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UNIL088 is a water-soluble prodrug of cyclosporine A (CsA) developed for topical eye delivery. Such a prodrug has to fulfil two par
equirements as it must be rapidly hydrolysed under physiological conditions but also retain a long shelf-life in aqueous media. Thi
een conducted to explore the stability of UNIL088 formulated as an eyedrop solution. The stability study of the prodrug was perfo
pH range of 5–7 at 20◦C and at various ionic strengths. The molecule was more stable at pH 5 than at pH 7 with conversion rate co
.2× 10−3 and 26.0× 10−3 days−1, respectively. The effect of temperature was studied at four different temperatures and activatio
as determined. Conversion of UNIL088 followed a pseudo-first-order kinetic with an activation energy of 79.4 kJ mol−1. Due to its low
olubility, CsA generated precipitated in the solution. The average size of CsA precipitates, determined by photon spectroscopy, w
.08�m at 7 and 14 days, respectively. The hydrolysis mechanism was partially elucidated by identification of the intermediate pSe
2005 Elsevier B.V. All rights reserved.
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. Introduction

Cyclosporine A (CsA) is a powerful immunosuppressive
rug, now routinely used in the prevention of graft rejection,

he treatment of several autoimmune diseases as well as in
he treatment of some parasitic diseases (Klyashchitsky and
wen, 1998). CsA is also used in ophthalmology for the
revention of corneal graft rejection and for the treatment of
onditions with an immune component, such as categories of
ry eye syndromes and uveitis. However, the poor solubility
f CsA in water is a limiting factor for the formulation of
olutions intended for ocular administration. Considerable
fforts have been made to improve the availability and the

olerance of topically applied CsA, but to-date, none of the
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delivery systems developed have been fully satisfac
(Lallemand et al., 2003). An emulsion of CsA, Restasis®

(Allergan Inc., Irvine, CA), is now on the U.S. market (Sall
et al., 2000). However, a drawback of topical emulsions
their poor ocular tolerance. To overcome the unfavour
properties of CsA, the concept of a water-soluble and enz
activated prodrug was employed by synthesizing UNIL0
a double ester prodrug of CsA (formula shown inFig. 7)
(Wenger et al., 2002). The synthesis of ester prodrugs i
commonly used approach due to the frequent predomin
of carboxylic and hydroxyl substitutes in drug molecu
along with the availability of the enzymes in living orga
isms able to hydrolyse them. However, the major draw
of esters is their susceptibility to hydrolysis in aque
solutions. Hence, an ideal ocular prodrug has to fulfil
paradoxical requirements, i.e., a rapid in vivo conver
into the parent drug (CsA) and a sufficient stability in the
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mulation. The aim of the present study was to determine the
optimum storage and administration conditions of an eyedrop
formulation of UNIL088. Since the prodrug was demon-
strated to be very rapidly hydrolysed in the presence of tears
(Lallemand et al., 2005), stability studies in phosphate buffer
solutions (PBS) were performed as function of pH (range of
5–7), temperature (from 4 to 60◦C) and ionic strength over
14 days. Shelf-lives (t90%) and activation energy (EA) of
UNIL088 were determined. As CsA released from UNIL088
is poorly soluble in aqueous media, its precipitation process
was followed by photon correlation spectroscopy. Finally,
the chemical conversion mechanism was investigated by
identifying an intermediate compound by high-performance
liquid chromatography coupled with a mass spectrometer
(HPLC–MS).

2. Materials and methods

2.1. Materials

UNIL088 was synthesized and characterised by the
Institute of Chemical Sciences and Engineering (ISIC),
Ecole Polytechnique F́ed́erale de Lausanne (EPFL), Switzer-
land according to a method described byWenger et al.
(2002). Phosphate buffer solutions (PBS) at 0.066 M used
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bated at 4, 20, 40 and 60◦C in PBS at pH 7. Aliquots of 2�l
were sampled from each of these solutions at determined
time intervals and diluted in 20�l of ACN plus 55�l of
water. Each solution was then assayed for prodrug content by
HPLC.

2.4. Physical stability

2.4.1. Determination of particle size distribution
The mean size± S.D. and polydispersity index (P.I.)

of precipitates were measured by photon correlation spec-
troscopy using a Zetasizer® 3000HS (Malvern instruments
Ltd., Worcestershire, UK). The P.I. values can range from 0
to 1; a higher value in this range indicates a less homoge-
nous particle size distribution. Measurements were made in
triplicate every 2 days during 2 weeks.

2.5. HPLC assay

CsA and the prodrug were analysed and quantified by
HPLC. The method was developed specifically to quantify
in the same run hydrophobic CsA and hydrophilic prodrug.
Analytical separations were conducted using a C4 column
(300Å, 5 �m, 4.6 mm i.d.× 250 mm, type 214TP54, Vydac,
Hesperia, California). The mobile phase contained ACN as
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onopotassium phosphate (KH2PO4), disodium phospha
Na2HPO4·2H2O) and were made isotonic with sodium ch
ide (NaCl). These products, together with trifluoroacetic
TFA) were of analytical grade and were obtained from F
Buchs, Switzerland). Water and acetonitrile (ACN) wer
nalytical grade (SDS, Peypin, France).

.2. Solubility assessment

Aqueous solubility was evaluated at room tempera
y adding UNIL088 until saturation to isotonic PBS (
–7). The solubility of CsA was similarly determined
BS pH 7. The resulting suspensions were filtered thr
.22�m membranes (Millex-GV; 13 mm; 0.22�m; low
rotein retention, Millipore, Cork, Ireland). Filtrates we
ollected and the solubilised molecules were quant
pectrophotometrically at 210 nm (Spectrophotometer
452 Hewlett-Packard GmbH, Waldbronn, Germany).

.3. Chemical stability

All solutions of UNIL088 were prepared at a concentra
quivalent to 0.2% (w/v) in CsA. The influence of pH on

ransformation of UNIL088 was investigated in isotonic P
0.066 M) at pH 5–7 at 20◦C over 2 weeks.

The influence of ionic strength (I) was studied by incu
ating UNIL088 in NaCl solutions at concentrations of 0
.9 and 1.4% (w/v) with anI of 0.068, 0.154 and 0.240 M
espectively, without pH adjustment (pH∼ 5). To investigat
he effect of temperature on stability, UNIL088 was in
organic modifier and acidified water (0.09%, v/v TFA).
organic gradient (60–100% ACN) over 15 min using vo
metric mixing by the HPLC pump (W600 controller a
multisolvent delivery pump, Waters, MA, USA) was us
to separate components. The flow rate was set at 0.8 m
and the column oven at 40◦C. Seventy microliters of samp
were injected via an automatic injector (W717 plus Autos
pler Waters, MA, USA). The absorbance was measure
210 nm (W2487 Dualλ Absorbance Detector, Waters, M
USA). Millennium® 32 chromatography manager softw
(Version 3.2) was used for peak integration. The analyte
was compared to the total peak area and was expresse
percentage. The limit of quantification was estimated u
the signal to noise ratio approach (S/N = 10) and confir
by injections of an independent standard sample at a co
tration of 2�g ml−1. Under these conditions, UNIL088 a
CsA were separated with retention times (RT) of 10.50
12.50 min, respectively.

2.6. Characterisation of compounds by HPLC–MS

The HPLC method, described above, was coupled
a quadrupole mass spectrometer SSQ 7000 Finnigan
(Thermo ElectronCorporation, TX, USA). Electrospray i
isation mode (ESI) was used at a capillary temperatur
200◦C in positive ion mode. Sheath gas (N2) pressure wa
at 3.5 bar and spray voltage at 4.5 kV. Skimmer pump p
sure was 950 mTorr, capillary voltage of approximately +
Data acquisition was performed betweenm/z= 30 and 2500
at a scanning speed of 2 s.
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2.7. Data analysis

The data obtained were plotted as natural logarithm (ln)
of the percentage of the prodrug remaining versus time. The
observed conversion rate constants (kobs) of UNIL088 were
calculated from the slope of the linear fits of the experimental
data. The shelf-life (t90%, i.e., the time at which 90% of the
original amount of UNIL088 is still present) was obtained
from thekobsvalues. The activation energy (EA, i.e., the min-
imum amount of energy required to ensure that a reaction
occurs) was obtained by the calculation ofkobs at 4, 20, 40
and 60◦C, with further fitting to the Arrhenius equation:

ln(kobs) = ln Z − EA

RT
(1)

whereEA is the activation energy (kJ mol−1), T the abso-
lute temperature (K),R the gas constant andZ is a constant.
−EA/RTis the slope of the linear plot from whichEA is deter-
mined. lnZ is the intercept with they-axis. The majority of
chemical reactions have anEA between 40 and 130 kJ mol−1;
anEA below 80 kJ mol−1 indicates that the system will react
at room temperature.

3. Results
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Fig. 2. Semi-logarithmic representation of percentage of UNIL088 vs. time
(days) when incubated in PBS pH 7 at 4 (�), 20 (�), 40 (�), 60◦C (+).

Table 1
Conversion rate constantskobs and shelf-livest90% of UNIL088 in solution
at various pH and temperature conditions

Temperature (◦C) pH of PBS kobs (×10−3 days−1) t90% (days)

4 7.0 5.9 17.90

20 5.0 3.2 32.93
6.0 11.3 9.32
7.0 26.0 4.05

40 7.0 112.7 0.93
60 7.0 978.1 0.11

UNIL088 (t90%) is 4 days and is extended up to 18 days at
4◦C. The activation energy determined from the Arrhenius
relationship (Fig. 3) is 79.4 kJ mol−1 at pH 7 (R2 = 0.9962).
Ionic strength had no significant effect on the rate of conver-
sion (data not shown).

When the pH 5 solution (20◦C) was analysed by HPLC,
the chromatogram showed a peak at 7.20 min (Fig. 4) which
was not detected at pH 6 and 7. This compound was apparent
from the beginning of the incubation of UNIL088 and its
concentration increased with time. It is more hydrophilic than
UNIL088 since it was less retained by the C4 column. Its
molecular massm/zwas 1441 (Fig. 5). This mass corresponds
to the Serine-Sarcosine-CsA phosphate intermediate (pSer-
Sar-CsA, seeFig. 7).

After 1 week, the solution at pH 7 started to change colour
and to became turbid, due to the precipitation of CsA (concen-
tration of CsA∼0.4 mg ml−1), with large visual precipitates
observed at 2 weeks. Other solutions at 20◦C remained clear

F nd
6

The solubility of UNIL088 in isotonic PBS pH 7 is appro
mately 25,000 times higher than that of CsA, being res
ively, 128.28± 0.07 mg ml−1 and 0.0052 mg ml−1. At pH 6
nd 5, solubilities in PBS were, respectively, 115.00± 0.02
nd 92.33± 0.01 mg ml−1 indicating that the solubility of th
rodrug increases with increasing pH.

In PBS, UNIL088 underwent a pH sensitive hydroly
eading to a quantitative generation of CsA. The con
ion of UNIL088 as a function of time is represented
igs. 1 and 2. At pH 7, the observed conversion rate const
obs, is 26.0× 10−3 days−1 while at pH 5 it is approximatel
ight times lower (3.2× 10−3 days−1) (Table 1). Likewise,

he hydrolysis process is affected by temperature, a
onversion rate increased with higher temperatures,
obs= 5.9× 10−3 and 978.1× 10−3 days−1, respectively, a
and 60◦C (Table 1). At 20◦C and pH 7, the shelf-life o

ig. 1. Semi-logarithmic representation of percentage of UNIL088 vs.
days) when incubated in PBS pH 5 (�), 6 (�) and 7 (�) at 20◦C.
ig. 3. Arrhenius plots of logarithm ofkobs as determined at 4, 2, 40 a
0◦C.
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Fig. 4. HPLC chromatogram of UNIL088 solution incubated at 20◦C in
PBS pH 5.

Fig. 5. Mass spectrometer chromatogram of UNIL088 solution incubated at
20◦C in PBS pH 5.

over the 2 weeks. Photon microscopy measures of the precip-
itated solution revealed a three-phase process resulting in the
growth of CsA precipitates. Small precipitates of an average
size of 49.2± 2.7 nm appeared 1 day after preparation (2.5%
of UNIL088 hydrolysed). The precipitates grew slowly dur-
ing a first phase of 7 days (Fig. 6). At days 7–8, the particles
underwent a dramatic size increase to reach a plateau at day

Fig. 6. Mean size± S.D. of CsA particles as a function of time in a PBS pH
7 solution of UNIL088 at 20◦C.

11 of a mean size of 1012.8± 59 nm with a P.I. of 0.44 and
21% of particles above 2�m. This sudden increase appeared
when 20% of the prodrug is converted. The higher values of
P.I. and the higher standard deviations observed from day 8
indicate a less homogeneous distribution of the particle sizes.

4. Discussion

The increased solubility of the prodrug UNIL088 in aque-
ous media is mainly due to the phosphate group of the pro-
moiety. In neutral solution this group is fully ionised, increas-
ing both polarity and aqueous solubility of the molecule.
Depending on pH, the phosphate monoester exists either as
the monoanion or the dianion (except at very low pH val-
ues where the neutral species exists). The phosphate group
was chosen because it is ubiquitous in living organisms and
presents a good biocompatibility.

An ideal ocular prodrug must release the active parent
molecule very rapidly after topical administration as 90%
of the instilled dose is usually removed from ocular surface
within 4 min (Lee, 1993). In addition, the prodrug must have
adequate chemical and physical stability, especially in ready-
to-use eyedrop solutions. The present study was conducted
in order to estimate the shelf-life, conditions and limitations
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Biocompatible conditions ranging from pH 5 to 7 ha

een investigated. The conversion profile of UNIL088 is c
istent, in the pH range investigated, with other degrad
tudies of esters. It is well established that the degrad
f esters follows a V-shaped pattern when represente

n(k) = f(pH) (Patel et al., 1968; Gogate et al., 1987). At low
H (pH∼ 1), ln(k) is higher due to acid ester hydrolysis, wh

n(k) is lowest at pH between 4 and 5 due to increased
ility. At alkaline pH, ln(k) increases dramatically as est
ndergo alkaline hydrolysis. UNIL088 seems to follow s
ehaviour, as it is more stable at pH 5 than at pH 7. S

he hydrolysis is pH dependent, several chemical cataly
uch as water, hydrogen ion, hydroxyl ion or phosphate
an contribute to the observed hydrolysis. It is supposed
ith the presence of a buffer maintaining constant conce

ions of these ions, their contributions to hydrolysis rem
onstant and are combined together to yieldk. At pH≥ 5
he ester hydrolysis is mainly hydroxide ion-catalysed.
peed of conversion can be expressed as:

dC

dt
= k[OH−][UNIL088] (2)

herek is the conversion rate constant and [UNIL088] is
olar concentration of UNIL088. As pH is constant, [OH−]

s assumed to be constant; such hydrolysis is consider
e of pseudo-first-order and Eq.(2) can be rewritten:

dC

dt
= kobs[UNIL088] (3)
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Fig. 7. General structure of UNIL088 and the proposed mechanism leading to the release of CsA under chemical hydrolytic activation.

wherekobs=k[OH−]. The reaction order is confirmed by the
linear profiles of the plotted ln[UNIL088] as a function of
time (Figs. 1 and 2).

Since CsA has a very low solubility in PBS pH 7
(5.2�g ml−1), it will reach its maximal solubility and start
precipitating when 0.2% of the initial UNIL088 content
(2.6 mg ml−1) undergoes conversion. Hence, the precipita-
tion of CsA is expected to occur before the calculatedt90%
of UNIL088 is reached (4 days). Using thekobs determined
at pH 7 and 20◦C, one can calculate that the time for CsA to
start precipitating is 1 h 50 min. However, no precipitate or
changes in the colour of the solution were observed before 7
days. Photon microscopy measures showed very small par-
ticles 1 day after preparation of the solution indicating that
the precipitation commences very early as predicted by cal-
culation. Precipitation is a progressive nucleation and crystal
growth phenomenon, confirmed by the increasing size of the
particles with time. The dramatic increase observed at days
7–8 is probably due to an agglomeration of small crystals
in large agglomerates as confirmed by the low homogene-
ity displayed by the P.I. value. The European Pharmacopoeia
(fourth edition) allows the presence of particles in collyria (in
a sample corresponding to 10�g of solid phase, 20 particles
can be larger than 25�m, only 2 larger than 50�m and none
above 90�m). As the average size at 4 days (t90%) is around
1 ents
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a
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r
p
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Fig. 7. In presence of hydroxide ion, the (acyloxy)alkyl-
oxy-carbonyl group, at the end of the solubilising moiety,
underwent a nucleophilic substitution of the carbonyl to
release acetic acid and an unstable carbamic acid derivative.
This derivative loses CO2 and releases the dipeptide phos-
phate CsA: pSer-Sar-CsA. The next step is not confirmed yet
and remains hypothetical. The terminal amine of the pSer-
Sar-CsA may attack the ester connecting the promoiety to
CsA via an addition–elimination reaction. The released com-
pounds would then be CsA and diketopiperazine phosphate
(DKP) (diketopiperazine phosphate has not been isolated but
the mechanism has been described byHamel et al. (2004)).
In acidic pH, the terminal amine of the intermediate pSer-
Sar-CsA should be partly or completely protonated. The
addition–elimination reaction of the amine on the ester, nec-
essary to release the pSer-Sar dipeptide in this condition is
occurring very slowly and the intermediate pSer-Sar-CsA can
be isolated and identified by HPLC–MS, explaining the accu-
mulation this compound in acidic solution.

5. Conclusions

The stability of an eyedrop solution is of great importance
for its efficacy. However, it should be noted that stability
i nven-
t ug is
t in the
s rties
o its
l
I ature
a al
t r
00 nm, the solution fulfils the Pharmacopoeia requirem
n term of particles size.t90%can, therefore, be safely used
n indicator of expiry date. The lowEA of UNIL088 (below
0 kJ mol−1) indicates that it is labile in aqueous solution
oom temperature and hence that storage at 4◦C would be
referable.

The mass spectrometry investigation in PBS pH 5 cle
dentified the intermediate pSer-Sar-CsA, confirming
f the supposed transformation mechanism present
ssues can be less critical for prodrugs compared to co
ional drugs as the compound generated from the prodr
he therapeutic molecule. Hence, CsA can be present
olution as long as it does not alter the favourable prope
f the prodrug solution. CsA is itself very stable due to

ipophilic nature and its cyclic structure (Kumar et al., 2001).
t was shown to be stable over 7 days at room temper
nd up to 28 days at 4◦C when formulated at 1% in artifici

ears (Fiscella et al., 1996). Although UNIL088 has a longe



F. Lallemand et al. / European Journal of Pharmaceutical Sciences 26 (2005) 124–129 129

shelf-life at pH 5 than at pH 6 and 7, a neutral pH must be
preferred for the formulation because of its biocompatibility.
As the hydrolysis mechanism is temperature-dependent the
stability of the solution is prolonged at 4◦C. Besides chem-
ical stability of the prodrug, physical stability must also be
monitored carefully due to the risk of precipitation. Com-
plete elucidation of the conversion mechanism is currently
under investigation, as well as improvement of the stability
by several approaches.

References

Fiscella, R.G., Le, H., Lam, T.T., Labib, S., 1996. Stability of cyclosporine
1% in artificial tears. J. Ocul. Pharmacol. Ther. 12, 1–4.

Gogate, U.S., Repta, A.J., Alexander, J., 1987.N-(Acyloxyalkoxycar-
bonyl) derivatives as potential prodrugs of amines. I. Kinetics and
mechanism of degradation in aqueous solutions. Int. J. Pharm. 40,
235–248.

Hamel, A.R., Hubler, F., Carrupt, A., Wenger, R.M., Mutter, M., 2004.
Cyclosporin A prodrugs: design, synthesis and biophysical properties.
J. Pept. Res. 63, 147–154.

Klyashchitsky, B.A., Owen, A.J., 1998. Drug delivery systems for
cyclosporine: achievements and complications. J. Drug Target 5,
443–458.

Kumar, M., Singhal, S.K., Singh, A., 2001. Development and valida-
tion of a stability indicating HPLC assay method for cyclosporine
in cyclosporine oral solution USP. J. Pharm. Biomed. Anal. 25,
9–14.

Lallemand, F., Felt-Baeyens, O., Besseghir, K., Behar-Cohen, F., Gurny,
R., 2003. Cyclosporine A delivery to the eye: a pharmaceutical chal-
lenge. Eur. J. Pharm. Biopharm. 56, 307–318.

Lallemand, F., Felt-Baeyens, O., Rudaz, S., Hamel, A.R., Hubler, F.,
Wenger, R., Mutter, M., Besseghir, K., Gurny, R., 2005. Conversion
of Cyclosporine A prodrugs in human tears vs. rabbits tears. Eur. J.
Pharm. Biopharm. 59, 51–56.

Lee, V.H.L., 1993. In: Mitra, A.K. (Ed.), Precorneal, Corneal and Post-
corneal Factors, vol. 58. Marcel Dekker Inc., New York, pp. 59–81.

Patel, R.M., Chin, T.F., Lach, J.L., 1968. Kinetic study of the acid hydrol-
ysis of meperidine hydrochloride. Am. J. Hosp. Pharm. 25, 256–
261.

Sall, K., Stevenson, O.D., Mundorf, T.K., Reis, B.L., 2000. Two multi-
center, randomized studies of the efficacy and safety of cyclosporine
ophthalmic emulsion in moderate to severe dry eye disease. Ophthal-
mology 107, 631–639.

Wenger, R., Mutter, M., Hamel, A., Hubler, F., 2002. Pro-Drug and use
thereof as a medicament. WO Patent 02/085928.


	A water-soluble prodrug of cyclosporine A for ocular application: A stability study
	Introduction
	Materials and methods
	Materials
	Solubility assessment
	Chemical stability
	Physical stability
	Determination of particle size distribution

	HPLC assay
	Characterisation of compounds by HPLC-MS
	Data analysis

	Results
	Discussion
	Conclusions
	References


