
Alginate-Based In Situ Gelling
Suspensions and Emulsions

Comprising N4-Alkyloxycarbonyl
Derivatives of Cytosine: Zero-Order

Release and Effect of
Physicochemical Properties

ABSTRACT As an alternative to incorporation of various excipients, N4-

alkyloxycarbonyl-cytosine derivatives possessing various physicochemical

properties and cytosine regeneration rates have been examined to modify

release rate and kinetics from in situ gelling alginate formulations, e.g., liquid

formulations that gel in acidic gastric juice and release the entrapped derivative

or parent cytosine. Linear relationships were obtained between the release rate

constants and the square root of the solubility for suspension formulations.

Calculated diffusion coefficients were observed to be similar for suspension

and solution formulations; however, for in situ gelling emulsion formulations,

diffusivity correlated linearly to log P. Zero-order release of parent cytosine was

observed from in situ gelling suspensions of the poorly soluble acid-labile N4-

adamantyloxycarbonyl-cytosine prodrug.

KEYWORDS In situ gelation, Prodrug, Sodium alginate, Cytosine derivatives,
Helicobacter pylori, Oral drug delivery, Effect of physicochemical properties, Zero-order
release kinetic

INTRODUCTION

Helicobacter pylori, a spiral bacterium colonizing the gastric mucus, is
recognized to be a major cause of gastric ulcer (Hopkins et al., 1996). To
eradicate H. pylori, conventional antibiotics are generally used. However, the
treatment often fails and recurrent infections are common. Antibiotic
resistance is an emerging issue (Perri et al., 2003). In light of the fact that
pathogenic bacteria may develop resistance towards conventional antibiotics,
nucleobase-containing compounds such as cytosine nucleosides (Isono, 1991)
and peptide nucleic acids (Good & Nielsen, 1998) might constitute a potential
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therapeutic alternative. The antibiotics used to erad-
icate H. pylori are in general administered in the form
of conventional tablets or capsules. Thus, drug
concentration at the target site is mainly dependent
on drug transport/diffusion from the blood to the
gastric lumen (exsorption). In contrast, transport of an
antibiotic from the lumen into the mucus through the
mucus layer has been suggested to be more effective in
treatment of H. pylori infections (Kimura et al., 1995).
By employing a drug delivery system exhibiting
prolonged gastric retention and drug release, the
therapeutic effect of antibiotics might be improved.
The ability of alginate formulations to exhibit
prolonged gastric residence time (potentially due to
mucoadhesive properties) and subsequently sustained
drug release in the stomach is well documented (Kubo
et al., 2003; Miyazaki et al., 2000, 2001; Murata et al.,
2000; Whitehead et al., 1998) with gastric residence
times up to 6 hours (Whitehead et al., 1998). Fur-
thermore, gastric retention of alginate formulations
might be enhanced by incorporation of olive oil or
gas-producing agents such as CaCO3 and NaHCO3

based on buoyant properties of such systems (Choi
et al., 2002; Murata et al., 2000).

Sodium alginate is a linear block copolymer
polysaccharide consisting of b-D-mannuronic acid
(M) and a-L-guluronic acid (G) residues linked by
1,4-glycosidic linkages (Kubo et al., 2003; Miyazaki
et al., 2000, 2001). The M and G monomers have pKa

values of 3.38 and 3.65, respectively (supplier’s
information). Sodium alginate is soluble in water but
insoluble in acid (Zatz & Woodford, 1987). Relatively
low concentrated solutions of the polymer form
hydrogel matrices in acidic solutions and in the
presence of bi- or polyvalent cationic crosslinkers
(Ca2+, poly-L-lysine) (Gonzalez-Ferreiro et al., 2002;
Kubo et al., 2003; Miyazaki et al., 2000, 2001).
Alginates have constituted the main matrix compo-
nent in many experimental systems. However, only

relatively few studies have dealt with the potential
utility of alginates to form in situ gelling systems, e.g.,
liquid formulations that form gels in contact with an
aqueous acidic environment. To this end, 1% (w/v)
sodium alginate solutions have been shown to form
gels in contact with acidic gastric juice (Zatz &
Woodford, 1987) accompanied by an internal source
of Ca2+ ions (Kubo et al., 2003; Miyazaki et al., 2000,
2001), in neutral gastric juice containing preadminis-
tered Ca2+ ions (Katayama et al., 1999) and finally in
lachrymal fluid that contains Ca2+ ions (Cohen et al.,
1997). Drug release from gel-forming sodium alginate
liquid formulations has been investigated in case of
ampicillin (Katayama et al., 1999), cimetidine (Miya-
zaki et al., 2001), paracetamol (Kubo et al., 2003),
pilocarpine (Cohen et al., 1997), and theophylline
(Miyazaki et al., 2000; Zatz & Woodford, 1987).

The nucleobase cytosine is, per se, devoid of phar-
macological activity. However, in the present study it
has been used as a model compound for antibiotics
containing cytosine substructures. As an alternative to
alterations in drug release from alginate formulations
accomplished by admixing of various excipients, the
aim of the present study was to modify drug release
rates and kinetics from liquid in situ gelling formula-
tions based on sodium alginate by employing recently
synthesized cytosine derivatives (Petersson et al., 2004)
(Fig. 1) exhibiting various physicochemical properties
and cytosine regeneration rates.

MATERIALS AND METHODS

Materials

Cytosine and N,N,-dimethylacetamide (DMA)
were purchased from Bie & Berntsen, Copenhagen,
Denmark. N4-methyloxycarbonyl-cytosine (MC), N4-
ethyloxycarbonyl-cytosine (EC), N4-n-butyloxycarbonyl-
cytosine (NBC), N4-isobutyloxycarbonyl-cytosine (IBC),

FIGURE 1 Chemical Structures of Cytosine and the N4-Alkyloxycarbonyl-Cytosine Derivatives.
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N4-neopentyloxycarbonyl-cytosine (NC), N4-hexyl-
oxycarbonyl-cytosine (HC), N4-octyloxycarbonyl-cy-
tosine (OC), and N4-adamantyloxycarbonyl-cytosine
(ADC) were synthesized as previously reported (Peters-
son et al., 2004). Sodium alginate (Protanal LF200DL)
was a gift from FMC BioPolymer, Drammen, Norway.
Castor oil was obtained from Sigma-Aldrich, Copen-
hagen, Denmark. All other reagents were of analytical
grade. Demineralized water was used throughout
the study.

Preparation of Liquid In Situ
Gelling Formulations

Suspensions

To 3.0 mL of a relatively concentrated solution of
the test compound in DMA (50 mM) 150 mg sodium
alginate was added while stirring with a magnetic stir
bar. Twelve mL of water was added, and the dis-
solution of sodium alginate was accompanied by
precipitation of the test compound. Sodium alginate
dissolved readily since DMA worked as a wetting
agent. A similar dissolution of sodium alginate upon
addition of water was also observed in the absence of
test compound. The precipitated test compound was
uniformly distributed throughout the viscous formu-
lation as assessed visually. Air formed when mixing
water and DMA was allowed to separate from the
formulation by standing. Formulations containing the

test compounds in suspension consisted of 1% (w/v)
aqueous sodium alginate solution containing 20% (v/v)
DMA. The incorporated test compounds, amount
loaded, and volumes of liquid formulations tested are
given in Table 1 entries I and II. A suspension without
sodium alginate was prepared by adding water to a DMA
solution of ADC.

Emulsions

Sodium alginate (1.0 g) was suspended in 20 mL
DMA solution of the respective test compound (0.50
mM). By addition of 80 mL water under stirring,
viscous solutions were formed. Air formed when
mixing was allowed to separate from the formulation
by standing. Forty-two mL castor oil was added and
viscous emulsions were formed after stirring overnight
with a magnetic stir bar. Emulsions containing
the compounds in solution consisted of 30% (v/v)
castor oil and 70% (v/v) [1% (w/v) aqueous sodium
alginate solution containing 20% (v/v) DMA]. The
incorporated test compounds, amount loaded, and
volumes of liquid formulations tested are given in
Table 1, entry III.

Solutions

Sodium alginate (1.5 g) was suspended in 30 mL
DMA solution of the respective test compound
(0.50 mM). By addition of 120 mL water under stirring

TABLE 1 In Situ Gelling Sodium Alginate Formulations Prepared

Formulation
Amount of test compound per
volume of formulation tested

Concentration of test
compound (mmol/mL)

Compounds
loaded

Suspensions:
1% Sodium alginate
containing the test
compounds in suspension

I 36 mmol (8–10 mg)
per 3.6 mL

10 IBCa, NCa,
HC and OC

II 36 mmol (10 mg)
per 36 mL

1.0 ADCb

Emulsions:
30% Castor oil
in 1% sodium alginate,
containing the test
compounds in solution

III 2.5 mmol (0.4–0.6 mg)
per 36 mL

0.07 MC, EC,
IBC, NC, and
cytosine

Solutions:
1% Sodium alginate
containing the test
compounds in solution

IV 3.6 mmol (0.6–0.8 mg)
per 36 mL

0.10 MCc, EC, NBC,
IBC and NC

V 36 mmol (4 mg)
per 36 mL

1.0 Cytosine

aAlso, suspension formulations of IBC and NC with various initial amount loaded [36–144 mmol (8–32 mg) per 3.6 mL] were prepared.
bAlso, suspensions of ADC [36 mmol (10 mg) per 36 mL] without sodium alginate were prepared.
cAlso, solution formulations of MC with various initial concentration [3.6–36 mmol (0.6–6 mg) per 36 mL], content of DMA (0–20%) and

sodium alginate (0.5–1.5%) were prepared.
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with a magnetic stir bar, viscous solutions were formed.
Air formed when mixing water and DMA was allowed
to separate from the formulation by standing. Unless
otherwise stated, the composition of the investigated
formulations containing dissolved test compound was
1% (w/v) aqueous sodium alginate solution containing
20% (v/v) DMA. The incorporated test compounds,
amount loaded, and volumes of liquid formulations
tested are given in Table 1, entries IV and V. Also, 1%
sodium alginate solutions without DMA were prepared
by dissolving sodium alginate in water by heating to
60�C. After cooling to room temperature, an aqueous
solution of MC was added to the polymer solution.

In Vitro Release

Release of the compounds from the gels was
examined using the paddle method (Eur. Ph. 4th
dissolution test apparatus) at 37�±0.5�C according to
previous studies (Katayama et al., 1999) with mod-
ifications. Five-hundred mL of the release medium
(0.1 M HCl, pH 1.1) was placed in the vessel and
preheated to 37�±0.5�C. The liquid formulation was
placed in a petri dish [36 mL in a dish (6.9�1.2 cm) or
3.6 mL in a dish (2.8�0.9 cm)]. A piece of woven
gauze made from stainless steel wire (0.30 mm in
diameter and having mesh apertures of 1.00 mm) was
placed on top of the petri dish. The petri dish was then
placed at the base of the dissolution vessel using three-

legged stainless steel tweezers, and stirring of the
dissolution medium was initiated (50 rpm). At
appropriate time intervals samples were withdrawn
for HPLC analysis and replaced with fresh release
medium. In the cases of cytosine and ADC, the
samples were added to an equal volume of 1 M
phosphate buffer, pH 7.4. The cumulated amount of
drug released, Q, (corrected for sampling) into the
aqueous phase was calculated according to Eq. 1:

Q ¼ Vs

Xn

n¼1

Cn�1 þ VmCn ð1Þ

where Vs and Vm are the volumes of sample taken and
release medium, respectively, and Cn is the drug
concentration in the sample n. Release experiments
were performed in triplicate.

HPLC Analysis

The HPLC system consisted of a Merck Hitachi
L-7100 pump, a Merck Hitachi L-7200 auto sampler,
and a Merck Hitachi L-7480 fluorescence detector
operating at Ex 288 nm/Em 350 nm when detecting
the derivatives and a Merck Hitachi L-7400 UV-
detector operating at 266 nm for detection of cytosine.
Reversed-phase chromatography was carried out using
a Phenomenex Aqua C18 column (150�4.60 mm i.d.;
5 mm particles) equipped with a C18 precolumn (4�3.0
mm i.d.) (Supware, Copenhagen, Denmark). The flow

TABLE 2 Diffusion Coefficients and Log Poctanol-water and Solubility (Cs) Data for Cytosine and the N 4-Alkyloxycarbonyl-Cytosine
Derivatives at 37±0.5�C (Experiments Performed in Triplicate)

Compound

�103D (cm2 min�1) (S.E.M.)

log PpH 7.4
d Cs,pH1.1 (mM)d Cs,pH7.4 (mM)dSuspensionsa Emulsionb Solutionsc

Cytosine n.d. 3.69 (0.38) 1.69 (0.04) �1.5 n.d. 102624
MC n.d. 0.99 (0.17) 1.18 (0.11)e �0.55 n.d. 1843
EC n.d. 0.71 (0.08) 1.09 (0.13) �0.085 2377 199
NBC n.d. n.d. 1.23 (0.14) 1.1 983 147
IBC 1.07 (0.01)f 0.46 (0.05) 1.21 (0.02) 1.1 1670 235
NC 1.49 (0.10)f 0.30 (0.03) 1.29 (0.17) 1.5 886 122
HC n.c. n.d. n.d. 2.3 34 4
OC n.c. n.d. n.d. 3.3 0.7 0.3
ADC n.d. n.d. n.d. 2.9 n.d. 19

aFormulation 1% Sodium alginate containing the test compounds in suspension (Table 1, entries I and II).
bFormulation 30% castor oil in 1% sodium alginate, containing the test compounds in solution (Table 1, entry III).
cFormulation 1% sodium alginate containing the test compounds in solution (Table 1, entries IV and V).
dFrom Petersson et al., 2004.
eFormulation not significantly affected by variations of the initial concentration (3.6–36 mmol in 36 mL gel matrix), content of DMA (0–

20%) or sodium alginate (0.5–1.5%).
fFormulation not significantly affected by variation of the initial amount loaded (36–144 mmol in 3.6 mL gel matrix). n.c. not calculated

due to the relatively small amounts released. n.d. not determined.
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rate was set at 1 mL/min�1. Mobile phase systems of
10–80% (v/v) methanol in 0.1% (v/v) phosphoric acid
were used with the methanol content adjusted for each
compound to provide retention times of 3–8 min. In
the case of cytosine, 0.02 M phosphate buffer, pH 7.4,
was used as the mobile phase.

RESULTS

Preliminary Characteristics
of Formulations

In preparation of the formulations, DMA was used
as a solubilizer for the poorly soluble derivatives.
Interestingly, this cosolvent might also act as a wetting
agent due to the observation that sodium alginate
suspended in DMA dissolved immediately by addition
of water in contrast to the slow dissolution process
taking place in pure water. In the preparation of the
suspension formulations, the test compounds were
initially dissolved in DMA. Upon addition of water,
sodium alginate dissolved parallel to precipitation of
the test compounds. The viscous mixtures formed
provided physical stabilization of the uniform suspen-
sions with no sedimentation observed upon storage
for 2 weeks at room temperature. Similarly, the
emulsions were to some extent stabilized by sodium
alginate, though creaming was observed after 24 hours
at room temperature. Both systems were easily
reconstituted by shaking. Transferring the three
formulation types to the acidic release medium
resulted in alginic acid gel structures. In this study
the release experiments were carried out on freshly
prepared formulations without further physical char-
acterization of the formed preparations.

Effect of Solubility
on Release

Previous studies of drug release from alginate-based
matrix systems indicate that the drug release is
governed by drug diffusion in the hydrated polymer
matrix (Kubo et al., 2003; Miyazaki et al., 2001). The
mechanism indicates that drug release may be
influenced by physicochemical properties of the drug
molecules. In order to investigate a potential relation-
ship between drug solubility and drug release rate, four
cytosine derivatives previously shown to cover a
relatively broad range of solubilities (Table 2; 0.7 to

1670 mM, pH 1.1; 37�C) were selected. Figure 2a
shows the release profiles of IBC, NC, HC, and OC
from in situ gelling sodium alginate formulations
containing the test compounds in suspension (Table 1,
entry I). It appears that the time-dependent cumulative
amount of substance released decreases with increas-
ing chain length of the alkyl substituent. The fastest
release was observed for gels loaded with IBC followed
by NC, with 18 and 15 mmol released after 360
minutes, respectively. In contrast, HC and OC release
was relatively slow with less than 5 and 1 mmol
released, respectively, in this period of time. During
the release experiments less than 4% of the various

FIGURE 2 Release of IBC (^), NC ( ), HC (5), and OC (6)
from In Situ Gelling Suspensions Plotted as (a) Cumulative Re-
lease as a Function of Time and (b) Cumulative Release Per Unit
Area as a Function of Square Root Time. Each Value is the
Mean±S.E.M.
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derivatives were hydrolyzed (Petersson et al., 2004),
suggesting that calculations may be done from the
present release data. The curvature of cumulative drug
release profiles suggests that the instantaneous drug
release rate decreases with time for all the formula-
tions. For drugs dispersed in a semi-solid polymeric
matrix, the Higuchi model for ointment bases
containing drugs in suspension (Higuchi, 1961;
Peppas, 1985) might be applied to describe drug
release mechanism. Accordingly, the cumulative
amount Q of drug released per unit area from gels is
proportional to the square root of time t:

Q ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ADCs; gel t

q
ð2Þ

where D is the diffusion coefficient of the drug
molecule, A is the initial amount of drug, and Cs, gel is
the drug solubility in the vehicle. Equation 2 is derived
for systems where the amount of drug present per unit
volume is substantially greater than Cs, gel (Higuchi,
1961). Thus, the amount of test compound loaded into
the gels was at least five times the saturation solubility at
pH 1.1 (37�C). The observed linear relationships be-
tween Q and t

1/2 for the matrices (Fig. 2b) demonstrate
the adequacy of using the Higuchi model and that
(within the time period investigated) the release of the
derivatives from the in situ gelled suspensions is
consistent with a diffusion mechanism (Peppas, 1985).
The results also indicate that the gels do not swell or
disintegrate during the experiments (Peppas, 1985).
Assuming identical solubilities of the respective com-
pounds in the gel vehicle formed (Cs, gel) and in the
release medium (Cs,pH1.1), the diffusion coefficients D
can be calculated from the slopes of the linear plots
presented in Fig. 2b (Table 2). By employment of
different initial amounts of IBC and NC (Table 1, entry
I), it was observed that the initial drug load had no
significant effect on the diffusion coefficient and that
the effect of the polymer on compound solubilities was
negligible (data not shown). Likewise, 70% sorbitol has
been reported to have virtually no effect on the
solubility of benzocaine, phenytoin, and diazepam
(Rubino & Yalkowsky, 1987). The diffusion coeffi-
cients are in favorable agreement with those obtained
for in situ gelling sodium alginate formulations
containing the test compounds in solutions (Table 1,
entry IV) (Table 2 calculated from Eq. 3, see later) and
consistent with previous reports on solution-based
calcium-alginate systems (Kubo et al., 2003; Miyazaki

et al., 2001). The consistency between the systems
implies that the dispersed substance [0.25% (w/v)]
provides no significant physical hindrance to diffusion
of drug molecules.

For drug release from matrix systems comprising
solid drug, the solubility of drug in the hydrated poly-
meric environment constitutes an important factor
governing drug release rates (Higuchi, 1961; O’Connor
& Schwartz, 1993), since the concentration gradient
between the gel and the bulk solution is the driving
force for the diffusion process. This phenomenon was
observed in the present study and is consistent with
observations previously reported for systems based
on microcrystalline cellulose (O’Connor & Schwartz,
1993). Figure 3 shows the relationship between the
Higuchi release rate constants (k1), calculated from the
slopes of the straight line relationships depicted in
Fig. 2b and the square root of the solubility, Cs, pH1.1

1/2

(pH 1.1; 37�C) (Table 2). The obtained reasonably lin-
ear relationship demonstrates that the release rates of
the derivatives correlate well with solubility and thus the
data are consistent with Eq. 2. This empirical relation-
ship may be useful for estimation of compound release
rates for similar in situ gelling suspensions based solely
on knowledge of the solubility of particular derivative.

Effect of Lipophilicity
on Release

Previous studies have shown that alginate-based
matrix systems with incorporated vegetable oils may

FIGURE 3 The Correlation Between the Release Rate Con-
stants, k1, for the Release from In Situ Gelling Suspension and
the Square Root of the Solubility, Cs,pH 1.1

1/2 of IBC, NC, HC, and
OC. Each Value is the Mean±S.E.M. (R2 =0.97).
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possess buoyant properties in the gastric fluid, with
both buoyancy and drug release rates being dependent
on the amount of oil added (Murata et al., 2000).
However, for a certain drug molecule the desirable
buoyancy of the drug formulation might not neces-
sarily afford an appropriate drug release rate. In order
to investigate the relationship between drug lip-
ophilicity and drug release rate, four cytosine deriva-
tives possessing different lipophilicities (Table 2; log P
range �0.55 to 1.5) were investigated. In Fig. 4a the
release profiles of MC, EC, IBC, and NC from in situ
gelling sodium alginate castor oil emulsions contain-
ing the dissolved derivative (Table 1, entry III) are
shown. An apparent decline in rate of drug release
with increasing lipophilicity of the test compound was

found. For example, after 360 minutes, approximately
1.6, 1.4, 1.1, and 0.98 mmol derivative were released
from the matrices loaded with MC, EC, IBC, and NC,
respectively. The results are consistent with results
obtained for systems based on silicon oil (Steffansen
et al., 1996) and demonstrate that manipulation of
lipophilicity can be used to modify drug release rates.
The concave release profiles obtained indicate that
drug release rate decrease with time. Accordingly, the
release data might be analyzed according to the
Higuchi procedure valid for drug release from
semisolid vehicles containing drugs in solutions
(Higuchi, 1962). Thus, the correlation between the
cumulative amount Q of drug released per unit surface
area [up to 60% release (Peppas, 1985)] and time t
might be given by:

Q ¼ 2C0

ffiffiffiffiffiffi
Dt

p

r
ð3Þ

where D and C0 are the diffusion coefficient of the
drug molecule and the initial drug concentration in
the vehicle, respectively. Linear relationships between
Q and t

1/2 were observed for all the formulations tested
(Fig. 4b), demonstrating that the release of MC, EC,
IBC, and NC from the in situ formed gels fits well to
the Higuchi model consistent with diffusion con-
trolled drug release (Kubo et al., 2003; Miyazaki et al.,
2001; Peppas, 1985). Diffusion coefficients calculated
from the slopes of the line segment are presented in
Table 2. The effect of prodrug lipophilicity on release
rate from lipid drug formulations, in general, has been
reported (Larsen et al., 2001; Sloan & Wasdo, 2003;
Steffansen et al., 1996). In the present study,
derivatization has been shown to affect drug affinity
to the delivery system as well as diffusion rate within
the formulation. According to Table 2, the diffusion
coefficient for NC is lowered three-fold as compared
to that of MC. In contrast, fairly identical diffusion
coefficients were found in the cases of MC, EC, NBC,
IBC, and NC for in situ gelling sodium alginate
formulations containing the test compounds in
solutions (Table 1, entry IV) (Table 2).

A reasonably linear relationship was obtained by
plotting the diffusion coefficients against the cor-
responding log P(octanol-water) values (Fig. 5), indicating
that diffusion coefficients are inversely related to lipo-
philicity expressed by the partition coefficient. The
employment of log Poctanol-water values (Table 2)

FIGURE 4 Release of MC (&), EC (~), IBC (^), and NC ( )
from In Situ Gelling Emulsions Plotted as (a) Cumulative Release
as a Function of Time and (b) Cumulative Release Per Unit Area as
a Function of Square Root Time. Each Value is the Mean±S.E.M.
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appears acceptable since linear free energy relation-
ships for partition coefficients obtained in octanol-
water and oil-water systems, respectively, have been
established (Collander, 1951; Hansch & Leo, 1979;
Larsen et al., 2002). Thus, the relationship between
derivative diffusion coefficients and log P values may
be used to adjust compound release rates from in situ
gelling emulsions exhibiting appropriate buoyancy.

Zero-Order Release of
Parent Cytosine

Antibacterial effect of compounds containing
cytosine substructures [such as antisense molecules
(Good & Nielsen, 1998)] may, by virtue of binding to
the ribosome, be based on bacteriostatic mechanisms
(Brock et al., 1994). Thus, employment of a zero-order
drug release formulation may result in maintenance of
a static effect on bacteria cell growth (Colombo et al.,
2000). Preliminary studies have indicated prolonged
cytosine release from in situ formed alginic acid gels
loaded with ADC compared to gels loaded with
equimolar amounts of parent cytosine (Petersson et al.,
2004). Figure 6 shows the release profiles of ADC and
cytosine from in situ gelling suspensions containing
the acid-labile, poorly soluble ADC prodrug (Table 1,
entry II). It is seen that parent cytosine is the main
compound released while only minute amounts of
ADC appeared in the release medium, although
parallel appearance of ADC and cytosine in the
release medium are observed for the first 30 minutes.
The minute amounts of ADC present in the release

medium indicate that ADC conversion to cytosine
predominantly takes place inside the gel. Hence, the
overall cytosine release profile may most likely be the
result of consecutive reactions involving dissolution of
ADC within the gels, followed by hydrolysis of ADC
to parent cytosine and finally release of cytosine from
the gel. The R2 value of the linear regression line,
drawn through the data points for cytosine release, was
greater than 0.99 and the points were randomly
distributed for all the formulations studied. Thus,
the correlation between the cumulative amount Q of
cytosine released per unit surface area from ADC-
loaded gels and time t is given by:

Q ¼ k0t ð4Þ

where the zero-order release rate constant k0

(1.25�10�9 mol cm�2 min�1) is obtained from the
slope of the regression line (Peppas, 1985) (per unit
area of the gel) (Fig. 6). Since ADC exhibits enhanced
lability in acidic solutions with a half-life of 41
minutes at pH 1.1 and 37�C (Petersson et al., 2004),
the prolonged release of cytosine from ADC-loaded
gels may be ascribed to the low solubility of the ADC
prodrug (Table 2), creating a small concentration
gradient (gel to bulk solution). In comparison,
relatively fast release was observed from both in situ
gelling solutions containing equimolar amounts of
parent cytosine as well as from equimolar suspensions

FIGURE 6 Release of ADC (X) and Cytosine Formed by
Hydrolysis of ADC (6) from ADC Prodrug Loaded In Situ Gelling
Suspensions. For Comparison Release Data from an In Situ
Gelling Solution of Cytosine (.) and the Release of ADC (!) and
Cytosine (~) from a Suspension of ADC Prodrug (Without
Sodium Alginate) are Included. Each Value is the Mean±S.E.M.

FIGURE 5 The Relationship Between the Diffusion Coeffi-
cients Obtained from In Situ Gelled Emulsions and Log P of MC,
EC, IBC, and NC. Each Value is the Mean±S.E.M. (R2 =0.96).
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of ADC in the absence of sodium alginate (Table 1,
entries II and V) (Fig. 6). These results illustrate the
principle of combined formulations based on pro-
drugs and in situ gelling systems exhibiting zero-order
drug-compound release.

CONCLUSION

By combination of relatively stable cytosine deriv-
atives and in situ gelling sodium alginate formulations,
release rates were correlated to compound solubility in
the case of in situ gelling suspensions, and diffusion
coefficients were correlated to compound lipophilicity
in the case of in situ gelling emulsions. Release of
parent cytosine fitted zero-order release kinetics when
the acid-labile and poorly soluble ADC prodrug was
formulated as in situ gelling suspension formulations.

ABBREVIATIONS

MC N4-methyloxycarbonyl-cytosine
EC N4-ethyloxycarbonyl-cytosine
NBC N4-n-butyloxycarbonyl-cytosine
IBC N4-isobutyloxycarbonyl-cytosine
NC N4-neopentyloxycarbonyl-cytosine
HC N4-hexyloxycarbonyl-cytosine
OC N4-octyloxycarbonyl-cytosine
ADC N4-adamantyloxycarbonyl-cytosine
DMA N,N,-dimethylacetamide
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