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a b s t r a c t

The content of latanoprost is likely to decrease in solution because of the adsorption to eye drop contain-
ers and hydrolysis. We reduced these problems and established a formulation of latanoprost eye drops
which is stable at room temperature. We assume that the additive surfactants form micelles and stabilize
latanoprost in this formulation. In this study, we elucidated the latanoprost stabilization mechanism.

It was revealed by Arrhenius analysis that the adsorption to eye drop containers and hydrolysis of
latanoprost were temperature-dependent. In addition, polyethylene glycol monostearates inhibited the
adsorption and hydrolysis of latanoprost at 1 mg/mL, which exceeded the critical micelle concentration.
ydrolysis
tabilization mechanism
icelle

By the fluorescent probe method, it was suggested that the surfactants were associated with benzalko-
nium chloride and formed complex micelles consisting of about 10 molecules, and latanoprost interacted
with the micelles at 1:1. By 1H NMR, it was revealed that adsorption was inhibited by arranging the
hydrophobic group toward the center of complex micelles and that hydrolysis was inhibited by interac-
tion between the ester group and the complex micelles.

It was shown that the latanoprost is stabilized by the interaction with complex micelles. It was effective
adsor
for the inhibition of both

. Introduction

Prostaglandin derivatives are likely to degrade in aqueous
olutions and adsorb to containers (Morishima et al., 2002;
akai and Ohtori, 2005). Temperature-dependent reduction of the
atanoprost content, a therapeutic drug for glaucoma, has also
een reported (Morgan et al., 2001), but, to our knowledge, there
as been no report on its mechanism. In our previous report,
e confirmed that the latanoprost content reduction was due to

dsorption to the eye drop container and hydrolysis accompa-
ying the production of latanoprost acid (Ochiai et al., 2010). To
vercome these problems, we established a latanoprost eye drop
ormulation which can be stored at room temperature by adding
he surfactants polyethylene glycol monostearate 25 (MYS-25) and
0 (polyoxyl 40 stearate, MYS-40). In this formulation, the surfac-
ants used as additives may have formed micelles and stabilized
atanoprost. In the present study, we elucidated the mechanism of
atanoprost stabilization in solution by these additives. The adsorp-

ion and degradation of latanoprost were investigated employing
rrhenius analysis (Yoshioka, 1995), and temperature dependence
as confirmed. In addition, we investigated the influences of the

oncentration and molecular weight (number of added moles) of

∗ Corresponding author. Tel.: +81 054 635 7182; fax: +81 054 635 7264.
E-mail address: ochiai akiko@kaken.co.jp (A. Ochiai).

378-5173/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2011.03.006
ption and degradation.
© 2011 Elsevier B.V. All rights reserved.

the 2 surfactants as well as the cause of latanoprost degradation
observed when the additives were added at a high concentra-
tion in the previous report (Ochiai et al., 2010). Furthermore, the
latanoprost stabilization mechanism was elucidated by analyzing
the micelle structure and state of interaction between the micelles
and the latanoprost employing the fluorescent probe method
(Ueno et al., 1988; Wolszczak and Miller, 2002) and nuclear mag-
netic resonance (NMR) spectroscopy (Ueno et al., 1992; Bernardez,
2008).

2. Materials and methods

2.1. Materials

Latanoprost (Everlight Chemical Industrial Corporation,
Taiwan), benzalkonium chloride (BZC, Maruishi Pharmaceuti-
cal Co., Ltd., Osaka), MYS-25, MYS-40 (Nihon Surfactant Kogyo
K.K., Tokyo), sodium chloride, disodium hydrogen phosphate
hydrate, sodium dihydrogen phosphate dihydrate, polyethylene
glycol 1540 (PEG1540), pyrene, 1-dodecylpyridinium chloride

(DPCI), sodium 2,2-dimethyl-2-silapentane-5-sulfonate (DSS),
and D2O (Wako Pure Chemical Industries Ltd., Osaka) were used.
For the container, an eye drop container made of low-density
polyethylene (LDPE) (Taisei Kako Co., Ltd.) and a glass ampule
were used.

dx.doi.org/10.1016/j.ijpharm.2011.03.006
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:ochiai_akiko@kaken.co.jp
dx.doi.org/10.1016/j.ijpharm.2011.03.006
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.2. Model formulations

Model formulations shown in Table 1 were prepared.

.3. Latanoprost content

The model formulations were used as sample solutions. The
atanoprost contents of the sample solutions were measured by
iquid chromatography under the following conditions (number of

easurements: 3): The liquid chromatograph used was Alliance
Nihon Waters K.K., Tokyo). For the column, mobile phase, and
etector, a reverse-phase silica column (octadecyl silanized silica
el, particle size: 5 �m, inner diameter: 4.6 mm, length: 25 cm),
ixture of sodium 1-hexanesulfonate aqueous solution and ace-

onitrile, and ultraviolet absorption spectrophotometer were used,
espectively.

.4. Latanoprost acid content

Hydrochloric acid was added to the model preparations to
repare sample solutions. Under the analytical conditions of

atanoprost content measurement described above, the main
egradation product of latanoprost, latanoprost acid, in the sample
olutions was measured (number of measurements: 3).

.5. Adsorption to the eye drop container

Latanoprost adsorbed to the eye drop container was measured
eferring to the reported method (Wong et al., 2006). The eye drop
ontainer (bottle and nozzle) was washed with water and dried, cut
nto about 2 mm × 2 mm pieces, and extracted with acetonitrile.
sing the extract as a sample solution, measurement was per-

ormed under the analytical conditions described above (number
f measurements: 3).

.6. Water loss

The mass of the eye drops was measured at the initial and mea-
urement points of the stability test using an electronic balance
XP205, Mettler-Toledo Inc., Tokyo), and the water loss was deter-

ined from the change in the mass (number of measurements:
).

.7. Free polyethylene glycol content

The model preparations were used as sample solutions. The
ree polyethylene glycol (PEG) content was measured in the sam-
le solutions using liquid chromatography/mass spectrometry
HP1100, Agilent Technologies, Tokyo/LCQ DECA XP, Thermo Fisher
cientific K.K., Kanagawa) (number of measurements: 3). For the
olumn, mobile phase, ionization method, and detection, a reverse-
hase silica column (octadecyl silanized silica gel, particle size:
�m, inner diameter: 4.6 mm, length: 25 cm), mixture of water and
cetonitrile, electrospray ionization, and positive ion mode were
mployed, respectively.

.8. Fluorescence spectrum measurement
Fluorescence spectra of the sample solutions were measured
sing a fluorometer (F-4500, Hitachi Ltd., Tokyo). The excitation
avelength was 341 nm, and fluorescence spectrum was measured
ithin a range of 350–500 nm (number of measurements: 3).
of Pharmaceutics 410 (2011) 23–30

2.9. 1H NMR spectrum measurement

Using an NMR spectrum measurement device (JNM-A500,
JEOL Ltd., Tokyo), 1H NMR spectra of the sample solutions were
measured. The conditions were: resonance frequency, 500 MHz;
measurement temperature, 23 ◦C; and number of scans, 10,000. For
the standard substance, DSS was used (number of measurements:
1).

2.10. Stability test of model preparations

Formulation No. 1 was stored at 30, 40, 50, and 60 ± 2 ◦C in a dark
place and the stability was evaluated. Each preparation was sam-
pled at 0, 1, 2, and 4 weeks, and the latanoprost and latanoprost acid
contents, adsorption to the eye drop container, and water loss were
measured. The latanoprost content was presented as the mean rate
of remained drug (%) regarding the initial content as 100%. For-
mulation No. 2–16 and 22–24 were stored at 60 ± 2 ◦C for 4 weeks
in a dark, and the influences of the concentrations and molecular
weights of the additives on stability were investigated. In addition,
the free PEG content was measured in Formulation No. 2 stored for
4 weeks. For the container, an eye drop container made of LDPE was
used, and the fill volume was 2.5 mL.

2.11. Stability test of PEG-added model preparations

Formulation No. 1 and 17–21 were stored at 60 ± 2 ◦C for
8 weeks in a dark place and the influence of free PEG on stabil-
ity was investigated. Each preparation was sampled at 0, 2, 4, and
8 weeks, and the latanoprost and latanoprost acid contents were
measured. For the container, glass ampules were used, and the fill
volume was 2.5 mL.

2.12. Structural analysis of micelles

Sample solutions were prepared by adding 0.1 �g/mL of pyrene
to the control formulation and Formulation No. 1 and 2, and the
fluorescence spectrum was measured. As an index of micelle forma-
tion, the fluorescence intensity ratio of the first to third peak (I1/I3)
of the fluorescence spectrum of pyrene was determined (Ueno et al.,
1988; Wolszczak and Miller, 2002). In addition, 0.1 �g/mL of pyrene
was added to Formulation No. 25–33, followed by the addition of
10–50 �mol/L of DPCI as a quencher to prepare sample solutions,
and the fluorescence spectrum was measured. The fluorescence
intensity ratio of the first peak of pyrene (I) in the fluorescence
spectrum to that in the absence of DPCI (I0) was determined, and
the association number was calculated using Eq. (1) (Ueno et al.,
1988; Suzuki, 1993):

ln
(

I0
I

)
= [Q ] · n

[Ct] − [momoner]
(1)

where n is the association number, [Q] is the quencher (DPCI) con-
centration (mol/L), [Ct] is the surfactant concentration (mol/L) and
[momoner] is the monomer concentration (mol/L).

2.13. Micelle–latanoprost interaction (Ueno et al., 1992;
Bernardez, 2008)

Using D2O as a solvent, sample solutions with the same com-

positions as those of the control formulation and Formulation No.
1 and 2 were prepared, and the 1H NMR spectrum was measured.
Sample solutions with the same compositions as those of Formu-
lation No. 25–33 were also prepared using D2O and the 1H NMR
spectrum was measured (number of scans: 16).
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Table 1
Formulations for latanoprost eye drops used in this study.

Ingredients Formulation No. (mg/mL)

Control 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

Latanoprost 0.05a

Sodium chloride Osmolar ratio
0.9–1.0

Dibasic sodium phosphate
Sodium dihydrogen

phosphate dihydrate
pH 6.5–6.9

Benzalkonium chloride – 0.2b

MYS-25 – – 1.0c 0.1 0.3 0.5 1.0 1.8 3.0 5.0 – – – – – – – – – – – –
MYS-40 – – 0.8d – – – – – – – 0.1e 0.3 0.5 1.0f 1.8 3.0 5.0g – – – – –
PEG1540 – – – – – – – – – – – – – – – – – 0.1 0.5 1.0 5.0 10.0

Ingredients Formulation No. (mmol/L)

22 23 24 25 26 27 28 29 30 31 32 33

Latanoprost 0.12
Sodium chloride Osmolar ratio

0.9–1.0
Dibasic sodium phosphate
Sodium dihydrogen

phosphate dihydrate
pH 6.5–6.9

Benzalkonium chloride 0.56 1.0 0.75 0.5 0.25 – 0.75 0.5 0.25 –
MYS-25 0.05 0.5 2.5 – 0.25 0.5 0.75 1.0 – – – –
MYS-40 – – – – – – – – 0.25 0.5 0.75 1.0

a 0.12 mmol/L.
b 0.56 mmol/L.
c 0.72 mmol/L.
d 0.39 mmol/L.
e 0.05 mmol/L.
f 0.5 mmol/L.
g 2.5 mmol/L.
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tained in MYS-25 and MYS-40. Based on Fig. 5, latanoprost content
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E

ig. 1. Stability of Formulation No. 1 at 30 ◦C (©), 40 ◦C (�), 50 ◦C (�) and 60 ◦C (�).
ach point represents the mean ± S.D. (n = 3).

. Results and discussion

.1. Stability of latanoprost in solution

Based on Fig. 1, the latanoprost content of Formulation No.
decreased over time on storage at 30, 40, 50, and 60 ◦C in
temperature-dependent manner. The latanoprost acid content,

dsorption to the eye drop container, and water loss were also
valuated, and all these increased over time in a temperature-
ependent manner. Based on Table 2, at all temperatures, the

atanoprost content reduction was consistent with the total reduc-
ions due to latanoprost acid production and adsorption to the
ye drop container and the content increase due to water loss,
onfirming that the latanoprost content reduction was caused
y latanoprost acid production and adsorption to the eye drop
ontainer. The reaction rate constant k of the latanoprost acid pro-
uction and adsorption to the eye drop container were calculated
s the pseudo-first-order reaction, and also investigated employ-
ng Arrhenius analysis (Yoshioka, 1995). According to adsorption
o the eye drop container, the investigation was conducted with
he data for two weeks. As shown in Fig. 2, the Arrhenius plot
howed a favorable straight line for both items, revealing that
atanoprost acid production and adsorption to the container were
emperature-dependent. The activation energy Ea of the production

f the latanoprost acid and adsorption to the eye drop container
ere 81.3 kJ/mol and 84.1 kJ/mol, respectively. These findings

larified that the stability of latanoprost in solution is temperature-
ependent.

able 2
tability of Formulation No. 1 at 30 ◦C, 40 ◦C, 50 ◦C and 60 ◦C.

Storage temp. Item Initial

30 ◦C

Ratio of remained latanoprost (%) 100
Latanoprost acid (%) 0.0
Adsorbed latanoprost to container (%) 0.8
Water loss (%) 0.0

40 ◦C

Ratio of remained latanoprost (%) 100
Latanoprost acid (%) 0.0
Adsorbed latanoprost to container (%) 0.8
Water loss (%) 0.0

50 ◦C

Ratio of remained latanoprost (%) 100
Latanoprost acid (%) 0.0
Adsorbed latanoprost to container (%) 0.8
Water loss (%) 0.0

60 ◦C

Ratio of remained latanoprost (%) 100
Latanoprost acid (%) 0.0
Adsorbed latanoprost to container (%) 0.8
Water loss (%) 0.0

ach value represents the mean ± S.D. (n = 3).
of Pharmaceutics 410 (2011) 23–30

Fig. 3 reveals that both MYS-25 and MYS-40 inhibited
latanoprost acid production and adsorption to the container in a
manner dependent on the additive concentration, and a sufficient
inhibitory effect was obtained at 1 mg/mL (Formulation No. 6 and
13). In our previous report (Ochiai et al., 2010), we identified the
critical micelle concentrations (cmc) of MYS-25 and MYS-40 as
approximately 0.5 mg/mL. Therefore, these additives were consid-
ered to form micelles and simultaneously inhibit the adsorption to
the container and degradation of latanoprost, but both additives
showed an insufficient inhibitory effect at 0.5 mg/mL (Formulation
No. 5 and 12), suggesting that the micelle concentration was insuf-
ficient to stabilize latanoprost when the additive concentration was
0.5 mg/mL, and 1 mg/mL was necessary to exhibit a sufficient sta-
bilizing effect.

Fig. 4 shows that when the additives were added at an identical
molar concentration, MYS-40, with its greater molecular weight
(number of added PEG molars), more inhibited latanoprost con-
tent reduction, latanoprost acid production, and adsorption to the
container (Formulation No. 10, 13 and 16). Latanoprost may have
been stabilized by interaction with micelles. When the number
of added PEG molars increased, adsorption to the container and
hydrolysis of latanoprost that had interacted with micelles may
have been reduced through steric hindrance by the outer PEG chain
of micelles.

3.2. Influence of free PEG contained in polyethylene glycol
monostearate

In our previous study, the latanoprost content decreased due
to its degradation when polyethylene glycol monostearate was
added at a high concentration (5 mg/mL or higher) (Ochiai et al.,
2010), and the influence of a trace amount of free PEG con-
tained in polyoxyethylene surfactants as an impurity (International
Pharmaceutical Excipients Council Japan, 2007) was considered. It
was also observed in the previous study that latanoprost degraded
in PEG4000- and PEG6000-added formulations. Thus, we assumed
that PEG is involved in the degradation of latanoprost in the pres-
ence of polyethylene glycol monostearate at a high level, and used
PEG1540 (number of added molars: 35) as a model of free PEG con-
reduction was promoted when PEG1540 was added at 5 mg/mL or
higher (Formulation No. 20 and 21). This content reduction was due
to the production of degradation products other than latanoprost
acid, revealing that free PEG present at a high level in the addi-

1 week 2 weeks 4 weeks

100.1 ± 0.9 98.1 ± 0.5 97.8 ± 0.4
± 0.0 0.1 ± 0.0 0.2 ± 0.0 0.3 ± 0.0
± 0.2 2.3 ± 1.1 1.8 ± 0.2 3.9 ± 0.6
± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.3 ± 0.0

98.0 ± 0.6 95.5 ± 0.8 95.1 ± 0.4
± 0.0 0.3 ± 0.0 0.5 ± 0.0 1.1 ± 0.0
± 0.2 3.3 ± 1.3 5.1 ± 0.1 5.4 ± 0.3
± 0.0 0.2 ± 0.1 0.4 ± 0.3 0.5 ± 0.0

94.5 ± 0.5 92.3 ± 0.5 92.2 ± 1.3
± 0.0 0.6 ± 0.0 1.2 ± 0.0 2.3 ± 0.1
± 0.2 9.7 ± 0.6 11.2 ± 0.8 10.5 ± 2.0
± 0.0 0.8 ± 0.0 1.5 ± 0.0 3.1 ± 0.0

87.6 ± 1.6 85.3 ± 1.4 84.5 ± 1.6
± 0.0 1.7 ± 0.0 3.3 ± 0.1 6.2 ± 0.4
± 0.2 18.0 ± 1.6 21.8 ± 0.6 20.9 ± 1.3
± 0.0 1.7 ± 0.1 3.4 ± 0.0 6.7 ± 0.3
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Fig. 2. Arrhenius plot of Formulation No. 1. (a) Latanoprost acid, (b) Adsorbed latanoprost to container.
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Fig. 6. Relationship between the association number for complex micelles and

protons are restricted by hydrogen bonding and intermolecular
interaction, and toward the high magnetic field when protons are
released. Therefore, the presence or absence of interaction with
micelles can be identified based on the chemical shifts of signals
ig. 5. Influences of concentration of PEG 1540 for stability of latanoprost. PEG1540
�), Formulation No. 1 (0 mg/mL), No. 17 (0.1 mg/mL), No. 18 (0.5 mg/mL), No. 19
1.0 mg/mL), No. 20 (5.0 mg/mL), No. 21 (10.0 mg/mL). Each point represents the

ean ± S.D. at 60 ◦C for 8 weeks (n = 3).

atanoprost eye drop formulation established by us (Formulation
o. 2).

.3. Structural analysis of micelles

The fluorescence spectrum of pyrene shows 5 peaks. The inten-
ity ratio of the first to third peak (I1/I3) varies depending on the
nvironmental polarity of solubilized pyrene, and a reduction of

1/I3 indicates reduction of the polarity. When micelles are present
n an aqueous solution, pyrene is dissolved in the hydrophobic
nner region of micelles, reducing I1/I3. Accordingly, the presence
r absence of micelle formation can be detected using I1/I3 as an
ndex (Ueno et al., 1988; Wolszczak and Miller, 2002). As shown
n Table 3, I1/I3 in the fluorescence spectrum of pyrene was 1.43 in
he absence of the additives (control), whereas it decreased to 1.08
n Formulation No. 1 containing only BZC and 1.05 in Formulation
o. 2 containing MYS-25 and MYS-40, confirming that BZC formed
icelles in Formulation No. 1 containing no polyethylene glycol
onostearate, while MYS-25, MYS-40, and BZC formed complex
icelles in polyethylene glycol monostearate-added Formulation
o. 2.

As shown in Fig. 6, the association number for complex micelles
omprised of 2 components: MYS-25 and BZC, increased as the
olar fraction of MYS-25 (Formulation No. 28 and 29). A similar

endency was noted in MYS-40/BZC complex micelles (Formulation
o. 32 and 33). Accordingly, a similar relationship may have been
resent between the total molar fraction of MYS-25 and MYS-40
nd association number in formulations containing the 3 com-
onents: MYS-25, MYS-40, and BZC. The molar concentrations of
YS-25, MYS-40, and BZC in Formulation No. 2 were 0.72, 0.39,

nd 0.56 mol/L, respectively, and the total molar fraction of MYS-
5 and MYS-40 was 0.66. Based on Fig. 6, it was assumed that
omplex micelles composed of about 10 molecules of BZC, MYS-

5, and MYS-40 were formed in Formulation No. 2. Since the total
olar concentration of MYS-25, MYS-40, and BZC in Formulation
o. 2 was 1.67 mmol/L, the complex micelle concentration was
alculated to be about 0.17 mmol/L. On the other hand, in Formu-

able 3
hanges of I1/I3 in the fluorescence spectrum of pylene in Formulation No. 1 and 2.

Formulation No. Concentration of additives (mg/mL) I1/I3

MYS-25 MYS-40 BZC

Control – – – 1.43 ± 0.02
1 – – 0.2 1.08 ± 0.00
2 1.0 0.8 0.2 1.05 ± 0.01

ach value represents the mean ± S.D. (n = 3).
molar fraction of MYS. MYS-25/BZC complex micelles (�), Formulation No. 25 (0),
No. 26 (0.25), No. 27 (0.5), No. 28 (0.75), No. 29 (1.0). MYS-40/BZC complex micelles
(©), Formulation No. 25 (0), No. 30 (0.25), No. 31 (0.5), No. 32 (0.75), No. 33 (1.0).
Each point represents the mean ± S.D. (n = 3).

lation No. 1 to which no polyethylene glycol monostearate was
added, micelles may have been formed by the association of 7
BZC molecules based on Fig. 6, and the micelle concentration was
calculated to be about 0.08 mmol/L, showing that the micelle con-
centration in Formulation No. 1 was insufficient and latanoprost
that had not interacted with micelles may have been adsorbed or
hydrolyzed, whereas it was sufficient to stabilize latanoprost in For-
mulation No. 2. In Table 2, the total of latanoprost acid production
and adsorption to the eye drop container accounted for about 27% in
Formulation No. 1 after storage at 60 ◦C for 4 weeks. Assuming that
latanoprost and micelles interacted at 1:1, since the latanoprost
content of the formulation was 0.12 mmol/L, latanoprost which
could not interact with micelles in Formulation No. 1 accounted
for about 33%. This value was consistent with the total of the
latanoprost acid content and amount adsorbed to the container in
Formulation No. 1 after storage at 60 ◦C for 4 weeks. Based on these
findings, latanoprost may be stabilized on interaction with micelles
at 1:1, and this was the optimum ratio for the concentration of the
additive.

3.4. Interaction between micelles and latanoprost

In 1H NMR, signals shift toward the low magnetic field when
Fig. 7. 1H NMR spectrum of latanoprost.
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Table 4
Changes in proton chemical shifts of latanoprost by 1H NMR.

Formulation No. Concentration of additives (mg/mL) Chemical shift (ppm)

MYS-25 MYS-40 BZC L-1 L-2 L-3 L-4 L-5 L-6 L-7

(
l
l
fi
i
N
f
s
d
c
t
o
c
t
a
h
a
c
c
c
a
m
c

F
N

Control – – – 7.37
1 – – 0.2 7.20
2 1.0 0.8 0.2 7.20

Ueno et al., 1992; Bernardez, 2008). The 1H NMR spectrum of
atanoprost was shown in Fig. 7. In Table 4, the signals of the
atanoprost structural formula shifted toward the high magnetic
eld in both Formulation No. 1 and 2, showing that latanoprost

nteracted with micelles composed of BZC alone in Formulation
o. 1 and complex micelles in Formulation No. 2. The structural

ormula of latanoprost is shown in Fig. 7. In Formulation No. 2,
ignals of the hydrophobic phenyl groups (L-1 and L-2) and the
ouble-bonded methylene groups (L-3 and L-4) showed marked
hemical shift changes, suggesting that latanoprost interacted in
he hydrophobic central region of the complex micelles. The signal
f the 5-ring hydroxyl group (L-5) also showed a marked chemi-
al shift changes, indicating interaction by hydrogen bonding with
he hydrophilic region of complex micelles. Accordingly, it was
ssumed that latanoprost is present in the middle between the
ydrophobic and the hydrophilic regions of complex micelles in
n arrangement positioning the hydrophobic group toward the
enter of these complex micelles. Generally, the partition coeffi-
ient of a drug and its adsorption velocity to a plastic container are

orrelated (Ichibangase et al., 1990), and adsorption is enhanced
s hydrophobicity increases. Accordingly, the hydrophobic group
ay have influenced the adsorption of latanoprost to the eye drop

ontainer. Since latanoprost interacts with micelles by position-

Fig. 8. The structural formula of BZC (
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ig. 9. Relationship between the chemical shift change of signals for MYS-25/BZC and m
o. 27 (0.5), No. 28 (0.75), No. 29 (1.0), �: M-3, �: M-4, �: M-8. (b) Signals for BZC, Formu
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ing the hydrophobic group toward the center of complex micelles,
it was assumed that the adsorption region was protected, result-
ing in the inhibition of adsorption to the eye drop container. On
the other hand, latanoprost acid is produced by the hydrolysis of
ester sites. In Table 4, a proton derived from an ester site, the iso-
propyl group (L-7), showed a slight chemical shift toward the low
magnetic field, suggesting its interaction with complex micelles.
Therefore, hydrolysis was also assumed to be inhibited by pro-
tection by complex micelles. As shown in Table 2, the level of
latanoprost adsorbed to the eye drop container reached a plateau
after 2 weeks, whereas the latanoprost acid level increased with
time. This phenomenon was assumed to be due to a relatively
weak interaction between the ester site of latanoprost and com-
plex micelles. Latanoprost may have interacted with BZC micelles in
Formulation No. 1, but, as described in the section of structural anal-
ysis of micelles, latanoprost content reduction occurred because
the micelle concentration may have been insufficient to stabilize
latanoprost.

The structural formula of BZC, MYS-25 and MYS-40 were shown

in Fig. 8. In Fig. 9, the proton signals derived from the methylene
groups (M-3 and M-4) adjacent to the ester site in the MYS-25 struc-
ture shifted toward the low magnetic field as the molar fraction of
MYS-25 decreased in MYS-25/BZC complex micelles (Formulation

a), MYS-25 (b) and MYS-40 (c).
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gates by fluorometric techniques. J. Photochem. Photobiol. A: Chem. 147,
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Wong, M., Marion, R., Reed, K., Wang, Y., 2006. Sorption of unoprostone isopropyl
to packaging materials. Int. J. Pharm. 307, 163–167.
Stearyl Group POE Chain

Fig. 10. Estimated schematic representation of the

o. 26–29), whereas the proton signals derived from the phenyl
roup and near-by methyl and methylene groups (B-3, B-4, and B-
) in the BZC structure shifted toward the high magnetic field as the
olar fraction of BZC decreased (Formulation No. 25–28). Similar

endencies were also noted in MYS-40/BZC complex micelles. Thus,
s shown in Fig. 10, in the complex micelle structure of Formula-
ion No. 2, BZC molecules may have been present near the boundary
etween the hydrophobic and the hydrophilic groups. In addition,
s described above, latanoprost may have been similarly arranged
ositioning the hydrophobic group toward the center of complex
icelles, through which latanoprost may have been protected and

tabilized by the micelles.

. Conclusions

It was revealed that the latanoprost stabilization mechanism
nvolves interaction with complex micelles of surfactants, in which
he interaction is effective for the inhibition of both adsorption and
egradation. The complex micelle-based stabilization technique
stablished by us may be applicable to other drugs. We hope that
his technique will be applied in other studies on drug stabilization.
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