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Summary 

I-Alkylazacycloalkan-2-one esters of indomethacin were synthesized and assayed to determine their stability in aqueous media, 

their susceptibility to undergoing in vitro enzymatic hydrolysis and their flux through excised human skin. I-Methylazacycloalkan-2- 

one esters of indomethacin ii-IV> proved unstable in aqueous media while t-ethylazacycfoalkan-7,-one esters tV--VJII) were much 

more stable. Esters V-VIII were readily hydrolyzed in vitro by porcine esterase and penetrated excised human skin better than the 

parent drug. The iipophilic index was determined by means of HPLC for esters I-VIII. Plotting the fl~ix through the skin of esters 

V-VIII against their lipophilic index resulted in a parabolic relationship, the maximum being ester VI. 

Intmductian 

Several papers (Nowack et al., 1985; Chien et 
al., 1988; Catz and Friend, 1989) and patents 
(Sate et al., 1986; Sakamaki et al., 19871, which 
have recently appeared in the literature, prove 
that indomethacin, a potent ante-in~ammato~ 
drug used in topical and systemic therapy, is now 
considered a good candidate for transdermal de- 
livery. Transdermal delivery of indomethacin is 
regarded as an interesting and desirable adminis- 
tration route in reducing the dose frequency and 
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gastric irritation associated with high pfasma lev- 
els after oral administration. 

Since indomethacin accumulates predomi- 
nantly in the synovial fluid, Chien et al. (1988) 
assert that an indomethacin transdermal device 
coutd be particularly usefu1 in the treatment of 
rheumatoid arthritis. 

A major problem in producing an in- 
domethacin transdermal device is the low skin 
permeability of indomethacin, therefore alterna- 
tive strategies to increase the skin permeability of 
this drug need to be developed. To achieve this 
goal, penetration enhancers like Azone fOgis et 
al., 19861, cyciohexanone derivatives (Akitoshi et 
al., 19881, Iimonene (Okabe et al., 1989), alkyd 
esters fCatz and Friend, 1989) and other chemi- 
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cals have been extensively used to increase in 
vitro indomethacin skin permeability, although 
toxicity and skin irritation have generally limited 
the practical application of these promoters in 
transdermal or dermal delivery systems. 

The prodrug approach represents an alterna- 
tive and very promising method of enhancing the 
skin permeability of drugs. The prodrug concept 
involves the chemical modification of a drug into 
a bioreversible form in order to change its phar- 
maceutical and pharmacokinetic properties and 
thus enhance its delivery. Regeneration of the 
parent drug occurs in vivo by either enzymatic or 

simply by chemical processes. Since the skin is a 
highly active metabolic organ (Pannatier et al., 
1978; Bickers and Kappas, 1980) this approach 

has been increasingly used in the past few years 
to optimize the dermal and transdermal delivery 
of drugs (for reviews, see Chan and Li Wan PO, 
1989; Sloan, 1989). 

Recently, the prodrug approach has been used 
to increase dermal (Sloan et al., 1984) and trans- 
dermal (Milosovich et al., 1989) delivery of in- 
domethacin: N,N-dialkylhydroxylamine in- 
domethacin derivatives and 2-(N,N-diethyl- 
amine)ethylindomethacin ester. HCI were syn- 
thesized in order to enhance dermal and trans- 
dermal delivery, respectively, of this drug. The 
above-mentioned indomethacin prodrugs were 
able to increase in vitro indomethacin flux through 
the skin but being poorly stable in water their 
potential practical use in hydrophilic vehicles 

could be limited. 
In order to obtain indomethacin transdermal 

prodrugs with increased water stability and better 
skin penetration than the parent drug, we synthe- 
sized I-alkylazacycloalkan-2-one esters of in- 
domethacin (I-VIII) (Fig. 1). 1-Alkylazacycloal- 
kan-2-ones were chosen as pro-moieties, since 
they are regarded as skin penetration enhancers 
(Barry, 1983; Quan et al., 1990). It should be 
noted that lactamic rings are present in some of 
the most effective skin penetration enhancers, 
such as Azone and N-methylpyrrolidone. These 
derivatives were assayed to determine their water 
stability, their susceptibility in undergoing in vitro 
enzymatic cleavage and their flux through excised 
human skin. 

Materials and Methods 

Appuratus 
Melting points were recorded on a Biichi 510 

capillary melting-point apparatus and are uncor- 
rected. The IR spectra were measured on a Perkin 
Elmer model 281 spectrometer utilizing potas- 
sium bromide discs. 

‘H-NMR spectra were recorded with a Briiker 
model AC 250, using CDCI, as solvent and TMS 
as internal standard. 

Elemental analysis was performed on a Carlo 

Erba model 1108 elemental analyzer. 
The HPLC system consisted of a Waters model 

510 pump with a model 490 E UV-Vis detector, 
an automatic sample injection module (Wisp 
model 712) a Waters C,, ~Bondapack, 4.6 mm x 

30 cm reverse-phase column, and an NEC AP- 
CIV computer. 

Chemicals 
Indomethacin was obtained from Sigma. 2-Pyr- 

rolidinone, &valerolactam, r-caprolactam and 2- 
azacyclooctanone were purchased from Aldrich. 

I *= 1 Ill= 3 

II n= 1 rn= 4 

III “= 1 rn= 5 

IV n= 1 ln= 6 

V n= 2 In= 3 

VI “= 2 rn= 4 

VII *= 2 m= 5 

VIII “= 2 In= 6 

Fig. 1. Chemical structure of esters I-VIII 
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Acetonitrile and water used in the HPLC proce- 
dures were of LC grade and were obtained from 
Carlo Erba (Italy). All other chemicals or solvents 
were of reagent grade. 

All 1-hydroxymethylazacycloalkan-2-ones used 
in this study were prepared by heating each lac- 
tam with paraformaldehyde for 3 h at 120°C using 

TABLE I 

standard procedures previously described in de- 
tail (Bohme et al., 1961). 

All 1-(2-hydroxyethyl)azacycloalkan-2-ones 
were prepared by refluxing each lactam sodium 
salt with 2-bromoethanol in anhydrous xylene for 
5 h as described in the literature (Sidel’kovskaya 
et al., 1965). 

Compound Yield m.p. 

(%) (“Cl 
IR (KBrXcm-‘) 

-CH?-k-b=0 

‘H-NMR (6) 

N-&=0 _O_&O 

I 58.5 

II 31.4 

III 54. I 

IV 48.3 

V 61.1 

VI 24.6 

VII 21.5 

VIII 35.8 

ox- YY 

Y3- Y4 

112-113 

108-109 

110-111 

111-112 

103-104 

107-108 

1700 I670 1740 

168.5 1660 1750 

1680 1655 1745 

1690 1645 1745 

1680 1750 

1685 

1660 

1640 

1645 

1750 

1690 1745 

1680 1655 1750 

3.68 (s, 2, -CH-CL”): 
S.36 (s. 2. -0-CH,pN 1: 

3.67 (s. 2, -(‘H1-k=Oj; 

5.38 (s, 2. -O-CH-N ): 

3.h6 (s. 2, -C&=0); 

5.45 (s. 2. -0-CH,-N ); 

3.68 (s. 2, -CH,-k=O): 

S.47 (s. 2, -0-W-N ): 

3.67 (s. 2. -CH~+i=O,: 

3.24 (t, 2, -O-C11 .-CH z-N, ); A 

3.50 (t. 2. -0-CH,-CH-N ); 

3.6.5 (s. 2, -CH ,-h=O): 

4.27 (t. 2, PO-C&-W-N ); \ 

3.56 (t. 2, -0-CH ,-CH 7-N \ ); d 

3.66 (s, 2. a-&o); 

4.26 (t. 2, -OpCH-CH ?mN \ ); 

3.54 (t, 2, -0-CH,mCH 3-N / I, 1; 

3.68 (s, 2. -CH,-b=O); 

4.25 (t. 2, -0-CH,CH ?-N :I ); 

3.52 (t. 2, PO-CH-S-N, ); 



Preyurution of indornethucin acid I-alkylux- 

cyclomlkan-2-one esters (I-VIII) 

A mixture of N-hydroxyalkylazacycloalkan-2- 
one (0.15 mol), indomethacin (0.15 mol) and neu- 
tral alumina (10 g) in xylene (59 ml) was rcfluxcd 
under azeotropic conditions until the stoichio- 
metric amount of water was removed. The alu- 
mina was then filtered off and the filtrate was 
washed with a S5? aqueous solution of sodium 
carbonate and water. dried over anhydrous 
sodium sulphate and evaporated in vacua. The 
residue obtained solidified within a few days and 
was crystallized from bcnzcne-petroleum ether 
(compounds I-IV) or chromatographed through 
a column of silica gel using ethyl acctatc- 
cyclohcxane ( IO : 90) (compounds V-VI II ). The 
melting points. yields, IR data and ‘H-NMR 
chemical shifts of esters I-VIII are listed in Table 
I. Elcmcntal analyses (C. H, NJ were within 
+0.3% of the theoretical value. 

&trrvninution of &niicuI .stahi/ity und sohrhihties 

The rate of hydrolysis of cstcr derivatives I- 
VIII was studied in a solution of isotonic phos- 
phate buffer. pH 7.4. with an ionic strength (p) of 
0.5 at 32°C. The disappearance of the ester was 
followed by HPLC analysis. Pseudo-first-order 
rate constants for the hydrolysis wcrc determined 
from the slopes of linear plots of the logarithm of 
residual indomcthacin esters against time. The 
solubilitics of indomethacin cstcrs V-VIII were 
determined in duplicate in water and isopropyl 
myristatc (ipm) by stirring an excess of each 
derivative in 2 ml of the solvent with a magnetic 
stirrer for 24 h at room temperature. Thereafter, 
the mixtures were filtcrcd and the concentrations 
of the compounds in their saturated solutions 
were determined by the HPLC method described 
below. The solubilities of indomethacin esters 
I-IV were not determined, due to their poor 
stability in water and ipm. 

HPLC unalysis of indotvvethucitl acid und its esters 

Indomethacin and its esters were determined 
by HPLC using a mobile phase consisting of 
acetonitrile and 0.1 M acetic acid (60: 40). The 
chromatograph was run at ambient temperature 
at a flow rate of 1.8 ml/min. The column effluent 

was monitored continuously at 250 nm with a 0.05 
aufs. Under these conditions, indomethacin and 
its esters showed the following rctcntion times: 
indomcthacin. 4.3 min; I, 5.5 min; II, 6.2 min: III. 
7.2 min; IV, X.2 min; V. 4.9 min; VI, 5.7 min; VII, 
h.4 min: VIII, 7.3 min. Quantifying the com- 
pounds was performed by measuring the peak 
areas in relation to those of standards chro- 
matographcd under the same conditions. 

The lipophilic indices of indomethacin cstcrs 
were determined by the rcvcrsc-phase HPL<’ 
method. Using this method. the lipophilic index 
(log K 1 is calculated from the equation: 

lw K = lo&f, - h/f,,] 

where t, is the retention time of ;I retained peak, 
and I,, is the rctcntion time of an clution solvent. 

I<stcru.sc hydrolysis 

Hydrolysis of esters V-VIII was dctcrmincd 
using the proccdurc described by Wong ot al. 
(1989). Porcine esterase (obtained from Biochcm- 
ica) was diluted 1000 times with the isotonic 
phosphate buffer and used to hydrolyze estcrx 
V-VIII. The cstcr solutions wcrc prepared by 
dissolving an aliquot of the compound in methanol 
to g~vc a concentration of about IO =’ M. A 
volume of 50 ~1 of this solution was diluted with 
3 ml of isotonic phosphate buffer prc-thcrmo- 
stated at 37°C. The solution was then thcr- 
mostatcd at 17°C and I00 ~1 of the cstcrase 
solution were added. The concentration of the 
ester in the solution was monitored by the HPLC 
method reported above. 

Pseudo-first-order rate constants for the hy- 
drolysis were determined from the slopes of lin- 
ear plots of the logarithm of residual in- 
domethacin esters against time. 

Perrvveuhility stlldies using t~wisrd /vurnut~ skit1 

Samples of adult human skin (mean age ih t_ t( 
years) were obtained from breast reduction oper- 
ations. Subcutaneous fat was carefully trimmed 
and the skin was immersed in distilled water at 



60 f 1°C for 2 min (Kligman and Christopher-s, 
19631, after which stratum corneum and epider- 
mis (SCE) were removed from the dermis using a 
dull scalpel blade. Epidermal membranes were 
dried in a desiccator at approx. 25% RH. Sam- 
ples of dried SCE were rehydrated by immersion 
in distilled water at room temperature for 1 h 
before being mounted in Franz-type diffusion cells 
supplied by LGA (Berkeley, CA). 

The exposed skin surface area was 0.75 cm’ 
and the receptor volume was 3.2 ml. The receiv- 
ing compartment contained ethanol/water 50 : 50 
for ensuring pseudo-sink conditions by increasing 
the solubility of indomethacin and its esters in 
the receptor phase. Other authors (Mueller, 1988: 
Touitou and Fabin, 1988) have used ethanol and 
water in the receptor compartment to ensure 
solubility of lipophilic compounds in in vitro per- 
cutaneous absorption studies. Indomethacin acid 
and its esters V-VIII were applied to the skin 
surface as suspensions (400 ~1). The suspensions 
were stirred for 24 h prior to use. Samples of the 
receiving solution were withdrawn at intervals 
and replaced with fresh solutions. The samples 
were analyzed for indomethacin and ester con- 
tent by HPLC as described above. In the case of 
esters V-VIII, intact ester was found in the re- 
ceptor phase together with a variable amount of 
indomethacin acid. Therefore, the fluxes through 
the skin of these esters were obtained by plotting 
the cumulative amount of indomethacin acid 

TABLE 2 

equivalents permeated vs time and dividing the 
slopes of the steady-state portions of the graphs 
by the area of the diffusion cells. 

Results and Discussion 

Chemical stability, solubility and lipophilicity data 

From the chemical stability data in phosphate 
buffer of esters I-VIII, reported in Table 2, the 
marked lability of esters I-IV is evident whereas 
substituting the methyl for an ethyl group more 
stable esters (V-VIII) were obtained. 

Recently, Wong et al. (19891, reporting on 
biodegradable esters as skin penetration en- 
hancers. have pointed out a similar increase in 
chemical stability of the ester group as its dis- 
tance from the cyclic urea ring increases. As can 
be seen from Table 2. azacycloalkanone ring size 
was not as important as the ester group to ring 
distance in determining the chemical stability of 
esters I-VIII. The chemical instability of esters 
I-IV in aqueous media does not allow us to 
determine their solubility; solubility data of esters 
V-VIII are reported in Table 2. 

Esters V-VIII were more soluble than in- 
domethacin in isopropyl myristate and their solu- 
bility was enhanced as the azacycloalkanone ring 
size increased. 

The water solubilities of esters V and VIII 
were close to that of indomethacin while com- 

Soluhilily in WUICT and ipm, half-life, lipophilic v&x and flux through excised human skin for ir~domrthacrr~ and rstrrs I- VIII 

Compound Solubility II,,? 
.I Log K Flux f SD. ” 

Water ipm pH 7.40 Esterase (pg/cm’ per h) 

k/ml) (mg/ml) buffer (1.3 U/ml) 

Indomethacin 4.03 2.79 _ _ 0. I25 0.0x3 + 0.01 h 
I _ _ 33 min _ 0.29x 
II _ 25 min _ 0.373 _ 

III _ _ 6 min 0.460 _ 

IV _ _ II9 min 0.539 _ 

V 4.5 1 2.81 20 days 5.63 h 0.221 0.287 + 0.013 

VI 7.65 3.54 70 days 3.05 h 0.326 0.343 + 0.007 

VII 5.89 9.42 18 days 3.29 h 0.392 0.275 of- 0.01 I 
VIII 3.76 14.03 I6 days 3.70 h 0.468 0.068 * 0.028 

t,,: was calculated from the equation: tli2 = In 0.5/k ‘, k’ being the pseudo-first-order rate constant. 
h Flux at steady-state n = 3. 
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Fig. 7. KelLttionship between water soluhilit): of the ester\ 
V-VIII and number of atoms in the lactamic ring. In- 

domethacin water solubility is shown as a horizontal dashed 

line. 

pounds VI and VII proved more soluble than the 
parent drug: a parabolic relationship profile seems 
to exist between lactamic ring size and water 
solubility with compound VI exhibiting the maxi- 
mum solubility (Fig. 2). 

Using the HPLC method. we investigated the 
lipophilic indices of esters I-VIII. Plotting the 
lipophilic index vs the number of atoms in the 
I-methylazacycloalkanonc ring. we observed a 
linear relationship (1. = 0.999) with a slope of 
0.081 (Fig. 3). The plot of the lipophilic index and 
number of atoms of I -ethylazacycloalkanone ring 
showed a similar relationship (7 = 0.994) and the 
same slope (0.081) (Fig. 3). The parallelism indi- 
cates that the lipophilicity is proportional to the 
azacycloalkanone ring size for both series of cs- 
tcrs. 

Enzymutic hydrolysis 

Generally. bioreversible manipulation of the 
physicochemical properties of drugs to increase 
their skin permeability has two distinct objectives: 
optimization of systemic delivery and/or delivery 
to the dermis. An essential prerequisite for suc- 
cess in the use of prodrugs is that prodrug recon- 
version into the parent drug occurs in the skin. 
Since the skin is a highly active metabolic organ 
containing esterases, several dermal and trans- 
dermal prodrugs, reported in the literature. pos- 

sess an ester linkage capable of undergoing cn- 
zyme-catalyzed cleavage to the parent drug (Ghan 
and Li Wan PO, 1989). 

Since the preparation of skin homogenates may 
present some problems due to the tenacious and 
elastic nature of the outermost layer of the skin 
(Johanscn et al., 1986). diffcrcnt models have 

been developed to mimic skin csterase activity 
and to assess the susceptibility of ester prodruga 
in undergoing bioconvcrsion in the skin. Thus. 
Johansen et al. ( 1986) and Bundgaard et al. ( 10%)) 
rcportcd the possibility of using human plasma to 
assess the hydrolysis rates of ester prodrugs fol 
dcrmal dclivcry. Chcung et al. (1985). studying 
cutaneous biotransformation of topical cortico- 
steroids. have shown that skin cstcrasc and liver 
esterase are very similar in their activity and have 
concluded that cutaneous esterases are well mod- 
elled by liver estcrascs. 

Recently, Wong et al. (1989) used porcine liver 
csterasc to assess the biodegradability of some 
transdermal penetration enhancers. To evaluate 
the susceptibility of esters V-VIII in undcrgoiny 
skin esterase enzymatic hydrolysis, WC LISC~ 
porcine liver esterase as an enzymatic model. The 
half-lives of esters V-VIII in the prcscnce 01’ 
porcine esterase arc rcportcd in Table 2. All the 
esters were readily hydrolyzed by porcine cs- 

0.1 - 

0.0 
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Number of atoms In the lactamlc ring 

Fig. 3. Relationship bekveen lipophllic indicca of esters I--VIII 

and number of atoms in the lactamic ring. Esters I--IV (8 1: 

cstcrs V-VIII ( a ). Indomethncin lipophilic index is shown a 

a horizontal dashed line. 



terase. No difference in hydrolysis rate was ob- 
served as the ring size of N-ethyllactams in- 
creased. 

Skin permeability 
SCE membranes were used to assess skin per- 

meation of indomethacin acid and ester prodrugs 
V-VIII. Suspensions of the compounds in water 
were applied to the skin in order to ensure a 
constant driving force while providing maximum 
thermodynamic activity. In the case of esters V- 
VIII, intact ester was found in the receptor phase 
together with a variable amount of indomcthacin 
acid ranging between 10 and 12% with respect to 
the amount of intact ester permeated. The ob- 
served hydrolysis should be ascribed to the resid- 
ual enzymatic activity of the skin samples we used 

given that the simple chemical hydrolysis would 
not justify the degree of hydrolysis observed. 

Several researchers in in vitro dermal prodrug 
studies through full thickness human skin have 
observed high enzymatic activity of excised hu- 
man skin (Bundgaard et al.. 19X3, 1989). Proba- 
bly, the poor enzymatic activity that we found in 
our in vitro permeation studies is due to the use 
of SCE membranes obtained by means of a ther- 
mal separation technique: heating is known to 
damage enzymatic systems. Carrying out some 
preliminary in vitro permeation experiments us- 
ing full thickness human skin, WC obtained much 
lower fluxes (almost undetectable) for both in- 
domethacin and esters V-VIII although the es- 
ters were almost completely reconverted into the 
parent drug within 72 h (unpublished data). These 
lower fluxes may be explained on the basis of the 
evidence reported by others (Scheuplein and 
Blank, 1973; Bronaugh and Stewart, 1984) that 
the dermis in vitro can act as a significant addi- 
tional artificial barrier to the absorption of 
lipophilic compounds. 

Plotting the cumulative amount of in- 
domethacin acid or total indomethacin acid 
equivalents permeated against time we obtained 
typical plots similar to that reported in Fig. 4. 
Steady-state fluxes of indomethacin acid and es- 
ters V-VIII are reported in Table 2. Esters V-VII 
proved to permeate the skin better than in- 
domethacin while ester VIII presented a steady- 

h 

Fig. 4. Plot of cumulative pg of indomethacin penetrated 

through excised human skin from a suspension of in- 

domethacin in water (a) and a suspension of ester VI in 

water (0) vs time. 

state flux value similar to that for indomethacin. 
Plotting indomethacin flux values obtained from 
esters V-VIII against the lipophilic index of these 
esters (Fig. 5), the trend is a parabolic relation- 
ship with a maximun at log K = 0.326 (ester VI>. 
Such a profile was also reported by Nghiem et al. 
(1987) in studying the in vitro penetration of a 
series of acetaminophen prodrugs through snake 
skin plotting flux vs lipophilicity. It is interesting 
to note that the highest indomethacin flux is 
obtained from ester VI which proved the most 
soluble in water. These results agree well with the 
theory, reported by Sloan (1989), that for a ho- 

Z 0.30- 

-;‘0.25- 
” 
p 0.20 - 

3 0.15- 

LL O.lO- 

o.ool 0.051 

0.1 0.2 0.3 0.4 0.5 

Log K 

1 

Fig. 5. Relationship between lipophilic index and steady-state 

flux through excised human skin of esters V~VIII. 



mologous series of prodrugs an increase in lipid 
soluhility almost always results in enhanced deliv- 
cry of the parent drug through the skin, and 
~~ptinlurn delivery is achieved using the members 
of the series which are more water soluble than 
the parent drug or that are the more water solu- 
ble members of the scrics. 

In conclusion, I-ethylazacycloalkan-2-one cs- 
ters of indo~iethacin proved fairly stable in aque- 
ous media, were readily hydrolyzed by esterascs 
and were able to penetrate through excised hu- 
man skin better than the parent drug. Further in 
vivo studies arc planned to investigate the potcn- 
tial use of these esters as dcrmal or transdcrmai 
prodrugs of ind~~methaci~l. 
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