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ABSTRACT

Falsified medicines pose a serious threat to global public health. Over the past few decades, the number of public health issues and seizures of falsified medicines has
dramatically increased across the world. The development of new analytical techniques for the identification and traceability of these products hold great promise for
innovation to help curtail the high number of deaths caused by the lack of adequate treatments and in combating the criminals responsible for manufacturing these
products. This review presents the main approaches, based on stable isotope ratios of the bio-elements, mainly Isotope Ratio Mass Spectrometry and Site-specific
Natural Isotopic Fractionation by Nuclear Magnetic Resonance, that can contribute to identifying the origin of these products, both in terms of geographical
origin and raw materials employed as well as for the batch controls by the producers.

1. Introduction
1.1. Falsified and substandard pharmaceuticals

Over the past decades, increasing public health-related issues have
been reported globally due to falsified and substandard medical prod-
ucts. This phenomenon is causing significant morbidity and mortality,
whilst simultaneously reducing the effectiveness of health care and
potentially reducing public trust in the effectiveness of medicines and
health care systems [1,2].

Substandard medicines are the result of poor manufacturing prac-
tices, inappropriate formulation, packaging or storage of the medicine
that can lead to deterioration of the product [2,3].

In contrast, the World Health Organization (WHO) defines falsified
(aka counterfeit) products as [4]:“Medical products that deliberately/-
fraudulently misrepresent their identity, composition or source.” This
includes medicines with the correct or incorrect active pharmaceutical
ingredient(s) (APIs); without API, with insufficient API(s) or with
manipulated packaging or packaging information. Visual inspection and
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pharmacological analysis may not be sufficient to make a clear
distinction between substandard and falsified products and there are few
laboratory tools to estimate where falsified medicines have come from
[5]. Stable isotope ratio analysis could make an important contribution
to facilitate clear differentiations between these two types of
poor-quality medicine and estimate their origin.

Substandard and falsified (SF) medicines are a public health threat
and can have a severe impact on public health as well as economic and
socioeconomic consequences [2,6]. Delayed, incomplete, or lack of re-
covery are possible consequences of the absence or insufficient amount
of the stated API or poor dissolution. In addition, toxic ingredients that
may be present in these products can harm patients (i.e. diethylene
glycol in cough syrups [7]) and SF antimicrobials may lead to the
development and spread of antimicrobial resistance (AMR) [8].

According to WHO, 1 in 10 medical products circulating in low- and
middle-income countries (LMICs) are estimated to be substandard or
falsified [9]. Reports of all types of medical products can be found in the
WHO Global Surveillance and Monitoring System for substandard and
falsified medical products (GSMS) portal. However, anti-infectives seem
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to be the most afflicted therapeutic class [2]. Estimates suggest that this
leads every year to the death of 72,000 to 169,000 children with
pneumonia worldwide and to the death of 31,000 to 116,000 patients
from malaria in Sub-Saharan Africa alone [6].

Although this is a global issue, the burden of SF medicines is
disproportionately higher in LMIC. Constrained access, weak technical
capacities e.g. in national quality control laboratories and poor medicine
regulation are the main factors that contribute to a high prevalence of
falsified medicines [2].

Frequently, the high prices of medicinal products and the high de-
mand for pharmaceuticals exceeding supply forces people to buy med-
icines from unauthorised sellers. Easier access and lower prices are
among the most influential justifications for using informal markets, but
there are also cultural, social and religious reasons[2].

Porous borders, poorly regulated supply chains of medical products,
low penalties for the production and trade in falsified medicines, as well
as a lack of cross-country control and collaboration makes it difficult to
tackle this problem [10]. From a financial perspective, according to the
European Federation of Pharmaceutical Industries Association (EFPIA),
the trade in falsified pharmaceuticals is more profitable than with illicit
drugs, based on an estimated world trade of about $75 billion dol-
lars/year [11]. Other estimates suggest that the trade with falsified
products is worth $200 billion dollars [12].

1.2. Falsified medical product proliferation

Between 2014 and 2016 the Organisation for Economic Co-operation
and Development (OECD) reported that antibiotics, male impotence
(erectile dysfunction) pills and painkillers are the most frequently
falsified medicines seized worldwide Fig. 1.

The global falsified medical product trade is thriving particularly
across Africa, in particular for contraceptive pills, cough syrups, anti-
biotics (especially ‘older’ antibiotics, such as penicillin, tetracycline,
trimethoprim-sulfamethoxazole and chloramphenicol), anti-parasitics,
and antimalarials are the most common products seized by the law
enforcement agencies [14-16].

Due to the increasing popularity of buying medicines online, coun-
tries with a well-regulated supply chain are also affected by falsified
medicines sold through illegal online pharmacies, including both the
USA and Europe. According to Europol, in these regions, the most

The most falsified pharmaceuticals

Others

Local anaesthetics
Anti-malarial pills

Dietary supplements
Blood pressure treatment

Heart disease treatment

Diabetes treatment

Male impotence pills
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falsified medicines are lifestyle drugs such as sildenafil (Viagra®) or
weight-loss drugs and those for chronic conditions [1,17].

On December 14, 2021, Europol published a report on a large, co-
ordinated operation against falsified pharmaceuticals and doping named
Shield II, involving law enforcement authorities from 26 countries (20
EU Member States and 7 third-party countries). Officers targeted
organised criminal groups trafficking doping substances (hormone and
metabolic regulators) and various medications such as anti-cancer
drugs, erectile dysfunction medicines, pseudoephedrine, painkillers,
antiestrogens, antivirals, hypnotics, antihistamines and anxiolytics.
Hundreds of websites were shut down, with seizures worth nearly € 63
million and more than 500 people arrested [18].

The complexity of international supply chains makes it very difficult
to trace the origin of a falsified medical product. More sophisticated
methods and forensic techniques, such as Isotope Ratio Mass Spectros-
copy (IRMS), are needed to get to the bottom of this problem. The
development of these techniques can provide solutions for identifying
the origin and trade routes of these products, which could in the future
be an important tool in combating falsified medicines.

1.3. Detection of falsified medicines and vaccines

Many approaches can be used to detect falsified medicines and
vaccines, that are summarised in several publications providing an
overview of the analytical methodologies employed. [1,16,19-21]

The detection of the falsified medicines/vaccines can be carried out
on three different levels: the first one includes the inspection with the
naked eye of both packaging and tablets. Level 2 encompasses screening
technologies that can be readily completed in the field (or point of sale).
The third level involves the techniques that require the equipment of a
laboratory to determine medicine quality according to established
reference specifications such as pharmacopeial monographs. Usually
these include tests for identity, content, dissolution, for related sub-
stances/impurities and uniformity of dosage Table 1.

The choice of analytical methods is a balance between available re-
sources and the chemical information sought, in some scenarios (such as
low-income countries) the best strategy is not necessarily to have the
most specific and precise technique but affordable and simple field
detection methods [1].

Painkillers

Antibiotics

Allergy treatment

Fig. 1. Most falsified pharmaceuticals. Source: OECD-EUIPO [13].
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Table 1
Overview of devices for the detection of SF medicines in supply chains. See

Ref. [16] for more information.

Table 1 (continued)
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Method

Description

Advantages

Disadvantages

Method Description Advantages Disadvantages
Level 1
Visual inspection/ A combination of Inexpensive and Requires

bulk testing techniques based rapid comparator

on the comparison
of the suspected
medicine with a
genuine one [1].
(printing,
embossing, shape,
odour, taste,
consistency, wt,
density, refractive
index, viscosity,
osmolarity, pH,

genuine samples

[21]

crystal
morphology,
solubility).

Level 2

Spectroscopic Based on the -Rapid - Requires the
portable irradiation of a -Relatively creation of a
techniques sample with Inexpensive referenceg

specific compared to spectra dataset
wavelengths, the laboratory [16]

energy absorbed devices Usually not
causes the quantitative
vibration of the

chemical

structures of the

sample that can be

measured by NIR,

MIR, Raman

spectroscopy,

UV-vis [19].

Thin layer Widely used in - Fast - Often uses toxic
chromatography LMICs (low and - Convenient or flammable
(TLC) middle income - Specific reagents

countries), - Inexpensive - Similar
consisting - Ease of use chemical
essentially of a structures may
chemical cause similar
separation of the distance
product’s imprecision [22]
component which Not quantitative
takes place on a or

silica layer semiquantitative
followed by visual

detection of the

colour spots or use

of a UV lamp [1].

Colorimetry Identifies - Rapid - Less sensitive
particular active -Does not than other in-lab
ingredients by require techniques and
making use of extensive not available for
colour changes training many APIs [21]

GPHF Minilab®

produced by
chemicals [1].
Used as a pass/fail
test or in
semi-quantitative
mode [23]
Portable Kkit,
which allows the
examination of a
suspected SF
medicine in 3
steps:

- visual inspection
of dosage form
and associated
packaging
material.

- disintegration

-Reliable and
simple
- Inexpensive

Not quantitative

- Requires
training

- Less sensitive
than other “in-
lab” techniques
Not quantitative
or semi
quantitative

test as surrogate to
assess drug
solubility

- semiquantitative
TLC test [23,24]

Level 3
Dissolution test

X-ray diffraction
methods

Conventional and
Spatially-offset
Raman
spectroscopy

Chromatography
techniques: (GC)
Gas
chromatography,
(LC) liquid
chromatography,
(HPLC)high-
performance
liquid
chromatography,
(CE) capillary
electrophoresis

Mass spectrometry
(MS): such as
high-resolution
time-of-flight
(TOF) MS and
MS/MS

Hyphenated
techniques

Dissolution testing
evaluates the
degree and speed
at which an API
dissolves from a
specific dosage
form. The
dissolution
process of a drug is
crucial as it
directly impacts
its bioavailability
and therapeutic
efficacy [25].
Based on the
comparison of the
diffraction pattern
of genuine and
suspected drugs
[26].

Obtaining a
spectrum resulting
from the medicine
components and
comparing it with
the spectra stored
in a database [21].

Separating
mixtures into
components based
on various
chemical and
physical
properties [27].
The most common
analytical method
used in medicine
evaluations [28].

Produces a mass
spectrum which is
a plot of intensity
as a function of the
mass-to-charge
ratio [29].
Accurate
identification of
ingredients
presents in
falsified drugs
Methods
developed from
combining
separation
techniques and an
on-line
spectroscopic
detection
technology such as
GC/MS LC/MS
[30].

- Can detect
inappropriate
formulation
even when the
amount of the
API is correct

- Fast and
reliable,

- Portable

- Does not
require sample
preparation.

- No sample
preparation

- Fast (less thana
minute)
collection times
required
-nondestructive
[20,23]

- High sensitivity
- sensitive

- accurate

- reproducible,
quantitative

- Specific
- Precise

-Sensitive
-Accurate

- Might not fully
capture the
entire
complexity of
drug behaviour
in vivo.

- Provides only
qualitative
analysis

- Costly

- Qualitative
analysis and
quantitative for
some APIs

- High initial
investment cost

- Sophisticated

- Costly

- Labor-intensive
- Requires
sophisticated
equipment and
training [16]

Expensive and
sophisticated lab
analysis

- Requires
training

- Expensive
equipment

2. Isotopic characterization

Stable isotope ratios have been used as indicators of provenance and

source of natural materials since the 1950s when isotope-ratio mass
spectrometers were first developed. Sixty-two of the 112 elements are
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known to have more than one stable isotope, yielding numerous possible
isotopic-ratios that may indicate provenance [31]. Stable isotopes have
been used for many different purposes including the characterisation of
different photosynthetic pathways (C3, C4, CAM), the detection of
frauds in food matrices [32], as natural tracers in geology, ecology,
archaeology, climatology, plant biology and investigating the illegal
wildlife trade. They have also been widely used in proteomics, structural
biology, pharmacology and drug design [33].

Carbon.

Carbon is one of the main biogenic elements found in the vast ma-
jority of biological molecules. It exists in two stable isotope forms, with
5(*2C) being the most common with an abundance of 98.93 %, and &
*30) being the least abundant (1.07 %).

Carbon isotope signatures can be used to distinguish plants that use
C3 (Calvin cycle), C4 (Hatch-Slack cycle) and CAM (Crassulacean acid
metabolism) modes of photosynthesis, as these pathways lead to distinct
isotopic fingerprints [34]. A typical C3 plant, such as sugar beet, shows
813C values ranging from —22 %o to —33 %.. Plants that utilise C4
metabolism (maize, sugarcane and sorghum) demonstrate 5(*3C) values
ranging from —8 %o to —16 %.. Finally, CAM plants including pineapple,
cactus, and vanilla, have a metabolism close to C4 plants and similar
8(*3C) values (—10 %o to —16 %) [35].

This can be used in the detection of fraud in wine and grapes, as the
addition of exogenous sugars (chaptalisation) is illegal in some coun-
tries. The supplementation of C4 plant-derived sugars (such as cane
sugar) leads to more positive isotopic ratios due to their influence on the
8(*3C) of ethanol [36].

Carbon isotopes can also be used to reconstruct migratory routes of
terrestrial and aquatic animals, in cases where the geographical distri-
bution of C3, C4 and CAM plants is known, as well as the diet prefer-
ences of the animal species [37].

Nitrogen.

Nitrogen exists in two stable isotope forms: 8(14N) (99.63 %) and
5'°N (0.37 %). The nitrogen isotopic ratio is expressed with respect to
atmospheric nitrogen which has a defined 6(15N) value of 0 %o.

With regard to food authenticity, the nitrogen fingerprint may be
used to indicate whether a vegetable is grown with organic or conven-
tional fertilisation methods. The soil-nitrogen is heavily influenced by
the type of fertilisers applied and this is reflected in the 5(*°N) of the
plant tissue, which shows more depleted values when the plant is grown
with synthetic fertilisers. On the other hand, less depleted values of
5('5N) tend to be present in plants grown with animal manures under
organic regimes.

Another important application of nitrogen stable isotopes is the
identification of an organism’s position in the food chain, or ‘trophic
level’ of different species. The heavy nitrogen isotope value (*>N) in-
creases by (2-4 %o) when reaching higher trophic levels, through pref-
erential excretion of 14 N during metabolic process, thus serving as a
tool in determining dietary shifts [38].

Hydrogen and Oxygen.

Hydrogen and oxygen isotopes have been used extensively as tracers
in hydrological, ecological and forensic studies. The spatial variation
across the globe, and at the landscape level, of water 52H and 5'%0 is
determined by different physical processes and it can be visualised in the
mapping of isotopic distributions across the landscape with so-called
‘isoscapes’.

The initial isotopic composition of vapour arriving at the continental
margins depends on the initial isotopic composition of water in the
vapour-source regions and it is then altered by temperature, affecting
rates of evaporation, and humidity. As the air masses go across the
continental sites they start losing water due the condensation and pre-
cipitation in a temperature-dependent manner. This rainout leads to a
progressive depletion of the heavy isotopes in the precipitation resulting
in a general decrease of the isotope ratio along trajectories of atmo-
spheric vapour transport and increasing altitude. This effect can be
dampened or even completely countered by the vapour coming from the
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moisture recycling from the continents that is added to the air masses
through the hydrological cycle [39].

These processes determine the final isotopic composition of the
water available for the plant’s growth, meaning that, knowing how 2H
and ‘0 isotopes vary for a specific plant, through assimilation and
evapotranspiration and photosynthesis, we can infer the origin of the
plant from its isotopic composition and relate it to the isotopic compo-
sition of the input water in the location where the plant grew.

Stable-isotope measurements.

As per IUPAC (International Union of Pure and Applied Chemistry)
protocol, isotopic values are expressed as a delta with respect to the
international standard V-PDB (Vienna-Pee Dee Belemnite) for §(*3C), V-
SMOW (Vienna-Standard Mean Ocean Water) for 5(>H) and 6(180), and
Air (atmospheric Nj) for 6(15N), following Equation (1):

R(GEJE
(.l / )sample -1 (1)
R(iE/E)

standard

i
8 (Emmplf/ yrandard) =

Where standard is the international measurement reference material,
sample is the analysed sample and iE/jE is the isotope ratio between
heavier and lighter isotopes. Delta values are multiplied by 1000 and are
commonly expressed in units “per mil” or, according to the International
System of Units (SI), as a “milliurey” (mUr).

There are two primary methods for quantifying isotope ratios in the
elements that make up organic matter [40]. The first one is isotope ratio
measured by mass spectrometry (IRMS), and involves the analysis of
isotopic composition by using a mass spectrometer, which separates
isotopes based on their mass-to-charge ratio. It involves the full com-
bustion, or thermochemical conversion, of sample molecules and is
frequently employed to ascertain the isotopic ratio of bulk substances or
the individual components in mixtures when coupled with gas chro-
matography (GC) or liquid chromatography (LC).

The second technique is SNIF-NMR (site-specific natural isotope
fractionation measured by nuclear magnetic resonance) which includes
the intra-molecular site-specific analysis of natural isotope fraction-
ation. This can be advantageous for testing the origin of commercial
products [40], and can potentially be applied in a similar way to
pharmaceuticals.

The aim of the present review is to carry out a comparison of the
main isotope-techniques and their implementation in the detection of
falsified medicines, with a particular focus on the insights that stable
isotope analysis can give about the origin of raw materials used in their
production, and the synthetic procedures employed.

2.1. Elemental analyzer (EA)/high temperature conversion elemental
analyzer (TC/EA) isotope-ratio mass spectrometry (IRMS)

In EA-IRMS Fig. 2, the analytes (carried by Helium flow) are usually
introduced in the system by an autosampler and then combusted
quantitatively over metal-oxidecatalysts held at approximately 1000°C,
generally with excess of Oy added, to produce CO,, H20, a mixture of
NOy gases and SOy. The flow stream runs through a second reactor
containing a metal reductant (usually copper at 600°C) to convert NOy
to N3, SOx to SO,and through a water trap to remove HyO. Values of
5(15N), 6(13C), and 5(3*S) are acquired from the resulting pure Np COa,
and SO, gases respectively, which have been separated either chro-
matographically or by a trap-and-purge system before isotopic analysis.

In TC/EA-IRMS Fig. 3, unlike in the case of EA-IRMS, the oxidation
column is not required as the samples are thermochemically converted,
usually at temperatures >1400 °C, generating CO for analysis of 5(:30)
and Hy for analysis of 6(2H).

Both configurations are typically connected to the IRMS through a
sample/reference dilution device which allows the reference gas and the
dilution gas to enter the analysis stream.

After pyrolysis, the gas samples are accelerated into a calibrated set
of Faraday cup detectors.
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Fig. 2. Schematic of an Elemental Analyzer/Isotope Ratio Mass Spectrometer (order of elution from GC column or traps is N,, CO, and finally SO5).

Autosampler

—
1‘—He

High Temperature
Conversion

He+H,+CO
h >

Reference

gases Isotope ratio MS

Dilution

Interface

He dilution

Fig. 3. Schematic of a thermal conversion Elementar Analyzer/isotope ratio mass spectrometer.

Gas molecules are separated based on their mass to charge ratio by
an electro-magnet, with higher ratios corresponding to wider radius
travelled by the analytes. The mass distribution of the sample gas is
determined relative to the reference gas to obtain an initial §-value. This
initial value is normalised to the internationally accepted §-scale by the
measurement of appropriate standards to carry out a two-point scale
calibration.

These two set-ups comprise the so-called bulk analysis, where the
isotope value is measured globally and not on single compounds like in
other techniques (i.e., GC-C-IRMS).

2.2. Gas chromatography - isotope-ratio mass spectrometry (GC-IRMS)

When complex mixtures need to be isotopically analysed, IRMS can

Autosampler

E—
) 2

Reduction

- @

Pyrolysis

}
nterface
€

be coupled to a gas chromatograph via a combustion interface (GC/C/
IRMS) for the analysis of 5(13C) and 6(15N), or pyrolysis (GC/Pyr/IRMS)
for the analysis of § (180), and 5(*H). In these cases, analytes are sepa-
rated through a GC column and then combusted (C/N) or pyrolyzed (H/
O) to the corresponding gas (CO», N, Hy, CO), respectively. Thereafter,
the analyte gases pass through a Nafion membrane which removes H50,
and a liquid Ny trap which removes CO; before entering the IRMS, when
S5(°N) is being determined, because CO2 can crack (or fragment) to CO
in the ion-source causing and isobaric interference at m/z 28 (14N14N
versus interference 12C16O) Fig. 4.

The primary condition for GC/C/IRMS analysis is that the com-
pounds constituting the sample mixture are volatile and thermally sta-
ble. Some non-volatile compounds may also be analysed by this method,
requiring further modification (derivatization) in order to make them

Isotope Ratio Mass

He dilution
Spectrometer

Ref gases

b

CO, Trap

Fig. 4. Gas chromatography /isotope ratio-mass spectrometry.
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volatile. In this case, the influence (isotopic composition) of the deri-
vatizating agents must be taken into account.

GC-IRMS has been widely used for the characterization of seized
drugs of abuse providing an isotopic “fingerprint” and allowing indi-
vidual tablets to be linked to a common batch [41,42], but the use of this
technique for pharmaceutical products remains limited to a few exam-
ples (antidoping test and abuse drugs characterization) [41,43].

2.3. Stable-isotope and pharmaceutical medicine tracing

In recent decades, chemical characterization of medicine composi-
tion has often been found insufficient for the detection of falsification, as
the falsified products, and the techniques used to produce them, have
become more sophisticated, with falsified medicines containing the
same compounds and having the same elemental composition as the
genuine tablets [44].

2.3.1. Active pharmaceutical ingredient (API)

Typical solid dose forms of a medicine contain at least one active
pharmaceutical ingredient (API) and a range of excipients of varying
quantities. An excipient is a substance that is used alongside the API in
the manufacture of medicinal products and can fulfil various functions,
such as stabilisation or bulking up the formulation as well as improving
therapeutic properties of the API. In addition, excipients are of crucial
importance for the manufacturing process, e.g. for handling the API, the
flowability of the powder and the compression of the tablets. The syn-
thetic pathway employed and the isotopic ratio of the raw materials
determine the isotopic ratio of a specific compound in a pharmaceutical
product.

Several chemical processes are needed to render an active ingredient
bioavailable and ingestible for the patient. Ibuprofen, a widespread non-
steroidal anti-inflammatory (NSAID), is such an example, as it can be
synthesised following two different synthetic pathways, which in turn
leave different isotopic-fingerprints on the final product [45]. Another
important factor that influences the isotope ratio is the selection of the
chemical raw materials employed in the synthesis of the API.

2.3.2. Excipients

In cases where falsified medicines contain the same API concentra-
tion as the original genuine product, they could differ in the excipient
composition [46]. This underlines the need to develop stable isotope
methods to study not only the APIs, but also the excipients. An important
factor is that many excipients used in pharmaceutical manufacturing are
derived from plant (starch, cellulose), animal (lactose) or geological
(carbonates) sources. Therefore, they are expected to exhibit isotopic
signatures consistent with those different sources [47]. This could be
used as a powerful means to trace back to the geographical origin of
falsified medicines and vaccines. Only a few papers have been published
specifically regarding the stable isotope analysis of excipients.

A multi-faceted approach combining chemical, biological, packaging
and palynological data was followed by Newton et al. [48] including the
use of IRMS for the mineral composition analysis of artesunate tablets,
normally used for malaria treatment, and ultimately achieving the
detection of falsified medicines in Southeast Asia. The authors noted that
the majority of Vietnam samples contained calcite, which exhibited
6(180) and 6(13C) values in a similar range (11%o to +2%o and —2%o to
—25%o respectively), indicating high temperature hydrothermal calcite,
mined in Southern China. Palynological evidence combined with the
excipient composition data suggested that falsified medicine originated
from the border between southern China and Southeast Asia. The evi-
dence presented in this study led to a criminal investigation in the re-
gion, which resulted in an arrest of the people responsible for the fraud
who had sold hundreds of thousands of falsified artesunate blister packs.

The potential of IRMS as a tool for the traceability of falsified anti-
malarials was recently examined by Chesson et al. [49], through the
analysis of 5(*3C) and 5(*20) of the starch present in the tablets. Falsified
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medicines were found to exhibit higher 5(*3C) values compared to the
genuine ones, indicating the addition of maize (C4 plant) -derived
starch. On the other hand the authors suggested further investigations
for the interpretation of the oxygen data with the purpose of
geographical traceability.

Wang et al. [50]investigated the opportunity to trace back the origin
of lactose present in pharmaceutical products through stable isotope
analysis. '3C analysis of lactose could give hints about the diet of the
animal from which the lactose was obtained (C3 based diet vs C4 based
diet). On the other hand, H and O values are affected by the water taken
by the animal, which therefore, can indicate their geographical origin
through direct comparison with a database of excipient materials of
known origins. Alternatively, the isotope value of the excipient can be
correlated with the Global Meteoric Water Line (GMWL) that provides
5(*80) and 5(*H) data of precipitation from locations around the globe.

Thirty-four lactose samples from 7 manufacturers from different
parts of the world were analysed and the 6(13C), 5(2H), and 5('80) values
of the samples permitted all the lactose samples to be 100% correctly
classified according to their manufacturing origin.

Moreover, 3 of the initial 34 lactose samples were used to manu-
facture 3 drug products. After the lactose extraction the manufacturers
of lactose used in the three drug products were correctly identified with
97.06% accuracy. Although no direct information about the geograph-
ical origin of lactose was provided in this study, a manufacturer
(manufacturing origin) based discrimination was achieved. In addition,
the authors proposed a method for lactose extraction that could be used
for further traceability studies of such products.

3. Trace the origin (IRMS)
3.1. Batch to batch and manufactures discrimination

Among the first applications of isotope analysis to pharmaceutical
products, was a study carried out by Jasper et al. [51], to determine
whether IRMS could distinguish between (i) APIs produced by different
manufacturers and (ii) different batches of the same API produced by the
same manufacturer. A set of 20 anonymised samples each representing
four APIs, namely tropicamide, hydrocortisone, quinine HCl, and tryp-
tophan, was used in this study. These originated from five production
batches, manufactured by five different companies. Initially, only the
chemical identity of the APIs was revealed to the research team, without
any additional information. Based on the chemical composition of each
API, the isotopic ratios (*3c/'2c, 15N/1*N, 180,/1°0, and/or 2H/'H) were
measured.

The isotopic provenance of the four APIs was determined from
bivariate plots of selected isotope ratios, particularly 5(*H) versus
5(180). The authors noted that the multi-isotopic profile of any given API
was so specific that it was virtually impossible to precisely (e.g., +10)
reproduce it, yielding a high degree of stable-isotopic product authen-
ticity. There is broad consensus in the pharmaceutical community that it
would cost more to reproduce a specific multi-isotope profile than to
acquire the pharmaceutical product legally. In conclusion, the authors
suggested that pharmaceutical firms and other manufacturers could take
advantage of pre-measured isotopic composition in raw materials and
synthetic intermediates to substantially predetermine the isotopic pro-
file of their pharmaceutical and other products.

Fernandez et al. [52] combined EA-IRMS and MC-ICP-MS to distin-
guish batches of original antiviral (Heptodin) from falsified medicines.
Specifically, they demonstrated how the combination of S, C, N, Mg
stable isotope ratios facilitates a strong characterization and can provide
evidence even in a forensic investigation.

A different approach was suggested by Felton et al. [53], who applied
the concept of pre-measured stable isotope-labelled products in order to
verify whether the use of labelled-materials is a useful tool for the batch
identification and the detection of falsified products. In order to avoid
possible alterations of the API performance, the authors proceeded to
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label the excipient through unique values of 5(°H) and 5(13C)-glucose.
This was a practical approach, providing each batch of drug products
with different isotopic fingerprints to create a batch-specific identity.
Moreover, the authors suggested that combining pre-determined 5
with 5(13C), could strengthen the discrimination power and thus
enhance the usefulness of this technique in batch identification. It is
worth noting that the increased cost induced by the labelling process,
was calculated to be 0.8 percent/tablet produced.

3.2. Geographical origin

The assessment of the geographical origin of an API based on stable-
isotopic fingerprints has shown promising results thus far. However,
there are important challenges still to be addressed. Jasper and Gilevska
[31,44] aimed to determine the origin of the raw materials of 2 different
APIs (topiramate and ibuprofen) using IRMS.

They hypothesised that if the water used in the synthesis of the APIs
derived from meteoric water (such as in case of ibuprofen), the sample
5(%H) and 5(*80) values could correlate to those of the Global Meteoric
Water Line (GMWL). Moreover, Jasper found a linear correlation be-
tween the 3C values and the hydrogen and oxygen values of Topiramate
samples, showing that a blend of carbon sources (C3 and C4 plants) was
utilized in the creation of the batches under examination. Even though
this was a promising strategy, as noted by Gilevska, it has some draw-
backs. Specifically, despite the possibility to compare the oxygen isotope
composition §(*0) of the annual precipitation in a geographical loca-
tion to the one measured in the active substance, the oxygen composi-
tion of river water may differ from precipitation, especially in dry
climate areas.

Wokovic et al. [47] investigated the potential of IRMS analysis in
distinguishing the provenance of the APIs Naproxen by testing six
differently manufactured products. The great majority of the isotope
ratios (5(180), (5(2H),5(13C)) from the six manufacturer’s products lay
within relatively well-defined areas or “clusters”. However, the data
obtained did not show evidence of geographic provenance, with the
authors stating that IRMS analysis can be a plausible means of screening
for manufacturer-based isotopic traceability.

Targeting the API for the geographical traceability of pharmaceutical
products is definitely a promising approach, however further studies are
needed to understand the underlying theoretical basis for such a
discrimination of origin. As noted by Jasper, further research that con-
siders the isotopic values of starting materials and final products would
allow for the determination of the isotope fractionation factors of the
synthetic reactions.

3.3. Synthetic pathway

As discussed above, the isotopic profile of a drug is a function of both
raw materials and the synthetic pathway employed in its production
[31]. However, when the isotope values of the starting materials are
unknown, the effect of the kinetic fractionation occurring during syn-
thesis on the measured values cannot be quantified with certainty.

Gilevska et al. [44] aimed to identify which of the two most common
synthetic pathways (the Darzan route or the carbonylation route) were
used to produce 28 commercial ibuprofen samples (API obtained by
solvent extraction) and 4 pure APIs, through multidimensional isotope
analysis 6CCH), 5(13C),s(*80)). Although 5 groups could be differenti-
ated according to the manufacturer, the elucidation of the chemical
process remained speculative due to the fact that the producers were not
willing to disclose their production lines, or the raw materials used. The
depletion in the isotope composition of hydrogen was attributed to 2
manufacturer groups following the carbonylation synthetic route, in
accordance with Deconinck [54], while 2 other groups followed Dar-
zan’s route due to the enriched isotopic value of hydrogen. The last
group could not be clearly related to a synthetic pathway.

In IRMS analysis it is critical to know the isotope values of the raw
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materials in order to understand which chemical procedures were fol-
lowed in the production of a specific drug. This principle was applied in
the resolution of a patent infringement case [55], where a company was
accused of selling a generic version of an antibiotic drug. This was
suspected to have been produced following the plaintiff’s patented
manufacturing process. The synthetic procedure was known to exhibit a
predictable fractionation pattern for both C and N. The measurements of
the isotopic values of the reactants and products were translated in a
bivariate plot 6(*3C) vs 8(*°N)) to a vector of known direction and
magnitude Fig. 5 (the vector was a sum of all individual fractionation
processes of the reaction intermediates). The extent and orientation of
the vector indicated that the defendant was employing the same syn-
thetic process rather than using an alternative synthesis. Different
manufacturers with different suppliers may have different isotopic
values of the raw materials, however, the net isotopic vector remains the
same if the same synthetic pathway is employed. This work showcased
the applicability of IRMS analysis in assessing the synthetic pathway
used.

4. Nuclear magnetic resonance (NMR)

Stable-isotope analysis can also be carried out using quantitative
NMR spectroscopy. This technique offers site-specific (or intra-
molecular) information as to the stable isotope content at natural
abundance and allows, in principle, the evaluation of the isotopic value
(5(3H) or 5(*3C)) at each atom of the molecule. Often, only a few key
positions of a molecule are taking part in the reaction mechanism, and
only the corresponding 5(*°H) and 6(13C) ratios are affected [45]. By
using IRMS, the information on a single position can get lost when
overall 5(*H) and 5(*3C) values are measured. Measuring the site-specific
isotope ratios can give suggestions on the specific reactions employed in
a synthetic procedure, and not simply help in identifying the manufac-
turer [45]. Recently, this technique has been applied to drugs of abuse
such as methamphetamine [56] and pharmaceuticals, specifically
fluoxetine [57].

4.1. SNIF-NMR

Site-Specific Natural Isotope Fractionation measured by Nuclear
Magnetic Resonance (PH-SNIF-NMR) is a well-established technique,
developed in the early 1980’s by Martin & Martin [58], widely
employed in food authentication for the official control of wine [59],
spirits [60], flavours and fruit juices [61]. This method has also been
applied to pharmaceutical products by Acetti et al. [45]. The authors
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Fig. 5. A bivariate plot of nitrogen (8'°N) and carbon (5'3C) isotopic results for
a small molecule antibiotic produced by an authentic pathway (scheme 1), by
an identical, and therefore infringing, generic pathway (scheme 2), and by a
noninfringing generic pathway (scheme 3) [55].
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recorded the deuterium NMR spectra of two common drugs, naproxen
and ibuprofen, in order to obtain information about the starting mate-
rials and the synthetic procedure employed.

4.1.1. Naproxen

Naproxen is a nonsteroidal anti-inflammatory drug (NSAID) widely
used and manufactured worldwide [45] Fig. 6. Only one procedure is
mainly used to manufacture this molecule and it employs 2 possible
starting materials. The authors recorded the deuterium spectra of each
hydrogen with the purpose of obtaining hints on procedures employed.

The 8(?H) values of the various positions of naproxen methyl ester
show that the most significant data are those of the methoxy group
(OCH3) of the naphthyl moiety. According to the authors the 5(3H)
values of OCHj clearly resemble the two possible origins of the methoxy
group. Four of the 5 samples showed similar §(*H) values (ranging from
142.1 ppm to 155.0 ppm) and seem to come from a common naphthyl
starting material (when p -naphthol is used, the methyl group is inserted
by reaction with methyl chloride in basic medium, and methyl chloride
is produced by chlorination of methane). On the other hand, the higher
deuterium content (189.4 ppm) of the OCHs group of the remaining
sample seems to suggest the synthesis via a different naphthyl precursor
(2-Methoxynaphthalene is indeed prepared by reaction of p -naphthol
with dimethyl sulphate so that the methyl group derives from methanol,
which comes ultimately from methane oxidation). However, other
studies could not derive useful information by using 2H NMR even when
the naproxen samples were converted to the corresponding methyl ester
[62].

4.1.2. Ibuprofen

Ibuprofen Fig. 7 is another commonly used NSAID, with the two
main synthetic pathways for production being the Boots process and the
BHC process. Both of these routes employ isobutylbenzene as a starting
material. In the Boots process, the acylation of isobutylbenzene is firstly
employed, followed by the Darzens reaction of the ketone to obtain the
ester. Thereafter, hydrolysis and decarboxylation are performed to
obtain the aldehyde which is converted to the corresponding acid
through the last oxidation step. In the BHC process, acylation of iso-
butylbenzene is done in the presence of hydrogen fluoride by acetic
anhydride followed by conversion into alcohol by hydrogen reduction in
the presence of a raney-nickel catalyst; the hydroxyl group then reacts
with carbon monoxide in the presence of a palladium catalyst to obtain
ibuprofen.

Acetti et al. [45] noted that the analysis of the G(ZH) value of the
aromatic hydrogens and those belonging to the CHs group shows no
great variation. Conversely, ibuprofen samples could be grouped in 3
clusters based on the 8(*H) value of the CH-7. Therefore, the authors
speculated that, given the high deuterium content (mean value 166
ppm), 1 group was prepared through the Darzans and oxime route while
the second group (116 ppm) seemed to come from the hydrogenation
and carbonylation sequence. This is in line with the fact that hydrogen
atoms generally show a low deuterium content when they are inserted
by means of molecular hydrogen [45]. The third group (represented by 1
sample) showed a surprisingly high 5(*H) (CH) value probably due to

CHs
: OH

O
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Fig. 6. Naproxen molecule.
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isotope effects connected with the oxidation of the aldehydic moiety in a
basic medium.

These considerations were sustained by the analysis of the 5(CH)
values of alcohol prepared from isobutylacetophenone according to
three different reduction procedures.

Many data have been collected by different authors on ibuprofen
molecules: Remaud et al. [62] similarly concluded that the 6(2H) value
of the CH-7 group is heavily affected by the synthetic pathway and it
allows the discrimination of the 2 main routes employed in the
synthesis.

According to the results obtained so far in this work ?H SNIF-NMR
appears to be a useful tool to trace back the synthetic procedure for
the production of ibuprofen whereas it has not reached the same out-
comes for the traceability of starting materials employed for the pro-
duction of naproxen. Nevertheless, some limitations have emerged,
including the low sensitivity of the deuterium probe, the potential H-
exchange with the solvent during the manufacturing process and the
lack of resolution due to overlapping signals. Furthermore, the appli-
cations of 2H NMR are limited to small molecules (250-300 g/mol-1)
[62].

In an attempt to overcome these difficulties, scientists developed a
new technique named quantitative isotopic 13¢ NMR spectrometry at
natural abundance, allowing the measurement of the 3C content of each
carbon within a molecule. Remaud and Bussy [40,62] also recorded the
5(13C) spectrum of the different C positions of the ibuprofen API: the part
B of the molecule in (Fig. 7) is the common synthon for both pathways so
the information about the origin of the starting materials should lie
within this portion of the molecule.

Specifically, carbon 4 and 5 show the lowest variation as they come
from petrochemical crude oil, carbon 9 seems to be influenced by the
differences in the raw materials used in each geographic region. Within
this portion of the molecule the largest variation is observed on carbon 6
which is the carbon where the addition of the aromatic ring occurs,
therefore a large set of isotopic profiles could be displayed as different
reagents and reactions can be employed to create the bond.

The 2 main routes differ from one another by the building of the
acetate side chain [40], therefore the C-7 carbon, which is involved in
the addition of the acetate group, potentially represents a significant
part of the information for the isotopic discrimination of samples ac-
cording to their synthetic pathways. C-10 gives information on the
origin of the methyl group of the ‘acetate’ moiety.

Caytan et al. [63] and Thibaudeau et al. [64] investigated the per-
formance of 13C NMR with a particular focus on the 2 main weaknesses
of this technique: poor sensitivity and long experimental time, ulti-
mately proposing some adjustments to overcome these.

4.1.3. Acetylsalicylic acid and Parcetamol

13C NMR has also been applied by Silvestre et al. [65] to two
commonly used medicines available world-wide: aspirin and paraceta-
mol. The APIs of these medicines are acetylsalicylic acid and paraceta-
mol (acetaminophen), respectively. Fig. 8 They measured the global
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Fig. 7. Ibuprofen numbered carbon.
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Fig. 8. Molecular structures of (A) acetylsalicylic acid and (B) paracetamol
with carbon positions numbered in order of decreasing 3C chemical shift.

6(13C) value by IRMS and the site-specific 6(13C) value by NMR.

As noted earlier, only some positions of the APIs show wide varia-
tions in the 5(*3C), in particular C-1 C-2 and C-9 for acetylsalicylic acid
and C-1 C-3 and C-6 for acetaminophen acid, whereas the remaining
carbons have standard deviations similar to or lower than the global
value. Even considering only the 5(*3C) value of each aromatic carbon,
each sample is individually characterised. Nevertheless, the main dif-
ference between samples for both API seems to lie in the side chains. In
particular, the portion of the molecule which shows the largest variation
is the acetyl group added during synthesis. Hence, the authors suggested
that the isotopic ratio of the carbon in the substituent group could be
used to discriminate between batches. On the other hand, the 5(*3C)
composition of the aromatic ring indicated consistency in the raw ma-
terial, which was coherent with the likely utilisation of phenol as
starting material for both compounds.

The authors also speculated on the origin of the acetic acid employed
to build the side chain distinguishing the provenance according to the
5(13C) value. Some samples, having very negative values (~-50 s(13cy),
seemed to have a petrochemical origin whereas for others samples with
less negative values (~ —17 8(*3C)), suggesting a natural origin.

In conclusion, the authors demonstrated that the quantitative iso-
topic 3C NMR is a promising method to obtain an individual isotopic
fingerprint for pharmaceuticals. This allowed for accurate discrimina-
tion between batches that can be included in the arsenal of isotopic
techniques available to trace the orgins of falsified medicines.

5. Conclusion

In this article we examined the applicability of stable isotope ratio
methods for tracing the origin of falsified medicines. The number of
articles about this topic is limited, since it is an emerging approach, but
interesting feasibility studies have been reported in the literature. IRMS
proved to be a powerful tool for discriminating between different
batches of drug production. In such cases, this technique employs quick
sample preparation procedures, it is fairly fast and shows strong
discriminating power, especially when more than 1 isotopic ratio is
considered. In future, this could also be used as a tool to classify a
product as falsified if the "criminal intent" cannot be proven by any other
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method.

However, the issue is more challenging and nuanced when it comes
to identifying the geographic origin and thus the origin of falsified
products and/or their components. A comparison of the H and O values
of the API with the GMWL could provide insights about the origin of the
products. However, the APIs are synthetically produced molecules and
therefore they usually undergo several chemical reactions that can
heavily affect the isotopic ratios, which in turn confounds isotopic
interpretation. Consequently, the geographic information can be lost.

A possible solution in overcoming this problem, would be analysing
the water entrained in the falsified medicine during production, since it
is likely to have the same origin as the location where the medicine was
manufactured. However, this presents other technological challenges in
quantitatively recovering and measuring very small quantities of water
without introducing isotopic fractionation. Furthermore, storage con-
ditions could impact on the long-term integrity of the water’s isotopic
signature.

Another promising strategy suggested for tracing the geographical
origin of falsified medicine was the analysis of the excipients, since
many excipients (such as starch, lactose and cellulose) are plant or an-
imal derived materials that exhibit characteristic hydrogen and oxygen
isotope signals related to their place of cultivation/production.

Lastly, the creation of reference datasets of isotopic values of ex-
cipients with known provenance is invaluable for the comparison of
suspect sample experimental values. The limiting factor will be finding a
representative amount of samples with known provenance, which may
be expensive and time consuming. However, isotopic datasets of
different plants (such as cotton) are already available, which report
isotopic values of major production areas. These datasets could be used
to estimate isotopic fractionation along geographical coordinates for
related agricultural products such as cellulose and starch once the iso-
topic correlation between different plant materials and components has
been established by baseline experiments.

There has been little public domain research on use of IRMS tech-
niques to determine the origin of falsified pharmaceuticals with more
progress in related fields, such as food fraud and the illegal wildlife
trade. As there are existing networks of specialised laboratories for such
investigations, they could potentially be also used for the neglected
problem of countering falsified medicines, along with other related
techniques such as packaging and environmental DNA analysis [66].
Care will be needed in the publication of results to avoid giving infor-
mation that would enable criminals to avoid such novel forensic
detection.
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