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Inhibition of HIV-1 in Cell Culture by
Oligonucleotide-Loaded Nanoparticles
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Purpose. To investigate the potential use of polymeric nanoparticles
for the delivery of antisense oligonucleotides in HIV-1-infected cell
cultures.

Methods. Phosphorothioate oligonucleotides were encapsulated into
poly (D,L-lactic acid) nanoparticles. Two models of infected cells were
used to test the ability of nanoparticles to deliver them. HeLa P,_,
CD," cells, stably transfected with the B-galactosidase reporter gene,
were first used to evaluate the activity of the oligonucleotides on a
single-round infection cycle. The acutely infected lymphoid CEM
cells were then used to evaluate the inhibition of the viral production
of HIV-1 by the oligonucleotides.

Results. The addition to infected CEM cells of nanoparticles contain-
ing gag antisense oligonucleotides in the nanomolar range led to
strong inhibition of the viral production in a concentration-dependent
manner. Similar results were previously observed in HeLa P, , CD,*
cells. Nanoparticle-entrapped random-order gag oligonucleotides
had similar effects on reverse transcription. However, the reverse
transcriptase activity of infected cells treated with nanomolar con-
centrations of free antisense and random oligonucleotides was not
affected.

Conclusions. These results suggest that poly (D,L-lactic acid) nano-
particles may have great potential as an efficient delivery system for
oligonucleotides in HIV natural target cells, i.e., lymphocytic cells.

KEY WORDS: phosphorothioate oligonucleotide; nanoparticle;
drug delivery; HIV-1; reverse transcription.

INTRODUCTION

Antisense oligonucleotides are designed to modulate the
information transfer from the gene to protein during the
RNA processing. In this way, these antisense compounds
have the potential to be used as therapeutic agents to control
the synthesis of a deleterious protein associated with viral,
neoplastic, or other diseases (1,2). The development of anti-
sense oligonucleotides is in constant progress, particularly
with the synthesis of novel modified classes of oligonucleo-
tides such as phosphorothioates, which are less sensitive to-
ward nucleases than phosphodiesters. Some phosphorothio-
ates are currently being evaluated in clinical trials for treat-
ment of cancer, targeting PKCa (3), C-raf kinase (4), or Bcl-2
(5). Vitravene, an antisense phosphorothioate oligonucleo-
tide recently approved by the FDA, is currently in clinical use
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for the intraocular treatment of retinitis caused by cytomeg-
alovirus (6). Because of the emergence of drug-resistant HIV
variants, antiviral therapies for HIV infection include anti-
HIV drug combinations such as reverse transcriptase (RT)
and protease inhibitors (7).

Among several approaches used to inhibit retroviral rep-
lication in vitro, the antisense strategy has also been proposed
to block various viral replication steps, in particular reverse
transcription. Indeed, RT is essential for HIV replication,
performing the conversion of the single-stranded RNA ge-
nome of the virus into a linear double-stranded DNA, a step
indispensable for subsequent integration into the host cell
chromosomes and expression of the provirus (8). Thus, tar-
geting HIV-1 RT is an attractive approach for the treatment
of AIDS by the use of an oligonucleotide-based therapy.
Phosphorothioate oligonucleotides have been used as inhibi-
tors of HIV replication in HIV-1-infected cells, but the ap-
parent mechanism of HIV-1 inhibition has been shown to be
mediated by antisense as well as nonsequence-specific mecha-
nisms and has differed, depending on the experimental cell
culture model used (for a review see Ref. 9). Indeed, because
of their polyanionic nature, phosphorothioate oligonucleo-
tides have poor subcellular availability due to nonspecific in-
teractions with cellular or extracellular components. More-
over, the immune stimulation induced by some specific CpG
motifs with the appropriate flanking sequences may adversely
affect the potential of these oligonucleotides as therapeutic
agents (10). All of these problems preclude potential appli-
cations of antisense-based specific inhibition of viral reverse
transcription. Significant progress has been made to resolve
these problems and to render antisense oligonucleotides use-
ful as a therapeutic alternative via the development of trans-
port systems into cells (for a review see Ref. 11). Delivery
agents should protect oligonucleotides from the environment.
Protection from enzymatic hydrolysis and prevention of pro-
tein binding can also be expected, permitting targeting of the
drug to specific cells or tissues, ensuring an improved thera-
peutic index (12). However, the rate of oligonucleotide re-
lease from the nanoparticle as well as the location (extra- or
intracellular compartment) where the oligonucleotide is re-
leased should also have an influence on undesirable interac-
tions.

To enhance their pharmacologic efficiency, oligonucleo-
tides have been associated or conjugated with liposomes (13),
cationic lipids (14), cationic polymers (15) fusogenic peptides
(16), dendrimers (17), and surfactants (18). To date, efforts
have been made in liposomal composition to show tolerable
toxicity (19) and improved stability in plasma and serum (20).
Among delivery systems, polymeric particles encapsulating
the active compound into a solid core have also been devel-
oped. This approach has been validated with different oligo-
nucleotides and various polymers such as methylmethacrylate
(21), polylactic acid (22,23), and poly(lactide-co-glycolide) co-
polymer (24). The 25-mer phosphorothioate oligonucleotide
GEMO1, directed toward gag mRNA was selected as a model
in this study (25). GEM91 has been shown to inhibit viral
replication but is also known for its in vitro-in vivo toxic ef-
fects (26). The purpose of this work was then to investigate
the potential of poly (p,L-lactic acid) nanoparticles as oligo-
nucleotide carriers in reducing the side effects of the GEM91
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oligonucleotide. The efficiency of encapsulated oligonucleo-
tides for their ability to enhance the inhibition of HIV-1 re-
verse transcription in lymphocytic cells was compared with
free oligonucleotides.

MATERIALS AND METHODS

Oligonucleotides, Polymer, and Reagents

An antisense phosphorothioate oligodeoxynucleotide,
designed to bind to the initiation site of the gag region of
HIV-1 (GEM91), and a random sequence phosphorothioate
of equivalent length (5’ N5 3"), made by a random mixture of
the equivalent molar quantities of the four nucleotides used
for the antisense sequence, were synthesized by Genset
(Paris, France). A hydrophobic complex of oligodeoxynucleo-
tide was prepared by association with a cationic surfactant,
cethyltrimethylammonium bromide (CTAB; Fluka, Buchs,
Switzerland) as previously described (23). Poly (b,L-lactic
acid) (Medisorb 100DL) was obtained from Alkermes (Al-
kermes, Inc., Cincinnati, OH). As a stabilizing hydrocolloid,
poly(vinyl alcohol) (Mowiol 4-88, Hoechst, Germany) was
chosen. Benzyl alcohol was purchased from Merck (Darm-
stadt, Germany).

Preparation of Oligonucleotide-Loaded Nanoparticles

Nanoparticles were produced by the emulsification-
diffusion method as described previously (22,23). Briefly, a
benzyl alcohol solution of poly(Dp,L-lactic acid) and oligo-
nucleotide-CTAB complex was emulsified in an aqueous so-
lution of poly(vinyl alcohol). Subsequent dilution of the emul-
sion with distilled water induced the diffusion of benzyl alco-
hol in the external phase of the emulsion and then the
formation of nanoparticles. The nanoparticle dispersion was
then purified by centrifugation and freeze-dried.

Cell Lines and Virus

Human 293T and Hela P,, CD,* adherent cells were
grown in DMEM supplemented with 10% heat-inactivated
fetal calf serum, penicillin (250 U/mL), streptomycin (250 g/
mL) and 2 mM L-glutamine. The CEM human lymphoid T
cell line was maintained in suspension in RPMI 1640 medium
supplemented with 10% heat-inactivated fetal calf serum
(Gibco BRL, Basel, Switzerland), penicillin (250 U/mL),
streptomycin (250 pg/mL), and 2 mM L-glutamine at 37°C in
5% CO,. The HIV-1 RO clone used in these experiments was
described previously (27). Briefly, plasmid R9 is a chimera
made between HIV-1,5, and HIV-1, ,5 isolates, and it
expresses functional forms of all HIV-1 genes.

Transfections and Infections

HIV-1 R9 infectious virus stock was produced by trans-
fecting 293T cells with 40 pg of R9 DNA (28). Briefly, the
subconfluent 293T cells were transfected by calcium phos-
phate precipitation, washed the day after, and supernatant
was collected 48 h after transfection. The conditioned me-
dium containing the virus was filtered on a 0.45-pm mem-
brane. CEM cells or HeLa P, , CD," cells were infected for 2
h at 37°C with HIV-1 R9 at different multiplicities of infection
(MOI) ranging from 0.001 to 0.1. Then the infected cells were
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washed to remove unadsorbed virus. Fresh complete growth
medium was added and cells were plated into 12-well plates (1
mL per well).

Antiviral Assays

To determine infectious titers of viral stocks, the P,_, cell
line was used (8). The P, indicators cells are HIV-1-
susceptible HeLa-CD,* cells carrying the bacterial lacZ gene
driven by the HIV-1 long terminal repeat (LTR). The B-ga-
lactosidase expression is induced by the LTR transactivation
by the viral Tat protein produced during infection. The cells
were then fixed with 1% formaldehyde and 0.2% glutaralde-
hyde in phosphate-buffered saline and stained with 5-bromo-
4-chloro-3-indolyl B-D-galactopyranoside (X-gal) for up to 4
h. The infection level of the viral suspension on P, cells,
cultivated with the different preparations, is expressed by
counting the number of blue foci. To determine the effect of
oligonucleotides on a single round of infection, P, , CD,"
cells were infected with HIV-1 (MOI of 0.1) and cultured for
24 h in the presence of free oligonucleotide or oligonucleotide
loaded-nanoparticles.

Separate experiments were also performed to test the
antiviral activity of the oligonucleotides on acutely infected
lymphocytes. CEM cells (2 x 10° cells/mL) were infected with
the HIV-1 virus (MOI of 0.1) as previously described. Cells
were treated every 3 or 4 days for up to 20 days with oligo-
nucleotides added either free to the cultures at indicated con-
centrations or loaded in nanoparticles. Cell-free supernatants
were collected every 3 to 4 days and tested for the presence of
reverse transcriptase (RT) activity as described below. In the
same time, the cytotoxicity of the formulations tested was
measured as described below.

Cytotoxic Assays

In a preliminary set of experiments to determine whether
the free antisense or random oligonucleotides exerted a toxic
effect on the noninfected CEM cells in culture, the number of
viable cells remaining in the culture medium after oligo-
nucleotide treatment was determined by counting live cells
every 3 or 4 days by trypan blue dye exclusion. Cell viability
and cytotoxicity were also assayed by using the CellTiter96
Aqueous Nonradioactive Cell Proliferation Assay as recom-
mended by the manufacturer (Promega. Madison, WI). Ali-
quots of infected CEM cells treated with free oligonucleo-
tides or loaded nanoparticles were taken each 3 or 4 days
during the experiment and dispensed in quadruplicate into a
96-well microculture plate (5000 cells/well) to control the de-
gree of cell proliferation, which was determined according to
the manufacturer’s protocol.

Reverse Transcriptase Assay

The reverse transcriptase activity found in the cellular
supernatant is directly proportional to the amount of virus
produced by the infected cells. Because of this, after treat-
ment with drug, a decrease in reverse transcriptase activity in
the culture supernatant, should reflect inhibition of viral rep-
lication. Aliquots of culture supernatants from infected CEM
cells were then treated by triton X-100 1% for 30 min to
inactivate the virus. The reverse transcription assay (protocol
adapted from Ref. 29) was performed on 10 pL of this lysed
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virus added to 20 pL of reaction mix containing 50 mM Tris-
HCI (pH 7.8), 75 mM KCl, 2 mM DTT, 5 mM MgCl,, 0.1%
NP40, 5 pg/mL polyrA-oligodT, *H-TTP (40 wCi/mL). The
reaction was stopped after a 2 h incubation at 37°C by freez-
ing at —20°C. The entire reaction was spotted on 2.3-cm
Whatman DES] circles. The filters were washed three times
for 5 min in a 2xSSC buffer to eliminate nonincorporated
SH-TTP and then once for 5 min in 95% EtOH, air dried, and
counted by scintillation. The amount of radioactivity products
bound to the filter is proportional to the quantity of the viral
reverse transcriptase present in the sample.

RESULTS

Cytotoxicity Assays

In the first set of experiments, the cellular toxicity of free
phosphorothioate oligonucleotides in noninfected cells was
evaluated by cell counting via trypan blue dye exclusion test.
Generally, cell growth was slightly affected at oligonucleotide
concentrations below 2 wM. At this concentration, a decrease
in cell viability (40%) showed the toxicity of the free oligo-
nucleotide (Fig. 1A).

The cytotoxicity of olignucleotide-loaded nanoparticles
was then determined by the CellTiter96 assay (Fig. 1B). Lim-
ited cytotoxic effects in infected cell cultures were observed
with oligonucleotide-loaded nanoparticles at the various con-
centrations tested (Fig. 1B). For concentrations of oligo-
nucleotide-loaded nanoparticles > 40 pg/mL (100 mM oligo-
nucleotide), cytotoxic effects were observed, whereas no
cytotoxicity was noticed with blank NP (without oligonucleo-
tide) whatever the concentration used (data not shown).

Antiviral Activity in P,_, Cells

The Hela-CD,*-B-galactosidase cells were used to evalu-
ate the effects of antisense oligonucleotides (free or loaded
into nanoparticles) on a single-round infection cycle. Cells
were then successively infected with R9 stock and treated
with the different compounds. If the viral infection in these
infected cells is inhibited, this should involve a decrease in the
tat gene product, which in turn would cause a decrease in the
number of blue cells. The results show that indeed oligonu-
cleotides inhibit B-galactosidase production with an ICs, of 50
nM when they are loaded into nanoparticles. Moreover, free
oligonucleotides tested at the higher concentration of 100 nM
inhibit B-galactosidase production of only 30% (Fig. 2).

Inhibition of Viral Replication in CEM Cells

Because CD," T lymphocytes are one of the main natural
targets of HIV-1 infection in vivo, the antiviral activity of the
antisense oligonucleotides, either free or loaded into nano-
particles, were evaluated on the human CEM lymphoid cells
infected de novo by HIV-1 R9, for up to 20 days. The nano-
particle concentrations used were lower than the cytotoxicity
threshold determined in previous experiments. The cells were
monitored every 3 or 4 days for reverse transcriptase activity
in the cell-free culture medium. The inactivity of blank nano-
particles (without oligonucleotide) on the inhibition of the
reverse transcriptase activity has first been checked (data not
shown). Figure 3 shows the dose-response curve of the oligo-
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Fig. 1. (A) Cell toxicity of free antisense (AS) or random (R) oligo-
nucleotides added to infected CEM cells at various concentrations:
(¢)AS2 uM, (O) AS 200 nM, (A) AS 20 nM, (x) R 2 uM, (¥) R 200
nM, (°) R 20 nM. Cell counts were determined by the trypan blue dye
exclusion technique. (B) Cell toxicity of oligonucleotide-loaded
nanoparticles (NP) added to infected CEM cells at various concen-
trations (white bars: 10 pwg/mL of NP containing 25 nM of oligo-
nucleotide; black bars: 20 wg/mL of NP containing 50 nM of oligo-
nucleotide; gray bars: 30 wg/mL of NP containing 75 nM of oligo-
nucleotide; square bars: 40 pg/mL of NP containing 100 nM of
oligonucleotide. Survival cells were determined by the CellTiter96
Aqueous Assay and reported as percent cell viability compared with
infected cells, unexposed cell cultures (means = SD, n = 4).

nucleotide-loaded nanoparticles vs. free oligonucleotides.
The inhibition of HIV-1 reverse transcriptase by the antisense
oligonucleotide-loaded nanoparticles (Fig. 3A) is concentra-
tion dependent and was observed from a concentration of 10
pg/mL of nanoparticles, which corresponds to 25 nM of oli-
gonucleotide. Moreover, suppression of HIV-1 replication
was already observed at the beginning of infection (day 6) for
the highest concentrations of nanoparticles tested (40 pg/mL
of nanoparticles or 100 nM of oligonucleotides). Free anti-
sense oligonucleotides used at equivalent concentrations did
not prevent the reverse transcription of HIV-1 (Fig. 3B). Re-
verse transcriptase activity in the supernatants of cultures
treated with antisense oligonucleotide-loaded nanoparticles
was strongly reduced, whereas with free antisense oligonucle-
otides, little effect on viral production was seen. Therefore, as
measured by the reverse transcriptase assay, the nanopar-
ticles improved oligonucleotide antiviral activity in this cell
culture model compared with addition of the free oligonucle-
otides directly in the culture medium. The contribution of the
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Fig. 2. Hela-CD,-B-galactosidase cell assays. Hela-CD,-B-
galactosidase cells were incubated in medium containing virus at
MOI 0.1 and treated with antisense oligonucleotides free (Oligo) or
loaded into nanoparticles (NP/oligo) at different concentrations
(black bars: control cells; white bars: 10 pg/mL of NP containing 25
nM of oligonucleotide; hatched bars: 20 wg/mL of NP containing 50
nM of oligonucleotide; gray bars: 30 wg/mL of NP containing 75 nM
of oligonucleotide; square bars: 40 pwg/mL of NP containing 100 nM of
oligonucleotide). At 48 h postinfection, the cells were fixed and
stained with X-gal. Blue cells were then counted under an inverted
microscope.

free oligonucleotide to the biological activity, even at the
higher concentration tested of 100 nM, is negligible. Regard-
ing the experiments performed with the random oligonucleo-
tide, results similar to those obtained with antisense oligonu-
cleotides were achieved (data not shown). Moreover, because
the inhibition seems to be nonspecific, by adding antisense or
random oligonucleotides in presence of supernatant of in-
fected CEM cells during the reverse transcritpion assay, we
checked that the RT activity is not inhibited by the oligonu-
cleotides (data not shown). The inhibition of viral replication,
even when the random oligonucleotides are loaded into nano-
particles, showed that although nanoparticles are able to en-
hance the activity of the loaded oligonucleotide vs. free oli-
gonucleotide, they are not able to increase the specificity of
the oligonucleotide even when its concentration was reduced.

DISCUSSION

In previous studies, the evaluation of the potential of
phosphorothioate antisense oligonucleotides as HIV thera-
peutic agents has been difficult, because suitable controls
were generally not included. In addition, contributions from
the nonspecific effects of these compounds, due to their
charged nature, were also not always taken into account. Sev-
eral possible mechanisms of action were postulated to ac-
count for the anti-HIV-1 activity of the oligonucleotides, such
as the blocking of viral adsorption and/or the inhibition of
viral reverse transcriptase (30). However, specific RNase H
cleavage of HIV-1 gag mRNA has been shown in both a cell
lysate assay and in cells acutely infected with virus (25). Al-
though these results support the potential of antisense oligo-
nucleotides as efficient agents to regulate gene expression,
the uptake of these drugs, especially into appropriate cellular
compartments, remains a major obstacle to their therapeutic
application. Therefore, the aim of this work was not to con-
firm the mechanism of action of the gag oligonucleotide but,
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Fig. 3. Inhibition of HIV replication in infected CEM cells. CEM
cells were in vitro infected with HIV-1 at an MOI of 0.1 and treated
with (A) antisense oligonucleotide-loaded nanoparticles or (B) free
antisense oligonucleotide: (A) 25 nM of oligonucleotide free or in 10
pg/mL of NP (x) 50 nM of oligonucleotide free or in 20 pg/mL of NP
(*) 75 nM of oligonucleotide free or in 30 pg/mL of NP (e) 100 nM
of oligonucleotide free or in 40 png/mL of NP. Cell-free supernatants
were tested every 3 or 4 days for the presence of reverse transcriptase
activity (RT). HIV replication was compared with that in control
infected CEM cells (O). Noninfected CEM cells ( 4 ) were used as the
negative control. (Duplicate samples were analyzed for all-time
points).

rather, to investigate the efficacy of a delivery system to im-
prove the cellular uptake of the oligonucleotides.

The experimental results presented in this study report
that poly (p,L-lactic acid) nanoparticles could be used for im-
proving cellular delivery of the oligonucleotides. Nanopar-
ticles allow oligonucleotides to exert their antiviral activity in
a more effective manner than free oligonucleotides. The poly
(p,L-lactic acid) nanoparticle formulation enabled delivery of
entrapped oligonucleotides to both P, , CD,* and CEM cell
lines at nanomolar concentrations. The first experimental
model, selected to test oligonucleotide activity, relied on the
use of cells containing the Tat activation region (TAR) of the
HIV-1 LTR, which controls the transcription of the B-galac-
tosidase reporter gene. Subsequent to HIV infection, the Tat
protein is synthesized and binds directly to the TAR, leading
to the expression of the B-galactosidase gene. Here, a de-
crease in the B-galactosidase activity was detected 48 h postin-
fection when the oligonucleotide-loaded nanoparticles were
added to the cell cultures at the time of virus infection.
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These results suggest that oligonucleotide-loaded nano-
particles act in inhibiting early events in the viral cycle life.
Indeed, these results obtained during one cycle of infection
are encouraging because in vivo, a defect in the replication in
the early viral stage may induce a decrease of the viral mul-
tiplication. In the second experimental model, the inhibitory
activity of oligonucleotides was studied in acutely infected
CEM cells. In this type of infection, free phosphorothioate
oligonucleotides have been shown to behave like polyanions
and to interfere with virus adsorption by binding to CD, and
to the V3 loop of viral gp120, thus inhibiting viral entry by
nonsequence-specific effects (26). In the present study, the
level of HIV-1 reverse transcriptase activity, in the presence
of oligonucleotide-loaded nanoparticles, was markedly re-
duced and maintained at a low level during the entire time of
the experiment. However, these results do not permit assign-
ment of a definite mechanism of action of the oligonucleo-
tide-loaded nanoparticles. Thus, the inhibition of viral repli-
cation also observed with random encapsulated nanoparticles
may indicate that the oligonucleotides can leak from nano-
particles in sufficient quantity to inhibit the gp120-CD, inter-
action via this mechanism. Nevertheless, because of the inac-
tivity of the free oligonucleotides and of the blank nanopar-
ticles, we can propose that the loading of oligonucleotide in
nanoparticles allows increased intracellular availability. This
may occur by the bypassing of vesicular trafficking, resulting
in a significant improvement in efficacy.

To understand these results, based on previous data, sev-
eral hypotheses have been proposed. A preliminary work (22)
showed that oligonucleotide-loaded nanoparticles are inter-
nalized by DU145 prostate cancer cells. However, the intra-
cellular internalization pathway seems to be different if the
oligonucleotides are free or loaded into nanoparticles. Ap-
parently, poly (D,L-lactic acid) nanoparticles deliver oligonu-
cleotides into a nonsequestering intracellular compartment. It
can be assumed that the increase of cellular association of the
oligonucleotides arises from the adsorption of nanoparticles
at the cell surface, where carrier bioerosion should occur fol-
lowed by the delivery of the encapsulated oligonucleotide.
Therefore, the oligonucleotide release should occur close to
the cellular membrane. Because the oligonucleotide release
from the nanoparticles in cell culture medium is quite fast, it
can be also supposed that oligonucleotides are principally lo-
cated close to the nanoparticle surface, which are then able to
release oligonucleotide by desorption, independent of the
degradation of the polymer. Moreover, because of the inhibi-
tory results obtained with random oligonucleotide-loaded
nanoparticles, the antisense activity reported in all cell assays
may have been due to the nonsequence-specific effect of
GEMO91. GEMY1 alone (100 nM) did not produce a signifi-
cant inhibition of HIV, but its incorporation into nanopar-
ticles resulted in approximately 90% inhibition.

As a conclusion, this work showed that the main advan-
tage of the nanoparticulate oligonucleotide carrier used is
increased cellular uptake. A concentration effect with an in-
crease in the entrapped oligonucleotide efficiency has been
observed. Therefore, nanoparticles seem to be a suitable tool
for oligonucleotide delivery. Nevertheless, further investiga-
tion is required to adjust the rate of the oligonucleotide re-
lease from the polymeric system, which may, in turn, facilitate
long-term treatment. Moreover, the use of compounds other
than amphiphilic molecules is needed to develop hydrophobic
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oligonucleotides able to be incorporated into polymeric ma-
trices.
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