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a b s t r a c t

We developed a cryo-HPLC/UV method for the simultaneous determination of artemisinin (1), �-
dihydroartemisinin (2�), �-dihydroartemisinin (2�), and a ubiquitous thermal decomposition product
of 2 (designated as diketoaldehyde, 3), starting from the International Pharmacopoeia monograph on
dihydroartemisinin. The method takes for the first time the on-column epimerization process of 2 into
consideration. Chromatographic separation was obtained under reversed-phase conditions on a Symme-
try C18 column (3.5 �m particle size) with a mobile phase consisting of acetonitrile–water 60:40 (v/v),
delivered at 0.60–1.00 ml/min flow-rates, with ultraviolet detection at low wavelength (� = 210 nm). Low
Epimerization study
Cryo-HPLC
Dynamic HPLC (DHPLC)
C

temperatures (T = 0–10 ◦C) were selected on the grounds of a diastereoselective dynamic HPLC (DHPLC)
study performed at different temperatures, aimed at identifying the best experimental conditions capable
of minimizing the on-column interconversion process.
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. Introduction

Artemisinin (1, Fig. 1) is a sesquiterpene lactone endoperoxide
solated from Artemisia annua L. that Chinese herbalists tradition-
lly use to treat malaria [1]. Since its identification in the 1970s,
rtemisinin, as well as semi-synthetic derivatives [2] and synthetic
rioxanes [3], have been used in therapy. Reduction of artemisinin
y sodium borohydride [4] produced dihydroartemisinin (DHA, 2,
ig. 1), which is also its main metabolite and provides improved
ntimalarial potency and a major elimination route [3]. The syn-
hesis of 2 opened pathways for further derivatization at C-10 to
ive ether and ester derivatives, largely exploited by the Chinese
5] with the aim of tuning water and/or oil solubility and improving
ioavailability. The conversion of the lactone carbonyl group at C-10

f 1 into the hydroxyl (hemiacetal) group in 2 yields a new sterically
abile centre in the molecule, which, in turn, provides two lactol
emiacetal epimers, namely, 2� and 2� (Fig. 2A). The �-epimer
ears the hydroxyl group in the equatorial position (absolute stere-

� This paper is part of the special issue ‘Enantioseparations’, dedicated to W.
indner, edited by B. Chankvetadze and E. Francotte.
∗ Corresponding author. Tel.: +39 06 49912776; fax: +39 06 49912780.

E-mail address: francesco.gasparrini@uniroma1.it (F. Gasparrini).
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chemistry at C-10: R), whereas the �-epimer possesses an axial
ydroxyl group [6]. Although 2 has a chair-like pyranose ring, such
omenclature is the reverse of that normally used for designating
he stereochemistry of sugars and glycosides, in which, for example,
-d-glucopyranose possesses an axial hydroxyl group [7].

Bulk crystalline 2 is the 2�-epimer (see Fig. 2B), as illustrated
y an X-ray crystallographic study on crystals of 2 [8]. Dissolution
f vacuum-dried solid 2 in CDCl3 provides a solution consisting
xclusively of 2�, which equilibrates to a 1:1 mixture of 2� and
� within 10 h [8,9]. The rate and extent of interconversion of the
pimers in solution was shown to be dependent on solvent polarity
9,10].

Numerous HPLC methods were developed for the analysis and
lasma levels monitoring of 2, formerly based on two main detec-
ion strategies: reductive electrochemical (EC) [11–17] and UV
etection [18–20] involving pre- or post-column derivatization. The

atter approach lacks specificity in that metabolites of the drug are
lso converted, in many instances, to identical UV-absorbing prod-
cts. On the other hand, HPLC-EC provides excellent specificity and

ensitivity, although it suffers from some inherent difficulties, i.e.,
igorous deoxygenation of samples and mobile phases, and special
aboratory facilities are needed. To overcome these shortcomings,
vaporative light scattering detection (ELSD) was coupled for the
rst time to the HPLC analysis of artemisinin and related analogues

http://www.sciencedirect.com/science/journal/15700232
mailto:francesco.gasparrini@uniroma1.it
dx.doi.org/10.1016/j.jchromb.2008.06.037
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ig. 1. Chemical structures of artemisinin (1), dihydroartemisinin (DHA, 2), and a th
).

21]. The high sensitivity and selectivity of mass spectrometry (MS)
pened the way to a large production of analytical methods based
n the HPLC-MS coupling [22–26] for the plasma monitoring of 2,
ither based on atmospheric pressure chemical ionization (APCI)
23,26] or electrospray ionization (ESI) mode [22,24,25]. Radiochro-

atographic detection [27] was exploited as well in a recent HPLC
tudy aimed at determining the 2�/2� ratio in vivo and evaluating
he protein binding of 2. Notwithstanding such large availability in
he literature of robust HPLC methods suitable for the analysis of
, only a few were designed for the differential quantitation of the
wo isomeric forms of 2 [15,16,18,19,26,27]. As a result, efficient and
obust separation of the two interconverting species must be a pre-
equisite of any analytical method aimed at quantitating the drug
n active ingredient, pharmaceutical formulations, and biological
uids. Moreover, since previous studies [28,29] on the equilibrium

etween 2� and 2� showed that interconversion of the two epimers
ccurred in a chromatographic time scale, an ideal HPLC analytical
ethod for 2 should prevent the epimerization phenomena during

he separation process and allow quantification of the two epimers

ig. 2. Chemical structure (A) and polytube model (B) of the interconverting epimers
f dihydroartemisinin: the 2�-epimer bears the hydroxyl group in the equatorial
osition (absolute stereochemistry at C-10: R), whereas the 2�-epimer possesses an
xial hydroxyl group. Polytube model of the 2�-epimer was obtained by computer
diting of the X-ray data of crystalline 2� [8]; the model for the 2�-epimer was
erived by molecular mechanics optimization (MMFF force field as implemented in
PARTAN’04 1,0,0) by inverting the configuration at C-10.
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decomposition product of dihydroartemisinin, designated as diketoaldehyde (DKA,

ven in the presence of related substances. For example, a phar-
aceutical batch of 2 can contain several impurities arising from

he specific synthetic procedure [4], such as the starting material
tself (i.e., 1), and a thermal decomposition product, designated as
iketoaldehyde (DKA, 3, Fig. 1) [30,31]. In the present paper we
escribe the development of an HPLC/UV method for the simulta-
eous determination of 1, 2�, 2�, and 3, which, for the first time,
akes into consideration the on-column epimerization process of
. Starting from the International Pharmacopoeia monograph on
ihydroartemisinin [32], we identified some optimal conditions
such as stationary phase and column temperature) to minimize
n-column epimerization while achieving the best selectivity and
fficiency of separation. In another related paper, we will evalu-
te the influence of mobile phase composition to both improve the
verall selectivity and minimize the on-column interconversion.

. Experimental

.1. Apparatus

Liquid chromatography was performed using a Waters Model
695 HPLC separation module (Waters, Milford, MA, USA) coupled
ith a Waters 996 Photodiode Array Detector. Chromatographic
ata were collected and processed using Empower2 software
Waters).

Variable temperature HPLC was performed by using a ther-
ally insulated container cooled by the expansion of liquid carbon

ioxide (CO2). Flow of liquid CO2 and column temperature were
egulated by a solenoid valve, thermocouple, and electric controller.
emperature variations after thermal equilibration were within
0.1 ◦C.

1H-NMR spectra were recorded at T = 25 ◦C on a Varian INOVA
00 MHz spectrometer equipped with a triple resonance indirect
robe (TRIAX). Data acquisition, Fourier transformation, and spec-
ra elaboration were performed using the Varian software VNMR,
.1C.

.2. Chemicals and reagents

Artemisinin (1), dihydroartemisinin (DHA, 2), and diketoalde-
yde (DKA, 3) samples were supplied by sigma-tau S.p.A., Pomezia
Italy). HPLC-grade acetonitrile, methanol, and water were pur-
hased from Carlo Erba (Italy). HPLC-grade acetonitrile from Merck
Darmstadt, Germany) was also tested. Deuterium oxide was from
igma–Aldrich (St. Louis, MO, USA). The following commercially
vailable reversed-phase C18 HPLC columns were used: Zorbax

B-C18 (Agilent Technologies, Santa Clara, CA, USA); Luna C18
Phenomenex, Inc., Torrance, CA, USA); YMC-Pack ProC18 RS (YMC
urope GmbH, Dinslaken, Germany); SunFire C18 (Waters); Sym-
etry C18 (Waters); Gemini C18 (Phenomenex, Inc.); Acclaim 120

18 (Dionex Corporation, Sunnyvale, CA, USA); Ascentis Express
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Table 1
Physicochemical data of the tested commercial RP-C18 columns

Column Dimension
(mm × mm)

Particle
size (�m)

Pore size
(Å)

Surface area
(m2 g−1)

End-capped K0 × 1014 (m2) Carbon load Hold-up timea

(min)(%) (�mol m−2)

Zorbax SB-C18 150 × 4.6 5.0 80 180 No 4.41 – 2.00 1.56
Luna C18 150 × 4.6 5.0 100 440 Yes 2.51 19.00 3.00 1.70
YMC-Pack ProC18 RS 150 × 4.6 5.0 80 500 Yes 2.36 21.90 – 1.61
SunFire C18 150 × 4.6 3.5 96 331 Yes 1.31 16.62 3.76 1.63
Symmetry C18b 150 × 4.6 3.5 100 340 Yes 1.70 19.67 3.15 1.56
Gemini C18 150 × 4.6 3.0 110 375 Yes 1.30 14.00 – 1.78
Acclaim 120 C18 150 × 4.6 3.0 120 300 Yes 1.56 18.00 3.20 1.79
Ascentis Express C18 150 × 4.6 2.7 90 150 Yes 1.18 – 3.50 1.45
C

te: 1.0
m I.D
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hromolith RP-18 100 × 4.6 – – 300

a Mean value of 3 injections (sample: nitromethane; eluent: acetonitrile; flow-ra
b Also checked in different column lengths (100 mm × 4.6 mm and 75 mm × 4.6 m

18 (Sigma–Aldrich); Chromolith RP-18 (Merck). Details of the
olumns are collected in Table 1.

.3. Chromatographic procedures

.3.1. Room temperature chromatography
Chromatographic separations were obtained under reversed-

hase conditions with a mobile phase consisting of acetoni-
rile–water 60:40 (v/v), delivered at a flow-rate of 1.00 ml/min, with
ltraviolet detection at 210 nm.

Columns temperature was set at T = 25 ◦C. Columns hold-up time
t0) was determined from the elution time of an unretained marker
nitromethane) using acetonitrile as eluent, at T = 25 ◦C, flow-rate
.00 ml/min and UV detection at 254 nm. Hold-up times, obtained
s mean value of 3 injections, are reported in Table 1.

.3.2. Variable temperature chromatography
Variable temperature HPLC was performed by placing the

olumns inside the device described in Section 2.1. Chromato-
raphic conditions were as reported in Section 2.3.1, except for
olumn temperature.

.3.3. Low-temperature chromatography
Low-temperature separations were performed merely on the

ymmetry C18 column, tested in three different column lengths,
.e., 150, 100, and 75 mm × 4.6 mm I.D. Chromatographic condi-
ions were acetonitrile–water 60:40 (v/v), flow-rate 0.60 ml/min
0.60–2.0 ml/min for geometry 75 mm × 4.6 mm I.D.), and UV
etection at 210 nm. Columns temperature was set at T = 0, 5, and
0 ◦C.

.4. Sample preparation

Approximately 10 mg, accurately weighed, of a bulk sample of
were transferred into a 10 ml glass volumetric flask and then

pproximately 10 ml of mobile phase was added. The mixture was
onicated to dissolve, diluted to volume with mobile phase, and
llowed to equilibrate at T = 25 ◦C (2�/2� ratio of about 3.2). A sep-
rate solution of 1 was prepared as follows: approximately 10 mg,
ccurately weighed, of 1 were transferred into a 5 ml glass volumet-
ic flask and then approximately 5 ml of mobile phase was added.
he mixture was sonicated to dissolve and diluted to volume with
obile phase. The final concentration of the above solutions was

bout 1 mg/ml for 2 and 2 mg/ml for 1. A 200 �l aliquot of the latter

olution was added to the former, and a 5 �l aliquot of the final mix-
ure was injected into the HPLC system. Compound 3 is a thermal
ecomposition impurity which is formed after prolonged storage of
[31] and thus always present in small amounts upon dissolution

f 2. For the variable temperature HPLC experiments (see Section

w
(
w
a
i

Yes 5.95 18.00 3.60 1.54

0 ml/min; T = 25 ◦C; UV detection at 254 nm).
.)

.3.2), a purified sample of 2, recrystallized from ethanol, was also
mployed, and dissolved in mobile phase as described above.

.5. 1H-NMR calculation of the thermodynamic ratio (K˛/ˇ)

A 1 mg/ml solution of a purified sample of 2, recrystallized from
thanol, was prepared in mobile phase, and sonicated to dissolve.
0.05 ml aliquot of D2O was added to 0.6 ml of the above solu-

ion, and the mixture was allowed to equilibrate at T = 25 ◦C. The
nal solvent composition was acetonitrile–water 55.4:44.6 (v/v).
H-NMR spectra were acquired by means of the DPFGSE solvent
uppression sequence [33], in which the selective pulses were con-
oluted to obtain simultaneous suppression of the non-deuterated
olvents. 64 scans were acquired, with a recycle delay of 3 s, and
hree independent spectra were acquired. From integration of the
inglets at ı = 5.55 and 5.40 ppm, corresponding to the protons at
-12 for 2� and 2� epimers respectively (see Fig. 1), the 2� isomer
as 78.6 ± 0.3% (H-NMRK�/� = 3.5). The very same sample was pro-

essed under optimized cryo-HPLC conditions (vide infra), giving a
7.8 ± 0.2% value (HPLCK�/� = 3.5) for the same isomer.

.6. Simulation of diastereoselective dynamic chromatograms

Simulation of variable-temperature experimental chro-
atograms was performed by using the lab-made computer

rogram Auto DHPLC y2k [34] which implements both stochastic
nd theoretical plate models according to mathematical equations
nd procedures described within ref. [35a,b], respectively. A quite
omprehensive view of milestone works on dynamic chromatog-
aphy and its applications is given in ref. [36]. The developed
lgorithm may take into account all types of first-order intercon-
ersions, i.e. enantiomerizations as well as diastereomerizations
r constitutional isomerizations, (e.g. pseudo first-order tautomer-
zations). Within non-enantiomeric isomerizations, forward and
ackward interconversion occur at different rates in the achiral
obile phase, where the two isomerizing species are present

n differing amounts. According to the thermodynamic cycle
nvolved inside a virtual chromatographic theoretical plate for a
eneric first-order isomerization process concomitant with the
hromatographic repartition equilibria (see Chart 1), we applied in
he algorithm the following general equation:

km
−1

km
1

× ks
1

ks
−1

= k′
B

k′
A

here k′
A and k′

B are the retention factors of the first (A) and second
B) eluting species, km

−1 and km
1 are the rate constants for the back-

ard and forward interconversion in mobile phase, respectively,
nd ks

1 and ks
−1 are the rate constants for the forward and backward

nterconversion in stationary phase, respectively.
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Program functionality was validated on several first-order iso-
erizations (both enantiomerization and non-enantiomerization)

y comparing DHPLC results with those obtained by DNMR tech-
ique [34a–d] or by classical method [34e]. The algorithm also
mplements the chance of taking tailing effects into account. Both
hromatographic and kinetic parameters can be automatically opti-
ized by simplex algorithm until obtaining the best agreement

etween experimental and simulated dynamic chromatograms.
n the present paper all simulations were performed employing

3

r

ig. 3. Typical room temperature chromatograms obtained for a standard mixture of com
�-epimer, peak 3 to the 2�-epimer, and peak 4 to 1. Columns: Zorbax SB-C18, Luna C18
scentis Express C18 (150 mm × 4.6 mm I.D.), and Chromolith RP-18 (100 mm × 4.6 mm
etection at 210 nm.
he stochastic model and taking tailing effects into considera-
ion.

. Results and discussion
.1. Pharmacopoeia guidelines on antimalarial drugs

Initially, we decided to start our investigation by refer-
ing to the International Pharmacopoeia guidelines on

pounds 1 and 2 (containing 3 as impurity). Peak 1 corresponds to 3, peak 2 to the
, YMC-Pack ProC18 RS, SunFire C18, Symmetry C18, Gemini C18, Acclaim 120 C18,
I.D.); eluent: acetonitrile–water (60:40, v/v); flow-rate: 1.00 ml/min, T = 25 ◦C; UV
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Table 2
Room temperature chromatographic data for the tested commercial RP-C18 columna

a Eluent: acetonitrile–water = 60:40 (v/v); flow-rate: 1.00 ml/min; T = 25 ◦C; UV detection at 210 nm; t0, ext. = 0.15 min. Peak 1 = 3; peak 2 = 2�; peak 3 = 2�; peak 4 = 1.
bk’, retention factor = (tR − t0)/t0,corr. = (tR − t0)/(t0 − t0,extra column).
cAs: Asymmetry factor.
d˛: selectivity factor.
eRs: USP resolution.
fNot resolved.
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W. Cabri et al. / J. Chrom

ntimalarial drugs [32]. In the monograph on Artenimolum or
rtenimol (i.e., dihydroartemisinin) the method currently recom-
ended is an HPLC assay based on the use of a stainless steel

olumn (100 mm × 4.6 mm I.D.) packed with a reversed-phase
18 stationary phase (3.0 �m particle size). The mobile phase

s acetonitrile–water 60:40 (v/v), delivered at a flow-rate of
.6 ml/min and the detection system used is an ultraviolet spec-
rophotometer set at a wavelength of about 216 nm. The aim of
he pharmacopoeial method is to quantitate dihydroartemisinin
2) in the presence of artemisinin (1) as related substance. The

onograph does not provide for any other related substance. The
nal requirement is that “the test is not valid unless the relative
etention of �-artenimol compared with artemisinin is about 0.6,
nd the resolution between the peaks is not less than 2.0. Measure
he areas of the peak (twin-peak) responses and calculate the
ercentage content of C15H22O5 (i.e., artemisinin) with reference
o the dried substance”.

Four main items raised when considering the above method: (i)
he column temperature is not specified, (ii) no mention is made of
he interconversion between the two epimers of 2, which indeed
ccurs in the chromatographic time scale, (iii) the conditions are
ot very selective towards 3, which is a ubiquitous contaminant of
, and (iv) signal-to-noise ratios in the presence of plateau zones are
lways smaller than in normal elution profiles; as a consequence,
uantitation of species eventually eluting in the plateau would be
egatively affected.

To overcome such shortcomings and try to address the
our points, we investigated nine commercial RP-C18 columns
150 mm × 4.6 mm I.D.) with different morphological and physic-
chemical properties, such as specific surface areas (ranging from
50 to 500 m2 g−1), particle sizes (from 2.7 to 5.0 �m), pore sizes
from 80 to 120 Å), carbon loads (from 2.00 to 3.76 �mol m−2), and
ermeabilities (from 1.18 to 4.41 × 10−14 m2). We also included in
he study a monolithic column (100 mm × 4.6 mm I.D.). Details on

he columns are collected in Table 1. On the nine columns we ana-
yzed the standard mixture of compounds 1 and 2 (containing 3
s impurity), prepared as described in Section 2.4, under pharma-
opoeial chromatographic conditions, and at different flow-rates.
ince the column temperature was not specified, we performed

t
o
e

able 3
ctivation free energies and apparent rate constants for the interconversion process of 2, ob
ff-column data

olumn K�/�
a Interconversion process 2� → 2� Int

app�G#

(kcal mol−1)

appkv

(10−2 min−1)
CESPb (%) app

(kc

ymmetry C18d 3.1 22.1 2.30 −48.1 21
ymmetry C18e 3.1 22.0 2.82 −36.3 21
ymmetry C18f 3.3 22.0 2.81 −36.6 21
una C18 3.3 21.9 3.52 −20.5 21
unFire C18 3.9 21.7 4.40 −0.7 21
MC-Pack ProC18 RS 4.1 21.6 5.26 18.7 21
emini C18 4.3 21.5 6.60 49.0 21
cclaim 120 C18 4.8 21.4 7.90 78.3 20
orbax SB-C18 4.5 21.2 9.88 123.0 20
scentis Express C18 4.4 21.2 10.2 130.2 20
hromolith RP-18 − 21.1 11.9 168.6 20

mobK�/�
mob�G#

ff-columng 3.2 21.7

a Calculated by peak areas integrated as depicted in Fig. 5.
b Catalytic effect of stationary phase: CESP = [(appkv − mobkv)/mobkv] × 100.
c [(K�/� − mobK�/�)/mobK�/�] × 100.
d Column geometry: 150 mm × 4.6 mm I.D.
e Column geometry: 100 mm × 4.6 mm I.D.
f Column geometry: 75 mm × 4.6 mm I.D.
g Off-column data obtained at T = 25 ◦C.
B 875 (2008) 180–191 185

he preliminary chromatographic runs by setting the temperature
t 25 ◦C. In all cases, we found four chromatographic peaks with
n invariant elution order, which were attributed as follows: peak
corresponds to 3, peak 2 to 2�, peak 3 to 2�, and peak 4 to 1.

ypical chromatograms obtained on the tested columns are illus-
rated in Fig. 3. An interference regime (plateau) between the 2�
nd 2� resolved peaks was detected in all cases, and it is diag-
ostic of an interconversion process active between the 2� (peak
) and 2� (peak 3) epimers during their chromatographic separa-
ion. Different peak shape deformations were observed, depending
n the stationary phase considered. Chromatographic data for the
ested commercial RP-C18 columns are presented in Table 2. As it
an be observed, the investigated peaks were resolved under phar-
acopoeial chromatographic conditions, all exhibiting a notable

ymmetrical shape (As < 1.42). Selectivity factors (˛) between 3 and
� ranged from 1.12 to 1.19, whereas greater values were reached
or the 2� and 1 couple (˛ between 1.24 and 1.35). The highest selec-
ivities were found for epimer couple 2� and 2� (˛ between 1.55
nd 1.73), the most selective column being the YMC-Pack ProC18 RS
˛ = 1.73), followed by the Ascentis Express C18 (˛ = 1.72). Finally,
elative retention of 2� (peak 2) compared with 1 (peak 4) was in
ood agreement with the pharmacopoeial requirements, ranging
rom 0.58 to 0.66 for the conventional particle-packed columns,
eaching 0.73 for the monolithic column.

The main drawback of the method is that the presence of the
isible plateau between the two dihydroartemisinin epimers is
ompletely neglected. In addition, stationary phases may have a
etarding or activating effect on the kinetics of the dynamic pro-
ess involving stereolabile species during their passage through
he chromatographic column. Therefore, it was necessary to inves-
igate the epimerization process in the presence of the stationary
hase.

.2. Evaluation of stationary phases
Since the Pharmacopoeia monograph establishes quantifica-
ion of dihydroartemisinin from the twin-peak area (i.e., the sum
f �- and �-artenimol against that of artemisinin used as refer-
nce), it seemed relevant to evaluate to what extent the secondary

tained at T = 25 ◦C by computer simulation and comparison with the corresponding

erconversion process 2� → 2�

�G#

al mol−1)

appkv

(10−2 min−1)
CESPb (%) Plateau areaa

(%)
% errorc K�/�

.6 5.38 −62.4 9.2 −3.7

.5 6.69 −53.2 5.8 −4.2

.5 6.61 −53.8 5.0 2.1

.3 8.62 −39.7 11.2 1.7

.2 10.1 −29.4 21.4 22.6

.2 11.7 −18.2 22.5 29.1

.0 15.9 11.2 21.6 34.1

.9 18.5 29.4 24.3 50.2

.7 23.7 65.7 27.2 40.2

.7 24.3 69.9 25.5 36.4

.6 31.4 119.6 15.5 30.4

mobkv
mob�G# mobkv

4.43 21.0 14.3
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Fig. 4. Comparison of experimental (solid line) and simulated (dotted line) chro-
matograms. Columns: YMC-Pack ProC18 RS (150 mm × 4.6 mm I.D.), Symmetry C18
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quilibrium between 2� and 2� could impact the quantitation
f 2. We therefore performed a preliminary thermodynamic and
inetic study of the 2� � 2� epimerization process under phar-
acopoeial conditions. We checked the equivalence of the UV

bsorption coefficients for 2� and 2� epimers at the operative
avelength by comparing chromatographic peak area ratios of 2�

nd 2� at 210 nm (HPLCK�/� = 3.5) with the corresponding ratios cal-
ulated by suitable integrated resonance signals selected within
he 1H-NMR spectra of 2� and 2� (H-NMRK�/� = 3.5) in the same
olvent mixture (see Section 2.5 for details). Off-column epimer-
zation of solid 2� in mobile phase was performed by incubating
he species into a thermostated reactor and monitoring the pro-
ess by optimized cryo-HPLC conditions (vide infra). Equilibrium
onstant of the 2� � 2� process, mobK�/�, and pseudo first-order
ate constants for the interconversions of 2� to 2�, mobkv�–� and 2�

o 2�, mobkv�–�, were determined at T = 25 ◦C in mobile phase, and
re collected in Table 3. As expected, the half-lives of both 2� → 2�
nd 2� → 2� processes, inferred by the related rate constants at
5 ◦C, matched the time scale of their separation, thus accounting
or the presence of plateau zones between the corresponding chro-

atographic peaks. To evaluate the influence of the interconversion
rocess on the chromatographic performance, we performed line-
hape analysis (DHPLC simulations) of all the elution profiles in
ig. 3. As an example, Fig. 4 shows a comparison of experimental
nd simulated chromatograms, obtained for the YMC-Pack ProC18
S, Symmetry C18, and Chromolith RP-18 columns. As previously
eported [36], rate constants of a given equilibrium determined by
ynamic chromatography (the apparent rate constants kapp

1 and
app
−1 related to the forward and backward reaction, respectively)
re mean values weighted by the retention factors (k′

A and k′
B) of

he processes occurring in both mobile (km
1 and km

−1) and stationary
hases (ks

1 and ks
−1), according to Eqs. (1)–(2).

app
1 = 1

1 + k′
A

km
1 + k′

A
1 + k′

A
ks

1 (1)

app
−1 = 1

1 + k′
B

km
−1 + k′

B
1 + k′

B
ks

−1 (2)

here k′
A and k′

B are the retention factors of the first (A) and sec-
nd (B) eluting species, respectively. If rate constants in mobile
hase, i.e., km

1 and km
−1 are available from independent measure-

ents, the rate constants in stationary phase, i.e., ks
1 and ks

−1 can
e obtained as well by computer simulation. Therefore, within
he input section of the program, we set rate constants in mobile
hase (km

1 and km
−1) as equal to those off-column measured for

he 2� → 2� and 2� → 2� processes in the same media (mobkv�–�

nd mobkv�–�), so that their ratio km
1 /km

−1 is always consistent with
he experimentally measured thermodynamic ratio (K�/� = 3.2 in
cetonitrile–water 60:40, v/v). Table 3 reports the apparent pseudo-
rst order rate constants for 2� → 2� and 2� → 2� conversions

appkv�–� and appkv�–�, respectively) and the related activation free
nergies (app�G#

�–� and app�G#
�–�), calculated by the Eyring Equa-

ion. Also inserted in Table 3 are: (i) the percentage amounts of
he interconverted fractions of 2, responsible for the plateau zones
ratios between plateau zones area and total 2 area obtained by
ntegrating from peak 2 to peak 3), and (ii) the K�/� constants cal-
ulated by peaks 3 and 2 area ratio, integrated in presence of the
lateau zone (see Fig. 5 for details on the integration mode used).

By comparison of mobkv�−� and mobkv�−� with the correspond-

ng appkv�−� and appkv�−� values, we were able to characterize each
olumn for its ability to promote or inhibit epimerization of 2.

We defined the Catalytic Effect of Stationary Phases (CESP) as
he percentage increasing (positive) or decreasing (negative) of
he epimerization rate constant, with respect to the analogous

c
i
i
c
i

150 mm × 4.6 mm I.D.), and Chromolith RP-18 (100 mm × 4.6 mm I.D.); eluent:
cetonitrile–water (60:40, v/v); flow-rate: 1.00 ml/min, T = 25 ◦C; UV detection at
10 nm. Simulations were performed by use of the lab-made computer program
uto DHPLC y2k [34].

alue measured in mobile phase (see Table 3). On this basis, three
olumns (Symmetry C18, Luna C18, and SunFire C18) of the nine
nvestigated were shown to reduce the 2� � 2� interconversion
ate, whereas the others increased the rate of the dynamic pro-

ess, with the exception of the YMC-Pack ProC18 RS column, which
ndeed did not show any appreciable effect. According to these find-
ngs, columns with negative CESP values (see Table 3) provided
hromatograms with smaller plateau area, that is, a smaller error
n quantitation of 2 can be made when using such columns. In
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Fig. 6. Typical room temperature chromatograms obtained on the Symmetry C18
columns family for a standard mixture of compounds 1 and 2 (containing 3 as impu-
rity). Peak 1 corresponds to 3, peak 2 to the 2�-epimer, peak 3 to the 2�-epimer,
a
I
1

3

ig. 5. (A) Schematic representation of the integration mode used for the calculation
f 2� and 2�-epimers area. (B) Computer simulated profiles of 2� (dotted line), 2�
dashed line), and of the mixture 2� + 2� (solid line).

articular, for the Symmetry C18 and Luna C18 columns, such an
rror (plateau area ≤ 11%) is about the half of that found for the other
olumns (>21%). A further and definitive confirmation of the con-
enience in the use of the Symmetry C18 and/or Luna C18 columns
or their inhibiting effect on epimerization derived from the more
recision in the K�/� constant measurement. Such columns led to
cceptable error ranges (<4%), whereas in the other cases the error
aised to 22%, up to 50%. On the basis of the above considerations,
he Symmetry C18 column was selected to perform a more in-depth
nvestigation.

.3. Investigation of the selected Symmetry C18 column

The Symmetry C18 column was tested in three different column
eometries, i.e., 150, 100, and 75 mm × 4.6 mm I.D. As easily pre-
ictable, the less the column length, the less is the staying time of
� and 2� epimers inside the separation device. Therefore, lower
lateau areas were obtained when reducing the column length (see
able 3), with comparable selectivity, but with lower efficiency and
esolution (see Table 2). Typical room temperature chromatograms
chieved on the Symmetry C18 columns are depicted in Fig. 6.

The up-to-now findings clearly demonstrated the role of the

tationary phase (i.e., type and column length) in minimizing
uantitation errors of 2. However, we decided to investigate the
nfluence of column temperature on the epimerization process,

hich is always relevant when considering sterically labile com-
ounds.

S
P
p

nd peak 4 to 1. Columns geometry: A: 150 mm × 4.6 mm I.D.; B: 100 mm × 4.6 mm
.D.; C: 75 mm × 4.6 mm I.D.; eluent: acetonitrile–water (60:40, v/v); flow-rate:
.00 ml/min, T = 25 ◦C; UV detection at 210 nm.

.4. Diastereoselective dynamic HPLC (DHPLC)
Variable temperature separations were performed on the
ymmetry C18 column, in the geometry recommended by the
harmacopoeial monograph (i.e., 100 mm × 4.6 mm I.D.). The tem-
erature range was of 40–0 ◦C. Since plateau zones were easily
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ig. 7. Variable temperature chromatographic profiles obtained on the Symmetry
cetonitrile–water 60:40 v/v, flow-rate: 1.00 ml/min, UV detection at 210 nm). Dott
arriers for the on-column epimerization process.

isible only at T > 20 ◦C, simulations of the chromatograms reg-
stered from 40 to 25 ◦C were performed by using the classical
tochastic model, as implemented within the Auto DHPLC y2k
rogram [34]. Fig. 7 shows the superimposed experimental and
imulated chromatographic profiles with the measured activation
ree energies. van’t Hoff analyses of the obtained data were also car-

ied out to evaluate the enthalpic and entropic contributions to the
pimerization barrier, and the related plots are depicted in Fig. 8.
s judged by the obtained results, just a very small contribution

o �G#
�–� and �G#

�–� is due to entropy (�S# values < 10 u.e.). This
uggests that a monomolecular process must be involved in the

3

t
a

Fig. 8. van’t Hoff plots obtained by DHPLC for the 2� � 2� interconve
olumn (100 mm × 4.6 mm I.D.). Solid line: experimental chromatograms (eluent:
: computer simulated profiles obtained with the measured free energy activation

ate-determining step, reasonably, the ring opening of either the
rotonated or deprotonated �- or �-hemiacetalic form of 2, gener-
ted in a previous reversible step by reaction with an acid or a base,
espectively. Such kinetic pathway would be in agreement to what
lready reported [10].
.5. Cryo-HPLC on the selected Symmetry C18 columns family

Low-temperature separations were performed on the Symme-
ry C18 column, in the three different column lengths, i.e., 150, 100,
nd 75 mm × 4.6 mm I.D., and at T = 0, 5, and 10 ◦C. Lower plateau

rsion. Column: Symmetry C18 column (100 mm × 4.6 mm I.D.).
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Table 4
Low-temperature chromatographic data for the Symmetry RP-C18 columnsa

Column Dimension (mm) T (◦C) Peak 1 2 vs 1 ]Peak 2 3 vs 2 Peak 3 4 vs 3 Peak 4

tR (min) k’b As
c ˛d Rs

e tR (min) k’b As
c ˛d Rs

e tR (min) k’b As
c ˛d Rs

e tR (min) k’b As
c

Symmetry C18 150 × 4.6 (t0 = 2.60 min) 0 5.92 1.41 1.07 1.15 1.98 6.41 1.62 1.10 1.70 8.91 9.09 2.76 1.04 1.32 5.74 11.18 3.65 1.04
5 5.81 1.37 0.99 1.14 2.05 6.28 1.57 0.99 1.70 9.35 8.89 2.67 0.92 1.31 5.85 10.88 3.52 0.93

10 5.67 1.31 0.93 1.15 2.06 6.14 1.51 0.96 1.70 9.21 8.65 2.57 0.90 1.30 5.50 10.45 3.34 0.50

100 × 4.6 (t0 = 1.87 min) 0 4.15 1.41 1.13 1.13 1.07 4.44 1.59 1.14 1.73 6.42 6.34 2.76 1.14 1.35 4.47 7.90 3.72 1.15
5 4.07 1.36 1.30 1.13 1.17 4.36 1.54 1.14 1.73 6.51 6.20 2.67 1.14 1.35 4.41 7.72 3.61 1.14

10 3.96 1.29 1.18 1.15 1.36 4.28 1.49 1.18 1.72 7.14 6.03 2.57 1.13 1.30 4.67 7.30 3.35 1.13

75 × 4.6 (t0 = 1.46 min) 0 3.20 1.43 n.r.f 1.12 <1 3.40 1.60 n.r.f 1.71 5.29 4.77 2.73 1.19 1.35 3.73 5.91 3.68 1.20
5 3.13 1.38 n.r.f 1.12 <1 3.34 1.55 n.r.f 1.72 5.36 4.69 2.67 1.18 1.33 3.64 5.77 3.56 1.19

10 3.06 1.32 n.r.f 1.14 1.03 3.28 1.50 1.12 1.72 5.48 4.58 2.58 1.15 1.31 3.53 5.56 3.39 1.16

a Eluent: acetonitrile/water = 60/40 (v/v); flow-rate 0.60 ml/min; UV detection at 210 nm; t0, ext. = 0.25 min. Peak 1 = 3; peak 2 = 2�; peak 3 = 2�; peak 4 = 1.
b k’, Retention factor = (tR − t0)/t0,corr. = (tR − t0)/(t0 − t0,extra column).
c As: Asymmetry factor.
d ˛: Selectivity factor.
e Rs: USP resolution.
f Not resolved.
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ig. 10. Chromatogram profiles obtained at T = 0 ◦C (left) and T = 25 ◦C (right) for a m
n the plateau zone. Column: Symmetry C18 column (100 mm × 4.6 mm I.D.); eluen

50 mm Symmetry C18 column, whereas for the 100 mm column
uch decreasing is more relevant (from 1.63 to 1.07–1.36, respec-
ively). A baseline resolution between 3 and 2� was achieved only
n the 150 mm Symmetry C18 column. A direct comparison of
he chromatograms obtained on such column at the three column
emperatures further supports the convenience in the use of the
50 mm Symmetry C18 column under cryo-HPLC conditions (Fig. 9)
n the basis of the epimerization rate constants extrapolated at
< 25 ◦C, we calculated a marginal plateau area (<2%) only close

o T = 0 ◦C (Fig. 10, left). We are currently testing buffered mobile
hases to given pHs aimed at minimizing on-column epimer-

zation without drastically decreasing column temperature. No
elevant influence of flow-rates on the chromatographic perfor-
ances was observed when checked on the Symmetry C18 column

75 mm × 4.6 mm I.D.), at T = 10 ◦C (data not shown).
A final consideration on the Pharmacopoeian method can be

ade in the case of chemical impurities eventually eluting in the
lateau zone (see Fig. 10, right): quantitation of 2 in such cases
ould be difficult to obtain and usually overestimated.

. Conclusions

A systematic investigation was made on the influence of
hromatographic conditions (stationary phase and column temper-
ture) on the simultaneous reversed-phase HPLC determination of
rtemisinin (1), �-dihydroartemisinin (2�), �-dihydroartemisinin
2�), and a thermal decomposition product of 2 (diketoaldehyde
), considering for the first time the on-column epimerization
rocess of 2. Nine commercial RP-C18 columns with different
ore size, surface area, carbon load and permeability were eval-
ated starting from the International Pharmacopoeia monograph
n dihydroartemisinin, and compared on the basis of their station-
ry phase effect towards the interconversion between 2� and 2�.
omputer simulation was employed to gain insight on the Catalytic
ffect of the Stationary Phase (CESP). Activation free energies of the
rocess, obtained by computer simulation of the experimentally
btained elution profiles, showed that the Symmetry C18 column
mong the nine analyzed has an inhibiting effect on epimerization
�G# = 22.1 for 2� → 2� and 21.6 kcal mol−1 for the backward pro-
ess). The column was selected for the development of a cryo-HPLC
ethod aimed at minimizing on-column interconversion. On the

asis of the epimerization rate constants extrapolated at T < 25 ◦C,

e calculated a marginal plateau area (<2%) only close to T = 0 ◦C

or the 150 mm × 4.6 column geometry. In another related paper,
uffered mobile phases to given pHs will be tested to minimize
n-column epimerization without drastically decreasing column
emperature. UPLC will be investigated as well as an alternative

[

[

[
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ol solution of 2 heated in an oven at 90 ◦C for 4 h: an unknown impurity is eluting
onitrile–water (60:40, v/v); flow-rate: 0.60 ml/min; UV detection at 210 nm.

echnique to yield fast analysis without compromising the effi-
iency of separation.
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