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Summary 

The m vxtro penetration of ketobemidone and various ester prodrugs through porcine buccal mucosa in a modified Ussmg 
chamber was lnvestzgated m order to support the selection of a prodrug derlvat~ve with ophmal buccal absorption. The nine esters 
studied included carboxyhc acid and carbonate esters formed at the phenolic hydroxy group of ketobemldone The esters were all 
rapidly hydrolyzed to the parent drug in a porcine buccal eplthehal homogenate and only free ketobemldone was detected m the 
receptor compartment of the Ussmg chamber. All the ester prodrugs showed enhanced rates of permeation relahve to 
ketobemldone, the permeablhty coefficients being 3-30-times higher than that of ketobemldone The permeabdlty coefficients 
increased with increasing hpophdicity, expressed m terms of octanol-buffer (pH 7.4) partition coefficients (P), up to log P values 
of about 1.5 whereupon a plateau or a shght decrease occured No toxic effects of ketobemldone or the prodrugs on the buccal 
membrane were observed as judged from momtormg of the electrical properhes of the membrane. 

Introduction 

The buccal and sublingual routes of adminis- 
tration represent an attractive alternative to per- 
oral administration of drugs undergoing extensive 
first-pass metabolism in the intestine or the liver 
as the veins from the oral cavity bypass the liver. 
Furthermore, these routes offer a potential for 
more rapid absorption and onset of action rela- 
tive to the peroral and rectal routes. Recent 
studies have shown that the bioavailability of 
various drugs such as opioid analgesics and opi- 
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oid antagonists can be greatly improved by buccal 
or sublingual administration (Bullingham et al., 
1982; Bell et al., 1985; Hussain et al., 1986, 1987, 
1988; Weinberg et al., 1988). 

Ketobemidone (1) is a strong narcotic analgesic 
which is equipotent with morphine (Eddy et al., 
1957; Anderson et al., 1986). Due to an extensive 
and variable first-pass metabolism ketobemidone 
shows an incomplete and variable bioavailability 
following peroral and rectal administration to hu- 
mans (Bondesson et al., 1980; Anderson et al., 
1981, 1982). Initial studies using the in vivo buc- 
cal absorption model of Beckett and Triggs (1967) 
showed that ketobemidone did not penetrate the 
human oral mucosa which most likely can be 
ascribed to its low lipophilicity (Hansen et al., 
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1991). This physico-chemical property is known to 
be an important parameter in the penetration of 
drugs across the oral mucosal barrier (Pickup and 
Beckett, 1977; Siegel, 1984; Kurosaki et al., 1986; 
Weinberg et al., 1988, Garren and Repta, 1989; 
Le Brun et al., 1989; Rathbone, 1991). 

With the aim of improving the buccal absorp- 
tion of ketobemidone we have recently prepared 
a number of carboxylic acid and carbonate ester 
prodrugs at the phenolic hydroxyl group in the 
drug (Hansen et al., 1991). These derivatives were 
found to be more lipophilic than the parent drug 
and to be rapidly and quantitatively hydrolyzed to 
ketobemidone in the presence of human plasma 
(Hansen et al., 1991). Furthermore, their resis- 
tance to undergo a saliva-catalyzed hydrolysis un- 
der clinically relevant conditions was found to be 
so high that this factor would not be expected to 
compromise buccal absorption of the prodrugs to 
any marked extent (Hansen et al., 1992b). 

The objective of the present study was to ex- 
amine the in vitro transport characteristics of 
ketobemidone and various ester prodrugs across 
the porcine buccal mucosa in a modified Ussing 
chamber in order to support the selection of a 
prodrug derivative with optimal buccal absorp- 
tion. The ketobemidone esters (II-X, Scheme 1) 
studied cover a wide range of lipophilicity and 
the investigation was therefore also believed to 
give useful information on the influence of 
lipophilicity on permeability. The non-keratinized 
porcine buccal tissue was chosen, since it has 
been shown to be a good model for the human 
buccal tissue (Squier and Hall, 1985). 

Materials and Methods 

Chemicals and apparatus 
Ketobemidone hydrochloride was obtained 

from H. Lundbeck A/S,  Copenhagen, Denmark. 
The ketobemidone esters II-X were prepared as 
previously described (Hansen et al., 1991). The 
ester II was isolated as the fumarate salt whereas 
all the other esters were hydrochloric acid salts. 
A glucose bicarbonate Ringer solution (GBR) 
(pH 7.4) with the following composition was used 
in the permeation study: Na ÷, 141 mM; K ÷, 5 
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Compound Name R 
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II 

III 

IV 

V 

VI 

VII 

VIII 

IX 

X 

Ketobemldone -H 

O-Acetyl ketobemldone -COCH 3 

O-Plvalyl ketobemldone -COC(CH3) ~ 

O-3,3-Dlmethylbutyryl ketobemldone -COCH2C(CH3)~ 

O-Benzoyl ketobemldone -COC~H~ 

O-Methoxycarbonyl ketobemldone -COOCH 3 

O-Ethoxycarbonyl ketobemldone -COOC2H ~ 

O-Isopropoxycarbonyl ketobemldone -COOCH(CH3) 2 

O-Isobutoxycarbonyl ketobemldone -COOCH2CH(CH3) 2 

O-Butoxycarbonyl ketobemldone -COOC4H 9 

Scheme 1 Chemical structure of ketobemldone and various 
esters Investigated in this study 

mM; Ca 2+, 1.2 mM; Mg 2+, 1.2 mM; CI-, 122 nM; 
HCO 3, 25 raM; HPO4 ~-, 1.6 mM; H2PO~-, 0.4 
mM, and glucose 10 mM. In the modified Ussing 
chamber (Ussing, 1949) measurements of the 
electrical properties of the membrane were car- 
ried out in a current clamp set-up equal to that 
used by Bindslev (1979). 

Diffusion experiments 
Buccal tissue was removed from pigs at the 

abattoir, immediately after death and was trans- 
ported in oxygenated GBR solution at 0°C. Prior 
to mounting in the Ussing chambers or to homog- 
enization the connective tissue was carefully ex- 
cised using a pair of scissors and a tissue slicer. 

During the diffusion experiments open-circuit 
transepithelial potential differences (PD) and 
short-circuit current (lsc) were monitored. Elec- 
trical resistance (R) and conductance (G) were 
calculated using Ohm's law. 

Mounting the tissue in the Ussing chambers 
was completed within 90 min from the death of 
the animals. The tissue was bathed on both sides 
by 10.0 ml of GBR solution. The bathing solu- 
tions were circulated by gas lift with 95% 02/5% 
CO 2 which also provided oxygenation (bubbling 



rate, 3-4 bubbles/s) and maintained at 37°C by 
water-jacketed reservoirs. 

Preliminary studies showed that the potential 
difference and the short-circuit current stabilized 
within 60 rain after mounting the tissue. There- 
fore, the tissue was preincubated with GBR solu- 
tion for 60 min prior to addition of drug to the 
mucosal half-chamber. 2-4 ml of GBR solution 
facing the mucosal half-chamber was then re- 
moved and instantly replaced with an equal vol- 
ume of GBR solution containing the drug or 
prodrug to be studied. The initial concentration 
of the compounds in the mucosal half-chamber 
was equivalent to 1.0 mg of ketobemidone hydro- 
chloride per ml. Samples of 1 ml were withdrawn 
from the serosal half-chamber at appropriate 
times and were replaced with drug-free GBR 
solution. The samples were centrifuged at 10000 
rpm for 10 min and analyzed by reversed-phase 
HPLC. 

The steady-state fluxes (Fss) were calculated 
from the slopes of the linear portion of plots of 
cumulative amount of permeated ketobemidone 
(in /~g ketobemidone base) per unit surface area 
vs time of sampling. The permeability coefficients 
(Kp) for the steady-state permeation were calcu- 
lated by dividing the steady-state fluxes by the 
drug or prodrug concentration in the donor solu- 
tion. 

The influence of various diffusion apparatus 
related parameters on drug permeation was eval- 
uated in preliminary experiments. Thus, the influ- 
ence of the electrical conditions, i.e., open-circuit 
vs short-circuit conditions, was investigated. Fur- 
thermore, the possible appearance of edge dam- 
age of the tissue was evaluated by comparing the 
permeability coefficients obtained when employ- 
ing chambers with different diameter openings 
(0.64 and 0.95 cm2). Also, the intra- and inter- 
subject variation of porcine buccal mucosa was 
examined. The study was performed as a factorial 
experiment. 

None of the parameters tested were found to 
significantly influence the permeability. Hence, it 
was decided to carry out the subsequent experi- 
ments using open-circuit conditions, chambers 
with a diameter opening of 0.95 cm 2 and mucosa 
from different pigs in each chamber. 
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Hydrolysis in buccal mucosa homogenate 
The hydrolysis of the ketobemidone esters was 

studied in porcine buccal epithelial homogenate 
(2% w/v  dry buccal epithelium in 0.05 M phos- 
phate buffer of pH 7.4) at 37°C. The buccal 
epithelial homogenate was prepared according to 
the method previously described for human skin 
homogenate (Hansen et al., 1992a). The initial 
concentration of the compounds was 3 × 10 -5 M. 
The reactions were initiated by adding 50/zl of a 
stock solution of the esters in water to 2.5 ml of 
preheated homogenate. The mixtures were kept 
in a water-bath at 37°C and at appropriate inter- 
vals, 250 /xl samples were withdrawn and added 
to 500 /~1 of a 2% solution of zinc sulphate in 
methanol-water (1:1 v/v) to deproteinize the 
samples. After mixing and centrifugation for 3 
min at 13 000 rpm, 20/~1 of the clear supernatant 
was analyzed for intact ester and ketobemidone 
by HPLC as described below. All experiments 
were carried out in duplo. 

Analysis of ketobemidone and its esters by HPLC 
Ketobemidone and the various esters were de- 

termined by reversed-phase HPLC procedures as 
previously described (Hansen et al., 1991). The 
detection limit for ketobemidone was about 0.1 
/xg ml -~. 

Results and Discussion 

Hydrolysis in buccal mucosa homogenates 
The susceptibility of the ketobemidone esters 

to undergo enzymatic hydrolysis by buccal epithe- 
lial enzymes was studied at 37°C in a 2% w/v 
porcine buccal epithelium homogenate (pH 7.40). 
The rates of hydrolysis of all esters were found to 
follow first-order kinetics at an initial concentra- 
tion of 3 × 10 -5 M, as illustrated in Fig. 1 for 
some esters. In all cases, the hydrolysis of the 
esters in the homogenates proceeded with the 
quantitative formation of ketobemidone as illus- 
trated in Fig. 2. The observed half-lives for the 
hydrolysis are listed in Table 1. As it appears 
from the data, the esters are easily hydrolyzed by 
the mucosal enzymes. In pure buffer solutions at 
pH 7.4 and 37°C, the half-lives of hydrolysis of 
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First-order plots for the hydrolysls of the ketobem,- 
done esters II (11), IV (zx), VIII (El) and IX (e) in 2% w/v 

porcine buccal epithelium homogenate (pH 7.40) at 37°C 

the compounds are in the range 50-1000 h 
whereas in 80% human plasma half-lives of 0.03- 
1.8 min have been found (Hansen et ai., 1991). 

It is of interest to note that the sterically 
hindered pivalate (III) and 3,3-dimethylbutyrate 
(IV) ester are hydrolyzed at rates only slightly 
lower than that for the acetate ester (II) and 
more rapidly than the methyl carbonate ester 
(VI). 

Permeability studies 
The cumulative amounts of ketobemidone that 

had penetrated through the porcine buccal ep- 
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Fig. 2 Time courses for compound II ( • )  and ketobemldone 
I (e) during hydrolysis of the prodrug derivatwe m 2% w/v 
porcine buceal epithehum homogenate (pH 7 40) at 37°C The 

mitml prodrug concentration was 3 × 10-5 M 

TABLE 1 

Steady-state fluxes (F~), permeabd~ty coefftctents (Ke), parn- 
non coeffictents (P) and half-ht'es of hydrolysts of ketobemMone 
and t'artou~ ketobemtdone esters 

Compound Fss ~ Kt , (x104)  l o g P h  tl/2 c 
(/xg/cm 2 per mm) (cm/mm) (mm) 

1 0044±0025 051±029  040 
II 015 ±0071 16__+081 043 144 
III 119 _+036 136_+42 211 195 
IV 085 +028 97±3.3 255 214 
V 099 +0.29 114±3.4 2.41 48 
VI 0.46 _+033 5 2 ± 3 8  057 266 
VII 107 +036 123+__41 111 116 
VIII 135 +__067 155±77 154 115 
IX 094 ±055 108_+63 220 28 
X 107 _ + 0 0 4 5  12.3_+0.52 224 50 

a The compounds d~ffused through porcine buccal eplthehum 
from aqueous GBR solution (pH 7 4) at eqmmolar concentra- 
tions corresponding to 1.0 mg ml- i  of ketobemldone hydro- 
chloride. Mean ± S.D (n = 3-4). 
h p.  partition coeffioent between octanol and 0 05 M phos- 
phate buffer of pH 7 4 at 22°C (from Hansen et al., 1991) 
c Half-lives for hydrolysm m a 2% porcine buccal epithelial 
homogenate (pH 7 4) at 37°C 

ithelium is shown in Fig. 3 for ketobemidone and 
some ester prodrugs. After a lag-time of 1-2 h, a 
linear relation was found in all experiments. For 
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Fig. 3. Permeabdlty of ketobemldone I (e) and the ketobeml- 
done esters II (D), IV (A), VI (B) and VIII (A) through 
porcine buccal eptthehum expressed as the amount of ketobe- 
midone appearing in the receptor phase as a function of time 
The compounds were apphed as aqueous solutions (pH 7 4) at 
eqmmolar concentrations corresponding to 1.0 mg ml-~ of 
ketobemidone hydrochlonde. Error bars represent standard 

errors of the mean values (S.E.) (n = 4) 
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all esters only ketobemidone was detected in the 
receptor solution, indicating an efficient enzy- 
matic hydrolysis of the esters during the transport 
through the buccal membrane. This finding is in 
accordance with the short half-lives of hydrolysis 
observed in the epithelial homogenate. 

The steady-state fluxes and permeability coef- 
ficients obtained are listed in Table 1 along with 
the octanol-pH 7.4 aqueous buffer partition coef- 
ficients. 

As can be seen from the data, all prodrugs 
tested showed higher fluxes and permeability co- 
efficients than the parent drug, the enhancement 
being in the range 3-30. A plot of the permeabil- 
ity coefficients vs the log P values of the com- 
pounds (Fig. 4) shows that the permeability in- 
creases with increasing lipophilicity up to a log P 
value of about 1.5 whereafter it remains almost 
constant up to a log P value of 2.5. The data 
show a tendency to a parabolic dependence of 
penetration on lipophilicity, which cannot, how- 
ever, be assessed with certainty from the data 
available. The results confirm the important role 
of lipophilicity in the passive drug transport across 
various biomembranes including the buccal ep- 
ithelium. At low log P values the diffusion across 
the lipoidal epithelial membrane is the rate-de- 
termining step whereas in the plateau region the 
rate-determining step becomes diffusion across 
the aqueous boundary layer (Ho et al., 1992). Le 
Brun et al. (1989) have previously shown that the 
in vitro permeability of various/3-blocking agents 
of porcine buccal mucosa increases with increas- 
ing lipophilicity of the compounds, the log P 
values for the compounds studied ranging from 
- 0 . 6  to  1.3. 

Electrical properties of  the buccal membrane 
Porcine buccal mucosa when freshly mounted 

in the Ussing chamber had a short-circuit current 
(Isc) of 7-20/xA/cm 2, a transepithelial potential 
differenses (PD) of 10-25 mV with the lumen 
negative and a transepithelial conductance (G) of 
0.3-0.95 mS/cm 2. The low transepithelial con- 
ductance (i.e., high resistance) indicates an elec- 
trically 'tight' tissue. Both Isc and PD declined 
with time. Thus, after incubation for 60 min in 
GBR solution the porcine buccal mucosa showed 
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Fig. 4. Permeabdlty coefficients (Kp)  for ketobem~done and 
various ketobemidone esters through porcine buccal eptthe- 
hum as a function of their octanol-buffer pH 7.4 partition 
coefficients (log P). Error bars represent standard errors of 

the mean values (S.E.) (n = 3-4) 

a potential difference of 10-25 mV, a short-cir- 
cuit current of 5 -12/~A/cm 2 and a conductance 
of 0.3-0.7 mS/cm 2. At the end of the study, i.e, 
after 5 h, the potential difference was found to be 
5-17 mV and the short-circuit current to be 1-7 
/.tA/cm 2. These findings are in agreement with 
those of Orlando et al. (1988) who determined 
electrical parameters of dog buccal mucosa after 
equilibration for 45 min in Ussing chamber to be 
Isc 15 + 1 /zA/cm 2, PD -16  + 2 mV, mean R 
1090 ± 100 12 cm 2 and mean G of 1.06 ± 0.08 
mS/cm 2. No differences in the electrical proper- 
ties of the porcine buccal mucosa were seen when 
no drug, ketobemidone or the prodrug derivatives 
were present at the mucosal side in the Ussing 
chambers, indicating no destructive effects of the 
compounds on the membrane in the concentra- 
tion used. 

C o n c l u s i o n s  

The results obtained in the present study show 
that the permeation of ketobemidone through 
porcine buccal mucosa can be markedly improved 
by using ester prodrugs with a higher lipophilicity 
and a high susceptibility to undergo conversion to 
the parent drug via mucosal esterases. Neither 
the ester prodrugs nor ketobemidone itself seem 
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to exhibit local toxic effects on the porcine buccal 
membrane as judged by monitoring the electrical 
properties of the membrane. 

The results of an in vtvo buccal absorption 
study of the prodrugs in rats are described in the 
following paper (Hansen et al., 1992c). 
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