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Purpose: Epidemiological, clinical, and laboratory studies have suggested that ibuprofen,
a commonly used nonsteroidal anti-inflammatory drug, inhibits the promotion and proliferation
of certain tumors. Recently, we demonstrated the antiproliferative effects of ibuprofen on the
human gastric cancer cell line MKN-45. However, high doses of ibuprofen were required to
elicit these antiproliferative effects in vitro. The present research compared the antiprolifera-
tive effects of ibuprofen delivered freely and released by poly(lactic-co-glycolic acid) (PLGA)
nanoparticles (NPs) in MKN-45 cells.

Methods: MKN-45 human gastric adenocarcinoma cells were treated with ibuprofen-loaded
PLGA NPs. The proliferation of MKN-45 cells was then assessed by cell counting. The uptake
of NPs was imaged by fluorescence microscopy and flow cytometry. The release of ibuprofen
from ibuprofen-loaded PLGA NPs in the cells was evaluated by gas chromatography—mass
spectrometry.

Results: Dramatic inhibition of cellular proliferation was observed in cells treated with
ibuprofen-loaded PLGA NPs versus those treated with free ibuprofen at the same concentration.
The localization of NPs was cytoplasmic. The initiation of ibuprofen release was rapid, com-
mencing within 2 hours, and then increased slowly over time, reaching a maximum concentration
at 24 hours. The inhibition of proliferation was confirmed to be due to the intracellular release
of ibuprofen from the NPs. Using PLGA NPs as carriers, ibuprofen exerted an antiproliferative
activity at concentrations > 100 times less than free ibuprofen, suggesting greater efficiency and
less cellular toxicity. In addition, when carried by PLGA NPs, ibuprofen more quickly induced
the expression of transcripts involved in proliferation and invasiveness processes.
Conclusion: Ibuprofen exerted an antiproliferative effect on MKN-45 cells at low concentrations.
This effect was achieved using PLGA NPs as carriers of low doses of ibuprofen.

Keywords: nonsteroidal anti-inflammatory drug (NSAID), proliferation, uptake, MKN-45 cells

Introduction

Numerous epidemiological, clinical, and laboratory studies have suggested that
ibuprofen, a commonly used nonsteroidal anti-inflammatory drug, inhibits the promo-
tion and proliferation of some tumors.'* Recently, we demonstrated the antiprolifera-
tive effects of ibuprofen on the human gastric cancer cell line MKN-45.7 Ibuprofen,
at concentrations of 400-800 uM, significantly inhibited cellular proliferation in a
time- and concentration-dependent manner.

submit your manuscript
Dove

http:

International Journal of Nanomedicine 2012:7 5683-5691 5683
© 2012 Bonelli et al, publisher and licensee Dove Medical Press Ltd. This is an Open Access article
which permits unrestricted noncommercial use, provided the original work is properly cited.


mailto:patrizia.bonelli@virgilio.it
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/IJN.S34723

Bonelli et al

Dove

Using microarray technology, we studied changes in
gene expression profiles after ibuprofen treatment, over
time. Ibuprofen exerted its antiproliferative actions through
cell-cycle control and the induction of apoptosis. However,
high doses of ibuprofen were required to elicit these anti-
proliferative effects. When we used lower concentrations
of ibuprofen (<400 uM), there were no evident effects on
cell proliferation. In recent years, nanoparticles (NPs) have
piqued the interest of the medical community for use in cancer
diagnosis and treatment, and as delivery vectors for biologic
or pharmacologic agents.!”!* One of the advantages of NPs
is that water-insoluble therapeutics can be transported more
efficiently in the aqueous physiological environment when
formed into stable NPs.!* Ibuprofen is a propionic acid deriva-
tive that has the disadvantage of low water solubility.

Over the years, a variety of natural and synthetic
polymers have been explored for the preparation of NPs;
specifically, poly(lactic acid), poly(glycolic acid), and their
copolymer, poly(lactic-co-glycolic acid) (PLGA), have
been extensively investigated because of their biocompat-
ibility and biodegradability. PLGA particles, in particular,
have been widely studied as therapeutic delivery vehicles
because they are biodegradable!® and biocompatible.!*!®
Some study has been undertaken to investigate hydrophobic
drug incorporation into PLGA NPs.!"* Because of their
hydrophobic nature, it is relatively easy to entrap hydropho-
bic drugs into PLGA NPs. Polymeric NPs have advantages
with respect to other drug delivery systems, such as greater
stability during storage.?! Biodegradable NPs made from
PLGA have been extensively used as drug delivery systems
for a variety of drugs.”*** PLGA microparticles are already
approved for establishing the sustained release of leuprolide
(Lupron Depot®, Abbott Laboratories, IL) and triptorelin
(Trelstar®, Watson Pharmaceuticals, Parsipanny, NJ) in
cancer therapy.

In a previous study, we analyzed the gene expression
profiles of MKN-45 cells treated with free ibuprofen at
various concentrations and over a time course.’ We observed
that after 24 hours of treatment, Angiopoietin-like protein 4
(ANGPTL4) was upregulated and the expression levels were
dependent on ibuprofen concentration (data not shown).
This result was also observed in a parallel study conducted
on prostate cancer cells treated with nonsteroidal anti-
inflammatory drugs, including ibuprofen.’* Recent studies
have shown that overexpression of ANGPTL4, also known as
peroxisome proliferator-activated receptor gamma, inhibits
the proliferation of cancer cells in vitro and growth of tumors

in vivo.?»?2¢

In this study, biodegradable NPs made from PLGA were
chosen as carriers of ibuprofen. The aim of this study was
to investigate whether low concentrations of ibuprofen exert
an antiproliferative effect when delivered by PLGA-based
NPs in the human gastric cancer cell line MKN-45, and the
effect on the expression of ANGPTL4 gene.

Material and methods

Maintenance of cell line

MKN-45 human gastric adenocarcinoma cells were obtained
from the German Collection of Microorganisms and Cell
Cultures (Leibniz Institute DSMZ, Braunschweig, Germany).
This cell line was originally derived from a poorly differenti-
ated medullary adenocarcinoma. The cells were characterized
for the presence of cytokeratin proteins and confirmed as
being of human origin by detection of aspartate aminotrans-
ferase using an isoelectric focusing technique. All of the cells
were mycoplasma- and virus-negative. Cells were grown as
monolayer cultures in RPMI 1640 medium supplemented
with 20% fetal bovine serum and 2 mM glutamine. The cells
were incubated at 37°C in a humidified atmosphere of 95%
air/5% CO, and subcultured twice weekly. All tissue culture
reagents (L-Glutamine 200 mM code BE17-605E; RPMI1640,
code BE12-167F; fetal bovine serum code DE14-802F;
trypsin-EDTA, code BE17-161E) were obtained from Lonza
(Basel, Switzerland). Ibuprofen was purchased from MP
Biomedicals (MP Biomedicals, Illkirch Cedex, France). The
ibuprofen was prepared fresh in dimethyl sulfoxide (DMSO)
and sterilized before addition to the cells. Control cells were
treated with equivalent amounts of DMSO.

Ibuprofen-loaded NPs

Ibuprofen-loaded fluorescent PLGA (50:50) NPs were
purchased from Phosphorex, Inc (Hopkinton, MA) at 5.4%
ibuprofen/100 mg NPs. Briefly, ibuprofen, PLGA and fluo-
rescent dye were dissolved in acetone. The acetone solution
was added dropwise to a 1% polyvinyl alcohol solution with
magnetic stirring, using a syringe pump. The resulting nanopar-
ticle suspension was centrifuged, and washed three times with
distilled water. After washing, the NPs were lyophilized and
stored in a dessicator. The lyophilized NPs were reconstituted in
distilled water, and sonicated to ensure complete dispersion, and
the size of the NPs was measured on a laser diffraction particle
size analyzer (LS 320; Beckman-Coulter, Brea, CA).

In vitro release of ibuprofen
In vitro studies of ibuprofen release from the NPs
under investigation were carried out as follows: 19 mg of
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the sample was trapped in a tea bag and kept in a beaker
with 40 mL of distilled water at 37°C for 24 hours.
Every 30 minutes, 3 mL of the solution was with-
drawn, and ibuprofen release was measured by means of
ultraviolet-visible spectroscopy (UV Mini-1240; Shimadzu
Scientific Instruments, Columbia, MD). Absorbance values
were taken at a wavelength of A =221 nm, at which ibupro-
fen in distilled water shows an absorbance maximum. After
each measurement, the withdrawn sample was poured back
into the beaker. The experiment was performed in triplicate.
A calibration curve was determined by measurements of
absorbance versus ibuprofen concentration between 0 and
1 mM as parameters. Within this interval, the calibration
curve fit the Lambert and Beers’ law: A = 6.6403 x C, where
A is the absorbance and C is the concentration (mM).

In vitro proliferation studies

The proliferation of MKN-45 cells treated with ibuprofen-
loaded PLGA NPs was assessed by cell counting. Briefly,
cells were seeded in a 24-well plate at a density of 5 x 10*
cells/well, and allowed to adhere for 24 hours prior to
the assay. The cells were exposed to either PLGA NPs
or ibuprofen-loaded PLGA NPs at 37°C in serum-free
medium for 2 hours. The cells were washed three times with
phosphate-buffered saline (PBS), and then fresh medium with
serum (20%) was added. After 24—48 hours of incubation,
the cells were detached by means of trypsin-EDTA solution
and counted on a hemocytometer. Cell viability was assessed
via a Trypan blue exclusion assay. To compare the effects of
ibuprofen-loaded PLGA NPs versus free ibuprofen, the cells
were also exposed to ibuprofen solution (200 uM) under the
same conditions. The antiproliferative effects of ibuprofen-
loaded PLGA NPs and free ibuprofen were presented as cell
no % of control, calculated as follows:

Cell no % of control = Cellno,__ /Cellno X< 100 (1)

where Cell no_ . was the number of cells after exposure to
ibuprofen loaded PLGA NPs and Cell no
of cells after incubation with culture medium alone or culture
medium plus DMSO.

was the number

control

Clonogenic assay

Cells were treated with 200 UM ibuprofen, ibuprofen-loaded
PLGA NPs, or PLGA NPs, or ibuprofen for 24 hours, as
described above. The cells were trypsinized and counted then,
50 cells were plated in triplicate in 6-well plates for the clo-
nogenic assay. The colonies were stained with crystal violet
after 12 days, and colonies of >50 cells were counted.

Nanoparticle uptake by tumor cells
A total of 2 x 10* MKN-45 cells were seeded on Millicell EZ
slides (Code PEZGS0416; Millipore Corporation, Billerica,
MA) with 0.3 mL of RPMI 1640 supplemented with 20% FBS,
and allowed to adhere at 37°C with 5% CO, for 24 hours prior
to assay. The medium was then replaced with fresh medium
without serum before the ibuprofen-loaded PLGA NPs were
added. After 2 hours of incubation, the cell monolayers were
rinsed three times with PBS buffer to remove excess NPs,
and were incubated with complete medium. NP uptake was
then imaged by fluorescence microscopy. Briefly, slides were
washed twice with PBS, fixed with 1% paraformaldehyde in
PBS, washed three times with PBS for 5 minutes, treated for
7 minutes with 4’,6-diamidino-2-phenylindole (DAPI; Invit-
rogen Corporation, Carlsbad, CA), washed three times with
PBS, and mounted for microscopy with glycerol.

In addition, a flow cytometry assay was performed.
A total of 5 x 10* MKN-45 cells were seeded in a 24-well
plate with 0.5 mL RPMI 1640 supplemented with 20% FBS,
and allowed to adhere at 37°C with 5% CO, for 24 hours
prior to assay. The medium was then replaced with fresh
medium without serum prior to adding ibuprofen-loaded
PLGA NPs. After 2 hours of incubation, the cell monolayers
were rinsed three times with PBS buffer to remove excess
NPs, and incubated with complete medium. Cells were
collected and washed twice with cold PBS. The pellet was
resuspended in FACSFlow Sheath Fluid (BD Biosciences,
Franklin Lakes, NJ), and analyzed with a FACSCanto II
cytometer (BD Biosciences). For each sample, >20,000 cells
were analyzed using FACSDiva software (Version 6.0, BD
Biosciences).

Release of ibuprofen in cell lysates

from NPs

The release of ibuprofen from ibuprofen-loaded PLGA NPs
was evaluated by gas chromatography—mass spectrometry.
To analyse the time of ibuprofen release into the cells from
ibuprofen-loaded PLGA NPs, cells were collected, washed
twice with PBS, and lysed with radioimmunoprecipitation
assay buffer containing 50 mM Tris-HCI, pH 8.0, 150 mM
sodium chloride, 1% NP-40, 0.5% sodium deoxycholate,
0.1% sodium dodecyl sulfate (Sigma-Aldrich, St Louis, MO),
and protease inhibitors (Sigma-Aldrich). The cells were incu-
bated on ice for 10 minutes, and then centrifuged at 8000 x g
at 4°C for 10 minutes to pellet the cell debris. A subsequent
centrifugation at 20,000 x g was performed to collect NPs.
The lysates were frozen at —80°C until analysis. The release
of ibuprofen into the cell lysates was then quantified by
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gas chromatography—mass spectrometry. The samples
were extracted in hexane and trimethylsilylated in 100 uL
N,O-bis(trimethylsilyl) acetamide (TMSA, Sigma-Aldrich)
at 80°C for 45 minutes. The samples were dried under
nitrogen and dissolved in 10 UL hexane, and the supernatants
were used for analysis. The samples were analyzed by gas
chromatography—mass spectrometry on an Agilent instru-
ment (Agilent 5890; Agilent Technologies, Santa Clara, CA)
under the following conditions: capillary column (ZB-5;
Phenomenex Inc, Torrance, CA); 30 m X 0.25 mm ID; flow
rate, 1 mL/min; helium as carrier gas) with a temperature
program of 120°C for 3 minutes, which then increased from
100°C to 280°C at 20°C/min.

Flow cytometric analysis of DNA content
For the monoparametric cell-cycle analysis, we collected
the treated and control cells, washed them in PBS, and fixed
them with cold 70% ethanol at 4°C for =24 hours. Then,
2 x 10°¢ cells were washed twice in PBS, and incubated
with 2 mL of 20 pg/mL propidium iodide (Sigma-Aldrich)
in PBS containing 0.002% Nonidet P40 (Roche Applied
Science, Penzberg, Germany) and 12.5 pg/mL RNase
A (Sigma-Aldrich) at RT for =60 minutes. For each
sample, >50,000 cells were analyzed for DNA content
by a FACSCanto II flow cytometer (BD Biosciences). The
DNA histogram was analyzed for cell-cycle progression
using ModFit LT v 3.0 software (Verity Software House,
Topsham, ME).

RNA isolation

The RNeasy Plus Mini Kit (Qiagen, Hilden, Germany)
was used to extract total RNA from MKN-45 cells treated
with either ibuprofen-loaded PLGA NPs or free ibuprofen
(200 and 800 uM) for 2 hours. RNA was also isolated from
untreated control MKN-45 cells. Contaminating genomic
DNA was removed using gDNA Eliminator spin columns
(Qiagen). The purity and integrity of the isolated RNA were
determined using a spectrophotometer, denaturing agarose
gel electrophoresis, and an Agilent 2100 Bioanalyser (Agilent
Technologies). The RNA integrity number (RIN) values of
the isolated RNA were nearly 10.

Real-time PCR assay

Total RNA isolated from cells as described above was
used for cDNA synthesis. Real-time quantitative RT-PCR
analyses for ANGPTL4 were performed (CFX 96 Real-
Time PCR Detection System; Bio-Rad Laboratories, Inc,
Hercules, CA) using Power SYBR Green PCR Master Mix

(Applied Biosystems, Foster City, CA) with the thermocy-
cler conditions recommended by the manufacturer. All reac-
tions were performed in a total volume of 25 UL containing
50 ng of cDNA and 2.5 pL of the 10x QuantiTect Primer
(Qiagen). Reactions were carried out in triplicate on three
independent sets of RNA. The QuantiTect Primers were
bioinformatically validated to detect RNA only, provided
that no pseudogenes with high cDNA similarity existed or
that the transcript was not derived from a single-exon gene.
Negative controls (no cDNA added) were processed under
the same conditions as the experimental samples. Human
glyceraldehyde 3-phosphate dehydrogenase was used as an
endogenous control to normalize target gene expression, and
correct for experimental variation. Relative gene expression
was calculated using the method described by Livak and
Schmittgen®” and expressed as the fold change compared
with control cells treated only with culture medium or
culture medium plus DMSO.

Statistical analysis

All data are shown as the mean + SD. Student’s #-test was
used to determine the statistical significance of the observed
differences.

Results

In vitro release of ibuprofen

Figure 1 shows the time-dependent release rate of ibuprofen
from the NPs in distilled water. It was observed that the
anti-inflammatory agent was released in a relatively rapid
manner during the first hour and was completely released
within 150 minutes.
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Figure | Percentage of ibuprofen released from nanoparticles versus time.
Notes: In vitro release of ibuprofen from nanoparticles was assessed as described
in the Materials and methods. Measurements were carried out every 30 minutes
by means of UV-VIS spectroscopy with a Shimadzu UV mini-1240. The results are
presented as the percentage of ibuprofen released over time. The experiment was
performed in triplicate.
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Effects of ibuprofen-loaded-PLGA NPs

on gastric cancer cell proliferation

Human MKN-45 cells showed a dramatic inhibition of cel-
lular proliferation when treated with ibuprofen-loaded PLGA
NPs versus free ibuprofen at the same concentration. A slight
effect on proliferation was observed in cells treated with NPs
alone but was not significant (Figure 2). The antiproliferative
effects persisted after 48 hours without further addition of
NPs. Inhibition of proliferation was confirmed to be due to
the intracellular release of ibuprofen from the NPs.

Clonogenic survival of ibuprofen-treated

MKN-45 cells

The plating efficiency of the control cells was 0.98 = 0.02
after 24 hours. The surviving fraction of cells treated with
200 uM of ibuprofen at 24 hours was 1.23 £0.01 compared
with the control. The surviving fraction of cells treated with
ibuprofen-loaded PLGA NPs at 24 hours was 0.94 £ 0.01
compared with the control. The surviving fraction of cells
treated with PLGA NPs at 24 hours was 0.98 £ 0.01 compared
with the control.

Proliferation of MKN-45 cells

140 A

120

100 ~

80

60

40 -

Cell no% of control
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Time
120 A
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Time

m |buprofen 200 uM
u PLGA NPs
Ibuprofen (200 puM)-loaded-PLGA NPs

m Ibuprofen 200 uM
um PLGA NPs
Ibuprofen (200 pM)-loaded-PLGA NPs

Figure 2 Effect of ibuprofen, PLGA NPs and ibuprofen-loaded PLGA NPs on cell proliferation.

Notes: MKN-45 cells (5 x 10* cells/well) were seeded in 24-well plates and incubated overnight. The cells were then treated with ibuprofen, ibuprofen-loaded PLGA NPs,
or PLGA NPs for 24 hours. The cells were harvested and counted. Viability was determined by Trypan blue dye exclusion. Cell growth was calculated by averaging cell
counts and as expressed as the percentage of the control, represented by MKN-45 cells grown in culture medium alone or culture medium with DMSO (100%). The mean
values from three independent experiments performed in duplicate are presented. Ibuprofen significantly inhibited the proliferation of MKN-45 cells only in cells treated with

ibuprofen-loaded PLGA NPs. Bars, SD; *P < 0.5; P < 0.005; Student’s t-test.

Abbreviations: PLGA, poly(lactic-co-glycolic acid); NPs, nanoparticles; DMSO, dimethyl sulfoxide.
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Effects of serum-free medium conditions

on cell cycle

We treated MKN-45 cells with ibuprofen-loaded PLGA
NPs in serum-free conditions for 2 hours, after which the
cells were rinsed three times with PBS buffer to remove
excess NPs, and incubated with complete medium. We
analyzed the distribution of cells in each cell cycle phase
to study whether serum deprivation for 2 hours was
involved in inhibiting cell proliferation. Treatment under
serum-free conditions did not block cells in phase G /G,
of the cell cycle (Table 1), suggesting that the inhibition
of proliferation was due only to the release of ibuprofen
from NPs.

Uptake of PLGA NPs by MKN-45 cells

Figure 3 shows the cellular uptake of fluorescent NPs.
The results clearly demonstrate that the localization of the
NPs was cytoplasmic. To assess the percentage of cells
incorporating NPs, we performed flow cytometric analysis.
Figure 4 shows typical fluorescence histograms (a), and the
percentage of fluorescent cells (b), at different time intervals.
After 24 hours, almost all of the cells were fluorescent; the
cells remained fluorescent after 48 hours.

Release of ibuprofen from PLGA

NPs in cells

To investigate the relationship between the antiproliferative
effects of ibuprofen and the drug concentration in cells,
the cellular release of ibuprofen from ibuprofen-loaded
PLGA NPs was determined in MKN-45 cell lysates after
2,4, and 24 hours of exposure. Centrifugation at 20,000 X g
eliminated NPs from the cell lysates. The ibuprofen content
in the cell lysate increased rapidly in the first 2 hours and
then, increased slowly over time, reaching a maximum at
24 hours (Table 2). However, the amount of ibuprofen found
in the cell lysates was approximately 0.3 nmol, correspond-
ing to <1% of the initially added ibuprofen-loaded PLGA
NPs. Ibuprofen-loaded PLGA NPs exerted antiproliferative

Table | Effect of serum-free conditions on cell cycle in MKN-
45 cells

Treatment G,/G, S G,/M

(%) (%) (%)
Control 49.0+£20 372+ 1.6 13.8+ 1.7
Serum free medium 49.1 £ 1.3 373125 13.6% 1.1

Notes: Values represent the mean + SD of four independent experiments performed
in duplicate; P < 0.5; Student’s t-test.

Abbreviations: Go/Gw phase of the cell cycle; S, phase of the cell cycle; GZM, phase
of the cell cycle.

Figure 3 Nanoparticle uptake by MKN-45 cells revealed by fluorescence microscopy.
Notes: Intracellular detection of ibuprofen-loaded PLGA NPs. Cells were imaged
using a Leica fluorescence microscope at 40 x objective magnification. A total of
2 x 10* MKN-45 cells were seeded on Millicell EZ slides as described in the Materials
and methods and treated with ibuprofen-loaded PLGA NPs for 2 hours. The nuclei
were stained with DAPI. The localization of NPs was intracellular.

Abbreviations: PLGA, poly(lactic-co-glycolic acid); NPs, nanoparticles; DAPI, 4",6-
diamidino-2-phenylindole.

activity at 5 UM/L, that is, at a concentration > 100 times
lower than that of free ibuprofen.

ANGPTL4 mRNA expression

To verify the effect of treatment with ibuprofen-loaded
PLGA NPs and free ibuprofen, we analyzed changes in the
expression of the transcript for ANGPTL4 by real-time PCR.
Figure 5 presents the real-time PCR output from MKN-
45 cells treated for 2 hours with ibuprofen-loaded PLGA NPs
and free ibuprofen at 200 and 800 WM. We observed increased
mRNA levels after 2 hours of treatment with ibuprofen-loaded
PLGA NPs; a fold change of 10.3 with respect to the control
cells was observed, while with free ibuprofen at 200 and
800 uM, the fold change was 0.15 and 1.70, respectively, com-
pared to control cells, measured by the number cells grown
in culture medium alone or in culture medium plus DMSO.
Previously we observed increased ANGPTL4 mRNA levels
in MKN-45 cells treated for 24 hours with free ibuprofen at
800 uM, which was indicated by a fold change of 22.20 with
respect to the control cells (data not shown).

Discussion

The primary purpose of this work was to study whether ibu-
profen carried by PLGA NPs in gastric cancer cells exerted
antiproliferative effects at low concentrations. We previously
demonstrated the antiproliferative activity of ibuprofen on
MKN-45 cells.” However, high doses of ibuprofen were
required to elicit these antiproliferative effects. Previous
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Figure 4 Nanoparticle uptake by MKN-45 cells revealed by flow cytometry. A total of 5 x 10* MKN-45 cells were seeded in a 24-well plate for 24 hours prior to assay.
The medium was then replaced with fresh RPMI 1640 without serum before ibuprofen-loaded PLGA NPs were added. After 2 hours of incubation, the cell monolayers
were rinsed three times with PBS buffer to remove excess NPs and incubated with complete medium. NP uptake was verified by flow cytometry. The cells were collected
and washed twice with cold PBS. The pellets were resuspended in FACSFlow Sheath Fluid and analyzed by a FACSCanto Il cytometer. For each sample, >20,000 cells were
analyzed by FACSDiva software. Typical fluorescence histograms (A) and the percentage of fluorescent cells (B) at different time intervals are shown. Nearly 100% of the

cells were fluorescent at 24 and 48 hours.

Notes: Values represent the means of three independent experiments performed in triplicate; (P < 0.005; Student’s t-test).
Abbreviations: PLGA, poly(lactic-co-glycolic acid); NPs, nanoparticles; PBS, phosphate-buffered saline.

experiments performed with lower concentrations of ibu-
profen in the 400-800 uM range on MKN-45 cells showed
no antiproliferative effects after 24 or 48 hours of treatment.
Numerous other studies have also examined biodegradable
PLGA NPs. Magnetic biodegradable PLGA NPs have been
designed for noninvasive cell tracking in vivo by magnetic
resonance imaging.”® Recent studies on PLGA NPs have
shown great potential for utilizing this nanomaterial in
various biomedical and biotechnological applications such
as cell type recognition, disease diagnosis, and drug/gene
delivery.?*33 PLGA NPs loaded with ibuprofen have also

been used as a model for drug loading and release profiles.**’

Table 2 Release of ibuprofen from PLGA NPs in cells

Sample Ibuprofen Ibuprofen % of initially
concentration (ng/mL) ibuprofen
(ng) added

Cell lysate after 2 hours  55.0 + 0.01 1100 0.3

Cell lysate after 4 hours  67.5 + 0.04 1350 0.3

Cell lysate after 24 hours 75.5 +0.03 1510 0.4

Note: Values represent the mean * SD of four independent experiments performed
in duplicate.
Abbreviations: PLGA, poly(lactic-co-glycolic acid); NPs, nanoparticles.

However, to date, there has been no study on the use of NPs,
and in particular, PLGA materials, as carriers of ibuprofen
as an antiproliferative drug in vitro or in vivo.

In this study, we used ibuprofen-loaded-PLGA NPs to
investigate whether ibuprofen delivered into cells by means
of a carrier would exert antiproliferative activity on MKN-45
human gastric cancer cells even at low concentrations. We
treated MKN-45 cells with 200 uM of free ibuprofen or
ibuprofen-loaded PLGA NPs for 24 and 48 hours and noted
a dramatic inhibition of the proliferation of cells treated with
the latter versus the former. Moreover, the antiproliferative
effects were still observed after 48 hours without further
addition of NPs. We previously demonstrated the antiprolif-
erative effects of free 400-800 uM ibuprofen following the
addition of fresh medium containing ibuprofen every day.’
However, no significant inhibition was observed with lower
concentrations of ibuprofen.

We also treated cells with PLGA NPs, which had no
effect on cellular proliferation and were nontoxic to cells.
Therefore, the inhibition of proliferation was due to the intra-
cellular release of ibuprofen from the NPs. The percentage
of cells that had incorporated fluorescent-loaded ibuprofen
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Figure 5 Real-time PCR analysis.

Notes: Analysis of f ANGPTL4 mRNA levels in MKN-45 cells treated with free
ibuprofen (200 and 800 uM) or ibuprofen-loaded NPs for 2 hours by Real-Time
PCR. Each sample was normalized against human GAPDH. Bars indicate the fold
change values versus untreated MKN-45 cells of three independent experiments
performed in triplicate. Bars, SD; *P < 0.005; Student’s t-test.

Abbreviations: NPs, nanoparticles; GAPDH, human glyceraldehyde 3-phosphate
dehydrogenase.

PLGA NPs was >90% after 24 hours and remained at these
levels after 48 hours. The NPs were already releasing ibupro-
fen by 2 hours after they were added to the cells; however,
only a small concentration (<1 uM) of free ibuprofen was
detected in the culture medium (data not shown). We have
no data on the antiproliferative activity of ibuprofen at such
low concentrations. On the other hand, we demonstrated
that 200 uM ibuprofen had no effect on proliferation of
MKN-45 cells at 24 and 48 hours.

We observed the presence of ibuprofen in cell lysates,
demonstrating that the NPs released ibuprofen in the cells.
The release of a therapeutic agent from PLGA NPs has
repeatedly been shown to be biphasic, initially by diffusion
through the polymer matrix, and later by diffusion of the
therapeutic agent as well as degradation of the polymer
matrix itself.’®3° Bulk erosion is the main degradation
pathway of PLGA copolymers. This process occurs via the
random scission of ester bonds in the polymer backbone,
randomly throughout the device.* The concentration of
released ibuprofen increased rapidly over the first 2 hours
and then, increased slowly over time, reaching a maximum
at 24 hours. However, the amount of free ibuprofen in cell
lysates at 24 hours was approximately 75 ng, correspond-
ing to <1% of the initially added ibuprofen carried by the
PLGA NPs. Once conveyed within the cells, the ibuprofen
exerted antiproliferative activity at approximately 5 uM/L,
a concentration >100 times less than that of free ibuprofen,
suggesting greater efficiency, and less toxicity to cells. In
addition, upregulation of ANGPTL4, a gene involved in
proliferation and invasion processes, was triggered by these
low concentrations of ibuprofen.

Controlled and targeted delivery of an anticancer agent
at the site of action is necessary to maximize the killing
effect during the tumor growth phase, and minimize expo-
sure of healthy adjacent cells to the drug, thereby reducing
drug toxicity. The success of drug targeting depends on the
selection of the targeting agent, which should be abundant,
have high affinity and specificity of binding, and be well
suited to chemical modification by conjugation. To target
ibuprofen-loaded PLGA NPs specifically to MKN-45 cancer
cells, we are currently studying the differential expression
of membrane receptors in gastric carcinoma cells compared
with normal cells, to identify surface receptors that are
specific to the tumor cells or at least overexpressed on their
surfaces, and that may be able to bind specific antibodies,
ligands, and/or aptamers to the NPs. Additionally, our studies
will aim at identifying membrane receptors on tumor cells of
different lineages that are either not expressed or expressed
only at low levels on normal cells, in order to be able to target
nanoparticle drug carriers specifically to cancer cells.

Conclusion

The antiproliferative effect of ibuprofen at such low concentra-
tions is considered to be caused by the direct conveyance of
the drug into the cells, and its continuous release from NPs.
In conclusion, ibuprofen exerted an antiproliferative effect on
MKN-45 cells at low concentrations. This effect was achieved
using PLGA NPs as carriers of low doses of ibuprofen. These
results suggest the potential for enhancing the therapeutic
efficacy of ibuprofen as an anticancer drug. In addition, these
results suggest that these NPs could be used in combination
with other drugs for the treatment of malignancies.
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