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Abstract
Purpose: This study was aimed at investigating the possible relationship between the physical properties
and the permeation of S-amlodipine and RS-amlodipine and studying the possible enantioselectivity of
permeation of amlodipine in the presence and absence of enhancers, such as terpene enhancers and
ethanol. Method: The solubility of S-amlodipine and RS-amlodipine was measured using the shake-flask
method. The thermodynamic properties were investigated by differential scanning calorimetry (DSC). The
type of racemate amlodipine was investigated by DSC and Fourier transform infrared spectroscopy (FTIR).
The permeability of racemate and enantiomers of amlodipine through rat epidermis in vitro was investi-
gated using the modified Franz diffusion cell. Results: The aqueous solubility of S-amlodipine was higher than
that of RS-amlodipine. The melting temperature and enthalpy of fusion of S-amlodipine were lower than
those of RS-amlodipine. RS-amlodipine was a racemic compound. The permeation of the enantiomers of
amlodipine from RS-amlodipine reservoir showed no significant differences in the presence and absence of
enhancers, but the permeation of S-amlodipine from S-amlodipine reservoir was significantly higher than
that of RS-amlodipine from RS-amlodipine reservoir 30% ethanol, 50% ethanol, and terpene enhancers could
not influence the difference in permeation between S-amlodipine and RS-amlodipine, but 75% ethanol
could reduce the difference. Conclusion: These results suggested that there was no enantioselectivity of the
enantiomers of amlodipine from RS-amlodipine reservoir in the presence and absence of enhancers, but the
differences in physical properties between S-amlodipine and RS-amlodipine led to the difference in perme-
ation across rat skins.

Key words:  Amlodipine; chirality; ethanol; physicochemical properties; skin permeation; terpene

Introduction

Characterization of chiral drugs is attracting a great deal
of attention from manufacturing and regulatory organi-
zations, because the opposite enantiomer of a chiral
drug often differs significantly in its pharmacological,
toxicological, pharmacodynamic, and pharmacoki-
netic properties1–5. Furthermore, the chirality of a drug
also influences the efficiency of delivery, which has not
been well recognized in the pharmaceutical field. From
a pharmaceutical perspective, the physical properties of
both the racemate and the enantiomer, such as solubility
and thermodynamic properties, should be characterized

in detail for developing a safe, efficacious, and reliable
formulation, no matter whether the racemate or the
enantiomer is chosen as the marketed form. Because
many physical properties of a crystalline solid are
governed by the crystal structure, understanding the
crystal structure of the racemate may explain the
difference in the physical properties between the
enantiomers and the racemate. A crystalline racemate
may exist as a conglomerate, a racemic compound, or
a pseudoracemate6. A racemic conglomerate is an
equimolar eutectic mixture consisting of crystals of the
two opposite enantiomers, with each crystal contain-
ing homochiral molecules. A racemic compound is a
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cocrystal containing equal numbers of molecules of
the opposite enantiomer, usually paired up, with the
unit cell of each crystal containing enantiomeric mol-
ecules with opposite chirality. Additionally, a racemic
compound possesses different physical properties
from those of the enantiomers. By contrast, a pseudo-
racemate is a solid solution containing equal num-
bers of molecules of the opposite enantiomers in a
more or less random arrangement. Different types of
racemic species can be distinguished by differential
scanning calorimetry (DSC), X-ray powder diffracto-
metry, and Fourier transform infrared spectroscopy
(FTIR)7,8.

In the last decade, the transdermal delivery of chiral
drugs is an increasingly active and promising field
because of the differences in permeation among the dif-
ferent stereoforms of chiral drugs. On the one hand, the
stratum corneum, the rate-limiting barrier to percuta-
neous absorption, is made up of keratin and ceramides
that could potentially provide a chiral environment.
Differential binding of chiral drug enantiomers to kera-
tin or interactions with ceramide may give rise to differ-
ences in the permeation profiles9. Miyazaki et al.10 had
reported that the flux of the S-propranolol-free base
across excised rat skin in vitro was higher than that of
the R-propranolol. Stereoselective processes were also
observed within the viable epidermis in contact with
dermatitis and in skin metabolism related to skin enzy-
matic activity11–13. Furthermore, skin permeation
enhancers, especially chiral terpene enhancers, may
also be implicated in enantioselective permeation. It
was reported that the permeation enhancing effect of
L-menthol on S-metoprolol-free base was significantly
higher (by 25%) than that on R-metoprolol-free base
across hairless mouse skin14. However, no significant
differences were reported for the enantiomers of
ketoprofen8. So, the enantioselective permeation of
chiral drug enantiomers should be investigated further.

On the other hand, the differences in the physical
properties between enantiomers and the racemate may
also implicate the differences in permeation between
enantiomers and the racemate15,16. Enantiomers with a
lower melting point may exhibit higher solubility than
that of the racemate and consequently have higher skin
permeation profiles. Touitou et al. reported that the
enantiomer of nivaldipine has a lower melting point by
34°C compared with the racemate and that the flux of
the enantiomer across human cadaver skin was about
sevenfold higher than that of the racemate16. But, in the
case of ketorolac17, the racemate has higher solubility
by twofold and lower melting point by 20°C compared
with the enantiomer, and the skin flux of the racemic
compound was about 1.5-fold higher than those of the
enantiomers. So, understanding the possible interrela-
tionship between physical properties and enantiomeric

interactions of chiral molecules in the crystalline state
may offer explanation to the difference in permeation
between the enantiomers and the racemate.

Amlodipine, (R,S)-2-[(2-aminoethoxy)methyl]-4-(2-
chlorophenyl)-ethoxycarbonyl-5-methoxycarbonyl-6-
methyl-1,4-dihydropyridine (Figure 1), is a potent
calcium channel blocker used in the treatment of hyper-
tension and angina pectoris18–20. Like most other cal-
cium blocker agents of the dihydropyridine type,
amlodipine molecule contains one chiral center, and the
vasodilating effect only resides in the S-enantiomer21,22.
It was reported that the elimination of amlodipine in
urine was slightly enantioselective4. Although there has
been much work done on the development of transder-
mal systems23,24, there were no reports on stereoselective
permeation of amlodipine enantiomers.

In this study, the objective was to investigate the pos-
sible relationship between the physical properties and
the permeation of S-amlodipine and racemate amlo-
dipine and to study the possible enantioselectivity of
permeation of amlodipine in the presence and absence
of enhancers, such as terpene enhancers and ethanol. It
is hypothesized that the difference in permeation
between the enantiomers and the racemate depends on
the physical properties of the enantiomers and race-
mate, and there is possibly enantioselectivity in the
permeation of chiral drugs across rat skin. Specifically,
the physical properties of S-amlodipine and racemate
amlodipine were determined, such as solubility, ther-
modynamic properties, and racemic species; and the
permeation of S-amlodipine and racemate amlodipine
across rat skin in vitro was determined using the modi-
fied Franz diffusion cell in the presence and absence of
enhancers.

Materials and methods

Chemicals

S-amlodipine and RS-amlodipine were obtained from
Cangzhou Senary Chemical Science-Tech Co., Ltd.
(Cangzhou, Hebei, China); (−)-menthol, (−)-limonene,
and linalool were purchased from Tokyo Kasei Kogyo

Figure 1. The structure of amlodipine. The asterisk denotes the
chirality center in the molecule.
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Co., Ltd. (Tokyo, Japan); 1-octanol from Tianjin
Hongyan Chemical Reagent Factory (Tianjin, China);
high-performance liquid chromatography (HPLC)-
grade acetonitrile and L-propanol from Fisher Scientific
(Pittsburgh, PA, USA); spectral grade potassium bro-
mide from Tianjin Fuchen Chemical Reagent Factory
(Tianjin, China); and other reagents used in the experi-
ment were analytical grade and from commercial
sources.

Animals

Female Sprague–Dawley rats (5–7 weeks old) were
supplied by the Experimental Animal Centre of Xi’an
Jiaotong University (Xi’an, China). All experimental
protocols involving animals were reviewed and
approved by the Institutional Animal Experimentation
Committee of Xi’an Jiaotong University.

Solubility

The solubility of S-amlodipine and RS-amlodipine was
determined in water using the shake-flask method.
Excess of S-amlodipine or RS-amlodipine was placed
into a 25-mL conical flask containing 10 mL of water,
and then the conical flasks were sealed tightly. The sam-
ples were shaken by an HZ-881S action shaker (Taicang
City Scientific Instruments Factory, Taicang, China) in a
water bath for 48 hours at 37°C. After shaking for 48
hours, the supernatant was then filtered through a 0.22-
μm millipore membrane filter and the filtrate was
diluted in ethanol. The concentration of S-amlodipine
and RS-amlodipine in the diluted solution was mea-
sured by HPLC.

1-Octanol/water partition coefficients

The 1-octanol/water partition coefficients of S-amlodipine
and RS-amlodipine were measured using the shake-flask
method. The accurately weighed S-amlodipine or RS-
amlodipine was dissolved in 10 mL of 1-octanol satu-
rated with water. This solution was then added to 10 mL
of water saturated with 1-octanol. The mixture of the
two solvents was oscillated by an HZ-881S action shaker
(Taicang City Scientific Instruments Factory) in a water
bath for 24 hours at 37°C. After shaking, samples were
centrifuged for 10 minutes to ensure that any emulsions
were removed. An appropriate volume of each phase
was taken and the 1-octanol phase was diluted with
ethanol. S-amlodipine or RS-amlodipine concentra-
tions of each ethanol/1-octanol and water solutions
were measured by HPLC. The partition coefficients
were calculated according to the ratio Coct/Cwater,
where Coct and Cwater are the concentrations of the
drug in 1-octanol and in water, respectively.

Thermal analysis

Thermoanalytical studies were performed with a
DSC822e (Mettler Toledo, Zurich, Switzerland). The sam-
ples were scanned from 25°C to 200°C at the rate of 10°C/
min under nitrogen atmosphere. The DSC curves were
recorded and analyzed using the STARe software.
Temperatures and enthalpies were calibrated using
indium phase transition (99.99% pure; heat of fusion,
28.45 J/g; melting point, 429.76 K). The enantiomeric mix-
tures with mole fractions of S-amlodipine between 0.5
and 1.0 were prepared by dissolving accurately weighed
quantities of RS-amlodipine and S-amlodipine in metha-
nol. The resultant solutions were vortex mixed, and the
methanol was evaporated thoroughly at 40°C under vac-
uum. The obtained crystalline residues were annealed at
room temperature for 36 hours. The samples (3–4 mg)
were accurately weighed directly into aluminum pans.
The pans were then covered with lids and sealed using the
crucible sealing press (Mettler Toledo). Before each scan,
a baseline was recorded with the same heating rate and
then subtracted from the experimental scan.

Infrared spectroscopy

Infrared spectra were recorded in the range 4000–450/
cm with an FTIR spectrophotometer (FTIR-8400S;
Shimadzu, Tokyo, Japan) on KBr pellets using 32 scans
for each sample with a resolution factor of 4. The spec-
tra were corrected by subtracting the spectrum of a KBr
blank pellet and presented in the transmittance mode.

Transdermal permeation studies

Rat epidermis was used for the transdermal penetration
studies in vitro. The female Sprague–Dawley rats were
killed by cervical dislocation after their hair had been
removed with an electric clipper (900; TGC Inc., Tokyo,
Japan) and full thickness skin was excised from the
abdomen. The epidermis was then prepared by a heat
separation technique. The whole skin was soaked in
water at 60°C for 45 seconds, followed by careful
removal of the epidermis. The epidermis was washed
with water and used for permeability studies in vitro.
The rat epidermis was mounted onto the modified
Franz diffusion cell with the stratum corneum side fac-
ing toward the donor compartment, with an effective
diffusion area of 1.54 cm2 and a receptor compartment
volume of 17.5 mL. Ethanol (30%, v/v) was added to the
receiver cell to maintain sink conditions. The donor
vehicle consisted of water or ethanol–water systems,
and the donor compartment was filled with 0.02 M or a
saturated solution of S-amlodipine or RS-amlodipine in
the presence and absence of permeation enhancers.
Cells were maintained at 37 ± 0.5°C using a water bath
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circulator. The contents in the receiver compartment
were stirred with the help of a magnetic bar rotating at
600 rpm during the experiment. The permeate samples
were withdrawn from the receiver compartment at dif-
ferent time intervals up to 12 hours, and an equivalent
volume of drug-free solvent was added to the receiver
compartment to maintain a constant volume. The per-
meate samples were then analyzed by HPLC for race-
mate and enantiomers of amlodipine content.

HPLC analyses

RS-amlodipine from the RS-amlodipine reservoir and
S-amlodipine from the S-amlodipine reservoir in the
transdermal penetration studies were determined by a
nonchiral RP-HPLC method. The HPLC system con-
sisted of an SCL-10A vp system controller, an LC-10AT
vp liquid chromatograph, and an SPD-10A vp UV–Vis
detector set at the wavelength of 237 nm (all from
Shimadzu). The analytical column was a kromasil C18
(150 × 4.6 mm ID, 5 μm). The mobile phase was a mix-
ture of water containing 30 mM potassium dihydrogen
phosphate and acetonitrile (65:35, v/v) and the flow rate
was 1.0 mL/min. The retention time was approximately
7.5 minutes. The HPLC assay was validated for specific-
ity, linearity, and precision.

Amlodipine enantiomers from the RS-amlodipine
reservoir in the transdermal penetration studies were
determined by a previously reported stereospecific
HPLC method25,26, with the same the HPLC system
adopted as above. The chiral stationary phase used to
determine amlodipine enantiomers was a Chiral-AGP
column (150 × 4.6 mm ID) packed with a1-acid glyco-
protein coated on silica (5 μm) from Chromtech
(Congleton, Cheshire, UK). The mobile phase was a
mixture of 10 mM ammonium acetate buffer (pH 4.5)
and 1-propanol (99:1, v/v) with a flow rate of 0.9 mL/min.
Under the specified conditions, baseline separation of
amlodipine enantiomers was obtained. The retention
time of S-amlodipine and R-amlodipine was approxi-
mately 17.5 and 22.5 minutes, respectively. The ste-
reospecific HPLC method was validated for specificity,
enantioresolution, linearity, and precision.

Data analysis

The steady-state skin flux was determined using Fick’s
law of diffusion:

where Js is the steady-state flux (μg/cm2/h), dQ/dt is the
amount of drug permeated in unit time, and A is the dif-
fusion area (cm2). Js was determined from the linear por-
tion of the plot of cumulative amount permeated per unit
area versus time. The lag time was determined by extrap-
olating the linear portion of the curve to the abscissa.

The effectiveness of the permeation enhancer was
evaluated using enhancement ratio:27

where ERflux is the enhancer ratio. Statistical differences
were established by one-way analysis of variance and
considered significant at P < 0.05.

Results and discussion

Physical properties

Solubility and the partition coefficients
The solubility and the partition coefficients of S-
amlodipine and RS-amlodipine were different as listed
in Table 1. The aqueous solubility of S-amlodipine was
higher than that of RS-amlodipine. The observed par-
tition coefficients of S-amlodipine and RS-amlodipine
were determined using 1-octanol/water at 37°C and
corrected for fractional dissociation to give log P
values of 2.95 ± 0.09 and 2.89 ± 0.12, respectively. The
difference in the partition coefficients between enan-
tiomer and racemate was not significant.

Melting point and enthalpy of fusion
Thermal characteristics of S-amlodipine and RS-
amlodipine were measured by DSC. Representative
DSC scans of S-amlodipine and RS-amlodipine were
given in Figure 2, and the thermodynamic data were
shown in Table 1. S-amlodipine and RS-amlodipine
exhibited single endotherm before melting, which
suggested that they do not undergo any solid-state alter-
ations up to their respective melting points. RS-amlodipine
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Table 1. Physical properties of the RS-amlodipine and S-amlo-
dipine.

Parameter RS-amlodipine S-amlodipine

Solubility in water (μg/mL) 67.8 ± 3.4 82.3 ± 4.8

log P 2.89 ± 0.12 2.95 ± 0.09

Tm (K) 414.32 ± 0.36 384.22 ± 0.42

ΔHf (kJ/mol) 20.22 ± 0.27 16.86 ± 0.14
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had higher melting point (Tf) and higher enthalpy of fusion
(ΔH f) than those of S-amlodipine.

The binary phase equilibrium diagram
To characterize the type of racemic compound, the
binary phase equilibrium diagram was determined by
DSC. Representative DSC scans of various samples of
amlodipine were given in Figure 2. The S-amlodipine
and RS-amlodipine exhibited single endotherms
whereas disproportionate mixtures of enantiomers
exhibited two endotherms. The binary phase equilib-
rium diagram (Figure 3) suggested that RS-amlodipine
is a molecular complex and a racemic compound,
which is characterized by a crystal form in which two

enantiomers coexist in the same unit cell. In this type of
racemic modification, the affinity between R- and S-
amlodipine was greater than that between the same
enantiomers. In such cases, R- and S-enantiomers
paired up in the unit cell of the crystal that contains an
equal number of the two antipodes. Then, the binary
phase equilibrium diagram was calculated. The liqui-
dus line between the pure enantiomer and the eutectic
point was calculated by the Schröder–van Laar equa-
tion (Equation 3). The liquidus line between the race-
mic compound and the eutectic point was calculated by
the Prigogine–Defay equation (Equation 4).

where x is the mole fraction of the more abundant enan-
tiomer, with  and  representing the enthalpy
of fusion of the racemic compound and the enantiomer,
respectively, and , , and Tfrepresenting the melt-
ing points of the racemic compound, the enantiomer,
and the solid mixture, respectively. The DSC observa-
tions on various enantiomeric compositions of amlo-
dipine were in good agreement with the liquidus curve
predicted using Equations (3) and (4), as shown in
Figure 3. Furthermore, if ln x (1 - x) was plotted against
the experimental values of 1/Tf (where Tf is determined
by DSC), a straight line was obtained whose slope gave
the calculated enthalpy of fusion ( ) for the race-
mic compound28. For RS-amlodipine, the plot was lin-
ear with the slope ( ) value of 22.71 kJ/mol that was
comparable with the value 20.22 kJ/mol, obtained
directly from the area under the DSC melting endo-
therm of RS-amlodipine. So, the binary phase equilib-
rium diagram of RS-amlodipine confirmed the racemic
compound character.

Petterson proposed a definition of racemic com-
pound stability based on the definition of the i value,
that is, the difference between racemic compound and
eutectic melting points divided by the difference
between enantiomer and eutectic melting points29. An i
value <0.5 would indicate only a weak tendency to form
a racemic compound, whereas i value >1.5 would indi-
cate a strong tendency to do so. The binary phase equi-
librium diagram (Figure 3) showed eutectic behavior,
the eutectic composition corresponds to a mole frac-
tion x=92.27% with a melting point value of 378.27 K.
According to Petterson’s rule, therefore, the calculated

Figure 2. DSC curves of RS-amlodipine, S-amlodipine, and the mix-
ture of S-amlodipine and RS-amlodipine: (a) RS-amlodipine, (b) S-
amlodipine, (c) S-amlodipine:RS-amlodipine (0.895:0.105), (d) S-
amlodipine:RS-amlodipine (0.294:0.706).
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Figure 3. Melting point phase diagram of amlodipine enantiomers
showing racemic compound formation between S- and R-amlodipine.
The following are the symbol representations: (×) experimentally
measured temperatures of complete melting; (❍) values predicted
by the Prigogine–Defay equation; and (♦) values predicted by the
Schröder–van Laar equation.
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i value for amlodipine (i = 6.06) would indicate a strong
tendency to form a racemic compound.

Fourier-transform infrared spectroscopy
The FTIR spectra of S-amlodipine and RS-amlodipine
were shown in Figure 4. There were substantial differences
between the FTIR spectra of S-amlodipine and RS-amlo-
dipine. RS-amlodipine did not show the bands (1465,
1267, 1186, 1027, and 993/cm) presented in the single
enantiomer, but presented infrared bands (1309 and 1118/
cm) lacking in the single enantiomer. Differences were
also present between 3040 and 2860/cm (where there was
a broad complex absorption because of superimposing C–
H stretching vibrations of the methyl and methylene
groups) and between 900 and 540/cm. Most bands highly
characteristic of the molecular skeletal structure were
essentially unchanged, for example, 3369/cm (N–H
stretching vibrations of the primary amine), 1685/cm (C =
O stretching vibrations of the ester), 1647/cm (C = C
stretching vibrations), 1608 and 1481/cm (bands due to
skeletal stretching vibrations of the benzene ring), and
1294, 1209, and 1105/cm (bands due to C–N stretching
vibrations of the saturated alkyl nitrile or C–O stretching
vibrations of the ether). The fact that the infrared spectra of
the S-amlodipine differed markedly from that of RS-amlo-
dipine demonstrates clearly that they possessed different
crystal structures and that therefore RS-amlodipine
existed as racemic compounds.

The binary phase equilibrium diagram and infrared
spectra confirmed that the crystalline of RS-amlodipine
existed as racemic compounds. The racemic amlo-
dipine was a cocrystal containing equal numbers of
molecules of the opposite enantiomer, usually paired
up, with the unit cell of each crystal containing the
heterochiral molecules. By contrast, S-amlodipine was

a crystal containing the same S-enantiomers, with the
unit cell of each crystal containing the homochiral mol-
ecules. In this type of racemic modification, the affinity
between R- and S-amlodipine was greater than that
between the same enantiomers. The differences in
interactions between the same homochiral molecules
and those between the heterochiral molecules and the
different packing arrangements in the crystal struc-
tures led to the differences in physical properties
between S-amlodipine and RS-amlodipine, such as
solubility, melting point, and enthalpy of fusion.

Permeation of S-amlodipine and RS-amlodipine from 
saturated water solution

The permeation profiles of the racemate and enanti-
omers of amlodipine through the rat epidermis from sat-
urated water solution of S-amlodipine or RS-amlodipine
were shown in Figure 5. The permeation parameters
were summarized in Table 2. The permeation profiles of
R-amlodipine and S-amlodipine from RS-amlodipine
reservoir were found to be comparable with the flux val-
ues of 3.96 ± 0.57 and 3.86 ± 0.46 μg/cm2/h, respectively
(P > 0.05), with the ratio of the flux values of S-amlodipine
and R-amlodipine being 1.03 ± 0.06. No racemization
was observed during the permeation process. These
results suggested that the chiral nature of the stratum
corneum and epidermis does not give rise to enantiose-
lective permeation. These findings were in agreement
with the reported studies on ketoprofen, ephedrine, and
metoprolol, where no enantioselective permeation
across the skin was observed8,9,14. It is speculated that the
number of stereoselective sites in the skin may be limited

Figure 4. FTIR spectra of S-amlodipine and RS-amlodipine: (a) S-
amlodipine, (b) RS-amlodipine.
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and, therefore, may not have contributed to any enantio-
selective permeation at the drug concentrations used.
When donor solution contained either RS-amlodipine or
S-amlodipine, the flux values of S-amlodipine and RS-
amlodipine from water were 13.69 ± 1.41 and 7.24 ± 1.02
μg/cm2/h, respectively (P < 0.05), with the ratio of the
flux values of S-amlodipine and RS-amlodipine being
1.89 ± 0.15. These results showed significant difference
between S-amlodipine and RS-amlodipine.

A simple relationship between the ratio of permeation
fluxes and melting temperatures, referred to as melting
temperature-membrane transport, was proposed by
Touitou et al. in the early 1990s16. Based on their ther-
modynamic characteristics (Table 1) discussed in the
earlier sections, the flux ratio of S-amlodipine versus
RS-amlodipine from their saturated water solutions
could be predicted using the following melting tempera-
ture-membrane transport mathematical model:

where T equals 310.15 K, Fmax represents the flux value
when the donor vehicle is saturated with drug, and other
terms can be interpreted as described in earlier sections.
According to the above equation one could predict that S-
amlodipine would have 2.03-fold higher Fmax value than
that of RS-amlodipine. The observed Fmax ratio was 1.89
and in close agreement with the predicted values. There-
fore, in this study, the difference in the physical properties
(melting point, enthalpy of fusion, and solubility) gave rise
to the difference of the permeation flux of S-amlodipine
and RS-amlodipine from water.

Effect of ethanol on permeation of S-amlodipine and 
RS-amlodipine

The permeation profiles of the racemate and enantiomers
of amlodipine through the rat epidermis from ethanol–
water system containing S-amlodipine or RS-amlodipine
were shown in Figure 6. The permeation parameters were
summarized in Table 2. The permeation profiles of R-
amlodipine and S-amlodipine from RS-amlodipine reser-
voir were found to be comparable with the ratios of the
flux values of S-amlodipine and R-amlodipine from 30%
ethanol, 50% ethanol, and 75% ethanol being 0.98 ± 0.05,
1.02 ± 0.06, and 1.02 ± 0.07, respectively. These results
showed that ethanol in the donor solution did not give
rise to any enantioselective permeation.

When donor solution contains either RS-amlodipine
or S-amlodipine, the differences of S-amlodipine and
RS-amlodipine were still significant, with the ratios of
the flux values of S-amlodipine and RS-amlodipine
from 30% ethanol, 50% ethanol, and 75% ethanol being
2.04 ± 0.19, 1.91 ± 0.24, and 1.38 ± 0.11, respectively. Com-
pared with the ratios of the flux values of S-amlodipine
and RS-amlodipine from water, 30% ethanol and 50%
ethanol did not influence the ratios of the flux values of
S-amlodipine and RS-amlodipine, whereas 75% ethanol
could decrease the ratio of the flux values of S-amlodipine
and RS-amlodipine. The result could be explained as
follows. A high concentration of ethanol (75%) caused
protein denaturation in skin, so that it behaved like a
porous membrane that was unable to distinguish drug
polarity30. So, 75% ethanol decreased the ratio of the
flux values of S-amlodipine and RS-amlodipine.

The flux values of S-amlodipine and RS-amlodipine
from water and ethanol–water system containing S-
amlodipine or RS-amlodipine were evaluated. Table 2

Table 2.  Permeation parameters of the racemate and enantiomers of amlodipine through the rat epidermis employing the donor phase consisting
of S-amlodipine or RS-amlodipine in the water and ethanol–water systems.

Donor composition Permeant Js (μg/cm2/h) TLag (h) ERflux Ratio S/R or S/RS

Water + S-amlodipine S-amlodipine 13.69 ± 1.41 4.66 ± 0.52 1.89 ± 0.15

Water + RS-amlodipine RS-amlodipine 7.24 ± 1.02 4.62 ± 0.58

S-amlodipine 3.96 ± 0.57 4.97 ± 0.61 1.03 ± 0.06

R-amlodipine 3.86 ± 0.46 4.75 ± 0.57

30% Ethanol + S-amlodipine S-amlodipine 21.12 ± 2.08 3.74 ± 0.42 1.54 ± 0.32 2.04 ± 0.19

30% Ethanol + RS-amlodipine RS-amlodipine 10.35 ± 1.14 3.85 ± 0.49 1.43 ± 0.27

S-amlodipine 4.88 ± 0.63 3.62 ± 0.39 0.98 ± 0.05

R-amlodipine 4.96 ± 0.57 3.57 ± 0.41

50% Ethanol + S-amlodipine S-amlodipine 28.25 ± 3.16 2.79 ± 0.33 2.06 ± 0.18 1.91 ± 0.24

50% Ethanol + RS-amlodipine RS-amlodipine 14.83 ± 1.54 2.92 ± 0.25 2.04 ± 0.21

S-amlodipine 7.22 ± 0.85 3.02 ± 0.32 1.02 ± 0.06

R-amlodipine 7.45 ± 0.79 2.91 ±0.28

75% Ethanol + S-amlodipine S-amlodipine 7.73 ± 1.12 0.25 ± 0.34 0.56 ± 0.08 1.38 ± 0.11

75% Ethanol + RS-amlodipine RS-amlodipine 5.62 ± 1.03 0.74 ± 0.29 0.78 ± 0.11

S-amlodipine 2.80 ± 0.44 0.77 ± 0.28 1.02 ± 0.07

R-amlodipine 2.76 ± 0.39 0.60 ± 0.24
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showed that the flux values of S-amlodipine and RS-
amlodipine from 30% ethanol and 50% ethanol were all
higher than those of S-amlodipine and RS-amlodipine
from water; specifically, the permeability enhancing
ratios of 30% ethanol were 1.54 ± 0.32 and 1.43 ± 0.27 and
those of 50% ethanol were 2.06 ± 0.18 and 2.04 ± 0.21. But
the flux values of S-amlodipine and RS-amlodipine from
75% ethanol were all lower than those of S-amlodipine
and RS-amlodipine from water, with permeability
enhancing ratios of 0.56 ± 0.08 and 0.78 ± 0.11. These
results suggested that 30% and 50% ethanol could
enhance the permeation of S-amlodipine and RS-amlo-
dipine through the rat epidermis, whereas 75% ethanol
had the opposite effect. These results could be explained
as follows. In the neat water system (without ethanol),
lipophilic drugs permeated mainly through lipid
pathway31. In low concentration ethanol (30% and 50%),
lipid of the stratum corneum could be extracted and ker-
atin of the stratum corneum could be softened, thereby
promoting the permeation of a drug32,33. Contribution of
convective flow with solvents on the skin permeation of
lipophilic drugs might also be increased in low concen-
tration of ethanol30. But, a high concentration of ethanol
(75%) caused excessive dehydration of the skin and,
therefore, had counterproductive effects on the perme-
ation of lipophilic drugs.

Effect of terpene enhancers on permeation of 
S-amlodipine and RS-amlodipine

Terpenes are a group of chiral skin penetration
enhancers that are derived from plant essential oils
and are widely used as pharmaceutical excipients with
various drugs. In this study, linalool, (−)-menthol, and
(−)-limonene were chosen to study the enhancing
effect of terpenes on the permeation of the racemate
and enantiomers of amlodipine through the rat epi-
dermis. To solubilize the selected penetration enhanc-
ers in the donor vehicle, 50% ethanol was chosen as
the donor vehicle.

The permeation profiles of linalool, (−)-menthol,
and (−)-limonene on the permeation of the racemate
and enantiomers of amlodipine through the rat epi-
dermis from 50% ethanol contained in 0.02 M S-amlo-
dipine or RS-amlodipine were shown in Figure 7,
respectively. The permeation parameters were shown in
Table 3. The permeation profiles of the S-amlodipine and
R-amlodipine from donor solutions containing RS-
amlodipine were comparable with the ratios of the flux
value of R-amlodipine and S-amlodipine all being
about 1. These results showed that linalool, (−)-
menthol, and (−)-limonene did not give rise to any
enantioselective permeation. These findings were in
agreement with the reported studies on metoprolol
and ketoprofen.

Figure 6. Permeation profiles of the racemate and enantiomers of
amlodipine through the rat epidermis from the ethanol/water
systems containing 0.02 M S-amlodipine or RS-amlodipine: (a) 30:70
(v/v), (b) 50:50 (v/v), (c) 75:25 (v/v).
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Table 3 showed that the flux values of S-amlodipine
and RS-amlodipine from donor solutions containing
linalool, (−)-menthol, or (−)-limonene were all higher
than those of S-amlodipine and RS-amlodipine in the
absence of enhancer; specifically, the permeability
enhancing ratios of linalool were 1.90 ± 0.29 and 1.83 ±
0.24, those of (−)-menthol were 1.37 ± 0.16 and 1.24 ±
0.08, and those of (−)-limonene were 1.99 ± 0.17 and
1.96 ± 0.21. These observations were in agreement
with the reported studies on nicardipine hydrochlo-
ride and diclofenac sodium where terpenes had per-
meation enhancing effect27,34. The mechanism of
permeation enhancement of the terpene enhancers
had been evaluated using DSC, FTIR, and X-ray dif-
fraction. These studies suggested that terpenes
enhanced the permeation of the drug across the skin
mainly by disrupting the highly ordered intercellular
packing of the stratum corneum lipids and by increas-
ing drug diffusivity35–37.

The fluxes S-amlodipine were all higher than those
of the RS-amlodipine from donor solutions contain-
ing linalool, (−)-menthol, or (−)-limonene, with the
flux ratios of S-amlodipine and RS-amlodipine being
1.98 ± 0.14, 2.11 ± 0.19, and 1.94 ± 0.18, respectively.
Compared with the flux ratio (1.91 ± 0.24) of S-amlo-
dipine and RS-amlodipine in the absence of
enhancer, there was no significant difference (P > 0.05).
These results showed no significant difference
between the permeability enhancing effect of lina-
lool, (−)-menthol, or (−)-limonene on S-amlodipine
and RS-amlodipine.

Conclusion

In this study, the crystalline racemate amlodipine
was a cocrystal containing equal numbers of mole-
cules of the opposite enantiomer, with the unit cell of
each crystal containing enantiomeric molecules with
opposite chirality. The differences in interactions
between the same homochiral molecules and those
between the heterochiral molecules, and the differ-
ent packing arrangements in the crystal structures
led to a higher melting point, a higher enthalpy of
fusion, and a lower solubility of RS-amlodipine com-
pared to S-amlodipine.

S-amlodipine with a lower melting point and a higher
solubility was found to have a higher flux than RS-amlo-
dipine in the transdermal permeation study in vitro. It
indicated that the higher flux of S-amlodipine than that of
RS-amlodipine was attributed to the differences between
physical properties of S-amlodipine and RS-amlodipine.
However, the difference of amlodipine enantiomers in
permeation was not found in the absence and presence of
enhancers, such as linalool, (−)-menthol, (−)-limonene,

Figure 7. Permeation profiles of the racemate and enantiomers of
amlodipine through the rat epidermis from 50% ethanol containing
enhancer and 0.02 M S-amlodipine or RS-amlodipine: (a) 0.05 M
linalool, (b) 0.05 M (−)-menthol, (c) 0.05 M (−)-limonene.
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and ethanol, and indicated that there was no enantiose-
lectivity in the permeation of amlodipine across rat
skin.
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