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bstract

Oleanolic acid is a naturally occurring compound used clinically in China for the treatment of hepatitis B. The solid-state chemistry of oleanolic
cid recrystallized from a variety of solvents was investigated. Glassy materials were prepared from dichloromethane and chloroform solvents.

he oleanolic acid non-solvate prepared from acetone (OA-acetone), and the two oleanolic acid solvates prepared from methanol (OA-methanol)
nd ethanol (OA-ethanol) were physicochemically characterized. Upon desolvation, both the methanol and ethanol solvates were found to undergo
hase transformation to a crystalline phase similar to OA-acetone around 190–195 ◦C. The PXRD patterns of commercial pharmaceutical grade
A 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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. Introduction

Oleanolic acid (OA), a naturally occurring pentacyclic triter-
enoid (Fig. 1a), is a biologically active marker compound
ommonly present in Chinese herbs such as Akebia trifoliata
in Chinese, mu tong) and listed in the 2005 China Pharma-
opoeia. Pharmacological studies of OA have reported that it
ffers hepatoprotection against chemically-induced liver injury
Liu, 2005). The underlying mechanisms are possibly related to
nti-oxidant activity, anti-inflammatory action, and its induction
f metallothionein, a small cysteine-rich protein acting like glu-
athione in the body’s defense against toxic insults (Liu, 2005).
n addition, it has been recently demonstrated that OA’s hep-
toprotective action works at least in part through inhibiting the

iver’s mitochondrial permeability transition (Tang et al., 2005).
A in tablet form is available in China over the counter as a
ealth supplement. Clinically, it has been used in the treatment
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f hepatitis, and as an adjunct therapy to prevent hepatotoxicity
nduced by anti-tuberculous medications such as isoniazid and
yrazinamide (Wang, 2003; Chen et al., 2005).

Being hydrophobic (Fig. 1a), OA exhibits solubility prob-
ems. Pharmaceutical grade OA does not dissolve to a detectable
evel (<1 �g/ml by HPLC) in buffer solutions (at pH 1 or 7) after
20 min at 37 ◦C (unpublished data). Due to poor absorption and
xtensive metabolic clearance, OA has an absolute bioavailabil-
ty in rats of only 0.7% at oral doses of 25 and 50 mg/kg (Jeong
t al., 2007). In a human pharmacokinetic study of OA capsules,
max was reported to be 5.2 h, indicating that OA is not released

mmediately (Song et al., 2006). The potential therapeutic bene-
ts of OA are widely known, but there has not been any detailed

nvestigation of the solid-state properties which may account
or its poor aqueous solubility and oral absorption. The present
tudy aimed to prepare different crystalline forms of OA by sol-
ent recrystallization and to characterize them using established

olid-state techniques. The objective was to gain a better under-
tanding of the solid-state behavior of OA which might enable
he development of a more consistent and efficacious OA oral
ormulation.

mailto:keckchan@ust.hk
dx.doi.org/10.1016/j.ijpharm.2007.12.005
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Fig. 1. Chemical structure of (a) oleanolic acid; (b) glycyrrhetinic acid.

. Materials and methods

.1. Materials

Pharmaceutical grade OA raw material (OA–RW)
purity ≥ 95%) was purchased from International Labora-
ory, San Bruno, USA. Standard OA (minimum purity 97%)
as purchased from Sigma, USA, and a glycyrrhetinic acid

tandard was obtained from the China’s National Institute
or the Control of Pharmaceutical and Biological Products.
he standards were used without further purification. All the
ethanol, absolute ethanol, dichloromethane, chloroform,

cetonitrile and acetone used were of either analytical or HPLC
rade. Sodium dodecyl sulphate was purchased from USB
orporation, USA. All the water used was double distilled.

.2. Preparation of OA through solvent recrystallization
OA samples were prepared using cold crystallization or sol-
ent evaporation methods. In the cold crystallization method,
A–RW powder was dissolved in an appropriate organic sol-
ent at a temperature close to the boiling point of the solvent,

a
t
t
g

ig. 2. (a) UV spectrum of oleanolic acid in absolute ethanol; (b) HPLC chro-
atogram in oleanolic acid assay.

nd the solution was then cooled within a few hours down
o 4 ◦C. In the solvent evaporation method, OA–RW was dis-
olved in an appropriate organic solvent at room temperature,
nd the solution was then allowed to evaporate at room temper-
ture in a dark place for several weeks until visual examination
howed that it was dry. In both methods, the OA was then har-
ested by filtration and dried on the filter paper with minimal
rituration.

.3. UV and HPLC characterization of oleanolic acid

The UV spectrum of oleanolic acid in absolute ethanol at
0 �g/ml was recorded using a DU-640 UV/vis spectrometer
rom Beckman Coulter, USA (Fig. 2a).The HPLC analysis of
he oleanolic acid followed the protocol reported by Chen et
l. (2003), with slight modifications. The analysis employed an
gilent 1100 series HPLC system, a 250 mm × 4.6 mm Agilent
�m Zorbax SB-C18 column, and a photodiode array detec-

or (DAD) scanning the 190–400 nm range. Injection volume
as 20 �l. The mobile phase was composed of acetonitrile and
.5% phosphoric acid (85:15). It was eluted isocratically at a
ow rate of 1.0 ml min−1. The wavelength chosen for oleano-

ic acid quantification was 204 nm. Glycyrrhetinic acid, with a
hemical structure similar to oleanolic acid (Fig. 1b), was used
s an internal standard at 15–32 �g/ml. The glycyrrhetinic acid

nd oleanolic acid eluted as two distinct peaks with retention
imes of 6.9 min and 12.7 min, respectively (Fig. 2b). A calibra-
ion curve based on the AUC ratio between oleanolic acid and
lycyrrhetinic acid had excellent linearity (R2 > 0.9994). The
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etection limit for oleanolic acid using this HPLC protocol was
�g/ml.

.4. GC analysis of oleanolic acid solvates

The methanol and ethanol content of the OA samples were
easured using gas chromatography (Model 5890, Series II,
ewlett Packard, USA). The gases were sampled with a Hewlett
ackard headspace sampler (Hewlett Packard). The injection
olume was 10 �l, The oven, injector and detector tempera-
ures were maintained at 120, 250 and 280 ◦C, respectively.
he carrier gas was helium at a flow rate of 1 �l/min. The
ethanol and ethanol target peaks were calibrated in the

ange of 0.5–20 �l. Excellent linearity was observed (methanol:
2 > 0.9998; ethanol: R2 > 0.9999). The samples were heated to
50 ◦C and equilibrated for 30 min before injection. All mea-
urements were in triplicate from three independent samples.

.5. Powder X-ray diffractometry (PXRD) and
ariable-temperature powder X-ray diffractometry
VT-PXRD)

The oleanolic acid samples were packed into sample hold-
rs. All the samples studied were fine enough to allow direct
XRD without the need for trituration. The PXRD patterns were
ecorded with a Philips powder X-ray diffraction system, Model
W 1830, using a 3 kW Cu anode (λ = 1.540562 Å) over a 2θ

nterval of 5.0–30.0◦. The step size was 0.05◦, with a counting
ime of 2 s. VT-PXRD patterns were recorded using a Panalyti-
al, X’pert Pro diffractometer with an ultra-fast X-ray detector
Model: X’celerator). The measurements were carried out with
u K� radiation (λ = 1.540562 Å) at 40 kV and 40 mA. The

canning was conducted in continuous mode over a 2θ range
rom 5.0◦ to 30.0◦ in increments of 0.033◦. Once a vacuum had
een established inside the sample chamber, VT-PXRD patterns
ere obtained at every 15 ◦C increment from 30 to 180 ◦C.

.6. Thermal analysis

Thermogravimetric (TGA) analysis was performed in an
pen pan using a PerkinElmer TGA 7 thermogravimetric
nalyzer with a TAC7/DX thermal analysis controller. Approxi-
ately 10 mg of the material (accurately weighed) was scanned

t 10 ◦C min−1 from 50 to 400 ◦C.
Differential scanning calorimetry (DSC) was performed

sing a PerkinElmer Pyris 1 differential scanning calorime-
er (with Pyris Manager software). Indium (Tm = 156.6 ◦C;

Hf = 28.45 J g−1) was used for calibration. Accurately
eighed samples (1.5–2.0 mg) were placed in hermetically

ealed aluminum pans with pinholes and scanned at 10 ◦C min−1

nder nitrogen purge.

.7. Variable temperature Fourier-transform infrared

VT-FTIR) spectroscopy

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

T
f
p
c
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pectrometer (PerkinElmer, Beaconsfield, Buckinghamshire,
K) with a self-fabricated temperature controlled sample holder
hich was able to maintain temperatures between room temper-

ture and 90 ◦C with a precision of ±0.5 ◦C. Sixteen scans were
erformed on each sample. The resolution was 4 cm−1. After
quilibrating to 25 ◦C over 10 min, the samples were scanned
rom 4000 to 400 cm−1 in intervals of 2 cm−1. The tempera-
ure was then increased at 10 K min−1 to 90 ◦C, and the samples
ere scanned again with the same conditions after equilibrating

o 90 ◦C over 10 min.

.8. Powder dissolution

8.5 ± 0.2 mg of the recrystallized oleanolic acid was added to
00 ml of water containing 1% (w/v) sodium lauryl sulphate in
n amber glass bottle in a D-91126 shaking water bath (Schwa-
ach FRG, Germany) protected from light. The temperature was
ontrolled at 37.0 ± 0.5 ◦C, and the agitation speed was set at
00 rpm. At appropriate time intervals, 2 ml samples were with-
rawn, filtered with a 0.22 �m membrane filter, and assayed
sing HPLC. The samples were also subjected to PXRD to mon-
tor any potential phase transformation. All data points were
riplicated.

.9. Specific surface area

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

uring the specific surface area determination.

.10. Scanning electron microscopy

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

. Results and discussion

A transparent glassy material was obtained with either
ichloromethane or chloroform as the solvent in both cold crys-
allization and solvent evaporation. Needle-shaped crystals were
btained when methanol, ethanol, acetone or acetonitrile was
he solvent. SEM examination revealed that the OA–RW was
n the form of fine, prismatic crystals, while the OA recrystal-
ized from methanol, ethanol or acetone had fine needle-shaped
rystals (Fig. 3A–D). This corresponds to the description of
leanolic acid in the Merck Index, which states that fine nee-
les can be obtained from alcoholic solutions (Neil et al., 2001).

he PXRD patterns of OA samples crystallized by fast cooling

rom chloroform or dichloromethane exhibited distinct “halo”
atterns, indicating an amorphous nature (Fig. 4). In Fig. 4, three
rystalline forms can be identified, corresponding to OA–RW
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Fig. 3. SEM photographs of oleanolic acid samples: raw materia
nd OA recrystallized from methanol, OA recrystallized from
thanol, and OA recrystallized from acetone or acetonitrile. Sim-
lar PXRD patterns were observed in OA samples recrystallized
y slow evaporation from various organic solvents (data not
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Fig. 4. PXRD patterns of oleanolic acid samples crystallized
methanol solvate (B), ethanol solvate (C), and non-solvate (D).
hown). To the best of our knowledge, the solid-state charac-
eristics of oleanolic acid have not previously been reported.

The OA–RW and the three newly discovered crystalline mate-
ials prepared by cold crystallization from methanol, ethanol

by fast cooling method under different solvent systems.
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ig. 5. DSC and TGA curves of (a) oleanolic acid raw material; (b) oleanolic aci

nd acetone, (OA-methanol, OA-ethanol and OA-acetone) were
hen subjected to further physicochemical characterization. The
SC and TGA curves of OA–RW and OA-methanol showed

imilar patterns (Fig. 5a and b). The first endothermic peak
as around 100–115 ◦C (OA–RW: 103.43 ◦C; OA-methanol:
12.28 ◦C), with concomitant weight loss of 0.7% (w/w) and
.1% (w/w) in the TGA for OA–RW and OA-methanol, respec-
ively. The first endothermic peak was followed by an exothermic
eak around 190–195 ◦C (OA–RW: 194.23 ◦C; OA-methanol:
93.83 ◦C), and a second, sharp endothermic peak around
10–313 ◦C (OA–RW: 310.83 ◦C; OA-methanol: 312.57 ◦C).
o further weight loss was observed after the endothermic peak

round 100–115 ◦C until the second endothermic peak around
10–313 ◦C (Fig. 5a and b). For OA-ethanol, the first endother-
ic peak at 73.04 ◦C was much broader than those of OA–RW

nd OA-methanol (Fig. 5c). The concomitant loss was 4.7%
w/w). The exothermic peak was at 198.25 ◦C, and a second,
harp endothermic peak appeared at 312.13 ◦C (Fig. 5c). For
A-acetone, no thermal event was observed until an endother-
ic peak at 311.023 ◦C, and weight loss was observed only

fter the endothermic transition (Fig. 5d). All these observations
uggest that OA-acetone was a non-solvate crystalline form of
A.
VT-PXRD is a valuable tool for evaluating thermal events
n crystalline materials. VT-PXRD patterns for OA–RW, OA-

ethanol, OA-ethanol and OA-acetone are shown in Fig. 6a–d.
s the vacuum was applied inside the VT-PXRD sample cham-

a
t
t
s

hanol solvate; (c) oleanolic acid ethanol solvate; (d) oleanolic acid non-solvate.

er, temperature shifts appeared compared with the thermal
nalysis data. In OA–RW, OA-methanol and OA-ethanol, a
hase transformation was evident between 30 and 150 ◦C. All
hree of these crystalline materials had the same structure as OA-
cetone after the exothermic peak around 195 ◦C (Fig. 6a–d),
ndicating that recrystallization into the non-solvate form was
esponsible for the exothermic events evident in the DSC curves
Fig. 5a–c). In addition, the absence of any weight loss during
he TGA of OA-acetone (Fig. 5d), together with the fact that the
PLC-determined fraction of oleanolic acid in the OA-acetone
as 105.5 ± 3.5% (w/w), further confirmed that OA-acetone
ust be a non-solvate crystal.
The OA content of the OA-methanol and OA-ethanol were

9.6 ± 3.0% (w/w) and 96.2 ± 3.8% (w/w), respectively, as
etermined by HPLC. GC revealed that the methanol and ethanol
ontents of the OA-methanol and OA-ethanol were 4.3% (w/w)
nd 7.4%, respectively, which is larger than the weight loss
vident in the TGA curves. The apparent difference between
he TGA and GC results is probably due to the equilibration
rocedure during the TGA runs, where adsorbed methanol and
thanol may have become desorbed under the continuous flow
f dry nitrogen gas at 50 ml min−1. There should, in contrast,
ave been minimal evaporation during the GC analyses. After

ir drying for 1 month in a dark chamber at room temperature,
he ethanol content of the OA-ethanol had dropped from 7.4
o 0.9%, but its PXRD pattern remained unchanged (data not
hown). OA-methanol showed the same behavior.
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ig. 6. VT-PXRD patterns for (a) oleanolic acid raw material; (b) oleanolic acid

Given their distinctive PXRD patterns, the endothermic peaks
round 100–115 ◦C in the DSC curves, the decrease in weight
uring TGA analysis, and the data from the HPLC and GC
ssays, it is evident that OA-methanol and OA-ethanol should be
leanolic solvates, though the stoichiometric ratio could not be
eadily determined in this study. Both desolvated OA-methanol
nd OA-ethanol were quite stable at room temperature, but they
eadily made a solid-state transformation to the same crystalline
tructure as OA-acetone at elevated temperatures, as evidenced
n both the VT-PXRD patterns and the thermal analysis results.

ompared with OA-methanol, the desolvation endothermic peak

n the DSC curve of OA-ethanol was shallower and broader, sug-
esting that ethanol was less tightly bound inside the solvate than
ethanol.

a
T
a
s

anol 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
ndetectable by GC. The pharmaceutical grade material may
ave been prepared through methanol crystallization, followed
y special treatment to remove any residual methanol, vacuum
rying perhaps. Therefore, OA–RW could in fact be the desol-
ated oleanolic acid methanol solvate. Careful examination of
ts PXRD pattern (Fig. 6a) revealed that there were also some
morphous domains in the material.

The FTIR spectra of the OA–RW, OA-methanol, OA-ethanol

nd OA-acetone at room temperature are shown in Fig. 7a.
he differences in the hydroxyl group region between 2800
nd 3800 cm−1 and carbonyl group region around 1700 cm−1

uggest significant differences in inter- and intra- molecular
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ig. 7. (a) FTIR spectra of various oleanolic acid samples at 25 ◦C; (b) FTIR
pectra of oleanolic acid ethanol solvate at 25 and 90 ◦C.
ydrogen bonding networks in the crystal matrix, particularly
or the functional groups OH, C O and COOH (Fig. 1a).
esidual solvent molecules adsorbed on the crystal surface

hould have minimal impact on the FTIR spectra, as the FTIR
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Fig. 9. PXRD patterns of OA-raw materia
Fig. 8. Powder dissolution study for various oleanolic acid samples.

pectra at 90 ◦C were similar to those at room temperature,
xcept for OA-ethanol (Fig. 7b). A number of important
eak shifts were observed from 25 to 90 ◦C in OA-ethanol:
395.5 cm−1 → 3448.4 cm−1; 3222.9 cm−1 → 3291.4 cm−1;
681.9 cm−1 → 1692.2 cm−1; 1034.1 cm−1 → 1027.2 cm−1,
orresponding to internal crystal structure rearrangements. If
igher temperatures could be reached in VT-FTIR, further peak
hifts might be observed.

As mentioned before, the OA–RW did not show any
etectable solubility (<1 �g/ml by HPLC) in buffer solutions
at pH 1 and 7) after 120 min at 37 ◦C. Hence, 1% sodium
auryl sulphate in distilled water was used as the medium for
oth powder dissolution studies. The powder dissolution pro-
les are shown in Fig. 8. Both intrinsic and intrinsic dissolution
ates of OA–RW were obviously faster than those of the other

aterials. Its higher specific surface area could be the reason

Table 1). In addition, changes in PXRD patterns are evident
n OA–RW after dissolution (Fig. 9). There was a decrease of
rystallinity evident in the PXRD patterns of OA–RW after

l before and after dissolution study.
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Table 1
Specific surface area, initial and intrinsic dissolution rates of oleanolic acid samples

Sample Specific surface area (m2 g−1) Initial dissolution rate (�g ml−1 min−1) Intrinsic dissolution rate (�g min−1 cm−2)

OA-raw material 35.47 3.368 (0.317) 0.221 (0.021)
O 07)
O 15)
O 37)

t
d
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t
a
t
i
w

4
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p
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A-methanol 5.11 0.187 (0.0
A-ethanol 6.78 0.062 (0.0
A-acetone 13.98 0.111 (0.0

he solubility study (Fig. 9), explaining the distinctive pow-
er dissolution profile of OA–RW. The observed difference in
A–RW and OA-methanol is probably due to difference in crys-

allinity in the samples. For the other crystal forms, methanol
nd ethanol solvates show higher intrinsic dissolution rates
han the non-solvated form because of the favorable reduction
n free energy through the mixing of methanol/ethanol with
ater.

. Conclusions

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