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bstract

N-Epoxymethyl-1,8-naphthalimide (ENA) is a novel antiproliferative drug candidate with potent anticancer and antifungal activity. It has an
queous solubility of 0.0116 mg/mL and also exhibits hydrolytic instability with a first-order hydrolysis rate of 0.051 h−1. The present prefor-
ulation study aimed to characterize the physicochemical properties of ENA and develop an early injectable solution formulation for preclinical

tudies. To minimize hydrolysis, ENA is proposed to be formulated as either lyophilized powders or nonaqueous solutions followed by solu-
ilization/reconstitution prior to administration. ENA solubilization was investigated in both aqueous media (by cosolvency, micellization and
omplexation) and nonaqueous solutions (mixture of Cremophor EL and ethanol). It is found that none of the solubilization techniques in aqueous
edia could increase ENA solubility to a desired level of several hundreds �g/mL at pharmaceutically acceptable excipient concentrations (≤10%).

n contrast, a combination of 70% Cremophor EL and 30% ethanol (v/v) proved effective in solubilizing ENA at 4 mg/mL, which exhibited good
hysical and chemical stability on storage at both 4 ◦C and room temperature over 4 months. No precipitation was observed upon 5–20 times

ilution by the saline; in addition, less than 5% of ENA was hydrolyzed in 4 h for the saline-diluted aqueous solutions. This nonaqueous ENA
ormulation is thus proposed for further preclinical studies, which can be reconstituted, prior to administration, by the 5–20 times infusion fluids
saline, 5% dextrose, etc.) to the desired drug dosing concentration at the acceptable excipient level. The approach used in this work could serve
s a useful reference in formulating nonpolar drugs with hydrolytic instability.

2008 Elsevier B.V. All rights reserved.
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. Introduction

ENA (N-epoxymethyl-1,8-naphthalimide, also known as
NI, Fig. 1) has recently been reported as a novel synthetic
ntiproliferative agent. By inducing the S phase arrest in the
ell cycle, ENA has been found to possess potent anticancer and

ntifungal activity (Surana et al., 2006; Krishnan et al., 2007).
owever, ENA is poorly soluble in water. Its aqueous solubility

s measured to be 0.0116 mg/mL, which is categorized as prac-
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ically insoluble (Liu, 2000). In addition, the ENA molecule
s found prone to hydrolytic degradation in practice causing
ecreased antiproliferative activity. Due to these two reasons,
t is difficult to formulate an early injectable aqueous solution.
he difficulty is worsened by the availability of the expensive
rug candidate only in limited quantities and a tight developmen-
al timeline. The purpose of the current preformulation study is
hus to determine the physicochemical properties of ENA and
o develop an early injectable solution formulation for further

reclinical investigations.

Early formulation development exists as an integral part in
rug discovery and development (Li and Zhao, 2007). Devel-
ping an early intravenous aqueous solution formulation for

mailto:dong_yuancai@ices.a-star.edu.sg
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the 2 mL aqueous (with cosolvents, surfactants or complexants
at different concentrations) or nonaqueous media in a capped
Fig. 1. Chemical structure of ENA.

ydrolytic unstable nonpolar drugs remains a challenge as
oth enhancement of solubility and minimization of chemical
egradation needs to be addressed. To enhance the aqueous
olubility of poorly water-soluble drugs, the commonly used
echniques in marketed products include pH adjustment, cosol-
ency, micellization and complexation, which corresponds to
he addition of buffers, cosolvents (ethanol, glycerol, propy-
ene glycol, PEG400, etc.), surfactants (Tween 80, Cremophor
L, etc.) and complexants (mainly various types of cyclodex-

rin) to aid solubilization (Yalkowsky, 1999; Strickley, 2004; Li
nd Zhao, 2007). Combination of two or more of these tech-
iques may produce synergistic effect in solubilization (Li et
l., 1999; Ni et al., 2002a; Chang and Shojaei, 2004; Yang et al.,
004; Kawakami et al., 2006). Other techniques, such as poly-
eric micelles (Barreiro-Iglesias et al., 2004), emulsions and

iposomes (Li and Zhao, 2007) have also been reported in the
iterature. On the other hand, to maintain chemical stability of
ydrolytic unstable drugs, removing or minimizing the contact
ith water in the formulation is a simple but effective strategy.
he commonly used approach in the pharmaceutical industry is

o formulate hydrolytic unstable drugs as either: (1) lyophilized
owders, which is solubilized in the aqueous medium by the
forementioned techniques followed by reconstitution with infu-
ion fluids (saline, 5% dextrose, etc.) prior to administration, or
2) semi-aqueous or nonaqueous solutions prepared by dissolv-
ng the drug in pharmaceutically acceptable organic solvents,
urfactants (e.g. Tween 80, Cremophor EL, etc.) or their combi-
ations (Zhao and Yalkowsky, 2001; Ni et al., 2002b; Zhu et al.,
002). The obtained semi-aqueous or nonaqueous solution for-
ulation is reconstituted just before intravenous administration.
oth the lyophilized powder and semi/non-aqueous solution

ormulation is able to avoid or minimize the degradation of
he hydrolysis susceptible drug by shortening the contact time
ith water before administration. Two examples of such com-
ercial formulations are melphalan (Alkeran®) and Carmustine

BiCNU®). Formulating hydrolytic unstable drugs in cyclodex-
rins (Loftsson and Brewster, 1996; Ma et al., 1999) or polymeric

icelles (Barreiro-Iglesias et al., 2004) has also been reported
o be able to maintain the drug stability.

In this work, to minimize hydrolysis, ENA is proposed to
e formulated as lyophilized powders or nonaqueous solutions,
ince these two kinds of formulations are most commonly used

n the pharmaceutical industry, which facilitates further preclin-
cal investigations (Strickley, 2004). Numerous preformulation
tudies have been performed on the hydrolytic stable nonpolar
rugs (solubilization) or hydrolytic unstable water-soluble drugs
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s
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e
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stabilization) (Zhao and Yalkowsky, 2001; Ni et al., 2002b;
hu et al., 2002). However, to our knowledge, few publications
ave described the preformulation of a drug molecule possess-
ng water insolubility and hydrolytic instability simultaneously
Barreiro-Iglesias et al., 2004; Cappello et al., 2006; Rouf et al.,
007). Solubilities of ENA were studied both in aqueous (in the
resence of cosolvents, surfactants or complexing agents) and
onaqueous (the mixture of Cremophor EL and ethanol at dif-
erent ratio) media for the selection of a suitable preformulation.
egradation (hydrolysis) of ENA was monitored using HPLC
y comparing the drug peak area at specific time t and the ini-
ial drug peak area (t = 0). Physical stability, i.e. the absence of
recipitation of the ENA formulation upon storage and in saline-
iluted formulation was investigated by visual observation.

. Materials and methods

.1. Materials

ENA was kindly provided by the Institute of Molecular
nd Cell Biology of Singapore. The cosolvents ethanol and
olyethylene glycol 400 (PEG400) were purchased from VWR
nternational Ltd. and Merck, respectively; while propylene
lycol (PG) and glycerol was from Alfa Aesar. HPLC grade
cetonitrile was supplied by Merck. The surfactants Tween 80
nd Cremophor EL were obtained from Sigma. The complexants
ydroxypropyl-�-cyclodextrin (HP�CD) and hydroxypropyl-�-
yclodextrin (HP�CD) were from Acros Organics and Sigma,
espectively.

.2. Characterization of ENA

Morphology of ENA particles was observed by a field
mission scanning electron microscope (FESEM, JEOL JSM-
700F). Before visualization, the drug particles were coated with
old for 40 s. Thermal gravimetric analysis (TGA) and differ-
ntial scanning calorimetry (DSC) were conducted on Diamond
SC Calorimeter (PerkinElmer) and Simultaneous DSC–TGA

STD2960, TA Instruments), respectively. During both mea-
urements, the samples were heated at 10 ◦C/min in nitrogen
tmosphere. X-ray diffraction measurements were performed
n a D8-ADVANCE (BRUKER) X-ray diffractometer in steps
f 0.02◦ using Cu K� radiation.

.3. Solubility measurement

The solubility of ENA in aqueous or nonaqueous solutions
as determined by the Higuchi and Connor method (Higuchi and
onnors, 1965). In brief, excess amount of ENA was added to
ial and stirred for 48 h to reach equilibrium. The resultant
uspension was filtered through 0.45 �m (pore size) filter. The
ltrate was appropriately diluted for HPLC analysis. All the
xperiments were done in duplicate.
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Fig. 2. FESEM image of ENA particles.

.4. Degradation kinetic studies in water

Excess amount of ENA was suspended in 2 mL water in a
apped vial. After 2 and 48 h of stirring, respectively, the sus-
ension was filtered through 0.45 �m (pore size) filter and the
ltrate was used directly for HPLC analysis at specific times at
oom temperature. Degradation (hydrolysis) of ENA was mon-
tored using HPLC by comparing the drug peak area at specific
ime t and the initial drug peak area (t = 0).

.5. HPLC assay

ENA content was quantitatively analyzed by the HPLC (Agi-
ent 1100) equipped with the Agilent Eclipse XDB-C18 column
5 �m, 4.6 mm × 250 mm). The mobile phase, composed of
0% acetonitrile and 50% water, was delivered at 1 mL/min.
NA was detected at 336 nm. Presence of cosolvents, sur-
actants, or complexing agents has no interference with the
ssay. The ENA calibration curve was linear in the range of
–100 �g/mL.

Fig. 3. TGA of ENA.

0
d
t

Fig. 4. DSC of ENA.

. Results and discussion

.1. Preformulation characterization of ENA

As shown in Fig. 1, ENA is a derivative of 1,8-naphthalimide
ith the hydrogen atom of the imide backbone substituted
y the epoxymethyl side group with a molecular weight of
53.25. SEM image (Fig. 2) revealed a relatively distinct
orphology with well-defined edges and also a broad parti-

le size distribution. TGA analysis shown in Fig. 3 indicated
hat ENA was thermally stable up to 233 ◦C before decom-
osition sets in. The melting point and enthalpy of fusion
ere determined to be 174.4 ◦C and 85.8 J/g as shown in

he DSC thermogram (Fig. 4). The calculated log P of ENA
as 1.23 ± 0.64 (by ADC\chemsketc). Owing to the relatively
igh melting point, bulky molecular structure and the lack of
onizable groups, it is unsurprising that ENA is practically insol-
ble in water and its aqueous solubility was determined to be
.0116 mg/mL. PXRD diffractogram in Fig. 5 shows relatively

istinct intensity peaks, which indicates a predominantly crys-
alline compound.

Fig. 5. PXRD of ENA.
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micelles are formed by assembling the hydrophobic segments
of the surfactant molecules to form the nonpolar core while
their hydrophilic segments stretching out to form the shell.
Water insoluble drugs are solubilized by their incorporation
Fig. 6. Degradation profile of ENA in water.

.2. Degradation kinetics of ENA

Due to the instability of the epoxy ring and/or imide group,
NA molecule is susceptible to hydrolysis in aqueous media.
he degradation curves of ENA aqueous solutions, obtained

rom 2 to 48 h’ solubilization, respectively, are shown in Fig. 6.
t can be seen that degradation of ENA follows the apparent first-
rder degradation kinetics and there is no difference between the
wo ENA solutions. From the slope of the logarithmic percent-
ge of remaining ENA vs. time curve, the degradation rate of
NA was determined to be 0.051 h−1. After 72 h, no ENA was
etected showing that the degradation process was irreversible.

.3. Solubility of ENA in aqueous solution

To solubilize poorly water-soluble drugs in aqueous media,
echniques often adopted in the pharmaceutical industry include
H adjustment, cosolvency, micellization and complexation.
ince ENA is non-ionizable, pH adjustment is thus not inves-

igated. Solubility measurements in water showed that the
aturated solution concentration of ENA was obtained after 48 h,
hich remained constant upon subsequent prolonged stirring.
herefore, the duration of 48 h was selected for all solubility
easurements. It was also found that ENA exhibits a relatively

igh dissolution rate, whereby the ENA solution concentration
eaches 90% of the saturated solution concentration within 2 h.
s the degradation of ENA is irreversible, the following reac-

ions would occur in an aqueous medium:

solid drug powder ↔ solubilized drug(measured solubility)

→ degraded drug.

n this system, since the rate of dissolution of ENA is fast in
omparison with its degradation, the measured ENA solubility
hus remains constant as long as the solid ENA exists.
.3.1. Cosolvency
Cosolvency is extensively used to solubilize the water-

nsoluble drugs due to its effectiveness and simplicity.
harmaceutics 356 (2008) 130–136 133

osolvents are water miscible organic compounds having small
ydrocarbon regions. Compared to water, the cosolvent-water
ystem has increased nonpolarity and reduced ability to squeeze
ut the nonpolar molecules (Ran et al., 2001). Water insolu-
le drugs are thus solubilized in the cosolvent-water system.
ig. 7 shows the solubilization curve of ENA by the cosolvency

echnique. The cosolvents used were ethanol, PEG400, PG and
lycerol, which are widely used in marketed parenteral formu-
ations. The solubility of ENA in water (S0) was measured to be
.0116 mg/mL. For all the cosolvent-water systems studied, the
olubility of ENA was increased exponentially with the increase
f cosolvent concentration. 50% of ethanol, PEG400, PG and
lycerol was found to increase the solubility of ENA from
.0116 to 0.5314, 0.2691, 0.1815 and 0.0383 mg/mL, respec-
ively. The relationship between the logarithmic drug solubility
n the cosolvent-water system (S) and the cosolvent concen-
ration (Ccosolvent) can be described by the following equation
Yalkowsky, 1999; He et al., 2005):

log S = log S0 + σ Ccosolvent,

σ : cosolvent solubilization power

he solubilization power, σ, for ethanol, PEG400, PG and
lycerol was thus determined from the slope of the fitted
og S vs. Ccosolvent curve, to be 0.0344, 0.0266, 0.0235 and
.0106%−1. Ethanol is most effective to solubilize ENA fol-
owed by PEG400, PG and glycerol. This solubilization power
rder follows the rule that the less polar the cosolvent, the more
ffective the cosolvent-water system to solubilize the nonpolar
rug (Zhao et al., 1999).

.3.2. Micellization
Surfactants are amphiphilic molecules, which are exten-

ively used in drug formulations for solubility and stability
nhancement. In aqueous medium, when the surfactant con-
entration is above its critical micellar concentration (CMC),
Fig. 7. Solubilization of ENA by cosolvency.
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ethanol), Taxol® (6 mg/mL paclitaxel in 51% Cremophor EL
and 49% ethanol) and Sandimmune® (50 mg/mL cyclosporin A
in 67% Cremophor EL and 33% ethanol). In this work, com-
bination of Cremophor EL and ethanol in different ratios was
Fig. 8. Solubilization of ENA by micellization.

nto the nonpolar inner core of the micelles. Tween 80 and
remophor EL are the two commonly used surfactants to for-
ulate drugs due to their potent solubilization capacity. As

een from Fig. 8, the solubility of ENA was increased lin-
arly with the increase of surfactant concentration both for
ween 80 and Cremophor EL. 20% of Tween 80 and Cre-
ophor EL increased the solubility of ENA from 0.0116

o 0.3950 and 0.4104 mg/mL, respectively. The relationship
etween the drug solubility in the presence of surfactants (S)
nd the surfactant concentration (Csurf) can be approximated as
Yalkowsky, 1999; He et al., 2005; He and Yalkowsky, 2006):

≈ S0 + κ Csurf, κ : surfactant solubilization power

he solubilization power, κ, determined from the slope
f the solubilization curve, was 0.0199 mg/mL for Cre-
ophor EL and 0.0190 mg/mL for Tween 80. These two

urfactants possessed quite similar capacity to solubilize
NA.

.3.3. Complexation
Cyclodextrins are cyclic oligosaccharides with a nonpolar

entral cavity, which is composed by the 6 (�-CD), 7 (�-CD) or
(�-CD) glucose units. In aqueous solution, the water insolu-

le compound is able to be solubilized by fitting into the cavity
f the cyclodextrin to form the water soluble noncovalent inclu-
ion complex (Ma et al., 1999; Moraes et al., 2007; Loftsson and
uchêne, 2007). HP�CD and HP�CD were used in our study
ue to their extensive application in the drug formulations. Fig. 9
hows the solubilization profile of ENA by complexation with
yclodextrin. It is obvious that, whether for HP�CD or HP�CD,
he solubility of ENA is increased linearly with the cyclodex-
rin concentration (AL type) indicating the formation of a 1:1
NA-cyclodextrin complex. 20% of HP�CD and HP�CD were

ound to increase the solubility of ENA from 0.0116 to 0.1697

nd 0.1902 mg/mL, respectively. For the 1:1 drug-cyclodextrin
omplex, the relationship between the drug solubility (S) and
he cyclodextrin concentration (Ccomplex) is expressed by the
harmaceutics 356 (2008) 130–136

ollowing equation (He and Yalkowsky, 2006):

S ≈ S0 + τ Ccomplex, τ : solubilization power

K1:1 = τ

S0
, K1:1 : complexation constant

he solubilization power was calculated to be 0.0078 and
.0086 mg/mL for HP�CD and HP�CD, respectively. The com-
lexation constant was 93.77 and 116.83 M−1 for ENA-HP�CD
nd ENA-HP�CD complex, respectively if both the solubility
f ENA and the concentration of cyclodextrin are expressed in
olar concentration (M).
From the above results, it can be seen that, cosolvency, micel-

ization and complexation does improve the aqueous solubility
f ENA. However, the extent of solubility enhancement by either
f them is not as pronounced as some other poorly water-soluble
rugs. The reason for the low effectiveness of solubilization by
hese techniques could be attributed to the relatively low nonpo-
arity of ENA indicated by its log P (1.23 ± 0.64). It is known
hat polarity, geometry, conformation, and intermolecular inter-
ctions of a drug have significant influence on its solubilization
ffectiveness in aqueous media (Ran et al., 2001; He et al.,
005). The relatively low nonpolarity of ENA results in a weak
ydrophobic interaction with the nonpolar regions of the cosol-
ents (cosolvency), nonpolar core of the micelles (micellization)
r nonpolar cavity of the cyclodextrins (complexation) leading
o a low solubilization effectiveness.

.4. Solubility in nonaqueous solution

Formulating water-insoluble compounds in nonaqueous
edia is not one of the first-choices, but it is quite effec-

ive to solubilize some challenging drugs (Strickley, 2004).
he combination of Cremophor EL (solubilizer) and ethanol

thinning agent and cosolvent) is commonly employed to solu-
ilize poorly water-soluble drugs in practice, such as ValstarTM

edeva (40 mg/mL valrubicin in 50% Cremophor EL and 50%
Fig. 9. Solubilization by complexation.
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Table 1
Solubility of ENA in the mixture of Cremophor EL and ethanol

Cremophor EL:ethanol (v/v) Solubility (mg/mL)

0%:100% 1.25
50%:50% 3.90
60%:40% 4.54
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0%:30% 5.42
00%:0% 6.65

nvestigated to formulate ENA for both solubility and stabil-
ty purpose. An optimized ratio of Cremophor EL to ethanol
esults from a trade-off between increase in solubility and ease
f handling, since increasing Cremophor EL content leads to
he formation of a highly viscous gel and subsequent han-
ling problems as previously reported (Cuine et al., 2007). As
hown in Table 1, the solubilities of ENA in the mixture of
remophor EL and ethanol at v/v ratios 0%:100%, 50%:50%,
0%:40%, 70%:30%, 100%:0% were 1.25, 3.90, 4.54, 5.42 and
.65 mg/mL, respectively, which represents 108, 335, 390, 465
nd 573 times increase in solubility.

.5. Selection of the ENA early injectable formulation

To produce the therapeutic efficacy, the dosing concentration
f the intravenously administered drug should be maintained
t some specific level, which is found to be several hundreds
g/mL for most of the drugs (Strickley, 2004). Meanwhile,

o avoid the excipient-caused side effects, the concentration of
he excipient also has an upper limit, which is generally 10%
lthough higher excipient concentration is also used in some
ases (Zhao et al., 1999; Strickley, 2004). From the solubility
ata of ENA in aqueous solution, it is obvious that, none of the
osolvency, micellization or complexation is able to enhance
he ENA solubility to several hundreds �g/mL at the excipi-
nt concentration of 10%. Therefore, preformulation of ENA
s lyophilized powder followed by solubilization prior to intra-
enous administration is precluded. In contrast, the mixture of
remophor EL and ethanol seems quite effective to solubilize
NA.

A suitable solution intravenous formulation generally meets
he following requirements: (1) the drug concentration is high
or convenient storage, (2) the formulation is chemically and
hysically stable on storage and (3) there is no precipitation
hen reconstituted with infusion fluids and after intravenously

dministered to the blood. Based on these principles, four formu-
ations were thus prepared: (A) 4 mg/mL ENA in the mixture of
0% Cremophor EL and 40% ethanol (v/v), (B) 4 mg/mL ENA
n the mixture of 70% Cremophor EL and 30% ethanol (v/v),
C) 4.5 mg/mL ENA in the mixture of 70% Cremophor EL and
0% ethanol (v/v) and (D) 5 mg/mL ENA in the mixture of 70%
remophor EL and 30% ethanol (v/v). These formulations were

hen 5, 10, 15 and 20 times diluted by the saline. It was found

hat, only for formulation B, i.e. 4 mg/mL ENA in the mixture
f 70% Cremophor EL and 30% ethanol, no precipitation was
bserved upon dilution in 4 h. In addition, less than 5% of the
NA was hydrolyzed in 4 h for the 5–20 times saline-diluted

K

K
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queous solution. Such a formulation is chemically and phys-
cally stable whether stored at 4 ◦C or room temperature for 4

onths. Formulation of 4 mg/mL ENA in the mixture of 70%
remophor EL and 30% ethanol is thus proposed for further
reclinical investigations.

. Conclusion

Preformulation characterization and solubilization of ENA
ere conducted in this work to find a suitable early injectable for-
ulation for further preclinical studies. Based on the solubility

f ENA in aqueous (by cosolvency, micellization and complex-
tion) and nonaqueous (mixture of Cremophor EL and ethanol
ith different ratio) solutions and their physicochemical stabil-

ty, formulation of 4 mg/mL ENA in a mixture of Cremophor
L and ethanol at 70%:30% (v/v) is proposed, which is physi-
ally and chemically stable over 4 months upon storage at room
emperature or 4 ◦C. Prior to administration, the formulation can
e diluted 5–20 times with infusion fluids without precipitation
o get the drug concentration of several hundreds �g/mL at the
llowable excipient level (≤10%). After dilution, less than 5%
f ENA was found to be hydrolyzed within 4 h. This work pro-
ides an added reference to the development of early injectable
ormulations of drugs, which have both poorly water-soluble
nd hydrolysis sensitive properties.
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