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For 2D DOSY 1H NMR, stimulated 
echo bipolar gradient pulse experiments 
were used with a pulse delay of 3 ms 
after each gradient, a pulse field gradient 
length of 1–2 ms depending on experi-
ments and a diffusion delay of around 
100–150 ms. All data were processed 
with the NPK software, which imple-
ments inverse Laplace transform method 
using the Maximum Entropy (MaxEnt) 
algorithm. The 3D DOSY-COSY acqui-
sition was recorded on fake artesunate 
formulations. 2D COSY (COrrelation 
SpectroscopY) and DOSY experiments 
were acquired with DQF-COSY iDOSY 
parameters. These 3D experiments 
were processed using the NPK software 
and all experiments analysed with the 
NMRnotebook package.2

Principle of DOSY NMR
A basic presentation of the 2D DOSY 
NMR experiment can be obtained with 
reference to Figure 1. DOSY NMR is a 
two-dimensional NMR experiment; one 
dimension accounts for conventional 
chemical shifts and the other for diffu-
sion coefficients. The use of NMR for 
measuring the self-diffusion coefficients 
of molecules in solutions is based on a 
pulsed field gradient (PFG) stimulated 
spin-echo (STE) experiment. Typically, 
a series of 1D PFG-STE experiments is 
acquired with systematic variations of the 
gradient pulse amplitude (Figure 1A). The 
rate of signal decay is directly related to 
the diffusion coefficient D of the mole-
cule, which depends on the molecular 
weight and other hydrodynamic proper-
ties (size, shape, charge) as well as on its 
surrounding environment (temperature, 

experiments do not need complicated 
setups and the method can be easily 
standardised and automated. One 
should also keep in mind the non-
destructive nature of NMR spectros-
copy.

The DOSY method allows measur-
ing the translational self-diffusion of 
molecules in a solution. Based on the 
analy sis of mono- and multi-exponential 
decays, spectra of mixture components 
can be separated depending on the 
value of their apparent diffusion coeffi-
cients. Diffusion measurement by NMR 
and especially the DOSY-type experi-
ments are thus powerful analytical tools, 
which have so far been overlooked by 
most scientists.

This article outlines the use of the 
DOSY NMR method applied to drug 
analy sis and screening for counterfeit 
drugs or fake herbal medicines.

Experiments
The 1H NMR exper iments were 
performed on a Bruker Avance 500 
spectrometer operating at 500.13 MHz. 
Solutions for NMR analyses of medi-
cines were prepared as follows: tablets 
were powdered or capsules emptied and 
the powder was resuspended in 5 mL of 
deuterated NMR solvent; the suspension 
was then centrifuged and the superna-
tant analysed. The solvent used was a 
mixture of acetonitrile-d3 (CD3CN) : heavy 
water (D2O) (80 : 20) for herbal medi-
cines or dimethylsulphoxide-d6 (DMSO-
d6) for genuine and fake artesunate. All 
chemical shifts (d) referred to an inter-
nal trimethylsilylpropane sulphonic acid 
(TMPS) reference.

Introduction
The capability of nuclear magnetic reso-
nance (NMR) spectroscopy to provide 
valuable information regarding mixture 
analysis has created broad applicabil-
ity in chemistry, biochemistry, biology 
and medicine. As drugs can be consid-
ered to be complex mixtures (composed 
of many different substances and/or 
including simultaneously high and very 
low quantities of compounds), NMR is 
a good tool for studying such formula-good tool for studying such formula- tool for studying such formula-
tions. Unfortunately, NMR has tradition-
ally been sensitivity-limited compared 
with many other analytical techniques. 
Nevertheless, technological advance-
ments in the field of magnetic resonance 
have made significant strides in improv-
ing sensitivity levels, developing new 
acquisition/processing tools and imple-
menting innovative NMR experiments/
pulse sequences.

For a long time it has been preferred, 
when possible, to isolate each mixture 
component prior to its study by NMR 
rather than to analyse the whole mixture. 
For most scientists, the preferred meth-
ods for mixture analysis and/or trace 
detection are still the chromatographic 
methods, generally coupled with spec-
troscopic methods such as mass spec-
trometry or NMR. LC-NMR, in which the 
NMR spectrometer acts as a high perfor-high perfor-
mance liquid chromatography (HPLC) 
detector, has been developed on this 
basis. But there is indeed “a pure NMR” 
method that allows a precise analysis 
of a complex mixture without any prior 
separation of the different components: 
the Diffusion Ordered SpectroscopY 
(DOSY) method.1 Furthermore, DOSY 
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Adulterated herbal 
medicines
Over the last few decades there has 
been an exponential growth in the field 
of herbal medicines. They are becoming 
popularised in developing and devel-
oped countries and play an active part 
in people’s health care. These products 
are regarded by many as being harm-
less because of their natural origins, and 
helpful to the treatment of some chronic 
diseases and to the maintenance of 
physical fitness. However, herbal medi-
cines are associated with numerous 
problems involving their quality and 
particularly the deliberate use of synthetic 
drugs in herbal formulations, which is a 
serious matter for the regulatory bodies 

aggregation state). The diffusion coeffi-
cient can thus be estimated by analysis 
of the exponential signal decay. Signals 
from small molecules (large D) decay 
more rapidly than those from large mole-
cules (small D) as the pulsed field gradi-
ent is incremented (Figures 1A and 1B). 
The Fourier transformation of the NMR 
signal and the inverse Laplace transfor-
mation of the decaying signals (Figure 
1C) lead to the DOSY spectrum: a mixed 
Fourier–Laplace spectrum on which the 
chemical shifts (d in ppm) lie on the hori-
zontal axis while the diffusion coefficients 
are on the orthogonal axis (D in µm2 s–1) 
(Figure 1D). All signals (spots) belonging 
to the same species are aligned and the 
diffusion coefficient can be measured.

and the users alike. Indeed, in order to 
improve their effects, some manufactur-
ers include synthetic drugs in the formu-
lation process of their products marketed 
as “herbal medicines” or “dietary supple-
ments”.

Figure 2 shows the DOSY NMR 
spectra of two formulations which the 
manufacturer advertised as “all natu-
ral” or containing only vitamins. The 
first formulation (A) was marketed for 
sexual dysfunction and the second (B) 
is sold as a natural slimming product; 
they were manufactured in Taiwan and 
China, respectively. DOSY NMR has the 
advantage of allowing the detection of 
the various components of complex 
mixtures in a single run. It has allowed 
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Figure 1. Schematic principle of the DOSY NMR experiment recorded on a fake artesunate formulation. Brownian motion in the liquid results in 
translational diffusion of the various solutes, and a mean molecule displacement is observed at the end of the diffusion delay (D). (A) PFG-STE 
experiments at different gradient pulse amplitudes; (B) this displacement has the effect of reducing the signal intensity with an exponential law: 
I(q) = I0 exp(–DDq2) with q = g g d where D is the diffusion coefficient, g the gyromagnetic ratio, g and d the intensity and the duration of the pulsed 
field gradient, respectively; (C) data processing using the NMRnotebook package; (D) 2D DOSY 1H NMR spectrum.
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Figure 2. 2D DOSY 1H NMR spectra of two formulations claimed as herbal drugs recorded at 500 MHz in CD3CN : D2O (80 : 20). (A) Formulation 
manufactured in Taiwan (yellow capsule) adulterated with tadalafil and hydroxyhomosildenafil. (B) Formulation manufactured in China (green tablet) 
adulterated with sibutramine and phenolphthalein. Mgs: magnesium stearate, MS: methane sulphonate, ACN: deuterated acetonitrile (CD3CN).  
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and magnesium stearate (Mgs) were 
also detected.

Quantitative data on adulteration can 
be obtained from the conventional 1D 
NMR spectrum. Formulation A contains 
31 mg of tadalafil that is three times 
the normal starting dose and 48 mg of 
hydroxyhomosildenafil for which toxico-
logical data are not known or not avail-
able. Formulation B contains 5 mg of 
sibutramine, lower than the normal start-
ing dose (10 mg) and in addition 36 mg 
of phenolphthalein.

Genuine and counterfeited 
antimalarial formulations
The counterfeiting of commercial prod-
ucts (e.g. clothing, watches, software, 
and medicines) is an ever-increas-
ing worldwide problem. However, the 

of functional groups. Such analogues are 
difficult to detect by ordinary laboratory 
methods due to various structural modi-
fications, and they might be used in an 
attempt to evade regulatory inspection. 
Other signals detected in formulation 
A were those of inactive compounds, 
i.e. sucrose and magnesium stearate 
(Mgs).

Formulation B, a slimming herbal 
p roduc t ,  was  adu l te ra ted  w i th 
sibutramine, which is an approved drug 
only available on prescription as an 
appetite suppressant for the treatment 
of obesity. Phenolphthalein, another 
adulterant was also found; it has been 
used for over a century as a laxative 
and it is currently being removed from 
the market due to concerns about carci-
nogenicity. Inactive ingredients sucrose 

the detection of adulteration in both 
examples without any prior knowledge 
of the samples’ contents.

Formulation A was adulterated with 
tadalafil (Cialis®), a synthetic phospho-
diesterase-5 (PDE-5) inhibitor drug, 
and hydroxyhomosildenafil. Indeed, 
the success of synthetic PDE-5-inhibitor 
drugs (sildenafil, vardenafil and tadala-
fil), which are constituents of popular 
brands (Viagra®, Levitra® and Cialis®, 
respectively) for the treatment of erec-
tile dysfunction in males, has led to their 
widespread use as adulterants in herbal 
dietary supplements.3 Formulation A 
also contains hydroxyhomosildenafil, a 
sildenafil analogue. Analogues of PDE-5 
inhibitors are structurally close to parent 
compounds, as modifications involve 
minor structural changes by substitution 
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Figure 3. 1H NMR spectra of artesunate formulations recorded at 500 MHz in DMSO-d6. (A) 2D DOSY 1H NMR spectrum of the genuine formula-
tion; (B) 2D DOSY 1H NMR spectrum of a fake formulation; (C) COSY-DQF spectrum of the fake formulation; COSY extractions from the 3D DOSY-
COSY experiment on the fake formulation at (D) 630 µm2 s–1 and (E) 260 µm2 s–1 [red dashed line rectangle in (B)].
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matographic methods allow an accurate 
identification of active pharmaceutical 
ingredients but do not give information 
on excipients. DOSY NMR is a holistic 
method that allows for considering the 
drug preparation as a whole, providing 
information on both active compounds 
and excipients. In the case of adulterated 
herbal medicines analyses, the identity 
of the components is not known before-
hand and 2D DOSY 1H NMR spectros-
copy is therefore a powerful method for 
providing the multivariate fingerprint.6 
The technique should now be consid-
ered as a useful and complementary 
tool in a standard 2D NMR analytical 
package. Moreover, its evolution towards 
3D DOSY-COSY experiments noticeably 
increases its interest as structural data are 
easily obtained.
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of using 2D DOSY and 3D DOSY-COSY 
as complementary methods for, first, 
the identification of fake formulations 
by DOSY NMR spectra and then the 
structural identification of wrong active 
pharmaceutical ingredients that have 
been added. On the full COSY spec-full COSY spec- COSY spec-
trum (Figure 3C), diagonal signals and 
off-diagonal cross peaks of paracetamol 
and dextrin are observed. The other 
spectra (Figures 3D and 3E) are those 
of the projections from the 3D DOSY-
COSY experiment. These COSY spectra 
were extracted for each component 
of the mixture from a selected line in 
the DOSY spectrum. The COSY projec-
tions of paracetamol and dextrin were 
extracted at a diffusion coefficient (D) 
of 630 µm2 s–1 and 260 µm2 s–1, respec-
tively. By using the three-dimensional 
NMR experiment package, structural 
information on unknown components 
can be deftly obtained from a complex 
mixture without any prior purification or 
chromatographic separation.

Conclusion
Ensuring the quality of medicines is 
becoming more important and challeng-
ing. This means that the pharmaceutical 
analyst needs more techniques to fulfill 
his duty. We think that, in addition to 
traditional techniques, DOSY could now 
be part of the “analytical toolbox” of any 
spectroscopist dealing with complex 
mixture analyses in pharmaceuticals, 
especially analysts investigating qual-
ity control, counterfeiting and smug-
gling. Moreover, this technique may 
be helpful in determining the relation-
ships between different samples and so 
assist in the investigation of the sources 
of these drugs. Indeed, DOSY spectra 
clearly show similarities and differences 
in the compositions of pharmaceuti-
cal preparations, thus giving a chemi-
cal fingerprint of the formulation and 
a signature of the manufacturer. This 
spectral signature includes not only the 
active pharmaceutical ingredient(s) but 
also the excipients.5 

The analytical methods that provide 
most information on excipient compo-
sitions are solid state methods such 
as Raman spectroscopy, NIR spectros-
copy or X-ray diffraction, whereas chro-

risk to public health from purchasing a 
counterfeit watch is minimal compared 
to the risk associated with the use of 
a counterfeited pharmaceutical prod-
uct. A wide range of analytical methods 
can be used in the screening and sourc-
ing of suspect counterfeited drugs, for 
instance colorimetric methods, HPLC, 
X-ray diffraction, near infrared (NIR) or 
Raman spectroscopy. 2D DOSY NMR 
could now be part of these analytical 
tools, since the 2D DOSY spectra could 
be used as easy visual tools to distin-
guish between genuine and illegal or 
fake formulations. Indeed, the DOSY 
spectra clearly show similarities and 
differences in the composition of drugs’ 
pharmaceutical formulations, thus giving 
a signature of the formulation process 
and eventually of the probable manu-
facturer.

In Figure 3 are reported the genuine 
formulation of artesunate and an imita-
tion. Both tablets were manufactured 
in China. Artesunate is an antimalarial 
artemisinin derivative developed in the 
People’s Republic of China, which is 
vital for malaria treatment. It is widely 
used as part of mono or combination 
therapies in South East (SE) Asia and 
increasingly in Africa for the treatment 
of Plasmodium falciparum malaria. 
Its high cost and demand has made 
it a preferred target for counterfeiters. 
An estimated 33–53% of artesunate 
antimalarials sold in mainland SE Asia 
have been reported to be counterfeit, 
containing either no or sub-therapeutic 
quantities of artesunate.4

2D DOSY 1H NMR allows one to 
prove easily that the tablets’ composi-
tions are different. The genuine formu-
lation (Figure 3A) contains artesunate, 
starch and sucrose as tablet diluents 
and magnesium stearate as tablet 
lubricant. The counterfeit formulation 
content is a far cry from the genuine 
one (Figure 3B); indeed it contains 
a wrong active pharmaceutical ingre-
dient, in this case acetaminophen 
(paracetamol), which is an active and 
widely-used analgesic and antipyretic 
pharmaceutical ingredient. Furthermore 
dextrin has been identified as the 
tablet diluent used in this fake formu-
lation. Figure 3 highlights the interest 


