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Abstract

This study aimed on the one hand to clarify the quality, authenticity, safety, and other issues related to products

of the anabolic-androgenic steroid methandienone advertised on the Internet and personally imported to Japan

and on the other hand to evaluate the use of two portable Raman spectrometers in identifying the active phar-
maceutical ingredient (API). The study found that all n=15 samples purchased from 14 websites were problematic
regarding their package, labeling, and/or content. Specifically, one sample (6.7%) was confirmed falsified, twelve sam-
ples (80%) were found either to be falsified or unlicensed as pharmaceutical product, and two samples (13.3%) were
received without information on the manufacturers’ physical address or country of origin, with one sample (6.7%)
having no labeling or other accompanying information at all. Both Raman spectrometers were able to identify the API
in all samples as confirmed and quantified by ultra-high-performance liquid chromatography—Fourier transform

mass spectrometry. Twelve samples contained on average less than 90% of the declared API content. By contacting
national regulatory authorities in 44 countries, methandienone products were found to be approved in 1 country
and not approved in 21 countries. To prevent health hazards and abuse, measures against the acquisition of anabolic-
androgenic steroids from unknown sources are required. Portable Raman spectrometers may be suitable for the non-
destructive and quick identification of methandienone in tablets.
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Introduction

Anabolic-androgenic steroids (AASs) are synthetic
steroids structurally related to testosterone, the male
sex hormone, and well known for their androgenic
effects (Ganesan et al. 2023; Bhasin et al. 1996; National
Institute on Drug Abuse 2018; Barceloux and Palmer
2013). As prescription medicines, they are used in
treating hypogonadism and bone marrow stimulation
in leukemia, kidney failure, and aplastic anemia (Gane-
san et al. 2023). However, the non-medical use of AASs
is a serious global public health concern (Sagoe et al.
2014; Frude et al. 2020) in that AASs are widely abused
to increase muscle mass, not only among bodybuild-
ers and athletes for doping purposes but also increas-
ingly among individuals to achieve masculine cosmetic
benefits (Magnolini et al. 2022; Rahnema et al. 2014;
McBride et al. 2018; Storer et al. 2003).

Non-medical dosages are up to 100 times the therapeu-
tic dose (National Institute on Drug Abuse 2018; Barce-
loux and Palmer 2013; Solimini et al. 2017) and known
to cause psychological changes, addiction, and severe
physiological changes (Bhasin et al. 1996; Magnolini
et al. 2022; Rahnema et al. 2014; Solimini et al. 2017; van
Amsterdam et al. 2010; Liu and Wu 2019; Takayanagi
et al. 2008; Nieschlag and Vorona 2015) including hepa-
totoxicity (Solimini et al. 2017) and AAS-induced hypo-
gonadotropic hypogonadism, which does not improve
after the discontinuation of AASs (Rahnema et al. 2014).

Substandard and falsified (SF) medicines have been
defined by the World Health Organization since 2017
(World Health Organization 2018). Substandard medi-
cines fail to meet either their quality standards, speci-
fications, or both. Falsified medicines deliberately/
fraudulently misrepresent their identity, composition,
or source. Unregistered/unlicensed medicines have not
been approved for sale under relevant regulations and
legislation (World Health Organization 2018). Falsified
medicines might contain an altered amount of the active
pharmaceutical ingredient (API), no API, or the wrong
API and can therefore have serious health effects up to
death of the consumer (Rahman et al. 2018).

The online availability of SF medicines is a global chal-
lenge and there is a high demand for suitable analytical
detection methods and tools for identifying SF medicines
(Ahmed et al. 2022), with Japan being no exception to this
development (Zhu et al. 2020; Sanada et al. 2020; Rah-
man et al. 2022; Sanada et al. 2021; Yoshida et al. 2015;
Khan et al. 2012). The widespread international online
distribution of SF AASs is well documented (Magno-
lini et al. 2022; McBride et al. 2018; Fabresse et al. 2021;
Coopman and Cordonnier 2012), and a recent systematic
review estimated the overall mean prevalence of falsi-
fied AASs on the black market to be more than one in
three (Magnolini et al. 2022). SF medicines are entering
Japan through personal importation, often without the
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requirement for a prescription (Zhu et al. 2020; Sanada
et al. 2020; Rahman et al. 2018).

Although reports of health hazards of AAS products
posted by consumers on online forums reduce the con-
sumers’ risk (Frude et al. 2020), analytical methods for
identification, quantification, and determining quality-
related parameters are urgently required to protect
consumer health (Piatkowski et al. 2023).

Raman scattering analysis identifies the constituents
of a mixture (Rebiere et al. 2016) and is thus a tech-
nology for the quick and non-destructive qualitative
analysis of APIs (Rebiere et al. 2016; Opuni et al. 2019;
Sanada et al. 2020). Portable and handheld Raman
spectrometers are comparably inexpensive devices that
can be used on site to detect SF medicines, reducing
the number of samples requiring expensive laboratory
analysis (Sanada et al. 2020; Hajjou et al. 2013; Dégar-
din et al. 2017).

The present study aimed on the one hand to inves-
tigate the quality, harmfulness, and other problems
relating to methandienone (also known as methandros-
tenolone; MET) products advertised and sold over the
Internet and personally imported to Japan and to assess
whether samples are falsified. MET is an orally avail-
able AAS that is explicitly prohibited for use in sports
by the World Anti-Doping Agency (WADA) (World
anti-doping agency 2023). The availability of officially
licensed MET products was investigated in a worldwide
search covering 44 countries on five continents. This
study aimed on the other hand to explore the use of
two portable Raman spectrometers for non-destructive
MET analysis that could be useful for the quick on-site
detection of MET containing products, e.g. at airports
or at customs. To verify the Raman scattering analysis
results, a liquid chromatography—mass spectrometry
(LC-MS) method was developed for MET identifica-
tion, quantification, and impurity testing.

Materials

Chemicals

MET (#H1193, Lot H4FHE, purity 97.5%) and methyltes-
tosterone (#M0435, Lot YNV3C) were purchased from
Tokyo Chemical Industry (Tokyo, Japan) and used as
reference standards. DANABOL 10 mg, an MET prod-
uct approved in the Republic of Moldova, was imported
under an agreement between SC Balkan Pharmaceuticals
SRL and Kanazawa University and used as the standard
formulation and control.

LC-MS grade ultrapure water was purchased from
Kanto Chemical Co., Inc. (Tokyo, Japan). Methanol
(MeOH), acetonitrile (MeCN), isopropanol (IPA), and
0.1% acetic acid were used in LC-MS grade only and
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purchased from Wako Pure Chemical Industries, Ltd.
(Kyoto, Japan).

Devices
Images of the samples were taken with an IXY 650 com-
pact digital camera manufactured by Canon (Tokyo,
Japan).

Raman scattering analysis was conducted using a
C13560 ultra-compact portable Raman spectrometer (96
mm X 14.5 mm X 60 mm; 90 g) manufactured by Hama-
matsu Photonics K.K. (Shizuoka, Japan) with a silicon
substrate provided by the manufacturer (Sanada et al.
2020) and an Inspector500 portable Raman spectrometer
manufactured by SciAps Inc. (Laramie, WY, USA) with a
polystyrene standard provided by the manufacturer. The
supplied software and drivers were installed on a per-
sonal computer prior to the analysis.

LC-MS experiments were performed adopting ultra-
high-performance liquid chromatography—Fourier trans-
form mass spectrometry (UPLC-FTMS; Q Exactive,
Thermo Fisher Scientific, Waltham, MA) interfaced with
an UltiMate 3000 RS UPLC system.

Methods

Source selection and sample collection

Websites of personal import agents offering MET prod-
ucts to consumers in Japan were searched via the Google
Japan search engine (Mountain View, CA, USA) using the
term “methandienone AND personal import” The mini-
mum unit number per sample was 60 tablets. All iden-
tified samples were purchased and personally imported
using a private address as the recipient address. After
receipt, samples were stored under suitable conditions
and sample identification numbers (IDs) were assigned
according to the website of purchase.

Visual observation, authenticity investigation,

and legitimacy status request

Visual observation test

For each sample, the packaging, labeling, and dos-
age units were visually examined and evaluated using
the International Pharmaceutical Federation’s Tool for
Visual Inspection of Medicines (International Pharma-
ceutical Federation n.d.), and detailed information was
collected and documented. This information is presented
anonymized in Supplemental Tablel. Images of problem-
atic samples were taken.

Authenticity investigation
Each labeled manufacturer was requested to authenticate
their samples. A questionnaire with photographs of the
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samples and relevant information, including the labeled
trade name, batch number, manufacturing and expiry
dates, manufacturer name and address, API name, and
dosage strength, was sent to the labeled email addresses.
If no email address was available, the request was sent via
the inquiry form of the labeled website. The authenticity
investigation was not possible for unlabeled samples.

Legitimacy status request

The national regulatory authorities (NRAs) of the coun-
tries indicated on the sample and of the countries of ori-
gin of the shipments were queried about the legitimacy of
the samples and whether the labeled manufacturer holds
a manufacturing license for the sample product or was
generally allowed to handle MET-containing products.

Raman scattering analysis

Measurement conditions

Both the C13560 and Inspector500 Raman spectrometers
were set up according to the manufacturers’ instructions.

In analysis using the C13560 Raman spectrometer, the
output was set at 15 mW (“High”), the excitation laser
wavelength was fixed at 785 nm, the scanning time was
1,000 ms/scan, and the spectral X-axis wavenumber
interval was defined as 403-1852 cm™’. Before taking
measurements, the dark signal was measured by insert-
ing a silicon substrate provided by Hamamatsu Photon-
ics K.K. Subsequent calibration was performed using the
Raman shift peak of the substrate near 521 cm ™. Follow-
ing instructions, the emitted laser wavelength was cor-
rected manually to 785 nm.

In analysis using the Inspector500 Raman spectrom-
eter, the output was set at 300 mW (“High”), the excita-
tion laser wavelength was fixed at 1,030 nm, the scanning
time was set to the default “automatic” setup (maximum
of 8 s), and the spectral X-axis wavenumber interval was
defined as 150-2,450 cm™". Before taking measurements,
a self-test was run to check the calibration status. The
device was continually calibrated until it passed this test.

Measurement procedure

The measurement procedure was the same for the two
Raman spectrometers. Each spectrometer’s attachment
for analysis was placed in direct contact with the AAS
tablet such that the tablet surface was fully covered. One
measurement was the average of five spectral data in the
Raman scattering analysis. A total of 10 measurements
per tablet were performed on randomly chosen spots of
the sample surface. Five measurements were taken from
the upside and five measurements from the downside
of the tablet. Therefore, a total of 50 spectral data were
averaged to give one spectrum for each sample. During
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analysis, black opaque fabric covered the setup to prevent
light contamination.

A methandienone reference standard (MET-RS), only
available as powder, was placed in a small plastic film
bag and analyzed in the same manner as the sample
after smoothing the powder to create a smooth, consist-
ent powder surface. DANABOL 10 mg, an MET prod-
uct approved in the Republic of Moldova and identified
in this study, was twice analyzed by scanning the surface
of the coating (Control 1) and scanning the product sur-
face after sufficiently removing the coating (Control 2) to
eliminate the effect of the coating.

Determination of AASs by LC-MS

Preparation of standard solutions

MET and methyltestosterone standards were separately
dissolved in 100% methanol at 10 mM, and the standard
solution of MET was stepwise diluted to 10, 5, 2, 1, 0.5,
and 0.2 mM. To quantify the MET contents of the sample
tablets, calibration standards were prepared in the same
manner as the samples as outlined below. A 2-mL quan-
tity of each diluted MET standard solution was added to
a mixture of 1 mL distilled water with 3 mL. MeOH, the
mixture was shaken for 10 min and centrifuged at 3,000
rpm, and 5 mL of the supernatant liquid was separated.
This procedure was conducted thrice and the 3x5 mL
was combined for each supernatant solution. A 1-mL
quantity of 4 mM methyltestosterone was added to this
solution as an internal standard, and the total volume
was made up to 20 mL using MeOH. Exactly 1 mL of this
solution was taken and diluted with MeOH to 20 mL.
Again, exactly 1 mL was taken and MeOH and distilled
water at a ratio of 65:35 were added to obtain a total vol-
ume of 10 mL. Finally, this solution was filtered through a
0.22-um filter and used as the standard solution. The final
standard solutions for the MET contained 5.0, 2.5, 1.0,
0.5, 0.25, and 0.1 pM MET-RS and 1.0 uM methyltestos-
terone as an internal standard. Quality control solutions
(4, 2, and 0.8 pM MET-RS) were prepared in the same
manner as the calibration standards.

Preparation of sample solutions
The MET extraction for each tablet including DAN-
ABOL, the standard product obtained from the Republic
of Moldova, was performed through the assay pretreat-
ment of estriol tablets and prednisolone tablets listed in
the Japanese Pharmacopoeia (The Japanese Pharmaco-
peia 18th edition - Official Monographs (A to L) 2021;
The Japanese Pharmacopeia 18th edition - Official Mon-
ographs (M to Z) 2021).

The mass of one tablet of each product was weighed
before the tablet was homogenized using a mortar. A
quantity corresponding to approximately 2 mg of the
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labeled MET content was precisely weighed, exactly 1
mL of distilled water was added, and the solution was
sonicated. A 5-mL quantity of 100% MeOH was added,
and the solution was then shaken for 10 min and sub-
sequently centrifuged. After centrifugation, 5 mL of the
supernatant liquid was separated and another 5 mL of
MeOH was added to the remaining solution. This extrac-
tion procedure was conducted thrice. The obtained 3 x5
mL of each supernatant was combined, and 1 mL of a
MeOH solution of 4 mM methyltestosterone was added
as an internal standard. MeOH was added to obtain a
total volume of 20 mL. Exactly 1 mL of this solution was
taken and diluted with MeOH to 20 mL. Again, exactly 1
mL was taken, and MeOH and distilled water at a ratio
of 65:35 were added to obtain a total volume of 10 mL.
Finally, this solution was filtered through a 0.22-pm filter
(Millipore, Bedford, MA, USA) and used as the sample
solution.

To evaluate the recovery of the extraction, a positive
control sample was prepared as follows. A 2-mg quan-
tity of the MET-RS was weighed precisely and extracted
three times in the same manner as the sample, and 3 x5
mL of the resulting supernatant solution was combined.
The internal standard solution was added and MeOH was
used to make up to a total volume of 20 mL. This solution
was diluted in the same manner as the sample solution to
obtain the positive control solution.

Screening of testosterone analogous substances

First, all samples were screened for 25 AASs including
MET (Table 1) through LC-FTMS following Tircova et al.
(2019).

The injection volume of sample solution was fixed
at 2 pL, and a Shim-pack FC-ODS column (2.0 mm i.d.
X 75 mm, 3-pm particles) was used for separation. The
column temperature was maintained at 40 °C. The flow
rate of the mobile phase was 300 pL/min. Mobile phase A
comprised MeCN/water at a ratio of 3:7 (including 0.1%
formic acid) whereas mobile phase B comprised MeCN/
isopropanol at a ratio of 9:1. During separation in liquid
chromatography (LC), the mobile phases A and B were
used in gradient elution. Mobile phase A was initially set
at 100% for 0.5 min. The proportion of mobile phase B
was then gradually increased from 0 to 95% over 6.5 min.
For the next 3 min, the 95% proportion of mobile phase
B was maintained. Blank runs were carried out ran-
domly between samples to check that there was no sig-
nificant chromatographic carryover. Mass spectrometry
was performed in synchronous full-scan positive mode
with a resolution of 70,000 and data dependent MS/MS
with a resolution of 17,500 (full-scan MS'/dd-MS?). The
scan range of the instrument was set at a mass-to-charge
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Table 1 25 AASs used in a study conducted in the Czech
Republic and Slovakia (Tircova et al. 2019)

AAS Molecular formula m/z
(positive ion
mode)

Boldenone cypionate CyyH3605 411.2894

Boldenone undecylenate C30Ha405 453.3363

Clenbuterol Ci,HiCLNLO 277.0869

Drastonolone propionate Cy3H3¢05 3612737

Fluoxymesterone CyoHaoFO5 337.2173

Chlorodehydromethyltestosterone  C,H,,ClO, 335.1772

Mesterolone CyoH350, 305.2475

Methandienone CyoHa60, 301.2162

Methenolone enanthate Cy7H40; 415.3207

Nandrolone decanoate CygHus03 4293363

Nandrolone phenylpropionate Cy7H3405 407.2581

Nandrolone undebanoate CyoHasOs 443352

Oxandrolone CyoH305 307.2268

Oxymetholone CyH305 3332424

Stanozolol G H3N0 329.2587

Testosterone cypionate Cy7H4003 413.305

Testosterone decanoate CroHas05 443352

Testosterone enanthate CrsHa003 401.305

Testosterone isocaproate CysH3605 387.2894

Testosterone phenylpropionate CogHis0;3 421.2737

Testosterone propionate CyoH3,05 3452424

Testosterone undecanoate C39H4505 4573676

Trenbolone acetate CyoH»405 313.1798

Trenbolone enanthate CysH3405 383.2581

Trenbolone hexahydrobenzylcar-  Cy4H3,0, 411.253

bonate

m/zmass to charge ratio

ratio m/z of 100—1,000, and the top three ions were frag-
mented at a collision energy of 30 eV with a dynamic
exclusion time of 10.0 s. Heated electrospray ionization
was applied at a spray voltage in positive ion mode of
3.5 kV. The sheath gas (nitrogen) was set at 50 arbitrary
units; the auxiliary gas (nitrogen) was set at 10 arbitrary
units; and the vaporizer and capillary temperatures were
set at 300 and 250 °C, respectively. Data were collected
in profile mode using Xcalibur software (Thermo Fisher
Scientific).

The UPLC-FTMS data were processed using Com-
pound Discoverer 3.1 software (Thermo Fisher Scientific),
and m/z values of the extracted ion peaks were compared
with the known m/z values of AASs (Table 1) to deter-
mine whether the products contained these AASs.

Quantification of MET by LC-MS
MET contents in sample solutions were quantified also
using calibration standards by LC-FTMS but applying a
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gradient program and data acquisition mode as follows.
During separation in LC, the mobile phases A and B were
used in gradient elution. The proportion of mobile phase
B was gradually increased from 5 to 50% for the first 7
min and then rapidly raised to 95% and maintained for
the next 3 min. Mass spectrometry was performed in tar-
get-single ion monitoring mode at a resolution of 70,000.
MET (CyH,30,) and methyltestosterone (C,,H;,0,)
were monitored at an [M+H)] ion of m/z 303.2319 and
m/z 301.2162, respectively. The UPLC-FTMS data were
processed using the Quan Browser (Thermo Fisher Sci-
entific). Areas of the extracted ion peak chromatograms
were obtained with a mass tolerance of 5 ppm.

Availability of approved MET products

A total of =44 NRAs on five continents (Africa (n=1),
Asia (n=9), Australia/Oceania (n=1), Europe (n=31),
and North America (#=2)) and n#=33 institutions
(including international chemical and pharmaceutical
industry associations, the world and Japanese anti-dop-
ing agencies WADA and JADA, and the Japanese Min-
istry of Economy, Trade, and Industry) were emailed
about the availability of officially approved, registered,
or authorized MET products. In addition, MET prod-
ucts and manufacturers producing MET products were
searched for using the Google search engine (Mountain
View, CA, USA) for text and images by combining search
terms including “Methandienone’, “Methandienon’,
“Methandrostenolone’, “medicine’, “product’, “leaflet’,
“buying’; “manufacturing”, “approval/approved’, “regis-
tration/registered’, “supplement’, and related terms. The
search results were documented, and the companies were
queried by email for specific information on the prod-
uct identified. Concurrently, the NRAs of the manufac-
turers’ countries of location were asked for information
on product approval and the results were recorded. All
responses are reported in Supplemental Table 2.

Data analysis and visualization

Data were analyzed using Microsoft Excel for Micro-
soft 365 MSO (Microsoft Corporation; WA, USA).
Raman spectra were line plotted and colorized using
The Unscrambler X 10.5 (CAMO Software AS; Oslo,
Norway). Images were formatted by applying Microsoft
Word “Format” equally across each entire image.

Results

Sample collection

n=15 samples of four MET products were purchased
between December 25, 2019 and January 6, 2020 from
14 identified websites of personal import agents and
received by January 31, 2020. Sample 2.2 was pro-
vided by a personal import agent as a replacement
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product for sample 2.1 with a statement that the prod-
uct of sample 2.1 had sold out: however, the two sam-
ples arrived together, with payment claimed for sample
2.1 but not for sample 2.2. n=12 (80%) samples were
labeled with trade name A, one (6.7%) with trade name
B, and one (6.7%) with trade name C, and one sample
(6.7%) was received unlabeled. Upon arrival, no sam-
ple had exceeded the expiry date indicated on the label;
however, no expiry date was given for the unlabeled
sample (Supplemental Table 1).

The postal labels on the packages indicated that 12
of the 15 samples (80%) were shipped from Taiwan and
the other three (20%) from Thailand (Supplemental
Table 1).

Twelve of the 14 websites (85.7%) described and adver-
tised their product as a pharmaceutical product, with
eight indicating their product was as an “anabolic ster-
oid” and four that their product was a “pharmaceutical
product” Two websites did not describe the purpose, use,
or intention of their product (Supplemental Table 1).

Notably, none of the 14 orders required a prescrip-
tion or similar documentation.

Sample evaluation
Sample observation
All 15 samples (100%) failed the visual observation
test. The packaging of two samples (samples 1 and 3)
was opened or damaged (Figs. 1 and 2a, b). One sample

Fig. 1 Opened seal of sample 1. Fig. 1 shows an image

of the primary packaging and seal of sample 1, which was found
opened when the sample was collected. In Fig. 1, the brightness
of the original was reduced by —30%
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Fig. 2 Damaged seal of sample 3 viewed from two angles. Fig. 2 shows an image of the primary packaging and seal of sample 3, which was found

damaged when the sample was collected. a top view. b side view

Fig. 3 Tablets of sample 9. Fig. 3 shows an image of tablets of sample 9. Notably, one tablet has a dark spot on the surface. In Fig. 3, the brightness

of the original was reduced by —30%

gave a fictitious manufacturer’s address, had gram-
matical and spelling errors, and did not provide a batch
number or dosage strength. Twelve samples only had
the text “Manufactured for: [Manufacturer A]’ leav-
ing the actual manufacturer unclear. Furthermore, one
sample was received unlabeled and another did not give
the manufacturer’s address or country of origin.

In addition, two samples contained more tablets than
indicated on the label, and one had a dark spot on the
surface of one tablet (Fig. 3).

Two samples did not contain any leaflet. Twelve of the
15 samples had physical leaflets attached, and one sam-
ple presented a quick response (QR) code for download-
ing the leaflet. Notably, in August 2023, it was discovered
that this QR code no longer linked to an accessible web-
site, and therefore, the leaflet could not be accessed or
downloaded.

All 13 collected leaflets were in English, and none had a
Japanese translation.

Authenticity investigation

Repeatedly contacting the manufacturers to inquire
about the authenticity did not lead to any response from
the manufacturers. Two samples were labeled with a QR
code for online authenticity.

These QR codes linked to two websites stating the
authenticity of the product. Notably, one of these two
samples was confirmed falsified (see Identification of fal-
sified MET section). Remarkably, the website claiming
authenticity for the falsified product included the spelling
mistake “authenicity” (sic!).

Owing to the absence of a label or accompanying infor-
mation, there was no contact information for one sample.

Legitimacy and registration status

There were no MET products approved in Japan and
therefore all 15 samples were prohibited for distribution.
The 12 samples labeled “Manufactured for: [Manufac-
turer A]” were confirmed to be unlicensed in the country
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labeled and the country of distribution. Notably, one
sample was confirmed falsified (see Identification of falsi-
fied MET section). For two samples, it was impossible to
inquire about legitimacy owing to the absence of infor-
mation on the manufacturer’s address or country.

Identification of falsified MET

Sample 2.2 did not have a batch number, dosage strength,
or registration number. In addition, it gave a fictitious
German address, which was confirmed not to exist by the
German municipality (83674 Gaiflach) responsible for
the labeled address (Fig. 4b).

Notably, the label indicated the name of the Ger-
man municipality using what is believed to be the
Latin letter uppercase “B” or the Greek letter upper-
case beta “B”, whereas the municipality would be cor-
rectly written using the German letter “Eszett; sharp
S” expressed as “B, which is different from the Greek
letter lowercase beta “B” and therefore a spelling

Autbentication Cod
C3IX94KB2L
2!1063"%{

date: 01/06/22
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mistake. Furthermore, the storage instruction on the
label stated “Donot [...]” (sic/), which is grammatically
incorrect (Fig. 4b).

The sample was confirmed to be a falsified product
by the responsible German regulation authority; i.e.,
no manufacturing license, marketing authorization,
or export license was issued in the European Union,
including Germany, for any MET-containing product.
In addition, the labeled manufacturer was found to be
fictitious. Images of falsified sample 2.2 are presented
in Fig. 4a, b, c and d. A summary of the information
labeled on falsified methandienone product EP.Dbol-10
is presented in Table 2.

Raman scattering analysis

Spectra of all 15 samples, the standard formulation
(Control 1 and Control 2), and the MET-RS obtained by
Raman scattering analysis using the two spectrometers

Donot store above 25°C
Keep out of reach of childre

Mode I | Gurmany Masich
Kogiwn § K174 Galloch Gy
Mig. date: 01/06/18
Exp. date: 01/06/22

Fig. 4 Primary packaging of falsified sample 2.2 viewed from four angles. Fig. 4 shows images taken of the primary packaging and labeling
of the falsified sample 2.2 viewed from four angles a Front, b Product information, ¢ Authentication Codes, d Hologram and website information. In

Fig. 4d, the brightness of the original was increased by +20%

Table 2 Information on falsified methandienone product EPDbol-10 (sample 2.2)

Sample code Labeled trade Labeled Labeled batch Labeled Labeled Labeled Labeled
name strength number Mfg.date, Exp.date manufacturer manufacturer
address
Sample 2.2 EPDbol-10 N/A N/A 01.June 2018 01. June 2022 Confirmed ficti- ~ Confirmed
tious fictitious

N/A Not available / Not labeled
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Fig. 5 Raman spectra obtained using a C13560 ultra-compact Raman spectrometer. Fig. 5 shows Raman spectra of the 15 sample products,

the standard formulation without and with the sufficient removal of the coating (Control 1, Control 2), and the methandienone-reference standard
(MET-RS). For each spectrum, 50 spectral data taken from five randomly selected positions each on the tablet upside and tablet downside were
averaged. The MET-RS, available as powder, was placed in a plastic bag and piled up and 50 spectral data were taken with five randomly selected
positions from each of the two sides. A peak near a Raman shift of 1650 cm —1 is visible in all spectra. The spectra are presented with (a) coloring
according to the sample, control, and MET-RS and (b) coloring according to the labeled trade name

show a clear peak near the Raman shift wavenumber of
1,650 cm ™! as presented in Figs. 5a, b and 6a, b.

LC-MS analysis

Detection of analogues

Twenty-five AASs (Table 1) considered in the investi-
gation of AAS counterfeits in the Czech Republic and

Slovakia (Tircova et al. 2019) were screened for through
LC-MS with full-scan MS'/dd-MS? mode. Among these
25 AASs, none other than MET was detected.

Quantitative analysis of MET
Under the high-performance liquid chromatography
condition, MET eluted at 3.9 min and methyltestosterone
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Fig. 6 Raman spectra obtained using an Inspector500 ultra-compact Raman spectrometer. Fig. 6 shows Raman spectra of the 15 sample products,
the standard formulation without and with the sufficient removal of the coating (Control 1, Control 2), and the methandienone-reference standard
(MET-RS). For each spectrum, 50 spectral data taken from five randomly selected positions each on the tablet upside and tablet downside were
averaged. The MET-RS, available as powder, was placed in a plastic bag and piled up, and 50 spectral data were taken at five randomly selected
positions from each of the two sides. A peak near a Raman shift of 1650 cm™" is visible in all spectra. The spectra are presented with (a) coloring
according to the sample, control, and MET-RS and (b) coloring according to the labeled trade name

at 4.9 min (Supplemental Fig. 1). Validation data are sum-
marized in Supplemental Table 3. In view of the lack of
labeling of sample 7, the MET content (5 mg) indicated
on website 7 was chosen as the reference value. The
recovery for the MET-RS of the positive control solution
was calculated to be 100.7% + 5.4% (n=9). The MET con-
tent in the standard prescribed product obtained from

the Republic of Moldova was 101.6% + 2.5% (n=3) of the
labeled amount. The average API content of 12 samples
was less than 90%, and all 15 samples contained at least
one tablet with a content of less than 90%, with 11 sam-
ples having at least one tablet with a content below 80%.
Among the 15 samples, the product with the lowest aver-
age content per tablet was sample 7 with 80.6% + 3.3%
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Fig. 7 Content (%) and standard deviation (SD) of methandienone samples and the standard formulation determined by UPLC-FTMS. Fig. 7 shows
the average content and the standard deviation (both in percent) of n tablets of each sample and of the standard formulation. The results were
determined using the UPLC-FTMS method developed in this study. Bars are colored according to the product trade names

(n=6). The product with the highest average content was
confirmed falsified sample 2.2 with 95.7% + 9.1% (n=6).
The results of the quantification analysis are presented in
Fig. 7.

Availability of approved MET products

Twenty-two of 44 (50%) NRAs responded to the infor-
mation request, among which one, the Medicines and
Medical Devices Agency of the Republic of Moldova,
confirmed that it had approved an MET-containing
product. The other 21 NRAs stated that no registered
MET-containing pharmaceutical product was author-
ized or produced in their country. Furthermore, eight of
the 33 institutions other than the NRAs replied to the
information inquiry, with five institutions responding
that their accessible databases did not show any manu-
facturing or exporting of MET products and the other
three institutions stating non-responsibility in this mat-
ter (Supplemental Table 2).

Discussion

This study revealed that unapproved MET products could
enter Japan through personal importation via the Internet.
All n=15 collected samples that were personally imported
to Japan in this study were found to have defects, and one
sample (6.7%) was confirmed as falsified (Fig. 4a—d). All
fifteen samples (100%) failed the visual observation test,
and two samples (13.3%) did not give information on the
origin of manufacture. Two different portable Raman

spectrometers were found to identify MET in all n =16
tested products, as verified using a developed UPLC-
FTMS (Lim et al. 2016) method, which has sufficient
mass accuracy for the identification and quantification
of MET. This study thus adds an LC-FTMS method to a
low number of available quantitative LC-MS AAS analysis
methods; i.e., LC-MS/MS with triple-quadrupole mass
spectrometers and time-of-flight mass spectrometry (Tir-
cova et al. 2019; Cho et al. 2015; Van Poucke et al. 2007;
Prokudina et al. 2015; Mesmer and Satzger 1997).

Raman scattering analysis was performed prior to
UPLC-FTMS analysis to explore its possibilities as a
rapid screening technology. UPLC-FTMS analysis was
required to identify AASs, impurities other than MET,
or related compounds to demonstrate that the Raman
scattering methods correctly detected MET and have not
falsely judged the samples. Furthermore, it is well known
that SF medicines may contain no API, the wrong API, or
an altered API content among individual units or impu-
rities owing to incorrect manufacturing or storage (Rah-
man et al. 2018), and the API content or ingredients may
differ even between units from the same blister pack or
units packaged together. Therefore, the API contents
of individual units were accurately determined using
LC-MS rather than by performing an assay to report
average contents, but the sample material was insufficient
to perform further analyses.

Despite not being approved as pharmaceutical prod-
ucts or being licensed for distribution in Japan, all 15
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collected samples were ordered without a prescription,
as previously observed for other medicines (Zhu et al.
2020; Sanada et al. 2020; Rahman et al. 2018), indicating
that personal importation readily enables the bypassing
of medical prescriptions and the acquisition of prohib-
ited and unauthorized products. All fifteen samples had
problematic packaging, labeling, and/or content, putting
consumers at high risk of accidental or unknown misuse
and health hazards. Furthermore, opened, damaged or
inappropriate primary packaging may lead to insufficient
protection of the product from environmental effects
and therefore reduced quality, efficacy, and safety, but no
impurities that would provide evidence of such degrada-
tion processes were detected in this study. Inadequate
or missing labeling and leaflets lead to a lack of product-
related and health-specific information and can result in
medication errors including incorrect application, incor-
rect dosing, and consumption despite contraindications.
Furthermore, it was found that samples having a leaflet
that is only downloadable via a labeled QR code are prone
to the risk that information may be removed from web-
sites or become inaccessible, as happened for one sample.

Although the presence of API was confirmed, the low
and varying API content on average and across individual
tablets of the samples (Fig. 7) suggests violations of good
manufacturing practice; however, the effect of inadequate
primary packaging and the storage conditions in the
international distribution chain was not assessable, and
therefore, it cannot be completely ruled out that product
degradation reduced the content.

Notably, the online authentication message received
after scanning the QR code on the label of the falsified
product (Fig. 4c) demonstrates the efforts criminals are
prepared to take to deceive customers and highlights that
QR code authentication is not a trustable method per se.
Verifying the authenticity of a sample thus requires direct
information from the manufacturer or the responsible
pharmaceutical entrepreneur. Remarkably, the website of
the falsified product changed its layout between July and
October 2023, confirming continuous activities in online
product presentation and advertisement and therefore
suggesting the continuous trade of falsified products.

As MET is not listed in the main pharmacopoeias (i.e.,
USP, BP, Int. Ph., EP, and JP), authentic products are cru-
cial for comparison in quality analysis and differentiation
from falsified products in Raman scattering analysis and
especially in chemical analysis. However, owing to the
low response rate of the labeled manufacturers, it was
not possible to clarify the authenticity of all samples or
acquire authentic products matching the samples. Regard-
less, problematic samples including a falsified product
(Fig. 4a—d) were identified, reaffirming the importance of
visual observation testing and legitimacy investigation.
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In Raman scattering analysis, there was a peak near a
Raman shift wavenumber of 1,650 cm™' for the sam-
ples, reference standard, and control (Figs. 5a, b and 6a,
b), similar to previous results (Rebiere et al. 2016). Non-
destructive Raman scattering analysis can thus detect
the presence of MET as confirmed by LC-FTMS (Fig.5).
Notably, the spectrum of the coated standard formulation
(Control 1) had a peak near 1,650 cm™ for both spec-
trometers (Figs. 5a, b and 6a, b), suggesting that MET
identification is possible despite the presence of a coat-
ing, which is known to interfere often with Raman scat-
tering analysis. Raman scattering analysis using C13560
and Inspector500 spectrometers may thus be suitable
for the quick and non-destructive API detection of MET
and used to screen for SF medicines having a wrong or
no API or considerably low API contents, but the detec-
tion limit of the API content has not been assessed in
this study. As AASs by definition have similar structures
(Ganesan et al. 2023; Bhasin et al. 1996; National Insti-
tute on Drug Abuse 2018; Barceloux and Palmer 2013),
identification of other AASs through portable Raman
scattering analysis seems plausible. The differential iden-
tification of AASs needs to be evaluated in future work.

In comparison with LC-MS analysis, the Raman scat-
tering methods used in this study are non-destructive,
do not require organic solvents during the analytical pro-
cess, can be used on-site owing to low weight and small
size of the apparatuses, and can be learned time effec-
tively by analysts in training as the analytical process is
simple and fast to carry out. The methods may thus cost-
effectively contribute to supply chain integrity and pro-
tection by supporting costly and time-consuming LC-MS
analysis through pre-screening products of interest, or
even replacing LC-MS analysis in certain scenarios such
as the qualitative analysis of known MET products.

Considering that only half of the NRAs responded
regarding the availability of approved products (Sup-
plemental Table 2), better cooperation between NRAs,
governmental institutions and researchers regarding
requests for information on the availability and legiti-
macy of products should be encouraged. MET was not
approved by NRAs in most countries investigated.

Limitations of the present study include that only one
AAS was analyzed and evaluated with a limited number
of samples collected from websites identified only per
generic name and only within a short period of time.
The low response rate of manufacturers prevented clari-
fication of the authenticity of all samples, and authentic
products could not be obtained for comparison in visual
observation testing and analysis.

This study highlights that potent products not regis-
tered or approved as medicines in most countries are
being distributed globally, in that MET products are
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readily available online without a prescription for per-
sonal import to Japan, as has been reported for other
medicines (McBride et al. 2018; Zhu et al. 2020; Coop-
man and Cordonnier 2012; Rahman et al. 2018). Sub-
stances with strong effects on human physiology, such as
AASs (Bhasin et al. 1996; Rahnema et al. 2014; Solimini
et al. 2017; van Amsterdam et al. 2010; Liu and Wu 2019;
Takayanagi et al. 2008), must be controlled to reduce
inadvertent misuse and abuse.

Conclusion

Fifteen samples (100%) of four MET (ASS) products were
obtained via personal importation over the Internet with-
out prescription and found to have problematic packag-
ing, labeling, and/or contents, with one sample (6.7%)
confirmed as being falsified. Two portable Raman spec-
trometers identified the presence of MET in all samples,
as subsequently confirmed adopting an LC-MS method,
suggesting potential on-site use. The API was detected
with a content below 90% on average for each of 12 sam-
ples. Further research is needed to differentiate AASs
using portable Raman spectrometers. The results under-
line the importance of visual observation testing and
legitimacy investigation in addition to chemical analysis.
To avoid health hazards, measures of preventing the per-
sonal import and abuse of MET and other AASs are sug-
gested for implementation in Japan and internationally.
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