
A

c
l
m
s
(
S
i
S
o
e
e
©

K

1

p
i
F
p
t
T
p
c
c
a
l
t

0
d

Journal of Pharmaceutical and Biomedical Analysis 42 (2006) 25–31

Physical and thermal characterisation of chiral omeprazole sodium salts

Nov Markovic a, Snezana Agotonovic-Kustrin b,∗, Beverley Glass c, Clive A. Prestidge a

a Ian Wark Research Institute, ARC Special Research Centre, University of South Australia, Mawson Lakes Blvd., Mawson Lakes, SA 5095, Australia
b Pharmacy M315, School of Biomedical, Bimolecular and Chemical Sciences, The University of Western Australia, 35 Stirling Highway,

Crawley, WA 6009, Australia
c School of Pharmacy and Molecular Science, James Cook University, Townsville, Qld 4811, Australia

Received 22 September 2005; received in revised form 14 December 2005; accepted 16 December 2005
Available online 9 March 2006

bstract

The physical properties of drug substances may affect stability, manufacturing, dissolution and bioavailability. Variations in the degree of
rystallinity in a pharmaceutical substance may exhibit physicochemical differences that impact at therapeutic, manufacturing, commercial and
egal levels, yet no reference has been found on the physical properties of micronised omeprazole. This study reports on the physical and ther-

al characterisation of the sodium salts of S- and R-omeprazole, using diffuse reflectance infrared Fourier transform spectroscopy (DRIFT),
canning electron microscopy (SEM), differential scanning calorimetry (DSC), microthermal analysis (�TA) and powder X-ray diffraction
XRPD). DSC experiments were performed in order to determine not only their thermal stability, but also the thermal history of both forms.
EM results indicate similar morphology, particle size and shape of powdered drug, while, �TA of processed discs shows different topograph-

cal images for S- and R-omeprazole, exhibiting a smoother surface for the S-form, indicative of the smoother particle size not evident in the

EM results. The low level of crystallinity of both enantiomers was confirmed by DRIFT spectroscopy and XRPD. Thermal stability by DSC
f S- and R-omeprazole sodium salts was superior to that of the neutral omeprazole. This study has examined the physical and thermal prop-
rties of both forms and in highlighting their differences provides an explanation for the potential differences in bioavailability and therapeutic
fficacy.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Omeprazole (5-methoxy-2-2-(4-methoxy-3,5-dimethyl-2-
yridinyl-methyl-sulfinyl)-1H-benzimidazole) is a proton pump
nhibitor used to treat acid reflux disease and gastric ulcers.
ormulation thus presents a challenge, due to the rapid decom-
osition at acidic and neutral pHs. Omeprazole is also sensitive
o heat, moisture, organic solvents, and, to some degree, light.
he stability of omeprazole capsules containing enteric coated
ellets has been investigated with all seven products tested
ontaining >90% of the labelled amount of omeprazole. A
orrelation was however found between the degree of darkening

nd decreased drug content in the pellets [1]. In the case of a
iquid formulation of omeprazole extemporaneously prepared,
he rate of degradation was temperature dependant, with the

∗ Corresponding author. Tel.: +61 8 6488 3199; fax: +61 8 6488 1025.
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ormulation remaining stable (>90%) for 30 days only at 5 ◦C,
hile the drug content declined to below 90% after only 18
ays at room temperature (25 ◦C) [2].

Improving the bioavailability of omeprazole was originally
ttempted by altering the substituent pattern on the heterocyclic
ings, but the real breakthrough was achieved when (S)-(−)-
nantiomer, later named esomeprazole, was introduced onto
he market by Astra Zeneca who aimed to achieve therapeutic
enefit due to less inter-individual variation (slow metabolizers
ersus rapid metabolizers), and higher average plasma levels,
roviding greater dose efficiency in patients [3]. Both S- and
-omeprazole are pro-drugs, which are converted within the
arietal cells to the active proton pump inhibitor, which is not
chiral molecule. While both the S- and R-forms exhibit the

ame effect at the active site, lower doses of S-omeprazole can

e used to produce equivalent acid suppression as compared to
acemic omeprazole. S-Omeprazole was introduced as the mag-
esium trihydrate salt first in Europe (in 2000) and later in the
S (in 2001) under the trade name, Nexium®. Healing of reflux

mailto:nkustrin@cyllene.uwa.edu.au
dx.doi.org/10.1016/j.jpba.2005.12.039
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investigate their thermal history. For thermal stability investiga-
6 N. Markovic et al. / Journal of Pharmaceu

esophagitis with a 40 mg day−1 dose of S-omeprazole magne-
ium occurred in ∼78% of patients after 4 weeks of treatment
nd in 93% of patients after 8 weeks, compared with 65 and 87%
f patients, respectively, treated with 20 mg day−1 of omepra-
ole [4–7].

The biological and chemical properties of a drug substance
an easily overshadow the importance of the bulk physical prop-
rties, yet no reference has been found on the physical properties
f micronised omeprazole. Nevertheless, the effective delivery
f solid pharmaceuticals is directly related to the form of the
rug substance in the solid state. Variations in the degree of
rystallinity in a pharmaceutical substance may exhibit physico-
hemical differences that impact at therapeutic, manufacturing,
ommercial and legal levels. Drug substances are rarely crys-
allised at the optimum size, and often secondary processing
uch as jet milling is required that may induce the formation of
morphous regions in solid drugs and excipients [8]. Genera-
ion of amorphous material during processing may also result
n significant changes in the behaviour of the system [9]. The
im of this study was to assess the surface properties, particle
ize, shape, amorphous content and crystallinity of two omepra-
ole sodium enantiomers and to estimate thermal history and
tability.

The characterisation of bulk drug may be performed with
range of methods. Amongst the different techniques, atomic

orce microscopy (AFM), as derived from scanning probe
icroscopy by Binning et al. [10], can be combined with ther-
al capabilities for surface analysis, as reviewed by Giron [11].
any pharmaceutical systems/drugs as well as excipients have

een investigated over the past 10 years using microthermal
nalysis (�TA): indomethacin [12,13], ibuprofen [14], pyri-
oxal hydrochloride [15], paracetamol [16], progesterone [17],
imetidine [18], etc. �TA is often complimentary to bulk mea-
urement techniques such as microcalorimetry [19] or DSC
15]. In this study we have combined information from DRIFT
pectroscopy, SEM, DSC, �TA and XRPD to evaluate the phys-
cal and thermal properties of the sodium salts of omeprazole
tereoisomers.

. Materials and methods

.1. Materials

Omeprazole sodium (H199/19 sodium and H199/18 sodium);
eference standards for R- and S-omeprazole (99.4%, w/w, drug
urity, 99.9% isomeric purity) were kindly donated by Astra
eneca, Sweden.

.2. Diffuse reflectance infrared Fourier transform
pectroscopy (DRIFT)

DRIFT spectra were examined over the range of 400–
000 cm−1 using a Nexus 670 spectrophotometer from Nicolet

nd spectra were recorded with the Nicolet’s OMNIC software,
y averaging 64 scans for each spectrum with resolutions of
cm−1 (data point resolution/interval of 1 cm−1). Background

pectra were obtained for each experimental condition. The

t
e
5
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ntensities of the IR bands are displayed in Kubelka–Munk (K-
) units [20]. Sample mixtures were prepared by dispersing 5%

w/w) of the bulk drug in potassium bromide (KBr) (AR grade,
DH Laboratory Suppliers, Poole, UK) and mixing for 10 s in
dental amalgator (WIGL-BUG). Samples were then placed in

he large sample cup (approximately 300 mg), using the supplied
ample cup holder.

.3. Scanning electron microscopy (SEM)

SEM photographs of the bulk powders were taken using
JEOL JSM-541QLV Scanning Microscope (JEOL Datum

o., Japan) with an accelerating voltage of 10 kV. Samples
ere mounted on a metal stub with a double-sided adhesive

ape and then coated under vacuum (in an ion-sputter JFC-
100 JEOL Datum Co., Japan) with a gold layer of 200 Å in
hickness.

.4. Microthermal analysis

�TA was conducted using a �TA 2990 Micro-Thermal Anal-
ser (TA Instruments, New Castle, DE) with a thermal probe.
he thermal response of the probe was first calibrated using
enzoic acid crystals (TA Instruments) with a melting point
f 122 ◦C. Omeprazole disks of ∼1 cm in diameter were pre-
ared by placing approximately 200 mg of powder sample
nto a die (routinely used in FTIR) and applying pressure of
tonnes for 5 min. Isothermal imaging was performed on the
isks positioned on a metallic sample stage using double-sided
on-conductive tape. A constant force equivalent to ∼10 nA
f sensor deflection was applied and the tip rastered over an
rea of 100 �m × 100 �m with a scanning rate of 100 �m s−1

resolution of 300 lines). Scans were performed in triplicate,
t 30 ◦C, with a scan rate of 1 Hz and with standard error
ot exceeding 7%. Additionally after selecting five points on
he surface area, so called localized thermal analysis (LTA),
t a heating rate of 10 ◦C s−1 for up to 300 ◦C, was applied
nd reproducibility confirmed by comparing average runs and
tandard deviation not exceeding 5%. Burning the tip for up
o 500 ◦C automatically cleaned the probe from any residue
21].

.5. Differential scanning calorimetry (DSC)

DSC measurements were conducted using a DSC 2920
nstrument (TA Instruments). Calibrations of base line, cell
onstant and temperature were performed prior to each mea-
urement using indium (TA Instruments) with corresponding
eating rates. The samples (∼4 mg) were encapsulated in a her-
etically sealed aluminium pans. Samples were heated from

0 to ∼180 ◦C, cooled to 30 ◦C and then reheated in order to
ions, the heating rate was 0.5 ◦C min−1 for up to 300 ◦C. All
xperiments were performed under a nitrogen purge gas rate of
0 ml min−1, in duplicate with only average runs reported (stan-
ard error not exceeding 5%).
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Fig. 1. SEM micrographs of powders (a) S

.6. Powder X-ray diffraction (XRPD)

The samples were prepared as powder mounts: approxi-
ately 0.5 g of sample was crushed lightly in an agate mortar
ith a pestle and packed into a plastic cavity mount suitable for

nsertion. Data for the samples were collected with a Siemens
5000 front-loading X-ray diffractometer. This instrument is fit-

ed with a copper tube (Cu K� = 1.54178 Å), operating at 30 kV
nd 20 mA, and a post diffraction graphite monochromator. The
ample was scanned from 1.3◦ to 65◦ 2θ in steps of 0.2◦ 2θ for
.4 s per step.

. Results and discussion

The particle size and shape of the test drugs were firstly
valuated by SEM and the results are presented in Fig. 1a and
. Both enantiomers were shown to have similar morphology,
article shape and size (in the micrometre range). Quantifying
he microstructures of solid samples presents a great challenge.
ince micronisation and other processing techniques can cause
hanges in the crystallinity of powders, we decided to investigate

he level of crystallinity of micronised omeprazole.

The level of crystallinity of the omeprazole enantiomers was
xamined and a low level confirmed by DRIFT analysis (Fig. 2).
he intensity of bands was as expected low, at less than seven

ig. 2. DRIFT spectra as a function of the S-omeprazole:R-omeprazole (w/w)
atio in physical mixtures.
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razole and (b) R-omeprazole; bars 10 �m.

ubelka–Munk units (due to a low refractive index). Although
any materials contain both crystalline and non-crystalline

hases, a key characteristic of such semi-crystalline materials
s the degree of crystallinity (Ic). The IR spectrum is sensitive
o the level of order/disorder in the crystal structure of the sam-
le. The index Ic can be calculated as a ratio of intensities of
bsorption bands at 1372 cm−1 for the deformational oscilla-
ions of CH groups (disorder) and covalent vibrations of CH2
nd CH groups at ∼2900 cm−1 (order) [22]. Ordered CH vibra-
ions seemed to increase slightly whereas deformational CH
bsorbance increased sharply with the increase of S-omeprazole
roportion in physical mixture. The crystallinity indices were
alculated to be 1.81 and 1.18 for S- and R-omeprazole, respec-
ively (these values are relatively low as expected). For compar-
son purpose the change in Ic ratio is presented as a function of
he S-omeprazole content in physical mixture (Fig. 3).

The degree of crystallinity affects molecular vibration due
o the change in molecular symmetry. Since the symmetry of a

olecule is higher in the amorphous form, certain types of vibra-
ions are inactive in this form. In addition, variation in particle
ize can have a significant influence on the DRIFT measurements
23]. Defects in the microstructure, which are due to the prepara-
ion technique, may lead to spectral changes. Although grinding
an reduce the variation in particle size, in our case this was
voided because of the requirement to analyse directly the pow-

ered samples with minimal pretreatment. Results showed the
and intensity of R-omeprazole to be decreased due to increased
article size [24].

ig. 3. Ratio of the IR bands (Ic) as a function of the S-omeprazole content in
hysical mixtures.
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Fig. 4. Surface topographical images of compres

Samples were further studied using �TA (drug disks) and
y DSC (powder form) in order to further differentiate between
morphous and crystalline forms. �TA simultaneously acquires
nd display images of the sample’s topography, thermal con-
uctivity and thermal diffusivity. Subsequently, it can perform
differential surface thermal analysis and thermomechanical

nalysis on a micron scale within the sample. Initially the sam-
le disks were imaged using �TA (Fig. 4) so that the relevant
reas could be further selected for local thermal analysis.

Fig. 4 shows the topographical images, illustrating the differ-
nce of the disposition of S- and R-omeprazole on a surface. No
vidence of sample deformation or tip degradation was observed
uring imaging. The S-omeprazole image (100 �m × 100 �m)
learly shows the surface to be of closely packed uniform parti-
les and smoother than that of the surface of R-omeprazole. The
oughness was caused by the compaction of the powder par-
icles and by the deformation of particles under compression.
urface roughness was calculated by �TA Lab software (TA
nstruments) in terms of the percentage difference for the particle
eight distribution (Table 1). In the case of S-omeprazole 65%
f the surface height was up to 200 nm and 35% was from 200
o 300 nm. In the case of R-omeprazole 19% was up to 200 nm,
3% from 200 to 400 nm and remaining 18% was higher than
00 nm, which if compared to S-omeprazole gave a rough height
istribution. The fact that �TA measures roughness in a small
rea (104 �m2), should be taken into account.

Global measurements of the texture that is observed in an

mage can provide information about the size of the particles
25]. Smaller particles lead to finer textures and larger parti-
les to coarser textures, as described by Russ [26]. In order
o further explore the possibility of differentiating between the

c
t
p
e

able 1
eight distribution (as estimated by mTA) for compressed disks of R- and S-omepraz

meprazole

eight (nm) Average height Percent

200 54.7 18.3
200–250 110.0 36.8
250–300 76.7 25.6
300–350 31.7 10.6
350–400 9.3 3.1
400 13.0 4.4
isks of: (a) S-omeprazole and (b) R-omeprazole.

morphous and crystalline phases using thermal conductivity,
D topography and thermal conductivity images with corre-
ponding pixel intensity histograms of S- and R-omeprazole
ere considered and are presented in Figs. 5 and 6. The sur-

ace topography may have a profound effect on the thermal
onductivity signal resulting in peaks appearing as low con-
uctivity (dark) areas and troughs as high conductivity (light)
reas. Topographical images reveal only the quality of the sur-
ace after sample preparation. S- and R-omeprazole have visibly
ifferent topographical images with a mean roughness of 122
nd 201 nm, respectively. However, both isomers show similar
ultimodal height distribution, reflecting the fact that there is a

ystematic topographic differentiation in height within isomers
ue to the presence of amorphous and microcrystalline phases.
s expected the S-omeprazole histogram shows less roughness

nd thus better quality of the surface after sample preparation.
he thermal conductivity histograms show a clear monomodal
istribution, adding strength to the argument that we have only
ne compound present and that conductivity is not a simple
eflection of topography.

Localized thermal analysis measures surface thermal
esponses within an area of only a few square microns in direct
ontact with the surface. Changes in thermal conductivity across
he surface results in a different heat flow between the probe tip
nd sample. In addition to deflection data, the power level nec-
ssary to keep the heating rate constant (relatively to reference
robe) may be monitored for the endothermic transitions asso-

iated with melting and/or exothermic events related to glass
ransitions or crystallizations processes. The derivative of the
ower signal (dW/dt) is used to aid data analysis and to identify
xothermic and endothermic events (Fig. 7). These LTA were

ole

Esomeprazole

Height (nm) Average height Percent

<50 3.0 1.0
50–100 32.7 10.9

100–150 71.7 24.0
150–200 82.0 27.4
200–250 92.3 30.9

>250 14.0 4.7
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Fig. 5. S-Omeprazole: topography pixel image and therma

xamined and later compared with the bulk properties using
SC.
During LTA of both samples, a constant increase in power

onsumption is observed up to 151 ◦C (R-omeprazole) and
26 ◦C (S-omeprazole). A sharp decrease in power was recorded
ith the further heating. This is related to an exothermic event

nd probably to the total dehydration of the samples. Immedi-
tely after dehydration a sharp increase in power consumption
endothermic event) was evident and is related to melting at
160 ◦C for the R-form and at ∼156 ◦C for the S-form, respec-

ively. Further heating induced a sharp exothermic peak (at
67 ◦C) for R-omeprazole, higher in comparison to the peak at
round 165 ◦C for S-omeprazole, indicating a recrystallization
rocess.

In order to clarify the thermal stability of both omeprazole
orms, a detailed thermal history of both samples was examined
y applying a heating ramp of 0.5 ◦C min−1 (from 30 to 300 ◦C)
Fig. 8). It was noticeable that DSC did not observe thermal
eaks in the thermal range between 150 and 170 ◦C. The melt-

ng temperature could not be detected due to the predominant
morphous nature of the samples. However, degradation peaks
t 229.5 and 227 ◦C for R- and S-omeprazole sodium salts were
eproducible for both forms within experimental limits. These

o
a
w
f

ductivity image with corresponding intensity histograms.

eaks are assigned to degradation of omeprazole and are an indi-
ation that these sodium salts are more stable forms if this data
re compared to reported literature values [27,28] for the neutral
orm of omeprazole. Samples were cooled down, isothermally
eld at 30 ◦C for 30 min, than reheated to 300 ◦C (not shown). No
hermal changes could be detected meaning that thermal history
f the samples was completely removed.

The XRPDs for R- and S-omeprazole are presented in Fig. 9,
ith both enantiomers showing a low level of crystallinity as

onfirmed by DRIFT spectroscopy. These results also concur
ith the level of crystallinity and crystallinity indices as deter-
ined by DRIFT spectroscopy. The presence of an amorphous

raction within microcrystalline samples may result in notice-
bly different behaviour from that of a completely amorphous
aterial, particularly in terms of recrystallization, with recrystal-

ization being highly dependent on the molecular mobility of the
morphous phase. Current interest in pharmaceutical industry to
uantify the proportion of amorphous material is potentially mis-
eading, as the nature of such material may contribute equally

r to an even greater extent to product performance [29]. Our
ttempts are to quantify the proportion of amorphous material
ithin a microcrystalline phase, assuming that the amorphous

raction is essentially comparable to wholly amorphous material.
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ture, the amorphous component does not undergo the mobility
change of the microcrystalline component. Consequently, the
Fig. 6. R-Omeprazole: topography pixel image and therm

learly, in theory, an infinite number of amorphous states may
e generated under different experimental conditions. However,
or most pharmaceutical systems, there is a general acceptance

f the two-phase model of a semi-crystalline material containing
proportion of amorphous material. In such systems, molecular
obility is restrained to a greater extent than in the perfect amor-

hous state, thus exhibiting intermediate properties [11,30].

ig. 7. �TA (LTA) overlaid runs of S- and R-omeprazole for changes of deriva-
ive of power.

a
c

F
0

ductivity image with corresponding intensity histograms.

As the material is heated through the melting point tempera-
morphous fraction does not contribute to the heat capacity
hange at the glass transition leading to discrepancies between

ig. 8. DSC curves of R- and S-omeprazole forms (heating ramp of
.5 ◦C min−1).
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Fig. 9. Comparative XRPD of R- and S-omeprazole.

he degree of crystallinity calculated from the DSC results and
hat from the data obtained using IR spectroscopy [31].

. Conclusions

Literature report on the instability of omeprazole in an acidic
edium, to heat, moisture and light, necessitating the inclusion

f sodium bicarbonate in extemporaneously prepared liquid for-
ulations and storage at 5 ◦C limited to 30 days. S-Omeprazole
hen introduced onto the market produced efficacy at lower
oses and healing of oesophagitis in a greater percentage of
atients as compared to the racemate. It is important to under-
tand whether this is due to administration of the drug substance
s the pure enantiomer, the physical properties of this enantiomer
r both. Micronisation of a drug substance can improve dosage
orm characteristics by enhancing dissolution rates and hygro-
copicity and consequently increase bioavailability. Smaller and
ore uniform particle size of esomeprazole were evidenced in
EM photo, confirmed by XRPD and by the increase in the IR
and intensity and smoother surface of closely packed uniform
articles in the topographical image for S-omeprazole. Despite
hese differences the presence of an amorphous and microcrys-
alline phase was detected in both forms. Particle size reduction
rocesses commonly introduce amorphous domains that have
disproportional effect on physical stability. In the case of

meprazole introducing its sodium salts could solve this prob-
em. Higher degradation peaks measured with DSC, at 229.5 and
27 ◦C for R- and S-omeprazole sodium salts, indicated that the
odium salts are more stable forms if compared to reported liter-
ture values for the corresponding neutral form of omeprazole.
resentation of the results of these physical and thermal charac-

erisations of these forms highlighting their differences provides
he pharmaceutical scientists with insight into their bioavailabil-
ty and therapeutic efficacy.
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