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bstract

Peptide nucleic acids (PNA) are very promising antisense agents, but their in vivo application is often hampered by their low bioavailability,
ainly due to their limited uptake through cellular and nuclear membranes. However, PNA chemical synthesis easily allows modification with
unctional structures able to improve the intrinsically low permeability and great interest is arising in finding specific and efficient delivery protocols.
olymeric core-shell microspheres with anionic functional groups on the surface were tested for their ability to reversibly bind lysine modified
NA sequences, whose antisense activity against COX-2 mRNA was already demonstrated in murine macrophages.
2006 Elsevier B.V. All rights reserved.
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1. Introduction

Peptide nucleic acids (PNA) are synthetic mimics of DNA
in which the deoxyribose phosphate backbone is replaced by
repeating N-(2-aminoethyl)-glycine units to which the nucle-
obases are attached via a methyl carbonyl linker (Nielsen et al.,
1991). Due to the uncharged and flexible polyamide backbone,
PNAs display an increased binding affinity for complemen-
tary sequences and biostability against nucleases and proteases
while retaining the specificity of Watson and Crick recognition
(Demidov et al., 1994; Albertshofer et al., 2005). An addi-
tional consequence of the polyamide backbone is that PNAs
hybridize virtually independently of the salt concentration. Thus

he thermal stability of PNA/DNA duplexes is barely affected
y low ionic strength. In contrast to DNA, PNA can bind in
ither parallel or antiparallel manner, being the latter the more
avored orientation. Finally, PNA/RNA hybridization is sig-
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ificantly more affected by base mismatches with respect to
NA/RNA duplexes. The absence of a charged backbone also
revents PNAs from binding to proteins that normally recognize
olyanions, removing a major source of non-specific interac-
ions (Hamilton, 1996). These properties, together with lack of
oxicity at even relatively high concentrations, suggested that
NA should be considered as highly promising compounds for
ntisense applications. However, as PNAs are large uncharged
olecules (typically 3000–4000 MW), it is not surprising that

hey are taken up very poorly by eukaryotic and prokaryotic
ells (Koppelhus and Nielsen, 2003). In addition, small amount
f PNA that is internalized inside the cells, often seems to remain
rapped in vescicular structures, thus resulting in a reduced
ioavailability.

Even if there is no general consensus about the uptake of
nmodified PNAs by mammalian cells, it seems to be cell-

ype dependent and different from the mechanism employed
y charged oligonucleotides. Despite their limited diffusion
hrough cellular and nuclear membrane, PNAs high chemical
ersatility allows their conjugation with structures that improve
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Table 1
Synthetized PNA sequences

PNA Sequence MW (g/mol)

AS KKK-A25 2HN-Lys-Lys-Lys-GCCCCAGGGCAGCGCA-CONH2 4734.0
AS KKK-A25 Rhod RHOD-GCCCCAGGGCAGCGCA-Lys-Lys-Lys-CONH2 5059.0
AS A25 2HN-GCCCCAGGGCAGCGCA-CONH2 4349.5
Scr A25 2HN-Lys-Lys-Lys-AGCGCGGACGCGACCC-CONH2 4734.0

AS KKK-S3 2HN-Lys-Lys-Lys-GGAAGAGCATCGCAGA-CONH2 4820.0
Scr S3 H2N-Lys-Lys-Lys-GGCGCAAGACGGTAA-CONH2 4820.0
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he intrinsically low permeability. Therefore, faster progress in
he development of PNA as therapeutic agents depends on find-
ng efficient and specific delivery protocols.

Several methods have been devised in the past years to
ddress this issue, including electroporation (Shammas et al.,
999), use of pore-forming agents (Faruqi et al., 1998), scrape
elivery (Sazani et al., 2001), loaded red blood cells (Chiarantini
t al., 2002) and cationic liposomes (Hamilton et al., 1999).
n alternative approach is represented by functional polymeric
icrospheres able to reversibly adsorb biomolecules on their

urface. We previously demonstrated that plasmid DNA and
roteins can be delivered through specifically designed core-
hell microspheres (Caputo et al., 2004; Ensoli et al., 2004). In
ddition, ionic interaction of nucleic acids with biocompatible
ationic microspheres results in increased cellular uptake and
ntracellular stability (Tondelli et al., 1998).

Ionic interaction with specifically designed functional core-
hell microspheres can also be achieved with PNA sequences
nce they are modified with a few acid or basic aminoacids at one
nd in order to be able to spontaneously associate with cationic
r anionic particles, respectively. It is well known that terminal
odifications of PNA sequences by aminoacids, oligopeptides

r peptides do not significantly affect their biological activity
Koppelhus et al., 2002; Turner et al., 2005; Scarfı̀ et al., 1997).
herefore, we here propose the design and synthesis of several
iological active PNAs modified with three lysine units at the
mino terminal.

These cationic PNAs can be further adsorbed onto carboxy-
ated poly(methylmethacrylate) (PMMA) core-shell micro-
pheres (H1D4) obtained by dispersion polimerization of
ethylmethacrylate in the presence of commercial Eudragit
100-55 stabilizer (Sparnacci et al., 2005). We previously
escribed the specific biological activity of native and modified
ntisense PNAs (Chiarantini et al., 2005a,b; Scarfı̀ et al., 2003)
irected against cyclooxygenase (COX), the prostaglandin
ndoperoxide synthase, the key enzyme responsible for the
onversion of arachidonic acid to prostaglandins. At least two
soforms of cyclooxygenase being identified: COX-1 which is
onstitutively expressed and COX-2 which is highly inducible
y growth factors, cytokines and tumor promoters (Smith et al.,

996; Dubois et al., 1998). COX-2 is localized at inflammatory
ites and neoplastic tissues and is implicated in processes of
he diseases while COX-1 is likely to synthesize prostaglandins
PGs) that regulate homeostatic functions (Dubois et al., 1998;
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CACGGTTT-CONH2 4122.3
CTCGTTGT-CONH2 4122.3

ane et al., 1998). Traditional non-steroidal anti-inflammatory
rugs (NSAIDs) inhibit both enzymes whereas the new class
f COX-2 selective acts as inhibitor of COX-2. Interestingly,
pidemiological studies showed a 40–50% reduction in death
elated to colorectal cancer in individuals taking NSAIDs
Smalley and DuBios, 1997; Sheehan et al., 1999). To explain
his observation, overexpression of COX-2 is detected in many
uman tumors including gastric cancer (Hida et al., 1998; Leung
t al., 2003). Glucocorticoids, on the other hand, suppress COX-
expression potently (Crofford et al., 1994) although continuous
se of the agents is often limited by their own side effects. Anti-
ense PNAs (AS PNAs) represent a powerful tool for specific
nhibition of gene expression at the mRNA level (Putnam, 1996).
everal modified PNAs directed against COX-2 mRNA can be
sed as a proof of concept to investigate the ability of core-
hell microspheres to efficiently deliver antisense molecules in
murine macrophage model.

. Materials and methods

.1. Materials

4-Methyl-benzydryl-amine-(MBHA) resin, O-(7-azabenzo-
riazol-1-yl)-1,1,3,3 tetramethyl-uronium hexafluorophos-
hate (HATU), N,N-diisopropylethylamine (DIEA), N-met-
ylpyrrolidone (NMP), acetic anhydride, sim-collidine, tri-
uoromethanesulfonic acid (TFMSA), Rhodamine B (Rhod)
ere of reagent grade. N,N dimethylformamide, diethyl ether,

cetonitrile, m-cresol were obtained from commercial sources
nd used without further purification unless indicated.

.2. PNA synthesis and purification

KKK-S3 and KKK-A25 16mer antisense PNAs and L205 14
er antisense PNA (Table 1), complementary to the regions

19–134, 149–164 and 105–118 of murine COX-2 cDNA
GeneBank accession number M64291), respectively, were syn-
hesized and chemically modified by the introduction of a lysinic
ripeptide moiety at the amino-terminal. Three lysine modi-
ed scramble PNAs were obtained. Moreover, A25 sequence

ithout terminal modification was also prepared. In addition,
KK-A25 PNA sequence was also labelled by direct coupling
f Rhodamine B on the solid support to the amino terminal of
he protected PNA sequences (Table 1).
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All PNA-sequence molecules were manually synthesized
ntroducing minor modifications in the standard method of solid
hase peptide synthesis which follows the tert-butoxycarbonyl
Boc) strategy (Christensen et al., 1995): 100 mg of MBHA resin
1.1 mmol/g) were downloaded with the first PNA monomer
0.024 mmol) in the presence of 0.02 mmol of HATU as coupling
eagent, 0.048 mmol of DIEA as base in N-methylpyrrolidone.
apping after first monomer loading was carried out with a mix-

ure of acetic anhydride-sim-collidine-N,N dimethylformamide
8.9/0.6/0.5, v/v/v). The PNA sequence elongation was then per-
ormed using the following conditions:

a) deprotection in a mixture of trifluoroacetic acid/m-cresol
(95/5, v/v);

b) coupling in a mixture containing five equivalents (equiv.) of
Boc-PNA monomer or of Boc-Lys (2-Cl-Z)-OH 4.5 equiv.
of HATU, 5.0 equiv. of DIEA, 7.5 equiv. of sim-collidine
at 0.1 M monomer (or amino acid) final concentration in
anhydrous NMP;

c) capping in a mixture of acetic anhydride-sim-collidine-N,N
dimethylformamide (8.9/0.6/0.5, v/v/v).

The same protocol was used to obtain rhodaminate PNAs
sing a coupling mixture containing five equivalents of Rho-
amine B, 4.5 equiv. of HATU, 5.0 equiv. of DIEA, 7.5 equiv. of
im-collidine at 0.1 M final concentration in anhydrous NMP.

Cleavage of PNA from solid support was carried out by treat-
ent with TFA/TFMSA/m-cresol mixture (8/2/1). The solvent
as partially evaporated and the product precipitated with ice

old diethyl ether. All PNA sequences were purified by reverse
hase high performance chromatography (RP-HPLC) on a Shi-
adzu LC-9A preparative HPLC equipped with a Phenomenex
18 Luna column (21.20 mm × 250 mm). Solvent A was 0.1%
FA in water and solvent B was 0.1% TFA in acetonitrile. The
olvent program was a gradient starting with 100% solvent A
or 5 min, linearly increasing to 70% solvent B in 30 min and up
o 100% B in 5 min. The diode array detector was set at 260 nm
uring the analyses. Mass spectra of each PNA sequence was
btained in the positive ion mode using a single quadrupole
ass spectrometer (HP Engine 5989-A) equipped with an elec-

rospray ion source (ESI-MS) and confirmed by electrospray
ontrap mass spectrometry (ESI-TRAP-MS). After purification,
he synthesis had a final yield of 60–70% depending on the type
f sequence with a purity of 95% at least after preparative HPLC
urification.

.3. Microspheres preparation and characterization

Core-shell microspheres H1D4 and fluorescent microsphere
H1D-FLUO) were prepared by dispersion polymerization as
reviously described (Sparnacci et al., 2005). Microsphere size
nd size distribution were measured using a JEOL JEM 100CX
canning electron microscope (SEM) operating at an acceler-

ting voltage of 20 kV. The samples were sputter coated under
acuum with a thin layer (10–30 Å) of gold. The magnifica-
ion was given by the scale on the micrograph. The amount
f Eudragit L 100-55 linked to the microsphere surface was

t
e
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etermined by back titration of the excess NaOH after com-
lete reaction of the acid groups and microsphere removal by
entrifugation. �-Potential measurements were carried out at
5 ◦C on a Malvern Zetasizer 3000 HS instrument, after dilu-
ion of microspheres in the presence of 10 mM NaCl solution. All

easurements were run in triplicate (±S.D. < 15%). Absorption
pectra were recorded on a UV Perkin-Elmer Lambda20 spec-
rophotometer (λ = 260 nm).

.4. PNA/microsphere complex preparation

A 10.0 mg of microspheres were incubated in 1.0 ml of a
0 mM sodium phosphate buffer at pH 7.4 in the presence of
ifferent PNA concentrations (from 10 to 1000 �g/ml) for 2 h
t room temperature. Then, the microspheres were collected by
entrifugation in a microfuge at 8000 rpm for 10 min. The super-
atant was filtered on low protein binding filter units (Millex
V100 Millipore) and unbound PNA was estimated by UV

pectroscopy at 260 nm. Molar extinction coefficients were mea-
ured in 20 mM phosphate buffer pH 7.4 for each PNA sequence.
he amount of adsorbed PNA was calculated as the difference
etween the given and the unbound PNA. PNA binding exper-
ments (50 or 250 �g/ml) to H1D4 microspheres (10 mg/ml) at
ifferent ionic strength were run in 20 mM phosphate buffer (pH
.4) added with increasing salt amount (0–1.0 M NaCl). Simi-
arly, the effect of pH in PNA adsorption experiments was stud-
ed in a standard buffer (0.03 M citric acid + 0.03 M potassium
hosphate + 0.03 M boric acid) by adding increasing amounts
f 0.2 M NaOH aqueous solution. In both cases, incubation was
un for 2 h at room temperature and the amount of unbound PNA
as detected, after centrifugation and supernatant filtration, as
reviously described.

For release experiments, previously prepared PNA/
icrosphere complexes were incubated in the presence of 1 M
aCl + 20 mM phosphate buffer (pH 7.4) for 30 min at 37 ◦C.
fter centrifugation in a microfuge at 8000 rpm for 10 min and
ltration, the amount of released PNA in the supernatant was
stimated by UV spectroscopy at 260 nm.

.5. Preparation of murine macrophages

Swiss mice were injected with 1.0 ml of 10% thioglycolate
Sigma, USA) intraperitoneally. On day 4, the peritoneal exudate
ells were obtained by peritoneal lavage with 10 ml of ice-
old Hank’ balanced salt solution supplemented with 10 U/ml
f heparin. The cells were washed twice, resuspended in cul-
ure medium DMEM (International PBI, Italy) supplemented
ith 10% heat-inactivated foetal calf serum (FCS), 1% antibi-
tics, 2 mM glutamine, and overlaid on plastic dishes (35 mm
ulture plates, Sarstedt, Italy). The plates were incubated in a
umidified 5% CO2 atmosphere at 37 ◦C over night to allow
ation with warmed DMEM medium for dislodge nonadher-
nt cells, and a macrophage monolayer was obtained. About
5% of the adherent cells were macrophages as determined by
mmunostaining and surface marker analysis.
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.6. Microspheres cytotoxicity in murine macrophages

Murine macrophages (5 × 105 cells/ml) were incubated with
ncreasing concentrations (0–500 �g/ml) of microsphere, alone
r bound to PNA. After 24 or 48 h incubation, cell viability
as measured by the CellTiter 96® AQueous One Solution
ell Proliferation Assay (Promega Corporation, USA) that
ontains a novel tetrazolium compound [3-(4,5-dimethyl-2-
l)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetraz-
lium, inner salt; MTS] and an electron coupling reagent
phenazine ethosulfate; PES). PES has enhanced chemical
tability, which allows it to be combined with MTS to form a
table solution. The MTS tetrazolium compound is bioreduced
y cells into a colored formazan product that is soluble in tissue
ulture medium. This conversion is presumably accomplished
y NADPH or NADH produced by dehydrogenase enzymes
n metabolically active cells. Assays are performed by adding

small amount of the CellTiter 96® AQueous One Solution
eagent directly to culture wells, incubating for 4 h and then

ecording the absorbance at 490 nm with a 96-well plate reader.
he quantity of formazan product as measured by the absorbance
t 490 nm is directly proportional to the number of living cells
n culture. The experiments were run in quadruplicate.

.7. Microsphere phagocytosis by murine macrophages in
itro

Murine macrophages (3 × 106 cells/ml) were incubated in
he presence of microspheres (10 or 50 �g/ml) for 1, 2 and
h. Cells were extensively washed to remove non-phagocytosed
icrospheres, fixed with 2% paraformaldehyde and 2.5% glu-

araldehyde for 30 min at 4 ◦C, and stained with toluidine blue.
ells were observed at a phase contrast microscope (100×) to
ount the number of macrophages with phagocytosed micro-
pheres.

.8. Confocal microscopy

For confocal microscopy analysis, the fluorescent micro-
pheres (H1D-FLUO) coated with rhodaminate KKK-PNA
btained as previously described were collected in phosphate
uffer at pH 7.4 and were allowed to sediment on a coverslip.
he murine macrophages (3 × 106 cells/ml) were incubated for
, 2, 4, (4 + 2), (4 + 4) or (4 + 20) h in the presence of rhodami-
ate KKK-A25 PNA H1D-FLUO microsphere complexes (10
r 50 �g/ml) obtained as previously described. After incuba-
ion at 37 ◦C, 5% CO2, with macrophages for 2, 20 and 24 h,
hey were observed at the confocal microscope. The confocal
maging was performed on a Radiance 2000 confocal laser scan-
ing microscope (BioRad), equipped with a Nikon 60×, water
mmersion 1.3 N.A. objective and with a argon–krypton laser.
or H1D-FLUO microspheres and KKK-A25 Rhod PNA dou-
le detection the samples were sequentially excited with the

88 and 568 nm lines of the argon–krypton laser to minimize
he overlapping between the two signals. The emission signals
ere detected by two photomultiplier tubes. Two barrier filters

BP; 515/30 nm for H1D-FLUO and LP; 600 nm for rhodami-

S
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i
c
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ate PNA) were placed before the two photomultiplier tubes as
reviously described (Riccio et al., 2001). Optical sections were
btained at increments of 0.5 �m in the Z-axis and were digitized
ith a scanning mode format of 512 × 512 pixels and 256 grey

evels. A phase contrast image was simultaneously collected for
eal-time living cells detection. Intracellular localization of the
uorescent microspheres was detected only in sections passing

hrough the nuclear interior of living cells. The image processing
nd the volume rendering were performed using the ImageSpace
oftware (Molecular Dynamics, USA) running on a workstation
ilicon Graphics Indigo2 (Mountain View, CA).

.9. In vitro biological activity

Murine macrophages (3 × 106/plate) were incubated for 4 h
n the presence of PNA-microsphere complexes (10 �g/ml).
nphagocytosed complexes were carefully removed by repeated
ashes and macrophages were maintained in fresh medium

or 4 h prior to stimulation in order to complete the uptake of
he remaining adhering microspheres. Free microspheres and
omplexes with scramble PNA sequence (i.e. Scr A25, Scr
3 and Scr L205) were used as negative controls. As specific

nhibitor of COX-2 expression NS-398 (N-[2-(Cyclohexyloxy)-
-nitrophenyl]methanesulfonamide) (10, 50 and 100 �M) was
dded to the culture media. Then, macrophages were further
ncubated for 18 h with or without 50 ng/ml of lipopolysaccha-
ide (LPS) from Escherichia Coli (serotype 0111:B4, Sigma
taly) to elicit the expression of COX-2.

After stimulation with LPS, cells were harvested by scrap-
ng with a solution containing 50 mM Tris–HCl, pH 7.6, 0.25 M
ucrose, 1% (w/v) SDS, 2 �g/ml leupeptin, 1 �g/ml pepstatin,
mM phenylmethylsulphonylfluoride (PMSF), 5 mM ethylen-
iamminetetraacetic acid (EDTA) and 5 mM N-ethylmaleimide.
ellular extracts were immediately boiled for 5 min, sonicated
nd centrifuged at 14,000 rpm to remove insoluble debris. Pro-
ein content was assayed by Lowry’s method (Lowry et al.,
951) and 40 �g of protein extracts were resolved on 8%
DS-polyacrylamide gel, transferred to nitrocellulose mem-
ranes (Amersham Life Science, UK) and then detected with an
ntibody specific against COX-2 (M-19, Santa Cruz Biotech-
ology Inc., USA). The secondary antibody was horseradish-
eroxidase-conjugated goat anti-rabbit IgG and visualized with
he ECL detection kit (Amersham Life Science, UK) according
o the manufacture’s instruction. Membranes were stripped and
eprobed with an antibody against p65 (Rel A) (C-20, Santa Cruz
iothecnology, USA). Immunoreactive bands were quantitated
y laser densitometry and COX-2 levels were normalized to p65.

. Results

Terminally modified PNA sequences, complementary to dif-
erent regions of murine COX-2 mRNA (Table 1), were syn-
hesized and physico-chemically characterized as described in

ection 2. During the synthesis, three lysine aminoacids were
dded at the amino terminal of three sequences of PNA to facil-
tate aqueous solubility and to allow reversible interaction with
arboxylated core-shell microspheres.



L. Chiarantini et al. / International Journal of Pharmaceutics 324 (2006) 83–91 87

p
t
a
r
e
s
p
l
t
(

H
w
c
i
c

s
m
(
i
s
p

i
t
s
f
t
t
c
P
I

Fig. 3. Panel A: adsorption isotherms of PNAs on H1D4 microspheres. KKK-
A25 (empty circle), KKK-S3 (empty square) and KKK-L205 (empty triangle)
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The interaction between PNA and microspheres is reversible
as demonstrated through cell-free experiments with micro-
sphere complexes obtained with different PNA concentrations
Fig. 1. Chemical structure of Eudragit L100-55.

Poly(methyl methacrylate) core-shell microspheres were pre-
ared by dispersion polymerization. An appropriate selection of
he experimental parameters, such as the initiator and stabilizer
mount and the medium solvency power, allows the prepa-
ation of samples with a narrow size distribution (Sparnacci
t al., 2005). The resulting microspheres present a core-shell
tructure in which the inner core is mainly constituted by
oly(methylmethacrylate) and the outer shell by the steric stabi-
izer Eudragit L100-55 (Fig. 1) which has carboxylic groups able
o interact with modified PNA with basic aminoacidic residues
i.e. lysine) at physiological pH.

Scanning electron microscope (SEM) analysis of sample
1D4 (Fig. 2) shows a mean diameter of 2.07 ± 0.12 �m,
hereas titration of surface carboxylic groups indicate a specific

harge density of 40.9 �mol/g (=14.2 �mol/cm2). At physiolog-
cal pH, the free microspheres have a net negative charge as
onfirmed by �-potential measurements (−67.9 ± 1.2 mV).

The affinity of KKK-A25, KKK-S3 and KKK-L205 PNA
equences for the described microspheres was measured by
eans of adsorption experiments run in sodium phosphate buffer

20 mM, pH 7.4) at room temperature (Fig. 3). No differences
n PNA adsorption amount was detected between the three
equences, which have similar length but different base com-
osition (Table 1).

PNA loading values can be modulated (5–40 �g/mg) accord-
ng to initial PNA concentration (50–500 �g/ml), while main-
aining good adsorption efficiency (82–97%). This binding is
pecific for lysine modified PNAs as native antisense A25 PNA
ails to bind to H1D4 microspheres under the same experimen-
al conditions (data not shown). In the case of KKK-A25 PNA

he isotherm binding curve was tested up to 1 mg/ml PNA con-
entration thus finding a plateau value of 49 �g/mg of adsorbed
NA, corresponding to approximately 50% binding efficiency.
n any case, the eventually unbound PNA can be easily removed

Fig. 2. SEM micrograph of microsphere sample H1D4.
F
(

t physiological pH after 2 h at room temperature in the presence of 10 mg/ml
f microspheres H1D4. Panel B: PNA binding efficacy (%). Data are the mean
f three different experiments ± S.D.

pon two separate washing in phosphate buffer.To obtain more
nformation on PNA adsorption mechanism, binding was run
n phosphate buffers at different ionic strength (0–1.0 M NaCl)
howing maximum adsorption rate at low salt concentration. In
he presence of both low and high PNA concentration, binding
s favored when run in neutral and basic buffers (Fig. 4).
ig. 4. PNA adsorption vs. pH. KKK-A25 50 �g/ml (white bars); 250 �g/ml
black bars). Data are the mean of three different experiments ± S.D.
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Fig. 6. Macrophage toxicity of H1D4 microspheres. Filled bars: 24 h exposure;
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ig. 5. PNA released at different salt concentration. KKK-A25 50 �g/ml (white
ars); 250 �g/ml (black bars). Data are the mean of three different experi-
ents ± S.D.

50 and 250 �g/ml): PNA release is fast (30 min) and exten-
ive (16–100%) especially in the presence of buffers with
igh salt concentration (Fig. 5). Moreover, at pH > 4, PNA is
ost recovered (92–100%) from the samples with the low-

st loading value (data not shown), suggesting that modulation
f PNA/microsphere complex composition can result in PNA
mount controlled release.

The cellular toxicity of free microspheres was investigated in
urine macrophages. Our data clearly demonstrate the relatively

on-toxic nature of H1D4 microspheres in the time range stud-
ed (Fig. 6). When we verified the effect of conjugation with
NA, no significant differences were found if compared with
ree microspheres (data not shown).

The adsorption of a KKK-PNA onto core-shell microsphere
as clearly demonstrated by confocal microscopy (Fig. 7).
hen macrophages are cultured in the presence of core-shell
icrospheres, extensive phagocytosis can be seen at a phase con-
rast microscope, indicating that all particles were taken up at
5–90% after 4 h of exposure. When macrophage were cultured
ith H1D-FLUO microspheres coated with Rhod KKK-A25
NA and observed with confocal and fluorescent microscopy

t
s
r
2

ig. 7. Confocal microscopy images of fluorescent microspheres (H1D-FLUO) (A)
how that fluorescent microspheres are coated with rhodaminate KKK-PNA. The ins
ntreated cells. Data are run in quadruplicate and are the mean of two different
xperiments ± S.D.

he uptake of PNA microsphere complexes was evident
Fig. 8)

To examine the effect of PNA on COX-2 protein expres-
ion, murine macrophages were treated with free microspheres
r antisense or scramble PNA–microspheres complexes and sub-
equently stimulated with LPS for 18 h. The cellular extracts
ere prepared and tested for COX-2 expression by Western blot

nalyses. The evaluation of COX-2 levels by laser densitome-
ry of the immunoreactive band, normalized to p65 (Rel A) is
eported in Fig. 9.

Immunoblot analysis of unstimulated macrophage cellular
xtracts revealed that no COX-2 expression was detectable
Fig. 9, lane 1). Upon stimulation with LPS, the COX-2 band
as visible (lane 2–9) and the phagocytosis of free microspheres

lane 3) or complexed with scramble PNAs (lanes 4, 6 and 8) do
ot affect the expression of the protein. On the contrary, antisense
NA/microsphere complexes are able to significantly reduce
OX-2 expression (lanes 5, 7 and 9) with high efficiency (40%

or KKK-A25, 39% for KKK-S3 and 31% for KKK-L205).

. Discussion

Wider application in inflammatory diseases of peptide nucleic
cids as antisense agents appears to be limited by poor cellular
ptake in monocytes and macrophages. It is well known that
erminal modification of PNAs with a few cationic aminoacids
oes not hamper their biological activity in vitro and is able
o improve their cellular uptake (Sazani et al., 2001). However,

pecific antisense effect in vitro and in vivo application can be
eached only with high doses of PNA sequences (Sazani et al.,
002).

conjugated to rhodaminate PNA (Rhod KKK-A25) (B). Merged images (C)
ets show a single microsphere at three times magnification. Bar = 5 �m.
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ig. 8. Confocal microscopy images of the uptake of green H1D-FLUO micros
ncubated for 4 h with macrophages. Merged images (C and F) are superimpose

We here present a promising application of functional poly-
eric core-shell microspheres for the specific delivery of

ationic PNAs. These poly(methylmethacrylate) microspheres
ere previously tested for protein delivery and vaccine purposes:
hey are highly biocompatible, not toxic in vitro and in vivo
Caputo et al., 2004; Sparnacci et al., 2005) and bear ionizable
roups on the surface able to establish reversible ionic interac-
ions with charged biomolecules. Their preparation is easy to

ig. 9. In vitro inhibition of COX-2 by PNAs microsphere complexes. Above:
mmunoblot analysis of COX-2 expression levels in murine macrophages. Lane
: unstimulated macrophages. Lanes 2–9: macrophages stimulated with LPS
nd treated with nude microsphere H1D4 (lane 3), scramble-A25, -S3 or -
205/microsphere complexes (lanes 4, 6 and 8, respectively), antisense KKK-
25, -S3 and -L205 microsphere complexes (lanes 5, 7 and 9). Blots were
robed with anti-COX-2, anti-p65 (Rel A) antibodies. Below: quantification by
aser densitometry of COX-2 levels normalized to p65 (Rel A) and expressed
s COX-2/p65 ratio. Results are the mean of three different experiments ± S.D.
p < 0.00003 compared to lane 3.

s
a
t
t
s
c
n
i
i

c
c
p
A
s
t
t
a
f
a
o
s
c
a
t
l
p
d

t
i

s (A and D) conjugated with red rhodaminate KKK-A25 PNA (B and E) when
h phase contrast. Bars = 10 �m.

cale up and is highly reproducible. In addition, they can be
yophilized alone or complexed with biomolecules without any
oss of biological activity (Ensoli et al., 2004).

As a proof of concept, biologically active antisense PNA
equences directed against COX-2 mRNA were prepared with
few lysine units covalently linked at the amino terminal. To

est the efficacy of polymeric microspheres as delivery sys-
ems, no other significant chemical modification of these PNA
equences was considered (i.e. lipophilic moieties, positively
harged peptides such as Antennapedia, nuclear localization sig-
al peptides), as they were often found to play an important role
n improving endocytotic uptake or in giving rise to non-specific
nteractions with cellular proteins (Rapozzi et al., 2002).

Lysine modified PNAs were adsorbed on the surface of
arboxylated core-shell microspheres in different experimental
onditions at physiological pH and the stability of these com-
lexes was elucidated in several physiologically relevant buffers.
t physiological pH, PNA interaction with microsphere surface

eems mainly driven by the formation of ionic pairs between
he lysinic units and the carboxylate functional groups: adsorp-
ion rate is favored in low ionic strength buffers and at neutral
nd basic pH, where the degree of deprotonation of microsphere
unctional groups is higher. Adsorption efficiency is very high in
wide PNA concentration range, thus allowing a fine modulation
f the amount of bound PNA with great reproducibility. Exten-
ive release of intact PNA occurs in the presence of high salt
oncentration thus demonstrating the reversibility of the inter-
ction. Confocal microscopy shows that PNA is adsorbed on
he outer surface of the microspheres and that in the presence of
iving macrophages PNA/microsphere complexes are actively
hagocytosed and able to extensively release PNAs in a time

ependent manner.

An important requirement of synthetic delivery systems is
he lack of cytotoxicity, which can be affected by their chem-
cal composition, size and size dispersion, surface charge and
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dministered dose. In agreement with PMMA biocompatibility,
he described polymeric microspheres did not show any toxicity
n murine macrophages neither free or complexed with PNAs.

The efficacy of PNA/microsphere complexes was tested in
itro in cultured macrophages and compared to the activity of
ontrol scramble sequences as well as of a specific inhibitor
f COX-2 (NS398). All lysine modified PNAs adsorbed on
olymeric core-shell microspheres were shown to be able to
pecifically inhibit COX-2 protein expression in macrophages
ith good efficiency at very low doses. In the described cel-

ular model, the maximum inhibition efficiency (52%) was
eached only with 100 �M concentration of NS398 (data not
hown), a well known specific inhibitor of COX-2 that is not
pecific for the macrophage cellular model. Instead, in the case
f PNA/microsphere complexes, the maximum inhibition effi-
iency (40%) was reached with KKK-S3 antisense PNA bound
o H1D4 microspheres (loading = 17.8 �g/mg) which corre-
ponds to an active concentration in the culture medium of about
7 nM. KKK-A25 and KKK-L205 antisense PNA sequences,
elivered through polymeric microspheres, showed similar spe-
ific inhibition at 39 and 12 nM concentration, respectively.
o our knowledge, these doses are significantly lower than

hose reported up to now for PNA antisense in vitro activity
Koppelhus and Nielsen, 2003).

. Conclusion

PNA derivatization with basic aminoacids (KKK) allows
heir specific adsorption onto functional anionic core-shell poly-

eric microspheres, giving rise to ionic complex which are easy
o prepare, to store and that are very stable in physiological
uffers. To test their efficacy in vitro, we have studied the inhi-
ition of the expression and activity of COX-2 protein after
timulation with LPS, in murine macrophages where an inhi-
ition of the inflammatory response mediated by prostaglandins
elease can be obtained and measured. These polymeric carri-
rs are efficiently phagocytosed by murine macrophages and
ble to release biologically active antisense PNAs inside cells
here they can efficiently inhibit inducible protein expression

t nanomolar concentration.
Scramble PNA failed to inhibit protein expression whereas

S398 inhibitor allowed comparable inhibition efficiency but
nly at 100 �M concentration. Probably, delivery through
icrospheres allows PNA crossing of intact macrophage mem-

rane, thus increasing their bioavailability inside cells. Prelim-
nary results also indicate that this delivery system can even
e more effective in vivo, thus representing a promising tech-
ology for improving PNA therapeutic applications. Antisense
pproach against COX-2 mRNA could effectively represent a
ood alternative to the drugs currently used in inflammatory
iseases, which are affected by problems of toxicity, side effects
nd low specificity.
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