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Micellization and solution properties of the aglycon triterpenoids asiatic acid (AA) and madecassic
acid (MA) were examined experimentally and in computational simulations. AA and MA belong to the
large class of bioactive aglycon triterpenoids, for which limited physicochemical data are available. In
this study, solubility, partition coefficient, critical micelle concentrations (CMC), and surface tensions
of AA and MA were measured. Reverse phase HPLC data, supported by dye probe experiments and
drop shape analysis, showed the CMC in phosphate buffered saline (PBS) to be 15 ± 2 μM, and
86 ± 9 μM for AA and MA, respectively. The surface tensions of AA and MA in PBS were 64.1
and 64.4 mN/m, respectively. Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry
indicated the aggregation numbers of AA and MA to be 5 to 7. Molecular dynamics simulations confirmed
that molecular association could occur between 5 and 7 molecules in solution. The IC50 of AA and MA
on human small cell carcinoma and human glioblastoma cell lines was 25 ± 5 μM and 66 ± 13 μM,
respectively. The IC50 is within the range of calculated CMC of AA and MA in bioassay media, suggesting
that the micellar aggregates may lead to their cytotoxicity.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

Over 4000 aglycon triterpenoids have been isolated from var-
ious plants and many have been suggested to have therapeu-
tic applications, including anti-inflammatory and wound-healing
properties [1,2]. Surprisingly, many biochemical mechanisms of
bioactivity for these compounds have been proposed in the liter-
ature, without full consideration of their fundamental properties
(e.g. solubility, partition coefficient, and critical micelle concen-
tration, etc.). This is particularly notable because many aglycon
triterpenoids contain hydrophobic and hydrophilic regions, which
therefore might associate to form micelles or soluble aggregates.

While many of these compounds have been identified, ob-
taining large quantities of them in sufficient purity for exper-
imentation is often difficult and time consuming. Furthermore,
these compounds are mainly soluble in organic solvents or in or-
ganic/aqueous media, complicating the application of many ordi-
nary techniques for physicochemical analysis that require mainly
aqueous media. To address these problems, a reverse phase HPLC
(RP-HPLC) procedure was developed to determine CMC. The proce-
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dure requires only a few milligrams of aglycon triterpenoid sample
in organic/aqueous media.

Asiatic acid (AA) and madecassic acid (MA) are the most com-
mon aglycon triterpenoids of the commercially and traditionally
popular medicinal herb Centella asiatica. They are frequently used
for various therapeutic effects. Extracts such as TECA (titrated ex-
tract of Centella asiatica) [1] and dried aerial parts of these plants
are available over the counter as therapeutics, frequently with the
claim that their bioactive principles are triterpenoids such as AA
or MA. Recent studies have also suggested that AA may have wide
ranging multi-functional effects [3] and may even be an apoptotic
anti-cancer agent [4–7], further bolstering claims of Centella asiat-
ica’s medicinal properties.

AA and MA have chemical structures that are similar to those
of bile acids well known surface active agents in physiological sys-
tems [8]. Bile acids, have a tetracyclic “steroid” skeleton, while AA
and MA are pentacyclic [9]. These compounds are also semi-rigid,
containing both hydrophobic and hydrophilic segments grouped
mostly on opposite sides of the molecule (Fig. 1) [10,11]. The struc-
tural parallels between bile acids and aglycon triterpenoids suggest
that the latter may also be surface-active and self-assemble into
micelles.

The critical micelle concentration (CMC), partition coefficient,
and solubility of AA and MA were determined. Molecular dynam-
ics simulations complimented these experiments by modeling the
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Fig. 1. (a) Structure of a bile salt [37]; (b) Structures of asiatic (left) and madecassic
acid (right). The three-dimensional structures were obtained by energy minimiza-
tion using Chem 3D Ultra (CambridgeSoft, Cambridge, MA, USA).

aggregation and interactions of these molecules in solution. IC50
were also determined on human small cell carcinoma (DMS114)
and human glioblastoma cells (HTB-14) to compare to CMC. This is
the first study to report the solution and partition behaviors of AA
and MA.

2. Experimental

2.1. Reagents and solutions

AA and MA samples were provided by MMP Inc. (International
Development and Manufacturing, South Plainfield, NJ, USA). The
purity and identity of the samples were confirmed by analytical
HPLC and MS. Samples were further purified to better than 99%
purity by semi preparatory HPLC. Phosphate Buffered Saline so-
lution (1 × PBS, pH 7.2, Mediatech, Herndon, VA) was used in all
experiments. All other chemicals were reagent grade (Mallinckrodt,
St. Louis, MO).

2.2. Solubility

Calibration curves for the solubility were constructed from RP-
HPLC data. AA and MA samples were prepared by serial dilution
of a stock solution of known concentration in methanol. The satu-
rated solutions of AA and MA were made in phosphate buffered
saline (PBS) and shaken overnight. Each saturated solution was
centrifuged, and 1 mL of the supernatant was diluted to 10 mL
with methanol. The concentration of the diluted solution (and
hence the solubility) was determined by RP-HPLC using a cali-
bration curve constructed by analysis of known concentrations of
standard triterpenoid solutions.

2.3. Partition coefficient (log K )

Partition coefficients were determined [12] by dissolving 1 mg
of AA or MA in 1 mL of octanol and 1 mL water. The solution was
then shaken overnight. Both the upper and lower liquid phases
were analyzed by RP-HPLC to determine the quantity of AA and
MA in each phase. The partition coefficient was calculated by com-
puting the ratio of the concentration in octanol to the that in
water [13,14] as determined by HPLC peak areas. The hydrophobic–
lipophilic balance (HLB) of each triterpenoid was estimated using
the software Molecular Modeling Pro (Norgwyn Montgomery Soft-
ware, North Wales, PA).

2.4. Reverse phase analytical HPLC assay

Solutions of various concentrations below and above the CMC
of AA and MA were made in methanol, PBS, or 1% DMSO/ethanol
in PBS. Each 20 μL sample was passed through an HPLC system
(D-7000 HPLC System, Hitachi Instruments, Inc., San Jose, CA) at
210 nm with a 5 μm, 100 A, 150 mm L × 3.19 mm ID Delta-PAK
C4 column (Waters, Milford, MA) at a flow rate of 1 mL/min. The
mobile phase was 0.05% H3PO4 in water (A) and acetonitrile (B).
A gradient table was developed for separation of compounds. The
peak area versus triterpenoid concentration was plotted. Each so-
lution was prepared using serial dilutions of stock solutions in
designated solvents.

2.5. Preparatory HPLC procedure for purification

Solutions containing compounds were further purified with an
HPLC system (Polaris System, Varian Inc., Palo Alto, CA) with a
Platinum EPS C18 column, 10 μm, 250 mm L × 10 mm ID (Altec,
Deerfield, MI). The compounds were eluted with a gradient sys-
tem: 0.1% TFA in water (solvent A) and acetonitrile (solvent B), at a
flow rate of 5 mL/min and detected at 210 nm. Heart cut fractions
were collected and lyophilized to obtain the purified compound as
a dry, white, powder of greater than 99% purity.

2.6. Drop shape analysis

Surface tensions and CMC were determined by the drop vol-
ume method [15–17]. Saturated solutions of AA and MA were made
in PBS. AA or MA solutions were prepared by diluting the super-
natant from a saturated stock solution. The diluted concentrations
of AA or MA were selected to ensure that measurements were
made at concentrations both below and above the CMC. Samples
were loaded onto a syringe and analyzed by a G10/DSA10 Drop
Shape Analysis System (Kruss GmbH, Hamburg, Germany) to de-
termine the surface tensions. Measurements were taken after the
drops equilibrated for 5 min.

2.7. Dye probe method with Nile red

The absorption of AA and MA with Nile red in PBS was mea-
sured at 220 nm with a UV spectrophotometer (Beckman DU 530
Life Science, Fullerton, CA). Each sample containing 3 mM Nile red
was shaken overnight. The optical densities (OD) at 590 nm were
measured for several dilutions of AA and MA.

2.8. Aggregation number

The aggregation numbers for AA and MA were estimated
using matrix assisted laser desorption ionization (MALDI) spec-
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troscopy [18]. The spectra of the solutions were obtained at con-
centrations between the CMC and saturation. MALDI spectra were
taken with 2,5-dihydroxybenzoic acid (DHB) as the matrix. Equal
volumes of the AA and MA solutions in water and the matrix solu-
tions were mixed. The final solution in 1 μL quantity was directly
deposited onto the sample holder. The masses of the aggregates
obtained by MALDI (Voyager-DE STR) were divided by the mass of
a singly charged molecule to estimate the aggregation number.

2.9. Molecular dynamics simulation

Simulations were conducted using a 2006 developers’ version
of the GROMACS software [19,20]. AA and MA were simulated at
an all-atomistic level of detail using the OPLS-AA force field [21].
The carboxylate group of each molecule was treated as being fully
dissociated, giving each monomer a net charge of −1. Sodium ions
were added to solution as needed to preserve electroneutrality.
Water was simulated explicitly using the simple extended point-
charge model (SPC/E) [19]. Atomic charges were assigned for each
molecule based on the default atomic charge values specified in
the OPLS-AA force field.

Van der Waals interactions were treated using a cutoff dis-
tance of 9.0 Å, and Coulombic interactions were described using
3D particle mesh Ewald (PME) summation. A long range disper-
sion correction was applied to more accurately estimate the en-
ergy and pressure of the system. The Van der Waals cutoff cho-
sen has been shown to be accurate for the OPLS-AA force field
with the inclusion of long-range dispersion corrections [22–24]. In
modeling short-ranged non-bonded interactions, a neighbor list of
9.0 Å was maintained and updated every 10 steps. Each simulation
was carried out using fixed bond lengths, which permitted an in-
crease in simulation timestep from 1 fs to 2 fs. Bond lengths were
constrained using the SHAKE algorithm as implemented in GRO-
MACS [25].

Simulations were conducted in the NPT (constant number of
particles, constant pressure, and constant temperature) ensem-
ble. In each simulation, the cell temperature was maintained at
298.15 K using a Berendsen temperature coupling algorithm, which
mimics weak coupling to an external heat bath with first-order ki-
netics [26]. A Berendsen pressure coupling algorithm was applied
to maintain each box at the specified pressure of 1.0 bar [26].

2.10. Molecular dynamics simulation: System preparation

Twenty-five nanosecond simulations were conducted for three
different initial configurations of AA and MA. In each initial config-
uration, five AA or MA molecules were placed in aqueous solution.
The initial size of all six simulation cells was 4 nm × 4 nm × 4 nm.
Approximately 2000 water molecules were added to the AA and
MA in each simulation cell. Five sodium counterions were also
added to each simulation cell to make the solution electroneu-
tral. To provide a more physically realistic initial configuration,
these counterions were added by replacing the water molecules
experiencing the greatest electrostatic potential. The potential was
recalculated after every ion insertion.

In the first two initial configurations a micelle of MA or AA was
preformed and then solvated. In the first of these (Configuration 1)
the micelle was preformed by aligning 5 molecules parallel to the
z-axis and placing them in close proximity. Because each monomer
in this configuration had the same orientation, each of the nega-
tive charges in AA and MA were in relatively close proximity. In
the second initial configuration (Configuration 2) the micelle was
formed with the longest axis of each molecule oriented radially
outwards from the micelle’s center of mass. Each molecule was
oriented such that its negatively charged carboxylate group was
located at the outer edge of the micelle.
Table 1
Solubility of asiatic acid and madecassic acid in PBS

Triterpenoids Solubility

Asiatic acid 15.0 μg/mL (30.6 μM)
Madecassic acid 85.0 μg/mL (168.3 μM)

Table 2
Partition coefficients of asiatic acid and madecassic acid

log10 K (calculated) log10 K (experimental) HLB

Asiatic acid 4.3 5.8 5.5
Madecassic acid 3.1 3.0 6.0

To ensure that extended simulations of preformed AA and
MA micelles do not merely represent metastable states for the
molecules in aqueous solution, we conducted a third simulation
for AA and MA where the initial state was a random configuration
of the monomers in water (Configuration 3).

After preparation of each AA and MA system, long simulation
runs were conducted to evaluate the stability of the two pre-
formed micelles and to observe whether self-assembly of randomly
distributed AA and MA molecules in solution would occur. After
performing an energy minimization to remove any close contacts
between atoms, each system was simulated for 25 ns.

2.11. Biological assays

Human small cell lung carcinoma (NCI #DMS114) and human
glioblastoma cell lines (ATCC #HTB-14) were obtained from the
National Cancer Institute (Bar Harbor, ME) and the American Type
Culture Collection (Rockville, MD), respectively. The cells were cul-
tured in RPMI 1640 supplemented with 5% fetal bovine serum,
penicillin and streptomycin at 37 ◦C in humidified air containing
5% carbon dioxide.

Cells were plated in a 24 well ELIZA plate at an initial density
of 2 × 105 cells with 1.0 mL medium per well. Twenty-four hours
after seeding, the medium was replaced with predetermined doses
of AA or MA. The DMSO concentration in the culture medium was
0.1%. The cells were grown for 72 h. Cell viability was measured
by the tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) [27]. The experiments were made in
quadruplicate.

All experiments were carried out at room temperature.

3. Results

3.1. Solubility

AA and MA are pentacyclic triterpenoids. These compounds
have 3 or 4 hydroxyl groups and one carboxylic group; thus, AA
and MA were expected to be somewhat soluble in aqueous solu-
tions. However, experimentally, saturation is reached at low con-
centrations for both triterpenoids. The concentrations of AA and
MA in dilutions of the supernatant of saturated solutions in PBS
gave the solubilities of AA and MA to be 15 μg/mL or 31 μM and
85 μg/mL or 170 μM, respectively (Table 1).

3.2. Partition coefficients

The partition coefficients of AA and MA were calculated (http://
www.molinspiration.com) and are presented in Table 2 along with
experimental values and the calculated hydrophobic and lipophilic
ratio (HLB). These values indicate that AA and MA are lipophilic
with higher solubility in organic solvents. The chemical structures
of AA and MA are similar, except that AA has three hydroxyl groups

http://www.molinspiration.com
http://www.molinspiration.com
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Fig. 2. HPLC calibration curves for asiatic acid in PBS and 1% DMSO/EtOH in PBS
(top) and madecassic acid in PBS and 1% DMSO/EtOH in PBS (bottom).

while MA has four hydroxyl groups. The effect of the additional hy-
droxyl group of MA is reflected in its lower partition coefficient as
well as its higher HLB. Because of the similarity of their chemical
structures, AA and MA are predicted to have partition coefficients
that differ by approximately one order of magnitude. However,
the experimentally measured partition coefficients differ by nearly
three orders of magnitude despite such a small difference in struc-
ture. This difference may be due to steric effects not accounted for
in the predictive model. For example, small changes in the num-
ber or position of hydroxyl groups on a bile salt can change its
partition coefficient by several orders of magnitude [12].

3.3. Reverse phase HPLC assay

The CMCs of AA and MA solutions were determined by RP-
HPLC. Shaw and Elliott [28] describe an RP-HPLC method for de-
termining the CMC whereby monomers and micelles each have
distinct retention times. However, in our measurements, we did
not observe two distinct peaks above the CMC but only a single
peak. We discovered a break in the linearity of the HPLC area
curve of the single observed peak. The breaks in the calibration
curves of peak area versus concentration represent CMC and are in
agreement with the CMC of AA and MA as determined by other
experiments (i.e. drop shape analysis and the dye probe method).
Fig. 2 depicts the effect of increasing concentrations of AA and MA
in PBS and in 1% DMSO/EtOH in PBS. In all cases, a break in linear-
ity is evident at CMC. For AA, the breakpoints occur at 15 ± 1 μM
in PBS and 57±4 μM in 1% DMSO/EtOH in PBS. For MA, the break-
points occur at 83 ± 9 μM in PBS and 97 ± 4 μM in 1% DMSO/EtOH
in PBS. The breakpoints coincide with the CMC in those particu-
lar solvent compositions. The CMC was also measured in aqueous
media, and the results for all solvent compositions are given in Ta-
ble 3.
Table 3
Experimentally determined CMC

Experimental
method

Solvent CMC

Asiatic acid
(μM)

Madecassic acid
(μM)

RP-HPLC H2O 16 ± 2 61 ± 8 (pH 5.65)
RP-HPLC PBS 15 ± 1 83 ± 9
RP-HPLC 1% DMSO/ethanol in PBS 57 ± 4 97 ± 4
UV–VIS PBS (3 mM Nile red) 15 ± 2 89 ± 9
DSA PBS 19 ± 4 80 ± 10

Table 4
Estimated CMC for asiatic acid in various concentrations of DMSO in PBS solution

% DMSO Calculated CMC % DMSO Calculated CMC

0.1 19–20 μM 0.6 39–40 μM
0.2 23–24 μM 0.7 41–43 μM
0.3 26–27 μM 0.8 45–47 μM
0.4 31–32 μM 0.9 48–51 μM
0.5 35–36 μM 1.0 52–54 μM

The variations in the observed breakpoints in differing solvents
again indicate that the CMC is sensitive to the nature or compo-
sition of the solvent, particularly for AA. Organic compounds like
DMSO have been shown to increase the CMC of common surfac-
tants [29]. Table 4 shows the estimated CMC of AA in PBS solu-
tions with DMSO/EtOH (interpolated from HPLC data at 0% and 1%
DMSO/EtOH). Such solvent compositions are commonly used in bi-
ological assays. The consequent effect on CMC affects the resulting
bioactivity and toxicity of AA.

3.4. Drop shape analysis

Fig. 3 shows that the surface tension decreases with increas-
ing concentration of AA and MA. In each case, the surface tension
drops abruptly to a minimum of approximately 64 mN/m. The
CMC value is determined as the concentration at which the sur-
face tension reaches this minimum. By this method, the CMC of
AA and MA in PBS was measured to be approximately 19 ± 4 μM
and 80 ± 10 μM, respectively. Drop shape analysis was performed
to confirm the CMC and only a few concentrations were tested.
The error in the measurements was 15% to 20%.

3.5. Dye probe method with Nile red

Using Nile red as a probe, the optical density (OD) of AA and
MA at various concentrations in PBS was measured at 590 nm.
A clear break was observed in the Beer–Lambert Law plot of OD
versus AA/MA concentration (Fig. 4). This break indicates an in-
crease in dye solubility due to AA/MA micelle formation. The CMCs
for AA and MA in PBS were determined to be 15 ± 2 μM and
89 ± 9 μM, respectively.

3.6. Aggregation number

The micelle aggregation numbers were estimated using MALDI
mass spectra of aggregates taken from solid-state samples. Singly
charged species were obtained up to m/z 3000, corresponding to
AA or MA (and sodium counterions) aggregation numbers between
3 and 7. The aggregation numbers of the most prominent peaks
were found to be 5 and 6 for AA and MA, respectively. These ex-
periments suggest that the uniform crystal aggregates formed in
MALDI are representative of the molecules in solution.

3.7. Molecular dynamics simulation

Dynamic computational simulations of the stability and for-
mation of micelles of AA and MA molecules in aqueous solution
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Fig. 3. Surface tension determined by drop shape analysis.

provided further support for self-assembly or aggregation. A pre-
formed AA micelle composed of five molecules with their long
axes aligned in parallel (Configuration 1) was stable over a 25 ns
simulation. Although significant fluctuations in the configuration
of the micelle occurred, no AA molecules broke away from the mi-
celle over the course of the simulation. A preformed AA micelle
composed of five molecules with their long axes in a radial config-
uration (Configuration 2) initially broke up, indicating this starting
configuration was not stable. However, after 9 ns, several of the
AA molecules were observed to form clusters in solution, and they
remained associated for the remainder of the simulation. In Con-
figuration 3, five AA molecules were initially distributed randomly
in solution. As early as 0.7 ns into the simulation, association be-
tween pairs of AA molecules was observed. After simulation for
approximately 3 ns, the 5 monomers had self-assembled into a
micellar structure. This micelle remained stable for the remainder
of the 25 ns simulation. A snapshot of both the initial and final
states of this third simulation (based on Configuration 3) is shown
in Fig. 5.

The MA micelle formed with Configuration 1 was stable for the
first 10 ns of simulation. At that point, two molecules of MA broke
off from the original micelle. However, the remaining cluster of
three MA molecules remained stable and was joined at 24 ns by
one of the two MA molecules that had drifted into the aqueous so-
lution. The MA micelle formed with Configuration 2 initially broke
up, but reformed into a 5-monomer micelle after 6.5 ns of simula-
tion. This newly formed micelle remained stable for the remaining
18.5 ns of simulation. When started from a random configuration
in solution (Configuration 3), the MA molecules began to cluster
after roughly 0.1 ns of simulation. All MA molecules assembled
into a micelle after 16 ns of simulation, and this micelle remained
stable for the remaining 9 ns of simulation. A snapshot of both the
Fig. 4. CMC of asiatic acid (top) and madecassic acid (bottom) determined with Nile
red.

initial and final states of this third simulation (based on Conforma-
tion 3) is shown in Fig. 5.

3.8. Biological assays

AA and MA showed a dose-dependent inhibition of cell growth
(Fig. 6). AA inhibited both type of cells at essentially the same IC50
(25 ± 5 μM). Further, MA also inhibited the cells at the same IC50
for each cell line (66 ± 13 μM). The results, summarized in Table 5,
suggest that the cytotoxicity occurs around CMC; the viability of
both cell lines decreased precipitously at the CMC. The CMC of AA
and MA in the bioassay media (0.1–0.2% DMSO in PBS), as inter-
polated from HPLC data are estimated to be 19–24 μM (Table 4)
and 70–90 μM, respectively. The solubility or partition character-
istics of AA and MA may be the primary factor determining their
cytotoxicity, rather than cell type.

4. Discussion

The solubility of MA in PBS, 168.3 μM, is approximately 6 times
that of 30.6 μM for AA, despite only a slight structural difference
(Table 1). The partition coefficients (log K ) in octanol and water
for the two aglycon triterpenoids are given in Table 2 [14]. The
values of the experimentally determined log K , especially for AA
(5.8), indicate that these aglycon triterpenoids are surface active.
AA only differs from MA by one hydroxyl group, yet an increase of
almost three orders of magnitude is observed in the experimental
log K value. The HLB values indicate that they are wetting agents,
likely facilitating bioactivity [30]. Their assembly at surfaces and
interfaces and spontaneous organization in water into dynamic ag-
gregates or micelles indicates that they may, in such a manner,
participate in physical, biological, or physiological effects. The ag-
gregation properties, such as micelle size and shape, ultimately
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Fig. 5. Simulation results for asiatic acid and madecassic acid. Initial and final configurations of molecules of asiatic acid (top) and madecassic acid (bottom) after 25 ns of
simulation in aqueous solution. The initial configuration was generated by placing 5 molecules randomly in a 4 nm × 4 nm × 4 nm simulation cell. Water molecules and
sodium ions are not shown for clarity.
control overall bioactivity via monomer structure and concentra-
tion as well as the solution conditions.

The CMC of both AA and MA as determined by drop shape anal-
ysis was approximately 10% higher than the CMC determined by
HPLC methods and the range of values was also greater (15% to
20%). Since the surface tension of the drop was measured after
aging the drop for a finite time, equilibrium may not have been
reached, and that may have caused the variation in experimental
values [31].

RP-HPLC curves for concentration calibration of AA and MA in
both PBS and 1% DMSO/EtOH in PBS displayed an evident break in
linearity (Fig. 2). The observation of this break in the linearity of
the HPLC peak area versus concentration calibration curve is not
found in the literature and is a noteworthy discovery. Furthermore,
it is interesting that in each case the break occurs at a concen-
tration coincident with CMC. Therefore, the break in the linearity
is indicative of the aggregation or association of molecules taking
place in solution at this concentration. This discovery is of practi-
cal importance as HPLC calibration, which is a routine practice in
many laboratories requiring a small quantity of test sample, may
also be used to determine CMC. Each solvent caused the CMC to
occur at different concentrations, indicating that differing solution
conditions drive varying propensities for micelle formation [32].

Molecular dynamics simulations suggest that AA and MA form
aggregates or micelles in aqueous solution and that they have sim-
ilar aggregation behavior. High levels of fluctuation characterized
both AA and MA micelles. Significant rearrangement within the
micelles was observed over 25 ns of simulation for each system.
In some cases the simulation time was sufficient to observe an
exchange of AA and MA molecules between the micelle and bulk
water [21].

The IC50 of AA and MA were found to be 25±5 and 62±12 μM,
respectively, on human small cell carcinoma. They were 23 ± 5 μM
and 71 ± 14 μM for MA and human glioblastoma cell lines (Fig. 6).
These values were all found to occur near the estimated CMC
(Table 5). Small cells of lung carcinoma were less lipophilic than
glioblastoma cells. Nevertheless, IC50 for both cell lines were simi-
lar for both AA and MA. In bioassays with normal fibroblast cells,
the IC50 also occurred near the CMC at 32 μM for AA and 67 μM
for MA. Likewise, much of the literature on the bioactivity of these
aglycon triterpenoids indicates that the IC50 for these compounds
was found to be near the CMC value (Table 6) [4,6,7]. There are
some significant discrepancies in reported IC50 in the literature.
Differences in solvent composition, and thus different CMC, may
be the cause of these discrepancies.

Significant decreases in viability starting near or above CMC
suggest that the biological mechanisms of action should be con-
sidered in the context of the interaction between micelles and
the cell membrane and consequent intracellular activity. Similar
phenomena have been described with other micelle forming com-
pounds. Podevin et al. [33] described the effect of bile salts on
lymphocyte proliferation by claiming that the biological effect was
partly due to the modification of the structure of the cell mem-
brane lipid bilayer by the surface activity and hydrophobicity of
bile salts. Similarly, Sudo et al. [34] described that succinolyl tre-
halose lipid-3 (STL-3) inhibited the growth of Human HL-60 cells
at or near the CMC (4 μM). Morgan et al. (1998) [35] showed that
bile salts (chenodeoxycholic acid) also decreased the viability of
cultured kidney cells (MDCK and NRK) at the CMC (3 mM).

The bioactivity studies on AA reported in literature have not
included the surface activity in the study of the biological mech-
anisms of action [1,4–7,36]. However, it has been observed that
surface-active complexes show cytotoxicity at CMC. There is no
question that the micellization and partitioning behavior of these
aglycon triterpenoids are fundamental to their bioactivity.
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Fig. 6. IC50 of AA (top) and MA (bottom) on DMS114 and HTB-14 cell lines.
The shaded area represents the approximate range of the CMC calculated for the
medium.

Table 5
Cytotoxicity of asiatic acid and madecassic acid

Cell line IC50 of asiatic acid
(with 0.1% DMSO)

IC50 of madecassic acid
(with 0.1% DMSO)

DMS114 (human lung cancer cell) 25 ± 5 μM 62 ± 12 μM
HTB-14 (human brain cancer cell) 23 ± 5 μM 71 ± 14 μM
CRL-2450 (human fibroblast) 32 μM 67 μM

Table 6
IC50 of asiatic acid (literature comparison)

Cell line IC50

HT-295 (human colon adenocarcinoma) 72 μM
HepG23 (human hepablastoma) 30 μM
SK-MEL-26 (human melanoma) 35 μM
U-87 MG7 (human glioblastoma) 20–30 μM

5. Conclusions

1. The surface tensions of the aglycon triterpenoids AA and MA
solutions at the CMC are 64 mN/m, as measured by drop
shape analysis.

2. The CMC of AA and MA were evaluated by RP-HPLC, drop
shape analysis and dye solubilization. The CMC is approxi-
mately 15 μM for AA and 83 μM for MA in PBS and varies
with solvent conditions.

3. A break point in RP-HPLC peak area versus concentration cal-
ibration curves occurs at the CMC for AA and MA in various
solvent compositions.

4. The aggregation number for AA and MA as determined by
MALDI experiments is 5–7, which concurs with GROMACS sim-
ulation studies that show stable aggregation occurring at an
aggregation number of 5.
5. The CMC may provide guidance for a first approximation of
the cytotoxicity or bioactivity of AA and MA.
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