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Abstract

Although oxygen sensitive, morphine injections are produced in plastic ampoules. In this study, the shelf life of
sodium metabisulphite stabilised morphine injections in plastic ampoules was evaluated by accelerated studies at
temperatures ranging from 50 to 80°C. A derived model based on the rate equation and the Arrhenius equation was
used for extrapolation. Determination of morphine and oxidation products was done by reversed phase ion pair
HPLC. The concentration of morphine remained constant during the stability studies. The oxidation of morphine was
partly compensated for by diffusion of water through the ampoules. A lag phase was observed for the formation of
pseudomorphine. The shelf life is limited to 15 months by diffusion of water through the ampoules. © 2001 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Morphine is an oxygen senstitive drug and the
most important oxidation products are morphine-
N-oxide and pseudomorphine (Yeh and Lach,
1961). Despite the fact that most polymers used in
plastic ampoules are permeable to gases (Kris-
tensen and Møller, 1983; Florence and Attwood,
1988) and give limited protection of oxygen sensi-
tive drugs (Pudipeddi et al., 1992), morphine in-
jections are produced in plastic ampoules.
Moreover, when stored in the presence of oxygen,
morphine injections become discolorated by a yet

unknown reaction (Vermeire and Remon, 1999).
To remedy the situation morphine injections are
frequently stabilised with the antioxidant sodium
metabisulphite, protecting the drug substance
from oxidation (Connors et al., 1986).

The oxidation of morphine is described by the
rate equation for a second order reaction (Yeh
and Lach, 1961):

−
d[morphine]

dt
=k [O2][morphine], (1)

where [morphine] is the concentration of mor-
phine, [O2] is the concentration of oxygen and k is
the rate constant.

Although several stability studies of morphine
and mixtures of morphine in injection and infu-* Corresponding author. Tel.: +47-22169846.
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sion devices have been performed (Holcomb et
al., 1973; Deeks et al., 1983; Caute et al., 1988;
Hung et al., 1988; Strong et al., 1994; Wu et al.,
1995; Oustric-Medes et al., 1997; Sitaram et al.,
1997; Vermeire and Remon, 1997), they have all
been carried out at normal storage conditions or
at slightly elevated temperatures. In particular,
none of the studies have included an extrapolation
of the morphine oxidation or water diffusion us-
ing the Arrhenius equation.

The Arrhenius equation is an empirical relation
describing the effect of temperature on an ob-
served rate constant for an uni- or bimolecular
reaction. Since oxidation reactions consist of mul-
tiple steps, the equation is not always valid (Fran-
chini and Carstensen, 1994). However, it is
usually observed to be correct for complex reac-
tions. The rate equation for a degradation, can be
combined with the Arrhenius equation and in this
way make extrapolation of accelerated stability
studies possible (Nash, 1987; Ertel and
Carstensen, 1990; Carstensen et al., 1992).
Pudipeddi et al. (1992) have used this method and
derived a model for extrapolation of oxidation of
drugs in plastic ampoules. They did not use the
model for extrapolation of real data.

The aim of this study was to evaluate the
validity of derived models for the temperature
dependence of morphine oxidation and water loss
in plastic ampoules containing morphine injec-
tions stabilised with sodium metabisulphite. The
model is further used for prediction of the shelf
life of the product.

2. Theoretical

2.1. Oxidation of morphine in plastic ampoules

Assume a system consisting of a morphine solu-
tion with sodium metabisulphite in a plastic am-
poule surrounded by an atmosphere with
temperature T and relative humidity RH. The
sodium metabisulphite protects the morphine
from oxidation as long as it is present. This results
in a complex degrading mechanism (Appendix A).

In stability studies the decrease in drug concen-
tration is often less than 10%. Under these cir-

cumstances it is possible to assume 0 order
kinetics (Connors et al., 1986) expressed by:

dCmorphine

dt
=kobs=kox[O2], (2)

where Cmorphine is the remaining amount of mor-
phine, kobs is the observed rate constant, kox is the
rate constant for the oxidation of morphine and
[O2] is the concentration of oxygen. After a lag-
time tl the sodium metabisulfite no longer protects
the morphine from oxidation. If we assume that
there is no degradation of morphine during the
lag-time, an integration of Eq. (2) from tl to t and
Cmorphine,0=100% to Cmorphine gives:

Cmorphine−100%
[O2](t− tl)

=kox. (3)

The duration of the lag-phase is given by (Tan
et al., 1993):

ln tl=Asulphite−
Esulphite

R
1
T

, (4)

where Asulphite is a unknown frequency function,
Esulphite is the activation energy, and R is the
universal gas constant.

The temperature dependency of kox is given by
the Arrhenius equation:

ln kox= ln Aox−
Eox

R
1
T

, (5)

where Aox is a frequency factor and Eox is the
activation energy of the oxidation. Inserting Eq.
(5) into Eq. (3) gives

ln (
Cmorphine−100%

[O2](t− tl)
)= ln A−

Eox

R
1
T

. (6)

Eq. (6) describes the degradation of morphine as
a function of temperature. Degradation of mor-
phine can thus be predicted at normal storage
temperature on the basis of accelerated stability
studies. The solubility of oxygen in water is tem-
perature dependent and is given in tables.

2.2. Diffusion of water

The diffusion of water through plastic am-
poules can be expressed by:
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−
dV
dt

=kdiffPw,sat(100%−RH), (7)

where V is the injection volume, kdiff is the diffu-
sion rate out of the ampoules and Pw,sat is the
vapour pressure in air saturated with water. Inte-
gration of Eq. (7) from V0=100% to V and t0=0
to t gives:

100%−V
Pw,sat(100%−RH)t

=kdiff. (8)

The temperature dependency of kdiff is given by
Arrhenius equation:

ln kdiff= ln Adiff−
Ediff

R
1
T

, (9)

where Adiff is a diffusion factor and Ediff is the
activation energy. Inserting Eq. (9) into Eq. (8)
gives:

ln(
100%−V

Pw,sat(100%−RH)t
)= ln Adiff−

Ediff

R
1
T

. (10)

Eq. (10) describes the diffusion of water through
the ampoules as a function of temperature and
relative humidity.

2.3. Concentration of morphine

For t\ tl, Cmorphine is given by Eq. (6), and V
by Eq. (10). Combining these equations gives:

[morphine]=
V0Cmorphine

V
, (11)

where [morphine] is the measured concentration
of morphine in the ampoule at time t. According
to Eq. (11), the measured concentration of mor-
phine depends on both oxidation of morphine and
on volume.

3. Materials and methods

3.1. Materials

The stability studies employed morphine 10 mg/
ml injections ‘Nycomed Pharma’® (Nycomed
Pharma, Oslo, Norway), a product containing
morphine hydrochloride 10 mg, sodium
metabisulphite 0.25 mg, sodium chloride 6.5 mg,

hydrochloric acid 1 mmol and water ad
1 ml dispensed in bottlepacks. The outer
package was a polypropylene box containing 10
ampoules.

The references used in the chromatographic
analysis were morphini hydrochloridum ad
iniectabilia (Norsk Medisinaldepot, Oslo, Nor-
way) and morphine-N-oxide and pseudomorphine
HCl (Vereinigde Pharmaceutische Fabrieken
B.V., Apeldoorn, Holland). The mobile phase
consisted of acetonitril HPLC-grade (Lab-
Scan Ltd., Dublin, Eire), acetic acid 99–100%
(J.T. Baker, Deventer, Holland), trietylamine 99%
and 1-heptansulfonic acid sodium salt HPLC-
grade (Acros organics, NJ, USA) and Milli-Q-
water.

3.2. Methods

3.2.1. Chromatography
Liquid chromatography was carried out on a

HP1100 system (Hewlett Packard, Waldbronn,
Germany), and the column was a Hypersil C18-
column (5 mm, 125–4.0 mm) (Hewlett Packard,
Waldbronn, Germany). The pump was pro-
grammed to deliver a multiple segment gradient
of acetonitril and a buffer consisting of heptansul-
phonic acid sodium salt 1.47 g/l, triethylamin
0.14% and acetic acid 1.33%:

0−6 min: composition A: acetonitril 10% and
buffer 90%

6−10 min: linear gradient from composition A to
composition B

10−15 min: composition B: acetonitril 18% and
buffer 82%

The flow-rate was 1.5 ml/min and the injection
volume was 20 ml. The substances were detected
by an UV-diode-array-detector operated at 280
nm (morphine and morphine-N-oxide) and 254
nm (pseudomorphine).

3.2.2. Stability testing
Morphine 10 mg/ml injections ‘Nycomed

Pharma’® were stored at temperatures varying
from 40 to 80°C and relativ humidities varying
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from 40 to 75% in a Heraus Vötsch climate
cabinet VLK 04/300 (Hereaus Vötsch GmbH,
Baligen, Germany) for periods from 7 to 42 days.
Samples were taken five times during the first
week and once or twice a week thereafter.

3.2.3. Sample analysis
All samples were weighted individually before

insertion and after removal from the climate cabi-
net. Additionally the weight of the empty plastic
ampoules was measured, and the water loss was
calculated.

Standard solutions were produced by dissolving
reference standard in buffer yielding concentra-
tions of morphine ranging from 700 to 1100 ng/ml
and concentrations of pseudomorphine and mor-
phine-N-oxide from 2 to 22 ng/ml. The samples
were diluted 1:10 with buffer and assayed for
morphine, morphine-N-oxide and pseudomor-
phine using liquid chromatography. The diluted
sample concentrations were expected to lay within
the interval of the standards.

4. Results and discussion

4.1. Chromatography

The chromatographic method was optimised
for separation of morphine-N-oxide, morphine
and pseudomorphine in a single run (Fig. 1). It
was necessary to introduce a gradient in order to
both separate morphine-N-oxide and morphine
and eluate pseudomorphine as a sharp peak in
reasonable time. The similarity of the hydrophilic-
ity of morphine and morphine-N-oxide makes
them difficult to separate. The method shows a
resolution of 1.66 for morphine and morphine-N-
oxide. Although the resolution of peaks of differ-
ent heights should be 2 (Snyder et al., 1997), this
was accepted because the smallest peak is eluated
first.

The method accuracy, sensitivity and the linear-
ity of the calibration curve is summarised in Table
1. Hundred percent is included in all 95% confi-
dence intervals for the recovery of morphine and
pseudomorphine except the lowest concentration
of pseudomorphine. For all concentrations the

precision of the method is below 1.1 and 4.1%
RSD for, respectively, morphine and
pseudomorphine.

We did not detect any morphine-N-oxide in the
samples; the method accuracy for morphine-N-
oxide was therefore not examined. The chro-
matogram shows several peaks in addition to
morphine and pseudomorphine, examplified by
Fig. 1. These peaks have not been examined, but
most of them are eluated before the morphine
peak and may therefore be hydrophilic sulphonate
derivates. Peak purity was verified by DAD.

4.2. Stability studies

4.2.1. Water loss
The diffusion of water out of the ampoules is

dependent on both temperature and relative hu-
midity. Thus different combinations were tested.

The weight of the ampoules decreases during
the entire periods examined (Fig. 2). The water-
loss appears zero order, but it is not possible to
differentiate between zero and first order kinetics
when the water loss is below 14% (Connors et al.,
1986). The water diffusion out of the ampoules
increased at high temperatures and low relative
humidity. This is in agreement with Eq. (10).

Eq. (10) was fitted to the experimental results
by linear regression. A lack-of-fit test (Table 2)
was performed. Since F0\F25%,3,58=1.42 the
models can be rejected at a 75% significance level.
This is visualised in Fig. 3, which depicts a plot of
Eq. (10). The figure shows a trend in the data.
The decline in the water diffusion rate between 50
and 60°C exceeds the decline between 60, 70 and
80°C. This can be explained by a change in the
characteristics of the amorphous polypropylen oc-
curring at about 70°C (Martin, 1993). If the re-
sults from the 80°C experiments are left out, the
model will still be rejected at a 75% significance
level. This means that the model can not be used
with statistical support. A possible explanation is
that the model fails to take account of all relevant
components. There might, e.g. be an alteration of
the plastic polymers caused by relative humidity
at high temperatures.



E. Gleditsch, P.J. Waaler / International Journal of Pharmaceutics 212 (2001) 275–287 279

Fig. 1. The chromatograms of (a) a standard with morphine-N-oxide 22 ng/ml, morphine hydrochloride 700 ng/ml, and pseudomor-
phine 22 ng/ml and (b) a sample stored 36 days at 70°C and 75% relative humidity.
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4.2.2. Morphine oxidation
The data needed to calculate an oxidation rate

had to be collected within six months. It was thus
necessary to store the ampoules at temperatures
ranging from 60 to 80°C. Temperatures above
80°C were not used because elevation of the stor-
age temperature may change the rate determining
reaction (Connors et al., 1986). The elevation of
the storage temperature in connection with accel-
erated stability studies should therefore be limited
to lower storage temperatures than 80°C.

The concentration of morphine in the ampoules
from the accelerated stability studies was calcu-
lated as a percentage of the initial concentration.
The concentration varied between 97 and 103% in
the entire storage time at all temperatures exam-

ined (Fig. 4). Morphine degradation is partly
compensated for by water diffusion out of the
plastic ampoules. In Fig. 5 the remaining amount
of morphine in percent of the initial concentration
is visualised.

The oxidation rate can not be determined on
the basis of this stability study. Despite one
month of storage at 80°C, only 13% degradation
was obtained. Connors et al. (1986) recommend
at least 10–20% degradation in order to differen-
tiate between 0 and 1 order kinetics.

Fig. 6 shows the formation of pseudomorphine.
The formation of pseudomorphine is initiated af-
ter a lag phase which decreases at increasing
temperatures. The lag phase is assumed to be
depended on the degradation of sodium

Fig. 2. The water-loss of the samples from the accelerated studies.

Table 2
Lack-of-fit analysis of the results from the accelerated studiesa

F0,25,m−2,n−mF0m−2n−mSSLOFSSPESSREGSSTOTAL

58 3Water diffusion 8.509.00 1.412.81 5.43 2.39
2.50 0.60 44 2 5.23 1.44Water diffusion without 80°C 3.846.93
4.37 0.40 29 1 2.65 1.38Morphine oxidation 8.5013.28

a The hypothesis tested are:H0: the model fits the data; H1: The model does not fits the data; The H0 hypothesis can be rejected
at a 75% significance level if F0\F0.25,m−2,n−m ; SSTOTAL= total sum of squares; SSREG=sum of squares of regression; SSPE=sum
of squares of the pure error; SSLOF=sum of squares of the lack-of-fit; n=number of expermental conditions; m=number of
parallells; F0=F-value.
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Fig. 3. The plot of the results from the accelerated studies adjusted to Eq. (10).

Fig. 4. The concentration of morphine in the samples from the accelerated studies.

metabisulphite. There are differences in the shapes
of the curves from the three studies. Whereas the
curves representing 60 and 70°C approach 0 or-
der, the curve representing 80°C has a sigmoid
shape. The concentration of pseudomorphine
seems to approach a maximum level at 80°C. At
60 and 70°C the concentration of pseudomor-

phine increases continuously and passes the maxi-
mum level at 80°C. This indicates that there might
be a different reaction at 80°C, which can be
related to the oxidation rate of morphine. The
differences in formation of pseudomorphine at the
three temperatures is assumed not to have any
influence on the duration of the lag phases.
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Eq. (6) was fitted to the experimental results by
linear regression. A lack-of-fit test (Table 2) was
used to evaluate the correlation between the mod-
els and the results. Since F0\F25%,1,29=1.38 the
models can be rejected at a 75% significance level.

The lack-of-fit test is sensitive if there are few
degrees of freedom for the sum of squares of lack
of fit. This may result in rejection of models even
though they fit the measured results adequately.
The plot of Eq. (6) (Fig. 7) shows a trend in the

Fig. 5. The remaining amount of morphine in percent of the initial amount in the samples from the accelerated studies.

Fig. 6. The concentration of pseudomorphine in the samples from the accelerated studies.



E. Gleditsch, P.J. Waaler / International Journal of Pharmaceutics 212 (2001) 275–287284

Fig. 7. The plot of the results from the accelerated studies adjusted to Eq. (6).

Table 3
The concentration of morphine in the samples from the earlier long-time study ([morphine]measured) at 25°C and ambient humidity
and the extrapolated results for the concentration of morphine ([morphine]extrapolated), the percentage of remaining morphine
(Cmorphine) and remaining water (V) at 25°C and 35% relative humidity

Morphine (mg/ml)Time (months) Cmorphine (%) V (%)

ExtrapolatedMeasured

10.26 98.89.7 96.9
10.3 95.310.0 92.512
10.4 92.318 88.710.0
10.5 89.210.1 84.924

10.836 10.8 83.2 77.4
48 11.1 77.2 69.9

data. A possible explanation is that an unknown
component is not taken care of in the model. This
can for example be an alteration in the rate
determining mechanism at different temperatures.

4.2.3. Extrapolation
Extrapolation presupposes that the same rate

determining reaction is valid at both the acceler-
ated and the extrapolated conditions. However,
increasing deviation from the experimental condi-
tions increases the risk for a change in the reac-
tion pattern. In spite of this, an estimate for the
shelf life is often required.

In this study theoretical models have been
derived for prediction of shelf life. We have based
the extrapolation on Eq. (6), Eq. (10) and Eq. (11)
and displayed the results in Table 3. The extrapo-
lation of diffusion of water through the ampoules
was based on all examined conditions, even
though one would expect a change in the polymer
materials at high temperatures. In Table 3 the
calculated values are compared with the results
from a previously long time study at 25°C and
ambient relative humidity (Headquarters Defence
Command Norway/Pharmaceutical Laboratory,
1997). All extrapolated results correspond with
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the measured results with less than 5% deviation.
This strengthens the validity of the derived
models for prediction of the shelf-life. Although
there pertains uncertainty to the models, they
seem useful for prediction of the shelf-life of
medicaments stored for military or civil
preparedness. These medicaments are often
stored longer than the formal shelf-life approved
by the civilian authorities. Because of the uncer-
tainty of the models the medicaments have to be
analysed according to regular quality control pro-
grams.

The models describing oxidation and water loss
were derived on general basis. They may therefore
be used for other drugs degraded by oxidation
and stored in plastic ampoules. If they are not
stabilised with an antioxidant, the lag phase can
be excluded (tl=0).

The shelf life is not limited by the concentration
of morphine, but merely by the diffusion of water
out of the ampoules. The increase in the measured
morphine concentration caused by water loss is
partly compensated for by a parallel oxidation of
morphine. Thus if the limit for diffusion of water
through the ampoules is set to 10%, the shelf life
calculated according to Eq. (10) is limited to
about 15 months at 25°C and 35% relative
humidity.

Appendix A

A.1. Oxidation of morphine

The diffusion rate F of oxygen through the
polymer wall and into the solution is assumed to
be Ficksian:

F=koxygen,diff ([O2]sat− [O2]), (A1)

where koxygen,diff is the rate constant, [O2]sat is the
concentration of oxygen in a saturated solution
and [O2] is the actual concentration.

The two oxidation reactions in the solution are:

morphine+O2�products

metabisulphite+O2�products

which gives the following equations:

−
dCmorphine

dt
=kmorphine[O2]Cmorphine (A2)

−
dCsulphite

dt
=ksulphite[O2]Csulphite (A3)

where kmorphine and ksulphite are the rate constants
for the oxidation of morphine and sodium
metabisulphite and Cmorphine and Csulphite are the
amounts of remaining morphine and sodium
metabisulphite.

The concentration of oxygen is controlled by
the diffusion through the plastic wall and the
oxidation of morphine and sodium
metabisulphite:

d[O2]
dt

=koxygen,diff([O2]sat− [O2])

−kmorphine[O2]Cmorphine

−ksulphite[O2]Csulphite (A4)

Assume that after a lag-time tl that all sodium
metabisulphite is oxidised a steady state in oxygen
concentration is reached. This gives for t\ tl:

d[O2]
dt

=koxygen,diff([O2]sat− [O2])

−kmorphine[O2]Cmorphine=0 (A5)

and transformed:

[O2]=
[O2]sat

kmorphine/koxygen,diff+1
. (A6)

Inserting Eq. (A6) into Eq. (A3) gives:

−
dCmorphine

dt
=

[O2]satCmorphine

1/koxygen,diff+1/kmorphine

. (A7)

Assume that sodium metabisulphite prevents
oxidation of morphine until all sodium me-
tabisulphite is oxidised. Integration of Eq. (A7)
from tl to t and Cmorphine,0=100% to Cmorphine

gives:

tl− t=a(Cmorphine−100%)+b ln Cmorphine (A8)

where

a=
1

koxygen,diff[O2]sat

,

and
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b=
1

kmorphine[O2]sat

.

Eq. (A8) is a zero or first order equation de-
pending on the magnitudes of a and b. The
magnitudes of a and b reflect the two possible
rate determining mechanisms of morphine
oxidation in plastic ampoules. If a�b, the diffu-
sion of oxygen through the polymer wall is rate
determining and the degradation appears as zero
order. If b�a, the oxidation of morphine is rate
determining and the degradation appears as first
order.

A.2. Diffusion of water

The diffusion of water out of the ampoules is
described by Ficks law:

−
dV
dt

=kdiffDPw, (A9)

where V is the volume of the ampoule, kdiff is the
diffusion rate constant and DPw is the concentra-
tion gradient of water at across the ampoule wall.

The vapour pressure is a function of the relative
humidity RH :

Pw=Pw,satRH, (A10)

where Pw,sat is the saturated vapour pressure.
Inserting Eq. (A10) into Eq. (A9) and assuming

that the ampoules are saturated with water va-
pour inside gives:

−
dV
dt

=kdiffPw,sat(100%−RH). (A11)

Integration of Eq. (A11) from V0=100% to V
and t0=0 to t gives:

100%−V
Pw,sat(100%−RH)t

=kdiff. (A12)
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