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A simple, rapid, precise, and accurate high-performance thin-layer chromatographic method coupled with visible densitometric
detection of artemisinin is developed and validated. Samples of the dried Artemisia annua leaves were extracted via microwaves
using different solvents.This method shows the advantage of shorter extraction time of artemisinin from leaves under the influence
of electromagnetic radiations. Results obtained from microwave-assisted extraction (MAE) were compared with hot soxhlet
extraction. Chromatographic separation of artemisinin from plant extract was performed over silica gel 60 F

254
HPTLC plate

using n-hexane : ethyl acetate as mobile phase in the ratio of 75 : 25, v/v. The plate was developed at room temperature 25± 2.0∘C.
Artemisinin separation over thin-layer plate was visualized after postchromatographic derivatization with anisaldehyde-sulphuric
acid reagent. HPTLC plate was scanned in a CAMAG’s TLC scanner 3 at 540 nm. Artemisinin responses were found to be linear
over a range of 400–2800 ng spot−1 with a correlation coefficient 0.99754. Limits of detection and quantification were 40 and 80 ng
spot−1, respectively. The HPTLC method was validated in terms of system suitability, precision, accuracy, sensitivity (LOD and
LOQ), and robustness. Additionally, calculation of plate efficiency and flow constant were included as components of validation.
Extracts prepared from different parts of the plant (leaves, branches, main stem, and roots) were analyzed for artemisinin content,
in which, artemisinin content was found higher in the leaf extract with respect to branches and main stem extracts; however, no
artemisinin was detected in root extract.The developedHPTLC-visiblemethod of artemisinin determination will be very useful for
pharmaceutical industries, which are involved in monitoring of artemisinin content during different growth stages (in vitro and in
vivo) of A. annua for qualitative and quantitative assessment of final produce prior to commercial-scale processing for assessment
of cost-benefit ratio.

1. Introduction

Malaria is a vector-borne infectious disease, which affects
approximately 400 million people every year, especially in
Africa.The parasite responsible for fatal malarial infections is
Plasmodium falciparum. The first effective antimalarial drug
to treat this dangerous infection was quinine; since then,
malaria has been treated with quinoline-based drugs like

chloroquine, mefloquine, and pyrimethamine, but malaria
parasite developed resistance to these drugs [1–3].
Artemisinin (Figure 1) is a natural product obtained from
an aromatic annual herb of Asian and East European origin
Artemisia annua L., which belongs to the family Asteraceae
(Compositae). Due to the problem of resistance, artemisinin
and its semisynthetic derivatives artemether, arteether, and
artesunate are considered to be the most effective for the
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Figure 1: Structure of artemisinin.

treatment of uncomplicated malaria due to Plasmodium
falciparum (through ACTs) and complicated cerebral malaria
(through monotherapy). Central Institute of Medicinal and
Aromatic Plants (CSIR-CIMAP), Lucknow, introduced
Artemisia annua in India and developed its agrotechnology
for commercialized production of active antimalarial drug,
artemisinin [4–8]. Artemisinin has received much attention
in the treatment of drug-resistantmalaria in recent years, and
it is now considered a potential candidate to reduce coccidial
infection in chickens [9, 10]. Besides antimalarial activity,
artemisinin and its derivatives also possess several bioact-
ivities [11] including antiviral [12], antitumor [13], and anti-
cancer [14].

Presently, most common commercial sources of artem-
isinin are field-grown leaves and flowering tops of A. annua
that are subject to seasonal and somatic variation. Today,
the search for increased productivity follows two trends: the
search for new species with better yield and a further devel-
opment and application of methods for genetic improvement
[15]. Mannan et al. in 2008 [16] described that chemical
synthesis of artemisinin is known to be tedious and expensive.
Therefore, search for other Artemisia species containing
artemisinin and the plant source such as callus [17], shoot
[18], and hairy root cultures [19, 20] are also attractive alter-
natives. Although presence of artemisinin is supposed to be
in Artemisia genus, there are reports describing presence or
production of artemisinin in species other than A. annua [10,
16, 21–27]. Presence of artemisinin has been reported in A.
cina (reported from Indonesia) [21],A. sieberi (reported from
Iran) [10], A. absinthium (reported from Pakistan) [22], A.
dubia andA. indica (reported fromPakistan) [16], andA. api-
acea and A. lancea [23, 24]. Mannan et al. (2010) collected 17
different Artemisia species from different hilly locations
in northern Pakistan and screened for the presence of
artemisinin; results of this study revealed that artemisininwas
present in 16 species (A. moorcroftiana, A. vestita, A. vulgaris,
A. indica, A. sieversiana, A. roxburghiana var. roxburghiana,
A. roxburghiana var. gratae, A. parviflora, A. dracunculus var.
dracunculus, A. dracunculus var. persica, A. aff. Tangutica,
A. annua, A. absinthium, A. bushriences, A. japonica, and

A. dubia) and in one species (A. desertorum) artemisinin was
not present [25]. Suresh et al. (2011) detected artemisinin in
A. abrotanum and A. pallens by LC/MS method [26]. On the
other hand, Namdeo et al. in 2006 [27] stated that the genus
Artemisia includes ca. 400 species; many of these species have
been screened for the presence of artemisinin but only A.
annua and to a lower extentA. apiaceawere found to produce
artemisinin. A. annua and A. apiacea were known to the
Chinese in antiquity and since they were easily confused with
each other. Recently, El-Naggar et al. (2013) reported extre-
mely high artemisinin concentration (4.85–4.90% w/w) in
their study performed in the Egyptian desert for the first
time as a new promising cultivating area for pharmaceutical
production of artemisinin [28].

A number of analytical methods have been developed for
detection and quantification of artemisinin, like thin-layer
chromatography (TLC) [29, 30], TLC with visible light den-
sitometric detection (TLC) [31–34], high-performance liquid
chromatography with UV detection (HPLC-UV) [35–38],
HPLCwith electrochemical detection (HPLC-ECD) [39, 40],
HPLC with evaporative light scattering detection (HPLC-
ELSD) [31–44], HPLC with peroxyoxalate chemilumines-
cence detection (HPLC-PO-CL) [45], HPLC/tandem mass
spectrometric (LC/MS/MS) method [46], liquid chromatog-
raphy/mass spectrometry (LC/MS) [47], high-performance
capillary electrophoresis using self-designed conductivity
detection system [48], gas chromatography with mass
spectrometric detection (GC-MS) [49], GC with flame
ionization detection (GC-FID) [50], and enzyme-linked
immunosorbent assay (ELISA) [51]. Recently, spectrophoto-
metric determination of artemisinin and dihydroartemisinin
was reported from India [52].

The TLC method developed by Gupta et al. in 1996 [31]
is really good, but validation parameters were not discussed
in detail. Later on, Bhandari et al. in 2005 [34] developed RP-
TLC method for simultaneous determination of artemisinin,
artemisinic acid, and arteannuin-B.Thismethod is very good
and well validated but costlier due to higher cost of RP-TLC
plates. Additionally, as per the densitogram figure, the base-
line separation between artemisinic acid and artemisinin
was not achieved. So, it cannot be utilized for the routine
analysis of artemisinin in industrial scale batch processing.
Additionally, both of the methods [31, 34] are suffering from
longer sample preparation time.

During the active plant ingredient determination, prepa-
ration of samples is the most time-consuming step(s) for
the sample under test. In some cases, traditional solid-liquid
(soxhlet) extraction of the herb sample performed, which is
very time-consuming step and varies from a few hours to
sometimes many hours. Several methods have been reported
for the measurement of artemisinin in herbal samples [31–
34]; however,most of them are either not sufficiently sensitive
and do not offer reliable results or are difficult to apply
in routine analysis. Therefore, advanced methods for extrac-
tion and determination of these compounds, such as super-
critical fluid extraction and chromatography, pressurized
solvent extraction, microwave-assisted extraction, high-per-
formance liquid chromatography coupled to mass spec-
trometry or evaporative light scattering detection, and its
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applications to plant material, pharmaceutical formulations,
and biological fluids have been reviewed by Christen and
Veuthey, (2001) [53]. Recently, Hao et al. (2002) [54] pre-
sented microwave-assisted extraction study of artemisinin
fromA. annua leaves, but in this studymicrowave irradiation
time was 12 minutes, which is more. Additionally, number 6
extraction solvent oil showed good results, but it is not
commonly available solvent for extraction. Although study by
Hao et al. is good, applications of many commonly available
solvents were not performed for artemisinin extraction under
microwave irradiation.

Herein, we have developed a safe, effective, low cost,
and fast microwave-assisted extraction (MAE) procedure for
artemisinin from dried leaves of Artemisia annua together
with an HPTLC method for its rapid and precise analysis
under visible light detection at 540 nm. Data obtained from
microwave-assisted extraction has been compared with the
data obtained from hot soxhlet extraction.This study reports
a faster sample preparation method with a validated proce-
dure for determination of artemisinin by HPTLC method.
Flow constant and number of theoretical plates (plate effi-
ciency) were evaluated and included as parts of validation.

2. Material and Methods

2.1. Plant Material. Plant material was grown in our exper-
imental field at Ipca Laboratories Limited, Ratlam (M.P.,
India), after transfer of agrotechnology of high yielding A.
annua variety “Jeevanraksha” [55, 56] from CIMAP, Luc-
know, India.The leaves of the plant were taken, air-dried, and
pulverized via mechanical grinder to a fine powder.

2.2. Chemicals and Reagents. All solvents used in this study
were of analytical grade. Precoated silica gel 60 F

254
HPTLC

plates were purchased from E.Merck (Darmstadt, Germany).
Artemisinin (control code: 103222) was purchased from
WHO Centre for Chemical Reference Substances, Stock-
holm, Sweden (HPLC purity of artemisinin = 99.6%).
Anisaldehyde-sulphuric acid reagent was prepared bymixing
5mL of anisaldehyde in 500mL of glacial acetic acid in a
beaker and stirred continuously over a magnetic stirrer; after
5 minutes, 10mL of concentrated sulphuric acid (98%) was
added slowly to the above solution, through side-wall of
beaker, and was stirred continuously for 10 minutes, after
complete addition of acid. Now, this reagent is ready for
postchromatographic derivatization of developedTLCplates.

2.3. Apparatus. A microwave apparatus with operating
power 160–800 watts was used for MAE. Minimal possible
operation time and power were 10 seconds at 160W (20%
power). A computerized TLC scanner 3 withwinCATS online
Planar Chromatography Manager version 1.3.4 (CAMAG,
Switzerland) was used for quantitative chromatographic eval-
uation of test spots. CAMAG’s Linomat 5 was utilized for
nitrogen gas-assisted and controlled application of sample
spots onto HPTLC plate. Drying and concentration steps
were performed using rotatory evaporator (Büchi, Switzer-
land) model number R-205 equipped with an auto-vacuum
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Figure 2: Calibration curve of artemisinin.

controller (model number V-800). Ultrasonicator (Enertech,
Mumbai, India) was used for homogenizing of test and
standard solutions.

2.4. Preparation of Artemisinin Reference Standard Solution
and Calibration Curve. 10mg of artemisinin reference stan-
dard was dissolved in 10mL of methanol. A portion (5mL)
of this solution was taken in a 25mL volumetric flask and
diluted up to mark with methanol to get a standard solution
of 0.20mg mL−1 concentration for quantification purpose. A
calibration curve was plotted between increasing amounts of
artemisinin per spot and their peak area response. A straight
line was obtained between 400 and 2800 ng spot−1 (Figure 2).

2.5. Stability of Artemisinin Reference Standard Solution
at Room Temperature. To study the stability behavior of
artemisinin, inworking standard solution, it was kept at room
temperature (room temperature ranges from 21 to 30∘C) for
two months and this solution was analyzed after 1 month and
2 months. It was observed that, due to degradation, arte-
misininwas reduced by 3.93% and 4.54% after onemonth and
two months, respectively. During rainy season, artemisinin
deteriorates even up to 9.0% after 2months of storage at room
temperature (Figure 3).

2.6. Soxhlet Extraction and Test Sample Preparation. 100mg
of fine powder was placed into an extraction thimble and
extractedwith 170mL of solvent (n-hexane, benzene, toluene,
chloroform, methylene dichloride, ethyl acetate, acetone,
methanol, and acetonitrile) via hot soxhlet extractionmethod
for 6 hours over a water bath. The extract was evaporated in
vacuo and redissolved in 5mL methanol. 10 𝜇L of these test
solutions was used for quantification purpose.

2.7. Microwave-Assisted Extraction and Test Sample Prepa-
ration. 100mg of fine powder was extracted under the
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Figure 3: Chromatogram showing degradation in artemisinin
standard (prepared in methanol) after two months of storage at
room temperature during rainy season.

influence of microwave energy using n-hexane, benzene,
toluene, chloroform, methylene dichloride, ethyl acetate,
acetone, methanol, and acetonitrile. Extraction parameters
(160 watts, 120 s, 10mL per extraction cycle, two extraction
cycles, and cleanup with 2mL of corresponding solvent at the
end of second cycle of extraction) for microwave-assisted
extraction (MAE) were the same for every solvent. The
extract thus obtained was evaporated in vacuo and redis-
solved in 5mL methanol. 10 𝜇L of these test solutions was
used for quantification purpose.

2.8. Optimization of Mobile Phase. Mobile phase for the
high-performance thin-layer chromatographic separation of
artemisinin present in plant extract was optimized using
different binary mixtures (except for methylene dichloride)
of few solvents. Five different thin-layer plates of size 20 ×
100mm were taken and parameters remain common for
every plate; for example, application position and solvent
front were 10mm and 95mm above from the base of thin-
layer plate, respectively. Height of mobile phase was fixed to
3mm in all applications, since we used the same volume in
every case, for the calculation of flow constant. Other thin-
layer parameters were also calculated for every case such as
𝑅
𝑓
, time of thin-layer development, flow constant, and

number of theoretical plates (Table 1). Room temperaturewas
25.0 ± 2.0

∘C at the time of optimization. Eluted artemisinin
spots in all the five cases were subjected to densitometric
evaluation to find out base-line separation and peak purity
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Figure 4: HPTLC chromatogram showing artemisinin (𝑅
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= 0.28)

separation.

status. Densitometric evaluation of artemisinin separation
over TLC through n-hexane : ethyl acetate (75 : 25, v/v) and n-
hexane : diethyl ether (50 : 50, v/v)was showing peak purity of
up and down slopes, not less than 0.999 and 0.998, respec-
tively, which is indicative of better separation with no
interfering neighboring peaks (Table 1). We, therefore, had
selected n-hexane : ethyl acetate (75 : 25, v/v) for further
development. Alternatively, as per the peak purity data, n-
hexane : diethyl ether (50 : 50, v/v) may also be used for the
purpose.

2.9. Chromatographic Analysis. Thin-layer chromatography
was performed on aluminum backed HPTLC plates (60 F

254
,

E. Merck, Germany, 200 × 200mm). 10 𝜇L of test and
standard sample spots were applied via CAMAG’s Linomat 5
as 6.0mmwide bands at the height of 10mm from base; spots
were simultaneously dried with N

2
gas supply onto HPTLC

plates. Plates were developed, in a CAMAG twin trough
chamber of size more than 200 × 200mm, at 95mm height
from the base using n-hexane : ethyl acetate (75 : 25, v/v) as
mobile phase. Room temperature and relative humidity at
the time of development were 25.0 ± 2∘C and 45 ± 2%,
respectively. Plates were air-dried for complete evaporation of
mobile phase and derivatized with anisaldehyde-sulphuric
acid reagent followed by heating to 110∘C for 10–15minutes to
visualize pink-colored spots of artemisinin. This plate was
stabilized at room temperature for 30 minutes and scanned
using CAMAG’s TLC scanner 3 equipped with winCATS
software in absorption-reflection detection mode at 540 nm
using tungsten lamp. HPTLC chromatogram of artemisinin
separation has been shown in Figure 4. Additionally, a TLC
photograph of commercial samples analysis is attached to
show background color and spots of artemisinin, after post-
chromatographic derivatization (Figure 5).
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Figure 5: TLC image of commercial sample analysis for artemisinin
determination.
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2.10. Method Validation

2.10.1. System Suitability. The system suitability test is used to
ensure reproducibility of the equipment. The test was carried
out by applying 2𝜇L of the standard solution of artemisinin
(1.0mgmL−1) and 10 𝜇L of the standard solution of artem-
isinin (0.20mg mL−1) six times each. The RSD was found to
be less than 2%.

2.10.2. Specificity. ThedevelopedHPTLC-visiblemethodwas
found to be specific as no interfering peak(s) was found
during detection of artemisinin. Peaks of artemisinin eluted
on to HPTLC plate were found to be pure, which was also
evidenced by overlapping ultraviolet absorption spectra of up
anddown slopes of the peak as shown in Figure 6. Correlation
coefficients of peak [(start, middle) and (middle, end)] were
not less than 0.99 and 0.99, respectively.

2.10.3. Limits of Detection and Quantitation (LOD and LOQ).
Limits of detection and quantitation were determined by
spotting increasing amounts (10–140 ng; 𝑛 = 2) of standard
artemisinin solution of concentration 10𝜇gmL−1, that is,

10 ng 𝜇L−1 (1mg of artemisinin per 100mL), until the average
responses were 3 and 10 times of noise for LOD and LOQ,
respectively. LOD and LOQ were found to be 40 and
80 ng spot−1, respectively.

2.10.4. Linearity Range. The linearity of the artemisinin cali-
bration plot was evaluated on seven-point scale by spotting
increasing amounts of the artemisinin working standard
solution of 200𝜇g mL−1, starting from 400 to 2800 ng spot−1.
The method showed good linearity in the given range with a
correlation coefficient of 0.99754 (𝑟2 = 0.99509) and the
linear regression equation was 𝑌 = 4.749𝑋 + 1030 (𝑠𝑑V =
3.66%) (Figure 2).

2.10.5. Precision. The precision of the method was deter-
mined by three replications of each sample. The precision
(%RSD) of the replications was in between 0.15 and 3.28%,
which is indicative of a precise method (Tables 3 and 4).

2.10.6. Accuracy (Recovery Study). Accuracy of the method
was studied using the method of standard addition. Stan-
dard artemisinin solutions were added to the extract of
the leaves of A. annua and the percentage recovery was
determined at three different levels. For recovery study, a test
extract with known artemisinin content was taken; now 2mL
of this extract was pipetted out in three different test tubes.
Now 4mL, 3mL, and 3mL of freshly prepared stan-
dard artemisinin solutions of concentrations 1.0mgmL−1,
1.5mgmL−1, and 2.0mgmL−1 were added to test tubes 1, 2,
and 3, respectively. The mixed solutions thus prepared were
then evaluated chromatographically. The artemisinin con-
tents were determined and the percent recoveries were cal-
culated. The results of recovery analysis are shown in
Table 2.

2.10.7. Robustness. Robustness of themethodwas determined
by performing small variations in mobile phase ratio, height
of plate development, and TLC tank saturation time. The
results indicated insignificant differences in assay and were
thus indicative of a robust method.

2.10.8. Calculation of Flow Constant [57–59]. The flow or
velocity constant (𝑘) is a measure of the migration rate of the
solvent front. It is an important parameter for TLC users
and can be used to calculate, for example, development times
with different separation distances, provided that the sorbent,
solvent system, chamber type, and temperature remain con-
stant. The flow constant is given by the following equation:

𝑘 =

𝑍
2

𝐹

𝑡

, (1)

where 𝑘 is flow constant (mm2/s), 𝑍
𝐹
is distance between the

solvent front and the solvent level (mm), and 𝑡 is the devel-
opment time (seconds). The flow constant as calculated for
different mobile phases has been shown in Table 1.
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Table 2: Recovery study data of artemisinin.

Artemisinin present
in test solution
(𝜇gmL−1)

Amount and volume
of artemisinin
standard added

(𝜇gmL−1)

Amount of
artemisinin in mixed

solution
(𝜇gmL−1)

Amount of
artemisinin detected

(𝜇gmL−1)
Recovery (%)

634.97 (2mL) 1000.00 (4mL) 878.32 917.68 104.48
634.97 (2mL) 1500.00 (3mL) 1153.98 1138.53 98.66
634.97 (2mL) 2000.00 (3mL) 1453.98 1081.69 74.39

Table 3: Screening of solvents for better extraction of artemisinin through application of microwaves.

Extraction
solvent

Soxhlet extractiona Microwave-assisted extraction (MAE)b

% mean content
of artemisinin
(dry weight

basis)

±SDc %RSDd

% mean content
of artemisinin
(dry weight

basis)

±SDc %RSDd

𝑛-Hexane 0.772 ±0.010 1.30 0.637 ±0.012 1.88
Benzene 0.633 ±0.009 1.42 0.734 ±0.007 0.95
Toluene 0.398 ±0.002 0.50 0.747 ±0.005 0.67
Chloroform 0.614 ±0.013 2.12 0.742 ±0.016 2.16
Methylene
dichloride 0.580 ±0.007 1.21 0.671 ±0.001 0.15

Ethyl acetate 0.425 ±0.007 1.65 0.693 ±0.011 1.59
Acetone 0.622 ±0.002 0.32 0.694 ±0.007 1.01
Methanol 0.693 ±0.007 1.01 0.672 ±0.012 1.79
Acetonitrile 0.488 ±0.016 3.28 0.698 ±0.019 2.72
aSoxhlet extractions were performed over a water bath.
bMAE conditions: 100mg, 14 mesh, 160 watts, 120 seconds, 10mL × 2 cycles of extraction, and cleanup with 2mL.
cStandard deviation.
dRelative standard deviation.

2.10.9. Calculation of Plate Efficiency (𝑁). Plate efficiency,
also known as number of theoretical plates, was calculated
for the described method by the following equation [58–61]:

𝑁 =
16 × 𝑙 × 𝑧

𝑤
2
, (2)

where 𝑙 is the position of solvent front from spot application
position (inmm), 𝑧 is the distance traveled by the analyte onto
plate (inmm), and𝑤 is thewidth of spot (inmm) to the direc-
tion of mobile phase. The plate efficiency for artemisinin is
shown in Table 1.

3. Results and Discussion

3.1. Screening of Solvents. Solvents from low polar to high
polar (n-hexane, benzene, toluene, methylene dichloride,
chloroform, ethyl acetate, acetone, methanol, and acetoni-
trile) were used for the screening of artemisinin extraction
using hot soxhlet extraction (solvent volume: 170mL solvent,
extraction time: 6 h) and microwave irradiation-assisted
extraction (MAE conditions: 160 watts, 120 s, 10mL per
extraction cycle, two extraction cycles, and cleanupwith 2mL
of corresponding solvent at the end of second cycle of extrac-
tion). Results of hot soxhlet and microwave-assisted extrac-
tions are summarized in Table 3.

Soxhlet extraction showed good recovery of artemisinin
withn-hexane (artemisinin content 0.772%) in comparison to
chloroform,methylene dichloride, ethyl acetate, and acetone;
we, therefore, have selected soxhlet extraction with n-hexane
as control for this study and further optimization results will
be compared with control value of artemisinin content, that
is, 0.772%, while other high boiling solvents could not yield
thatmuch artemisinin content due to lesser numbers of leach-
ing which occurred during 6 h. In contrast, MAE showed
good recovery of artemisinin with high boiling solvents
like benzene (0.734%), toluene (0.747%), and acetonitrile
(0.698%), although chloroform also yielded good artemisinin
content (0.742%) with MAE, which is in accordance with the
study by Hao et al. [54]. Ethyl acetate, acetone, and acetoni-
trile produced almost similar results with MAE, while MAE
with methanol was difficult due to frequent bumping and,
therefore, a big volume and tall-form vial selected for error-
free extraction with methanol through MAE. Methanol
yielded 0.672% artemisininwithMAE and 0.693%with soxh-
let extraction. Pulverized leaves float over chloroform due
to lesser bulk density; therefore, we felt difficulty in transfer of
chloroform extract from extraction vessel to test tube and in
recollection of leaves in extraction vial, for second cycle of
extraction and similarly for cleanup step. Due to this reason,
chloroform was not preferred.
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Table 4: Finalization of solvent and extraction conditions for microwave-assisted extraction of artemisinin.

Extraction solvent Microwave-assisted extraction (MAE)a

% mean content of artemisinin (dry wt. basis) ±Standard deviation %RSDb

Benzene 0.809 ±0.017 2.10
Toluene 0.816 ±0.016 1.96
aMAE conditions: 100mg, 14 mesh, 160 watts, 120 seconds, 10mL × 3 cycles of extraction, and cleanup with 2mL.
bRelative standard deviation.

Table 5: Artemisinin content in different parts of whole plant.

Plant part % mean artemisinin content (dry wt. basis) ±Standard deviation %RSD†

Leaves 0.776 0.008 1.031
Main stem 0.030 0.002 6.667
Branches (excluding main stem) 0.421 0.008 1.900
Main stem + side branches (mixed sample) 0.239 0.002 0.837
Roots nd — —
†Relative standard deviation; ndnot detected.

As high boiling solvents like benzene, toluene, and low-
boiling chloroform have given similar results, these were
selected for further optimization of MAE conditions, but, as
per previous reports without stabilization, chloroform deg-
rades to form small amounts of free radicals, hydrochloric
acid, and phosgene, which are extremely toxic [62–64]:

CHCl
3
+O
2
→ Co(Cl)

2

Phosgene (3)

The Bhopal tragedy in December, 1984, wherein leakage
of methyl isocyanate (CH

3
–N=C=O) and phosgene from

Union Carbide pesticide plant took an unprecedented toll of
over 2000 human lives and thousands of animals, is a
solemn reminder of the duty of industry and government in
protecting the population from atmospheric pollution. Chlo-
roform was also banned by Food and Drug Administration
of America in 1976. Thus, we have omitted chloroform and
chosen benzene and toluene for further optimization ofMAE
conditions as both of the solvents yielded the highest artem-
isinin content in comparison with other solvents.

Hao et al. [54] had not applied few commonly available
solvents like benzene, toluene, methylene dichloride, ethyl
acetate, acetone, methanol, and acetonitrile, whereas we have
applied all these solvents for the extraction of artemisinin
under microwave irradiation (Tables 3 and 4).

3.2. Finalization of Solvent for Extraction. For further opti-
mization of MAE conditions, we had taken three extraction
cycles instead of two with selected solvents after screening,
that is, benzene and toluene. On increasing number of extrac-
tion cycles from two to three, benzene and toluene recovered
0.809% and 0.816% of artemisinin, respectively (Table 4).
This is 4.79% and 5.69% more than that of our selected
control artemisinin content (i.e., 0.772%). However, Hao et al.
[54] described the best conditions for microwave-assisted
extraction of artemisinin as follows: number 6 extraction
solvent oil, diameter of raw materials less than 0.125mm,
and 12 minutes of microwave irradiation. But they recov-
ered only 0.237% of artemisinin (% recovery of artemisinin

= 0.237/0.282 × 100 = 84.04%) than that present in control
sample (0.282% artemisinin), which is approximately 15.96%
less than that present in raw material.

So, our optimizedMAE conditions were 100mg, 14mesh,
160watts, 120 seconds, 10mL × 3 cycles of extraction, and
cleanup with 2mL (Table 4). As shown in Table 3, toluene
extracted the highest artemisinin content from dried A.
annua leaves under microwave irradiation. Extraction of
artemisinin using benzene as solvent also produces almost
similar results, so, as per availability, any of the solvents (i.e.,
benzene or toluene) may be utilized for the extraction
purpose, although our recommendation is toluene, which is
safer than benzene in terms of carcinogenicity.

3.3. Artemisinin Content in Different Parts of Plant. Artem-
isinin content in the different parts (leaves, branches, main
stem, and roots) of the plant was determined using soxhlet
extraction with n-hexane. Artemisinin content was found to
be present in the decreasing order of artemisinin (Table 5):

leaves > side branches > main stem. (4)

However, no artemisinin was detected in root extract
or artemisinin may be below the detection limit in root
extract of A. annua. These results are in accordance with the
previous studies [25, 65].The leaves from the same plant may
have different artemisinin contents according to their local-
ization along the stem: upper leaves contain significantly
more artemisinin thanmiddle and lower ones [56], whichwas
also verified by us using fresh green leaves from top, middle,
and base of the single plant. Artemisinin content was then
evaluated using the procedure of fresh leaves extraction
reported previously [31]. The artemisinin content, in plant,
also varies during the season. Furthermore, the genetic basis
and environmental factors such as temperature or nutrient
availability further influence the artemisinin content in the
plant [66].
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4. Conclusion

The developed microwave-assisted extraction and HPTLC
method are not only rapid but also reliable for analysis of
artemisinin in Artemisia annua. This method will be useful
for monitoring of artemisinin during different stages of plant
growth and thereby determination of time of harvest, in plant
variety development through selection of plants with higher
artemisinin content, and for routine industrial batch analysis
for evaluation of the commercial value of plant material. The
method also includes calculation of flow constant and the
number of theoretical plates as components of validation.
Different parts of the plant (leaves, branches, main stem, and
roots) were analyzed for the artemisinin content, but the
artemisinin content was found higher in the leaves with
respect to branches and the main stem; however, artemisinin
was not detected in roots.
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among CAMAG, Büchi, or any other scientific equipment
companies.

Acknowledgment

Authors are very thankful to the management of Ipca Labo-
ratories Limited for valuable support and facilities during the
course of work.

References

[1] W. H. Wernsdorfer, “Epidemiology of drug resistance in
malaria,” Acta Tropica, vol. 56, no. 2-3, pp. 143–156, 1994.

[2] P. J. De Vries and T. K. Dien, “Clinical pharmacology and ther-
apeutic potential of artemisinin and its derivatives in the treat-
ment of malaria,” Drugs, vol. 52, no. 6, pp. 818–836, 1996.

[3] E. Gkrania-Klotsas and M. L. Lever, “An update on malaria
prevention, diagnosis and treatment for the returning traveller,”
Blood Reviews, vol. 21, no. 2, pp. 73–87, 2007.

[4] A. Singh, V. K. Kaul, V. P.Mahajan, A. Singh, L. N.Misra, and R.
S. Thakur, “Introduction of Artemisia annua in India and iso-
lation of artemisinin, a promising antimalarial drug,” Indian
Journal of Pharmaceutical Sciences, vol. 48, no. 5, pp. 137–138,
1986.

[5] CIMAP, “Development of Agro-technologies for Artemisia
annua for antimalarial drug artemisinin,” Annual Project
Report 1986-87, Central Institute for Medicinal and Aromatic
Plants, Lucknow, India.

[6] CIMAP, “Development of Agro-technologies for Artemisia
annua for antimalarial drug artemisinin,” Annual Project
Report 1988-89, Central Institute for Medicinal and Aromatic
Plants, Lucknow, India.

[7] S. K. Gupta, P. Singh, P. Bajpai et al., “Morphogenetic variation
for artemisinin and volatile oil in Artemisia annua,” Industrial
Crops and Products, vol. 16, no. 3, pp. 217–224, 2002.

[8] S. Kumar, S. K. Gupta, M. M. Gupta et al., “Method for max-
imization of artemisinin production of the plant Artemisia
annua L,” Indian PatentNo.NF-122/2000, US 09/538, 892, 2000,
6,393,763, 2002.

[9] P.C.Allen, J. Lydon, andH.D.Danforth, “Effects of components
ofArtemisia annua onCoccidia infections in Chickens,” Poultry
Science, vol. 76, no. 8, pp. 1156–1163, 1997.

[10] H. A. Arab, S. Rahbari, A. Rassouli, M. H. Moslemi, and F.
Khosravirad, “Determination of artemisinin inArtemisia sieberi
and anticoccidial effects of the plant extract in broiler chickens,”
Tropical Animal Health and Production, vol. 38, no. 6, pp. 497–
503, 2006.

[11] R. S. Bhakuni, D. C. Jain, R. P. Sharma, and S. Kumar, “Sec-
ondary metabolites of Artemisia annua and their biological
activity,” Current Science, vol. 80, no. 1, pp. 35–48, 2001.

[12] T. Efferth, M. R. Romero, D. G. Wolf, T. Stamminger, J. J. G.
Marin, andM.Marschall, “The antiviral activities of artemisinin
and artesunate,” Clinical Infectious Diseases, vol. 47, no. 6, pp.
804–811, 2008.

[13] A. C. Beekman, P. K.Wierenga, H. J.Woerdenbag et al., “Artem-
isinin-derived sesquiterpene lactones as potential antitumour
compounds: cytotoxic action against bone marrow and tumour
cells,” Planta Medica, vol. 64, no. 7, pp. 615–619, 1998.

[14] S. Oh, B. J. Kim,N. P. Singh,H. Lai, and T. Sasaki, “Synthesis and
anti-cancer activity of covalent conjugates of artemisinin and a
transferrin-receptor targeting peptide,” Cancer Letters, vol. 274,
no. 1, pp. 33–39, 2009.

[15] J. A. Levy, L. F. Marins, and A. Sanchez, “Gene transfer technol-
ogy in aquaculture,” Hydrobiologia, vol. 420, no. 1–3, pp. 91–94,
2000.

[16] A. Mannan, N. Shaheen, W. Arshad, R. A. Qureshi, M. Zia, and
B. Mirza, “Hairy roots induction and artemisinin analysis in
Artemisia dubia and Artemisia indica,” African Journal of Bio-
technology, vol. 7, no. 18, pp. 3288–3292, 2008.

[17] X. C. He, M. Y. Zeng, G. F. Li, and Z. Liang, “Callus induction
and regeneration of plantlets fromArtemisia annua and changes
of Qinghaosu contents,” Acta Botanica Sinica, vol. 25, no. 1, pp.
87–90, 1983.

[18] D. P. Fulzele, A. T. Sipahimalani, and M. R. Heble, “Tissue cul-
tures of Artemisia annua: organogenesis and artemisinin pro-
duction,” Phytotherapy Research, vol. 5, no. 4, pp. 149–153, 1991.

[19] M. B. Qin, G. Z. Li, H. C. Ye, and G. F. Li, “Induction of hairy
root fromArtemisia annuawith Agrobacterium rhizogenes and
its culture in vitro,” Acta Botanica Sinica, vol. 36, pp. 165–170,
1994.

[20] A. Giri, S. T. Ravindra, V. Dhingra, andM. L. Narasu, “Influence
of different strains of Agrobacterium rhizogenes on induction
of hairy roots and artemisinin production in Artemisia annua,”
Current Science, vol. 81, no. 4, pp. 378–382, 2001.

[21] B. M. Aryanti, T. M. Ermayanti, and I. Mariska, “Production of
antileukemic agent in untransformed and transformed root
cultures of Artemisia cina,” Annales Bogorienses, vol. 8, pp. 11–
16, 2001.



10 Chromatography Research International

[22] M. Zia and M. F. Chaudhary, “Effect of growth regulators and
amino acids on artemisinin production in the callus of Artem-
isia absinthium,” Pakistan Journal of Botany, vol. 39, no. 3, pp.
799–805, 2007.

[23] R. X. Tan, W. F. Zheng, and H. Q. Tang, “Biologically active
substances from the genus Artemisia,” Planta Medica, vol. 64,
no. 4, pp. 295–302, 1998.

[24] E. Hsu, “The history of qing hao in the Chinese material
medica,” Transactions of the Royal Society of Tropical Medicine
and Hygiene, vol. 100, no. 6, pp. 505–508, 2006.

[25] A. Mannan, I. Ahmed, W. Arshad et al., “Survey of artemisinin
production by diverse Artemisia species in northern Pakistan,”
Malaria Journal, vol. 9, no. 1, article 310, 2010.

[26] J. Suresh, K. Mruthunjaya, N. Paramakrishnan, and M. N.
Naganandhini, “Determination of artemisinin in Artemisia
abrotanum and Artemisia pallens by LC/MS method,” Interna-
tional Journal of Current Pharmaceutical Research, vol. 3, no. 1,
pp. 49–52, 2011.

[27] A. G. Namdeo, K. R. Mahadik, and S. S. Kadam, “Antimalarial
drug-Artemisia annua,” Pharmacognosy Magazine, vol. 2, no. 6,
pp. 106–111, 2006.

[28] E.-M. B. El-Naggar, M. Azazi, E. Švajdlenka, and M. Žemlička,
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