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Recent studies have shown that COX-2 inhibitors, such as meloxicam, have demonstrated promising
results when used with chemotherapy. Based on these findings, this is the first study in which the antipro-
liferative effect of meloxicam is investigated on two prostate cancer cell lines (PC3 and DU-145). We have
also evaluated if this antiproliferative effect is dose- and/or time-dependent. Meloxicam is assayed at a
concentration range of 10–800 �M for 24, 48 and 72 h. Our results reveal that meloxicam has a selec-
tive dose- and time-dependent antiproliferative effect against PC3 but not against DU-145 cells. In PC3
cells the IC50 decreased from 740 �M at 24 h to 515 �M at 72 h after meloxicam treatment. Chemoem-
LGA/PEG-derivative microspheres
eloxicam

C3
U-145
rostate cancer
ntiproliferation

bolization based on microspheres has been emerged as a novel and promising way for antitumoural
therapy; therefore, in our study we have developed and characterized a new controlled release system
consisting of biodegradable PLGA/PEG-derivative meloxicam microspheres. The optimized formulation
has a mean particle size of 13.06 ± 0.09 �m, mean encapsulation efficiency of 58.44 ± 4.53% and releases
0.45 ± 0.05 �g meloxicam/day/mg microspheres between days 3 and 28 of the in vitro release assay. In
conclusion, we should consider meloxicam as a possible adjuvant agent in the treatment of prostate

cancer.

. Introduction

Prostate cancer (PCa) is presently the second leading cause of
ancer-related death and the most commonly diagnosed non-skin
ancer in men. Diagnosis and treatment of PCa has had many
dvances in the past 20 years; unfortunately, the existing treat-
ent approaches and surgical intervention have been proven to be

nadequate for the management of the disease (Han et al., 2008a,b).
n addition to date, no effective therapeutic treatment allows the
brogation of its progression to more invasive disease forms. In fact,
hile PCa is frequently curable in its early stage, however approx-

mately one-third of PCa patients with advanced disease require
evelopment of novel therapeutic approaches for its control and to

mprove patient survival.
Many studies have focused on the identification of the molecu-

ar mechanisms of development and progression of PCa, which are

omplicated and likely to involve multiple factors, such as tumour
uppressor genes, oncogenes, growth factors, adhesion molecules
nd angiogenesis.

∗ Corresponding author. Tel.: +34 913724734; fax: +34 913510475.
E-mail address: montejo@ceu.es (C. Montejo).

378-5173/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2009.11.036
© 2009 Elsevier B.V. All rights reserved.

Cyclooxygenase (COX), the enzyme required for the conversion
of arachidonic acid into prostaglandins, plays a possible role in
oncogenesis (Fosslien, 2000). Although three isoforms of cyclooxy-
genase are known until now (COX-1, COX-2 and COX-3), there
are only evidences of an important role of COX-2 in carcinogen-
esis. COX-2 activity increases during inflammation processes and
also, it is overexpressed in many types of malignant tumours, such
as colorectal, prostate, breast, liver, pancreatic primary tumours
and lung cancer, with pharmacological studies suggesting that it
is a useful therapeutic target (Naruse et al., 2006; Gupta et al.,
2000). Therefore, inhibition of COX-2 enzyme could be used as
a strategy against carcinogenesis progression. Some authors have
suggested the use of COX-2 inhibitors in anticancer therapy com-
bined with other chemotherapeutic agents (Gasparini et al., 2003).
For instance, this potential is currently under investigation by sev-
eral authors (Falandry et al., 2009; Suzuki et al., 2009).

Meloxicam is a preferential COX-2 inhibitor which has proven
to inhibit cell proliferation of different cancer cell cultures, such
as colorectal cells (Goldman et al., 1998), non-small lung cancer

cells (Tsubouchi et al., 2000) and osteosarcoma cells (Wolfesberger
et al., 2006), as well as in animal tumours (Tsuchida et al., 2005;
Kern et al., 2004). Nevertheless, some authors have reported that
inhibition of cell proliferation by meloxicam depends on the con-
centration used and could be significantly different between cell

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:montejo@ceu.es
dx.doi.org/10.1016/j.ijpharm.2009.11.036
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ines (Wolfesberger et al., 2006). Moreover, to date the antiprolif-
rative effect of meloxicam has not yet been demonstrated in many
ther cancer cell lines. For this reason it is necessary to study the
ehaviour of cancer cells in contact with meloxicam in order to
onsider its use as an adjuvant agent for the treatment of other
ypes of cancer, such as prostate cancer. To fulfil this objective, in
his work we have studied the antiproliferative effect of meloxi-
am on two PCa cell lines of different metastatic potential (PC3 and
U-145), taking into consideration that PCa cells with high- and

ow-metastatic potential vary in their biological properties, such
s proliferation, adhesiveness, invasiveness, and motility (Graff et
l., 2001; Nelson et al., 2003; Liao et al., 2006; Wang et al., 2006).

To be able to achieve enough effective intratumoural concen-
rations of meloxicam in PCa, high doses of the drug are needed
hen administered in a conventional dosage form thereby result-

ng in compromising adverse systemic side-effects; therefore, in
ur study a new controlled release system consisting of PLGA/PEG-
erivative microspheres of meloxicam has been developed and
haracterized. This new therapeutic system will allow maximiz-
ng the efficiency of the drug after direct administration near the
umour by means of chemoembolization transcatheter prostatic
rterial administration. Embolizations have been extensively used
o occlude vessels in the last few decades (Rafael et al., 2002),
nd more recently these techniques have been employed more
roadly with greater precision and convenience (Bendszus et al.,
000; Yamamoto et al., 2003). Administration of the new controlled
elease system by artery embolization could maintain higher intra-
umoural drug concentrations for a longer period of time, reducing
rug levels of body circulation, thereby achieving the goal of tar-
eted tumour therapy. The new controlled release system that we
ave developed was prepared with PLGA, a polymer that offers the
dvantage of its biodegradation, being able to disappear gradually
hile releasing the drug from the site of action. The new formula-

ion is also characterized and drug release optimized by means of
he addition of a biodegradable oil (PEG-derivative) which allowed
s to better modulate the release rate of meloxicam from the micro-
pheres (Gao et al., 1995; Fernández-Carballido et al., 2008).

. Materials and methods

.1. Materials

Meloxicam was supplied by Sigma–Aldrich Chemical (Madrid,
pain). PLGA 50:50 poly(d,l-lactide-co-glycolide) (Resomer® RG
03, Mw = 34 kDa (GPC)) was obtained from Boehringer Ingel-
eim (Ingelheim, Germany). PEG-derivative (Labrafil® M 1944 CS)
attefossé (Saint-Priest, France) is a mixture of mono-, di- and

riglycerides and mono- and di-fatty esters of polyethylene glycol
00, oleic acid being the predominant fatty acid. Polyvinyl alcohol
PVA) (Mw = 49 kDa) was obtained from Sigma–Aldrich Chemical
Madrid, Spain). All other reagents were of analytical grade and
rovided by Merck (Darmstadt, Germany). Distilled and deionized
ater (Milli-Q, Millipore Corporation, Bedford, MA, USA) was used

n the preparation of all buffers and solutions.

.2. Cytotoxicity of meloxicam in fibroblasts

In order to evaluate the cytotoxic effect of meloxicam on
on-tumoural cells, a flow cytometry analysis was performed.
ytotoxicity was tested on cell line NIH-3T3 obtained from Amer-
can Type Culture Collection (ATCC, Manassaa, VA, USA). Cultures
ere maintained at 37 ◦C under 5% CO2 and 95% air atmosphere.
ells were detached from flasks and placed into petri dishes at a
ensity of 500,000 cells/petri dish in RPMI-1640 medium (Invit-
ogen, Spain). Cells were treated with different concentrations of
Pharmaceutics 387 (2010) 223–229

meloxicam (10, 25, 50, 100, 200 and 400 �M). For this, a stock solu-
tion of meloxicam was prepared using a fixed amount of DMSO
and then added to the culture medium to obtain the final drug
concentrations. All solutions were sterilized prior to use.

After 48 h of treatment, cell viability was evaluated using pro-
pidium iodide (PI) (Invitrogen, Spain) for 30 min. Samples were
analyzed by a flow cytometer (model FACSCalibur, Becton Dickin-
son, USA) equipped with 488 nm Argon and 635 nm Helium–Neon
lasers that emitted fluorescence (585/42 nm). In this experiment,
cells with damaged cytoplasm membranes were coloured with PI.
Viability was expressed as a percentage of uncoloured cells.

Meloxicam and control with DMSO were tested under the same
experimental conditions. All assays were performed in triplicate.

2.3. Antiproliferative effect of meloxicam in tumoural cell lines

2.3.1. Cell lines
The cell lines employed were PC3 and DU-145, both human

prostate cancer cell lines, PC3 cells have high metastatic poten-
tial when compared to DU-145 cells which have a moderate
metastatic potential (Pulukuri et al., 2005; Alimirah et al., 2006).
PC3 and DU-145 cell lines were obtained from American Type Cul-
ture Collection (ATCC, Manassaa, VA, USA). Cells were cultured
under 5% CO2 and 95% air atmosphere in a humidified incuba-
tor at 37 ◦C. Cells were incubated in a RPMI medium (Invitrogen,
Spain) containing 10% fetal bovine serum (FBS), and 1 ml peni-
cillin/streptomycin/fungizone (Invitrogen, Spain).

2.3.2. Antiproliferative assay
To test the effect of meloxicam on cell proliferation, PC3 and DU-

145 cells (50 × 103 cells per well) were seeded in 24-well plates
and allowed to adhere to the bottom of the wells for 24 h before
the beginning of treatment. In an initial phase of the study, cells
were exposed to increasing concentrations of meloxicam for 24 h
(10–600 �M). Later, and after these results were obtained, PC3 cells
were further exposed to the drug (concentration range 25–800 �M)
for 24, 48 and 72 h. Meloxicam and control with DMSO were tested
under the same experimental conditions. All assays were per-
formed in triplicate.

At the end of the incubation periods, surviving cells were quan-
tified by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) assay. This test measures the enzymatic activity of
lactate dehydrogenase (LDH) in viable cells by means of the forma-
tion of an insoluble and coloured compound that can be quantified
at 570/630 nm of optical density (OD). The antiproliferative effect of
meloxicam was expressed as (OD of treated cells/OD of non-treated
cells) × 100. IC50 (inhibition concentration 50%) was also calculated
by plotting the log of percentage of inhibition values versus the
drug concentrations assayed (Waskewich et al., 2002). Triplicate
cultures in three independent experiments were performed.

2.4. Statistical analysis

Repeated measures analysis of variance was used to determine
the overall significance of the effect of various concentrations of
meloxicam or different incubation times on total cell count num-
bers. The level of statistical significance was set at 0.01.

2.5. Preparation of microspheres
Microspheres were prepared by the solvent evaporation tech-
nique from an o/w emulsion using two different amounts of
PLGA (200 and 400 mg) and, with or without the addition of
PEG-derivative. Briefly, the corresponding amount of PLGA was
dissolved into 4 ml CH2Cl2 by vortex mixing. A fixed amount of
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In order to be able to evaluate the effect of meloxicam in non-
tumoural cells, the normal growth of mouse fibroblast 3T3 cell was
evaluated after exposure for 48 h to a wide range of concentrations
of meloxicam. Fig. 1 shows the cell viability percentages obtained in
NIH 3T3 cell line after exposure to 10, 25, 50, 100, 200 and 400 �M
C. Montejo et al. / International Jour

eloxicam (15 mg) was dissolved in the organic phase under agi-
ation to obtain a drug:polymer ratio of 0.75:10 and 0.375:10,
espectively. The external phase of the emulsion consisted of 1%
queous solution of PVA (20 ml). The organic phase was emulsified
n the external aqueous phase using a homogenizer (IKA, Eurostar,
ermany) at 2000 rpm for 15 min. The immature microspheres
ere suspended in 15 ml of distilled water and the system was

ontinuously stirred for 4 h at room temperature to allow complete
vaporation of the organic solvent.

Microspheres containing PEG-derivative were obtained by
ncorporating the additive (20 or 40 �l) into the inner phase of
he emulsion in order to maintain an oil:polymer ratio of 1:10.
inally, the microspheres were vacuum filtered using 5 �m filters
nd vacuum dried at 25 ◦C for 48 h. Similarly, non-loaded PLGA-
icrospheres with and without PEG-derivative were prepared. In

ll cases, each formulation was prepared in triplicate batches.

.6. Microspheres morphology

Microspheres particle shape and particle surface morpholo-
ies were studied by scanning electron microscopy (SEM, JEOL,
SM 6400, Tokyo, Japan). Samples were coated with a thin layer
f colloidal gold applied in a cathodic vacuum evaporator before
bservation by SEM at 20 kV. The mean diameter and size distribu-
ion of each microsphere batch were evaluated by laser diffraction
sing a Galai model Cis-1 computerized inspection system (Migdal
aemek, Israel) within the 0.5–150 �m range.

.7. Drug entrapment efficiency and process yield

A weighed amount of microspheres (10 mg) was dissolved into
ml of acetonitrile FAR-UV. After dilution with the mobile phase all

amples were filtered through 0.45 �m filters and the meloxicam
ontent of the microspheres was quantified by HPLC (Agilent 1100,
agold, Germany) at 355 nm. The HPLC method used a C16 chro-
atographic column (Ascentis RP Amide C16, 15 cm, particle size
�m) and a flow rate of 0.5 ml/min. The mobile phase consisted
f acetonitrile:0.3% formic acid solution adjusted at pH 2.8 (40:60,
/v). The components of the microspheres did not interfere with
eloxicam at this wavelength. All the analyses were performed at

5 ± 0.5 ◦C and each determination was made in triplicate.
Encapsulation efficiency (E.E., %) was calculated as the ratio

etween the amount of drug content in the microspheres and the
mount of drug used for the preparation of the microspheres. Pro-
ess yield was calculated as the ratio between the total weight of
icrospheres obtained and the total weight of drug, polymer and

ther non-volatile solids added (if applicable).

.8. Powder X-ray diffraction analysis

X-ray diffraction patterns were obtained using a Philips X’Pert
odel MPD (Almedo, The Netherlands) with a Cu K� radiation, �–2�

owder diffractometer set for an angle range of 5–50◦/2�, step size
f 0.04◦2� and count times of 1 s per step. Samples of meloxicam,
LGA, non-loaded PLGA-microspheres prepared with and without
EG-derivative and, meloxicam PLGA-microspheres prepared with
nd without PEG-derivative were all scanned using these settings.

.9. Differential scanning calorimetry (DSC)

In order to determine the physical state of the drug (i.e. amor-

hous or crystalline) and to evaluate any possible drug–polymer
nd/or drug–other components interactions, DSC scans were
btained using a Mettler DSC TA8000 calorimeter (Greinfensee,
witzerland) with nitrogen as purge gas. Samples of 10 mg were
laced into aluminium pans and sealed using an empty pan for
Pharmaceutics 387 (2010) 223–229 225

reference. The temperature range tested was 20–290 ◦C with a
heating rate of 10 ◦C/min. DSC thermograms were obtained for sam-
ples of 10 mg meloxicam, PLGA, non-loaded PLGA-microspheres
prepared with and without PEG-additive and, meloxicam PLGA-
microspheres prepared with and without PEG-additive.

2.10. In vitro release study

In vitro drug release assays were carried out in a heated bath
(Memmert WB22, Germany) at 37 ± 0.2 ◦C and constant shaking at
50 rpm. Microspheres (20 mg) were suspended in 4 ml of phosphate
buffer saline (PBS) at pH 7.4 (sink conditions). At regular time inter-
vals and up to 35 days, all PBS volume was withdrawn, centrifuged,
filtered through 0.45 �m filters and the drug was quantified by UV
spectrophotometry at 362 nm. At each time interval 4 ml of fresh
PBS is used to replace volume withdrawal. Results obtained by spec-
trophotometry were confirmed by HPLC. All assays were done in
triplicate for each formulation.

3. Results and discussion

Prostate cancer is presently the second leading cause of cancer-
related death and the most commonly diagnosed non-skin cancer in
men. PCa deaths are a result of metastatic disease and treatment of
such metastatic disease is one of the major therapeutic challenges.
Thus, there is a need to develop novel therapeutic approaches and
strategies for successful chemotherapy. Meloxicam was introduced
as an anti-inflammatory drug before the discovery of COX-2 and
in recent years, experimental, epidemiological, and clinical studies
have identified COX-inhibitors as promising compounds in combi-
nation therapy with chemotherapeutic agents (Wolfesberger et al.,
2006; Suzuki et al., 2009).

Meloxicam has proven to inhibit cell proliferation of different
cancer cell cultures but this effect has not yet been investigated
in prostate cancer cell lines; therefore, we have studied the anto-
proliferative effect of different concentrations of meloxicam on
PC3 and DU-145 cell lines. Moreover, taking into consideration
that previous studies have shown that the effect of meloxicam on
cell viability was dependent on drug concentration and could be
time-dependent (Wolfesberger et al., 2006), we have also stud-
ied the effect of meloxicam alone on prostate cancer cells (PC3
and DU-145) treated with increasing concentrations of the drug
(10–800 �M) for 24, 48 and 72 h.
Fig. 1. Cell viability of NIH 3T3 cells after incubation for 48 h with different concen-
trations of meloxicam (�M). Co = control with DMSO. Bars represent mean ± SD.
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ig. 2. Cell viability of PC3 cells and DU-145 cells after incubation for 24 h with dif-
erent concentrations of meloxicam (�M). Bars represent mean ± SD. *Statistically
ignificant differences from control group Co (with DMSO) (p < 0.01).

eloxicam. From the results obtained we have found no evidence
f significant modification of cell viability after 48 h of cell exposure
o the concentration range assayed.

Fig. 2 shows the antiproliferative results obtained after expos-
ng PC3 and DU-145 human prostate cancer cell lines, respectively,
o different concentrations of meloxicam (10–600 �M). Regarding
C3 and after 24 h of treatment with the drug, statistically signifi-
ant reduction of cell viability was only observed after exposure to
00 �M meloxicam (p < 0.01). With respect to the results obtained
or DU-145 cells, an increasing tendency in cell growth rate after
xposure to 200, 400 and 600 �M meloxicam occurred however,
his increase was only statistically significant at the highest con-
entration tested (600 �M) (p < 0.01).

These results reveal that meloxicam has an antiproliferative
ffect against PC3 but not against DU-145 prostate cancer cells
hich shows the ability of the drug to exert its selective antiprolif-

rative effect on cell lines having high metastatic potential. It could
e that the DU-145 prostate cancer line is less sensitive to COX-2

nhibitors than other PCa cell lines. We may also note that since
ven high concentrations of meloxicam did not inhibit the prolif-
ration of DU-145 cells, high concentrations of the drug seem not
o be cytotoxic in these cells. Our results are in agreement with the
bservation of Naruse et al. (2006) who studied the antiproliferative
ffect of meloxicam on several human and murine osteosarcoma
ells indicating that this effect might differ significantly between
ancer cell lines.
From these results and taking into consideration that the
ntiproliferative effect of meloxicam demonstrated in PC3 cells
ould also be time-dependent, further studies were performed after
ncubation of the drug at a wider concentration range (25–800 �M)
or 24, 48 and 72 h (Fig. 3). After 24 h of treatment, a significant

ig. 3. Cell viability of PC3 cells after incubation for 24, 48 and 72 h with different
oncentrations of meloxicam (�M). Bars represent mean ± SD. *Statistically signifi-
ant differences from control group Co (with DMSO) (p < 0.01).
Pharmaceutics 387 (2010) 223–229

reduction of cell viability was observed in the presence of 600 and
800 �M meloxicam (p < 0.01) when compared with control cells. A
significant reduction in cell numbers was also noted after exposure
to concentrations of 600 and 800 �M meloxicam for 48 and 72 h
(p < 0.01). The IC50 decreased from 740 �M at 24 h to 499 �M at
48 h and 515 �M at 72 h after meloxicam treatment.

Our results confirm that the lack of cytotoxicity of meloxicam
on NIH 3T3 cells when compared to PCa cell lines demonstrates the
selective cytotoxic effect of meloxicam on PC3 cells and that this
effect is both dose- and time-dependent; therefore, we should con-
sider meloxicam as a possible adjuvant agent in anticancer therapy,
bearing in mind that further in vitro and in vivo studies are needed.
The clinical relevance of our results remains to be established,
but data from prostate cancer cell lines exhibiting high metastatic
potential have shown positive findings.

To date, no data concerning intratumoural concentrations of
meloxicam are available however, in our work, as in other stud-
ies (Busch et al., 1998), the concentrations of meloxicam assayed
were higher than the physiological maximum serum concentration
(0.734 mg/l), which raises the question of whether or not the con-
centration in the tumour cells is within the same range as measured
in the serum. In order to be able to achieve high enough effec-
tive intratumoural concentrations of meloxicam in prostate cancer
we have developed a new controlled release system consisting of
PLGA-microspheres. This new therapeutic system will allow maxi-
mizing the efficiency of the drug after direct administration near the
tumour by means of chemoembolization by transcatheter arterial
prostatic administration. In the last few decades embolization has
been used extensively to occlude vessels as an alternative way of
administration when traditional therapy failed (Robert et al., 2004).
Transcatheter arterial embolization has many advantages, includ-
ing good targeting, high therapeutic effects, and light trauma (Chen,
1998). Embolization and chemotherapy have been combined to
treat malignant tumour, mostly incorporating chemotherapeutics
perfused or injected into tumour. The new controlled release sys-
tem that we have developed has been prepared with PLGA, a
biodegradable polymer that offers the advantage of its biodegra-
dation, being able to disappear gradually while releasing the drug
from the site of action.

For the preparation of meloxicam microspheres PLGA Resomer®

RG 503 (Mw = 34 kDa) was selected since in previous stud-
ies regarding the effect of polymer molecular weight on the
encapsulation efficiency, this resomer showed very good results
for encapsulating liphophilic molecules, such as ibuprofen and
indomethacin (Fernández-Carballido et al., 2004; Puebla et al.,
2005). These studies showed higher encapsulation efficiencies with
low molecular weight PLGA which in turn also exhibited biodegrad-
ability.

Different formulations of microspheres were developed using
a fixed amount of meloxicam (15 mg), 200 or 400 mg of PLGA
and, with or without the addition of PEG-derivative (Table 1).
In all cases, non-loaded PLGA-microspheres were also prepared.
PEG-derivative (Labrafil® 1944CS) was used in order to modu-
late the release rate of meloxicam from the microspheres. This
PEG-derivative has been successfully used by us in previous stud-
ies for the formulation of PLGA/PEG-derivative microspheres of
indomethacin (Puebla et al., 2005).

Fig. 4 shows the SEM microphotographs of all formulations
obtained for meloxicam PLGA-microspheres prepared accord-
ing to Table 1. As it can be seen, microspheres prepared
without the incorporation of PEG-derivative were spherical in

shape with smooth surfaces whereas microspheres prepared with
PEG-derivative showed concavities which were homogeneously
distributed throughout the surface. Previous studies have indicated
that this fact could be probably caused by the plasticity effect of
PEG-derivative or by its rapid precipitation during the evaporation
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Table 1
Formulations of meloxicam PLGA-microspheres prepared and results obtained for particle size (�m), encapsulation efficiency (E.E.,%), and amount of meloxicam (�g)
encapsulated per mg of microspheres (±SD).

Formulation Meloxicam (mg) PLGA (mg) Drug/polymer ratio PEG-der./polymer ratio Particle size (�m) E.E. (%) �g meloxicam/mg microspheres
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A0 15 200 7.5% –
A1 15 200 7.5% 10%
B0 15 400 3.75% –
B1 15 400 3.75% 10%

hase in the microsphere preparation process (Hedberg et al., 2002;
ernández-Carballido et al., 2008). The same morphology changes
ere observed in non-loaded PLGA-microspheres (SEM micropho-

ographs not shown).
Particle size is a key parameter when developing a new for-

ulation for chemoembolization. In our case, particle sizes of all
xperimental meloxicam PLGA formulations prepared (Table 1)
howed unimodal distributions with mean diameters ranging
rom 9.34 ± 0.09 to 13.63 ± 0.08 �m, being these sizes considered
uitable for potential chemoembolization (Freitas, 1999). Mean
article size was significantly higher (p < 0.05) for the microspheres
repared with PEG-derivative (formulations A1 and B1) when com-
ared with the microspheres prepared without this oil additive
formulations A0 and B0). When preparing the different micro-
pheres formulations the amount of PLGA used was increased from
00 to 400 mg, however, in all cases mean particles sizes were
maller than 15 �m, which could be explained by the fact that the
iscosity of the organic phase was low in all formulations for the
ame rotating speed (Freitas et al., 2005).

Process yields obtained were higher than 90% for all formu-
ations prepared. Mean encapsulation efficiencies of meloxicam
n the formulations prepared ranged from 58.44 ± 4.53% to
5.97 ± 1.36%, which correspond to drug loadings of 2.11 ± 0.16%
nd 5.30 ± 0.13%, respectively (Table 1). The highest encapsula-

ion efficiency was obtained for formulation A1 corresponding
o meloxicam PLGA-microspheres prepared with PEG-derivative
hich improves the affinity of the drug for the polymeric matrix.

hese results are in disagreement with those obtained by other

Fig. 4. Scanning electron microphotographs (1000×) of meloxicam PLGA-micr
9.34 ± 0.09 59.97 ± 8.22 41.84 ± 8.11
13.63 ± 0.08 75.97 ± 1.36 53.00 ± 1.33
11.81 ± 0.15 63.80 ± 17.43 23.06 ± 6.30
13.06 ± 0.09 58.44 ± 4.53 21.12 ± 1.63

authors (Freitas et al., 2005; Coimbra et al., 2008) who reported
an increase of the encapsulation efficiency with increasing poly-
mer concentration, explaining this fact by the viscosity increase of
the inner phase, which restricts the drug migration to the contin-
uous phase. In our case, and as indicated previously, the viscosity
of the organic phase was low in all the microspheres formulations
prepared.

The internal structure of the microspheres was studied by X-ray
powder diffraction analysis. The diffraction pattern of meloxicam
was characteristic of a crystalline state with maxima of inten-
sity at 13.14◦, 14.98◦, 18.66◦, 19.34◦, 25.86◦, and 29.66◦ (patterns
not shown). The diffraction pattern obtained for PLGA showed
no maximum, confirming its amorphous state. Non-loaded PLGA-
microspheres with PEG-derivative presented a similar diffraction
pattern to the one obtained for the polymer, which indicates
that PEG-derivative and the encapsulation process did not affect
the polymer characteristics. All meloxicam PLGA-microspheres
prepared with or without PEG-derivative showed an irregular
baseline without the strongest maxima of meloxicam, which
suggests a loss of crystallinity of the drug inside the micro-
spheres.

The DSC scan of meloxicam displayed a narrow endothermic
peak at 255.86 ◦C, which corresponds to the solid melting point
(Tm) of the drug. The thermogram of PLGA showed an endothermic

peak at 45.85 ◦C, corresponding to its glass transition tempera-
ture (Tg). When scanning non-loaded PLGA-microspheres prepared
without PEG-derivative, a similar Tg value was obtained (45.01 ◦C)
however, the Tg value obtained for non-loaded PLGA-microspheres

ospheres formulations A0, A1, B0, and B1 prepared according to Table 1.
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ig. 5. Cumulative percentages of meloxicam released from PLGA-microspheres
repared without PEG-derivative (formulations A0 and B0) and, with PEG-derivative
formulations A1 and B1).

repared with PEG-derivative was slightly lower (43.80 ◦C), prob-
bly due to a smoothness effect of the PEG-derivative. The thermal
cans of meloxicam PLGA-microspheres prepared with or without
EG-derivative (formulations B0 and B1) showed the characteris-
ic endothermic peak of the polymer but the endothermic melting
eak of meloxicam was absent. Dubernet (1995) discussed the pos-
ible interactions between the drug and its polymer microsphere
atrix, and their effects on the thermal properties of the micro-

pheres. According to this author, if the drug is initially dissolved
uring the microsphere preparation procedure, as in our case, the
isappearance of the drug endothermic peak in the DSC profile of
he drug-loaded microspheres could indicate that the drug is dis-
olved in the polymer as a solid solution or that the drug is dispersed
n the polymer matrix in a metastable molecular dispersion. These
esults are in agreement with our data obtained by X-ray powder
iffraction analysis.

The in vitro release profiles obtained for meloxicam micro-
pheres are shown in Fig. 5. Initial burst (1 h) was significantly
igher (p < 0.05) for A0 and A1 microspheres which were prepared
ith the lowest amount of PLGA (200 mg) when compared to for-
ulations B0 and B1 prepared with 400 mg of PLGA. For A0 and
1 microspheres, mean initial burst release was around 37% of the
rug released within the first 1 h of the in vitro assay, whereas the

nitial burst obtained for formulations B0 and B1 was around 15%
f the drug. From these results it can be stated that the addition
f PEG-derivative did not have a significant influence on the initial
urst release of meloxicam microspheres.

The release rate of meloxicam from the formulations which was
repared without PEG-derivative (formulations A0 and B0) was
ery fast, thereby resulting in the release of the total amount of
eloxicam encapsulated (100% released) within the first 9 days of

he in vitro release test. These types of release patterns are usually
bserved with small microparticles. For meloxicam PLGA/PEG-
erivative microspheres (formulation B1), after 3 days of the in
itro assay around 35% of the drug is released. From that time
oint, a zero-order kinetics was maintained for 28 days with a
elease rate constant of 0.45 ± 0.05 �g meloxicam/day/mg micro-
pheres. After 28 days more than 89% of the drug was released from
he microspheres. In the case of meloxicam PLGA/PEG-derivative

icrospheres prepared with a lower polymer concentration (for-

ulation A1), two consecutive release kinetics occurred; the first

ne resulted in a release of 68% of meloxicam after 3 days of
he assay and, the second one, a very slow release which exhib-
ted a zero-order release rate of 0.16 ± 0.03 �g meloxicam/day/mg
Pharmaceutics 387 (2010) 223–229

microspheres. During this zero-order kinetics the amount of drug
released would be insufficient to achieve effective antiprolifera-
tive levels. After 35 days, formulation A1 released 100% of the drug
encapsulated.

These results indicate that the incorporation of PEG-derivative
to the microspheres significantly affected the release rate of
meloxicam from PLGA-microspheres. Previous studies have also
shown that PEG-derivative retards the release rate of other
anti-inflammatory agents, such as indomethacin, from PLGA-
microspheres due to a loss of porosity of the polymeric matrix when
the additive is present (Fernández-Carballido et al., 2008). More-
over, PEG-derivative could also modify the diffusion coefficient of
the drug (Lemaire et al., 2003).

For selecting the more suitable formulation it is important to
obtain effective drug release according to a zero-order kinetics
during an extended period of time. In vitro drug release assays
indicated that microspheres prepared without PEG-derivative (for-
mulations A0 and B0) released meloxicam at a rate excessively fast.
Of all the formulations studied, only formulation B1 (prepared with
meloxicam:polymer ratio of 3.75% and PEG-derivative:polymer
ratio of 10%) presented a zero-order release kinetics between days
3 and 28 which will be appropriate to achieve effective in vivo
antiproliferative levels. This fact together with the small particles
sizes obtained for the microparticles make this new formulation
suitable for chemoembolization.

4. Conclusions

In conclusion this study provides evidence of a selective antitu-
mour effect of meloxicam on the human prostate cancer cell line,
PC3, in vitro which was also dose- and time-dependent. The new
formulation developed consisting of biodegradable meloxicam
PLGA/PEG-derivative microspheres is adequate for chemoem-
bolization and will release the drug according to a zero-order
kinetics for approximately 4 weeks prolonging the tumoural
concentration of the drug and when used in combination with
chemotherapy, meloxicam may prove to have a therapeutic role
in counteracting the tumourigenicity of PCa. Further studies of its
clinical use in PCa are required.
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