Wu et al., 2013).

These ions combine with the negative charge of the phosphate

ions to form the amorphous phosphate, which spontaneously

transforms into hydroxyapatite [Ca10(PO4)6(OH)2] (Hench,

1991; Li et al., 2013).

Release kinetics

Kinetic measurements of indomethacin release were per-

formed through HPLC coupled with UV and ESI-MS

detectors. Indomethacin was quantitatively determined by

HPLC-UV, and LC–MS was used to direct its identification

(Figure 12).

Calibration curves were prepared plotting UV and MS

peaks area versus drug concentrations (0–2.0 mM). Both the

calibration curves showed an excellent linearity within the

tested range. Although indomethacin has two absorbance

peaks in the UV region (Figure 13), HPLC-UV analysis was

carried out at 320 nm as zirconium propoxide exhibited

absorption starting at around 270 nm. From all the discs,

previously transferred in phosphate buffered saline, the

samples were collected and introduced into HPLC apparatus,

daily, for 25 d thereafter. The analysis time was chosen on

the basis of the behavior of the samples containing only zir-

conium propoxide and indomethacin at the three considered

Figure 11. SEM micrograph of a sample surface after bioactivity test. (a) Hydroxyapatite globular crystals and (b) EDS elementary analyses of crystals.

Figure 12. Indomethacin ESI(�)-MS spectrum.

Figure 13. Indomethacin (30 mM) UV spectrum in DPBS.
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w/w percentages. Within the tested indomethacin doses,

there was a rough exponential increase of its release in the

saline solution. Figure 14 shows that indomethacin release

from materials not containing PEG reached a plateau at

13–17 d. The concentration of indomethacin and its inter-

actions with the inorganic matrix seem to play a role in the

release kinetics. In fact, it has been observed that the

discs with the lowest dose of the drug could promote a

faster release than that from discs with 10 and 15 wt% of

indomethacin.

The introduction of the polymer (Figure 15) modulates the

drug release differently. Discs with a 6 wt% PEG percentage

show an increased release rate, which is independent from the

indomethacin concentration, with significant data from as

early as day 10. When the system ZrO2þ PEG 12 wt% was

analyzed, it was observed that a similar behavior for

discs containing 5 wt% of indomethacin; the release from

ZrO2þPEG 12 wt% þIND 10 and 15 wt% was slower. PEG

percentages equal to 24 and 50 wt% do not seem to determine

a full release of the drug.

This is probably due to the formation of a polymeric

network capable of trapping anti-inflammatory molecules,

probably through the weak interactions (detected by NMR)

between the drug and PEG, which start when the polymer is

added in high amounts and make difficult the full availability

of indomethacin.

The spectrometric time-dependent analysis of eluates

confirms the structural identity of the drug, thus suggesting

the ability of the adopted method of synthesis to preserve the

pharmacological properties of indomethacin.

Conclusions

The sol–gel process has allowed to synthesize organic/

inorganic hybrid materials consisting of a ZrO2 inorganic

matrix, in which different percentages of a polymer (PEG)

and an ant-inflammatory agent (IND) were entrapped.

Their amorphous and nanostructured nature was ascertained

by means of XRD and SEM analyses, respectively.

FTIR and solid-state NMR detected that the inorganic

matrix makes H-bonds with both PEG ethereal oxygen atoms

and carboxylic groups of indomethacin (H-bond acceptors) by

means of –OH groups (H-bond donators). The bonds strength

is a function of the amounts of both the polymer and the drug

and affects the ability of the synthesized systems to release

the anti-inflammatory. It has been observed that systems

containing a lower dose of indomethacin release faster

independently from the polymer amount. Moreover, PEG

presence increases the release rate independently from the

drug concentration, but that effect is countered when the

polymer percentages are high (24 and 50 wt%). In the last

case, a full release of drug does not occur, probably because

of the formation of weak interactions between indomethacin

and PEG which start when the polymer is added in

high amounts (as suggest by NMR) and make difficult the

full availability of the drug. LC-MS analysis confirms the

structural identity of the drug released by hybrid materials,

which hence should preserve its pharmacological activity.

Finally, the formation of a hydroxyapatite layer on

the ZrO2/PEG/IND samples surface after soaking in SBF

indicates that the synthesized systems can be considered

bioactive materials.

Figure 15. Time-dependent indomethacin release plot for the ZrO2þ PEG (6, 12, 24, and 50 wt%)þ IND (5, 10, and 15 wt%) systems.

Figure 14. Time-dependent indomethacin release plot for the
ZrO2þ IND (5, 10, and 15 wt%) systems.
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In conclusion, the obtained data allow us to hypothesize

the successful use of the prepared hybrid materials as

modified-release systems, in which the speed and duration

of the release of the active ingredient can be modulated and

hence programmed.
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