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The search for more versatile, sensitive, and robust ionization
methods is a recurring theme in mass spectrometry (MS). Since
the discovery of electrospray ionization (ESI)[1] and matrix-as-
sisted laser desorption/ionization (MALDI),[2] many develop-
ments such as atmospheric pressure MALDI,[3] nanospray ioni-
zation,[4] Venturi-assisted electrospray,[5] and ion-funnel atmos-
pheric pressure interfaces,[6] have paved the way to improved
characterization of small molecules and biomolecules. One of
the bottlenecks in achieving high sample throughput with
both ESI and MALDI is the need to dissolve, extract, and/or
filter the sample prior to analysis. Moreover, vacuum-incompat-
ible materials cannot be easily investigated by MS without dis-
turbing their innate structure. Recently, two novel methods for
the direct ionization of solid samples under atmospheric pres-

sure by MS were reported: desorption electrospray ionization
(DESI)[7] and direct analysis in real time (DART).[8] More recently,
McEwen et al. described a modified atmospheric pressure
chemical ionization (APCI) technique for the direct analysis of
solids which they named atmospheric pressure solids analysis
probe (ASAP).[9] DESI makes use of a high-speed liquid spray di-
rected at a sample held or deposited on a surface at atmos-
pheric pressure. Ions generated during this process are sam-
pled by a mass spectrometer. Several DESI applications such as
the mapping of analytes separated by thin-layer chromatogra-
phy,[10] the detection of explosives,[11,12] and the screening of
pharmaceutical tablets[13–15] and illicit drugs[16,17] quickly fol-
lowed the proof-of-principle description of the method.
DART involves an ionizing beam of metastable He atoms

(3S1, 19.8 eV) generated by a corona discharge. The DART ioni-
zation mechanism is still not completely understood. In nega-
tive ion mode, the metastable He atoms generate electrons
that produce negatively charged oxygen–water clusters, which
then form the corresponding adducts. In positive ion mode,
metastable He atoms generate protonated gaseous water clus-
ters by Penning ionization.[8] Then, by proton exchange, these
clusters form [M+H]+ ions, which are generally the predomi-
nant species. DART’s high throughput coupled with the high
mass accuracy now attainable with modern time-of-flight mass
(TOF) analyzers and accurate isotopic abundance measure-
ments make it especially suitable for the rapid identification of
unknown species in solid materials. One particularly relevant
example is counterfeit drug samples. Counterfeit drugs are de-
fined as those that are “deliberately and fraudulently misla-
beled with respect to identity and/or source”.[18] They may in-
clude products with the “wrong” ingredient(s), without active
ingredient(s), or with an insufficient amount of active ingredi-
ent(s).
In recent years, a particularly alarming case of drug counter-

feiting has been reported by field researchers[19,20] who have
detected counterfeit products that mimic the vital antimalarial,
artesunate.[21] The consumption of fake antimalarials has result-
ed in the death of many patients.[22–24] Evidence suggests that
the production of counterfeit artesunate tablets is on an indus-
trial scale. For example, one health care organization in south-
east Asia unwittingly purchased 100,000 artesunate tablets
which were later shown to be counterfeit.[25] Classic hyphenat-
ed analysis methods, such as liquid chromatography–mass
spectrometry (LC–MS), lack the required sample throughput to
survey such large numbers of samples in a reasonable amount
of time.[26]

Figure 1a shows a schematic of the DART TOF MS setup
used to screen 52 representative samples of a database con-
taining more than 400 artesunate-based antimalarial tablets.
Figure 1b and 1c show the negative ion mode DART TOF MS
data of genuine and counterfeit artesunate (M) tablets, respec-
tively.
The spectrum shown in Figure 1b has signals corresponding

to the diagnostic [M�H]� artesunate anion (experimental
m/z=383.1702, calculated m/z=383.1711) and palmitic acid, a
ubiquitous contaminant. Artesunate fragment ions due to dis-
sociation of the highly labile artesunate carboxylic acid side

[a] Prof. Dr. F. M. Fern
ndez, C. Y. Hampton
School of Chemistry and Biochemistry
Georgia Institute of Technology
770 State St. Atlanta, GA 30332 (USA)
Fax: (+1) 404-385-6447
E-mail : facundo.fernandez@chemistry.gatech.edu

[b] Dr. R. B. Cody
JEOL USA, Inc.
11 Dearborn Road, Peabody, MA 01960 (USA)

[c] Dr. M. D. Green
Division of Parasitic Diseases, National Center for Infectious Diseases
Center for Disease Control and Prevention
1600 Clifton Road, Mailstop F12, Atlanta, GA 30333 (USA)

[d] Dr. R. McGready
Shoklo Malaria Research Unit
Mae Sot
Tak (Thailand)

[e] Dr. S. Sengaloundeth
Food and Drug Department
Ministry of Health, Government of the Lao PDR
Vientiane (Lao PDR)

[f] Prof. N. J. White,+ Dr. P. N. Newton
Microbiology Laboratory, Mahosot Hospital
Wellcome Trust–Mahosot Hospital–Oxford Tropical Medicine Research Col-
laboration, Vientiane (Lao PDR)
and
Centre for Clinical Vaccinology and Tropical Medicine
Churchill Hospital, Oxford University, Oxford, OX3 7LJ (UK)

[+] Prof. White is also affiliated with:
Wellcome Trust–Mahidol University–Oxford Tropical Medicine Research
Programme, Faculty of Tropical Medicine
Mahidol University, Bangkok, 10400 (Thailand)

702 H 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemMedChem 2006, 1, 702 – 705

MED



chain were also detected in this spectrum. The spectrum
shown in Figure 1c, corresponds to a sample that had been
classified as counterfeit by the fast red TR dye test,[27] and is
completely devoid of any artesunate species, thus confirming
the field result. Only palmitate and stearate anions were de-
tected (calcium stearate is a common pharmaceutical exci-
pient).
According to Figure 1b and 1c, negative ion mode DART

TOF MS allows the rapid differentiation of counterfeit tablets
from genuine artesunate tablets. However, the high specificity
of this DART ion mode prevents the detection of analytes that
are not easily deprotonated. Not only is the absence of artesu-
nate in these tablets of concern, but also the potential pres-
ence of other physiologically active ingredients. These “wrong
active ingredients”[28] are sometimes added to counterfeit phar-
maceuticals to simulate either the organoleptic characteristics
or the symptom-relief effects of the real product, or as waste
powders left over from the manufacture of other pharmaceuti-
cals. For this reason, an ionization mode that allows screening
for artesunate and other common drugs is highly desirable.
Positive ion mode DART TOF MS was performed, but only a

few artesunate fragment ions were detected. However, when
the sample was exposed to ammonia vapors during DART ioni-
zation, the artesunate [M+NH4]

+ ion was readily observed. Al-
though the formation mechanism of this ion has yet to be
studied, this DART approach involving a dopant proved ex-
tremely useful for analytical purposes. This method is concep-
tually similar to the reactive DESI experiment performed by
Takats et al.[7] Figure 2 shows spectra of a genuine artesunate
tablet obtained using DART ionization with NH3 as a dopant
(Figure 2a) and DESI(Figure 2b).
A total of 43 out of 52 (83%) of the samples studied by

DART contained no detectable artesunate, in agreement with
colorimetric test and LC results. Analysis of the packaging con-

firmed that these samples were counterfeit. Ammonia-doped
DART not only produced a diagnostic [M+NH4]

+ ion, but also

Figure 1. a) DART TOF MS setup; b) MS data for genuine artesunate tablet : 1= [M�H]� , 2= [palmitic acid�H]� , 3= [M�C4H4O3�H]� , 4= [M�C4H6O4�CO�H]� ;
c) MS data for counterfeit tablet : 5= [stearic acid�H]� .

Figure 2. Screening of a genuine artesunate (M) tablet by a) ammonia-
doped DART TOF MS (A=C4H6O4, B=C4H4O3): 1= [M+NH4]

+ ,
2= [M�A+H]+ , 3= [M�A�H2O+H]+ , 4= [M�A�CO+H]+ , 5= [M�A�
CO�H2O+H]+ , 6= [M�A�C4H7O3+H]+ , 7= [A�H2O+H]+ ; and b) DESI MS:
8= [2M+K]+ , 9= [2M+Na]+ , 10= [2M+NH4]

+ , 11= [2M�A�B+K]+ ,
12= [2M�A�B+Na]+ , 13= [2M�A�B+NH4]+ , 14= [2M�A�B�H2O+NH4]+ ,
15= [2M�A�B�H2O�CO+NH4]+ , 16= [M+K]+ , 17= [M+Na]+ ,
18= [M�B+K]+ , 19= [M�B+Na]+ 20= [M�B+NH4]+ , 21= [M�A+NH4]+ .
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fingerprint fragment ions that could be assigned with an aver-
age error of 2.2 mmu. Together the [M+NH4]

+ and fragment
ions accumulated 13.5 identification points, enabling the posi-
tive identification of the target analyte in accordance with new
EU guidelines.[29,30]

Both DESI and DART produced spectra with good signal-to-
noise ratios in five seconds, demonstrating an improvement of
over two orders of magnitude in terms of sample throughput
in comparison with LC–MS. DESI produced several adduct ions
(Figure 2b, insert), including [M+H]+ , [M+Na]+ , and [M+K]+ ,
as well as ammoniated, sodiated, and potassiated fragment
and cluster ions. However, lower DESI jet flow rates could
change the relative abundances of these. Despite the low
amount of internal energy believed to be deposited into the
analyte ions during DESI, fragmentation was also observed;
this is an indication of the lability of the [M+H]+ ion itself. A
fragmentation pattern similar to that shown in Figure 2b was
also observed for ESI of artesunate dissolved in the DESI spray
solvent, regardless of the capillary–skimmer potential differ-
ence. This similarity in behavior between ESI and DESI suggests
that for this particular analyte, DESI possibly proceeds via a
previously described dissolution-mediated “splashing mecha-
nism”.[7]

Figure 3 shows the DART TOF MS spectra of counterfeit arte-
sunate samples of increasing sophistication. The sample shown
in Figure 3a was collected in June 2003 in Savannakhet, Laos,
and a type 7 fake hologram[31] was affixed to the blisterpack.
Interestingly, this sample had [M+H]+ and [M+NH4]

+ protonat-
ed molecular ions consistent with artemisinin, the naturally oc-
curring chemical found in Artemisia annua and the precursor
for artesunate synthesis. Artemisinin may have been added in-
cidentally as a powder available to the counterfeiters in a
poor-quality production process or in an attempt to confer
some antimalarial properties to the fake concoction.
Figure 3b shows the DART spectrum of a counterfeit sample

collected in September 2004 in Luang Nam Tha, Laos with a
well-crafted type 6 fake hologram affixed to the blisterpack;
the presence of chloramphenicol (C11H12Cl2N2O5, Dmass=1.4
mmu) and metronidazole (C6H9N3O3, Dmass=1.4 mmu) is appar-
ent.
Figure 3c corresponds to a counterfeit artesunate sample

collected at the Burma–Thai border in March 2005. This sample
had a sophisticated (but fake) type 9 hologram affixed to the
blisterpack, and it produced a negative result in the colorimet-
ric fast red TR test. DART TOF MS revealed not only the pres-
ence of acetaminophen in this sample, but also low-intensity
(5%) signals corresponding to artesunate fragment ions. This
alarming finding was further confirmed by LC, which showed
that this tablet contained 10 mg of artesunate per tablet, or
20% of the expected amount of active ingredient in the genu-
ine product. We hypothesize that this is the latest “innovation”
introduced by the counterfeiters in an attempt to deceive the
colorimetric authentication tests currently in use in the field.
The implications of this finding are far-reaching, as the contin-
uous administration of low doses of artesunate could geneti-
cally select artesunate-resistant parasite strains, rendering this
last-resource antimalarial medicine ineffective. Other com-

pounds detected in counterfeit artesunate samples included
the antimalarial combination pyrimethamine/sulfadoxine,
which is also ineffective in southeast Asia, metamizole, an anal-
gesic suspected of causing serious bone marrow disorders,[32]

and chloroquine, an early-generation antimalarial that is now
ineffective against multidrug-resistant Plasmodium falciparum
parasites.[33]

In conclusion, our findings not only demonstrate the useful-
ness of DART for the rapid screening of counterfeit drugs, but
have unprecedented implications for malaria control as well.
We foresee that both DART and DESI will have a tremendous
impact on a variety of scientific fields, ranging from drug quali-
ty control, screening, and discovery, to biological applications
such as metabonomics and proteomics. In the absence of
chromatography and as sample complexity increases, we
expect that accurate mass and isotopic cluster intensity meas-
urements could be complemented with MS–MS experiments
for an even more confident identification of unknowns.

Figure 3. DART TOF MS spectra of sophisticated counterfeit artesunate sam-
ples (M=artesunate, N=artemisinin, A=C4H6O4): 1= [N+NH4]

+ , 2= [N+H]+ ,
3= [N�H2O+H]+ , 4= [N�H2O�CO+H]+ , 5= [N�H2O�2CO+H]+ ,
6= [2N+NH4]

+ , 7= [2N+H]+ , 8= [chloramphenicol+H]+ , 9= [metronida-
zole+H]+ , 10= [acetaminophen+H]+ , 11= [2 xacetaminophen+H]+ ,
12= [M�A+H]+ , 13= [M�A�CO+H]+ , 14= [M�A�CO�H2O+H]+ ,
15= [A+H]+ , 16= [A�H2O+H]+ .
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Experimental Section

Counterfeit and genuine artesunate tablets were collected in a
wide area of southeast Asia encompassing Laos, Myanmar (Burma),
and Thailand, and were kept refrigerated (4 8C) until analysis. Am-
monium hydroxide (28% in water, Sigma–Aldrich) was used for
ammonia-doped DART experiments. The DART ion source was cou-
pled to an AccuTOF orthogonal time-of-flight mass spectrometer,
operated as previously described.[8] Orifice 1 of the atmospheric
pressure interface was set to 30 eV. Helium was used as the corona
discharge gas at a flow rate of 2.8 Lmin�1 and was heated at
350 8C. The exit electrode was held at 300 V, and the corona dis-
charge voltage was 3000 V. Tablets were manually held with a pair
of tweezers between the DART source and the TOF MS inlet for 5 s.
No memory effects were observed as long as care was taken not
to contact the inlet orifice of the mass spectrometer with the
tablet. The TOF inlet–sample distance was ~1 cm. Internal calibra-
tion and temperature-drift correction were performed using PEG
600 (Sigma). DESI was performed using a solution of MeOH/H2O
(50:50) as the desorption spray at a flow rate of 15 mLmin�1. The
nebulizer gas pressure was set to 40 psi. Detection was performed
with an LTQ linear ion trap mass spectrometer (Thermo Finnigan)
tuned for optimum detection of the [M+NH4]

+ ion. Tablets were
exposed to the DESI jet for 10 s. DART data were acquired in cent-
roid mode and DESI data, in profile mode. Both DESI and DART
spectra were background corrected. LC analysis was performed
using a C18 column (150P4.6 mm) with a mobile phase consisting
of 50% acetonitrile and 50% 0.05m perchlorate buffer (pH 2.5). An-
alyte detection was carried out with UV absorbance at l=220 nm.
DART mass spectrometry data were exported as ASCII JEOL-DX
centroided spectra and automatically searched against an in-house
library of potential [M+H]+ ions derived from 238 common drugs
found in the List of Essential Drugs supplied by the World Health
Organization (WHO).[34] A match was labeled positive if the differ-
ence between the experimental and theoretical masses was less
than 5 mmu and the isotopic cluster pattern could be matched.
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