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Abstract

Oleanolic acid is a naturally occurring compound used clinically in China for the treatment of hepatitis B. The solid-state chemistry of oleanolic
acid recrystallized from a variety of solvents was investigated. Glassy materials were prepared from dichloromethane and chloroform solvents.
The oleanolic acid non-solvate prepared from acetone (OA-acetone), and the two oleanolic acid solvates prepared from methanol (OA-methanol)
and ethanol (OA-ethanol) were physicochemically characterized. Upon desolvation, both the methanol and ethanol solvates were found to undergo
phase transformation to a crystalline phase similar to OA-acetone around 190-195 °C. The PXRD patterns of commercial pharmaceutical grade
OA and the OA-methanol were similar, so the commercial form is probably desolvated oleanolic acid methanol solvate.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Oleanolic acid (OA), a naturally occurring pentacyclic triter-
penoid (Fig. la), is a biologically active marker compound
commonly present in Chinese herbs such as Akebia trifoliata
(in Chinese, mu tong) and listed in the 2005 China Pharma-
copoeia. Pharmacological studies of OA have reported that it
offers hepatoprotection against chemically-induced liver injury
(Liu, 2005). The underlying mechanisms are possibly related to
anti-oxidant activity, anti-inflammatory action, and its induction
of metallothionein, a small cysteine-rich protein acting like glu-
tathione in the body’s defense against toxic insults (Liu, 2005).
In addition, it has been recently demonstrated that OA’s hep-
atoprotective action works at least in part through inhibiting the
liver’s mitochondrial permeability transition (Tang et al., 2005).
OA in tablet form is available in China over the counter as a
health supplement. Clinically, it has been used in the treatment
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of hepatitis, and as an adjunct therapy to prevent hepatotoxicity
induced by anti-tuberculous medications such as isoniazid and
pyrazinamide (Wang, 2003; Chen et al., 2005).

Being hydrophobic (Fig. 1a), OA exhibits solubility prob-
lems. Pharmaceutical grade OA does not dissolve to a detectable
level (<1 pg/ml by HPLC) in buffer solutions (at pH 1 or 7) after
120 min at 37 °C (unpublished data). Due to poor absorption and
extensive metabolic clearance, OA has an absolute bioavailabil-
ity in rats of only 0.7% at oral doses of 25 and 50 mg/kg (Jeong
etal.,2007). In a human pharmacokinetic study of OA capsules,
Tmax Was reported to be 5.2 h, indicating that OA is not released
immediately (Song et al., 2006). The potential therapeutic bene-
fits of OA are widely known, but there has not been any detailed
investigation of the solid-state properties which may account
for its poor aqueous solubility and oral absorption. The present
study aimed to prepare different crystalline forms of OA by sol-
vent recrystallization and to characterize them using established
solid-state techniques. The objective was to gain a better under-
standing of the solid-state behavior of OA which might enable
the development of a more consistent and efficacious OA oral
formulation.
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Fig. 1. Chemical structure of (a) oleanolic acid; (b) glycyrrhetinic acid.

2. Materials and methods
2.1. Materials

Pharmaceutical grade OA raw material (OA-RW)
(purity > 95%) was purchased from International Labora-
tory, San Bruno, USA. Standard OA (minimum purity 97%)
was purchased from Sigma, USA, and a glycyrrhetinic acid
standard was obtained from the China’s National Institute
for the Control of Pharmaceutical and Biological Products.
The standards were used without further purification. All the
methanol, absolute ethanol, dichloromethane, chloroform,
acetonitrile and acetone used were of either analytical or HPLC
grade. Sodium dodecyl sulphate was purchased from USB
Corporation, USA. All the water used was double distilled.

2.2. Preparation of OA through solvent recrystallization

OA samples were prepared using cold crystallization or sol-
vent evaporation methods. In the cold crystallization method,
OA-RW powder was dissolved in an appropriate organic sol-
vent at a temperature close to the boiling point of the solvent,
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Fig. 2. (a) UV spectrum of oleanolic acid in absolute ethanol; (b) HPLC chro-
matogram in oleanolic acid assay.

and the solution was then cooled within a few hours down
to 4 °C. In the solvent evaporation method, OA-RW was dis-
solved in an appropriate organic solvent at room temperature,
and the solution was then allowed to evaporate at room temper-
ature in a dark place for several weeks until visual examination
showed that it was dry. In both methods, the OA was then har-
vested by filtration and dried on the filter paper with minimal
trituration.

2.3. UV and HPLC characterization of oleanolic acid

The UV spectrum of oleanolic acid in absolute ethanol at
60 png/ml was recorded using a DU-640 UV/vis spectrometer
from Beckman Coulter, USA (Fig. 2a). The HPLC analysis of
the oleanolic acid followed the protocol reported by Chen et
al. (2003), with slight modifications. The analysis employed an
Agilent 1100 series HPLC system, a 250 mm x 4.6 mm Agilent
5 wm Zorbax SB-CI18 column, and a photodiode array detec-
tor (DAD) scanning the 190-400 nm range. Injection volume
was 20 pl. The mobile phase was composed of acetonitrile and
0.5% phosphoric acid (85:15). It was eluted isocratically at a
flow rate of 1.0mlmin~!. The wavelength chosen for oleano-
lic acid quantification was 204 nm. Glycyrrhetinic acid, with a
chemical structure similar to oleanolic acid (Fig. 1b), was used
as an internal standard at 15-32 pg/ml. The glycyrrhetinic acid
and oleanolic acid eluted as two distinct peaks with retention
times of 6.9 min and 12.7 min, respectively (Fig. 2b). A calibra-
tion curve based on the AUC ratio between oleanolic acid and
glycyrrhetinic acid had excellent linearity (R>>0.9994). The
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detection limit for oleanolic acid using this HPL.C protocol was
1 wg/ml.

2.4. GC analysis of oleanolic acid solvates

The methanol and ethanol content of the OA samples were
measured using gas chromatography (Model 5890, Series II,
Hewlett Packard, USA). The gases were sampled with a Hewlett
Packard headspace sampler (Hewlett Packard). The injection
volume was 10 ul, The oven, injector and detector tempera-
tures were maintained at 120, 250 and 280 °C, respectively.
The carrier gas was helium at a flow rate of 1 wl/min. The
methanol and ethanol target peaks were calibrated in the
range of 0.5-20 pl. Excellent linearity was observed (methanol:
R?>0.9998:; ethanol: R? > 0.9999). The samples were heated to
150 °C and equilibrated for 30 min before injection. All mea-
surements were in triplicate from three independent samples.

2.5. Powder X-ray diffractometry (PXRD) and
variable-temperature powder X-ray diffractometry
(VI-PXRD)

The oleanolic acid samples were packed into sample hold-
ers. All the samples studied were fine enough to allow direct
PXRD without the need for trituration. The PXRD patterns were
recorded with a Philips powder X-ray diffraction system, Model
PW 1830, using a 3kW Cu anode (A =1.540562 A) over a 20
interval of 5.0-30.0°. The step size was 0.05°, with a counting
time of 2s. VI-PXRD patterns were recorded using a Panalyti-
cal, X’pert Pro diffractometer with an ultra-fast X-ray detector
(Model: X’celerator). The measurements were carried out with
Cu Ka radiation (A =1.540562 A) at 40kV and 40 mA. The
scanning was conducted in continuous mode over a 26 range
from 5.0° to 30.0° in increments of 0.033°. Once a vacuum had
been established inside the sample chamber, VT-PXRD patterns
were obtained at every 15 °C increment from 30 to 180 °C.

2.6. Thermal analysis

Thermogravimetric (TGA) analysis was performed in an
open pan using a PerkinElmer TGA 7 thermogravimetric
analyzer with a TAC7/DX thermal analysis controller. Approxi-
mately 10 mg of the material (accurately weighed) was scanned
at 10°Cmin~! from 50 to 400 °C.

Differential scanning calorimetry (DSC) was performed
using a PerkinElmer Pyris 1 differential scanning calorime-
ter (with Pyris Manager software). Indium (7, =156.6°C;
AH;=2845Jg~ ") was used for calibration. Accurately
weighed samples (1.5-2.0mg) were placed in hermetically
sealed aluminum pans with pinholes and scanned at 10 °C min~!
under nitrogen purge.

2.7. Variable temperature Fourier-transform infrared
(VI-FTIR) spectroscopy

Reflectance spectra from powdered samples were recorded
using a PerkinElmer Spectrum BX Fourier transform infrared

spectrometer (PerkinElmer, Beaconsfield, Buckinghamshire,
UK) with a self-fabricated temperature controlled sample holder
which was able to maintain temperatures between room temper-
ature and 90 °C with a precision of £0.5 °C. Sixteen scans were
performed on each sample. The resolution was 4 cm™!. After
equilibrating to 25 °C over 10 min, the samples were scanned
from 4000 to 400cm™! in intervals of 2cm~!. The tempera-
ture was then increased at 10 K min—! to 90 °C, and the samples
were scanned again with the same conditions after equilibrating
to 90 °C over 10 min.

2.8. Powder dissolution

8.5 + 0.2 mg of the recrystallized oleanolic acid was added to
200 ml of water containing 1% (w/v) sodium lauryl sulphate in
an amber glass bottle in a D-91126 shaking water bath (Schwa-
hach FRG, Germany) protected from light. The temperature was
controlled at 37.0 £ 0.5 °C, and the agitation speed was set at
100 rpm. At appropriate time intervals, 2 ml samples were with-
drawn, filtered with a 0.22 pum membrane filter, and assayed
using HPLC. The samples were also subjected to PXRD to mon-
itor any potential phase transformation. All data points were
triplicated.

2.9. Specific surface area

Specific surface area was determined by BET nitrogen
adsorption using an Autosorb-1 Series surface area analyzer
(Quantachrome, USA). The samples were placed in glass sam-
ple holders and outgassed with helium at 40 °C for 12 h before
analysis. Nitrogen was used as the adsorbate, and 11 BET points
were recorded as the specific surface area of the sample. PXRD
measurements confirmed that no phase transformation occurred
during the specific surface area determination.

2.10. Scanning electron microscopy

The morphology of the oleanolic acid samples was character-
ized using scanning electron microscopy (Model: JSM 6300F,
JEOL, Japan) at 15,000 x magnification.

3. Results and discussion

A transparent glassy material was obtained with either
dichloromethane or chloroform as the solvent in both cold crys-
tallization and solvent evaporation. Needle-shaped crystals were
obtained when methanol, ethanol, acetone or acetonitrile was
the solvent. SEM examination revealed that the OA-RW was
in the form of fine, prismatic crystals, while the OA recrystal-
lized from methanol, ethanol or acetone had fine needle-shaped
crystals (Fig. 3A-D). This corresponds to the description of
oleanolic acid in the Merck Index, which states that fine nee-
dles can be obtained from alcoholic solutions (Neil et al., 2001).
The PXRD patterns of OA samples crystallized by fast cooling
from chloroform or dichloromethane exhibited distinct “halo”
patterns, indicating an amorphous nature (Fig. 4). In Fig. 4, three
crystalline forms can be identified, corresponding to OA-RW
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Fig. 3. SEM photographs of oleanolic acid samples: raw material (A), methanol solvate (B), ethanol solvate (C), and non-solvate (D).

and OA recrystallized from methanol, OA recrystallized from
ethanol, and OA recrystallized from acetone or acetonitrile. Sim-
ilar PXRD patterns were observed in OA samples recrystallized
by slow evaporation from various organic solvents (data not
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Fig. 4. PXRD patterns of oleanolic acid samples crystallized by fast cooling method under different solvent systems.
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Fig. 5. DSC and TGA curves of (a) oleanolic acid raw material; (b) oleanolic acid methanol solvate; (c) oleanolic acid ethanol solvate; (d) oleanolic acid non-solvate.

and acetone, (OA-methanol, OA-ethanol and OA-acetone) were
then subjected to further physicochemical characterization. The
DSC and TGA curves of OA-RW and OA-methanol showed
similar patterns (Fig. 5a and b). The first endothermic peak
was around 100-115°C (OA-RW: 103.43 °C; OA-methanol:
112.28 °C), with concomitant weight loss of 0.7% (w/w) and
1.1% (w/w) in the TGA for OA-RW and OA-methanol, respec-
tively. The first endothermic peak was followed by an exothermic
peak around 190-195 °C (OA-RW: 194.23 °C; OA-methanol:
193.83°C), and a second, sharp endothermic peak around
310-313°C (OA-RW: 310.83 °C; OA-methanol: 312.57°C).
No further weight loss was observed after the endothermic peak
around 100-115 °C until the second endothermic peak around
310-313 °C (Fig. 5a and b). For OA-ethanol, the first endother-
mic peak at 73.04 °C was much broader than those of OA-RW
and OA-methanol (Fig. 5c¢). The concomitant loss was 4.7%
(w/w). The exothermic peak was at 198.25 °C, and a second,
sharp endothermic peak appeared at 312.13 °C (Fig. 5c¢). For
OA-acetone, no thermal event was observed until an endother-
mic peak at 311.023 °C, and weight loss was observed only
after the endothermic transition (Fig. 5d). All these observations
suggest that OA-acetone was a non-solvate crystalline form of
OA.

VT-PXRD is a valuable tool for evaluating thermal events
in crystalline materials. VI-PXRD patterns for OA-RW, OA-
methanol, OA-ethanol and OA-acetone are shown in Fig. 6a—d.
As the vacuum was applied inside the VI-PXRD sample cham-

ber, temperature shifts appeared compared with the thermal
analysis data. In OA-RW, OA-methanol and OA-ethanol, a
phase transformation was evident between 30 and 150 °C. All
three of these crystalline materials had the same structure as OA-
acetone after the exothermic peak around 195 °C (Fig. 6a—d),
indicating that recrystallization into the non-solvate form was
responsible for the exothermic events evident in the DSC curves
(Fig. 5a—c). In addition, the absence of any weight loss during
the TGA of OA-acetone (Fig. 5d), together with the fact that the
HPLC-determined fraction of oleanolic acid in the OA-acetone
was 105.54+3.5% (w/w), further confirmed that OA-acetone
must be a non-solvate crystal.

The OA content of the OA-methanol and OA-ethanol were
89.6 £3.0% (w/w) and 96.2+3.8% (w/w), respectively, as
determined by HPLC. GC revealed that the methanol and ethanol
contents of the OA-methanol and OA-ethanol were 4.3% (w/w)
and 7.4%, respectively, which is larger than the weight loss
evident in the TGA curves. The apparent difference between
the TGA and GC results is probably due to the equilibration
procedure during the TGA runs, where adsorbed methanol and
ethanol may have become desorbed under the continuous flow
of dry nitrogen gas at 50 mlmin~!. There should, in contrast,
have been minimal evaporation during the GC analyses. After
air drying for 1 month in a dark chamber at room temperature,
the ethanol content of the OA-ethanol had dropped from 7.4
to 0.9%, but its PXRD pattern remained unchanged (data not
shown). OA-methanol showed the same behavior.
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Given their distinctive PXRD patterns, the endothermic peaks
around 100-115 °C in the DSC curves, the decrease in weight
during TGA analysis, and the data from the HPLC and GC
assays, it is evident that OA-methanol and OA-ethanol should be
oleanolic solvates, though the stoichiometric ratio could not be
readily determined in this study. Both desolvated OA-methanol
and OA-ethanol were quite stable at room temperature, but they
readily made a solid-state transformation to the same crystalline
structure as OA-acetone at elevated temperatures, as evidenced
in both the VI-PXRD patterns and the thermal analysis results.
Compared with OA-methanol, the desolvation endothermic peak
in the DSC curve of OA-ethanol was shallower and broader, sug-

gesting that ethanol was less tightly bound inside the solvate than
methanol.
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Fig. 6. VT-PXRD patterns for (a) oleanolic acid raw material; (b) oleanolic acid methanol solvate; (c) oleanolic acid ethanol solvate; (d) oleanolic acid non-solvate

The oleanolic acid content of the OA-RW was 104.6 +3.2%
(w/w) according to the HPLC results. The methanol content was
undetectable by GC. The pharmaceutical grade material may
have been prepared through methanol crystallization, followed
by special treatment to remove any residual methanol, vacuum
drying perhaps. Therefore, OA—RW could in fact be the desol-
vated oleanolic acid methanol solvate. Careful examination of
its PXRD pattern (Fig. 6a) revealed that there were also some
amorphous domains in the material.

The FTIR spectra of the OA—RW, OA-methanol, OA-ethanol
and OA-acetone at room temperature are shown in Fig. 7a.
The differences in the hydroxyl group region between 2800
and 3800cm~! and carbonyl group region around 1700 cm™!
suggest significant differences in inter- and intra- molecular
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Fig. 7. (a) FTIR spectra of various oleanolic acid samples at 25 °C; (b) FTIR
spectra of oleanolic acid ethanol solvate at 25 and 90 °C.

hydrogen bonding networks in the crystal matrix, particularly
for the functional groups —OH, C=0 and —COOH (Fig. 1a).
Residual solvent molecules adsorbed on the crystal surface
should have minimal impact on the FTIR spectra, as the FTIR
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Fig. 8. Powder dissolution study for various oleanolic acid samples.

spectra at 90 °C were similar to those at room temperature,
except for OA-ethanol (Fig. 7b). A number of important
peak shifts were observed from 25 to 90 °C in OA-ethanol:
3395.5cm ! —34484cm~!; 32229cm! — 3291.4cm~!;
1681.9cm™! — 1692.2cm™!;  1034.1cm™! — 1027.2cm™!,
corresponding to internal crystal structure rearrangements. If
higher temperatures could be reached in VI-FTIR, further peak
shifts might be observed.

As mentioned before, the OA-RW did not show any
detectable solubility (<1 wg/ml by HPLC) in buffer solutions
(at pH 1 and 7) after 120min at 37°C. Hence, 1% sodium
lauryl sulphate in distilled water was used as the medium for
both powder dissolution studies. The powder dissolution pro-
files are shown in Fig. 8. Both intrinsic and intrinsic dissolution
rates of OA—-RW were obviously faster than those of the other
materials. Its higher specific surface area could be the reason
(Table 1). In addition, changes in PXRD patterns are evident
in OA—RW after dissolution (Fig. 9). There was a decrease of
crystallinity evident in the PXRD patterns of OA-RW after
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Fig. 9. PXRD patterns of OA-raw material before and after dissolution study.
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Specific surface area, initial and intrinsic dissolution rates of oleanolic acid samples

Initial dissolution rate (g ml~! min~1)

Intrinsic dissolution rate (g min~! cm_z)

Sample Specific surface area (m? g=')

OA-raw material 35.47 3.368 (0.317)
OA-methanol 5.11 0.187 (0.007)
OA-ethanol 6.78 0.062 (0.015)
OA-acetone 13.98 0.111 (0.037)

0.221 (0.021)
0.088 (0.003)
0.021 (0.005)
0.019 (0.006)

the solubility study (Fig. 9), explaining the distinctive pow-
der dissolution profile of OA-RW. The observed difference in
OA-RW and OA-methanol is probably due to difference in crys-
tallinity in the samples. For the other crystal forms, methanol
and ethanol solvates show higher intrinsic dissolution rates
than the non-solvated form because of the favorable reduction
in free energy through the mixing of methanol/ethanol with
water.

4. Conclusions

An oleanolic acid non-solvate, methanol solvate and ethanol
solvate have been prepared and characterized. The pharma-
ceutical grade oleanolic acid raw material is likely to have
been a desolvated methanol solvate. Solid-state transitions
of both the methanol and ethanol solvates have also been
demonstrated.
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