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ABSTRACT 

 

The proliferation of herbal-based male sexual performance products, particularly 

those adulterated with phosphodiesterase 5 (PDE5) inhibitors, has sparked grave 

public health and food safety concerns. The advent of their unapproved 

analogues presents an additional challenge to forensic drug testing laboratories, 

as these adulterants may evade detection during routine screening. A 

comprehensive strategy is warranted to address these problems and protect 

consumers’ health and well-being. This study investigated the presence of PDE5 

inhibitors as adulterants in herbal remedies, using a two-tier screening strategy 

of rapid qualitative assay and confirmatory analytical analysis. 

 

A bioactivity-based PDE5 inhibition assay was established using fluorescein-

labelled cyclic-3’,5’-guanosine monophosphate as substrates to PDE5 enzyme. 

The PDE5 inhibitions, measured using a fluorescence polarisation technique, 

was applied to 50 herbal-based food samples. The results were in agreement 

with the confirmatory analytical analysis for all food products, except for the 

instant coffee premix samples, postulated due to the presence of caffeine. The 

assay, nevertheless, exhibited a promising potential to rapidly screen PDE5 

inhibitors in various types of food products, except those containing naturally-

occurring phosphodiesterase inhibitors. 
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A confirmatory liquid chromatography-high-resolution mass spectrometry 

(LC-HRMS) analysis was developed using 23 target analytes; selected to 

represent different groups of PDE5 inhibitors, based on their structural 

similarities. The targeted analysis was primarily optimised to mitigate the matrix 

effect (ME), via chromatographic separation, sample extraction, and sample 

dilution. The insignificant ME percentages, within -9.2%–8.8% for all target 

analytes in food and pharmaceutical matrices, were evidenced with satisfactory 

validation results; notably, the accuracy was within 77.4%–124.7%. The 

development, optimisation, and validation of the targeted analysis provided a 

solid foundation for suspected-target and non-targeted screenings. The 

suspected-target screening employed a library comprising 95 PDE5 inhibitors, 

providing extended coverage of known analytes. Contrarily, the non-targeted 

screening adopted top-down and bottom-up approaches to flag novel PDE5 

inhibitors analogues based on common fragmentation patterns of target analytes. 

 

The confirmatory LC-HRMS analysis was applied to 50 herbal-based food 

samples and 52 herbal-based pharmaceutical samples. The targeted analysis 

and the suspected-target screening identified 11 target analytes and detected five 

suspected analytes, respectively, from 74 adulterated samples. The non-targeted 

screening returned insignificant signals, indicating the absence of potentially 

novel analogues. Some of these samples contained up to five different PDE5 

inhibitors and quantified at supratherapeutic level, making them unsafe for 

consumption. The comprehensive strategies provide a superior approach to curb 

the widespread adulteration of herbal remedies, thus, safeguarding the public’s 

health. 
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IR infrared 

IS internal standard 

IT ion trap 

IUPAC The International Union of Pure and Applied Chemistry 

J coupling constants  

JLY jelly 

L litre 

LC liquid chromatography 

LC-DAD liquid chromatography-diode array detection 

LC-HRMS liquid chromatography-high-resolution mass spectrometry 

LC-MS liquid chromatography-mass spectrometry 

LC-MS/MS liquid chromatography-tandem mass spectrometry 

LC-QTOF-MS liquid chromatography-quadrupole time-of-flight mass 

spectrometry 

LC-UV liquid chromatography-ultraviolet 

LLE liquid-liquid extraction 

LOD limit of detection 

Log P logarithm of the partition coefficient 

Log10 logarithm with base 10 

LOQ limit of quantification 

m multiplet 

M molar mass 

m/z mass-to-charge ratio 

MDMA 3,4-methylenedioxymethamphetamine 

ME matrix effect 
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mg milligram 

MHz megahertz 

min minute 

mL millilitre 

mm millimetre 

mM millimolar 

mP millipolarisation 

MRM multiple reaction monitoring  

MS mass spectrometry 

ms millisecond 

MS/MS tandem mass spectrometry 

-cm megaohm-centimetre 

NA not applicable 

ND not detected 

ng nanogram 

NH2 amino 

NIR near-infrared 

nM nanomolar 

nm nanometre 

NMR nuclear magnetic resonance 

NO nitric oxide 

P phosphorylation 

PCDL personal compound database and library 

PDA photodiode array 

PDE phosphodiesterase 
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PDM powdered drink mix 

pg picogram 

pH power of hydrogen 

pKa negative log of acid dissociation constant 

PKG 3’,5’-cyclic guanosine monophosphate-dependent protein 

kinase 

ppm parts per million 

psi pounds per square inch 

psig pounds per square inch gauge 

PTFE polytetrafluoroethylene  

Pty Ltd. Proprietary Limited 

Q single quadrupole 

q quartet 

QC quality control 

QQQ triple quadrupole 

QTOF quadrupole time-of-flight 

QTOF-MS quadrupole time-of-flight mass spectrometry 

QuEChERS quick, easy, cheap, effective, rugged, and safe 

R2 coefficient of determination (curve) 

r2 coefficient of determination (linear) 

RE extraction recovery 

RT retention time 

s singlet 

SD standard deviation 
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SERS surface-enhanced Raman spectroscopy 

SPE solid-phase extraction 

SPR supratherapeutic 

SUB subtherapeutic 

t triplet 

Tab tablet 

THE therapeutic 

Tinhibition threshold value of phosphodiesterase 5 inhibition 

TLC thin-layer chromatography  

Tmax the amount of time that a drug is present at the maximum 

concentration in serum 

TOF time-of-flight 

TRC trace 

U unit 

USFDA The United States Food and Drug Administration 

UV ultraviolet 

UV-Vis ultraviolet-visible 

V volt 

v/v volume/volume 

WHO The World Health Organization 

Zn2+ zinc 

 alpha 

 chemical shifts 

 standard deviation 
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