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Abstract

Many oral phosphate prodrugs have failed to improve the rate or extent of absorption compared to their insoluble par-
ent drugs. Rapid parent drug generation via intestinal alkaline phosphatase can result in supersaturated solutions, leading to
parent drug precipitation. The purpose was to (1) investigate whether parent drugs can precipitate from prodrug solutions in
presence of alkaline phosphatase; (2) determine whether induction times are influenced by (a) dephosphorylation rate, (b)
parent drug supersaturation level, and (c) parent drug solubility. Induction times were determined from increases in optical
densities after enzyme addition to prodrug solutions of TAT-59, fosphenytoin and estramustine phosphate. Apparent supersat-
uration ratios (σ) were calculated from parent drug solubility at intestinal pH. Precipitation could be generated for all three
prodrugs. Induction times decreased with increased enzyme activity and supersaturation level and were within gastrointesti-
nal residence times for TAT-59 concentration≥ 21�M (σ ≥ 210). Induction times for fosphenytoin were less than the GI
residence time (199 min) for concentrations of approximately 352�M (σ = 4.0). At approximately 475�M (σ = 5.3) the
induction times were less than 90 min. For estramustine-phosphate, no precipitation was observed within GI residence times.
Enzyme-mediated precipitation will depend on apparent supersaturation ratios, parent drug dose, solubility and solubilization by
the prodrug.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Most phosphate ester prodrugs marketed to date are
soluble prodrugs of poorly water-soluble parent drugs
that are used in parenteral formulations (Fleisher et al.,
1996), such as fosphenytoin (Cerebryx®, Pfizer) and
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hydrocortisone-phosphate (Hydrocortone-Phosphate®,
Merck). In contrast, very few oral phosphate prodrugs
have shared this success, as they often fail to show
improvements in the rate or extent of absorption com-
pared to their parent drugs (de Jong et al., 1997). In
theory, increasing drug solution concentration through
a soluble prodrug should increase absorptive flux.
The fact that this is not observed for a number of oral
phosphate prodrugs prompted an investigation for
the causes of failure, which focused on rate-limiting
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Fig. 1. Structure of phosphate ester prodrugs. TAT-59 is provided as the free acid, while the other prodrugs are disodium salts. In presence
of intestinal alkaline phosphatase the phosphate ester is hydrolyzed to yield the corresponding alcohol or parent drug.

steps for the process of drug absorption from phos-
phate prodrug administration. Ideally this process
involves rapid prodrug dephosphorylation by intesti-
nal membrane-bound alkaline phosphatase yielding
high solution concentrations of the poorly soluble
parent drug at the apical membrane. The regenerated
lipophilic parent drugs should be well absorbed com-
pared to their polar, ionized prodrugs (Amidon et al.,
1985), provided that the parent drug does not precipi-
tate prior to absorption across the intestinal epithelia.
Thus, absorption of phosphate esters can be poten-
tially compromised by: (a) dissolution of the prodrug
which is rarely a limitation for a solubility-enhancing
prodrug (Heimbach, 2002), (b) poor enzymatic bio-
conversion, (c) precipitation of the parent drug, and
(d) poor permeability of the parent drug (Heimbach
et al., 2003). This report details an investigation into
the potential of parent drug precipitation from phos-
phate prodrug solutions in the presence of alkaline

phosphatase. TAT-59 (Miproxifene-phosphate), fos-
phenytoin and estramustine phosphate were used as
model prodrugs (Fig. 1), which are hydrolyzed to
their corresponding parent drugs DP-TAT-59, pheny-
toin and estramustine, respectively. The prodrugs dif-
fer in their parent drug’s solubility and targeted oral
dose (Table 1). TAT-59 (Miproxifene Phosphate) is a
unique, practically insoluble zwitterionic phosphate
ester (s ∼ 52�g/ml at pH 7.4, 23◦C) (Heimbach,
2002; Matsunaga et al., 1993) of the even more in-
soluble DP-TAT-59 (s ∼ 50 ng/ml at pH 7.4, 23◦C)
(Fig. 1) that was under development by Taiho Phar-
maceutical Co. Ltd. for the treatment of breast cancer
(Nomura et al., 1998), with a recommended dose of
20 mg. Fosphenytoin is a successful parenteral prodrug
of phenytoin (Dilantin®) to treat epilepsy, which ex-
hibits a high aqueous solubility of 140 mg/ml (Stella,
1996) compared to the 24�g/ml (pH 7.4, 23◦C) of
the practically insoluble phenytoin. Oral phenytoin
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Table 1
Effect of apparent maximum supersaturation (c/s) on induction times for the precipitation of prodrugs fosphenytoin, TAT-59, and estramustine phosphate in the presence of
pure calf intestinal alkaline phosphatase-mediated dephosphorylation at 23◦C in pH 7.4 buffer

Prodrug Targeted oral
prodrug dose
(mg)

Parent drugsb

(�M) [mg/ml]
Theoreticalc/s of
parent drug after
oral prodrug dose

Alkaline
phosphatase
activity (�mol
4-NP/min)

Induction timesτ (min)a

Fosphenytoin 155c 89 [0.0244] 16 1–3.3d 4.0 5.3 6.7 50 56 100 125 150 210 210

9.5 >720 514 (110) 88 (9) 71 (13) 37 (11) 41 (5) 30 (2) 31 34 (2) 27 (2) 27 (2)
6.2 >720 455 (109) 87 (8.5) 64 (10) ND 27 (6) 28 (2) ND ND 36 (5) 36 (5)
1.1 >720 ND ND 266 (117) 129 (9) ND 103 (11) 120 (2) 100(11) 144 (11) 144 (11)

TAT-59 5–80 0.1 [0.00005] 392–6275 50–150d 210 250 300 400 500 510 700 1070

9.5 >720 58 (18) 33 (6) 20 (4) 19 (1) 17 (3) 13 (1) 10 (1) 8.4 (0.4)
6.2 >720 75 (16) 36 ND 22 (1) ND 18 (2) 17 (1) 8.4 (1)
1.1 >720 438 (54) 205 133 (6) 136 (13) 168 (4) 111 (5) 83 (11) 31 (3)

Estramustine-
phosphate

400–1000 2.3 [0.001] 1249–3122 8d 38 113 322

9.5 >720 >720 >720 689e

6.2 >720 >720 >720 >720
1.1 >720 >720 >720 >720

ND: not determined; induction times are expressed as average (N = 3–8), standard deviations are shown in parentheses, except forN = 2.
a Measurements were done at pH 7.4 and 23◦C, values of >720 indicate that no precipitation was observed after 12 h. In control experiments devoid of alkaline phosphatase, no increase in absorbance was observed

and induction times were not detected.
b Equilibrium solubility at pH 7 and 23◦C.
c Unlike TAT-59, and estramustine phosphate, fosphenytoin was not developed for an oral dosage form. Fosphenytoin’s oral dose was calculated assuming a dose equivalent 100 mg phenytoin parent drug.
d c/s is the apparent dimensionless supersaturation ratio calculated by dividing the initial prodrug concentration by the parent equilibrium solubility, s.
e n = 2 of 8, for 6-well induction times were >720 mm.
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doses are typically in the range of 100–300 mg for
adult patients. Estramustine-phosphate, is a high
dose prodrug (400 mg–1 g) of estramustine and
this parent drug has a low aqueous solubility near
1�g/ml (pH 7.4, 23◦C). Unlike most other phos-
phate prodrugs estramustine-phosphate is success-
fully marketed as an oral formulation in Europe and
the United States as Emcyt® (Pharmacia) for the
treatment of prostate cancer (Perry and McTavish,
1995).

2. Materials and methods

TAT-59 and its parent drug, DP-TAT-59, were gifts
of Taiho Pharmaceutical Co. Ltd. (Tokushima, Japan).
Estramustine-phosphate was a gift of Pharmacia (Mi-
lano, Italy). Fosphenytoin was donated by Pfizer (for-
merly Parke-Davis, Ann Arbor, MI). Hank’s balanced
salt solution (HBSS) was purchased from Gibco BRL
Life Technology (Grand Island, NY). Calf intestinal
alkaline phosphatase (5TU) was obtained from Cal-
biochem (San Diego, CA). Phenytoin and all other
reagents were purchased from Sigma–Aldrich (St.
Louis, MO).

2.1. Induction time measurements in presence
of alkaline phosphatase

Induction times for the precipitation of parent
drugs were measured as a function of prodrug
and alkaline phosphatase concentration at 23◦C.
Due to TAT-59’s poor aqueous solubility at pH
6.5 near 1�M (Heimbach, 2002; Matsunaga et al.,
1993), experiments were only carried out at pH
7.4, where the prodrug is soluble at 100�M. Pro-
drugs were dissolved in sterile HEPES-HBSS pH 7.4
buffer (5.37 mM KCl, 0.44 mM KH2PO4, 0.49 mM
MgCl2, 0.41 mM MgSO4, 136.89 mM NaCl, 4.17 mM
NaHCO3, 3.38 mM Na2HPO4, 5.55 mM d-glucose,
and 5 mM HEPES). An attempt was made to simulate
alkaline phosphatase activities observed in Caco-2
cells, which reportedly mimic those found in the
human intestine (Pinto et al., 1983). Ten microliters
of calf intestinal alkaline phosphatase were added to
200�l freshly prepared prodrug solution. The alka-
line phosphatase activity was measured at 23◦C in
control wells using 4-nitrophenylphosphate (4-NPP)

as a reference substrate and the measured dephospho-
rylation rates were 1.1 ± 0.2�mol, 6.2 ± 0.3�mol
and 9.5 ± 0.5�mol 4-nitrophenol (4-NP) gener-
ated per minute. The lowest rate was compara-
ble to the dephosphorylation rate, i.e. the alkaline
phosphatase activity measured in our Caco-2 cells
(Section 2.2). A Spectramax 250 UV-Vis 96-well
plate reader (Molecular Devices Corp., Sunnyvale,
CA) was used to measure changes in optical den-
sities, which were monitored at 23◦C post enzyme
addition in kinetic intervals of 30 s. The experi-
ments were conducted for up to 12 h, since typi-
cal small intestinal residence time (3–4 h) may be
impacted by increased upper GI residence time
under certain conditions, such as the presence of
food (Crison, 2000). Onset of nucleation was de-
tected by measuring changes in optical density at
405 and 650 nm, where an increase in 0.02 ab-
sorbance units was visually associated with the for-
mation of a solid. Induction time was defined as
the time interval measured from enzyme addition
to the time of detection of a 0.02 absorbance unit
increase.

Prodrug solutions were chemically stable over the
duration of the experiments (Kearney and Stella,
1993; Matsunaga et al., 1996) and no increase in opti-
cal density was detected after 16 h in solutions devoid
of the enzyme. Parent drug formation in the pres-
ence of alkaline phosphatase was confirmed for all
three prodrugs by using liquid chromatography–mass
spectrometry (Heimbach, 2003; Heimbach et al.,
2003). With TAT-59 experiments, the precipitate
readily dissolved when the pH was lowered to pH
4. This indicates that the precipitate is the parent
drug, DP-TAT-59, since the solubility of this weak
base increases with decreasing pH. This is not the
case for the weak acid prodrug, TAT-59, and its
solubility decreases with increasing pH (1�g/ml at
pH < 5).

Apparent maximum supersaturation was defined as
σ = c/s, wherec is the initial prodrug concentration
from the solution in pH 7.4 buffer ands is the equi-
librium solubility of the corresponding parent drug
at pH 7.4 and 23◦C (Heimbach, 2002)(Table 1). In
these experimentsσ represents the maximum theoret-
ically achievable supersaturation ratio which to occur
(a) requires complete enzymatic conversion from the
prodrug to the parent drug, and (b) assumes that the
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parent drug solubility,s, is not altered by the presence
of the prodrug.

Prodrug solutions with parent drug equivalent con-
centrations above the parent drug’s solubilities were
prepared such thatσ values with a range of greater
than 200 and less than or equal to 50 were achieved
(Table 1). This range did not always bracket theoreti-
cally achievable in vivo supersaturation ratios (Table 1,
column 4), where these ratios were calculated from
the oral doses taken with 250 ml fluid, divided by
the parent drug solubility, assuming complete conver-
sion of the prodrug to the parent drug. For TAT-59
the upper limit of achievableσ was limited by the
prodrug’s equilibrium solubility (≈100�M at pH 7.4)
(Heimbach, 2003; Heimbach et al., 2003), which lim-
ited our induction studies to supersaturation ratios up
to 1070 (Table 1). TAT-59’s lower limit of achiev-
able σ was near supersaturation ratios of 50, due to
long induction times (>12 h), associated with lowσ
(Table 1, column 6). Similarly, the upper limit ofσ
for estramustine-phosphate was limited by the pro-
drugs solubility (≈300�M at pH 7.4) (Heimbach,
2003).

2.2. Dephosphorylation-supersaturation time
profiles in apical Caco-2 chambers

The potential for phosphate prodrugs, fospheny-
toin and TAT-59, to create supersaturated solutions
of their corresponding parent drugs, phenytoin and
DP-TAT-59, respectively was investigated in Caco-2
cells. These cells form polarized monolayers that show
alkaline phosphatase activity at their apical mem-
branes in levels similar to those found in the human gut
(19) and these cells are frequently used in drug trans-
port studies. Caco-2 cells were maintained and studies
were carried out as described previously (Stilgenbauer
et al., 2000; Wu et al., 2000). The alkaline phos-
phatase activity for the hydrolysis of 100�M 4-NPP
at pH 7.4 in apical Caco-2 chambers was near 1�M
4-NP generated per minute. TAT-59 and fosphenytoin
solutions were dosed to apical chambers at 40 and
300�M, respectively. These concentrations were cho-
sen to simulate the minimal theoreticalσ following
a low oral dose, of 5 and 20 mg, respectively, while
maintaining cell viability. These studies were carried
out at 37◦C and 5–10�l aliquots were taken over
time up to only 180 min (Heimbach, 2003; Heimbach

et al., 2003), since longer experiment times can reduce
monolayer integrity. Prodrug and parent drug concen-
trations were monitored simultaneously using liquid
chromatography–mass spectrometry. Induction times
were also determined using a SpectrofluorPlusTM

reader (Tecan, Raleigh, NC), since this reader is suit-
able for obtaining measurements in 24-well Caco-2
donor plates. The analytical wavelength for measur-
ing changes in optical density was 590 nm instead
of 405 and 650 nm, since a filter with the latter two
wavelengths was not available for this instrument.
As before, an increase in 0.02 absorbance units was
visually associated with the formation of a solid. In
these studies, supersaturation ratios were defined as
σm = cm/s, wherecm is the highest experimentally
measured parent drug solution concentration in apical
donor cells from the solution in pH 7.4 buffer ands is
the equilibrium solubility of the corresponding parent
drug.

3. Results

The effect of enzyme activity and level of appar-
ent supersaturation on induction times of prodrug
solutions was determined. The induction time,τ was
longest under conditions of lowσ and low enzyme ac-
tivity as shown inTable 1andFig. 2. For example,τ
was 438±54 min atc/s = 210 for TAT-59 at the low-
est enzyme activity which decreased to 58±13 min at
the highest enzyme activity. At higher apparent super-
saturation e.g.c/s = 1070,τ is reduced to 31± 3 min
at to lowest enzyme activity and is only 8.4± 0.4 min
at the highest enzyme activity.Fig. 3 shows a plot of
τ as a function ofσ for phenytoin and DP-TAT-59
from their corresponding prodrugs fosphenytoin and
TAT-59. The induction time data are plotted inFig. 4A
and B according to the induction time dependence
on supersaturation (Mullin, 1993) as predicted by the
nucleation and induction time equationsEqs. (1) and
(2). Fig. 4A and Bshows plots of lnτ versus (lnσ)−2

for prodrugs TAT-59 and fosphenytoin, respectively,
at varying enzyme activity and constant temperature.
The plots show that precipitation is more rapid with
increased enzyme activity and at higher apparent su-
persaturation ratios. For both TAT-59 and fospheny-
toin, the induction times were longer for the lowest
enzyme activity (1.1�mol 4-NP/min) when compared
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Fig. 2. Induction times for the precipitation of DP-TAT-59 from TAT-59 solutions at 23◦C in pH 7.4 buffer as a function of calf intestinal
alkaline phosphatase activity and apparent supersaturation ratio,σ (inserted in the left side of graph). Each data point represents the
mean± S.D. of 4–8 determinations. The percent relative standard deviation was<20% for most measurements.

to the two higher activities (9.5 and 6.2�mol 4-NP/
min), which yielded practically identical induction
times. Under constant supersaturation conditions bet-
weenc/s = 50 to 210, induction times were shorter for

Fig. 3. The effect of apparent parent drug supersaturation (σ = c/s) obtained by prodrug dephosphorylation on the induction time (τ)
required to form detectable precipitation from supersaturated solutions at pH 7.4 and 23◦C. DP-TAT-59 with alkaline phosphatase activity:
(�) 9.5�mol 4-NP/min, (�) 1.1�mol 4-NP/min, respectively. Phenytoin with alkaline phosphatase activity: (�) 9.5�mol 4-NP/min and
(
) 1.1�mol 4-NP/min, respectively. Each data point represents the mean± S.D. of 3–8 determinations.

fosphenytoin solutions, compared to TAT-59 solutions
(Table 1, Fig. 4) and TAT-59 did not yield precipitation
below ac/sof 210 during the course of the experiment
(12 h). Atc/sof 100 and at the lowest enzyme activity,
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Fig. 4. (A) The effect of DP-TAT-59 apparent supersaturation
(σ = c/s) obtained by TAT-59 dephosphorylation on the induction
time (τ) required to form detectable DP-TAT-59 precipitation from
supersaturated solutions at pH 7.4 and 23◦C. Alkaline phosphatase
activity: (�) 9.5�mol 4-NP/min, (�) 6.2�mol 4-NP/min, and
(�) 1.1�mol 4-NP/min, respectively. Each data point represents
the mean± S.D. of 3–8 determinations. (B) The effect of pheny-
toin apparent supersaturation (σ = c/s) obtained by fosphenytoin
dephosphorylation on the induction time (τ) required to form de-
tectable phenytoin precipitation from supersaturated solutions at
pH 7.4 and 23◦C. Alkaline phosphatase activity: (�) 9.5�mol
4-NP/min, (�) 6.2�mol 4-NP/min, and (�) 1.1�mol 4-NP/min,
respectively. Each data point represents the mean± S.D. of 3–8
determinations.

the induction time for fosphenytoin was 103±11 min,
while for TAT-59 it was >720 min. Similarly,
at c/s = 210 it was 144± 11 min for fosphenytoin,
while it was 438± 54 min for TAT-59 (Table 1).

Induction times for TAT-59 were within gastroin-
testinal residence times, (near 3–4 h) (Yu, 1999), at
relatively low concentrations of 21�M and above
(σ > 210). Precipitation from fosphenytoin required
much higher prodrug concentrations of at least
475�M (σ > 5.4) to occur in that time frame. For
estramustine-phosphate no precipitation within 12 h
was observed, except at the highest enzyme activ-
ity and prodrug concentration at 740�M (σ = 322)
(Table 1).

Supersaturation conditions of parent drugs pheny-
toin and DP-TAT-59 after dosing their prodrug so-
lutions at concentrations that simulate a minimal
theoreticalσ following a low oral drug dose, were
confirmed in Caco-2 apical donor compartments.
Prodrug dephosphorylation is mediated by alkaline
phosphatase which is located on the apical side of
the Caco-2 cell monolayers (Amidon et al., 1985;
TenHoor and Stewart, 1995). After dosing 300�M
fosphenytoin, the measured phenytoin solution con-
centrations achieved were approximately three times
those (σm ≈ 2.9) of phenytoin’s equilibrium solu-
bility near 89�M (Fig. 5). No visible precipitation
was observed during that experiment. Induction times
were measured in separate Caco-2 cells and were
longer than 180 min (not shown). These results mir-
ror those observed with pure alkaline phosphatase,
where no precipitation was observed within 12 h for
the range ofσ between 1 and 3.3 at a similar alka-
line phosphatase activity at 1.1�mol 4-NP generated
per minute (Table 1, column 6). However, at high
fosphenytoin concentrations near 2.4 mM (σ = 272)
phenytoin crystals could be observed in Caco-2 donor
chambers. Phenytoin crystals grown in presence of
Caco-2 cells tended to aggregate, while individual
needle-shaped crystals were obtained in the presence
of pure calf intestinal alkaline phosphatase solutions
lacking Caco-2 cells. By comparison, after dosing
40�M TAT-59, the measured DP-TAT-59 solution
concentrations achieved were approximately 68 times
(σm ∼= 68) those of DP-TAT-59’s equilibrium solubil-
ity near 0.1�M (Fig. 6). Turbidity was observed in
the apical donor cells and measured induction times
were less than 90 min. DP-TAT-59 solution concen-
trations were much lower than predicted from pro-
drug loss (Fig. 6), which are likely caused by visible
precipitation in the donor chamber and at the apical
membrane.



Fig. 5. Fosphenytoin prodrug loss (�) in apical Caco-2 cell compartments and generation of its parent drug phenytoin (�) after dosing
with a 300�M prodrug solution; (�) represents the predicted apical concentration of the parent drug, phenytoin, corrected for basolateral
transport (Heimbach, 2003; Heimbach et al., 2003); the dotted line represents the equilibrium solubility of phenytoin at pH 7.4. Each data
point represents the mean± S.D. of four determinations.

Fig. 6. TAT-59 prodrug loss (�) in apical Caco-2 cell compartments and measured concentrations of its parent drug, DP-TAT-59 (�),
after dosing with a 40�M prodrug solution. (�) Predicted solution concentration of the parent drug, DP-TAT-59, corrected for basolateral
transport (Heimbach, 2003; Heimbach et al., 2003); the dotted line represents the equilibrium solubility of DP-TAT-59. Each data point
represents the mean± S.D. of four determinations.
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4. Discussion

For a successful oral phosphate prodrug strategy
several potentially rate-limiting factors to absorption
have to be overcome (Fleisher et al., 1996) which
may include precipitation of the parent drug. An
ideal phosphate prodrug will be dephosphorylated
by mucosal membrane-bound alkaline phosphatase
producing local supersaturated concentrations of the
parent drug at the membrane without precipitation.
In an attempt to project the potential of parent drug
precipitation in vivo, the precipitation of three parent
drugs from their phosphate prodrugs was studied in
solutions containing alkaline phosphatase as well as
in Caco-2 cells with alkaline phosphatase activity at
the mucosal membrane.

Precipitation of drug compounds usually occurs
in a sequence of three steps: (a) achievement of su-
persaturation, (b) formation of crystal nuclei, and
(c) subsequent growth of crystals. Supersaturation
is commonly created by methods that control solute
solubility. This can be achieved by changing solution
conditions such as pH, temperature or addition of a
cosolvent, or by dissolving a more soluble solid state
form, such as an amorphous or polymorphic solid
form (Rodriguez-Hornedo and Murphy, 1999). Super-
saturation and subsequent precipitation from prodrug
solutions could also occur when parent drug gener-
ation is rapid, as is the case for enzyme-mediated
hydrolysis (McComb et al., 1979), such that solution
concentrations of parent drug formed are above the
parent drug’s solubility. Reports of enzyme-mediated
precipitation reactions are rare (Macaskie et al., 2000)
and have not been investigated for pharmaceuticals.
In this study, precipitation of parent drugs by alka-
line phosphatase-mediated hydrolysis of phosphate
prodrugs is demonstrated. Alkaline phosphatase has
a broad substrate specificity (Walsh, 1979) and the
catalytic mechanism for this enzyme involves the
hydrolysis of a phosphoryl-enzyme intermediate as
the rate-limiting step for most substrates. Given this,
it is to be expected that at prodrug concentrations
greater than the Michaelis constant,Km (∼5-fold or
more) the dephosphorylation rates will be similar. It
should be noted that these studies correlate in vitro
experiments with calf intestinal alkaline phosphatase
with results involving Caco-2 cells. Given the broad
substrate specificity of alkaline phosphatase and the

common rate-limiting step, it is reasonable to assume
that the species differences will be negligible.

Nucleation can occur after some time from a su-
persaturated solution and increases in supersatura-
tion (σ) will lead to an increase in nucleation rate
(J) (Mullin, 1993; Rodriguez-Hornedo and Murphy,
1999). The nucleation rate is a function of temper-
ature, solid–liquid interfacial tension, solubility and
supersaturation and is given by

J = N0ν exp

(
−16πυ2γ3

12

3(kbT )3ln(σ)2

)
(1)

whereN0 is the number of molecules of the crystal-
lizing phase in a unit volume,ν is the frequency of
molecular transport at the nucleus-liquid interface,υ

is the molecular volume of the crystallizing parent
drug, kb is the Boltzman constant,γ12 is the interfa-
cial energy between the medium 1 and the nucleating
cluster 2, andT is the temperature. The induction time
(τ), i.e. the time between achievement of supersatu-
ration and the onset in crystal growth is often used as
a measure for nucleation rate, sinceτ can be defined
asτ = N0J

−1 and therefore:

τ = ν−1exp

(
16πυ2γ3

12

3(kbT )3ln (σ)2

)
. (2)

Thus, induction times should decrease with an
increase in supersaturation, whereσ = c/s. Under
constant supersaturation conditions and with all other
variables constant, induction times will decrease with
an increase in parent drug solubility, i.e. nucleation
is faster in solutions where solubility is high. This is
expected as long as solute solvent or solute-additive
interactions do not interfere with the formation of
molecular clusters that precede nucleation or with the
integration of growth units into the crystal lattice (Gu
et al., 2001; Rodriguez-Hornedo and Murphy, 1999).
Indeed precipitation occurred earlier for fospheny-
toin, compared to TAT-59 at similar supersaturation
ratios (Table 1) and the reduction in induction time
is likely due to phenytoin’s higher aqueous solubility
(89�M at pH 7.4), compared to that of DP-TAT-59
(0.1�M at pH 7.4). This is easily understood, since
an increase in solubility increasesN0 and ν, i.e. the
number of molecules in solution and the probability
of intermolecular interactions, respectively.



90 T. Heimbach et al. / International Journal of Pharmaceutics 261 (2003) 81–92

However, estramustine-phosphate did not show
significant precipitation under the experimental con-
ditions studied. Since estramustine parent drug sol-
ubility is higher than that of DP-TAT-59 (Table 1),
lower induction times were to be expected at similar
supersaturation levels. The reasons for these unex-
pected results can include: (1) low prodrug to parent
drug conversion rates, (2) prodrug inhibition of the
precipitation of the parent drug, and (3) prodrug in-
creasing the solubility of the parent drug. While the
catalytic efficiencies of alkaline phosphatase were
slightly higher for TAT-59 (6-fold) and fosphenytoin
(3.7-fold) compared to estramustine phosphate, sug-
gesting that estramustine-phosphate is slightly more
slowly dephosphorylated than TAT-59 and fospheny-
toin (Heimbach et al., 2000). However, a more likely
reason for the lack of nucleation is the strong solubi-
lizing effect of estramustine-phosphate on its parent
drug, estramustine. The changes in molecular struc-
ture between prodrug and parent drug are akin to the
strategy used in designing “tailor-made” additives to
control nucleation and growth of molecular crystals
from solution (Addadi et al., 1985). These additives
have molecular structures similar to those of the crys-
tallizing solute (e.g. replacing only a functional group
such as an amide with a carboxylic acid) and have
shown to interfere with the growth of pre-nucleation
clusters and crystal faces. This approach has been suc-
cessfully applied to control crystallization of amino
acids, carboxylic acids, amides, sugars and steroids
(Garnier et al., 2002; Weissbuch et al., 1991). In the
case of phosphate prodrugs, self-association of the par-
ent drug that leads to crystallization can be disturbed
by the part of the prodrug that differs from the parent
drug. The crystal structures of estramustine (hydrate
and anhydrous) (Punzi et al., 1992), similar to other
steroid derivatives, are characterized by chains of hy-
drogen bonded molecules in a head to tail fashion with
hydrophobic and hydrophilic domains between the
layers. A search of the Cambridge Structural Database
(version 5.23, 2002) reveals the propensity of steroids
to bind to other molecules through hydrogen bonding
and form a large variety of co-crystals or solvates.
Strong binding between prodrug and parent drug also
leads to increased solubility as shown by the strong
solubilizing effect of estramustine-phosphate on its
parent drug, estramustine. Our results show that the
solubility of estramustine in pH 7.4 buffer is increased

from 0.001 mg/ml (2.3�M) to 0.04 mg/ml (92�M) in
the presence of the prodrug (≈200�M). This repre-
sents a 40-fold increase in solubility. By comparison,
no parent drug solubility increase was observed for
TAT-59 and fosphenytoin under conditions studied.

Higher enzyme activities lead to shortened induc-
tion periods at constant supersaturation level for both
TAT-59 and fosphenytoin (Table 1, Fig. 2). This is ex-
pected, since an increase in enzyme activity increases
the overall rate of dephosphorylation (Michaelis and
Menten, 1913). This then results in an increased rate
of production of the parent drug. Presumably, this in-
creased rate will lead to higher levels of supersatura-
tion that will yield an increased nucleation rate and
thus result in shorter induction times.Fig. 4A and B
shows such plots of induction time versus supersatu-
ration for prodrugs TAT-59 and fosphenytoin, respec-
tively, at varying enzyme activities. The plots indicate
that precipitation is more rapid with increased enzyme
activity and nucleation is more rapid at higher super-
saturation ratios, or lower (ln(c/s))−2. Since the slopes
are not changed with increased enzyme activity, the
data suggest that the interfacial energy is not affected
by the presence of the enzyme.

In addition to precipitation potential, targeted oral
dose, parent drug solubility and permeability are addi-
tional key factors that determine whether a phosphate
prodrug will be successful as an oral formulation
(Fleisher et al., 1996). If the parent drug has poor
membrane permeability, increasing solubility through
a prodrug approach will not improve absorption
(Heimbach, 2003; Heimbach et al., 2003). The magni-
tude of parent drug solubility is an important prodrug
consideration for two reasons. As shown here, since
induction periods are shorter for higher supersatura-
tion ratios (Table 1, Figs. 2–4A and B), parent drugs
with low solubility require higherc/s for nucleation
to occur from prodrug solutions. In addition, a high
parent drug dose-to-solubility ratio, which results a
high prodrug number (PN) (Heimbach, 2002) is an
important consideration in deciding whether a soluble
prodrug strategy will potentially increase the extent
of intestinal absorption compared to a carefully for-
mulated parent drug (Heimbach, 2002). DP-TAT-59
has a highPN on the basis of moderate dose and very
low aqueous drug solubility. Estramustine-phosphate
has a highPN on the basis of moderate drug solubil-
ity and a very high dose. HighPN suggests that both
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estramustine and DP-TAT-59 are good candidates for
an oral phosphate prodrug approach. Phenytoin has
a moderate solubility and is typically administered
at a moderate dose. Thus, thePN of fosphenytoin is
low and the prodrug would not be projected to pro-
vide much improvement in the extent of phenytoin
absorption. While fosphenytoin was developed to be
used for parenteral administration only (Stella, 1996),
oral administration of the phosphate prodrug could be
justified when higher phenytoin doses are desired.

DP-TAT-59 is an example of a parent drug where
high theoretical supersaturation ratios can be achieved
based on its low aqueous solubility (0.1�M) and
a targeted oral dose of 5–80 mg (Tominaga, 1995).
Given this dose, when the prodrug is orally ad-
ministered with 8 oz of water, theoretical solution
concentrations over 39�M could be obtained in the
gastrointestinal tract. This corresponds to apparent
supersaturation ratios of over 390 (Table 1). Such
high supersaturation ratios led to induction times
shorter than the mean small intestinal residence times
(TSi), τ < TSi = 199 min (Crison, 2000; Yu, 1999),
for TAT-59 solutions concentrations between 21�M
(σ = 210) to 107�M (σ = 1070). In spite of parent
drug precipitation, reflected by apical solution turbid-
ity in this study, TAT-59 was shown to increase parent
drug flux across Caco-2 cells by 10-fold (Heimbach,
2003; Heimbach et al., 2003). While parent drug pre-
cipitation can be observed in this system, parent drug
solution concentration above the parent drug’s equi-
librium solubility may be achieved from hydrolysis
by membrane-bound alkaline phosphatase to enhance
parent drug flux (Fig. 6). In addition, this prodrug is
unusually lipophilic and may also permeate lipophilic
membranes intact.

Fosphenytoin is an example of a parent drug with
low theoretical supersaturation (σ = 16, Table 1,
column 4) based on its a targeted oral dose (155 mg
prodrug, is equivalent to∼100 mg phenytoin) and
moderate aqueous solubility (89�M) and therefore
is less prone to precipitation. In the presence of al-
kaline phosphatase, induction times for fosphenytoin
were less than the GI transit time (3–4 h) for con-
centrations of approximately 352�M (σ = 4.0). At
475�M (σ = 5.3) the induction times were less than
90 min (Table 1). In the Caco-2 cell model solution
concentrations of phenytoin, three-fold above its equi-
librium solubility were achieved without precipitation

(Fig. 5) and drug flux was increased nearly four-fold
(Heimbach, 2003; Heimbach et al., 2003).

For estramustine-phosphate no precipitation within
gastrointestinal residence times was seen even at the
highest apparent supersaturation ratios. Estramustine
is a parent drug with a low water solubility and as
expected achieves higher theoretical supersaturation
ratios before the onset of nucleation than the more
soluble phenytoin, however, these supersaturation ra-
tios are lower than those of TAT-59 the least soluble
parent drug we studied. The supersaturation thresh-
old for nucleation increases in the order estramustine
phosphate> TAT-59 > fosphenytoin, with the least
soluble drugs experiencing supersaturation ratios
50–100 higher than those of fosphenytoin. These re-
sults show that the onset of nucleation is dependent
on drug solubility, prodrug–parent drug interactions,
and solubilization. For estramustine-phosphate the
dose of the prodrug is three to seven times that of fos-
phenytoin, the most soluble parent drug considered in
this study, yet no precipitation within gastrointestinal
residence times was observed even at the highest su-
persaturation ratios (σ = 322), which may be one of
the reasons for the success of this marketed prodrug.

5. Conclusions

In summary, precipitation of parent drugs from
phosphate prodrug solutions can be enzyme-mediated.
Precipitation of parent drugs can also be observed
for certain prodrugs in the Caco-2 cell model. Since
induction times decrease and nucleation rates in-
crease with high supersaturation ratios, parent drugs
can precipitate when targeted prodrugs concentration
are much higher than the parent drug’s solubility,
i.e. for parent drugs with high supersaturation ratios.
The extent to which a parent drug precipitates during
conversion of the prodrug is dependent on the pro-
drug to parent drug conversion rates, prodrug effect
on the precipitation of the parent drug, and prodrug
solubilization of the parent drug.
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