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Abstract

The aim of this study was to assess the effects of iontophoresis and electroporation on transdermal delivery of nalbuphine (NA)
and its two novel prodrugs: nalbuphine benzoate (NAB) and sebacoyl dinalbuphine ester (SDN) from solutions as well as from
hydrogels. Hydroxypropyl cellulose (HPC) and carboxymethyl cellulose (CMC) were used in hydrogel formulations to evaluate
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heir feasibility for delivery of NA and its prodrugs. Application of iontophoresis or electroporation significantly enhan
n vitro permeation of NA and its prodrugs. The enhancement effect was more pronounced after applying iontophor
ombination of two electrically assisted methods enhanced the delivery of NA; however, no such enhancement was ob
he permeation of NAB and SDN. Hydrogels containing low concentration HPC did not affect the passive as well as el
ssisted permeation of NA and its prodrugs. The increase of hydrogel concentration as well as molecular weight sig
ecreased the electrically assisted permeation of NA, whereas the permeation of NAB and SDN remained unchang
lectrically assisted permeation from CMC-based hydrogels, the reduced permeation from higher percentage of CMC
ay be attributed the viscosity effect as well as the ion competition effect. The above results demonstrated that lipoph
olecular size, as well as hydrogel compositions had significant effects on skin permeation of NA, NAB and SDN via
iffusion or under the electric field.
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1. Introduction

The delivery of drugs via skin pathway has b
studied extensively in the pharmaceutical field.
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advantages of transdermal delivery of drugs include
its non-invasiveness, compliance, safety and effective-
ness. Nevertheless, the barrier properties of skin, espe-
cially the stratum corneum, have limited its clinical
applications. Consequently, two electrically assisted
methods including iontophoresis and electroporation
have been developed and demonstrated as effective
means to enhance the transdermal delivery of drugs
(Riviere and Heit, 1997; Banga et al., 1999).

Iontophoresis applies a small low voltage (typi-
cally 10 V or less) and constant current (typically
0.5 mA/cm2 or less) to push a charged molecule into
skin or other tissues. Electroporation involves the ap-
plication of a high voltage (typically >100 V) pulse
for a very short (�s–ms) duration to permeabilize the
skin (Banga et al., 1999). Electrically assisted deliv-
ery by iontophoresis/electroporation provides the ad-
vantage of programming the delivery rate and extent
in responding to the level of therapy desired. Previous
studies have demonstrated that the electrically assisted
methods may allow transdermal administration of nar-
cotics with a rapid achievement of steady-state concen-
trations and desired delivery rates (Grond et al., 2000;
Fang et al., 2002). These observations indicate that the
transdermal delivery system modulated by iontophore-
sis/electroporation can be utilized to deliver various
narcotic analgesics.

Nalbuphine (NA) is a narcotic analgesic used in the
treatment of both acute and chronic pain. It is a po-
tent analgesic with relatively low side effects (Cherny,
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The major goal of this study was to assess the perme-
ation characteristics of NA and the two prodrugs, NAB
and SDN, under various driving forces as well as from
various hydrogel formulations. The driving forces stud-
ied include passive diffusion, iontophoresis and elec-
troporation. The combination of both iontophoresis and
electroporation on permeation rates was also tested to
explore more effective means for delivery of the pro-
drugs. The skin permeation of NA, NAB and SDN
from hydrogel formulations containing hydroxypropyl
cellulose (HPC) or carboxymethyl cellulose (CMC)
was studied to evaluate their influence on perme-
ation rates under the application of electrically assisted
methods.

2. Materials and methods

2.1. Materials

Hydroxypropyl cellulose (HPC) (150–400 cps
and 1000–4000 cps determined 20 g/l at 20◦C)
and carboxymethyl cellulose sodium salt (CMC)
were purchased from Wako Chemical Industries
(Japan). Nalbuphine (NA, MW = 357.46, melting
point = 222–223◦C) was obtained from the Narcotic
Bureau, Department of Health, Executive Yuan, Tai-
wan. Nalbuphine benzoate (NAB, MW = 461.56, melt-
ing point = 153–156◦C) and sebacoyl dinalbuphine es-
ter (SDN, MW = 881.12, melting point = 130–131◦C)
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996). Due to its short elimination half-life and lo
ral bioavailability (Lo et al., 1987), frequent injection

s needed. In order to maintain the blood nalbup
oncentration to improve the patient compliance
herapeutic effectiveness in pain management, a s
f nalbuphine prodrugs have been synthesized (Wang,
992; Sung et al., 1998). The pharmacokinetic and bi
harmaceutic characteristics of NA and its prodr
uggest the practicality of transdermal route (Sung e
l., 2000; Fang et al., 2001). Among those pro
rugs synthesized, nalbuphine benzoate (NAB)
ebacoyl dinalbuphine ester (SDN) are relativ
ovel synthetic prodrugs of NA (Fig. 1) (Pao e
l., 2000). Since the functional groups and mol
lar structures for the prodrugs are different,
rug lipophilicity, molecular size and thus, t
kin permeation characteristics can be significa
ifferent.
ere synthesized by Yung-Shin Pharmaceutical
Taiwan) by a method developed from Pharmace
al Research Institute, National Defense Medical C
er (Pao et al., 2000). All chemicals and solvents we
nalytical or HPLC grade and used as received.

.2. Preparation of hydrogels

For the preparation of cellulose hydrogels, ap
riate amounts of polymer were added into half of
citrate–phosphate buffer and the mixture was st

ontinuously for 1 h. After 24 h, the residual half of
buffer and appropriate amounts of drug were ad

nto the mixture with continuous stirring for 1 h. T
nal concentrations for NA, NAB and SDN were 1
.5 and 0.75 mM, respectively. The in vitro permea
xperiments were performed 24 h after the prepar
f hydrogels.
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Fig. 1. Chemical structures of nalbuphine (NA), nalbuphine benzoate (NAB) and sebacoyl dinalbuphine ester (SDN).
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2.3. Viscosity determinations

Measurements of the viscosity were carried out on
hydrogels before the performance of in vitro perme-
ation experiments. The viscosity of hydrogel was de-
termined in a cone and plate viscometer (Brookfield
Co., Model DV-2, USA). Hydrogel of 0.5 g was placed
in the sample cup of the viscometer and allowed to stand
for 30 min to reach equilibrium temperature of 37◦C.
For each measurement, the readings were recorded for
20 s; the stabilized values were then averaged and con-
verted to the hydrogel viscosity.

2.4. In vitro permeation experiments

The in vitro permeation studies were performed us-
ing horizontal glass diffusion cells. The dorsal skin of
excised female nude mouse (Balb-c/nu strain, 7 weeks
old) was used as the model skin barrier. The recep-
tor phase contained 8 ml of 0.06 M citrate–phosphate
buffer (pH 7.4). For drug permeation from solutions,
the donor compartment was filled with 8 ml of 0.06 M
citrate–phosphate buffer (pH 4) containing 1.5 mM of
NA or NAB, or 0.75 mM of SDN. For permeation stud-
ies from hydrogel vehicles, 8 g of hydrogel-containing
drug was used as the donor vehicle. The available skin
diffusion area was 0.785 cm2. The cells were agitated
by magnetic stirrers at 600 rpm. The samples (300�l)
were withdrawn from the receptor at regular intervals
and immediately replaced by an equal volume of fresh
b y the
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tro Cell Manipulator®, USA). A pair of platinum elec-
trodes (0.5× 1.5 cm2) were used and each located 3 cm
from the skin membrane. The anode was positioned in
the donor compartment and the cathode was in the re-
ceptor compartment. The electroporation protocol was
1 pulse per 30 s, applied for 10 min; the pulse voltage
was 300 V and pulse duration was 200 ms. The voltages
were expressed as applied values but not transdermal
values. In the study of combining electroporation and
iontophoresis, the iontophoresis was started after ap-
plying 10 min of skin electroporation.

2.7. Data analysis

In the permeation study, the total amount of NA
permeated across the unit diffusion surface into recep-
tor was calculated and plotted as a function of time.
The permeation data were analyzed using the follow-
ing equation:

Jss = dQ

dt × A

whereJss is the flux at apparent steady state,Q the
cumulative mass of drug transferred to the receptor
compartment, and A the membrane surface area. Both
Students’t-test and one-way ANOVA were utilized as
appropriate to test the various treatment effects.

3. Results and discussion
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PLC methods (Sung et al., 1998; Pao et al., 2000).

.5. Iontophoresis protocols

For the in vitro permeation experiments under i
ophoresis, a pair of Ag/AgCl wires (0.5 mm in diam
er) with an effective length of 15 mm were immerse
he buffer as electrodes, with the anode in donor site
he cathode in receptor site. The electrodes were
ositioned 3 cm from the side of skin. The electro
ere connected to a current power supplier (Yokog
o., Model 7651, Japan). The current density wa
t 0.3 mA/cm2 by continuous mode for 3 h.

.6. Electroporation protocols

Electroporation was performed using an expon
ial decay pulse generator (BTX Co., ECM 630 El
.1. Transdermal permeation of NA, NAB and
DN by passive diffusion

Prior to perform skin permeation experiments,
tability of both prodrugs in pH 4 buffer was eva
ted. There were no detectable decomposition pro
bserved within 6 h with or without applying curre
nd voltage pulsing, indicating that the prodrugs w
hemically stable within the experimental time (d
ot shown). Preliminary studies also show that wi

he limit of HPLC detection (1.2 ng/ml), no measura
mount of prodrugs was observed in the receptor
uring 6 h. This demonstrates that the prodrugs w
ompletely hydrolyzed during the permeation proc
ince the epidermis is a metabolically active tissue
egradation of prodrugs during the permeation pro
an be attributed primarily to the biotransformat
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and enzymatic degradation within the skin. The trans-
formed NA from prodrugs may be largely accumulated
in viable epidermis and then, the NA molecules were
passively released from the epidermis into the recep-
tor. The diffusion of NA from viable skin to receptor
was fast according to the data of NA permeated across
stratum corneum-stripped skin (Sung et al., 2003).

Fig. 2shows the cumulative amount of NA (�g/cm2)
in the receptor compartment as a function of time for
the passive permeation of NA and its prodrugs. The
apparent steady-state fluxes (�g/cm2/h) from the pro-
files are summarized in the figure legend. The amount
of drug permeated via passive diffusion was low,
with flux increased in the order of NAB > NA> SDN.
The more lipophilic NAB may result in higher skin
membrane–water partition and thus, higher NAB skin
permeation. The first sampling time plot for in vitro per-
meation was 0.5 h. Only NA molecules were detected
in this first sampling, indicating a fast biodegradation
for NAB within the epidermis.

Previous report also showed that for any drug
molecule with molecular weight higher than 500 Da
may not be appropriate for transdermal delivery via
passive diffusion (Finnin and Morgan, 1999). Although
the SDN is more lipophilic than NA, its higher molec-
ular weight (MW = 881.12) exceeded the cut-off point
for passive permeation through skin. As a result, there
was essentially no SDN permeation observed within
the 6 h of experimental time. According to the study
of the permeation of buprenorphine and its prodrugs
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Fig. 2. Cumulative amount vs. time profiles for nalbuphine after
application of nalbuphine (A), nalbuphine benzoate (B) and sebacoyl
dinalbuphine ester (C) permeated across nude mouse skin from pH
4 buffer under various driving forces. All data represent the means
of four experiments± S.D.
Stinchcomb et al., 1996), as one approaches the
remes of high lipophilicity the aqueous tissue re
ance, such as viable epidermis/dermis, become
redominant resistance. It appears that the str
orneum is not the sole significant contributor of re
ance for the prodrugs. The other narcotic analge
uch as sufentanil, which has highly lipophilic natu
lso showed a case of low permeation by the re

ance of epidermis/dermis (Roy et al., 1994). Another
ossibility for the negligible permeation of SDN is t
lower enzymatic biotransformation to form NA with
he epidermis, thus retarding its passive diffusion.

.2. Transdermal permeation of NA, NAB and
DN by electrically assisted methods

Fig. 2 shows the amount of drug permeated ve
ime for NA and its prodrugs under iontophoresis wi
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constant current of 0.3 mA/cm2 and 3 h of application.
Iontophoresis markedly increased the transport of NA
and its prodrugs, presumably due to the electrochemi-
cal potential gradient. The data also showed that the flux
of SDN increased from 0 to 10.39�g/cm2/h after appli-
cation of iontophoresis, suggesting the cut-off limit was
increased by iontophoresis. The iontophoresis signifi-
cantly enhanced the permeation of prodrugs rather than
the parent drugs. The appendageal pathways are impor-
tant for iontophoretic delivery of drugs (Tyle, 1986;
Sung et al., 2000). Since the viable epidermis/dermis
may be a predominant barrier for the lipophilic pro-
drugs to permeate across skin, the appendageal routes,
which pass through epidermis/dermis, may offer a
convenient pathway for NAB and SDN to permeate.
Hence, the administration of iontophoresis extends this
effect, resulting in the higher enhancement of prodrug
permeation. The enhancement effects remained ele-
vated even after cessation of electrical current (Fig. 2).
This observation may be attributed to the formation of
drug reservoir within the skin and the drug was slowly
released from reservoir into the receptor even after 3 h
of application.

Transdermal delivery of NA and its prodrugs was
also investigated by application of high-voltage pulses
at time zero. By comparing to the passive permeation,
the application of electroporation significantly in-
creased the skin permeation of all drugs tested (Fig. 2).
The observation can be due to the creation of tran-
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poration are different, higher permeation would be ex-
pected for the application of short high-voltage pulses
prior to applying iontophoresis.Fig. 2A demonstrates
the permeation results by applying 20 pulses of 300 V at
time zero and followed by applying 0.3 mA/cm2 of ion-
tophoresis. The application of electroporation pulses
prior to iontophoresis consistently yielded four-fold
higher flux for NA. The creation of a permeabilized
state of the skin by high voltage pulses before ion-
tophoresis is more likely the origin of the synergistic
effect (Jadoul and Pŕeat, 1997). Iontophoresis is be-
lieved to primarily transport drugs through pre-existing
pathways (Cullander, 1992); it has also been shown that
the application of high-voltage pulses may attribute to
the creation of new pores or new pathways (Banga et
al., 1999). As a result, the newly aqueous pores created
by electroporation may allow hydrophilic NA to pass
through under iontophoresis, thus causing the syner-
gistic effect after combining iontophoresis and electro-
poration.

The application of electroporation prior to ion-
tophoresis did not produce a synergistic effect for
permeation of NAB as well as SDN (t-test,p> 0.05)
(Fig. 2B and C). Since the application of electropo-
ration has limited effect on the permeation of NAB
and SDN, the aqueous pores created by electroporation
thus could not offer an efficient pathway for NAB and
SDN under iontophoresis.Hirvonen and Guy (1997)
demonstrate that lipophilic cations, such as propranol,
can decrease the electro-osmosis, thus decreasing the
i ca-
t um-
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c oos-
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ient micropores in skin and permit transport of dr
cross these pathways (Prausnitz et al., 1995; Jadou
l., 1998; Fang et al., 2002). Nevertheless, fluxes e
anced by electroporation was less pronounced

hose by iontophoresis (t-test,p< 0.05), especially fo
AB and SDN. Electroporation predominantly acts

he stratum corneum to create micropores (Jadoul e
l., 1998). Since the layers of epidermis/dermis w
rate-limiting barrier for prodrugs but not for NA

elf, the subjection of the barrier property of stra
orneum by the pulsing may be not enough for N
nd SDN. Although electroporation could largely
rease the accumulation of lipophilic prodrugs wit
he stratum corneum, the further transport across v
kin may be difficult.

The effects of combining iontophoresis and e
roporation on skin permeation of NA, NAB and SD
ere also examined in the present study. Since th
ancement mechanism for iontophoresis and ele
ontophoretic permeation of their own. The appli
ion of electroporation may accumulate larger n
ers of lipophilic NAB and SDN within the stratu
orneum. This may cause the reduction of electr
otic flow, resulting in the negligible synergism

ombining both electrically assisted methods.

.3. Transdermal permeation of NA, NAB and
DN from hydrogels

The skin permeation of NA and its prodrugs fr
PC as well as CMC-based hydrogels were inv
ated.Fig. 3 shows the permeation profiles of N
AB and SDN from HPC-based hydrogels. Ther
o significant difference (t-test,p> 0.05) between th
ux from pH 4 buffer and from 2.5% HPC hydrogels
ll three drugs studied, indicating that the cross-link
tructure formed by 2.5% HPC did not interact with
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Fig. 3. Cumulative amount vs. time profiles for nalbuphine after
application of nalbuphine (A), nalbuphine benzoate (B) and sebacoyl
dinalbuphine ester (C) permeated across nude mouse skin from HPC
hydrogels with different concentrations under various driving forces.
All data represent the means of four experiments± S.D.

Table 1
The viscosity (cps× 10−2) of various hydrogel formulations

Polymer Concentration (%) Viscosity (cps× 10−2)

High-MW HPCa 2.5 7.20± 0.24
High-MW HPC 5.0 203.33± 24.05
Low-MW HPC 5.0 17.63± 0.60
CMCb 2.5 10.94± 0.26
CMC 5.0 308.80± 12.44

Each value represents the mean± S.D. (n= 3).
a HPC: hydroxypropyl cellulose.
b CMC: carboxymethyl cellulose.

and its prodrugs. As the HPC concentration increased
from 2.5 to 5.0% (Fig. 3A and B), the passive perme-
ation of NA and NAB decreased (t-test,p< 0.05). The
increased HPC concentration may result in higher en-
tanglement density and thus, decrease the passive per-
meation rates (Fang et al., 1998). However, there was
still no passive permeation of SDN through the skin.
Table 1shows the measured viscosity for those hydro-
gels. The viscosity increases drastically with the in-
crease of HPC concentration. Accordingly, the results
clearly demonstrate that the hydrogel concentration can
have significant impact on the hydrogel viscosity and
thus, the passive permeation rate.

By comparing the passive permeation, the applica-
tion of both electrically assisted methods significantly
increased the permeation of NA and its prodrugs from
2.5% HPC hydrogels (Fig. 3). Fig. 3also demonstrates
that the flux of NA decreased as the polymer concentra-
tion increased from 2.5 to 5%, whereas the flux of NAB
and SDN remained unchanged. The results suggest that
the permeation through hydrogel and skin were both
important rate processes for NA, whereas the perme-
ation through skin is the predominant rate process for
NAB and SDN under the electric field.

The permeation of NA and its prodrugs from 5%
HPC with different HPC molecular weight was also
investigated (Table 2). For all the permeants studied,
the permeation rates from low-molecular-weight HPC
were similar to those from pH 4 buffer under either pas-
sive diffusion or electrically assisted methods, which
c lar
w r-
r s of
N ar-
w AB
a HPC
an be due to the low viscosity for the low molecu
eight of HPC hydrogel.Table 2also shows that, i

espective the driving forces, the permeation rate
A through skin were higher from the low-molecul
eight HPC, whereas the permeation rates of N
nd SDN were less sensitive to the changes in
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Table 2
The flux (�g/cm2/h) of nalbuphine and its prodrugs from hydrogels
with 5% low-MW HPC (150–400 cps determined 20 g/l at 20◦C)

Condition Compound Flux (�g/cm2/h)

Passive diffusion Nalbuphine 0.32± 0.07
Nalbuphine benzoate 0.35± 0.06
Dinalbuphine 0

Iontophoresis
+ electroporation

Nalbuphine 30.55± 3.56

Nalbuphine benzoate 24.25± 5.66
Dinalbuphine 5.17± 1.32

Each value represents the mean± S.D. (n= 4).

molecular weight. The results again indicate that the
hydrogel-controlled mechanism is an important per-
meation process for NA (Ho et al., 1994); on the other
hand, the permeation of NAB and SDN through skin
was the rate-determined process for both permeants.

CMC is an ionic water-soluble cellulose derivative
used in various pharmaceutical dosage forms.Fig. 4
shows the transdermal permeation of NA, NAB and
SDN under passive permeation and electrically assisted
methods from CMC hydrogels. The gel with 2.5%
CMC did not influence the passive permeation (t-test,
p> 0.05) of NA and NAB as compared to the vehicle of
pH4 buffer (Fig. 4A and B). Similarly, the increase of
CMC concentration to 5.0% reduced the passive per-
meation rates of NA and NAB (t-test,p< 0.05). Nev-
ertheless, there was no cumulative SDN observed via
passive diffusion.

The transport of NA and its prodrugs was largely
decreased by the presence of CMC after applica-
tion of iontophoresis combined with electroporation
(Figs. 2 and 4). Although the fluxes were not signif-
icantly different for the prodrugs from 2.5 and 5%
CMC hydrogels, the trend of decrease in permeation
rates from hydrogel with higher polymer percentage
can still be observed. The results may be attributed to
the viscosity effect of CMC as well as the ion competi-
tion effect.Table 1demonstrates a significantly higher
viscosity for 5% CMC hydrogel as compared to that
of 2.5% CMC hydrogel, suggesting that the viscos-
ity effect may partially attribute to the slow perme-
a gel.
F ith
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f the
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Fig. 4. Cumulative amount vs. time profiles for nalbuphine after
application of nalbuphine (A), nalbuphine benzoate (B) and sebacoyl
dinalbuphine ester (C) permeated across nude mouse skin from CMC
hydrogels with different concentrations under various driving forces.
All data represent the means of four experiments± S.D.
tion rates from higher percentage of CMC hydro
urthermore, since CMC is an ionized polymer w
odium (Na+) as the counter-ion, the low permeat
rom CMC hydrogels may also partially be due to
ompetition of ionic drugs and Na+ for the applied cur
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rent. A part of current would be carried by Na+ with
relatively high mobilities, so that the residual fraction
of applied current was carried by NA and its prodrugs.
The two inferences may account for the slower perme-
ation rates for NA and its prodrugs from higher per-
centage of CMC hydrogels under electric field.

4. Conclusions

The transdermal permeation of NA, NAB and SDN
under various driving forces from pH 4 buffer as well as
from hydrogels were assessed in this study. The passive
permeation studies demonstrated that NAB had higher
permeation rates than the parent drug (NA). The SDN
prodrug containing double molecules of NA had essen-
tially no passive permeation, which can be due to its
large molecular size. Both iontophoresis and electropo-
ration enhanced the skin permeation of NA and its pro-
drugs. The enhancement effects by iontophoresis were
more pronounced as compared to that by electropora-
tion. The combination of iontophoresis and electropo-
ration further increase the flux of NA; however, no such
enhancement effect was observed for NAB and SDN.
Hydrogels containing low concentration HPC did not
affect the passive as well as electrically assisted perme-
ation of NA and its prodrugs. The increase of polymer
concentration as well as molecular weight significantly
decreased the electrically assisted permeation of NA,
whereas the permeation of NAB and SDN remained un-
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