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Abstract

The feasibility of topical delivery in the skin of 39 end modified phosphodiester oligonucleotides using electroporation was
investigated. Experiments were performed in vitro, using hairless rat skin. Five pulses of (200 V, 450 ms) were applied. The
39 end modifications of the 15 mer oligonucleotide were: (1) 39-aminohexyl, (2) biotin, with a triethyleneglycol arm, (3)
methylphosphonate links between nucleotides 13, 14 and 15, and (4) 2-O-methyl nucleotides at 13, 14 and 15 positions. All
the modifications were efficient to protect the oligonucleotides against degradation in the skin. Electroporation increased the
topical delivery of the 39 end-modified phosphodiesters by two orders of magnitude compared to passive diffusion, without
significant differences between the derivatives. Oligonucleotide concentrations in the range of 1 mm could be achieved in the
viable skin. The delivery of a phosphorothioate congener was lower than phosphodiester delivery due to the interaction of
phosphorothioate with the stratum corneum. Consequently, 39 end-protected phosphodiesters could be an interesting
alternative to phosphorothioate oligonucleotides for topical treatment of cutaneous diseases.  2000 Elsevier Science B.V.
All rights reserved.
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1. Introduction optimize their affinity and efficacy without reducing
their selectivity, and (iii) to target and deliver them

The striking advantage of the antisense approach across tissue barriers and cell membranes [1].
is its potential specificity of action at the gene level Electroporation is believed to create transient
(messenger RNA and genomic DNA). Nevertheless, aqueous pathways in lipid bilayers by the application
antisense oligonucleotides (ON) must overcome of short electric field pulses [2] However, the exact
several limitations before they can be widely applied physical nature of these pathways remains unre-
as therapeutics. These limitations require (i) to solved. Until now, the most common use of high-
improve their stability in biological systems, (ii) to voltage pulsing is the introduction of DNA into

isolated cells (electrotransfection). Moreover, high-
voltage electric field pulses have recently been*Corresponding author. Tel.: 132-2-764-7320; fax: 132-2-764-
shown to dramatically enhance the transdermal trans-7398.

´E-mail address: preat@farg.ucl.ac.be (V. Preat) port of moderate-sized compounds [3–5] or even
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macromolecules [6]. High-voltage pulsing can also methylphosphonothioate [17] structures. Other strate-
permeabilize in vivo cells of various tissues, includ- gies consisted in building hairpin sequences at the 39

ing the skin. Indeed, in vivo electroporation allows end, yielding 39-exonuclease-resistant ON [18,19].
the transfection of plasmid DNA in the skin of mice The aim of this study was to assess the effect of
[7,8] or the efficient local electropermeabilization of skin electroporation on the topical delivery of 39

tumor cells to bleomycin [9]. end-modified PO (39 PO). The stability of the PO in
Skin is a privileged target for antisense oligo- the donor compartment and the viable skin was first

nucleotides given its accessibility, and also because assessed. Topical delivery of the 39 PO in the
many cutaneous diseases are potential candidates for stratum corneum and the viable skin was evaluated
antisense therapy (cutaneous carcinoma, psoriasis, and compared to the transport of the phosphoro-
xeroderma pigmentosum, viral diseases, etc.). We thioate congener (PS). The influence of stratum
hypothesized that electroporation, which enhances corneum removal by stripping was also evaluated.
stratum corneum and keratinocyte permeability,
might be a useful method for cutaneous delivery of
ON. We have recently shown that electroporation is 2. Materials and methods
particularly efficient in promoting the permeation of
a 15-mer phosphorothioate ON inside the skin in 2.1. Oligonucleotides
vitro [10]. Zewert et al. [11] also demonstrated an
increased transdermal delivery by skin electropora- Oligonucleotides were synthesized and pre-
tion. The electrical parameters of the pulses (pulse purified on chromatography by Eurogentec Bel
voltage, pulse time and number of pulses) and the (Seraing, Belgium). Synthesis of the ON was carried
oligonucleotide concentration in the donor compart- out on an Expedite 8909 DNA synthetizer (Percep-
ment allow the control of the quantity of ON tive Bio, Framingham, MA, USA) using Glenn
delivered to the skin. The concentration of oligomer Research products (Sterling, VA, USA). ON were
in the viable skin reached therapeutic values (e.g., purified by reverse-phase HPLC after butanol ex-
micromolar range) within minutes. Moreover, elec- traction and ethanol precipitation. The purity was
troporated phosphorothioate ON were shown to be higher than 90%, as assessed by ion-exchange
localized in the nucleus of the viable epidermis cells HPLC. The sequence ACC AAT CAG ACA CCA
[12]. was chosen as complementary to a sequence of the

Nevertheless, despite their reasonable stability UL 52 essential gene of HSV-1 [20]. Four different
towards nuclease breakdown, the use of phosphoro- chemical modifications were selected to bring protec-
thioate oligonucleotides is still limited by some tion to the 39 end of the phosphodiester oligomer
problems in vivo: non-sequence-specific effects, (PO). The chemical structures are presented in Table
partly due to their affinity for proteins, reduced 1. The corresponding thiolated compound (PS, see
binding affinity to their RNA target, potential long- Table 1) was also used.
term toxicity, etc. [13]. Once criticised for their poor To evaluate the stability of the oligomers in the
stability in living media, phosphodiester backbone donor compartment or in tissue extracts, ON were

32ON could be reconsidered, provided that the 39 end labeled at the 59 end position with [g- P]ATP (ICN,
terminus of the oligomer is efficiently protected. Asse-Relegem, Belgium) using bacteriophage T4
Chemical groups such as hexanol, aminohexyl, ac- polynucleotide kinase (Boehringer Mannheim, Brus-
ridine, and cholesterol [14], or detectable groups sels, Belgium) and purified by HPLC to ensure the
such as biotin [15] have been tethered to the 39 end complete elimination of residual ATP. Tritiated ON
terminus of oligomers. For the same purpose, 39- were used for the determination of the quantity of
capped ON have been synthesized by modifying the ON delivered to the skin. Therefore, ON were
nature of the three or four terminal sugars or labelled at the C position of purines by hydrogen8

phosphodiester linkages at the 39 end of the oligomer exchange with tritiated water according to Graham et
3molecule. The phosphate bonds have been modified al. [22]. The purity of the H-labeled ON was

in phosphorothioate or methylphosphonate [16], or checked by denaturing PAGE [10].
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Table 1
a bCode Compound MW z

(Da)

PO ACC AAT CAG ACA CCA-R3 R35H 4503 214

cAmi ACC AAT CAG ACA CCA-R1 4682 214

dBio ACC AAT CAG ACA CCA-R2 5071 215

y y yOMe ACC AAT CAG ACA C C A 4593 214

MeP ACC AAT CAG ACA C[C[A 4501 212

ePS A*C*C* A*A*T* C*A*G*
A*C*A* C*C*A 4727 214

a MW is the molecular weight calculated from the presented chemical structure (ionized form in aqueous solution).
b z is the net electric charge carried by the compound.
c Ami was synthesized using Glen Research’s C6 amino modifier.
d Bio was synthesized using Glen Research’s BioTEG phosphoramidite.
e PS was synthesized using Beaucage’s reagent.

22.2. In vitro topical delivery of 39 end-modified cm , Johnson Matthey, Brussels, Belgium) were set
ON in both compartments. The distance between both

electrodes was 1 cm [3,4]. The cathode was located
The in vitro transdermal transport model was a in the upper compartment and the anode in the lower

vertical diffusion chamber made of two compart- compartment. The upper compartment was filled
3ments separated by freshly excised rat skin, with with 0.5 ml of H-labeled ON solution (3.2 mM

3 24 32epidermis facing the upper (donor) compartment. [ H]ON, 3.4310 mCi/ml or 3.2 mM [ P]ON,
23Samples of full-thickness abdominal rat skin (Mutant 5.4310 mCi/ml in 0.04 M Hepes buffer, pH 7,

Iops hairless rat, Iffa Credo, St. Germain-les-Ar- with EDTA 1 mM and 8%, w/v, sucrose for
bresles, France) were prepared by gently scraping off isotony), and the lower compartment with 2.5 ml of
subcutaneous fat of freshly excised skin. Stripped 0.024 M phosphate buffer, pH 7.4, made isotonic
skin, i.e., without stratum corneum, was obtained by with 4% (w/v) glucose. The lower compartment was
stripping, 10 times, the skin surface with gummed maintained at 378C and continuously stirred. No shift
paper (Scotch Cristal, Cergy Pontoise, France) before in pH due to pulsing was observed [10,12].
setting the skin in the diffusion cell. The skin area If not mentioned, ON were allowed to permeate

2exposed was 1 cm . Pure platinum electrodes (0.25 the skin during 4 h after pulsing. In passive diffusion
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experiments, the ON solution was left in contact with the tritium which might have exchanged with water
the skin for 4 h without the application of electrical and hydrolyzed in 1 ml NaOH 1 N at 458C for 24 h.
pulses. The homogenates were then counted for radioactivity

(Beta Counter, Wallac 1410, LKB, Pharmacia). The
2.3. Electroporation protocol quantity of ON, expressed as mean6standard error

of the mean (n53–8), were compared by one-way
The electroporation device used was an Easyject analysis of variance (ANOVA, P,0.05).

Plus (Cell One, Herstal, Belgium), delivering ex-
ponentially decaying (ED) capacitive discharge
pulses, characterized by their initial voltage 3. Results
(U ) and their pulse time (t). t corresponds toelectrodes

the time required for the voltage to drop to 37% of 3.1. ON stability in the donor compartment and
its initial value [3,4,10,12]. The pulsing protocol inside the skin
consisted in applying five pulses of 200 V and
t5471 ms for intact skin (53(200 V, 471615 ms)), As shown in Fig. 1A, the 39 PO migrated differ-
and five pulses of 200 V and t5442 ms for stripped ently in PAGE depending on their chemical modi-
skin (53(200 V, 442621 ms)). The inter-pulse delay fications. Their migration was inversely proportional
was 1 min. to the ratio between the MW and the net electric

charge, except for MeP (see Table 1).
322.4. Stability of 59 end P-labeled ON in rat skin The integrity of the tested ON in the donor

compartment was determined after 4 h of contact
32Four hours after topical delivery of the P-labeled with intact or stripped skin, ON being in direct

ON by electroporation, the skin was recovered from contact with the viable epidermis in this latter case.
the diffusion chamber and was gently wiped clean. The data show that after 4 h of passive diffusion (left
The area exposed to the donor solution was excised, side of Fig. 1B1 and 1B2) or 4 h after pulsing (right
pinned flat and tape-stripped 10 times to remove the side of Fig. 1B1 and 1B2), the 39-protected phospho-
stratum corneum. The remaining skin tissues, corre- diester ON as well as the non-protected compound
sponding to the viable epidermis and dermis will be remained fairly stable in the donor compartment. In
called hereafter ‘viable skin’. The viable skin was the case of Bio, however a dark band corresponding
immediately frozen in isopentane cooled by liquid to the de-biotinylated congener appeared after puls-
nitrogen. As ON are mainly localized in the epi- ing the stripped skin (Fig. 1B2).
dermis and in the uppermost layers of dermis [12], The integrity of the ON in the viable tissues was
cryosectioning parallel to the skin surface was analyzed after digestion of the collected tissues with
performed to a depth of 100 mm, the deeper tissues proteinase-K (see Section 2 for details). Four hours
being discarded. Tissue sections were incubated for 1 after pulsing or after 4 h of passive diffusion, the
h at 508C with 2 mg/ml proteinase K (Boehringer amount of oligomers that reached the viable tissues
Mannheim, Brussels, Belgium) in 0.5% SDS, 10 mM of intact skin was limited, requiring concentration of
NaCl, 20 mM Tris–HCl, pH 7.6, and 10 mM EDTA samples to load a sufficient amount of radioactivity
[21]. The samples were analyzed by 20% PAGE in on the gel. Due to the high-salt content of these
denaturing conditions, followed by autoradiography. samples, band resolution was poor (Fig. 1C1).
Samples from the donor compartment were analyzed However, given the differential migration of the
after 4 h of contact with the skin surface [10]. different derivatives as shown in Fig. 1A, the

migration pattern observed suggested that the oligo-
32.5. Quantification of the H-labeled ON in the mers recovered under these conditions of delivery

skin layers remained mostly intact. These results were sub-
sequently confirmed by analysis of the ON recovered

After 4 h post-pulsing diffusion, the stratum from stripped skin, after passive diffusion or pulsing
corneum and the viable skin were separated as (Fig. 1C2, left side and right side, respectively). The
described above. Both were lyophilized to remove higher tissue accumulation of oligomers in the case
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Fig. 1. PAGE analysis of the state of the 39-modified phosphodiester ON (1, Ami; 2, Bio; 3, OMe; 4, MeP; and 5, PO; see Table 1 for
details) before delivery to rat skin (A), after 4 h incubation on intact (B1) or 10 times stripped skin (B2), or extracted from the skin viable
tissues 4 h after delivery of the ON to intact (C1) or 10 times stripped skin (C2). The skin samples were treated as described in Section 2.
ON were delivered to the skin by 4 h passive permeation (left side) or by electroporation (5 (200 V| 470 ms)) followed by 4 h passive
permeation (right side).

of stripped skin allowed a much better gel analysis. As shown in Fig. 2A, electroporation significantly
The degradation pattern of Bio, observed in the increased the transport of the 39 PO in the stratum
donor compartment after delivery to stripped skin, corneum. Upon electroporation, every congener was

2was absent in the skin. The 39 PO were stable in the similarly transported (50–75 pmol /cm ). The trans-
skin. As expected, the non-protected compound (PO) port of Bio was, however, significantly higher than
exhibited significant degradation (Fig. 1C2, lane 5) the transport of MeP. Similar results were obtained
within the viable tissues of stripped skin. after 4 h passive diffusion, but the amounts trans-

2ported were lower (|25 pmol /cm ). Based on a
3.2. Quantification of 39 end-modified ON in intact stratum corneum thickness of 14 mm [22], i.e., 1.4 ml

2skin of tissue /cm of skin, the concentrations of the 39

PO in the stratum corneum fall in the range of 30–70
3.2.1. Electroporation versus passive diffusion mM 4 h after pulsing, and 9–25 mM after 4 h of

We first investigated the ability of electroporation passive diffusion (Table 2).
to increase the permeation of the 39 PO in the skin. Electroporation strongly promoted the delivery of
The quantity of ON was measured in the skin 4 h the four derivatives in the viable skin as compared to
after pulsing or after 4 h passive diffusion. the passive diffusion controls (Fig. 2B). Four hours
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orders of magnitude lower than upon electroporation.
Based on a tissue thickness of 0.65 mm [10], the
average ON concentration in the viable skin should
be about 0.5 mM 4 h after pulsing, and less than 0.05
mM after 4 h of passive diffusion (Table 2).

3.2.2. Phosphodiesters versus phosphorothioate.

3.2.2.1. Persistence of the ON reservoir in the skin.
The electrotransport of the 39 PO and of PS was then
compared. The experiment was carried out with only
two 39 PO (MeP and OMe). These were chosen
given that their 39 extremity is not derivatized with
bulky protecting groups and hopefully their steric
hindrance during transport within the skin structures
should be more comparable to that of PS.

Fig. 3A shows that, when measured immediately
after pulsing, the accumulation of PS in the stratum
corneum was significantly higher than the accumula-
tion of MeP and OMe. Four hours after pulsing, only
one-third of the quantity of MeP or OMe was found
in the stratum corneum right after pulsing remained
in this tissue, while the quantity of PS was almost
unchanged.

In the viable skin (Fig. 3B), measurements per-
formed immediately after pulsing showed that the
transport of MeP and OMe was more efficient than
the transport of PS (concentration in the viable skin:
about 1 mM for OMe and MeP, and less than 0.5 mM
for PS (Table 2)). Four hours after pulsing, all
oligomers were recovered in similar amounts (|35
pmol, i.e., |0.5 mM).

3.2.2.2. Affinity for the stratum corneum. The ac-
cumulation of the 39 PO in the stratum corneum was
compared to that of PS, without application of

Fig. 2. Influence of 39 end modifications on ON permeation in electrical pulses. As displayed in Fig. 4, all deriva-
intact skin: mean quantities of 39 end-modified phosphodiester ON tives accumulated in the stratum corneum, since ON2(pmol /cm ) recovered from the stratum corneum (A) or from the

concentration in the donor compartment was 3.2 mM.viable skin (B) 4 h after pulsing (53(200 V, 471 ms)) or after 4 h
However, the passive accumulation of the 39 POpassive diffusion. Donor solution: ON 3.2 mM, EDTA 1 mM,
oligomers in the stratum corneum was much lowersucrose 8% in 0.04 M Hepes buffer, pH 7 (n53–4).

than PS accumulation, indicating a much weaker
interaction of the 39 PO derivatives with the com-

2after electroporation, approximately 30 pmol /cm of ponents of the stratum corneum.
each congener were detected in viable skin. In the
absence of electric treatment, the quantities of Ami, 3.2.3. Quantification of 39 end-modified ON in
Bio and OMe were approximately one order of stripped skin
magnitude lower, and the quantity of MeP, two Stripping the skin significantly increased the trans-
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Table 2
Influence of stripping on 39 end-protected ON topical delivery

ON concentration in the skin (after 4 h)

Passive diffusion Electroporation
(mM) (mM)

Intact skin Stratum corneum 9–25 30–70
Viable tissues 0.003–0.05 0.5–0.6

Stripped skin Viable tissues 0.5–1.2 2.5–3.5

port of the four derivatives in the viable skin (Fig. 5 During pulsing, the 39 PO were more efficiently
2versus Fig. 2). Approximately 190 pmol /cm of each transported in the viable skin than PS (Fig. 3). This

derivative were found in the viable skin 4 h after is probably a consequence of the lower affinity of the
pulsing. After 4 h of passive diffusion, between 30 PO for the stratum corneum: (i) even in the absence

2and 80 pmol /cm of derivative were found. The ON of electric treatment, lesser PO than PS accumulated
concentrations inside the skin were above 2.5 mM 4 in the stratum corneum (Fig. 4); (ii) the PO were
h after pulsing, and between 0.5 and 1.2 mM after 4 able to diffuse out of the stratum corneum after
h passive diffusion (Table 2). pulsing in contrast to PS which remained for hours in

this layer (Fig. 3A). Hence, the stronger affinity of
PS for the stratum corneum might significantly

4. Discussion decrease its delivery in the viable skin, even when
pulses are applied. Another consequence of the lower

The objective of this study was to investigate the interaction of PO with the skin (e.g., tissue proteins)
ability of four 39 end-modified phosphodiester oligo- [13] suggests that the free PO concentration in the
nucleotides to permeate rat skin in vitro under a skin could be more elevated than that of PS. This
defined electroporation condition (53(200 V, 450 should make the PO more available for a specific
ms)). Similar skin electroporation conditions were interaction with their nucleic acid target. Besides the
previously shown to deliver a 15-mer PS to the chemistry of the ON, the size and sequence of the
viable skin at therapeutic level and to promote a ON could affect their delivery using skin electropo-
quick penetration of a FITC-labeled PS in the ration as reported for iontophoresis [24,25].
nucleus of the keratinocytes [10,12]. However, since However, even for the PO, the stratum corneum is
PS have a strong affinity for the stratum corneum, PS an efficient barrier to permeation in the viable skin
were replaced by 39PO ON. (Table 2). Therefore, we determined to what extent

Because of the significant activity of skin nu- the stratum corneum removal can increase the
cleases and subsequent potential degradation of ON quantity of ON delivered to the viable skin. 39 PO
[23], the stability of the 39 PO was investigated. The permeation in stripped skin was one order of mag-
derivatized oligomers (Ami, Bio, Ome and MeP) nitude higher than in intact skin after electroporation.
were found to be fairly stable in the skin during Stripping also increased the 39 PO concentration in
hours, even when the skin was electroporated. In the skin by one or two orders of magnitude after
contrast, the unprotected congener (PO) suffered passive diffusion (Table 2 and Fig. 5). Therapeutic
significant degradation by 39 exonucleases (Fig. 1C) levels were reached, as discussed by Regnier et al.
[10]. The selected 39 end modifications were thus [10]. As the stratum corneum regenerates rapidly
efficient to protect the ON against the nucleases [26], it could be removed by the patient. If a disease
present in the skin. (e.g., psoriasis or herpetic lesions) impairs the

Electroporation enhanced the 39 PO delivery in stratum corneum barrier function, ON permeation
intact skin by two orders of magnitude as compared will be facilitated, whereas hyperkeratosis could
to passive diffusion. Similar data were previously decrease ON topical delivery.
reported for PS [10]. These studies were performed in vitro using
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Fig. 4. Effect of the nature of the internucleotide linkage on the
ON affinity for the stratum corneum of intact skin: mean con-
centration of PS or 39 end-modified phosphodiesters (mM) in the
stratum corneum after 4 h passive diffusion. Donor solution: ON
3.2 mM, EDTA 1 mM, sucrose 8% in 0.04 M Hepes buffer, pH 7
(n53–5).

cell (data not shown). Lactate production in vitro by
untreated skin and electroporated skin was similar
(data not shown). Only a mild and reversible
erythema was observed in vivo after skin electropo-
ration [27]. Electroporation induces a disorganisation
of the lipid bilayers similar to that observed after
iontophoresis [28].

Fig. 3. Effect of the nature of the internucleotide linkage on the
ability of the ON to diffuse in /out of intact skin after pulsing:
mean quantity of PS or 39 end-modified PO oligonucleotides

2(pmol /cm ) recovered from the stratum corneum (A) or from the
viable skin (B) of hairless rat skin immediately or 4 h after
pulsing (53(200 V, 471 ms)). Donor solution: ON 3.2 mM, EDTA
1 mM, sucrose 8% in 0.04 M Hepes buffer, pH 7 (n53–4).

hairless rat skin as extensively used in literature
Fig. 5. Influence of 39 end modifications on ON permeation inreports. Histological, biochemical and non-invasive
stripped skin: mean quantities of 39 end-modified PO oligonucleo-bioengineering studies demonstrate that electropora- 2tides (pmol /cm ) recovered from the viable skin of hairless rat 4 h

tion does not modify the functionality of the skin. No after pulsing (53(200 V, 442 ms)) or after 4 h passive diffusion.
histological lesions in the skin submitted to high- Donor solution: ON 3.2 mM, EDTA 1 mM, sucrose 8% in 0.04 M
voltage pulses were observed after 4 h in a diffusion Hepes buffer, pH 7 (n53–4).
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