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In this study a clear separation between seven analogues of
artemisinin on thin-layer chromatography (TLC) is presented.

The developed TLC method is carried out on a RP-Cy thin-layer
plate using acetonitrile-water (50:25 v/v) as the mobile phase.
Spots are visualized by derivatization with an acidified
4-methoxybenzaldehyde reagent in methanol-water. This method
allows the separation of a diverse group of compounds that have
versatile hydrophilic/lipophilic characteristics; namely artemisinin,
artesunate (AS), artelinic acid (AL), arteether (AE), both isomers of
artemether (AM) (o and B), dihydroartemisinin, and
desoxyartemisinin. Separation of some degradation products and
impurities, down to 2%, allows quality control and stability
investigation of all actives in raw material and pharmaceutical
formulations. The method is further developed via densitometric
measurement for quantitative determination purposes for AL and
AS. The derivatization technique is evaluated, showing good
stability and reproducibility of the coloring process. Percent relative
standard deviation values are less than 5% for replicates, and
linearity is obtained in the range of 0.5 to 8 pg. A comparative study
with high-performance liquid chromatography (HPLC) on a Cy4
column, applying the same mobile phase, proves the suitability of
the TLC method, in which almost all presented analytes are
separated from each other. In contrast, HPLC requires at least a
20-min analysis to chromatograph all of the compounds and

only BAM and AE are clearly separated from each other and from
the other compounds.

Introduction

Artemisinin (AT), a natural antimalarial compound, is a
sesquiterpene molecule, isolated from the plant Arfemisia annua
L. Its structure contains a lactone function and a ring over-
strained with an endoperoxide bridge. AT is the parent natural

* Author to whom correspondence should be addressed: email jplaizie@vub.ac.be or
apogama@hotmail.com.

drug for a number of semisynthetic derivatives with different sol-
ubility characteristics and, subsequently, a more-or-less-specific
clinical profile. Several studies suggest that the endoperoxide
function is important for the antimalarial activity because of the
production of free radicals (1-4). Reduction of the endoperoxide
function of AT to an epoxide yields desoxyartemisinin (DAT),
which is devoid of any antimalarial activity (5). From the inter-
mediate reduction product, dihydroartemisinin (DHA), being
even the most common active metabolite of all AT derivatives in
vivo (6), other even or more potent drugs were synthesized such
as artesunate (AS), arteether (AE), artemether (AM), and artelinic
acid (AL) (Figure 1) (7).

The world-wide claimed efficacy of these drugs, supported by
clinical studies (8), has led to the development of several pharma-
ceutical formulations (tablets, intramuscularly injections, and
suppositories) (7,9-11). For the purpose of adequate pharmaceu-
tical development of these AT analogues, stringent information

R=H (a+p) DHA
R=CH; () AM
R = CH,CH, () AE

artelinate
R = CH,CH,COOH (o)) AS

Figure 1. Structure of AT and its semisynthetic derivatives (AS, AE, AM, AL,
DHA, and DAT).
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should be acquired about some crucial parameters such as the
stability in different formulations and storing conditions.

Only some studies mention the instability of AT at tempera-
tures higher than 150°C and in acidic solutions (5). AS is known
to be instable in aqueous solutions (12); therefore, injections of
this drug need to be reconstituted just before administration.
Several high-performance liquid chromatographic (HPLC) or gas
chromatographic (GC) methods have been published but describe
only the resolution of two or three AT derivatives (13-21).

Some analytical methods were already proposed in the litera-
ture, but because of the inert nature of the molecules, rather
highly specific and uncommon techniques are needed, such as
GC—mass spectrometry (MS)-selected ion monitoring (13), UV-
derivatization (1), chemiluminescence (15), electrochemical
detection (15-20), light scattering (21). Many of them require
intensive sample preparation or highly technical experience and
are not always suitable for a great number of samples and routine
analysis, as needed for stability studies. The first purpose of this
work is to develop an analytical technique allowing the separation
of AT derivatives as much as possible, as well as degradation prod-
ucts. A second purpose is to visualize these compounds as easily
as possible.

In this work a simple technique, compared with the existing
analytical methods, is presented that allows the following: separa-
tion of at least seven derivatives of AT (the hydrophilic ones, AS
and AL) and the more lipophilic ones (AM, AE, DHA, and DAT)
(Figure 1). The last two are also known as degradation products
or metabolites of these derivatives (or both). Therefore a reversed-
phase thin-layer chromatography (TLC) technique has been pre-
sented using a derivatization technique for visualization of all of
these derivatives with the same derivatization solution and den-
sitometric method. Such a technique allows for the identification
and quantitation of AT and its derivatives in various samples, for
which quite simple sample preparation methods can be used.

Experimental

Analytes, solutions, and reagents

The test substances [AT, AS, AL, a-artemether (0AM), and DHA]
were kindly supplied by the respective organizations: Arenco
(Geel, Belgium), HelmAG (Hamburg, Germany), ACF-beheer
(Maarssen, the Netherlands), and Arenco Pharmaceutica (Geel,
Belgium). B-Artemether (BAM), AE, and DAT were generous gifts
from the University of Mississippi (University, MS). As well as for
qualitative and quantitative purposes, solutions were prepared
ranging from 0.1 to 1 mg/mL analyte. They were then spotted on
the TLC plate as individual bands, and the plate was developed
maintaining the chromatographic conditions mentioned later.
For qualitative evaluation on the TLC system, the Ry values were
determined; for quantitative purposes, densitometric measure-
ments on the spots were performed, for which al details are listed
below. The TLC mobile phases consisted of acetonitrile of HPLC
grade from Carlo Erba Reagenti (Milano, Italy), methanol of HPLC
grade or chloroform (Merck, Darmstadt, Germany) and MilliQ
water. The same solvents were used in the HPLC analysis. The dip-
ping reagent to visualize the spots in the TLC method consists of
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2 mL of 4-methoxybenzaldehyde, 4 mL of sulfuric acid 95-97%
(v/v), and 20 mL of acetic acid 98% (v/v) dissolved in 94% alcohol
(vAv)-water (100:80 v/v). Except for the solvents, all reagents were
obtained from Merck. For the creation of degradation products,
analytical-grade HCI 32% (g/g) from Merck was used. To compare
the separation efficiency under the same conditions with the TLC
or HPLC technique [Cyg column or thin-layer plate as stationary
phase and acetonitrile-water (in a ratio of 2:1 v/v) as mobile
phase], solutions of each analyte were prepared in HPLC-grade
methanol with a concentration of approximately 1 mg/mL.

Instruments and methods
Acidic degradation

The procedure for the acidic degradation of each of the analytes
was as follows: IN HCI prepared in water was added to a certain
amount of the test substances, namely 10 mg AS was dissolved in
5 mL HCI 1N and 45 mL water and 50 pL was spotted; 10 mg AL
was dissolved in 10 mL HCI IN and 90 mL water was added; 100
pL was spotted; 25 mg of AT, AE, or AM were individually mixed
with 1 ml HCI IN and further diluted to 100 mL with ethanol 94%
viv; and 20 pL of these solutions were spotted. In order to induce
degradation, the solutions were stored overnight at 45°C before
applying on the plate.

TLC conditions

A Linomat IV device from Camag (Lot, Belgium) was used to
apply the test solutions on the TLC plates. Appropriate aliquots
were spotted under a continuous drying nitrogen stream in a
1-cm band at 2 cm from the bottom on the TLC plate. For quan-
titative analysis, 10-uL quantities of standard solutions and
appropriate volumes of degraded solutions, depending on their
degradation rate, were always applied on the plates. The develop-
ment is performed on TLC layer interfaces (10 x 20 cm), respec-
tively. RP-C;g F254S and TLC plates silica gel 60 F254, both
having precoated layer thicknesses of 0.25 mm (Merck) in a devel-
oping chamber tank (Camag) were saturated with the appropriate
eluent overnight at 25°C. For normal-phase chromatography, the
mobile phases consisted of chloroform—methanol (70:0,
60:10, and 50:20 v/v). For reversed-phase chromatography,
methanol-water (50:20 v/v) or acetonitrile-water (50:20 v/v) were
used.

For the derivatization, a dipping chamber (20 x 20 cm) and a
plate heater from Camag were used. The exact activation time
needed for a stable color was investigated. After development, the
plates were air dried for 5 min and sample and standard zone
areas were measured by linear scanning at 565 nm with a PMQ 3
Zeiss-TLC scanner (Oberkochen, Germany). The scanning was
performed vertically over the plate over a distance of 5 cm
and at a scanning rate of 5 cm/min, measuring 200 points.
Densitograms were generated from transmission measurements
of the samples and the blank. The respective absorbance values
were calculated and peak areas were quantitated with aid of the
Peakfit program from Jandel (Erkrath, Germany).

Application of the TLC method in quality assurance of BAM
raw material

To test the applicability of the TLC method in quality assurance
of PAM at a level of 2%, a stock solution of 160 mg/100 mL AM
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was foreseen. For the impurities, a solution that was diluted prop-
erly to obtain a concentration of 3.2 mg/100 mL was prepared.
Lower concentrations were also tried. From each of the solutions,
10 pL was spotted on the thin-layer plate. The plate was developed
and derivatized as discussed before.

HPLC conditions

A standard solution of each compound was prepared separately
in methanol (containing 1 mg/mL analyte) and then qualitatively
investigated with the following HPLC method: a Lichrocart RP
Cyg column (250 x 4 mm) filled with Lichrosphere 100 (5 ym)
particles (Merck), a mobile phase consisting of acetonitrile (HPLC
grade from Merck) and MQ-water in a ratio of 2:1 (v/v), a flow set
at 1 mL/min at an injection volume of 2 pL. The HPLC apparatus
consists of a binary LC pump 250, LC-235 diode array UV detector,
LCI-100 laboratory computing integrator (Perkin Elmer,
Norwalk, CT) and a Rheodyne 20-pL loop (Cotati, CA). The
detector wavelength was 215 nm because none of the compounds
had UV-detectable chromophore groups, except for AL.

Results and Discussion

The choice for the development of a TLC as a preferred and
simple method for the discrimination of related AT compounds
was inspired mainly by the fact that the overall chemical
structure of all these compounds lacked the presence of a
chromophore function. For our purpose, a densitometric
measurement after color derivatization was coupled to the
separation capacity of TLC.

Qualitative TLC separations

Both normal- and reversed-phase TLC systems were investi-
gated. On the basis of previous observations in our lab, mobile
phases consisting of 100% chloroform could discriminate AT and
its lipophylic derivatives (AT and AM). However, nearly no migra-
tion was observed for the hydrophilic compounds AS and DHA
(Figure 2C).

Addition of different amounts of methanol to chloroform could
improve the separation of the hydrophilic compounds as shown
in Figures 2A and 2B.

It could be observed that the substitution of 25 mL of chloro-
form (Figure 2C) by methanol influences the migration strongly;
AT, AE, and AM migrated with the solvent front. At the same time,
the separation of AS, AL, and DHA was improved (Figure 2B), and
with higher amount of methanol at least six products were sepa-
rated. It could be concluded that in the conditions of the normal-
phase TLC on a silica gel stationary phase, mobile phases
consisting of mixtures of chloroform-methanol can only dis-
criminate the lipophilic and hydrophilic compounds into two
groups, an all-over separation of all derivatives is not evident. On
the other hand, most of undefined degradation products of AS
and AL obtained in hydrochloric acidic solutions were separated
using a chloroform-methanol (60:10 v/v) mobile phase. For each
drug, at least seven bands could be observed (Table I).

As most of the degradation products exhibit R; values greater
than 0.5, the separation of these substances should be improved

when using a mobile phase with a methanol content equal or less
than 10%. It is not practically advisable to perform TLC develop-
ments in “sensitive” eluents; just a small difference in the
methanol content can change the separation efficiency of the
investigated drug and its degradation products.

Figure 2. Thin-layer chromatogram of AT and five analogues using a silica gel
stationary phase and chloroform-methanol (50:25 v/v) (A), chloroform~
methanol (60:10 v/v) (B), and chloroform (70 mL) (C) as mobile phase (spots
from left to right: AS, BAM, BAE, AT, DHA, o AM, DAT, and AL).

Table I. R; Values of AS and AL and Their Degradation
Products on Silica Gel Plates Developed in a Mobile
Phase of Chloroform—Methanol (60:10 v/v)

AS AL
0.26 pink 0.24 pink
0.43 pink 0.43 pink
0.60 blue 0.57 pink
AS standard: 0.64 grey 0.64 blue
0.70 pink AL standard: 0.71 grey
0.77 grey 0.84 blue
0.84 blue 0.91 grey
0.94 grey 0.97 pink
1.00 grey 1.00 grey-pink
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Because of the limitations encountered with normal-phase
systems, our analytes were investigated on RP-Cy4 thin layer
plates. In earlier studies on tretinoin (22), better migration and
finer bands for reversed-phase systems were already noticed than
on normal-phase plates. Two types of mobile phases were com-
pared, one based on methanol, the other based on acetonitrile,
each with the same ratio of water (50:25 v/v). In comparison with
normal-phase systems, much better results were obtained with
reversed-phase systems, as can be observed from Figure 3. For all
analytes, several degraded products obtained in acidic medium
(Figure 3) could be separated from the parent compound as well
as in the eluent containing acetonitrile, as in the one composed of
methanol-water. But the highest number of spots and separation
efficiency were achieved with the first one, composed of acetoni-
trile—water (50:25 v/v).

ASs  ASd ALs ALd ATs ATd AEs AEd AMs AMd

Figure 3. Thin-layer chromatogram of in HCI degraded AS, AL, AM, AE, and
AM, using a RP-Cy stationary phase and methanol-water (50:25 v/v) (A) and
acetonitrile-water (50:25 v/v) (B) as mobile phases (s = standard solution; d =
solution of the analyte, degraded with HCI).
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Observing these positive results, a good TLC technique, from
the qualitative point of view, seemed to be developed. Only a
simple RP-Cy4 plate developed in a mobile phase containing ace-
tonitrile-water (50:25 v/v) is required for an almost total separa-
tion of AT and the investigated derivatives (AE, AM, AS, AL, DHA,
and DAT) (Figure 4).

Typical quality control of the semisynthetic derivatives
included investigation of AT and DHA impurities after synthesis.
For each compound, the method can be applied for that purpose.
Especially for AM, both isomers (o and ) were well separated.
This method is certainly interesting as identification step in the
quality control of each compound.

Quantitative determination of AT and structured analogues
using visual scanning densitometry

It was already demonstrated in previous work in our lab that
4-methoxybenzaldehyde is a suitable derivatization reagent to
visualize AT, AE, and AM for quantitative determination in solu-
tions (23) and even for tretinoin and erythromycin (22). From

Mixture

DHA  oAM  DAT AL

Figure 4. Thin-layer chromatogram of AM and seven related compounds
using an RP-C; 4 stationary phase and methanol-water (50:25 v/v) (A) and ace-
tonitrile-water (50:25 v/v) (B) as mobile phases (spots from left to right: AS,
BAM, BAE, AT, DHA, 0AM, DAT, and a mixture of all compounds).
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Figure 5. Evaluation of the densitometric peak area of AS and AL after 8, 10,
and 12 min of activation at 110°C as a function of time.

Table I1. Precision on the Peak Areas for the Investigated
Drugs in the RP Systems Using the C,5 Thin-Layer Plate

Regression equation
%RSD (n=6) Linear interval (y=mx+b)
Sample Scan spot (g m b r
AS 3.2 3.0 0.5-8 63.8 0.27 0.992
AL 5.0 4.5 0.5-8 53.5 0.28 0.995
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these experiences, the possibility for quantitative determination
of all AT derivatives was further evaluated using a methoxyben-

Figure 6. Thin-layer chromatogram of the impurities AT, DHA, and 0AM ata
level of 2% (g/g) in BAM raw material, using an RP-C;4 stationary phase and
acetonitrile-water (50:25 v/v) as mobile phase.

zaldehyde dipping reagent. The application of the dipping tech-
nique to achieve a higher reproducibility quota was in accordance
with the review of Touchstone (24).

The stability of the colored TLC bands, translated to densito-
metric area, was evaluated as a function of time elapsed after 8,
10, and 12 min of activation at 110°C. From previous studies on
tretinoin and erythromycin, 8 min seemed suitable for qualitative
evaluation. An activation period of at least 12 min was necessary
for quantitative determination (22).

In our study, a minimum of 12-min activation period was also
required to have stable spots that were measurable at 565 nm.
The color reached a stable condition after 20 min of cooling at
room temperature and remained stable during 3 h (Figure 5).

Under these standardized conditions of development and
derivatization, the TLC visual scanning densitometry was quanti-
tatively evaluated (Table II). The calibration curves produced on
each plate by linear regression of several standards (scan area
count vs. micrograms spotted) had correlation coefficient values
of at least 0.99 and were similar to each other. In all cases, percent
relative standard deviation, measured at two levels (one spot mea-
sured several times and several spots once), was lower than 5%.

The linearity intervals of the visual responses had

- adequate precision at least in the range of 0.5-8
Table 111. Data of Peaks on HPLC and Spots on TLC and Resolution Results pig and were similar for AS and AL.
for the TLC and HPLC Method for Nine Analytes
Data on HPLC-peaks and TLC.spofs Applicability of the TLC test in the quality
assurance of AM raw material
Analytes HPLC TLC The specification test for the active ingredient
Width  Width Distance | N2 pharr_naceutical fqrmulation shpuld confirm
ath ath  Widthof  tospot the identity and purity at a certain level. The
Retention  height  height thespot line detection limit of related substances, mostly
Abbreviation time (min)  (cm) min)  (mm)*  (mm)* impurities originating from the synthesis of PAM,
was therefore evaluated. In the following test, the
Artesunate AS 4.35 0.3 0.50 30 54.5 TLC method was evaluated to detect these impu-
Dihydroartemisinin | DHA-| 4.56 0.1 0.20 80 495 rities at a level of 2%. Therefore,a high concen-
Dihydroartemisinin Il DHA-I 5.97 0.1 0.20 80 49.5 trated solution, to which the different impurities
Atelinic acid AL 2.5 0.9 1.51 25 400 were added, was chromatographed. As can be
Aremisinin AT 6.65 015 025 40 440 observed in Figure 6, each impurity can be clearly
Desoxyartemisinin DAT 8.66 0.25 0.42 30 37.0 disti ished from the main compound (BAM) at
a-Artemether GAM 8.74 015 025 35 380 istinguished from the main compou
B-Artemether BAM 1262 0.15 0.25 30 35 a level of 2%. At this leyel, thrp_e clearly separated
Arteether AE 1838 025 042 25 340 spots of the measured impurities were observed,
- possibly allowing quantitative determination via
Resolution R, for TLC densitometry.
AS DHAT DHAAL AL AT DAT oM  pAM A Comparative study of the TLC and HPLC
AS 009 053 030 058 051 073 075 | analysisof AT and derivatives
DHAI 035 016 009 023 02 031 030 | Although nowadays TLC can be applied as an
DHAN 273 018 009 023 020 031 062 | analytical method alongside other chromato-
AL 0.67 0.65 0.11 007 027 018 | graphic techniques (25,26), including HPLC, the
AT 3.60 550 1.79 020 016 033 036 | techniqueis still not generally accepted as a valu-
DAT 5.52 785 515 193 354 0.15  0.10 [ able method for quantitative analysis in different
0AM 687 11.00 729 217 491 0.4 017 015 [ domains. However, because of recent develop-
pAM 1294 2121 1750 478 1401 697 9.1 ments in accessories for TLC analysis and new
AE 1796 2647 2377 789 2065 13.69 1697 10.14 “high-performance” thin-layer plates, the tech-
AS_ DHAT DHAII AL AT DAT  oAM  PAM  AE nique rivals HPLC in terms of chromatographic
Resolution R, for HPLC efficiency, sensitivity, and precision. A compara-
* Measured on spots of T cm — migration distance of 7 cm. tive study with HPLC using a Cig column (4 pm x
25 ¢m) and the same mobile phase [acetoni-
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trile-water (2:1 v/v)] with a flow of 1 mL/min was performed. The
aim of this part of this study was to compare the TLC and HPLC
methods for their system suitability in the quality control of AT
derivatives and their degradation products. To determine the
quality of the HPLC system, the method of Molnér (27) was fol-
lowed. For each of the two peaks, the resolution (R,) was deter-
mined. For TLC, the resolution value was calculated based on the
formula mentioned in the study of Fried and Sherma (28). The
following formulas were applied in the calculation of the resolu-
tion R. For HPLC:

t, -t
Rg=1.178 x —=—— Fa.1
hy + Wh, |
and for TLC:
Rg=—d
(W] + Wg)/z Eq. 2

where t; and t, are the retention times, W},; and Wy, are the peak
widths at half height, d is the distance between the center of two
spots, and W is the widths of the spots

Results of the comparative study are presented in Table III and
Figure 7. Table III gives data on the peaks in HPLC, namely reten-
tion time and peak width information, as the peak width at half
height; for the spots on TLC, the spot width and distance from the
spot line to the migrated spot are presented. Based on this data,
the resolution, being a system suitability value for the separation
between each AT in the derivative, can be calculated for HPLC and
TLC.

Figure 7 (for HPLC) and previous figures for TLC (Figures 3
and 4) represent, respectively, the HPLC chromatogram and the
TLC plates. Based on the criteria of Molnar (27)—a good resolu-
tion between two compounds is obtained because the R, value is
greater than 1.5—we could conclude the following for the HPLC
method: if the R, is lower than 1.5, the HPLC method seemed
unsuitable for the separation of these compounds. For the fol-
lowing compounds, the resolution does not fulfill the criteria,
namely DHA-I and AS (R, = 0.35); AL, DHA-I, and DHA-I, respec-
tively (R, = 0.35 and 0.33); AT and AL (R, = 0.77); and DAT and
0AM (R = 0.14).

Practically, the HPLC method is not completely satisfactory for
the identification of all compounds. Six compounds (e.g., AS or

20

Retention time (min)

Figure 7. Chromatograms of AM and its derivatives, analyzed with HPLC
[stationary phase = Lichrocart C;4 column and mobile phase = acetoni-
trile-water (2:1 v/v) at 1-mL flow].
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DHA-I, AT, BAM or DAT, ¢AM, and AE) can be easily separated. For
the investigation of degradation products or metabolites (DHA) of
the compounds AT, AM, and AE, the method seemed to be suit-
able. Additionally, cAM, the isomer of BAM, was well separated.

The requirement to obtain system suitability in TLC is an R, of
greater than 0.05. Therefore, the method is not satisfactory for
oAM and DAT. The same phenomenon was observed with HPLC.
In contrast with HPLC, TLC does not separate the two isomers
present in the product DHA (o and § forms). With HPLC, an R; of
4.22 between both isomers was obtained. Nevertheless, the
method is satisfactory for the separation of all other compounds
from each other.

Moreover, the described TLC method provides excellent capa-
bility for dosage and stability investigation of the main com-
pounds, their impurities and degradation products, and as pure
material or incorporated in several pharmaceutical dosage forms.
This method can be of a great value in the semiquantitive analysis
of the compounds because the derivatization allows for the visual
determination of the spots.

Conclusion

In this work, a simple TLC technique using visual scanning
densitometry after derivatization has been presented. This
method, the separation of all of the presented drugs with a suffi-
cient separation efficiency, contributes to the identification of AT
and its hydrophilic derivatives (namely AS and AL) and the
lipophilic ones (AM and AE). Even more, the method allows the
separation of the following two degradation products, which are
simultaneously metabolites of most of these derivatives (namely
DAT and DHA). All semisynthetic derivatives are well separated
from AT and DHA, with both compounds possibly being present
as impurities originating from the synthesis. Additionally, most of
the analytes can be quantitated in a stability investigation because
they are separated from many degradation products. For BAM it
was shown that its impurities (AT, DHA, and 0AM) at a level of 2%
could be detected. It should be noted that neither qualitative anal-
ysis nor quantitative determination of such a high number of
structurally related drugs from the artemisia group, using one
simple TLC or any other technique, has been reported in litera-
ture as far as the authors of this work know.

Some preliminary tests on suppositories with AS and AM allow
us to suggest that this method will be of merit in the investigation
of the stability of pharmaceutical preparations of these drugs
without intensive sample pretreatment. Based on the resolution
results of the presented HPLC method and the evaluated TLC
method, the latter seems to be superior for investigation in dif-
ferent domains of pharmaceutical technology, including identifi-
cation, dosage determination, and stability investigation.
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