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INTRODUCTION

Illegal drug trafficking and abuse — a global disaster

Illegal drug abuse and addiction is a globally recognized phenomenon
encountering thousands of victims every year. It is reported that there were
estimated 187,100 drug-related deaths only in 2013'. According to the related
international organizations such as the United Nations Office on Drugs and
Crime (UNODC), the European Monitoring Centre for Drugs and Drug
Additiction (EMCDDA) and the International Criminal Police Organization
(Interpol), drug-related crimes do not stop boosting and have shown an increase
over the period of 2003 —2013"2,

There seems to be no obvious evidence of a decline of the trafficking,
production and distribution of illegal drugs. Furthermore, the situation has
generally remained stable. Undoubtedly, consumption of a certain drug, for
example, heroin, cocaine or marijuana, may decline in one region or part of the
world, but boost in another, as happened to opiates, cannabis and cocaine in a
number of counties of Western and Central Europe in 2012 in contrast to 20117,
At the same time, the demand for opiates has grown in South-West Asia, the use
of cocaine has expanded in Oceania and the growth was observed in the United
States®. In addition, the demand for amphetamine-type stimulants (ATS) such as
ecstasy (3,4-methylenedioxymethamphetamine (MDMA)), methamphetamine
and amphetamine has increased globally" °. Therefore, the extent of drug
production and distribution exhibits its own specificities depending on region or
country.

The War on Drug production, trafficking and distribution is ongoing at different
international levels, including law enforcement, border control, forensic
laboratories and private sector. The related parties need effective and accurate
tools to proactively respond to the crimes facilitated by the illicit distribution of
drugs. Therefore, the implementation of innovative technologies is beyond
doubt.

Generally, drug testing in street seizures and biological samples is conducted on
road, at workplaces, border controls, post offices, hospitals and prisons.
Gathering evidence of drug production, distribution and trafficking requires
analysis of seized samples, searching of drug traces on the hands or clothes of
suspected individuals. Biological samples such as blood, urine or oral fluids can
be used as an evidence of drug abuse or consumption on the scene of crime, at
workplace, hospitals, clubs, schools and other places.

Undoubtedly, analysis of drugs is a complex and sensitive challenge. The
conclusion made on drugs abuse or connection to drug distribution/production
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may lead to social and economic consequences. The drug testing must eliminate
false positive results and reduce false negative ones, leading to the cases that
only a guilty person is punished. Therefore, strict requirements and
recommendations for drugs testing are set by international organizations.

Considering the above, the development of rapid, sensitive and reliable methods
for drugs detection is of utmost importance. This dissertation deals with the
development of screening methods for different illegal drugs such cocaine,
heroin and MDMA in seizures by using the spectral fluorescence signature
(SFS) method. The artificial intelligence system Artificial Neural Networks
(ANN) utilized as an expert system for fluorescent pattern recognition was
validated according to the internal requirements and recommendations.
Moreover, the working capability of ANN often described as ‘black box’ was
evaluated via an approach to uncertainty regions estimation for qualitative
methods and proven to be effective for this task.

The SFS method, which was also applied for fingerprinting analysis of herbal
medicines, offered good sensitivity, reproducibility and accuracy.

Moreover, methodologies for determination of abuse of two illegal drugs in oral
fluids are proposed. In this study, capillary electrophoresis (CE) instruments
combined with different detectors such as light-emitting diode (LED) induced
fluorescence detector, capacitively-coupled contactless conductivity detector
(C*D) and diode array detector were used for cannabis and y-hydroxybutyric
acid (GHB) abuse determination in saliva samples. Furthermore, this is the first
study to utilize CE-C*D for detection of GHB in saliva samples.
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1 LITERATURE OVERVIEW

1.1  Purity of street drug samples

Illegal drugs are distributed in different forms such as tablets, powders, capsules,
crystals, liquids, etc. In case of prescription drugs, the active ingredient or
ingredients and diluents are known and the content and proportions are strictly
regulated.

Illegal drugs sold in streets can be compared to the “black box™ as their
composition has often been cut, diluted or adulterated with other compounds.
This is done for several reasons. First, dealers are interested in earning more
profit. To increase the amount of an illegal drug, diluting its active ingredient,
for instance, with glucose, lactose, mannitol, etc. and, therefore, getting more
samples available for sale, is one of the ways. Another reason is the desire to
enhance the effect of an active ingredient, adding another psychoactive
substance or even substances (caffeine, paracetamol, levamisole) to the drug.
The final overall effect is sometimes unpredictable and can lead to overdosing or
even death. Moreover, the trafficking of illegal drugs across the countries is
often associated with smuggling, when the substances are hidden in coffee,
soaked in clothes, sealed in plastic bottles, hidden in soap or alcoholic
beverages, etc. Finally, the synthesis or purification of by-products has also
occurred even in uncut or unadulterated substances. As a consequence, the purity
of street samples varies from drug to drug, from dealer to dealer, from country to
country.
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Figure 1. Statistics on purity of drug seizures based on EMCDDA data (mean, max,
min) in EU countries: A — cocaine; B — cocaine crack; C — heroin brown; D — heroin
white (graphics have been constructed using statistics on EMCDDAY).
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The seized sample purity statistics is published by EMCDDA every year”,
Figure 1 shows the statistics on cocaine and heroin seizures during 1995 and
2013. It is clearly observed that there is a tendency of heroin and cocaine purity
decrease throughout the years. The reason of purity decrease can be hidden in
the shortage of illegal drugs due to the proactive work of law enforcement
bodies and international organizations against the drug war. As a consequence, it
leads to dilution and adulteration of illegal drug samples at market.

Table 1. Common cocaine, heroin and MDMA adulterants and diluents (the most
common varieties are indicated in bold)

Cocaine>’ Heroin>* MDMA3?
Adulterants:
Acetylsalicylic acid Caffeine 2C-B*
Atropine Clenbuterol 4-FA*
Benzocaine Cocaine 4-Methylmethcathinone
Caffeine Codeine 5-MeO-DiPT*
Creatine Dextromethorphan Acetylsalicylic acid
Diclofenac Diltiazem Amphetamine
Diltiazem Griseofulvine Benocyclidine
Ephedrine Levamisole Benzocaine
Hydroxyzine Lidocaine BZPp*
Ibuprophen Morphine Caffeine
Levamisole Paracetamol Cocaine
Lidocaine Phenacetin Dextromethorphan
Methylephedrine Phenobarbital Diphenhydramine
Paracetamol, Piracetam Ethylone
Phenacetin Scopolamine Guaifenesin
Procaine Strychnine Ketamine
Propoxyphene Lidocaine
Strychnine LSD*
Tetracaine mCPP*
MDA*
Diluents: Diluents: MDEA*
MDP2P*
Fructose Glucose MDPV*
Glucose Inositol Methamphetamine
Inositol Lactose Methylone
Lactose Mannitol Methylsulfonylmethane
Mannitol Quinine Paracetamol
Sucrose Sucrose Phentermine
Phthalates
Piracetam
PMA*
PMMA*
Procaine
Pseudo-/ephedrine
TFMPP*

* abbreviations are defined in ABBREVIATIONS list.
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The variability of illegal drugs cutting agents and adulterants has been studied
by different research groups™‘. The common cocaine adulterants are levamisole,
lidocaine, procaine, benzocaine, caffeine, boric acid, hydroxyzine, diltiazem and
phenacetin. The widespread heroin adulterants are caffeine, paracetamol and
griseofulvine. MDMA adulterants are caffeine, ketamine, methamphetamine,
methylsulfonylmethane and procaine. Moreover, the mixtures of different
adulterants are quite widely spread, especially for MDMA tablets’. The common
cocaine, heroin and MDMA adulterants and diluents are listed in Table 1.

1.2 Drugs: health effects and drug addiction

In medicine, “drug” refers to any substance with the potential to prevent or cure
disease or enhance physical or mental welfare. According to the United Nations
(UN) Single Convention on Narcotic Drugs of 1961, amended in 1972, “drug”
means any of the substances in Schedule I and II, whether natural or synthetic'®.

Generally, drugs are referred to as psychoactive drugs (equivalent to
psychotropic drug), altering the mind and processes in the human body and
possibly, but not necessarily, producing dependence. The 1971 UN Convention
on Psychotropic Substances defined the “psychotropic” compound as any
substance, natural or synthetic, or any natural material in Schedule I, II, III or
V.

Scheduling varies from country to country and by compound. Examples of
Schedule I substances include marijuana, tetrahydrocannabinols (THC, delta-8
THC, delta-9 THC, dronabinol, etc.), heroin (diacetylmorphine, diamorphine), y-
hydroxybutyric acid (GHB), and lysergic acid diethylamide (LSD). Examples of
Schedule II substances include cocaine, coca leaves, codeine, fentanyl,
amphetamine, and methamphetamine.

Illegal drugs can be divided into synthetic and plant-derived drugs. Common
drugs that are obtained from the plants are cocaine and heroin. Moreover, herbal
plants such as Cannabis products (marijuana, hashish (THC, CBD and other
cannabinoids)), Catha edulis or khat (cathine and cathinone), Erythroxylum coca
or coca (cocaine), Papaver somniferum or opium poppy (morphine, codeine and
other opiates), Mitragyna speciose or kratom (mitragynine), Salvia divinorum
(salvinorin A), Ephedra sinica (ephedrine) and many, many others can be used
as illegal drugs. Common synthetic drugs are amphetamine, methamphetamine,
ecstasy (MDMA, MDA, MDEA) and fentanyl and its analogues.

Certainly, not always have illegal drugs been unlawful. Historically, these
substances have been produced as medicaments for treatment of different
disorders in the human body. Moreover, nowadays some of them are still well-
recognized prescription medications. For instance, popular prescription
medicines are  Dronabinol  (the main  ingredient (—)-trans-A9-
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tetrahydrocannabinol or THC) used to treat the loss of appetite that causes
weight loss in people with AIDS (Acquired Immune Deficiency Syndrome),
Adderall (the main ingredient amphetamine) employed to treat attention deficit
hyperactivity disorder (ADHD) and narcolepsy, or Xyrem (sodium -
hydroxybutyrate) used to treat excessive daytime sleepiness (EDS) or cataplexy
associated with narcolepsy and etc. On the one hand, these substances can be
effective drugs, on the other hand, scheduled compounds may have several
adverse effects and addictive properties.

Nevertheless, psychoactive drugs are divided into groups according to their
pharmacological effects. The most known stimulants are amphetamine, cocaine,
caffeine and nicotine. Depressants with an opposite effect to the stimulants
include such representatives as opioids, barbiturates, benzodiazepines, GHB, and
ethanol. MDMA commonly known as Ecstasy, and its analogues MDA and
MDEA are euphoriants. LSD and psilocybin are hallucinogens, altering a
person’s perception of reality.

1.2.1 Cannabis and its metabolites

Cannabis products are the most widely used illegal drugs. According to the
EMCDDA report, every 4™ person in the European Union has tried cannabis at
least once in his life. Therefore, the driving impairment under the influence of
illegal drugs can be caused with higher probability by use of cannabis. The fatal
traffic accidents are thoroughly monitored and the drivers responsible are
identified. The drivers are screened for possible alcohol and/or drugs abuse.
According to surveys, THC is detected in 4 — 14 % of drivers who have been
injured or fatally injured in traffic accidents''. Cannabis use significantly impairs
motor coordination, judgement, visual functions and reaction time. Furthermore,
the use of cannabis together with alcohol is the worst, having additive or even
multiplicative effects on conscious control.

Generally, the recognition of cannabis use is carried out in urine or blood tests.
But there are also other biological samples such as oral fluids (OFs) that can be
utilized to detect recent drug use. One is saliva, the collection of which is less
invasive, painless and easier than that of blood or urine. Saliva is a perfect
alternative to blood and urine and can be used as a screening sample matrix on-
site, giving a more accurate picture of the processes going on in the body.
However, saliva is still not well recognized and is underestimated as an evidence
matrix. Other sample matrixes are sweat, exhaled breath condensate and hair.

The distribution of different cannabinoids in the body has induced the
investigation of their metabolites. Cannabinoids are present in cannabis plants as
a mixture of carboxylic acids. Tetrahydrocannabinoic acid (THCA) and
cannabidiolic acid (CBDA) are acidic forms of THC and CBD, abundantly
found in the plant material. THCA and CBDA decarboxylate naturally over time
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slowly or upon heating (smoking, cooking, etc.) quickly to the most
psychoactive form, THC, and the non-psychoactive form, CBD, respectively.
The efficiency of decarboxylation depends on temperature. The temperature
higher than 140 °C is optimal for THCA conversion, while the temperature not
higher than 150 °C leads to the formation of a degradation product cannabinol
(CBN)'%. Both THCA and THC are present in saliva via direct absorption into
the buccal mucosa during smoking/inhalation. During smoking THC is rapidly
transferred from the lungs to the blood and is almost immediately bound to
lipoproteins in the blood plasma (90% of THC). During hydroxylation of THC,
an active metabolite 11-OH-THC is formed, which is further oxidized to the
inactive form THC-COOH. THC-COOH and its glucuronic acid conjugates are
excreted in the urine and feces'>!*!°. The metabolic route of THCA, THC, 11-
OH-THC as well as THC-COOH and its glucuronide form is shown in Figure 2.

cH, OH

OH Liver enzymes OH
Heat > 105 °C
‘ CYP2C9
Loss of CO, gas O
H3C H.C
CH. O CH 3
s HyC 5 e O CHs

THC

THC-COOH

|

Glucuronide

Figure 2. Metabolic route of THC and its metabolites in the body.

Experimental studies have shown that the maximal impairment appears during
60 minutes after smoking a joint containing 9 — 18 mg of THC, and vanishes
after 3 — 4 hours after use''. Peak impairment after THC use is comparable to the
alcohol impairment with an alcohol level > 0.05% in the blood. However,, the
effects on individuals vary due to the differences in tolerance, smoking
techniques and absorption of THC. Moreover, the culpability study'® showed
that the 5 ng/ml THC concentration in the blood is associated with the “odds
ratio” (OR) of 1.0, which is equal to the number of car traffic accidents caused
by drug free drivers. OR is the ratio of the number of drivers, who are
responsible for traffic accidents taken place due to driving under the influence of
cannabis, to that of clear drivers. In case of the THC concentration in the blood
greater than 5 ng/ml, the OR of 6.6 was established, which is comparable to the
blood alcohol content (BAC) of 0.15% (percent by weight). This means that a
person is responsible for a traffic accident when driving under the influence of
cannabis with a 6.6-fold higher probability than a drug free person.
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Moreover, the determination of THC concentration in the drivers’ blood reflects
more accurately the THC impairment than the metabolite of THC, THC-COOH
(11-nor-9-carboxy-THC). In fact, THC-COOH is an inactive carboxy metabolite
of THC that can be present in urine or blood for days'” *¥, . Urine THC-COOH
correlates neither with the amount of the initial dose nor the time of the last use.
Therefore, the impairment or recent cannabis use does not necessarily points to
the presence of THC-COOH in urine or blood. Nevertheless, THC-COOH is a
preferred marker of THC use determined by screening methods such as
immunoassay or by confirmation methods such as LC/MS or GC/MS.
Undoubtedly, the occurrence of THC-COOH in the urine can be used for
identification of previous or regular drug users among people'. This is
especially essential at workplaces or doping control where it is important to
minimize drug use associated risks and to identify individuals possibly involved.
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Figure 3. Excretion patterns of THC in plasma and whole blood levels with THC
per se limits (whole blood)*: purple dotted line — 0.02% BAC; green dashed line —
0.05% BAC; red dashed line — 0.12% BAC. Plasma — smoking of a single cannabis
cigarette containing 3.55% THC for heavy smokers (33.8 mg of THC) (data based
on 21); whole blood levels for heavy and occasional users — smoking of an around 0.4
g cannabis cigarette containing 11% THC in Bedrobinol head tops (43 mg of THC)
(data based on ?2).

As discussed above, the impairment after THC use vanished during 3-4 hours
depending on the dosage and user. Taking into account the possible impairment
cut-off concentration of 5 ng/ml of THC in blood, the excretion time is between
2.0-2.5 hours after smoking (Figure 3). Moreover, the THC concentration level
in OFs after 2.0-2.5 hours is around 4.3-3.5 ng/ml (Figure 4). Therefore, the
suggestion of impairment must be thoroughly considered and the very low
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concentration (< 2 ng/ml) of THC in OF cannot be regarded as a certain
impairment and connected to the resulting traffic accident.
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Figure 4. Time profiles of THC in oral fluids and plasma with THC per se limits®
(plasma, ratio plasma:blood = 224%5): purple dotted line — 0.02% BAC; green
dashed line — 0.05% BAC; dashed red line — 0.12% BAC. OF1 and plasma —
smoking of a single cannabis cigarette containing 3.55% THC for heavy smokers
(33.8 mg of THC) (data based on 2'); OF2 — smoking of a 0.4 g cannabis cigarette
containing 11% THC in Bedrobinol head tops (43 mg of THC) (data based on 22).

One of the countries that has linked the concentration of drugs found in blood to
impairment comparable to three BAC levels, 0.02, 0.05 and 0.12%, is Norway>*
. The country has set legal limits (per se limit) and appropriate punishments
depending on THC concentration (Table 2).

Table 2. Per se limit?®2° of THC in blood equivalent to BAC in blood set in Norway
and correlation between THC concentrations in blood and alternative sample
matrixes.

Plasma/ Excretion time in . .
BAC, Blood, (o yum* blood (plasma) Saliva, Urine,
% ng/ml ot min2!2227 ng/ml*! ng/ml
0.02 1.3 2.5 180-240 (105-210)** 2! 3.6-4.3 (22)** Mot
excreted
3.5-3.6 (42- Not
_ o k%
0.05 3.1 6.3 120-150 (45-210) 122y excreted
22 _ *k Not
0.12 9.4 18.9 30-45 (45-60) 16-29 (390) excreted

* plasma:blood ratio = 22423 ; ** for heavy user’’.
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1.2.2  y-hydroxybutyric acid

v-Hydroxybutyric acid or GHB is an endogenous neurotransmitter, an analogue
to y-aminobutyric acid (GABA), which was first synthetized by Zaytsev®® in
1874 and studied for medical purposes as an anestethic for the first time by
Laborit in 1961, but was withdrawn due to undesirable side effects?®. GHB is
used to treat insomnia (sleeplessness), narcolepsy, alcoholism and drug abuse,
and as an antidepressant agent™’.

GHB is a naturally occurring compound found in different tissues (brain, liver)
and fluids (urine, blood, saliva and others)’'. GHB is biologically synthesized
from GABA and occurs as an anion, y-hydroxybutyrate (pKa 4.72), in the
human body. The exogenous concentration levels of GHB were studied in blood
(0.17 — 1.51 mg/L)*, serum (0.62 — 3.24 mg/L)**, urine (male: 0.22 — 2.33 mg/L,
female: 0.31 — 1.51 mg/L)** and saliva (0.15 — 3.33 mg/L)*.

GHB is used as a recreational drug known as “Liquid Ecstasy” and is a
controlled compound in many European and other countries. In addition, there
are several compounds such as 1,4-butanediol (1,4-BD) and y-butyrolactone
(GBL)*®, which are used as alternative sources of GHB as they convert rapidly to
GHB in the human body (Figure 5). GHB is rapidly eliminated from the body
(half-life 20-53 minutes®”).

GHB abuse can be determined using saliva during 2 hours (cut-off limit 5
mg/L), blood during 2 hours (cut-off limit 5 mg/L) and urine during 2.5 hours
(cut-off limit 10 mg/L) after consumption®®. The maximum concentration was
detected in saliva in 10 — 30 minutes®®*, in blood in 30-50 minutes** and in
urine in 1-2 hours*®, depending on GHB dosage.

GHB effects are dose-dependent. Oral doses of 10 mg/kg BW cause short
amnesia and hypotonia, 20 — 30 mg/kg BW doses lead to euphoria, drowsiness,
disinhibition and driving ability impairment during 1 — 3 hours*.. Higher GHB
oral doses, around 45 mg per kg body weight, produce dissociative, sedating and
some stimulant-like effects in humans. Intravenous 50-70 mg/kg GHB dose
produces hypnosis and has little analgesic effect. Higher doses of GHB (>60
mg/kg) can result in coma**.
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Figure 5. Biotransformation of GBL, 1,4-BD, and GHB **.

The GHB concentration levels in biological samples depend on the dosage,
reflecting the extent of consciousness. For instance, the serum GHB
concentration higher than 260 mg/L is associated with deep sleep (comatose),
156-260 mg/L with moderate sleep (asleep but responsive), 52-156 mg/L with
light sleep and less than 52 mg/L with wakefulness, respectively**. Moreover,
the correlation of GHB concentration level in blood (blood:plasma ratio 1:2)
with the impairment of driving ability was established and three levels linked to
BAC were set’®. The blood GHB concentration of 10.4 mg/L is linked to 0.02%
BAC, 31.2 mg/L to 0.05% BAC and 124.9 mg/L to 0.12% BAC (Table 3).
Drivers abusing GHB show generally sedation, impaired balance and irrational
behaviour.

Table 3. Per se limit*®2° of GHB in blood equivalent to BAC in blood set in Norway
and correlation between GHB concentrations in blood and alternative sample
matrixes.

Excretion time

0,
BAC, % Blood, mg/L in blood, min %5

Saliva, mg/L3®  Urine, mg/L4536

0.02 10.4* 30%-150%*41.300%***37 JHk frx3] 20-160%*+
0.05 31.2%* 30%*-Q0*H4S[ROHHRIT [k | k3T 30-100%%45;
0.12 124.9%%* 30***46_34***41 4037 15_40**45

* dosage <12.5 mg/kg; ** dosage >25 mg/kg; *** dosage >60°7-72 mg/kg*®
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Figure 6. Oral fluid (LoD = 0.1 mg/L), plasma (LoD = 0.2 mg/L), and urine (LoD =
0.1 mg/L), profile of GHB after an oral dose of 25 mg GHB per kg b.wt., GHB-
naive subjects (mean = SEM, n = 8) based on reference®®.

GHB abuse determination depends on the ability of the methodology to
differentiate the exogenous and endogenous concentration levels in the human
body. GHB not only occurs naturally in the human body, but can also be found
in excessive concentration in the physiological fluids, i.e. up to 800-fold in urine
and 200-fold in plasma. GHB can be the marker of succinic semialdehyde
dehydrogenase deficiency, when GABA is not converted to succinic acid but
accumulates as y-hydroxybutyrate*’. Therefore, this disorder must be taken into
account during the determination of possible impairment. This can be simply
eliminated by the continuous analysis of the person under suspicion. The
concentration of GHB must decrease in time and not remain high.

1.2.3 Herbal medicines and their constituents

For centuries, herbals have been used as medicines and in rituals. Nowadays,
herbal medicines (HM) are also very common and are used for treatment of
different disorders and to promote health. Some of them are legal, some illegal,
such as Cannabis sativa, Catha edulis, Erythroxylum coca, Papaver somniferum
and others mentioned before. Therefore, the monitoring of HM is of major
concern for both forensic scientists and phytochemists.
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Nowadays, HM production is a profitable and well-organized business. The
major active substances broadly distributed in herbs can be grouped as
flavonoids and non-flavanoid polyphenols. The non-flavanoid polyphenols are
simple phenols, phenolic acids (derived from cinnamic or benzoic acid) and
stilbenoids (resveratrol and its derivatives). Flavonoids include flavones,
flavanones, flavan-3-ols, flavonols, isoflavones, anthocyanidins,
proanthocyanidins and chalcone. In total, there are more than 8,000 phenolic
compounds isolated and described®®. Indeed, polyphenols are secondary plant
metabolites and tend to be water-soluble, as they occur frequently esterified with
glucose and other carbohydrates (glycosides) and are usually located in
vacuole.* But they can also be found as free aglycones that are poorly soluble in
water.

Polyphenols have different cellular, molecular, and biochemical actions and are
an important source for dietary. There is a huge number of publications
describing the different activities of polyphenolic compounds. For example,
resveratrol, a representative of stilbenes, is found to have a preventing effect on
cancer’’. Catechins have a significant effect on cell proliferation®'. Green tea
catechins are found to have preventive properties against prostate and liver
cancers”. Hydroxycinnamic acids have antioxidant properties, and are
associated with reduction of the risk of cardiovascular disease, cancer and other
chronic diseases®**. Gallic acid, a representative of the hydroxybenzoic acid
group, possesses ant-viral, anti-bacterial, anti-flammatory and anti-oxidant
properties. Gallic acid is found to have anti-cancer and chemopreventive
properties™.

1.3  Regulations and directives for drug detection in bulk seizures and
clinical samples

The Scientific Working Group for the Analysis of Seized Drugs (SWGDRUG)*®,
UNODC and the Committee for Medicinal Products for Human Use (CHMP)*’
have worked out the recommendations for operator training, sampling, drug
identification in seizures, and requirements for validation.

According to SWGDRUG?', analytical tools are divided into three groups
according to their diminishing power. At least two uncorrelated methods must be
implemented for drugs identification. Moreover, one of them must be classified
as Category A method (infrared, NMR, Raman, mass spectrometry, X-ray
diffraction) and the other must be either Category A, Category B (CE, GC, ion
mobility spectrometry or IMS, LC, thin layer chromatography, microcrystalline
tests, pharmaceutical identifiers, micro/macroscopic examination for cannabis
only) or Category C technique (colour tests, fluorescence spectroscopy,
immunoassay, melting point, ultraviolet spectroscopy). If none of the Category
A methods is available, at least two Category B methods and one Category B or
Category C method must be utilized in the identification scheme. Therefore, the

25



combination of GC, HPLC or CE to MS can be suggested as a confirmatory
method. The two first combinations, GC-MS and HPLC-MS, are the most
widespread techniques used in forensic laboratories.

Drug testing starts with screening, after which confirmatory analysis is
performed. Generally, the first analysis is conducted on the place of the crime or
incident. Commonly, the screening methods help rapidly to identify the illegal
drug occurrence in seizures or provide evidence of drug abuse. Therefore, these
tests help law enforcement officers to respond rapidly and stop the possible
future crimes.

More and more frequently attention is riveted to biological samples that can be
taken noninvasively. Despite the fact that blood and urine are the generally
accepted samples for confirmatory drug testing, these sample matrixes have
disadvantages. Blood sampling is complex and requires special conditions and
the trained and certified personnel. Urine sampling is less invasive and
uncomfortable, but produces the psychological discomfort to the person under
suspicion. Nowadays, sampling of oral fluids such as saliva, sweat, and exhaled
breath condensate are desirable sample matrixes for drug testing on road. This is
mainly so due to the easy and friendly sampling procedure. Therefore, the
development of sensitive and rapid analytical methodologies for determination
of illegal drug abuse in oral fluids is of utmost importance.

During the development of methodologies one must overcome the huge number
of issues that can arise during method development, validation and
implementation. First of all, the methodology must be specific for an analyte of
interest, and reduce the number of false positives. Secondly, the sensitivity of
determination of the concentration level in toxicological samples must be
archived, eliminating false negatives. The method must be robust under different
testing conditions, improve the efficiency of routine testing and minimize the
failure of analysis on-site. Finally, the uncertainty of the methodology needs
thorough evaluation as this is connected to the decision making on drug abuse.

1.4  On-site detection methods

Abundant illegal drug production, distribution and abuse require a proactive
response of law enforcement bodies, border control officers and others
concerned. The illegal drugs analysis is conducted in the forensic laboratory or
hospitals by experienced operators. Nevertheless, a critical aspect is time to
prevent the possible crime and minimize fatal consequences to the society. The
availability of rapid, sensitive and easy-to-use early warning detection tools to
be employed on-site is of high importance.
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1.4.1 Available on-site portable methods for detection of drugs at market

Drug detection tools can be divided into three major categories: tools for
detection of illegal drug seizures, tools for detection of drug abuse in biological
samples and tools enabling both. In addition, the detection systems can be
contact or non-contact. Portable devices are mainly exploitingg Fourier
transform infrared spectroscopy (FTIR) (HazMatID), Raman (ICx Fido®
Verdict™ Portable Explosives and Narcotics Identifier, Smiths Detection
RespondeR™ RCI, Thermo Scientific® FirstDefender RM™, Trunarc
Termofisher), ion mobility (IMS) (A Smith Detection Ionscan 400B (Danbury
CT) or fluorescence spectroscopy (NarTest NTX2000).

The main disadvantages of portable Raman spectrometers utilizing lasers with a
wavelength of 785 nm are low reproducibility and low cut-off levels for drug
detection. Moreover, Raman spectroscopy does not work well on the surface of
highly fluorescent and/or pigmented objects. Raman scattering can be influenced
by background light, leading to spectra of poor quality. Besides, Raman
spectroscopy has a limited capability of detecting herbal samples such as
cannabis products and heroin as they contain highly fluorescing constituents
present in the samples naturally. According to the reports of NFSTC, none of the
four commercial Raman spectrometers tested during evaluation (ICx Fido®
Verdict ™, DeltaNu® ReporteR™, Thermo Scientific® FisrtDefender RM™,
Smiths Detection Responder'™ RCI) afforded accurate detection results for a
controlled substance in the mixtures of cutting agents and adulterants. The
accuracy values were around 50%, except in one case when the accuracy was
approximately 70%®. Nowadays, IMS is a very widely spread method for
detection of explosives and controlled substance traces especially at airports and
border controls. However, apart from its advantages such as high sensitivity
(<ppb), rapid response (>s) and portability, this technique has also some
disadvantages. The main disadvantage is the occurrence of reactions of
competitive ion/molecules with matrix molecules, during which the analyte of
interest can be lost. Moreover, IMS instruments are extremely sensitive to
contamination and have a long clearance time.

Other common screening tests are colour tests utilizing colour chemical
reactions or more sophisticated immunoassays (enzyme-multiplied
immunoassay technique (EMIT), fluorescence polarization immunoassay
(FPIA), immunoturbidimetric assay and radioimmunoassay (RIA))*. Colour
tests (ODV, Inc. (NarcoPouch®), Sirchie Group (NARK®II), Public Safety, Inc.
(NIK®), Lynn Peavey Company (QuickCheck™)) are presumptive and the
determination of colour depends on the user’s experience. Moreover, colour tests
are designed for detection of a family of drugs and are not specific. For example,
diphenhydramine and benzphetamine give false positives in Scott’s and Marquis
colour tests, quinine, lidocaine, phencyclidine in Scott’s tests, respectively®’.
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The screening tests that are designed for drug abuse determination in biological
samples such as urine and oral fluids are mainly employing immunoassays. The
latter are not specific as often declared. Moreover, the sensitivity of
immunoassays is similar to or even worse than that of confirmatory methods like
GC-MS (LoQ: amphetamine, MDMA, codeine, morphine 20 ng/ml, MDMA 20
ng/mL, THC 1 ng/mL in OF)** or UPLC-MS/MS (LoQ: 0.53 ng/mL for THC,
amphetamine, MDMA, codeine, morphine, etc.)63 .

Table 4 summarizes the commercial available immunoassays designed for drug
detection in oral fluids. Therefore, there is strong evidence that drug impairment
cannot sometimes be determined on-site. As a rule, only a positive sample must
be sent to the laboratory for confirmatory tests.

Table 4. Commercial immunoassay cut-off limits and time of analysis in oral fluids,
ng/mL % 5,

Driger DrugWipe Reditest® MMC iScreen Oratect®

Drug Class Test: 5000 ® 5+ Oral DOA Oral I
Drug under detection Saliva
Amphetamine:
d-Amphetamine 50 50 50 50 50 25
Benzodiazepines:
Diazepam 15 15 20 5
Temazepam
Cocaine:
Cocaine 20 20 20
Benzoylecgonine 30 20 20
Methamphetamine:
d-Methamphetamine 35 25 50 50 50 25
MDMA 50
Opiates:
Morphine 20 40 40 40 10
Codeine 10
Cannabis:
9-THC 5 30 12 40
THC-COOH 12 12
MDMA:
MDMA 25 50 50 25
Phencyclidine:
Phencyclidine 10 10 10 10
Methadone:
Methadone 30
Time of analysis, 5-10 3-10 10 5-7 10 5
min
Drugs per tests 4,5,6 1 6 3,5,6 5,6 6
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Immunoassays are designed to recognize a wide range of chemically similar
compounds reacting with the antibodies. The main drawback of immunoassays
is the possibility of false positive results, when the drug of the same class is
detected as the drug of interest. For example, false-positive results for
cannabinoids are usually obtained with dronabinol, elavirenz, hemp-containing
food, NSAIDs (nonsteroidal anti-inflammatory drugs), proton pump inhibitors
and tolmetin. Opioids, opiates and heroin immunoassays can give false positive
results in case of dextromethorphan, diphenhydramine quinine, quinolones and
others®*%_ It is also known that cold remedies, pain relievers, hay fever remedies
and diet pills can give a false positive for amphetamine use on EMIT. Certain
antibiotics such as amoxicillin are claimed to cause a false positive for heroin
and cocaine. Therefore, immunoassay cannot be recognized as a confirmatory
method. A positive sample always requires the second test for confirmation by
another method.

Moreover, European projects such as ROSITA, ROSITA-2 (Roadside Testing
Assessment) and DRUID (Driving under the Influence of Drugs, Alcohol and
Medicines) during 2006 — 2011 were run to evaluate oral fluid collection devices
for detection of controlled substances. Unfortunately, none of the devices were
recommended for on-site use as their sensitivity, specificity and accuracy
remained below 80% in all separate tests ®’. Other techniques for drug detection
utilized in this dissertation are spectral fluorescence signature spectroscopy and
capillary electrophoresis coupled to the different detection methods are
described below.

1.4.2 Spectral fluorescence signature method

The spectral fluorescence signature (SFS) method is an advanced mode of
excitation emission matrix (EEM) spectroscopy. SFS is based on the ability of
compounds under excitation at a specific wavelength to emit light at a specific
higher wavelength, i.e. with lower energy.

The difference between EEM and SFS is that Rayleigh scattering is outside the
measurement window (Figure 7). It means starting the SFS measurement at A =
230 nm, the emission is recorded with a 20 nm shift to lower energy, i.e. Aem =
250 nm. The shift is repeated at all excitation wavelengths. Therefore, SFS is
generated as a parallelogram of fluorescence patterns (Figure 7B). The SFS
method can be utilized in two different modes: classical angle fluorescence and
front-face. The front-face mode has several advantages in comparison to the
classical one. First of all, the front-face mode can deal with very turbid and
viscous samples, even solid samples, whereas classical angle fluorescence
spectroscopy requires samples dilution or a special pre-treatment procedure to
archive the solutions with an absorbance value lower than 0.05%. The
measurement of a neat or undiluted sample gives awesome advantage. In this
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case, the fluorescence fingerprint is not disrupted and the authentic properties of
samples of interest are preserved.

The SFS method was developed by Babichenko and Poryvkina and was first
introduced for different environmental applications®’, starting from oil in water
detection, phytoplankton type determination’’, dissolved organic matters (DOM)
measurements’’ across the Baltic Sea and petroleum product differentiation.
Afterwards, this method was also successfully applied in the forensic science for
illegal drug detection’"""* (Publication I) and in the food industry for apple juice”
and herbal medicine (Publication II) quality monitoring. Undoubtedly, there is a
huge number of other applications where this great technique can be utilized in
the future.
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Figure 7. A — conventional EEM spectroscopy; B — SFS method.

1.4.3 Capillary electrophoresis

The capillary electrophoresis (CE) technique was first described in 1937 by
Tiselius, who won the Nobel Prize in Chemistry in 1948 for the separation of
proteins in a U-tube with buffer solutions under applied electric field”.
Hjerten”®, Jorgenson and Lukacs’®, and Terabe’’ made a crucial contribution to
the development of capillary electrophoresis into the version we are using today.

CE is a separation method which is based on the difference in migration mobility
between charged analytes (solutes) inside the capillary, typically 25 — 100 pm in
inner diameter (i.d.), filled with a background electrolyte (BGE), under the
influence of an electrical field of intensity £. The electrophoretic mobility (uep)
depends on the properties of the analyte such as electric charge, molecular size,
and shape, and also on those of BGE like type, ionic strength, pH, viscosity and
additives. The electrophoretic velocity (vep) is found according to the following
equation (assuming a spherical shape):
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where, ¢ is an effective charge of the solute, n is the viscosity of the electrolyte
solution, r is the Stoke radius of the solute, V' is the applied voltage and L is the
total length of the capillary.

Electrophoretic separation is conducted under a very high electric field (100 —
500 V/cm or even higher) inside the narrow-bore fused silica, borosilicate glass
or polytetrafluoroethylene (PTFE) capillary, where the detrimental effects of
Joule heating are minimized due to the high electrical resistance of capillaries
and heat dissipation over the large surface area-to-volume ratio. The high field
strength in narrow-bore capillaries and a suitable BGE for analytes of interest
allows archiving very rapid separation with high efficiency and resolution.’
Another important phenomenon associated with electrophoretic separation is
electroendoosmotic flow (EOF). EOF is the movement of a liquid near a charged
surface of the capillary under an electric field. In case of the fused silica
capillary covered with silanol groups (SiOH), ionization to SiO starts at pH >2
and at pH >9 the groups are fully ionized, resulting in a negatively charged
surface. Therefore, the extent of EOF (ugor) depends on the charge on the
capillary (zeta potential, {), the buffer viscosity (n) and dielectric constant of
BGE™.

E
Heor = [_QVJ 5 (2)
n

The presence of EOF allows the separation of cations and anions within a single
CE run, affecting the overall migration time () of analytes, whose apparent
mobility (Uapp) is found’®:

B [ IxL
ll’lapp_ﬂep-‘rluEOF_ W ’ (3)

where [ is an effective length of capillary.

CE is a modern analytical separation techniques, and is probably one of the most
rapidly expanding in different industries such as the food industry”, as well as in
environmental®®® | military®, medical®*, nanotechnology®® and forensic
applications®>**#7_ The demand for CE is high due its high efficiency (N <10° to
10°), short or even extremely short (in seconds) analysis time, small sample (1 to
50 nL for injection) and reagents/solvents volumes and low mass detection
limits. Moreover, there is an outstanding number of CE modes such as capillary
zone electrophoresis, micellar electrokinetic capillary chromatography, capillary
isotachophoresis, capillary gel electrophoresis, capillary isoelectric focusing, and
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non-aqueous capillary electrophoresis.®® CE modes can be utilized at the same
simple instrument, basically just changing the background electrolyte. It enables
analysis to be conducted more rapidly and with higher efficiency of separation
of analytes of interest than can usually be achieved with HPLC. Generally, CE
separation does not require any derivatization of analytes prior to analysis as
does GC due to poor volatility (for example, sugars), poor detectability (for
example, steroids/ cholesterol), high polar nature (for example, barbiturates)
or/and poor thermal stability (for example, THC-COOH, LSD and psilocin,
benzodiazepines)® of analytes of interest.

Nevertheless, CE has drawbacks like poor sensitivity or/and probability of
adsorption of proteins and peptides into the capillary wall. These factors may be
especially of concern in the forensic analysis of biological samples (saliva,
blood, urine). Though, the sensitivity of CE can be improved by utilizing other
sensitive detection techniques such as fluorescence, conductivity, amperometric
or mass spectrometry, or applying stacking techniques like isotachophoresis and
transient isotachophoresis, high-field stacking, hydrodynamic injection stacking,
ACN-salt mixture stacking, etc.”**",

1.5 Pattern recognition techniques for data analysis

Nowadays, chemometric tools or pattern recognition techniques are highly
demanded and also widely used in analytical chemistry. They are especially
useful for data pre-processing, chemical fingerprint analysis often via
dimensionality reduction of data set and searching for feature vectors (variables
that summarize variations) and, therefore, interpretation of hidden
similarities/dissimilarities between groups, within samples, buried in high
dimensional datasets. These techniques are also used for analysis automatization,
utilizing them as a predictor on new samples and embedded into the software.

The pattern recognition techniques can be divided into two groups: unsupervised
and supervised methods. The goal of unsupervised methods is to classify
observations/samples/chemical fingerprints into groups without prior knowledge
of the sample class. The most common are principal component analysis (PCA),
parallel factor analysis (PARAFAC) and cluster analysis (CA). Supervised
techniques (for example, ANN, partial least squares discriminant analysis (PLS-
DA)) are applied when the ‘categories’ of samples are known. It means that the
samples are presented with known classification/feature vectors as a training
data and the algorithm can reproduce this classification on new unknown
samples”.

1.5.1 Data preparation

Due to capillary or column aging, the shifting of peaks in time axes may occur in
electrophoretic or chromatographic data. Therefore, the analysis and
interpretation of this data by chemometric techniques can be affected or even
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totally ruined. It means that electrophoretic and chromatographic data may
sometimes need the alignment, improving the quality of the final result. The
reproducibility of migration time is of importance in CE in order to identify the
analyte of interest. Therefore, electropherograms can be corrected prior to the
analysis of CE data, using the method proposed by Zhang *°.

Two internal substance components can be used for correction coefficient
evaluation for each electropherogram/chromatogram against the standard, using
the following equation:

1.1
_tl Ip

y_—i_l C))
t, t,

The new migration time (Z,) is found using the calculated correction coefficient
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where Y is the correction coefficient; 7, and #, are migration times of the first
A A

and second internal standards, respectively; Z;and ¢, are migration times of the

first and second internal standards, respectively, in the electropherogram under

correction; £, is the corrected migration time for the corrected electropherogram

A
and 7, is the migration time of the electropherogram under correction.

1.5.2 Unsupervised method

1.5.2.1 Principal Component Analysis

Principal Component Analysis (PCA) is one of the most popular traditional
methods used for data analysis®®. PCA compresses the size of data by
simplifying and extracting and keeping only important information. PCA creates
linear combinations of original variables called principal components (PCs)
which describe the systematic patterns of variation between the samples. PCs are
orthogonal and their number is smaller than or equal to the number of original
variables. The first PC has the largest possible variance. PCA is a decomposition
of the original 2D-matrix X, i.e. representation of it as the product of two 2D-
matrices T and P:

X=TP" +E, (6)
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where T is a matrix of scores, P is a matrix of loadings and E is a matrix of
residuals.

1.5.2.2 Parallel factor analysis

PARAFAC is a generalization of PCA to higher order arrays such as EEM/SFS
for several samples or any kind of spectra  measured
chromarographically/electrophoretically for several samples.

For example, SFS data arranged into a 3-way array (/ x J x K) are modelled
using PARAFAC *° as follows:

R
Xk = Z abycp ey @)
r=1

where / is the number of samples, J is the number of emission wavelengths, K is
the number of excitation wavelengths, and R is the number of components
applied to the model. PARAFAC decomposes the data into a number of trilinear
components where the output results are presented in excitation, emission
spectra loadings (vectors b and c) and scores (vector a) that are directly related
to the relative concentration of each component.

In case of chromatographic or electrophoretic data recorded by DAD, all the
chromatograms or electropherograms are segmented. Therefore, each segment is
then analysed by PARAFAC. PARAFAC is used to extract process information
about the number of chemical components present in the segment, their relative
concentrations and pure UV spectra’’. Non-negativity constraints are often
applied to ensure that each model had a physical interpretation.

1.5.2.3 Cluster Analysis

Cluster analysis (CA) is an unsupervised pattern recognition technique that can
be used instead of PCA or in combination with PCA, PARAFAC or other
chemometric techniques. Cluster analysis is divided into two approaches, non-
hierarchical and hierarchical algorithms. Furthermore, a large variety of
hierarchical algorithms exists, e.g. average linkage, complete linkage, single
linkage and Ward's linkage. Ward’s linkage algorithm differs from others by
utilising the variance approach to evaluate the distance between clusters, instead
of using distance metrics or measures of association. Ward’s linkage attempts to
minimise the sum of squares (SSE) of any two hypothetical clusters that can be
formed at each step. The error sum of squares (SSE) is defined as follows:

K m
SSE=Y.2 (v, =)’ ®)

i=1 j=1
where yj is the jth object in the ith cluster and n; is the number of objects in the
ith cluster.
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1.5.3 Supervised methods

1.5.3.1 ANN

Artificial neural networks (ANN) is a powerful mathematical tool that can be
related to biological neural network models. The use of ANN for data
processing/interpretation has significantly increased during the last 20 years®,
ANN is being successfully used to resolve several issues in finance, medical
diagnosis”™*’, process control, weather forecasting, and chemistry'®. The real
advantage of using ANN in spectroscopic data analysis is the option to
automatize the analysis.

1.6 Validation requirements

The performance characteristics of methods (SFS (Publications I, II), CE
(Publications II, III, IV) utilized for detection of illegal drugs in bulk samples
and in saliva and for authentication of herbal medicines were evaluated. The
number of parameters under evaluation depends on the type of analysis
conducted (qualitative or quantitative) (Table 5).

Table 5. Performance characteristics.

Type of analysis Parameters under evaluation

Qualitative 5% 10! Selectivity/matrix effects (CCB, uncertainty region for each of
the interferences);
limit of detection (LoD) in the mixture of inert matrix;
threshold limit (CCP) in the mixture of inert matrix;
upper range of application;
precision (repeatability, reproducibility);
robustness (expressed as reliability% at the threshold value * 1.5)

Quantitative®’ Selectivity;
carry-over effect*;
lower limit of quantification (LLOQ) '°2;
calibration curve;
linearity range;
precision (intra-day and inter-day, (RSD%));
matrix effect% (ME%) 19 104;
accuracy (efficacy/extraction recovery);
robustness**

*for clinical samples
**recommended, not obligatory

Nowadays, the application of pattern recognition techniques is widely spread in
chemistry. Obviously, an important part of validation is the evaluation of the
applied chemometric technique, especially when it is used for routine analysis.
The validation must be performed for both unsupervised and supervised
techniques. Generally, validation requires an independent set of samples, which
have not previously been applied in model construction.
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For example, the expert systems utilizing cluster analysis and in combination
with other chemometric techniques requires an independent validation. The
results of validation clusteringare usually compared to those of the training
clustering. The accuracy and precision are evaluated using the following
equations:

Accuracy% = True _ positives + True _negatives 100% 9)
Total _ positives + Total _negatives
Pr ecision% = True _ positives *100% (10)

True _ positives + False _ positives

Today more and more chemometric approaches such as ANN and support vector
machines (SVM) are implemented for data analysis to make the detection more
efficient, therefore, human subjective judgment is replaced by an artificial
intelligence system’s response. With no doubt, the efficacy of ANN in the
classification of unknown samples must be evaluated in the validation
procedure. Indeed, there are no special requirements for the artificially
intelligent system either in the 2002/657/EC19 or in the 2007/47/EC. There is a
huge number of articles that suggest that the primary parameter for evaluation of
prediction performance of an ANN model is a true error on testing the trained
network. Generally, the following parameters are evaluated for such as false
positive rate, false negative rate, sensitivity and specificity'®. But none of them
defines, rather ANN has an uncertainty region (unreliability region), where its
outputs are inconclusive. However, the uncertainty region for ANN’s working
capability can be estimated as was performed in Publication I.

36



2 AIMS OF THE STUDY

The main goal of the present thesis is to develop on-site screening
methodologies for illicit drugs determination in different multicomponent
sample matrixes using CE and SFS methods coupled to chemometric techniques.

The specific aims of the current study are the following:

>

to further develop the SFS technique combined with the Artificial
Neural Networks (ANN) method of analysis for illegal drug
detection in street bulk samples;

to extend the SFS database, to systematize and prepare data for
ANN and improve the SFS expert system for analysis of illegal
drugs in powders;

to find out ANN’s uncertainty regions;

to work out the validation plan and perform the validation of the
working capability of ANN for the SFS method and device used for
illicit drug detection in bulk samples;

to model and analyze herbal medicine fingerprinting by different
chemometric techniques (PARAFAC-PCA/CA) for exploratory
analysis,

to compare herbal medicine fingerprints differentiation by their
polyphenolic content by SFS to CE-DAD and HPLC-DAD/MS

methods;

to identify major metabolites in HMs and determine their spectral
properties;

to compare the capabilities of SFS, CE-DAD and HPLC-DAD for
detection of polyphenolic compounds HMs;

to develop approaches for determination of abuse of drugs such as
cannabis and GHB in oral fluids by CE;

to validate CE methodologies according to EMA’s
recommendations for bioanalytical method validation®”.
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3 EXPERIMENTAL

3.1 Reagents and samples

All reagents were of analytical grade. Ultrapure water (Milli-Q) (resistivity >18
MQcm) was obtained using a Milli-Q integral water purification system (Merck
KGaA, Germany).

3.1.1 Samples in Publication I

3-trifluoromethylphenylpiperazine (TFMPP) with benzylpiperazine (BZP) (1:1),
4-bromo-2,5-dimethoxyphenethylamine (2C-B) (a. 3%) and marijuana (13%
THC) were obtained from the Estonian Forensic Science Institute (EFSI)
(Tallinn, Estonia) (Table 1, Publication I).

Forensic drug samples were obtained from police departments™ of North
Carolina(NC), USA and from the EFSI, Tallinn, Estonia. The validation was
performed in EFSI and the NarTest Laboratory, NC. EFSI performed
quantitative analysis of the drug content of samples provided by them, along
with identification of additional compounds. Another set of samples seized by
the police in North Carolina, USA was analysed by reference methods GC-MS
and FT-IR in the laboratory of NarTest Company (NC, USA).

3.1.2 Herbal samples in Publication II

The air dried samples of HMs harvested in 2011 (three samples of each HM;
moisture content 7-8%) were obtained from OU Kubja Urt, Estonia.

HMs grow in a natural environment. Neither mineral nor chemical fertilizers are
used. HMs with their respective identification number are listed in Table 1 of
Publication II.

3.1.3 Saliva samples in Publications III and IV

Blank saliva samples were collected from six volunteers (both male and female,
age ranging from 25 to 70). Potential endogenous interferences were assessed by
the analysis of saliva samples fortified with analytes of interest and the
corresponding internal standard (pinacolyl methylphosphonic acid (PMPA) for
CE-C'D-UV and bicalutamide for CE-LED).

3.2 Methods

3.2.1 Spectral fluorescence signature method (EEM spectroscopy)

The SFS method was utilized in Publications I and II for measurement of illegal
drugs and herbal medicines. All fluorescence measurements were carried out on
a portable NarTest™ NTX2000 Drug Analyser (NarTest AS, Estonia)'®, which
generates advanced excitation emission matrixes (EEMs) or SFSs. This is a
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compact spectrofluorometer equipped with a 5 W pulsed Xenon lamp and a
special 10 ml optical cell with a quartz window at the bottom (Figure 8). The
spectrofluorometer generated an SFS, where the Rayleigh scattering was outside

the measuring range. One scanning took 2.3 minutes.

Figure 8. NarTest NTX2000 Drug Analyser® (NarTest AS, Estonia) and an optical

cell for the front-face measurement (reproduced by permission of NarTest AS,

Estonia).

SFSs were measured in a front-face optical layout (35°) from the surface at room
temperature. The experimental parameters were set as follows: Aex = 230 — 350
nm (25 excitation wavelengths) and Aem = 250 — 565 nm (64 emission
wavelengths) with 5 nm intervals in both directions, gain = 500.

The time required for a complete analysis of one sample in Publication I did not
exceed 15 minutes and in Publication II, 5 minutes.

3.2.2 Capillary electrophoresis

Three different capillary electrophoresis instruments were utilized during
studies. One was a commercial device and the other two were in-house built
instruments.

3.2.2.1 Herbal medicine analysis

The measurements for Publication II were made on an Agilent 3D capillary
electrophoresis instrument equipped with a diode array detector (DAD) (Agilent
Technologies, Waldbronn, Germany).

CE experiments for polyphenolic analysis in herbal medicines were carried out
according to the method by Helmja et al.'”” . A fused silica capillary (60 x 0.005
cm, Polymicro Technology, Phoenix, AZ, USA) with an effective length of 51.5
cm was used. A 50 mM sodium tetraborate solution (pH 9.3) was utilised as
BGE. The applied voltage for the separation was +25 kV. The sample solutions
were introduced at the anodic end of the capillary at a 50 mbar pressure for 5 s.
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Prior to use, the capillary was rinsed with a 1.0 M NaOH solution, water and e
BGE, 5 min each. The diode array detector range was set to 200400 nm
(Publication II).

3.2.2.2 Drug abuse analysis in saliva

Publications III and IV employed the in-house built instruments equipped with
different detectors for illegal drug analysis in saliva samples.

Cannabinoids (THC, CBD) analysis was carried out using the in-house built CE
(TTU, Estonia) coupled with the LED-induced fluorescence detector'® (LDI
AS, Estonia).

Figure 9. CE-LED-induced fluorescence detector (TUT and LDI AS, Estonia)

UV-LED with an excitation wavelength A = 280 nm (spectrum half width 15
nm) and power output of 0.5 mW was used as the fluorescence excitation source.
The classical angle fluorescence was utilized for fluorescence registration using
a photon counting PMT (integration time up to 10,000 ms). LED operation was
stabilized using an external cooling module with a programmable temperature
controller (accuracy = 0.5 °C). There were three emission filters to choose from
among: one with a wavelength of 307+10 nm, the other with a wavelength
326+10 nm, and a wideband filter with a wavelength from 341 to 600 nm. The
most suitable emission filter for detection of fluorescence of THC and CBD was
the one with a wavelength of 307 nm, which was used to register the
fluorescence signal of analytes of interest.

CE experiments were conducted using a fused silica capillary (60 x 0.0075 cm,
Polymicro Technology, Phoenix, AZ, USA) with an effective length of 45 cm
according to the method by Backofen et al*’. A highly basic electrolyte system
with 2.5 mM sodium hydroxide dissolved in an acetonitrile-methanol solution
(1:1): was used as BGE for separation of cannabinoids (THC, CBD) and internal
standard (bicalutamide) in saliva. The applied voltage for the separation was +17
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kV. The hydrodynamic (A =20 cm) injection was used during 30 s. Prior to use,
the new capillary was activated with a 1.0 M NaOH solution and water. Between
analyses, the capillaries were rinsed with an electrolyte solution for 2 minutes
(Publication III).

GHB abuse determination was performed using the in-house built CE coupled
with C*D (TUT, Estonia)'” and combined with an Agilent 3D capillary
electrophoresis instrument with DAD for indirect UV absorbance detection
(Figure 10).

Figure 10 In-house built portable CE device coupled to C*D (TUT, Estonia)

CE measurements were made using an uncoated fused silica capillary (Agilent
Technologies, USA) with a total length of 65 cm, an effective length of 45 cm to
C*D and 56.5 cm to DAD (i.d. 50 pm, o.d. 360 um). The C*D frequency was set
to 150 Hz. The indirect UV absorbance (ABS) was recorded at Aags = 210 nm.
The methodology proposed by Hauser et al.''” for GHB analysis in urine and
serum samples was modified and optimised for analysis of saliva samples and
the current system. The stock BGE solution consisted of 10 mM maleic acid, 20
mM Arg and 300 uM CTAB, the pH was adjusted to 7.35. As an organic
modifier, 15% acetonitrile was added to the stock BGE, with a slight adjustment
of the final pH to 7.65 and decreasing the BGE components content as follows:
to 8.5 mM maleic acid, 17 mM Arg and 255 uM CTAB. The final BGE was
ultrasonicated (Bandelin electronic, Germany) for 10 minutes, degassed by 10%
at 30 °C and then filtered through a 20 pm cellulose filter (Sartorius Stedim
Biotech, Germany). The applied voltage was set at —19kV. The plug was
conducted hydrodynamically for 10 s at 35 mbar. Prior to CE analysis, the
capillary was activated and washed every day with 1 mM NaOH and Milli-Q
water for 10 minutes and with BGE for 15 minutes. Between the experiments,
the capillary was rinsed with BGE for 3 minutes. Moreover, the capillary was
washed with methanol for 10 minutes, Milli-Q water for 10 minutes and BGE
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for 15 minutes, at least after 20 analyses in order to prevent adsorption on the
capillary surface. (Publication IV).

3.2.3 HPLC-DAD-MS

Herbal medicines (HMs) were analysed by the reference method HPLC-DAD-
MS in Publication II. The methanolic extracts of HM were analyzed using HPLC
Agilent 1200 Series coupled with DAD and mass Agilent 6300 Series detector
equipped with an electrospray ionisation system and controlled by Agilent
LC/MSD trap software (Agilent Technologies, Waldbronn, Germany). Nitrogen
was used as a nebulizing gas at a pressure of 413.7 kPa (60 psi) and the flow rate
was adjusted to 12 L/min. The nebulizer temperature was 350 °C. The full scan
mass spectra of compounds were measured from 100 to 1000 m/z. MS data were
obtained in the negative ionisation mode and MS/MS data in the automatic
mode.

The samples (10 pL) were separated on an Agilent Zorbax SB C-18 column (150
mm x 4.6 mm i.d., particle size 5 um). The mobile phase consisted of two
solvents: solvent A was a 0.1% solution of formic acid, and solvent B was 100%
acetonitrile. Gradient elution was performed as follows: initially 100% of
solvent A was eluted, followed by elution of 0% to 30% of solvent B in 25 min,
95% of B at 40 min and held for 5 min, and then returned to 0% of B at 50 min.
The flow rate was 0.8 mL/min and the column temperature was 25 °C.

Spectral data from all peaks were accumulated in the range of 240-400 nm and
UV-VIS chromatograms were recorded at 254 nm. Compounds in plant extracts
were identified by comparing DAD spectra and MS and MS/MS data
(Publication II).
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4 RESULTS AND DISCUSSION

The results presented in this dissertation are based on four studies.

The first two studies, discussed in Publication I and Publication II, cover the
application of the spectral fluorescence signature (SFS) method coupled to
different supervised and unsupervised expert systems:

o forillegal drugs detection in street samples by ANNs, and
e for rapid screening and evaluation of fingerprints and polyphenolic
content of herbal medicines by PCA-PARAFAC/CA.

In addition, Publication II presents the results of analysis of electrophoretic and
chromatographic fingerprints of HMs.

Publications III and IV present the proof of principle for determination of illegal
drugs in saliva samples by capillary electrophoresis for on-site use:

e THC and CBD determination in saliva, and
e GHB determination in saliva samples.

Publications I, III and IV are dealing with methodology validations according to
the requirements set for forensic science laboratories, specifically for
determination of illegal drugs in seizures and drug abuse determination in
biological samples.

An overview of the results is presented in Chapters 4.1.1, 4.1.2, 0 and 4.2.2 of
Publications I, II, III and IV.

4.1 Spectral Fluorescence Signature method coupled to chemometric
techniques as a tool for the rapid and reliable determination of drugs
and fingerprints in herbs and solid samples

4.1.1 Qualitative detection of illegal drugs (cocaine, heroin and MDMA)
in seized street samples based on SFS data and ANN: validation of
method (Publication I)

The determination of illegal drugs such as cocaine, heroin and 3,4-
methylenedioxy-N-methylamphetamine (MDMA) in bulk street samples by the
spectral fluorescence signature method coupled with the pattern recognition
technique, the multilayer perceptron artificial neural networks (SFS-MLP-
ANN), is discussed in Publication I. The aim of Publication I was to validate the
expert system MLP-ANN on a backpropagation learning algorithm used for
illegal drugs qualitative analysis by the SFS method according to the
requirements of Eurachem (A Focus for Analytical Chemistry in Europe), the
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International Conference on Harmonisation of Technical Requirements for
Registration of Pharmaceuticals for Human Use/ United States Pharmacopeia
(ICH/USP), the Scientific Working Group for the Analysis of Seized Drugs
(SWGDRUG) and the United Nations Office on Drugs and Crime (UNODC).

One of the advantages of ANN implementation in comparison to linear
regression, principal component and/or partial least squares regressions is its
ability to analyse and generalise highly nonlinear, strongly coupled and
multivariable systems. Indeed, SFS fingerprints are one of the representatives. In
fact, the composition of the samples seized in streets, which contain illegal drugs
as one of the substitutes, is unpredictable. Moreover, dealing with illegal drugs
that have been synthesized using different synthesis routes leads to the presence
of various by-products in the final product. One example of illegal sample’s
variability is heroin. The nature of exogenous components found in heroin
samples from different countries leads to extremal differences in SFS
fingerprints (Figure 11).
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Figure 11. SFS fingerprints of heroin samples from different countries: A — F —
North Carolina, USA; G - Estonia; H — Portugal; I — Switzerland.
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In addition to sample components variability, SFS fingerprint depended on the
concentration level of substituents. Figure 1 in Publication I presents the SFSs of
analytes at low (5% (w/w)) and the highest concentration levels (100% (w/w)). It
is obvious that the inner filter effect occurs for cocaine hydrochloride, morphine
and MDMA. However, the inner filter effect should be minimized using the
front-face approach for high density samples, but it is not always possible for
substances that have very high absorption and small Stock shift. As a result, the
re-absorption of emission occurs at high concentration levels, disturbing the
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emission spectra. To conclude the above observations, SFS fingerprints are
nonlinear, strongly coupled and multivariate systems that can be analysed using
nonlinear methods. Therefore, ANN is one of the tools that can be beneficial for
SFS fingerprints analysis and prediction.

A comprehensive database, consisting of 4300 different laboratory mixtures and
more than 4000 street samples, was used for the further development of ANN
and improvement of validation. The qualitative information, based on a binary
response (detected/not detected), was directly obtained through the response of
an expert system. The qualitative method validation included evaluation of the
following parameters:
e range of application:
o limit of detection (LoD) in the mixture of inert matrix,
o threshold limit (CCB) in the mixture of inert matrix,
o upper range of application;
e  selectivity/matrix effects:
o Threshold limits (CCp) in the mixture of adulterants/diluents,
o uncertainty region for each interference;
e robustness (expressed as reliability% at the threshold value * 1.5);
e precision (repeatability, reproducibility).

It was found that the working capability of ANN differs from instrumental
detection capability. The evaluation of illegal drugs has shown that the SFS
method exhibits lower LoDs in comparison to ANN’s detection capability
thresholds that were higher (Table 6). Hence, the re-training of ANN was
possible, it was evident that too noisy data at the instrumental detection limit can
lead to the overfitting of ANN’s. It is the risk that ANN has learnt peculiarities
/specificities which are characteristic of training samples and has lost the ability
to generalise. Consequently, the dataset with an appropriate amount of data at
appropriate concentration levels for the application of interest must be used for
training ANN. Moreover, the dataset must be balanced considering the
variability of positive to negative samples as well as variability of samples with
a common SFS of drugs to an untypical SFS of sample (Publication I).

Based on this finding it was suggested that the work efficacy of ANN should be
evaluated. One possible way was to investigate a reasonable amount of
independent samples presented as independent validation datasets. Although
analysis of real street samples gave information about the reliability and false
negative and false positive rates of ANN, it was impossible to determine its
critical working capability range. Therefore, it was suggested to determine the
uncertainty region for each ANN for illegal drugs in the mixture of the most
common adulterants and diluents (Table 1).
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Table 6. Comparison of instrumental detection limits (IDL) and ANN threshold
limits in the mixture of inert diluent glucose (Figure 5, Publication I).

Analyte IDL*, % (w/w) ANN threshold limit, % (w/w)
Cocaine HCI 0.0017 0.08
Cocaine base 0.017 0.13
Heroin HCI 0.057 0.20
Heroin base 0.50 0.80
MDMA HCl 0.0017 0.005
MDA HCI 0.0028 0.05

Estimation of the uncertainty of qualitative methods is uncommon. Moreover, it
is obligatory only in case of quantitative methods and not qualitative methods.
The determination of uncertainty region (UR) is necessary and even crucial in
determination of illegal drugs in seizures by using screening methods such as
SFS or commercial methods like colour tests or immunoassays. Determination
of UR is crucial; taking into account that ANN is often associated with ‘black
box’ and it is not easy to predict its behaviour even if there exist exact rules
between input and output variables.

The approach based on detection capability (CCP) determination'®' for
uncertainty region evaluation for each ANN was used in this study. CCp values
were investigated on the fortified adulterants and diluents at and above the
instrumental limit of detection. The region, where the false compliant results of
ANN were between 5 — 95%, was suggested as an uncertainty region for ANN.
At least 20 measurements for at least one concentration level must be conducted
to ensure a reliable basis for determination. The detection capability of ANN
equalled the false compliant level of <5%. Probability-concentration graphs
known as power curves'’' provided the information about the detection
capability of ANN within the applied concentration range (Figure 12). URs as
graphs are presented in Appendix [-IV.

In addition, this study showed that UR evaluation is an excellent approach to
understanding ANN’s behaviour and reliability. The obtained results
demonstrated that the developed and improved ANN was able to identify heroin,
cocaine, MDMA and MDA neat or in mixtures with other substances with high
accuracy, using the SFS method. There was good agreement between the results
obtained by the SFS combined with ANN and those obtained by GC methods.
The main advantage of this approach is that it does not require specific chemical
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skills from the operator and can be used on-site, and is also rapid, reliable and
accurate.
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Figure 12. Probability-concentration graph for the proposed cocaine base screening
method under optimal conditions. Cut-off values correspond to 95% confidence
limits for negative/positive probabilities.

4.1.2 Fluorescence, electrophoretic and chromatographic fingerprints of
herbal medicines and their comparative chemometric analysis
(Publication II)

The capability of the spectral fluorescence signature method to assess the
polyphenolic content in herbal medicines was studied in Publication II. The
results presented in Publication I show that SFS fingerprints revealing the unique
properties of samples and/or sample groups can be used for determination of
samples. Therefore, it was suggested that the SFS method should be capable of
determinining rapidly and reliably the authenticity of HMs. Moreover, instead of
ANN, other chemometric techniques such as PARAFAC in combination with
PCA and cluster analysis were utilized for SFS fingerprints.

The application of a novel real-time spectroscopic method such as SFS may be a
significant input into the creation of a method of screening herbal medicines
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quickly on-site. This method may be especially of value for biologists, as well as
phytochemical and chemical analysts. In this thesis, analysis of herbal medicines
was performed on concentrated turbid neat/undiluted samples. This was possible
due to making front-face mode measurements and was impossible in case of
classical fluorescence spectroscopy.

In total, 47 mixtures of air-dried herbal medicines and four herbal tea mixtures
were studied. HMs were chosen as they are the most common medicine herbs
available in the local market.
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Figure 13. SFS fingerprints of HM in methanol: A — S36 (Foeniculum vulgare); B —
S41 (Acorus calamus); C — S38 (Potentilla erecta (L)); D — S13 (Tussilago farfara); E
— S5 (Achillea millefolium); ¥ — S25 (Mentha piperita); G — S16 (Viscum); H — S22
(Calluna vulgaris L. Hull); I — S30 (Cetraria islandica (L.) Ach).

HMs are complex multicomponent sample matrixes that are used for treatment
of different disorders, due to their different pharmacological effects and
properties. For instance, some HMs have antibacterial (S1 — Symphytum
officinale, S3 — Hypericum perforatum, etc.), antitumour (S2 — Chelidonium
majus, S3 — Hypericum perforatum, etc.) and anti-inflammatory (S1 —
Symphytum officinale, S3 — Hypericum perforatum, S4 — Melissa officinalis,
etc.). HMs may also exhibit other favourable effects. HMs contain a large
number of different constituents. One of the main groups is polyphenolic
compounds. The fluorescence and absorbance characteristics of the main
polyphenolic compounds found in herbal medicines under different experimental
conditions were determined in Publication II. This information may be
especially useful for phytochemists and analysts.
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The sequence of chemometric techniques like PARAFAC combined with PCA
and/or CA was introduced for an effective authentication of herbal medicines. A

comparative study was conducted with well-known separation methods CE-
DAD and HPLC-DAD-MS.

The performance characteristics such as IDL, linearity range, intra- and inter-day
precision and matrix effect (ME%) were evaluated. The IDLs of three methods
were compared. The results showed that the detection capability of SFS was
comparable to that of HPLC-DAD in case of syringic and chlorogenic acids.
However, the SFS method was much more sensitive, especially for catechin. The
IDLs of three methods are given in Table 7, while other parameters can be found
in Table 3 in Publication II.

Table 7. Instrumental detection limits of SFS, CE-DAD and HPLC-DAD methods.

Reference methods IDL, mg L

Analyte SFS? IDL, mg ™!
CE-DAD? HPLC-DAD*
Syringic acid 0.058 1.82 0.065
Catechin 0.037 2.56 1.87
Chlorogenic acid 0.136 2.29 0.117
Protocatechuic acid 0.052 1.13 0.56
Ferulic acid 0.256 1.09 1.04
Naringin No native 4.44 0.116
fluorescence
Rutin No native 4.56 0.122
fluorescence

* IDL is evaluated at Agx/Apm as follows: 270/340 nm — syringic acid; 230/310 nm — catechin; 325/435 nm —
chlorogenic acid; 250/335 nm — protocatechuic acid; 310/405 nm — ferulic acid.

®IDL is evaluated at the detection wavelength of 210 nm (chlorogenic acid at 345 nm).

¢ IDL is evaluated at the detection wavelength of 254 nm.

The SFS fingerprints of HMs can be divided into regions for characterization of
polyphenolic compounds: A —flavan-3-ol-like derivatives (the main
representative catechin), B — dihydroxybenzoic acid-like derivatives (DHBA), C
— flavonol-like derivatives, trihydroxybenzoic acid-like derivatives and tannin-
like derivatives, D — stibenoid-like derivatives, E — hydroxycinnamic acid-like
derivatives (HCA). Figure 1 in Publication II shows the approximate regions of
SFS fingerprints of polyphenolic compounds found in HMs.

The SFS method has demonstrated an excellent detection capability for
recognition of HMs according to their polyphenolic content. The exploratory
analysis was performed using an expert system that was a combination of
several chemometric techniques. The SFS fingerprints reflected the content of
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polyphenolic compounds and other constituents in HMs. Figure 13 depicts the
SFS fingerprints of some HMs that can be even visually differentiated from each
other.

In this thesis, first of all, PARAFAC was applied for reduction of dimensionality
and identification of feature vectors. PARAFAC loadings (Figure 2, Publication
1) showed excitation and emission profiles of PARAFAC components and
scores showed the concentration profile for each HM. PARAFAC scores were
fed to PCA and cluster analysis for explanatory analysis. As a result, four
PARAFAC components were able to divide HMs into the groups: HMs with a
very high/low concentration of catechin-like compounds, HMs with a low/high
content of DHBA-like compounds, HMs with a low /high content of HCA-like
compounds, and HMs with a low content of fluorescent polyphenolic
compounds. Figure 3 C in Publication II presents the results of CA for
PARAFAC scores. In the figure the separation of HMs into groups and
subgroups according to the content of catechin-like, HCA-like and DHBA-like
derivatives is shown.

For better result visualization, the unity-based normalization was performed on
PARAFAC scores for every PARAFAC component. The abundance of catechin-
like compounds was established in S38 (Potentilla erecta (L.)) (Figure 13 C) and
S18 (Vaccinium vitis-idaea). The overall content of catechin-like compounds in
S18 and S38 was greater than 80% of their normalized maximum-minimum
content in the investigated HMs (Figure 14 A).

The content of HCA-like compounds was found to be the highest in S5 (Achillea
millefolium) (Figure 13 E), S2 (Chelidonium majus) and S6 (Veronica
officinalis) unlike the other HMs under study (Figure 14 B). A high content of
HCA-like compounds (caffeic, sinapic, ferulic acids, etc.) and a low content of
other compounds were observed in Tussilago farfara (S13 in Figure 13 D).

Four HMs such as S16 (Viscum)) (Figure 13 G), S2 (Chelidonium majus), S21
(Malva L.), S42 (Taraxacum officinale) were grouped by the high content of
DHBA-like compounds. The overall content of DHBA-like compounds was
greater than 50% of their normalized maximum-minimum content in in the HMs
under study (Figure 14 C).

S47 (Fucus vesiculousus), S30 (Cetraria islandica (L.) Ach.)) (Figure 13 I) and
S35 (Carum carvi) were characterised by the low content of fluorescent
polyphenolic compounds, whose overall concentration in these HMs was less

than 10% of their normalized maximum-minimum content in the investigated
HMs (Figure 14 D).
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The performance of the PARAFAC-PCA/CA model was assessed by an
independent validation set containing 27 HMs under investigation. The average
accuracy and precision of the model as determined by the set were 97.4% (range
85.2-100%) and 89.6% (range 66.7-100%), respectively. PARAFAC-PCA/CA
was shown to be capable of identifying HMs on the basis of polyphenolic
content.

The reference methods of separation were based on the absorbance properties of
polyphenolic compounds. The electrophoretic and chromatographic fingerprints
obtained by PARAFAC-PCA/CA, i.e. recognition of HMs on the basis of
polyphenolic content, were in good agreement with the SFS fingerprints
obtained by chemometric techniques. Table 4 in Publication II compares the
results of three methods. In addition, polyphenolic compounds were identified
by MS/MS and the results are shown in Table Al and Figure A3 in Publication
IL.

Apart from the successful application of SFS to the illegal drug detection as
shown in Publication I, it proved to be a rapid, sensitive and reliable tool also for
the investigation of fingerprints and prediction of the composition of HMs as
demonstrated in Publication II. Moreover, the SFS technique was useful in
gathering fingerprints of authentic herbal medicine extracts, requiring neither
pre-treatment nor dilution of samples.

4.2 Capillary electrophoresis as a tool for drug abuse determination in
saliva

There is a high necessity for simple, rapid and sensitive screening methods with
performance parameters similar to those of the confirmation techniques used on-
site. One of such methods, whose instrumentation can be simply miniaturized
and effectively utilized on-site, is capillary electrophoresis. Moreover, the
combination of capillary electrophoresis with different detection techniques
makes this method advantageous over others. The pluses of CE are also small
sample quantities (as low as nLs) needed for analysis, and short analysis time.

4.2.1 Determination of cannabinoids in oral fluid (Publication I1I)

The proof of the principle for determination of cannabis abuse in saliva samples
by non-aqueous capillary electrophoresis (NACE) coupled to fluorescence
detection is discussed in Publication III. Having knowledge of cannabis products
and cannabinoids as natively fluorescing substances (Figure 15), fluorescence
was suggested as one of the most promising techniques for detection of cannabis
abuse due its high sensitivity and specificity. The fluorescence properties of
analytes enable optimum excitation and emission wavelengths to be chosen,
which improves the selectivity or analysis.). Thus, it gives the possibility to
eliminate non-targeted substituents of sample matrixes from the detection range.
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Moreover, the utilization of a separation technique as CE in combination with
fluorescence allows separation of analytes with similar fluorescence properties,
increasing the selectivity of the method as a whole.

The NACE technique was used for several reasons. First of all, THC and CBD
are almost insoluble in water and, therefore, separation media containing organic
solvents are preferable to aqueous solutions, improving the solubility of
analytes. Moreover, non-aqueous media reduce the current, allowing for the
application of high field strength, thus decreasing the separation time.
Furthermore, the pKa values of analytes must be taken into account. The pKa
values of THC and CBD pKa are above 9.5 and 10.5, respectively. Thus,
cannabinoids are deprotonated in highly basic electrolytes and they migrate as
anions towards the cathode. Consequently, highly basic electrolyte systems are
preferable for analysis of cannabinoids.
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Figure 15. SFS of cannabinoids and cannabis products in ethanol: A — A9-THC; B —
CBD; C — CBN; D — hemp; E — marijuana; F — hashish.

The fluorescence spectra of two main markers of cannabis abuse, THC and
CBD, are similar. The excitation maximums are located at 230 and 280 nm and
the fluorescence maximum at 300 nm. The availability of the CE device coupled
to the LED detector with an excitation wavelength of 280 nm was suitable for
detection of the second maximum, but not optimal for detection for THC and
CBD, taking into account the higher quantum yield of THC and CBD at
Aex/Aem=230/300 nm (Figure 16).
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Figure 16. Fluorescence spectra of THC and CBD: 1 (solid line) — THC excitation
spectrum registered at A=305 nm; 2 (dashed line) —- THC emission spectrum excited
at 2=280 nm; 3 (dash-dotted line) - THC emission spectrum excited at 2=230 nm.

Nevertheless, promising results were achieved by the available LED-induced
fluorescence detector. The CE methodology for cannabinoids was optimised for
saliva matrix wusing a simple and efficient combined-in step
collection/preparation/pre-concentration procedure employing the Salivette®
sampling device. Therefore, no separate precipitation of proteins and/or
derivatisation was required. The recovery of both tested cannabinoids from the
collection pads was greater than 80% at 2.5 mg/mL.

The CE separation of the two cannabinoids was achieved in less than 7 min
(Figure 17 — G: peak #2 and peak #3). The NACE methodology utilizing the
LED system was validated. The LoD was 0.19 and 0.17 pg/mL for THC and
CBD, respectively. The inter-day precision was less than 6% for all analytes. No
matrix effect was found for saliva samples. The specificity study was conducted
on common pharmaceuticals (listed in Publication III). Moreover, the
endogenous saliva components (Figure 17) and exogenous substituents after
prescribed drugs use (Figure 4 in Publication III) were assessed for possible
peaks co-migration. No false positive results were found during the specificity
studies. Furthermore, the proposed methodology was able to differentiate the
licit cannabis products consumption using CBD as a marker as CBD migrates
separately from THC.

Moreover, the controlled ad libitum smoking was conducted and the cannabis
abuse was determined after 20 minutes (Figure 18). However, the current CE-
LED system lacked sensitivity for THC impairment determination. It is believed
that the new detector construction with an excitation wavelength at 230 nm can
resolve this issue. The project on cannabis abuse determination by CE is on-
going further.
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Figure 17. Assessment of the endogenous matrix effect. Electropherograms: A-F —
OF samples from six volunteers, G — OF sample spiked with standards of CBD,
THC and IS. Peaks: 1 — neutral compound from a Salivette® swab, 2 — CBD, 3 —
THC, 4 — IS, 5 — saliva endogenous compound. Experimental conditions as in
Figure 2 in Publication III.
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Figure 18. CE analysis of real OF specimens. Electropherograms: Al, B1 — blank
OFs, A2 — saliva sample after the smoking of one “LM blue” cigarette, B2 — saliva
sample after the smoking of one cannabis cigarette. Peaks: 1 — neutral compound
from a Salivette ® swab, 2 — CBD, 3 — THC, 4 — IS, 5 — saliva endogenous
compound. Experimental conditions as in Figure 2 in Publication III.
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4.2.2 Determination of y-hydroxybutyric acid in oral fluid (Publication
IV)

v-Hydroxybutyric acid (GHB) is a well-known drug that naturally occurs in the
human body as a GABA metabolite, facilitating sexual assault. Therefore, the
differentiation between the exogenous and endogenous concentrations of GHB is
of utmost importance. GHB is a small polar molecule with weak absorbance and
without native fluorescence characteristics. Therefore, electrochemical detection
such as conductivity is believed to be suitable for detection of GHB in biological
samples. Generally, GHB abuse needs a complicated and time-consuming
sample preparation, including the derivatisation procedure. Moreover, the half-
life of GHB is merely 20-50 minutes. Therefore, the sample collection must be
performed as soon as possible after drug abuse suspicion.

The aim of the current study was to show that it is possible to detect GHB and
determine its exogenous and endogenous concentrations in saliva samples by
CE-C*D-ABS. No simple and reliable method had been proposed till now for
detection of GHB abuse in saliva samples by CE-C*D.
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Figure 19. Analytes: 1 — chloride (5 mg/L); 2 — nitrite (10 mg/L); 3 — nitrate (10
mg/L); 4 — sulfate (10 mg/L) and sulfite (5 mg/L); 5 — thiocyanate (40 mg/L); 6 —
tartrate (120 mg/L); 7— succinate (80 mg/L); 8 citrate (— 120 mg/L); 9 — hydrogen
phosphate (20 mg/L); 10 — lactate (20 mg/L); 11 — GHB (20 mg/L); 12 —glutamate
(20 mg/L); 13 — PMPA (IS).

Applied CE conditions. BGE: 8.5 mM maleic acid, 17 mM Arg and 255 pM CTAB,
15% ACN, pH=7.65; capillary length, 65.0 cm; temperature, 21°C; voltage, -19 kV;
hydrodynamic injection, 35 mbar for 10 s; contactless conductivity detection,
frequency 150 Hz; sample acetonitrile ratio, 1:3.
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CE-C*D-ABS was also suitable for determination of different anions present in
saliva samples (Figure 19 for C*D and Figure 1 — II in Publication IV for indirect
ABS). The performance characteristics of the CE-C*D-indirect UV methodology
was validated according to the European Medicines Agency’s Guideline on
validation of bioanalytical method (EMA/275542/2014)”’. The IDL and IQL
were 0.49 and 1.6 mg/L for C*D, respectively. The LoD and LoQ were 2.0 and
6.5 mg/L, respectively. The IDL and IQL for indirect UV absorbance were 5.1
mg/L and 17.0 mg/L, respectively. The inter-day precisions were within 2.3—
5.7% and intra-day precisions were within 1.6-9.0% for C*D. The inter-day and
intra-day precisions for indirect UV were within 2.1-9.3% and 5.6-10.1%,
respectively.

The recovery values were within 87.2—104.4%. The matrix effects were +53.2%
for small concentrations up to 25 mg/L for C*D and +23.6% for concentrations
up to 75 for mg/L for the indirect UV detection. No matrix effects were observed
for higher concentration levels. Moreover, six blank saliva samples were tested
and no peak overlapping was observed (Figure 20).
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Figure 20. I — Electropherograms of saliva blanks. II — Zoomed region of
electropherogram from 5.3 to 6.5 min: A — saliva of volunteer #5; B — saliva of
volunteer #1; C — saliva of volunteer #3; D — saliva of volunteer #2; E — saliva of
volunteer #4; F — saliva of volunteer #6; G — saliva of volunteer #3 spiked with 10
mg L' GHB. Applied working conditions and symbols as in Figure 19.
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Figure 21. CCE-C4D electropherograms of saliva samples after drinking red wine
and a zoomed region of electropherogram from 5.3 to 6.5 min: Al — blank saliva of
volunteer #5; A2 — saliva of volunteer #5 after drinking 30 cl of “Vina Maipo
Vitral”; A3 — saliva of volunteer #5 spiked with 10 mg/L. GHB (#11) after drinking
30 cl of “Vina Maipo Vitral”. Applied working conditions as in Figure 19.

Figure 21 shows electropherograms of saliva samples after wine drinking. The
saliva sample containing wine remains is a complex sample matrix with different
wine constituents, including phenolic compounds that can be recorded by C*D.
The small increase of GHB peak was observed after red wine drinking.

In conclusion, it is expected that there will be no difficulties in determination of
GHB abuse in forensic and patient saliva samples. Moreover, the proposed
methodology will be applied for real GHB abuse cases in the on-going research.
CE-C*D-indirect-UV as a forensic screening tool can offer rapidness, accuracy,
sensitivity and definiteness in the determination of GHB abuse in saliva samples.

58



S5 CONCLUSIONS

The main goal of this dissertation was to develop and optimize quick on-site
screening methods such as the spectral fluorescence signature method and
capillary electrophoresis for determination of drugs in different sample matrixes.

The results of the work demonstrate that SFS and in particular CE are very
promising techniques to be considered for the rapid on-site detection of illicit
drugs instead of the existing qualitative assays. It was demonstrated that both the
methods can use saliva as a body fluid for detection of abuse of illicit drug, thus
liberating law enforcement officers from the need to collect more common yet
more inconvenient-to-take urine and blood samples.

However, it was demonstrated that advantages of SFS and CE can be made use
of only by capable and sophisticated data processing chemometric tools.

The results of the study can be summarized as follows:

v The SFS method with ANN as an expert system and optimized
methodologies for illegal drugs detection was successfully validated.

v" The SFS-ANN database was extended and the working capability of
ANNSs was improved.

v' The approach for evaluation of uncertainty region for the artificial
intelligence system was proposed and proven to be effective for
understanding the working capability of ANN in the mixtures of
different adulterants and diluents.

v" The SFS method combined with PARAFAC-PCA-cluster analysis as a
rapid and sensitive method for qualitative and quantitative analysis of
different types of herbal medicines was applied for the first time ever.

v" The SFS-PARAFAC-PCA/CA method for determining the polyphenolic
content of HMs can be used as a screening method on-site or in
laboratory.

v" The front-face SFS method is capable of analyzing directly the authentic
fluorescent fingerprints of neat/undiluted herbal medicine extracts and
does not interfere with the Rayleigh scattering due to the special
measurement window.

v" The NACE-LED system was capable of detecting THC abuse in saliva
samples after smoking a cannabis joint. Moreover, it was possible to
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differentiate the licit cannabis use from the illicit one via detection of
CBD.

The CE-C'D system was capable of differentiating the exogenous and
endogenous concentrations of GHB in saliva samples.

CE-C*D was successfully applied for determination of GHB in saliva
samples after drinking red wine.

CE analysis time was within 10 minutes in determination of THC and
CBD and within 6 minutes in determination of GHB.
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ABSTRACT

Illegal drug abuse and addiction is a globally recognized phenomenon
encountering thousands of victims every year. It is reported that there were
estimated 187,100 drug-related deaths only in 2013. The widespread use of
illegal drugs causes the need for development of new analytical methods
targeted at the ability to identify the narcotics used by drivers/criminals as
quickly as possible, so that appropriate preventive measures can be taken.
Without a doubt, the global epidemic of drug abuse and addiction can be
compared to the plague, which contracted millions of victims. Nowadays the
diversification of drugs is extremely difficult to stop. New legal “highs” are
continuously coming to the market. There have been already registered more
than 450 new psychoactive substances via the EU Early Warning System, 101 of
which were notified in 2014. Therefore, the implementation of new technologies
for the rapid determination of illegal drugs and timeliness sharing of information
within and between countries is a priority for border control, law enforcement
officers and organizations fighting against this global problem. Cocaine, heroin,
and marijuana are under international control and scheduled according to the
1961 Convention (48th Ed. 2008). Marijuana is the most widely used illegal
substance in the world. Cocaine is the most trafficked drug in the world after
herbal cannabis and cannabis resin. Heroin is the third most frequently
mentioned illegal drug in emergency-room episodes within the US and East
Europe. Other well-known and popular drugs of abuse among teens and young
adults are MDMA known as ‘Ecstasy’ and y-hydroxybutyric acid (GHB) known
as ”Liquid Ecstasy”.

This study was aimed to evaluate the efficacy and accuracy of detecting
cocaine/heroin/MDMA in the form of powder, solid crystals or solid chunks of
material by the spectral fluorescence signature (SFS) method combined with
Artificial Neural Networks (ANN). Validation was not only required for the
method with optimized methodology, but also for the application of advanced
statistical methods and intelligence methodologies for data analysis. Moreover,
the SFS method coupled to PARAFAC-PCA/cluster analysis was utilized for the
herbal medicines (HM) profiling known as traditional drugs used for treatment
of different disorders. This study explored the possibility of application of
capillary electrophoresis for determination of drug abuse. The methodologies
for determination of marijuana and GHB abuse in saliva were developed,
optimized and validated. Saliva was chosen as an alternative sample matrix as it
is less invasive, painless and easier to collect than blood and urine and can be
used as a screening sample matrix on-site, giving more accurate representation
of the processes going on in the body. The utilized methods such as SFS coupled
to different pattern recognition techniques and CE coupled to different detectors
for illegal drugs identification in seized samples, profiling of HMs according to
the polyphenolic content and determination of drug abuse in saliva were proved
to be reliable and accurate.
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KOKKUVOTE

Keelatud narkootiliste ja psiihhotroopsete ainete joove ja sdltuvus on
iilemaailmne probleem, mis tabab tuhandeid ohvreid igal aastal.

Vastavalt hiljuti avaldatud Euroopa Narkootikumide ja Narkomaania
Seirekeskuse (EMCDDA) aruandele lisandus 2014. a turule erakordselt suur arv
uusi psithhotroopseid aineid — 101, saavutades sellega uue rekordilise arvu —
450, mis on niilidseks registreeritud Euroopa Liidu Varajase Hoiatamise
sisteemis (EU Early Warning System). Viimased andmed nditavad, et
narkootikumide tarbimine maailmas on praegu saavutanud koigi aegade
korgeima taseme. Ka Eestis ei ole narkootikumide kasutamise osas vihenemise
tendentsi médrgata. Narkomaania on 1iks tOsisematest probleemidest, mille
lahendamine on oluline nii riiklikul kui ka rahvusvahelisel tasandil. Uute
narkootiliste ainete lisamine kontrollitavate ainete nimekirja on keeruline ja
aegandudev protsess. Uks olulisematest etappidest on ainete identifitseerimine,
mis omakorda nduab uue meetodika viljatodtamist, selle optimeerimist ning
valideerimist. ~Adrmiselt oluline on ka ekpressdiagnostika meetodite
viljatootamine nii uute narkootikumide kui ka klassikaliste narkootiliste ainete
tuvastamiseks. Koige levinumad narkootilised ained on kokaiin, heroiin ja
kanepi produktid (marihuaana, hasis). Muuhulgas, kanep on iiks enim tarbitavaid
uimasteid. EMCDDA aruande jdrgi on iga neljas Euroopa Liidu elanik
proovinud kanepit vihemalt iiks kord oma elus. Seejuures tuleb silmas pidada, et
kokaiini ja heroiini tarbimisega kaasnevad eriti rasked sotsiaalsed probleemid,
kuna need uimastid tekitavad tugeva sdltuvuse ja muudavad pdhjalikult, isegi
poordumatult inimese elu, tuues sageli kaasa fataalseid tagajérgi. Lisaks on
noorte seas iilipopulaarsed ka teised narkootilised ained nagu MDMA (tuntud
"Ecstasy’ nime all) ja GHB ehk ‘korgijook’.

Kéesoleva uurimistod eesméargiks oli hinnata alternatiivina voi tdiendavalt
traditsioonilistele meetoditele uusi meetodeid narkootiliste ainete tuvastamiseks
nii tahketes, tdnaval konfiskeeritud kui ka bioloogilistes proovides. Vere ja
uurini asemel uuriti narkootiliste ainete marihuaana ja GHB joobe tuvastamist
siiljes, mis on efektiivne toendusmaterjal ja mille proovide votmine on lihtne,
vihem ebameeldiv ja ka valutu ning ei ndua eritingimusi. Selleks tootati vélja,
optimeeriti  ja  valideeriti  erinevate  detektoritega  kombineeritud
kapillaarelektroforeesi (KE) metoodikad narkojoobe kiireks ja usaldusviirseks
tuvastamiseks siiljes. Lisaks hinnati kemomeetriliste meetoditega kombineeritud
spektraalse fluorestsentskujutise (Spectral Fluorescence Signature, SFS)
meetodi voimet kiiresti ja usaldusvéérselt tuvastada kokaiin, heroiin ja MDMA
pulbrites lisandainete juuresolekul, ning vdimet kaardistada ravimtaimede
sormejilgi poliifenoolsete iihendite sisalduse alusel. Kiesoleva uurimist6o
eesmirgid on saavutatud ja hiipoteesid tdestatud. Kasutatud meetodid koos
uudsete metoodikatega andsid véiga hdid ja wusaldusvdirseid tulemusi,
vOimaldades narkootilisi aineid erinevates proovimaatriksites efektiivselt
analiilisida ning ka ravimtaimi profileerida.
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Qualitative detection of illegal drugs (cocaine,
heroin and MDMA) in seized street samples
based on SFS data and ANN: validation

of method

Jekaterina Mazina®*, Valeri Aleksejev®, Tatjana Ivkina®, Mihkel Kaljurand®

and Larissa Poryvkina®

In this paper, the validation procedure of spectral fluorescence signature (SFS) method combined with multilayer
perceptron artificial neural networks (MLP-ANNSs) for detection of illegal drugs (cocaine, heroin and 3,4-methylene-
dioxy-N-methylamphetamine) in street samples is proposed. The qualitative information, based on a binary re-
sponse (detected/not detected), was directly obtained through the response of an expert system. The performance
parameters (limit of detection, selectivity/matrix effects, threshold value and robustness) were evaluated according
to the requirements for qualitative method. Copyright © 2012 John Wiley & Sons, Ltd.

Keywords: artificial neural networks; validation; spectral fluorescence signature; narcotics; excitation-emission matrices
|

1. INTRODUCTION

According to the European Monitoring Centre for Drugs and
Drug Addiction report, published in May 2011, the number
and diversity of new drugs are not only increasing rapidly but
are also becoming widespread [1]. Evidently, there is a strong
necessity of synergic cooperation of different laboratories and
law enforcement forces internationally. For quick and efficient bat-
tle against drug trafficking, simplicity, reliability and efficiency of
the selected instruments and methods for drug detection is
expected. Without a doubt, modern hyphenated techniques such
as gas chromatography/liquid chromatography-mass spectrometry
(GC/LC-MS) are powerful methods for detection of illegal drugs,
but the operation requires well-trained technicians in the interpre-
tation of the obtained results, and the equipment, because of its
complexity, can only be used indoors. The alternative methods
such as Fourier transform infrared (FT-IR) spectroscopy [2], Raman
spectroscopy [3], ion-mobility spectrometry [4] and colour tests
[5] are used for onsite tests. Although these methods are simple
to operate, none of them could be sufficiently selective, accurate
and reliable for illicit drug detection in multicomponent street
samples [6-11].

The innovative approach of using the spectral fluorescence
signature (SFS) method for detection of illegal drugs in seized
street samples is proposed [12-14]. This method is based on the
measurements and analysis of two-dimensional fluorescence
matrixes where the intensity is a function of excitation
and emission wavelengths, and concentration C of an analyte
(Zexs Aem @and Q). The crucial part of analysis is the data interpreta-
tion. One of the options is using chemometric techniques for data
analysis. Chemometric methods have proven to be powerful tools
for mathematical extraction of the latent structures of multicompo-
nent spectroscopic data and are used more and more for the
interpretation of spectral matrixes [15].

Artificial neural networks (ANNs) are powerful mathematical
tools that can be related to biological neural network models.
The use of the ANNs for data processing (interpretation) has
significantly increased during the last 20 years. ANNs are being
successfully used to resolve several issues in finance, medical
diagnosis, process control, physics, weather forecasting and
analytical chemistry [16]. The real advantage of using the ANNs
in the spectroscopic data analysis is the option to automatise the
analysis. The new approach to combine the SFS technique with
ANNs proposed [12-14,17,18] in a forensic science is unique. The
chemometric tools coupled to spectroscopy make the analysis
highly valuable in the present situation when the need of illegal
drug detection counts to the minute in order to stop the
next crime and also prevents the possibility of drug trafficking in
the future.

One of the critical tasks for analysts is to ascertain that the
selected method fulfils the desirable needs and works accurately
to solve the issue. In particular, when the goal of chemometric
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analysis is not only exploratory analysis but also a further predic-
tion of unknown samples, the validation procedure must be con-
ducted with extreme care. The European Union directives
regulate and offer certain validation parameters for qualitative
and quantitative analysis [19,20]. Sometimes, validation of
qualitative analysis is frustrating because of the different
terminologies for parameters being used in different organisations.
This problem was defined by R. Galarini [21]. Indeed, there are
numerous useful protocols for method validation defined by
different organisations, that is, Food and Drug Administration,
National Drug Administration, the United States Pharmacopoeia
Convention, the European Network of Forensic Science Institutes,
the International Union of Pure and Applied Chemistry (IUPAC)
or Eurachem (A Focus for Analytical Chemistry in Europe)/the
Clinician Investigator Trainee Association of Canada [22,23].

Qualitative analysis is a primary part of the chemical analysis.
Its validation requires the determination of the following
performance parameters: specificity/selectivity, limit of detection
(LoD), precision (within the laboratory repeatability and/or within
the laboratory reproducibility conditions) and stability. Obviously,
the important part of the validation is the evaluation of the applied
chemometric technique, especially when it is used for routine
analysis. Nowadays, more and more chemometric approaches
such as ANNs [24] and support vector machines [25] are
implemented for data analysis to make the detection more
efficient; therefore, human subjective judgement is replaced by
the artificial intelligence system’s response. With no doubt, the
efficacy of the ANNs in the classification of unknown samples must
be evaluated. Moreover, it is necessary to determine whether the
model used for analysis with generalising ability is overfitted or
underfitted [26]. Indeed, there are no special requirements for
the artificially intelligent system either in the 2002/657/EC [19] or
in the 2007/47/EC [27]. There are a huge number of articles that
suggest that the primary parameter for evaluation of prediction
performance of an ANN model is a true error on testing the trained
network [28], but none of them defines rather the ANN has the
uncertainty region (unreliability region), where the outputs of
ANN are inconclusive.

This study aims to evaluate the efficacy and accuracy of cocaine,
heroin and MDMA detection seized in the form of a powder, solid
crystals and chunks of material or tablets by the SFS method com-
bined with ANNs (SFS-MLP-ANN). In this paper, the validation of the
method for binary analysis with responses ‘detected/not detected’
is described. Furthermore, the special approach using uncertainty
regions for multicomponent matrixes is proposed for better under-
standing of the prediction performance of the ANN models. Conse-
quently, validation is required for the SFS method with optimised
methodology combined with advanced statistical methods such
as ANN, that is, intelligence methodology for data interpretation.

2. EXPERIMENTAL

2.1. Chemicals and standard solutions

3-Trifluoromethylphenylpiperazine with benzylpiperazine (1:1), 4-
bromo-2,5-dimethoxyphenethylamine (2C-B) (about 3%) and mari-
juana (13% THC) were obtained from the Estonian Forensic Science
Institute (EFSI) (Tallinn, Estonia) (Table I). All reagents were of analyt-
ical grade. Deionised water was obtained from a Milli-Q water
purification system (Millipore, Molsheim, France).

Samples of forensic drug exhibits were obtained from the police
departments (nine) [17] in North Carolina, USA, and from EFSI

in Tallinn, Estonia. The validation was performed in EFSI and
in NarTest laboratory in North Carolina. The EFSI supplied
quantitative analyses of drug content for samples provided by
them, along with identification of additional compounds. Another
set of samples seized by police in North Carolina, USA, was
analysed by the reference methods GC-MS and FT-IR in the
laboratory of NarTest Company (NC, USA).

2.2, Equipment and analytical conditions

All fluorescence measurements were carried out on a NarTest™
NTX2000 Drug Analyzer (Tallinn, Estonia) that generates excitation—
emission matrixes (EEMs) or SFSs. This is a compact spectrofluo-
rometer equipped with a 5W pulsed xenon lamp and a special
10mL optical cell. SFSs were measured in front-face optical
layout (35°) from the surface. The following experimental para-
meters were set: dey=230-350nm (25 excitation wavelengths)
and Jem=250-565nm (64 emission wavelengths) with 5nm
intervals in both directions. The spectrofluorometer generated
SFS, where the Rayleigh scattering was outside the measuring
range. One scanning took 2.3 min. The required time for complete
analysis of one sample was not more than 15 min.

2.2.1.  Measurement of SFS

The SFS of neat cocaine base, cocaine hydrochloride, MDMA
hydrochloride, MDA hydrochloride, heroin and morphine, and also
different neat adulterants, binary mixtures and multicomponent
drug samples, were recorded. The SFS of neat analytes of
interest in the mixture of glucose at two different concentrations
(5% w/w and 100% w/w) are presented in Figure 1. Spectral data
are corrected on the spectral distribution of Xe-lamp and detector
spectral sensitivity. SFS as two-dimensional matrix is normalised on
the fluorescence maximum of the analyte of interest that is marked
with a black dot in SFS. Different colours at SFS indicate the level of
equal fluorescence intensity.

2.3. Sample preparation

Stock standard solutions of analyte at a concentration of 2 mg/mL
were prepared in deionised water and stored at 4 °C. A concentra-
tion of 2mg/mL is equal to the upper range of application, that is,
100% by weight. The working standard solutions were prepared by
appropriate dilution of the stock solution prior to analysis.

Hydrochloric acid (6 N), sodium hydroxide (0.75 M) and OPA-NAC
(0.03M) solutions were also prepared in deionised water,
transferred to dropping bottles with 40 uL drops and stored at
4°C for 6 months.

2.3.1.  Contamination check

The test tube, pipette, optical cell and solvent (distilled water)
were checked for contamination prior to analysis using
NTX2000 analyser. Water (10 ml) was transferred by pipette to
the tube. The test tube was capped and shaken several times.
Afterwards, the solvent was transferred into the optical cell. If the
blank sample was accepted, the analysis would be continued.
Otherwise, the blank test was repeated with another 10ml of
water and new consumables (test tube, pipette, optical cell) until
the result was satisfactory.

J. Chemometrics 2012; 26: 442-455

Copyright © 2012 John Wiley & Sons, Ltd.
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Table I.

Drug standards Cutting agents

Reagents and cutting agents/adulterants specific for analytes of interest

Chemicals

Caffeine (Dolder)
Codeine phosphate?

Diltiazem HCI (Sigma)
Ephedrine®

Fentanyl ? (6.6%)
Glucose®
Hydromorphone HCI*
Inositol (Alfa-Aesar)
Ketamine HCI (Sigma)

Morphine HCI®

Lidocaine (Sigma)
MDEA HCI®

mCPP HCI (Aldrich)
Nicotinamide (Sigma)

Phentermine®

Quinine (Sigma)
Marijuana® (13% THC)

?Secondary standard, EFSI.

Cocaine HCI? 1-BZP (Fluka)

Cocaine base (Sigma) 3-MAM oxalate®

Heroin HCI® 3-Methylfentanyl® (0.88%)
Heroin base® 6-MAM HCI®

MDMA HCI? Amphetamine sulfate®
MDA HCI? Benzocaine (Sigma)

Benzoic acid (Sigma-Aldrich)

Dextromethorphan HBr H,O (Fluka)

Mannitol (Sigma-Aldrich)
Methamphetamine HCI®

Tetramisole HCl (Sigma)

Norfentanyl HCl (Lipomed)

Procaine HCl (CPC W.M. Gmbh.)

Hydrochloric acid (37%) (Fluka)
N-Acetyl-L.-cysteine (Sigma-Aldrich)
o-Phthaldialdehyde (Sigma-Aldrich)
Sodium hydroxide (Sigma-Aldrich)
Cutting agents (local store)

Flour (Veski-Mati)

Potato starch (Minu)

Baking soda (Latplanta)
Pseudoephedrine (Sudafed®)
Paracetamol (Pamol®)

Aspirin (Bayer HealthCare)

2.3.2.  Sample pre-treatment

Solid samples were homogenised prior to analysis, and 20 mg of
powder or crushed sample was dissolved in 10 mL of water and
checked for contamination. The tube with a sample solution was
shaken carefully and left to stand for 1 min until the insoluble
particles settled. At the first step, 5mL of liquid aliquot was
transferred to the optical cell. The further analysis was performed
according to the instructions of the programme guidance [29].

2.3.2.1.  Cocaine procedure. In this study, the distinction of cocaine
is based on the change of fluorescence intensity at /ex/Aem 235/315
and dex/2em 275/315nm of the two chemical forms of cocaine
under the treatment with acid solution (Figure 2(b1)).

One drop or 40 pL of 6 N hydrochloric acid was added to 5 mL of
sample solution in the second step. If the growth of fluorescence
intensity was observed at Aey/Zem 235/315 and Aey/Zem 275/315 nm,
cocaine base (Figure 1(c and d)) would have been detected.
Cocaine salt (Figure 1(a and b)) would have been detected
if the quenching was observed. Cocaine differentiation was
impossible when the growth or loss of fluorescence intensity
was insufficient.

2.3.2.2. MDMA/MDA procedure. The analysis of MDMA (known
as ecstasy) is based on the detection of SFS with maximums of

Jexlhem 235/320 and Jex//em 285/320nm (shown in Figure 1
(i and j)). The ecstasy structural analogue MDA has a similar to
MDMA SFS. In order to differentiate MDMA samples (neat or
cut) from the samples that contain MDA (neat or cut), one drop
of 0.75M sodium hydroxide and one drop of 0.03 M OPA-NAC
were added to 5 mL of sample solution. Formation of isoindole
complex between the OPA-NAC reagent and the primary amino
group of MDA provides a maximum at /e./Zem 335/425 nm [30].
If the isoindole complex was formed, either MDA or MDA in
the mixture of MDMA would have been found, and the
answer would have been ‘'MDMA/MDA detected; respectively.
Otherwise, MDMA would have been detected in the sample
under investigation (Figure 2(d2-1 and d2-2)).

2.3.2.3.  Heroin procedure. Heroin analysis is based on the
detection of morphine in the sample. It is known that the
fluorescence of heroin in water (Figure 1(e and f)) is not strong
enough to confirm the presence of heroin in the multicomponent
samples, but the morphine (Figure 1(g and h)) presence can be
easily detected because of its high quantum yield of fluorescence.

The seized sample can contain morphine (scheduled Il in
Estonia [31]) as one of its constituents and none of heroin. To
confirm the presence of heroin in the sample, the fluorescence
intensity at /ex/Aem 285/345 nm in the main sample was compared
with fluorescence intensity at the same point of reference sample.

wileyonlinelibrary.com/journal/cem
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Figure 1. SFS of analytes (Lex//em, I*) in deionised water: (a) cocaine hydrochloride (235/315, 7482.5); (b) cocaine hydrochloride (285/315, 6879.5);
(c) cocaine base (235/310, 2330.8); (d) cocaine base (235/310, 2770.6); (e) heroin (230/315, 61.0); (f) heroin (230/315, 142.1); (g) morphine (230/340,
636.6); (h) morphine (275/335, 2755.3); (i) MDMA (235/320, 49801.4); (j) MDMA (255/320, 41731.4).* J..x—excitation wavelength, nm; Ze,,—emission

wavelength, nm; /—intensity, a.u.

First of all, the reference sample solution was measured. To
prepare the reference samples, three drops of 6 N hydrochloric
acid and then three drops of 0.75 M sodium hydroxide were added
to 5 mL of sample solution.

In order to treat the main sample, three drops of 0.75 M sodium
hydroxide were added to 5 mL of sample solution remaining in the
test tube. The solution was agitated and left to react for 15min.
Afterwards, three drops of 6 N hydrochloric acid were added to
convert morphine into morphine hydrochloride. Morphine
hydrochloride has a higher quantum vyield of fluorescence in
comparison with its base form. For this reason, the conversion of
morphine to its salt form is crucial for detection of morphine
(Figure 2(c2-1)).

If there had been a sufficient growth of the signal response at
Jexl2-em 285/345 nm, heroin presence would have been confirmed
in the sample.

2.4. The methodology of artificial neural networks

Multilayer perceptron (MLP) ANNs based on a backpropagation
learning algorithm were employed as a tool for pattern recognition
of SFS (or EEMs) for illicit drug detection in seized street samples
[18]. Unlike linear regression, principal component regression
and partial least squares, ANNs can deal with the highly nonlinear,

strongly coupled, multivariable systems. Moreover, the crucial
characteristic of the used chemometric technique is its generalisa-
tion ability. However, the most widely used technique for EEM
interpretation is parallel factor analysis [32], and this method has
also been considered for data analysis; it was not a better solution
for the current study. The comparison of different techniques will
follow in a later publication.

A comprehensive database has been used to develop the
models for drug detection. The data consisted of 4300 different
laboratory mixtures (neat drug standards, laboratory mixtures
with adulterants, diluents, neat cutting agents, impurities and
precursors [17]) and more than 4000 street samples. The data
were balanced in the view of variability of positive to negative
samples as well as variability of samples with common SFS of
drugs to untypical SFS of sample. Moreover, all street samples
used for ANN construction were analysed by the reference
method, GC-MS.

The balanced data were split into three sets: training, monitoring
and validation set with two subsets: the first validation and the
second validation subset. The training set consisted of 4126
different samples for cocaine, 2357 samples for heroin and 1970
samples for MDMA/MDA. The aim of the monitoring set was to
estimate and select the optimal model. The monitoring set
consisted of 4124 different samples for cocaine, 2357 samples
for heroin and 1969 samples for MDMA/MDA, and this data
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Contamination check Step 1

Exc/Ems / Value : 23 118.9
Min/ Max : 0.0/2118.9.

Exc/Ems / Value : 235.0/ 315.0/ 2432.1

Exc/Ems  Value : 230.0/ 2500/ 1262
Min/ Max : 0.0/ 1262

TEXC/ Ems | Valle : 285,01 3450/ 238.6
Min/ Max : 0.2/1088.0

Min / Max : 0.0/ 2432.1

Min / Max : 0.0/ 57735

Exc| Ems | Value : 285.01 345,01 419.5
Min / Max : 0.9/ 563.7

Exc/Ems / Value : 335.0/ 40.0/ 1133
Min / Max : 2.9/ 66789

Exc/ Ems  Value : 235.0/ 320,01 50933

Min / Max : 0.0/ 50933

Figure 2. Schematics of procedures presented as SFS of analytes at different steps in water and treated by reagents. Pre-analysis: (a) deionised water.
Step 1: (b1) cocaine sample in water; (c1) heroin sample treated by reagents (i.e. reference sample); (d1) ecstasy sample in water. Step 2: (b2-1) cocaine
under treatment of reagent (‘cocaine salt detected’); (b2-2) cocaine under treatment of reagent (‘cocaine base detected’); (c2-1) formed morphine under
treatment of reagents (‘heroin detected’); (d2-1) ecstasy sample under treatment of reagents (MDMA detected’); (d2-2) ecstasy sample and isoindole

complex under treatment of reagents (MDMA/MDA detected’).

did not intersect with the data of the training set. The first
validation subset consisted of certain binary laboratory mix-
tures with a known ratio (w/w) of pure drug standards to pure
cutting agents. The following mixtures were prepared:

¢ Cocaine procedure %(w/w): 5:95, 10:90, 15:85, 25:75, 50:50,
75:25, 95:5;

¢ Heroin procedure % (w/w): 5:95, 10:90, 15:85, 25:75, 35:65,
50:50, 75:25, 90:10, 95:5;

*  MDMA procedure % (w/w): 1:99, 2:98, 3:97, 5:95, 6:94, 10:90,
15:85, 25:75, 50:50, 75:25, 95:5.

The first validation subset was used for evaluation of the efficacy
of optimal ANNs. The second validation subset consisted of 628
true positive seized street samples (491 cocaine samples, 26
ecstasy samples and 111 heroin samples) and 625 true negatives
for all analytes of interest. This validation subset was performed
by different operators and instruments in the different laboratories
to evaluate the statistical parameters: false positive rate, false
negative rate, sensitivity and specificity [33,18].

The dimensionality of the original dataset was reduced by us-
ing feature extraction. The vector of features, which represented
an average value of intensities of segments in SFS (Figure 3), was
used as input for ANN. The sizes and locations of such segments
depended on the certain task. Primarily, they were directly
connected with the spectral maximums of the analyte of interest.
A well-considered selection of inputs improved the final model,
reducing the amount of noisy and interfering components in
the input data.

Prior to ANN training, the raw features are submitted to different
ways of normalisation preparing the data to be suitable for
training. [34] The normalisation rescales the feature or output from
one range of values to a new range of values. Three techniques
were used for vector rescaling: linear scaling with range [0, 1] or
[=1, +1] with or without clipping; linear scaling of mean
dispersion to [0, 1] or [—1, +1] with or without clipping; and
without scaling. The minimum-maximum values of the feature
vector were rescaled to the range from 0 to 1 or from —1 to +1,
respectively. The normalised feature lies within the ranges from 0
to 1 or from —1 to +1.

After data normalisation, all variables were in the range of
[0, 1] or [—1, +1]. If an out-of-range value was observed, the
clipping would be applied to the data. The clipping approach
meant that the out-of-range value was set equal to the nearest
valid threshold value, that is, 0 or 1; —1 or +1. For instance, if the

Figure 3. Example: one of the masks applied for feature extraction. One
segment is highlighted in white

wileyonlinelibrary.com/journal/cem

Copyright © 2012 John Wiley & Sons, Ltd.

J. Chemometrics 2012; 26: 442-455



Detection of illegal drugs by SFS-MLP-ANN

Joumnal of

CHEMOMETRICS

value was higher than the threshold, then the upper threshold
value would be assigned to it.

The architecture of ANNs depended on the concrete task
and was developed for each procedure independently. The
number of input nodes (12-95), hidden layers (1-3) and
outputs (1-4) was optimised for each ANN. Generally, the con-
figuration of ANNs was as simple as possible and approached
empirically by different possibilities, that is, neurons (approxi-
mately 10) in the hidden layer, learning rate (n=0.01) and
momentum (x=0.9). The most commonly used transfer
functions were linear, sigmoidal and hyperbolic tangent. The
ANNs were trained with the desired output that was coded in a
numerical value by assigning 0 for ‘not detected’ and 1 for
‘detected". For classification purposes, a threshold value was set
to 0.5 (50%). All results with an output less than 0.5 were classified
as ‘not detected; and results exceeding the threshold value were
classified ‘detected'.

With no doubt, ANNs can be exposed to data overfitting, that
is, the risk that the networks have learnt peculiarities specific for
the training samples and lost the ability to generalise. This study
attempted to minimise this by using a simple as possible
configurations of ANNSs, large testing size, two validation subsets
and their independency from each other and also by applying
constraints as described previously in the procedures. The final
choice was performed by selecting the one that provided the
best classification accuracy on the monitoring set. Afterwards,
the optimal ANNs were verified by validation subsets. Finally,
the nets were accepted or rejected and sent to redevelopment
if the results did not fit the purpose of validation. ANNs
were built using internally developed software based on the
Neurowindows library from Ward Systems Group Inc. (Frederick
MD, USA).

2,5. Validation

Concrete requirements for validation of SFS-MLP-ANN must be
fulfilled in order to be categorised as a confirmatory analysis. First
of all, the method must provide information on the chemical
structure of the substance with the maximum discriminating
power, and also sufficient separation must be achieved between
the analytes. The method under investigation is not ordinary
fluorescence spectroscopy but the combination of two different
analytical groups according to the Scientific Working Group for
the Analysis of Seized Drugs (SWDRUG): group 2—structural
elucidation technique: SFS method and group 4—chemical
properties: solubility and specific reactions (conversion of heroin
to morphine, derivatisation). Moreover, this study has determined
MLP-ANN as the independent group: multivariate analysis
technique (chemometrics). Utilising several techniques, in series
or combination, has certainly increased the discriminating power
of fluorescence spectroscopy that is put into the category C by
SWDRUG.

The validation procedure was performed according to the
United Nations Office on Drugs and Crime, International
Conference on Harmonisation of Technical Requirements for
Registration of Pharmaceuticals for Human Use/United States
Pharmacopoeia, SWDRUG and Commission Decision 2002/
657/EC requirements established for the qualitative analysis.
Furthermore, it was found that the better understanding of
the work of ANNs was crucial for validation. ANNs are often
allied with a ‘black box’ nature because of its complexity to
describe the explicit rules between input and output variables.

Therefore, the uncertainty region for ANN for each compound
in the binary mixtures was found to be an ideal tool to deter-
mine the ANN behaviour. The following parameters are to
be determined in the validation of SFS-MLP-ANN: range of
application (LoD in the mixture of inert matrix, threshold
limit (CCp) in the mixture of inert matrix, upper range of
application); selectivity/matrix effects (CCf5, uncertainty region
for each of the interferences); robustness (expressed as
reliability% at the threshold value*1.5); precision (repeatability,
reproducibility).

The discriminating power of the SFS-MLP-ANN method was
evaluated on the testing of street samples. Statistical parameters
(false positive rate, false negative rate, sensitivity and specificity)
[35] were obtained by comparison of the results of the SFS-ANN
method with GC-MS or FT-IR, well-characterised reference
methods. The previous statistics from 2005 to 2009 () was
published in SPIE proceedings [17,18], and up-to-date statistics
(2009-2011) are presented in the current study.

3. RESULTS AND DISCUSSION

3.1. Training of ANNs

The data for construction of ANNs were divided into four different
sets, as described previously: training (TRN), test set (TST) and
two validation sets (VAL1 and VAL2). The training was repeated
with several random restarts to find the best suitable model. The
training of normalised data lasted until no improvement of the
statistical parameters was observed during 1000epochs. As
mentioned previously, all systems were trained using a back
propagation algorithm. The objective was to minimise the
instantaneous value of total error energy. Errors of training (TRN)
were defined as average error energy and were found according
to the following equations [36]:

)

L 311
Ea = NZE”
n=1

where n is the number of iteration, E” the instantaneous value of
total error energy, E,, the average error energy, N the total number
of training pattern, d the target output for neuron j and y; the
network output of neuron j.

Several (about 10) best trained networks were tested on the
monitoring sets, and the best ones were chosen for more precise
investigation on the validation subsets. Figure 4 presents only
the results for optimum ANNs used for the current validation
procedure. The best ones were chosen according to the
following criterion:

(a) None of the false positives (f,) were accepted either in the
TRN or TST to prevent a mistaken arrest;

(b) The lowest rate of false negatives was preferable;

(c) ‘Erroneous’ classification was acceptable but leads to a
minimum value. ‘Erroneous’ classification meant ‘erroneous’
identification of forms of the analyte of interest, but the
substance was also scheduled, for instance, cocaine salt
and cocaine base, MDMA and MDMA in the mixture of
MDA, and MDEA detected as MDMA.

(d) The highest efficiency was found according to the following
equation:
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Figure 4. Parameters of optimal ANNs: (A) %Efficiency; (B) average error energy (Ea,) (black—TRN; white—TST).
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where t, is the number of true positives, f, the number of false
positives, t,, the number of true negatives and f, the number
of false negatives.

No false positives were found either on TRN or TST, and only
one false negative for the heroin procedure was observed. The
erroneous sample was investigated more precisely. It was
concluded that the high masking effect of the unknown adulterant
and probably low concentration of heroin in the sample gave the
invalid suggestion about the sample. The obtained results were
suggested as satisfactory, and the trained ANNs were verified by
further evaluation by independent validation subsets.

3.2. Validation set

Usually, the prediction performance of the ANN model is estimated
by efficiency on testing the trained network. Certainly, all methods
have their ranges of application, where they are working perfectly.
That is why the methods must be verified and validated, showing
that they fulfil the scope of investigation. This study showed that
efficiency of the ANNs did not depend only on how well the ANNs
were trained but also on the data fed to the trained ANN.

Typically, drug street samples are multicomponent complex
samples. Multicomponent samples do not only challenge the
selectivity of the SFS method, but the phenomena of quenching
and masking effects must also be considered when dealing with
such samples. Therefore, this study was designed to evaluate the
reliability of SFS-MLP-ANN method to detect analytes of interest
even in highly adulterated mixtures. The potential for errors
(f, f,) from binary mixtures in the range of 0% to 100% by weight
of analyte of interest was examined, and the ratios at which co-
caine, heroin or MDMA could be detected were determined. The
validation was divided into two subsets: laboratory mixtures and
real street samples. Performing testing of trained networks on lab-
oratory mixtures gave primarily the understanding of the range of
application of the SFS-MLP-ANN method. The subset containing
street samples provided a better understanding of how the SFS-
MLP-ANN method was working in a routine analysis.

3.2.1.  Calibration curves and limits of detection and quantitation

3.2.1.1.  Limit of detection and detection capability (CCf5). There
is a variety of terminologies for LoD [37]. According to IUPAC,

LoD is the ‘minimum detectable (true) value; and ISO defines it
as the ‘minimum detectable net concentration’. Moreover, there
are more terms, such as limit of decision (CCx) and detection
capability (CCp), defined in 2002/657/EC [19]. CCo. and CCf are
two important performance characteristics of confirmatory
methods for banned substances (group A, i.e. substances having
anabolic effect and unauthorised substances) [19].

Actually, the method detection limit (LoD) is referred to real
matrices [38] and is defined as the ‘threshold concentration at
which the test becomes unreliable’ [23] for qualitative analysis.
The LoD was found using the calibration-design-dependent LoD
approach with 95% prediction intervals [39,40]. The estimation of
LoD was sometimes unfeasible, because the values varied from
device to device to a small extent, and certainly depended on
instrument settings and the sample matrix. Indeed, it displayed
method sensitivity, because the slope of the calibration curve with
confidence intervals (p=95%) was used for the LoD calculation,
but it did not show the sensitivity of ANNs.

It was obvious that for qualitative analysis coupled with ANNs,
it was necessary to find CCf or ‘the lowest concentration at
which a method was able to detect truly contaminated samples
with statistical certainty of 1— " [19]. CCS or the threshold
concentration showed the sensitivity of the intelligence system
and therefore the actual limit of the optimised system.

Indeed, CCf; for screening and confirmation methods must be as
low as possible for detection of banned substances such as
cocaine, heroin or MDMA in bulk materials. Moreover, Commission
Decision 2002/657/EC requirement for qualitative methods must
be fulfilled, that is, the false compliant rate (CCf) must be <5%
(B-error) at the level of interest. In other words, the method should
be able to identify the analyte in 95% of the cases at the CCf [41].

Therefore, the CCS was defined not only by decomposing the
spectral patterns in SFS but also by the capabilities of the ANN
expert system used for analysis. The CCS was defined by a
probability—concentration graph by investigating the spiked blank
material at and above the LoD, where at least 20 independent
replicates were performed for each point (Figure 6). Glucose was
chosen as the blank material, that is, a compound that does not
have either a native fluorescence or quenching effect on the
analytes of interest. Also inositol, lactose, sucrose and other
compounds were suitable.

The LoD and CCf values are summarised in Figure 5. Itis obvious
that LoDs are much higher than the threshold (CCf). In order to
improve the threshold values, SFS with a desirable concentration
could be fed up to the training set and the ANN retrained. But
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the risk of overfitting must be taken into account if too noisy
data due to the low concentration of analyte in sample are applied
for retraining of ANN. Consequently, SFSs with reasonable
concentration range should be only used for retraining. In this
study, the retraining was only required for heroin. The first results
found for the heroin procedure showed that the threshold value
for heroin HCl was 3.13% (w/w) and for heroin base was 6.25%
(w/w). It was decided to overtrain the ANN adding SFSs containing
0.2%, 0.5%, 0.8% and 1% (w/w) of heroin hydrochloride. The
efficiency% on TRN and TST remained the same. The final results
of the threshold value for the heroin procedure were the following:
0.2% for heroin hydrochloride and 0.8% for heroin base,
respectively (Figure 6).

3.2.2. Selectivity

Selectivity is one of the important parameters that must be
evaluated in the validation of qualitative method. It shows how
accurately the method with optimised methodology distinguishes
the analytes in the mixtures with different compounds found in
the sample matrixes. Moreover, the study of mixtures provides the
possibility to determine substances that can lead to false negative
results, false positive and also erroneous classification. It also shows
the substances that have quenching effects on the analytes of inter-
est. In order to obtain realistic results, the most common drug com-
binations must be determined. According to ‘Guide to Adulterant,
Bulking agents and other Contaminants Found in lllicit Drugs’
(Claire Cole, Lisa Jones and others) [42] the following adulterants/
cutting agents are mainly found in seized heroin samples: caffeine,
quinine, sugars (sucrose, lactose, dextrose, mannitol), procaine,
phenobarbital, paracetamol, lead-contamination, clenbuterol,
chloroquine (an antimalarial drug) and phenolphthalein (a laxative).
The most frequently found are procaine, paracetamol, sugars and
caffeine. According to the European Monitoring Centre for Drugs
and Drug Addiction annual report 2010, the most often found
adulterants/cutting agents for cocaine samples are tetramisole,
benzocaine, pharmacologically active adulterants including
analgesics (e.g. paracetamol), local anaesthetics (e.g. lidocaine),
antihistamines (e.g. hydroxyzine), diltiazem and atropine, and
phenacetin [43-45]. The statistics about the MDMA and MDA
adulteration can be obtained from www.ecstasydata.org. According
to this database, the main adulterants found with MDMA are
procaine, caffeine, paracetamol, ketamine, dextromethorphan,

methamphetamine, 3-trifluoromethylphenylpiperazine, benzylpiper-
azine, pseudoephedrine, 2C-B and other MDMA analogues such as
3,4-methylenedioxyamphetamine (MDA) and 3,4-methylenedioxy-
N-ethylamphetamine (MDE).

However, the statistics on the common concentration of excipi-
ents is available; the certain ratios of compounds’ combinations
with cocaine, heroin or ecstasy are not guaranteed. The reason is
obvious; it is unknown whether the drug dealers mix the different
compounds in certain proportions for purpose or randomly.
Moreover, the sample combinations vary geographically. The
main peculiarity of the presented method is the absence of the
analysis separation. That is why the uncertainty region for the
expert system must be found for each of the excipients specific
for the analyte of interest. It is especially crucial when the sample
consists of two or even more native and highly fluorescent
compounds in the region specific for cocaine, heroin or MDMA.
Because of spectral overlap, the analyte of interest could be
completely hidden in the sample matrix, and it would lead to a
false negative result. The extremely adulterated samples can be
found on the streets, but the probability of their presence is quite
low. Nevertheless, this possibility cannot be completely ignored.
On the other hand, the absence of the separation system is a
benefit of the method, because it saves time and simplifies the
operation.

3.2.2.1.  Binary mixtures. The results containing binary mixtures
are summarised in Table II. It gives an overview of the ratios of
compounds that could be easily detected by the SFS-MLP-ANN
method. It also describes the uncertainty region, where the results
of the expert system are not conclusive, and the ratio of excipient
to analyte of interest (the lowest range of application), where
the false negative results appear. Generally, the presence of the
excipients (glucose, inositol, mannitol, lactose, starch and flour)
that did not generate either a fluorescence signal or quenching
had no effect on the detection of the controlled substances. Other
compounds had either a fluorescent masking effect and/or a
quenching effect on the analyte of interest (for example,
benzocaine, procaine, caffeine, lidocaine and nicotinamide), but
it was not so drastic as to prevent the detection of analytes of
interest in the matrix.

In general, the detection of cocaine was not problematic in the
samples, where adulteration reached 95% (median) of excipient,

LoDs and Threshold limits
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Figure 5. LoDs and threshold limits for analytes of interest in the mixture of glucose (black—threshold value; white—LoD value).
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Figure 6. Probability—concentration graphs: (A) cocaine base, (B) cocaine hydrochloride, (C) heroin base, (D) heroin hydrochloride, (E) MDMA
hydrochloride, (F) MDA hydrochloride. Cut-off values correspond to 95% confidence limits for negative/positive probabilities, where UR is the uncertainty region.

excluding some excipients, where the expert system was not
sufficiently confident (Table Il). The CCf of cocaine HCl in the
mixture of paracetamol or benzocaine was between 10% and
15% and in the mixture of marijuana (THC 13%) was between
15% and 30%. In case cocaine was presented in the mixture of
procaine or benzocaine, cocaine base would be detected. The
reason of ‘erroneous’ classification laid on the growth of signal
response at Jex//em=275/315 nm under the treatment of reagent.
So it was found that the differentiation between the cocaine salt
and cocaine base in the mixture of procaine or benzocaine was
not successful. Overall, the SFS-MLP-ANN method displayed ade-
quate sensitivity to allow the detection of cocaine at commonly
encountered concentrations in street samples. Actually, the mean
purity of cocaine in Europe ranged between 18% and 51.3% in
2009 [44].

For heroin detection, aspirin had the most drastic masking
effect, entirely blocking the detection of the analyte. The CCf
of heroin was between 35% and 40% in the mixture of aspirin.
In the case of cocaine and heroin mixtures, the CCf of cocaine
was lower than 5% in the mixture of heroin, and the CCf of
heroin was between 5% and 10% (w/w), respectively. This meant
that both substances could be detected in the bulk samples but
separate procedures; that is, cocaine procedure and heroin
procedure must be applied. Moreover, structurally very close
compounds to heroin (i.e. 3-MAM, 6-MAM, codeine, hydromor-
phone and morphine) were investigated. It was determined
that 3-MAM, 6-MAM and morphine base (Schedule Il) can give
‘erroneous classification’ for heroin identity. According to the
statistical bulletin 2011, the mean purity of heroin in Europe
ranged between 14.3% and 50.3% in 2009 [46].
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Table Il. Threshold values for binary mixtures of analytes in the mixture of known excipients (at least three independent
replicates, at least two instruments, at least two operators and at least two laboratories)
Procedure Cocaine (salt/base) MDMA/MDA Heroin
No. Excipient CoH CoB MDMA MDA HH
1 1-BZP n.a. n.a. >1% >1% n.a.
2 2C-B 3% n.a. n.a. >1% to <2% (MDMA/MDA)  >1% n.a.
>2% (MDMA)
3 3-MAM 20% n.a. n.a. n.a. na. >5%
4 3-methylfentanyl 0.88% n.a. n.a. >1% >1% >5%
5 6-MAM 10% n.a. n.a. n.a. na. >5%
6 Amphetamine n.a. n.a. >1% (MDMA/MDA) >1% n.a.
7 Aspirin >5% >5% >1% to <2% >1% to <2% >35% to <40%
8 Baking soda >5% >5% >1% >1% >5%
9 Benzocaine >10% to <15% >5% to <10% >1% >1% n.a.
10 Benzoic acid >5% to <10%  >5% to <10% >1% >1% n.a.
1 Caffeine >5% to <10%  >5% >1% >1% >5%
12 Cocaine (salt) — — >1% >1% >5% to <10%
13 Codeine n.a. n.a. n.a. n.a. >15% to <20%
14 DXM n.a. n.a. >2% to <5% >2% to <3% n.a.
15 Ephedrine >5% >5% >1% >1% n.a.
16 Fentanyl 6.6% n.a. n.a. >1% >1% >5%
17 Flour >5% >5% >1% >1% >5%
18 Glucose >0.08% >0.13% >0.05% >0.005% >0.2%
19 Heroin (base) >5% >5% >1% to <2% >1% —
20 Heroin (salt) n.a. n.a. >1% >1% —
21 Hydromorphone 10% n.a. n.a. n.a. na. >5%
22 Inositol >5% >5% >1% >1% >5%
23 Ketamine n.a. n.a. >1% >1% n.a.
24 Lactose >5% >5% >1% >1% >5%
25 Lidocaine >5% >5% >1% >1% >5%
26 Mannitol >5% >5% >1% >1% >5%
27 Marijuana (THC 14%) >15% to <30% n.a. n.a. n.a. n.a.
28 mCPP n.a. n.a. >1% to <5% (MDMA/MDA)  >1% n.a.
>5% (MDMA)
29 Methamphetamine na. na. >1% to <2% (MDMA/MDA)  >1% >5%
>2% (MDMA)
30 Morphine n.a. n.a. n.a. n.a. >15% to <20%
31 Nicotinamide n.a. n.a. >1% >1% >5%
32 Norfentanyl 10% n.a. n.a. n.a. n.a. >5%
33 Paracetamol >10% to <15% >5% to <10% >1% to <10% (MDMA/MDA) >1% >10% to <15%
>10% (MDMA)
34 Phentermine n.a. n.a. >1% >1% n.a.
35 Procaine >5% to <10%  >5% >1% to <2% >1% to <2% >5% to <10%
36 Quinine n.a. n.a. n.a. n.a. >5%
37 Starch >5% >5% >1% >1% >5%
38 Tetramisole n.a. >5% n.a. na. na.
39 TMFPP/BZP (1:1) n.a. n.a. >2% to <5% >1% to <2% n.a.
Min% >0.08 >0.13 >0.05 >0.005 >0.2
Max% <30 <10 >10 <3 <40
n.a.—not analysed (because the excipient is not specific for the analyte of interest); CoH—cocaine hydrochloride; CoB—cocaine
base; DXM—dextromethorphan; HH—heroin hydrochloride.

The best results were aligned to MDMA in the binary mixtures
with different substances because of a high fluorescent yield of
MDMA and its analogues MDA and MDEA. The ANNs were able
to identify MDMA and its structural analogue presence, even
in the highly adulterated samples, by a median >99% (w/w)
adulterated by one compound. The system was not adjusted to

separate and identify MDA alone. In the case of the mixtures
MDMA with MDA or MDA alone with excipients, the expert
system identifies the sample as MDMA/MDA. Additionally, it was
determined that the mixtures of MDMA with amphetamine would
always generate an MDMA/MDA answer (‘erroneous classification’)
because of the isoindole formation with the primary amino group
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of amphetamine. For conclusive identification of MDMA in the
mixtures of 2C-B, methamphetamine, mCPP or paracetamol, the
CCf of MDMA is lower (between 1% and 15%; see Table II) than
for the rest of the excipients. Moreover, the MDMA structural
analogues MDE and MDEA (Schedule 1) behaved as MDMA, and
therefore, they were detected by the expert system as MDMA. This
answer was suggested as an ‘erroneous classification’. These facts
must be taken into consideration. The mean purity of ecstasy
found in Lithuania and Austria ranged between 20% and 41.1%
(given in % of MDMA) in 2009 [44].

The rate of false positives was evaluated in the neat licit
compounds with the maximum concentration available. In total,
three independent measurements were performed for each of
the compounds. Neither of the compounds was determined as
positive. Therefore, the false positive rate for all methodologies
for cocaine, heroin and MDMA/MDA was considered to be 0%. True
negative samples were used in reproducibility and repeatability
studies. Two laboratories, six spectrofluorometers and two analysts
participated in the studies. Reproducibility was 100%, and repeat-
ability was also 100%. Moreover, the independent estimation of
the threshold value for cocaine base in the mixture of glucose
was used as a control for reproducibility. Two laboratories defined
the CCp for cocaine base identically, that is, 0.13% cocaine base.

Compared with alternative methods [4,7-11], SFS-MLP-ANN has
shown better threshold values for MDMA, cocaine and heroin in
the mixture of excipients. In most cases, it was possible to detect
the analyte of interest at levels down to approximately 5% (w/w)
or 100 mg/L (w/v). The upper range of application was set to the
maximum concentration, that is, 100% (w/w) or 2000 mg/L (w/v).
Overall, the results were suggested to be satisfactory for fulfilling
the purposes of the method.

3.2.2.2.  Multicomponent mixtures. With no doubt, the design of
the experiments for analysis of mixtures that contain more than
two compounds is more complex. It was decided to investigate
the mixtures that contain caffeine and paracetamol in the mixture
of analytes of interest. The substances were chosen because both
substances have native fluorescence and also because caffeine is
a known quencher. Moreover, the combination of paracetamol
with caffeine is a common painkiller medicine. The following
mixtures were analysed:

e Cocaine HCl, caffeine, paracetamol (5%, 45%, 50%; 10%, 45%,
45%; 15%, 45%, 40%);

e Heroin HCl, caffeine, paracetamol (5%, 45%, 50%);

*  MDMA HCI, caffeine, paracetamol (5%, 45%, 50%; 10%, 45%,
45%)

* MDA HCI, caffeine, paracetamol (1%, 49%, 50%)

The following uncertainty regions were determined for detection
of the analytes of interest in the mixture of two selected excipients:
cocaine HCl >10% to <15%, if paracetamol >45% to <50% and
caffeine >45% to <50%; heroin HCl >5%, if paracetamol <50%
and caffeine <45%; MDA HCl >1%, if paracetamol <50% and
caffeine <49%; MDMA HCl >5% to <10%, if paracetamol >45% to
<50% and caffeine <45%. The obtained results were in concordance
with CCf} values presented in Table Il for binary mixtures.

3.2.3.  Robustness

Robustness is a parameter that shows the method’s ability to
remain unaffected by small but deliberate changes in method

variables [19]. It also indicates the method reliability during normal
operation. Through experimental design, it is possible to define the
performance limits for critical variables that influence the reliability
of responses of ANN. This parameter is definitely crucial for
subsequent validation to show that the response does not depend
on external/intrinsic factors, because the tests methods are
often handled by a nonprofessional operator. With no doubt, the
robustness depends on the concentration, where the robustness
is examined. In case the examined concentration equals the
threshold value (CCf), the robustness will have lower results. The
United Nations Office on Drugs and Crime proposes the ranges
for the robustness to be examined: 1.25 x CCf and 2 x CCf5, where
1.25 and 2 are coefficients [22]. One of the possible experimental
designs is the Youden approach suggested by European Decision
2002/657/EC of 12 August 2002, implementing Council Directive
96/23/EC, concerning the performance of analytical methods and
the interpretation of results. The Youden approach is a fractional
factorial design developed by Plackett-Burman [47]. It keeps the
required time and effort to a minimum. Only eight experiments
(N =28) are required for evaluation of the influence of N — 1 factors.
Therefore, the number of factors under investigation can vary from
three to seven.

Firstly, all possible variables were defined for each of the
procedures. The main factors are weight of sample, volume of
solvent, amount of reagents added in the procedures, volume of
aliquot solution in optical cell and reaction time. The design
of experiments with factors from five to seven, and their levels
('—"low and ‘+' high) are presented in Table Ill. There were in total
seven factors found for heroin, six factors with one dummy factor
for MDMA/MDA and five factors with two dummy factors for the
cocaine procedure. The concentration of analytes used in these
experiments equalled the CCf of analytes in glucose multiplied
by 1.5. Consequently, the following concentrations were prepared
for robustness tests: for cocaine hydrochloride 0.12% (w/w),
cocaine base 0.19% (w/w), heroin base 1.2% (w/w), heroin
hydrochloride 0.3% (w/w), MDMA hydrochloride 0.1% (w/w) and
MDA hydrochloride 0.01% (w/w), respectively. Glucose was used
for sample preparations as a diluent.

In dealing with the qualitative method, it was suggested to
evaluate robustness via reliability%. The reliability or the proportion
of right answers was found according to Eq. 3.2-1 [48].

Reliability(%) = 100% — Fn(%) — Fp(%) (3.2-1)

‘Erroneous’ classification between MDMA or MDMA/MDA,
cocaine base or salt was aligned as the correct answer. The
obtained results are summarised in Table IIl.

The obtained results showed that heroin, cocaine or MDMA
would be detected in the range of 4 50% from the nominal value.
The method was found to be 100% reliable if the concentration of
analyte of interest exceeded its threshold. If the concentration was
suggested to be below the CCf, a lower reliability was found as
expected (run nos 2 and 5). The determined critical variables at
lower concentrations were the following: ratio of weight of
the sample to volume of solvent. It was suggested that a
nonprofessional operator allowed that variations would be
4 25% from the nominal value. Moreover, it is recommended to
fulfil the following criteria: the ratio of the weight to solvent volume
must be 2:1. Therefore, it was claimed that the SFS-MLP-ANN
method was robust to the variations that could happen during the
sample analysis.
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Table Ill. Results of robustness tests for cocaine, MDMA/MDA, heroin procedures

Factors Reliability%
Run no. Ansm  Buzm  Cazm  Dansn  Eass Fos) Gs CoH CoB MDMA MDA HH HB
1 + + + — + — — 100 100 100 100 100 100
2 - + + + — + - 20 100 100 100 20 100
3 — + + + — + 100 100 100 100 100 100
4 + — + + + - 100 100 100 100 100 100
5 - + - - + + + 20 100 100 100 20 100
6 + + — — + + 100 100 100 100 100 100
7 + + - + - - + 100 100 100 100 100 100
8 — — — — — — 100 100 100 100 100 100
Low level 10 5 0 25 20 (80%) 20 (80%) 10°
High level 30 15 2 7.5 80 (160%) 80 (1607  20°
1—cocaine procedure (CoH—cocaine HCl; CoB—cocaine base); 2—MDMA/MDA procedure (MDMA; MDA); 3—heroin procedure
(HH—heroin HCl; HB—heroin base): A1, A2, A3—sample weight, mg; B1, B2, B3—solvent volume, mL; C1—reaction time, min;
C2—reaction time at step 2, min; C3—reaction time at step 1, min; D1—solution volume in optical cell, mL; D2—solution
volume in optical cell, mL; D3—solution volume in optical cell, mL; E1—volume of 6 N HCl, uL; E2—volume of 0.03 M OPA-NAC,
pL; E3—volumes of 6 N HCl and 0,75 M NaoH, pL; F2—volume of 0.75M NaOH, puL; F3—volumes of 0,75 M NaoH and 6 N HCl,
pL; G3—reaction time at step 2, min.
“Valid for heroin procedure only.

3.2.4. Detection of seized street samples

A total of 1253 street samples seized by North Carolina police in
USA and Estonian police in Estonia were then analysed to evaluate
the ability of the SFS-MLP-ANN method to detect and identify the
analytes of interest in the real samples. There were 628 samples
containing at least one analyte of interest, and 625 samples were
true negative for all analytes of interest. Seven from 491 samples
containing cocaine were assumed to be false negative. These
samples showed the fluorescence signal under the threshold limit
of the method, that is, under 300 a.u. at /e /Aem 235/315 nm. One
sample from 762 samples was found to be false positive for
cocaine, and it contained ecgonine benzyl ester hydrochloride
(scheduled substance as preventative of ecgonine ester). Three
false positive samples were found from 1142 true negative
samples for heroin that contained 6-MAM, 3-MAM or morphine
base (Schedule l), giving false positives. Two samples from 111
heroin samples were assumed to be false negative because of
insufficient increase in the fluorescence signal. Neither false
positives (1227 true negative samples for MDMA) nor false
negatives (true positives 26 samples) were observed for the
MDMA/MDA procedure. The obtained results are summarised in
Table IV.

The determination of the chemical composition of cocaine
provided important information from a forensic science point
of view, because the possession of cocaine varied according

to the drug form. [49] Various methods for the differentiation
of cocaine forms have been considered (e.g. IR, the use of
silver nitrate) [50]. In total, 449 cocaine samples were supplied
by reference methods with additional information concerning
the form of cocaine presented in the sample, that is, base or
salt. They were used for the evaluation of the ability of cocaine
methodology to differentiate forms of cocaine. Remarkable
results were obtained; that is, 98.7% of samples were correctly
identified by the SFS-MLP-ANN method. ‘Erroneous’ differenti-
ation was primarily connected to excipients as benzocaine or
procaine presented in these samples. If the mixture of cocaine
salt and base was presented in the sample, cocaine base
would be detected.

4. CONCLUSION

The results of the validation clearly demonstrated the suitability of
the SFS technique combined with ANN for qualitative analysis of
cocaine, heroin and MDMA/MDA in the street samples. The main
advantage of this approach was that it did not require a specific
chemical background from the operator and could be used onsite
as a rapid, reliable and accurate method. The application of ANN
as an expert system with a unique learning ability provides
permanent improvement of method reliability with a reduction
of false results to a minimum. The study surveyed a number of

Table IV. Statistics 2009-2011

MAD or median average deviation, p =99.7%.

Parameter/procedure Cocaine MDMA/MDA Heroin Min. Max Median MAD?
Specificity, % 99.9 100 99.7 99.7 100 99.9 0.6
Sensitivity, % 98.6 100 98.2 98.2 100 98.6 1.7
False negative rate, % 14 0.0 1.8 0.0 1.8 14 1.7
False positive rate, % 0.1 0.0 0.3 0.0 0.3 0.1 0.6

J. Chemometrics 2012; 26: 442-455
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different materials, and the detection of analytes of interest was
possible in highly adulterated mixtures at concentrations down
to 5% (w/w) of analyte.
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ABSTRACT

The aim of the present study was to compare the polyphenolic compositions of 47 medicinal herbs (HM)
and four herbal tea mixtures from Central Estonia by rapid, reliable and sensitive Spectral Fluorescence
Signature (SFS) method in a front face mode. The SFS method was validated for the main identified HM
representatives including detection limits (0.037 mg L~ for catechin, 0.052 mg L~ for protocatechuic acid,
0.136 mg L~ for chlorogenic acid, 0.058 mg L~ for syringic acid and 0.256 mg L~ for ferulic acid), line-
arity (up to 5.0-15 mg L"), intra-day precision (RSDs=6.6-10.6%), inter-day precision (RSDs=6.4-13.8%),
matrix effect (—15.8 to +5.5) and recovery (85-107%). The phytochemical fingerprints were differentiated
by parallel factor analysis (PARAFAC) combined with hierarchical cluster analysis (CA) and principal com-
ponent analysis (PCA). HM were clustered into four main clusters (catechin-like, hydroxycinnamic acid-like,
dihydrobenzoic acid-like derivatives containing HM and HM with low/very low content of fluorescent
constituents) and 14 subclusters (rich, medium, low/very low contents). The average accuracy and precision
of CA for validation HM set were 97.4% (within 85.2-100%) and 89.6%, (within 66.7-100%), respectively.
PARAFAC-PCA/CA has improved the analysis of HM by the SFS method. The results were verified by two
separation methods CE-DAD and HPLC-DAD-MS also combined with PARAFAC-PCA/CA. The SFS-PARAFAC-
PCA/CA method has potential as a rapid and reliable tool for investigating the fingerprints and predicting
the composition of HM or evaluating the quality and authenticity of different standardised formulas.

Moreover, SFS-PARAFAC-PCA/CA can be implemented as a laboratory and/or an onsite method.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The use of herbal medicines (HM) for health promotion pur-
poses has been known for ages. Unlike synthetic drugs, HM are
complex mixtures of substances that might be responsible for their
therapeutic effects. Indeed, how many constituents and which of
them, in complexes with other constituent(s), are responsible for
the therapeutic mechanism has not been well defined for any HM.
Therefore, it is important to define as many constituents in HM as
possible to understand and explain their bioactivity.

Various techniques have been proposed for identification of the
authenticity of HM. These include high performance liquid chro-
matography (HPLC) combined with mass spectrometry (MS) [1,2]
or UV-vis spectrophotometric detection [3,4], gas chromatography
(GC) [5,6], capillary electrophoresis (CE) [7-9], paper-based

* Corresponding author at: Department of Chemistry, Tallinn University of
Technology, Akadeemia tee 15, 12816 Tallinn, Estonia. Tel.: +372 620 4322.
E-mail address: jekaterina.mazina@gmail.com (J. Mazina).

http://dx.doi.org/10.1016/j.talanta.2015.02.050
0039-9140/© 2015 Elsevier B.V. All rights reserved.

colorimetric assays [10,11], and infrared [12] and fluorescence
spectroscopy [13]. Nowadays, there is an increasing need to exploit
methods that are quick, reliable and efficient and, moreover, can
be easily automated for on-site analysis. Indeed, one of these
methods is fluorescence spectroscopy. It has been shown to be a
rapid and accurate method for identifying plant materials [14,15],
oil in water [16], illegal drugs [17] and polyphenols in wines [18].

Recently, an innovative approach was proposed by Babichenko
et al. [19], which is known as the spectral fluorescence signature
method (SFS). SFS could be described as a 2D coloured pattern
where colours represent the intensity of fluorescence or a 3D
fluorescence matrix, where fluorescence is a function of excitation
and emission wavelengths. SFS is a sum of all profiles of intrinsic
fluorophores and, therefore, could also be suggested as unique
fingerprints of the sample under investigation. SFS does not
interfere with Rayleigh scattering due to a special measuring
window, where the Rayleigh scattering is outside the measuring
range. Therefore, the fluorescent fingerprints do not interfere with
Rayleigh scattering that is a frequent issue for the conventional
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excitation emission matrix (EEM) spectroscopy, where the signal
of compounds can be totally hidden in the intensive scattering.

Actually, fluorescence spectroscopy may be divided into two
types: classical angle and front-face fluorescence analysis. The first
one has a crucial disadvantage over the last approach. The classical
angle fluorescence requires the dilution of samples with an
appropriate solvent. Indeed, it is necessary to measure those
samples whose absorbance is not greater than 0.05 [20]. Unfor-
tunately, the dilution affects the composition of herbal samples. As
a result, the fluorescence signal of one constituent can start to
predominate over others in the SFS image. In the worst case, other
constituents can disappear in the SFS image. Therefore, the
authentic SFS fingerprinting of HM can be totally lost.

As proposed by Genot et al. [21], this problem can be overcome
using the front-face fluorescence spectroscopy, which enables the
analysis of turbid untreated samples such as herbal medicines
extracts. Therefore, utilisation of SFS method in the front-face mode
for the analysis of undiluted HM extracts is of utmost importance.
Unfortunately, there are more fluorescence-affecting factors such as
quenching, concentration, and molecular environment. Therefore,
the correct experimental conditions must be found for analysis of
HM samples.

Undoubtedly, herbal medicines are very complex sample
matrices, containing up to thousands of different compounds, e.g.
polyphenols such as flavonoids, and non-flavonoid compounds.
Although many compounds present in herbs have been thoroughly
studied and quantified, there are still a lot of unknown chemical
constituents in plants that need to be identified and investigated.
The well-known compounds found in herbs can be grouped as
simple polyphenols, catechins, anthocyanins, flavonoid glycosides
and aglycones, theaflavins, chalcones and anthraquinone deriva-
tives [16]. However, many chemical standards are unavailable
or/and are too expensive to be applied to the identification of
components present in HM. In this case, it is impossible or eco-
nomically unreasonable to conduct the identification of every HM
constituent. Therefore, the spectral data obtained by several
detection methods such as UV-vis absorbance spectroscopy, the
excitation emission matrix spectroscopy and the MS detection
challenges the benefit making it possible to predict the substance
group and/or identify the unknown substances in HM.

Despite the optimised experimental conditions, data analysis is
of utmost importance for the final result. The application of che-
mometric techniques such as principal components analysis (PCA),
hierarchical cluster analysis (CA) is very popular for interpretation
of chromatographic and electrophoretic HM fingerprints. Several
studies have shown good results to be obtained for differentiation
of salad vegetables by different polyphenols [22], Oolong tea
Camellia sinensis from different sources by different polyphenols
and alkaloids [23], hops chemical screening by proanthocyanidins
[24] and others studies [25-28]. In case of multi-way data such as
diode array detector or SFS data, multi-way chemometric techni-
ques must be used. One commonly used approach for EEM data
analysis is Parallel Factor Analysis (PARAFAC) [29]. It has proven to
be effective for analysis of complex food matrices [18].

The aim of the present study was to evaluate the capability of
the SFS method in the front face mode combined with chemometric
techniques such as PARAFAC, PCA and hierarchical cluster analysis
for the authentication of HM available in the local Estonian market.
The results were compared with two independent well-known
reference methods, CE-DAD and HPLC-DAD-MS. The reference
methods were also combined with PARAFAC-PCA/CA. The com-
parative study of HM discrimination by three independent methods
was conducted. The performance characteristics of SFS method
were evaluated and detection capabilities of three methods were
compared. Additionally, some of the main chemical constituents in
plant extracts were identified by MS/MS.

2. Experimental
2.1. Reagents and samples

The air dried _'samples'_of HM (moisture content 7-8%) were
obtained from OU Kubja Urt (Central Estonia, 73302 Karinu, Jar-
vamaa, GPS: 59.0360289, 25.9611146) harvested in 2011 (three
samples of each HM). HM grow in a natural environment. The
mineral and chemical fertilizers are not used. The list of HM with
their respective identification number is presented in Table 1.

Vanillic acid, protocatechuic acid, gallic acid, tannic acid, ferulic
acid, caffeic acid, p-coumaric acid, chlorogenic acid, sinapic acid, syr-
ingic acid, trans-resveratrol, catechin, quercetin, myricetin, kaempferol,
apigenin, luteolin, quercitrin, and rutin were purchased from Sigma-
Aldrich (Germany). MS grade acetonitrile and formic acid (Sigma-
Aldrich, Germany) were used for the HPLC-DAD-MS analysis. Deio-
nised water was purified by the Milli-Q system (Millipore, Bedford,
MA, USA). Sodium tetraborate decahydrate, sodium hydroxide and
methanol were of analytical grade from Sigma-Aldrich (Germany).

2.2. Sample preparation

The herbal extracts of 51 samples were prepared using 80% (v/v)
methanol. The plant material was ground into powder. The extracts
were prepared by weighing 0.5 g of a plant sample, leaching with
10 mL methanol for 2 h at room temperature and extracting in an
ultrasonic bath at a temperature of 35-40 °C for 0.5 h. The extract
was centrifuged for 10 min at 5000 rpm and stored at —18 °C.

2.3. Fluorescence spectroscopy

All fluorescence measurements were carried out on a portable
NarTest NTX2000®™ Drug Analyser (Nartest AS, Estonia), which gen-
erates special excitation emission matrixes (EEMs) or spectral fluor-
escence signatures (SFSs). This is a compact spectrofluorometer
equipped with a 5 W pulsed Xenon lamp and a special 10 mL optical
cell. SFSs were measured in a front-face optical layout (35°) from the
surface at room temperature. The following experimental parameters
were set: Aex=230-350nm and Ae,=250-565nm with 5nm
intervals in both directions, gain=500. One scanning took 2.3 min.

2.4. CE-DAD

All CE experiments were carried out using an Agilent 3D capil-
lary electrophoresis instrument (Agilent Technologies, Waldbronn,
Germany) equipped with a diode array detector (DAD) according to
the method by Helmja et al. [30]. The separation of polyphenols was
performed in a fused silica capillary (60 x 0.005 cm?, Polymicro
Technology, Phoenix, AZ, USA) with an effective length of 51.5 cm.
Prior to use, the capillary was rinsed with a 1.0 M NaOH solution,
water and a background electrolyte (BGE) for 5 min of each. A
50 mM sodium tetraborate solution (pH 9.3) was used as a BGE. The
applied voltage for the separation was +25 kV. The diode array
detector range was set to 200-400 nm.

The sample solutions were introduced at the anodic end of the
capillary with 50 mbar pressure for 5 s. The peaks of polyphenols
(peaks in the electropherogram) were identified by the standard
addition method and by comparing UV spectra.

2.5. HPLC-DAD-MS

Analysis of methanolic extracts was performed on HPLC equ-
ipment of the Agilent 1200 series with a diode array detector
(DAD) (Agilent Technologies, Waldbronn, Germany). The samples
(10 pL) were separated on an Agilent Zorbax SB C-18 column
(150 mm x 4.6 mm i.d., 5pm particle size). The mobile phase
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Sample# (S#) Name and part of HM  Latin name Order Family

1 Comfrey leaves Symphytum officinale (unplaced) Boraginaceae
2 Celandine herb Chelidonium majus Ranunculales Papaveraceae
3 St.-Johns wort Hypericum perforatum Malpighiales Hypericaceae
4 Balm leaves Melissa officinalis Lamiales Lamiaceae

5 Milfoil flower Achillea millefolium Asterales Asteraceae

6 Veronica herb Veronica officinalis Lamiales Plantaginaceae
7 Hawthorn flower Crataegus Rosales Rosaceae

8 Field horsetail herb Equisetum arvense L. Equisetales Equisetaceae
9 Motherwort herb Leonurus villosus Lamiales Lamiaceae

10 Oregano herb Origanum vulgare Lamiales Lamiaceae

1 Lime - tree flower Tilia cordata Malvales Malvaceae

12 Stinging-nettle herb Urtica dioica Rosales Urticaceae
13, 48%,49° Coltsfoot flower Tussilago farfara Asterales Asteraceae

14 Coneflower flower Echinacea purpurea Asterales Asteraceae

15 Birch leaves Betula Fagales Betulaceae

16 Mistletoe herb Viscum Santalales Santalaceae
17 Thyme herb Thymus vulgaris Lamiales Lamiaceae

18 Cowberry leaves Vaccinium vitis-idaea Ericales Ericaceae

19 Common lady's-mantle  Alchemilla vulgaris L. Rosales Rosaceae

20 Wormwood Artemisia absinthium Asterales Asteraceae

21 Mallow Malva L. Malvales Malvaceae
227, 22° Heather flowers Calluna vulgaris L. Hull Ericales Ericaceae

23 Everlasting fowers Helichrysum Asterales Asteraceae
24 Primula flowers Primula veris Ericales Primulaceae
25 Peppermint leaves Mentha piperita Lamiales Lamiaceae

26 Calendula flowers Calendula officinalis Asterales Asteraceae
27 Salvia leaves Salvia Lamiales Lamiaceae
28, 51°¢ Camomile flower Chamomilla recutita Asterales Asteraceae
29 Bearberry Arctostaphylos uva-ursi L. Ericales Ericaceae

30 Iceland moss Cetraria islandica (L.) Ach. Lecanorales Parmeliaceae
31 Fungus Piptoporus betulinus Polyporales Fomitopsidaceae
32 Hop strobilus Humulus lupulus Rosales Cannabaceae
33 Hip Rosa majalis Rosales Rosaceae

34 Linseed Linum usitatissimum Malpighiales Linaceae

35 Caraway seeds Carum carvi Apiales Apiaceae

36 Fennel seeds Foeniculum vulgare Apiales Apiaceae

37 Burdock root Arctium lappa Asterales Asteraceae
38 Tormentil root Potentilla erecta (L) Rosales Rosaceae

39 Chicory root Cichorium intybus Asterales Asteraceae
40 Elecampane root Inula helenium L. Asterales Asteraceae

41 Calamus root Acorus calamus Acorales Acoraceae

42 Dandelion root Taraxacum officinale Asterales Asteraceae
43 Evening Primrose herb ~ Onagraceae Myrtales Onagraceae
47 Kelp Fucus vesiculosus Fucales Fucaceae

#t Name of HM’s mixtures HM

44 “Kurgutee” Plantaginis folium, Tussilago farfara (S13, 48, 49), Hyssopus officinalis L., Filipendula ulmaria, Monarda folium, Petasites
45 “Kohatee aniisiga” Tussilago farfara (S13, 48, 49), Malva L.(521), lllicium verum, Mentha piperita (S25), Rosa majalis (S33)
46 “Paastutee” Taraxaci (S42), Aroniae fr., Carum carvi (S35), Ribes cynosbati L., Frangulae cortex, Rubi idaei cormus
50 “Kiilmetuse tee” Hyssopus officinalis L, Calluna vulgaris L. Hull (S22), Mentha piperita (S25), Tussilago farfara (S13, 48, 49), Achillea millefolium (S5)

20U “Loodustoode” (Estonia).
b “Lekarset” (Russia).
< Wilken Tee GmbH (Germany).

consisted of two solvents: solvent A was a 0.1% solution of formic
acid, and solvent B was 100% acetonitrile. Gradient elution was
performed as follows: initially 100% of solvent A, followed by 0% to
30% B in 25 min, 95% B at 40 min and hold for 5 min, and then
returned to 0% B at 50 min. The flow rate was 0.8 mL/min, and the
column temperature was 25 °C. Spectral data from all peaks were
accumulated in the range 240-400 nm and UV-vis chromato-
grams were recorded at 254 nm.

Compounds in plant extracts were identified by comparing
DAD spectra and MS and MS/MS data. The mass detector (Agilent
6300 Series LC/MSD Trap; Agilent Technologies, Waldbronn, Ger-
many) was equipped with an electrospray ionisation system and
controlled by Agilent LC/MSD trap software (Agilent Technologies,
Waldbronn, Germany). Nitrogen was used as nebulising gas at a
pressure of 60 psi and the flow rate was adjusted to 12 L/min. The
nebuliser temperature was 350 °C. The full scan mass spectra of
compounds were measured from 100 to 1000m/z. MS data were

obtained in the negative ionisation mode and MS/MS data in the
automatic mode.

2.6. Methods performance characteristics

The performance characteristics of methods were investigated
prior to the HM authentication study by chemometric techniques.
The main method for HM analysis was SFS method under inves-
tigation. The SFS method was validated with respect to its range of
application, including instrument detection limit (IDL), linearity
range, matrix effect’% (ME%) [31,32] and intra-day and inter-day
precision (RSD%). The IDL was defined using 95% prediction
interval of the regression line [33], taking into account that this
approach was moderately sensitive to large regression ranges
(upper concentration point maximally 10-20xIDL) and required a
sufficient number of determinations (5 concentration levels and
8 replicates for each level). The ME% effect was evaluated along a
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range of concentrations using the slope of calibration curves in the
solvent and in the sample matrix S18 for ferulic acid and chloro-
genic acid, and sample matrix S48 for syringic acid, catechin and
protocatechuic acid). No matrix effect is observed, if the matrix
effect remains in the range of + 20%, medium matrix effect within
+20-50% and strong one higher than + 50% [31]. ME% was cal-
culated using the following equation:

ME% = [Sl"ﬂ

- 1]*100%,
slope,

1)
where slope, is the slope of calibration curve of the analyte for the
standard solution, slopeg is the slope of calibration curve of the
analyte recorded for the sample spiked with the target compound
after extraction.

The intra-day and inter-day precisions were evaluated as a
relative standard deviation (%) at three different concentrations of
analyte (six replicates for each level during the same day and three
consecutive days, n=18). The accuracy of the SFS method was
demonstrated by recovery values for three concentration levels,
i.e. at low, medium and high concentration levels of the linearity
range (for each level six replicates). The recovery was found using
the following equation:

B-C
A

Rec% = ( )*100%,

(2)
where A is the amount of the analyte added to the spiked sample,
B is the amount of the compound found in the spiked sample and
C is the amount of the analyte in the non-spiked sample. The
acceptance criteria for precision (RSD%) and accuracy (recovery) of
SFS method should be within + 15%, expect for the lower con-
centration level which should not exceed + 20%.

2.7. Chemometric techniques

2.7.1. Data preparation

Because of the great diversity of herbal samples included in this
study, significant differences between the constituents of finger-
prints were expected. Moreover, due to capillary or column aging,
the shifting of peaks in time axes was considered possible.
Therefore, the results of fingerprints analysis by chemometric
techniques can be affected or even totally ruined.

Indeed, it was observed that the reproducibility of CE fingerprints
was poor. This observation was based on the reproducibility of the
electroosmotic flow (EOF) and internal standard (IS), i.e. gallic acid.
Some samples, in whose case extreme time shifts were observed
(teor and/or tis > 1%), were excluded from the chemometric analysis.
The electropherograms were aligned using IS and EOF in the soft-
ware Chemstation (Agilent Technologies, Waldbronn, Germany).

As compared to the reproducibility of peaks in CE, that of HPLC
was not as drastic. Therefore, HPLC chromatographic fingerprints
did not need any alignment prior to chemometric analysis. Con-
sequently, all fingerprints of the samples were exploited.

2.7.2. Parallel factor analysis
The data arranged into a 3-way array (Ix/xK) were modelled
using PARAFAC [29] as follows:

R
Xk = 2 aibyei + ey

= ®)
where [ is the number of samples, J is the number of emission
wavelengths, K is the number of excitation wavelengths, and R is
the number of components applied to the model. PARAFAC
decomposes the SFS into a number of tri-linear components where
the output results are presented in excitation, emission spectra

loadings (vectors b and c) and scores (vector a) that are directly
related to the relative concentration of each component. Non-
negativity constraints were applied to all three modes to ensure
that each model had a physical interpretation.

2.7.3. Principal component analysis

Principal component analysis (PCA) is one of the most popular
oldest methods used for data analysis [34,35]. PCA compresses the
size of data by simplifying and extracting and keeping only
important information. PCA creates linear combinations of the
original variables called the principal components, which
describes the systematic patterns of variation between the sam-
ples. The PCs are orthogonal and the number of PCs is less than or
equal to the number of original variables. The first principal
component has the largest possible variance. PCA is a decom-
position of the original 2D-matrix X, i.e. representation it as the
product of two 2D-matrices T and P:

X=TP" +E (4)

where T is a matrix of scores, P is a matrix of loadings and E is a
matrix of residuals.

2.74. Cluster analysis

Cluster analysis (CA) is an unsupervised pattern recognition tech-
nique that can be used instead of PCA or in combination with PCA.
Cluster analysis is divided into two approaches, namely non-hier-
archical and hierarchical algorithms. Furthermore, a large variety of
hierarchical algorithms exists, e.g. average linkage, complete linkage,
single linkage and Ward's linkage. The hierarchical cluster analysis
using Ward’s linkage was chosen in this study as the algorithm
showed the best results for SFS, CE-DAD and HPLC-DAD data. This
method started with N clusters, each containing one object. This
algorithm differs from others by utilising the variance approach to
evaluate the distance between clusters, instead of using distance
metrics or measures of association. Ward's linkage attempts to mini-
mise the sum of squares (SSE) of any two hypothetical clusters that
can be formed at each step. This was applied to the scores of PARAFAC
models. The error sum of squares (SSE) was defined as follows:
nj

SSE = Oy - 57

M=

(5)
where yj; is the jth object in the ith cluster and n; is the number of
objects in the ith cluster.

The validation of clustering was performed using independent
validation set. The validation clustering results were compared to
the training clustering results. The accuracy and precision were
evaluated using the following equations:

I
-

True_positives + True_negatives +100%

Accuracy% = — -
y Total_positives + Total_negatives (6)

True_positives N

Precision% = — — 100%
True_positives + False_positives (7)

2.7.5. Data analysis flowchart

First of all, the data for each method were separately stacked to
form a 3-way array X. As a result, three arrays were produced, i.e.
Xsks for SFS, Xcg pap for CE-DAD and Xypic pap for HPLC-DAD-MS.

2.7.5.1. SFS data. The non-negativity constraint was applied in all
modes, conducting PARAFAC on Xsgs, After the optimal number of
PARAFAC components was found, the scores of PARAFAC components
were fed to the CA and then to PCA. Before CA and PCA model
construction, the PARAFAC scores were auto-scaled. CA helped to find
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hidden similarities/dissimilarities between HM samples at a large
extent. After CA analysis, better understanding of the PCA plots on
PARAFAC scores was achieved.

2.7.5.2. Separation methods data. In the case of electrophoretic and
chromatographic data, the original data dimension in time axes was
reduced prior to chemometric analysis, taking into account every
third and sixth point, respectively. The data from the separation
methods were segmented and every segment was fed into PARAFAC
with the non-negativity in the first and the third modes and unim-
odality in the second mode. The scores of PARAFAC models, which
represent the relative concentration profiles of compounds, were
combined into one new matrixX, Xrepucep_ce-pap, and XRepucep_tipLc-
pap, respectively. The mean-centred matrixes Xgepucep Were further
analysed by CA and PCA, as previously performed on SFS data.

2.7.6. Software

Data were processed with a PLS toolbox 6.2 (Eigenvector
Research) in Matlab R2011b (Mathworks) and Chemstation (Agilent
Technologies, Waldbronn, Germany).

3. Results and discussion

Different techniques for evaluating the identity of HM origi-
nating from Estonia were used, namely the spectral fluorescence
signature (SFS) method and hyphenated techniques such as HPLC-
DAD-MS and CE-DAD.

3.1. Spectral fluorescence signature method (EEM spectroscopy)

3.1.1. Identity of polyphenolic compounds

HM contain a wide range of naturally occurring fluorescent
compounds (coumarins, catechins, hydroxycinnamic acids), mak-
ing it possible to use SFS for pattern recognition. The SFS of a HM is
the sum of individual native fluorophores. In order to interpret

Table 2

regions appearing in the SFS, some of the polyphenol standards
prepared in methanol were measured (Table 2).

The SFS can be divided into five main regions: A - a catechin
derivatives-like region (flavan-3-ol), B - a dihydroxybenzoic acid
derivatives-like region (DHBA), C - a flavonol derivatives-like, tri-
hydroxybenzoic acid derivatives-like and tannin derivatives-like
region, D - a stilbenoid derivatives-like region, and E - a hydro-
xycinnamic acid-like derivatives region. Fig. 1 represents the
approximate and representative boundaries of regions specific for
the autofluorophores found in HM. Fluorescence of flavonols such as
quercetin, myricetin, kaempherol and quercetin glucoside’s repre-
sentative rutin was not observed in the set measurement window.
Indeed, only quercitrin was detected at Aex 230/Aem 340 nm.
Nevertheless, Rodriguez-Delgado et al. [36] defined that quercetin,
quercitrin, myricetin and kaempherol could be observed in the range
of Aex 260-268/Aem 370-426 nm. Actually, flavonol representatives
can be characterised by dual fluorescence [37], i.e. emission of a
compound depends on the solvent and sample matrix.

3.1.2. Method performance characteristics

The performance characteristics of SFS method were evaluated
for identification of HM polyphenolic compounds. The repre-
sentatives of different regions defined in the identity study such as
catechin (region A), syringic acid (region C), protocatechuic acid
(region B), ferulic acid (region E) and chlorogenic acid (region E)
were used for validation study. Moreover, the instrument detec-
tion limits obtained by SFS method were compared to the well-
known separation methods CE-DAD and HPLC-DAD utilised as the
reference methods in this study. Additionally, the instrument
detection limits of naringin and rutin by CE-DAD and HPLC- DAD
were evaluated.

Overall, SFS method showed the excellent detection capability
of catechin (50 times better than HPLC-DAD), protocatechuic acid
(10 times better than HPLC-DAD) and ferulic acid (4 times better
than HPLC-DAD). The detection capability of chlorogenic acid and
syringic acid by SFS method were comparable to HPLC-DAD results.
The detection capability of polyphenolic compounds by CE-DAD

Excitation, emission and absorbance wavelengths of polyphenolic compounds under investigation conditions.

Maximums Aex [Aem NM  Absorbance maximums,
nm (pH 2.6)

Absorbance maximums,
nm (pH 9.3)

230,280/ 315 280 (catechin, epica-

techin) 274-280"

239sh, 284 (catechin)
284-286
264, 296

Region Polyphenol’s class Compound FWHM? Aex/ Aem
nm
A Flavan-3-ol derivatives Catechin and its 230-290/ 295-320
derivatives
B Dihydroxybenzoic acid Protocatechuic acid 230-320/ 330-385
derivatives Vanillic acid 230-300/ 305-355
C Flavonol derivatives Quercitrin 230-240/ 330-370
Trihydroxybenzoic acid Syringic acid 230-295/ 315-370
derivatives Gallic acid 230-265/ 325-395
Tannins Tannic acid 230-315/ 345-405
D Stilbenoid derivatives trans-Resveratrol 230-340/ 360-450
E Hydroxycinnamic acid Caffeic acid 230-350/ 405-470
derivatives Ferulic acid 230-350/ 380-455
Sinapic acid 230-350/ 400-470

p-Coumaric acid
Chlorogenic acid

230-350/ 420-465
230-350/330-485

Quercetin No native
fluorescence
- Flavonol and its derivatives =~ Kaempferol No native
fluorescence
Rutin No native
fluorescence
Myricetin No native
fluorescence
Quercetin No native

fluorescence

235,310/ 355
250,295/ 350

230/ 340

260/ 335

240/ 350

230,290/ 375
230,310/ 395
230,260,305,350/ 435
250,305,350/ 430
230,245,310,335/ 430
235,330/ 435
245,310/445

No native fluorescence

No native fluorescence
No native fluorescence
No native fluorescence

No native fluorescence

260(max), 294
260(max), 294
256 (max), 352
276

272

277

306

324 (max), 296
324 (max), 296
324

310

326 (max), 300sh
210, 254, 365

264, 364
256 (max), 356
264sh, 302sh, 355

254,298sh,355

255, 290 (max)

268, 325sh, 380
265sh, 300

218, 277

226, 304

225sh, 325

216, 244sh, 293sh, 327
344

240, 330

288(max), 330sh

222, 255sh, 301sh, 345
268, 322sh, 380

274, 316, 396
268, 324sh, 380
244, 328

270, 320, 396

¢ Full width at half maximum.
b depends on structural analogue of the polyphenol’s class.
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Fig. 1. The fluorescence fingerprint corresponding to one of the HM extracts in methanol (S51), indicating the fluorescent properties of typical fluorophores of HM.

was worse in 4 times (ferulic acid) up to 70 times (catechin). The
comparative limits of detection of three methods are given in
Table 3. Nevertheless, all three methods were capable of detecting
polyphenolic compounds in the HM.

The linearity ranges of polyphenolic compounds were up to
10 mg L~ ! for chlorogenic acid and protocatechuic acid, and up to
5mgL~" for catechin and ferulic acid. Two linear ranges were
found for syringic acid from 0.1 to 1.0 and from 1.0 up to
15 mg~ ! L. The intra-day precision were in the ranges of 6.6-10.6%
(RSD%) and inter-day from 6.4-13.8% (RSD%). No matrix effect was
considered as the values of ME% were in the range of + 20% for all
polyphenols under investigation. The results of this validation
confirmed the suitability of the SFS method for reliable and
accurate determination of polyphenolic substances in HM. The
validation study results are summarised in Table 3.

3.1.3. HM exploratory analysis by chemometric techniques

In total, 153 SFSs were measured, i.e. 51 HM with 3 replicates
for each sample. Each SFS was of the same size, 25 x 63, where 25
was the number of excitation wavelengths and 63 was the number
of emission wavelengths, respectively. The SFSs of samples were
stacked to form a 3-way array (Xsgs) with dimensions of
153 x 63 x 25. The non-negativity constraint was set on all modes.
PARAFAC was applied for the exploratory analysis of HM fluores-
cence fingerprints. After a preliminary study, the data were divi-
ded into calibration (77 x 63 x 25) and validation (76 x 63 x 25)
sets. Split-half analysis was applied to assess the correct number of
components. The results of such analysis performed separately on
the calibration and validation set also indicated that four compo-
nents should be used as scores, and the loadings from the two
resulting models were very alike (data not shown). The suggestion
was also based on good core consistency diagnostics (CORCON-
DIA), i.e. 99%.

The results obtained showed that the SFS of Acorus calamus
(S41) and Foeniculum vulgare (S36) greatly differed from those of
other HM. S41 and S36 mainly contained one predominant peak in
their electropherograms and chromatograms. The UV-vis absor-
bance spectra of predominant peaks and MS/MS data determined
the presence of R-asarone in S41 and trans-anethole in S36,

respectively. Therefore, PARAFAC component 1 (PC1) was assigned
to asarone-like compound (Aex/Aem 250, 305/360 nm) and, further
used as a fluorescent chemomarker for Acorus calamus. Foeniculum
vulgare (S36) was characterised by PC2 with maximums at Aex/Aem
255, 300/335 nm, and was assigned to anethole-like compounds.
PC3 was attributed to catechin-like derivatives with maximums at
Aex/Aem 230, 280/320 nm. Indeed, the standard of catechin was
measured and the spectra of the latter were similar to PC3. Finally,
PC4 (Aex/Aem 230, 320/435 nm) was assigned to one of the deri-
vatives of hydroxycinnamic acids-like compounds such as caffeic
acid, sinapic acid, p-coumaric acid, chlorogenic acid and/or ferulic
acid. The PARAFAC excitation and emission loadings are shown in
Fig. 2 (A and B). Since PC1 and PC2 described 90% of the dataset in
the first model and assigned only for S41 and S36, respectively, it
was suggested that further analysis of the data be made without
these two HM. Moreover, the influence plot (not presented) also
showed that Acorus calamus (S41) and Foeniculum vulgare (S36)
should be removed from the dataset.

The second model was constructed using 147 samples (three
replicates for each sample). The optimal number of components
was again found to be four. Four components (Fig. 2C and D)
described 98.3% of the data and CORCONDIA showed good results
(89%). PC1 and PC2 were assigned to catechin-like derivatives, PC3
to hydroxycinnamic acid-like compounds (caffeic acid, sinapic
acid, p-coumaric acid, chlorogenic acid and/or ferulic acid), and
PC4 to dihydroxybenzoic acid-like derivatives (DHBA) such as
protocatechuic acid-like and/or vanillic acid-like compounds.

Hierarchical cluster analysis (CA) was applied as an alternative
approach to PCA. CA was conducted on the autoscaled scores of
the second model of PARAFAC. The number of clusters depends on
the tree cut. The tree was firstly cut around 20 (variance weighed
distance between cluster centres) for main clusters and then
around 5 for subclusters. As a result, CA separated HM into 4 main
clusters and 14 subclusters presented as a dendrogram in Fig. 3C.

$18 and S38 were easily separated into two distinct clusters. S18
was characterised by PC2pararac linked to catechin-like compounds.
S38 was described by both profiles of catechin-like compounds, i.e.
PClpararac and PC2pararac. Moreover, S3 was separated from S33
and S11. S3 was described by PC1pararac (catechin-like compounds),
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Fig. 2. A, C - PARAFAC excitation loadings: B, D - PARAFAC emission loadings; A, B - PARAFAC model with 153 samples; C, D - PARAFAC model with 147 samples.

but a lower content of PC4pararac (DHBA). In addition to S13, S48,
S49, S5 and S6, other HM (S1, S10, S14, S20, S28, S37, S4, S44, S8 and
S9) were characterised by hydroxycinnamic acid-like compounds.
Moreover, there were higher contents of DHBA in S5, S10 and S20 in
comparison to the others. S42 and S21 were separated from S16.
The last HM (S16) was differentiated by the high impact of the
PC4pprarac profile (DHBA) compared to S42 and S21. Moreover,
there was a significant impact of PC4pararac found in S2. Therefore,
the latter was also clustered together with S42, S21 and S16.
Applying CA, it was possible to detect the presence of similarities
and dissimilarities between HM, grouping them according to their
content of phenolic compounds. The identified clusters were fur-
ther used for a better understanding of PCA results.

Next to CA analysis, PARAFAC scores were fed to PCA. CA helped
to better understand PCA plots and the hidden similarities/dis-
similarities between HM samples. It also helped to identify those
compounds and/or group(s) of compounds which had the highest
differentiation power within the entire dataset. Before PCA model
construction, the PARAFAC scores were autoscaled. The PClpca,
PC2pca, PC3pca and PC4pcp explained 38.99%, 28.59%, 20.31% and
12.02% of the total variance, respectively. The loading of PClpca
revealed that it was positively influenced by PARAFAC scores of PC1
pararac and PC2 parapac and negatively by PC3 parapac and PC4 pagr-
AFAC. Therefore, pc1pca Showed good separation of catechin-like com-
pounds. Higher scores indicated a higher content of the latter.
PC2pca was positively influenced by all scores of PARAFAC PCs, but
to a greater extent of the PC4 pararac > PC3pararac > PC2 pararac >
PC1 pararac. Therefore, a bi-plot of PC1 pca versus PC2 pca showed
good differentiation power among HM containing higher contents
of catechin-like compounds or higher contents of hydrocinnamic
acid-like and DHBA derivatives, but lower than the first ones. The
loading of PC3pca differentiated HM according to the influence of
DHBA versus catechin-like and hydrocinnamic acid-like derivatives.
PC4 pcp was described by positive PC1 pararac, but negative PC2
pararac, Mainly separating two different profiles of catechin-like
derivatives. The loadings of PCpcs are shown in Fig. 3B.

PCA analysis of PARAFAC scores simplified the characterisation of
HM by naturally fluorescent polyphenols present in the plants. S38
(Potentilla erecta (L)) and S18 (Vaccinium vitis-idaea) were char-
acterised by a rich content of catechin-like compounds. Additionally,
S3 (Hypericum perforatum), S11 (Tilia cordata) and S33 (Rosa majalis)
were defined by catechin-like compounds, but with a lower content

of the latter. S13, S48, S49 (Tussilago farfara), S5 (Achillea millefolium)
and S6 (Veronica officinalis) were grouped by the high content of
hydroxycinnamic acid-like compounds (caffeic, sinapic and ferulic
acids and other hydroxycinnamic acids). A low content of hydro-
xycinnamic acid-like derivatives was observed in S19 > S15 > S34 >
S33 >S38 > S30 > S35>S47 (lowest content). S16 (Viscum)>S2
(Chelidonium majus) >S21 (Malva L)> S42 (Taraxacum officinale)
were defined by the high content of DHBA-like derivatives described
by PC4pararac. S47 (Fucus vesiculousus), S30 (Cetraria islandica (L.)
Ach.) and S35 (Carum carvi) were characterised by a low content of
fluorescent polyphenolic compound.

The clustering helped to analyse the bi-plots of PARAFAC-PCA and
determine those groups that were not initially obvious. The most
significant separation between classes was achieved by PC1pca versus
PC2pca (Fig. 3A). The HM clustering results are presented in Table 4.

The performance of the PARAFAC-PCA/CA model was assessed
by independent validation set, containing 27 HM under investi-
gation (three extracts for each HM, two replicates for each). The
validation set (XvaL sps with the size of 162 x 63 x 25) was
explained by 96.13% by the second PARAFAC model. The PARAFAC
scores of v _sps were used for PCA/CA analysis. The new clusters
were used to identify the samples as belonging to one or more
classes that were defined previously.

Validation set of HM was clustered into 13 clusters. Two clusters
were compared to each other. The accuracy and precision for binary
classification were evaluated. Two binary classes were suggested, i.e.
clustered as previously or ‘correct’ clustering and clustered in the new/
another cluster or ‘erroneous’ clustering. The average accuracy and
precision of cluster analysis was 97.4% and 89.6%, respectively. The
accuracy range was from 85.2% to 100% and the precision range from
66.7% to 100%, respectively. The ‘erroneous’ clustering has occurred for
S43 and S46, which occurred in two different clusters. S46 was mainly
characterized by DHBA derivatives, but S43 was mainly described by
HCA. S5 and S20 were clustered into the main cluster ‘DHBA deriva-
tives rich HM’ and mainly described by DHBA compounds in the
mixture of high content of HCA. S35 was clustered into the class of
low fluorescent compounds, containing predominantly low content of
HCA derivatives, but not into the cluster of very low fluorescent
compounds as previously. The clustering has shown that the ‘erro-
neous’ clustering has occurred with samples that could be described
by several constituents, i.e. HM contained as high/moderate content of
HCA as high/moderate DHBA. Nevertheless, the validation set showed
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Fig. 3. Chemometric analysis results on SFS data: (A) biplot of PC1 vs P2 of PCA on PARAFAC scores. (B) loadings of PCA model on PARAFAC scores; (C) dendrogram of CA on

PARAFAC scores.

the main trend for evaluation of HM has remained and could be
divided by their constituents content or catechin-like derivatives rich
HM, DHBA derivatives rich HM, HCA derivatives rich HM and very low
or low fluorescent compound content.

The analysis of HM by the SFS-PARAFAC-PCA method is quick,
efficient and non-destructive. Indeed, it is an excellent method for
the preliminary analysis of the authenticity of HM. It provides
rough estimates to distinguish between HM using the different
polyphenolic compounds present in plants. Unfortunately, front-
face fluorescence spectroscopy is not a widely used technique for
the evaluation of HM; however, the potential of this method to
evaluate polyphenolic content can clearly be seen from the results.
Other well-known techniques such as CE-DAD and HPLC-DAD-MS
were used as reference methods for evaluation of polyphenol
content of the HM under investigation.

3.14. Reference methods

Results of the SFS-PARAFAC-PCA method were further com-
pared with two reference separation methods: CE-DAD and HPLC-
DAD-MS/MS coupled with PARAFAC-PCA/CA. SFS method results

showed that not all of the analytes under investigation were
natively fluorescing compounds. However, compounds such as
quercetin, myricetin, kaempferol, apigenin, luteolin and rutin had
no fluorescent properties under the studied conditions; they have
absorbance spectra in the UV-vis range. Therefore, it was possible
to investigate HM in the wider range of characteristics using the
absorbance properties of polyphenolic compounds. However, the
overlapping spectra and very similar profiles of the polyphenolic
compounds must be taken into account and, indeed, are crucial for
data interpretation. Therefore, the separation techniques com-
bined with other detection methods could be of utmost impor-
tance for the current study. The different detection techniques
helped to differentiate HM based on the combination of their
spectral properties and migration/retention time profiles. More-
over, the MS/MS data were very important for compounds
identification.

3.14.1. CE-DAD. The original data size 105x5926x41 was
reduced to 95 x 1976 x 41, where 95 is the number of wavelengths
(between A 210 and 400 nm), 1976 is the migration time (min),
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Table 4 (continued )

HPLC-DAD

CE-DAD

SFS

S#

Cluster # Description

Cluster # Description

Cluster # Description

High content of HCA derivatives (H1 - dicaffeoylquinic acid isomer;

High content of HCA derivatives (C25 - dicaffeoylquinic acid; C28 H1
- chlorogenic acid) and tannins constituents (C9 - ellagic acid

derivatives), flavone derivatives (C25)

9

Low concentration of fluorescent
compounds. Predominantly, HCA

derivatives.

50

H5-rosmarinic acid), flavaones (H6 - luteolin derivative) and tannins

constitute (H21- ellagic acid derivatives) derivatives

H6

C25

H21

C28

n.a.-not analysed. HCA - hydroxycinnamic acid; DHBA - dihydroxybenzoic acid; HBA - hydroxybenzoic acid; UV abs - UV absorbance.
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and 41 is the number of samples. Then, the Xcg pap array was
divided into 35 segments from 4.0 to 25.0 min. Xcg_pap was finally
fed into parallel factor analysis (PARAFAC). PARAFAC models were
conducted on each segment with the non-negativity in the first
and the third modes and unimodality in the second mode. Each
model contained a maximum of 5 PARAFAC components. The
scores of PARAFAC models, which represent the relative con-
centration profiles of compounds, were combined into one new
matriX Xrepucep_ce-pap (41 x 84). Moreover, the loadings of elec-
trophoretic migration and absorption profiles were also obtained
from PARAFAC models. The absorbance spectra could not be
compared directly to the absorbance spectra obtained by HPLC-
DAD, because of the bathochromic shifts of spectra for poly-
phenolic compounds in the alkaline conditions (pH 9.3). The
mean-centred matrix Xgepucep_ce-pap Was further analysed by PCA
and Hierarchical Cluster Analysis, as it was previously performed
on SFS data.

Only 31 compounds from 84 found by PARAFAC were defined
as reasonable chemical profiles for HM investigation by PCA/CA.
These chemical profiles were assigned as HM chemomarkers.
PARAFAC-PCA analysis of CE fingerprints was also able to distin-
guish between S18 and S38. The results correlate with those of
SFS-PARAFAC-PCA analysis, i.e. S18 was attributed to a catechin-
like derivative as its chemomarker. CE-DAD has defined S38 by
ellagic acid derivatives. S7 was described by vitexin derivatives
(flavone glucosides). S9 was characterised by the rich content of
HCA and quercetin derivatives. S13, S48 and S49 predominantly
contained HCA derivatives, i.e. different dicaffeoylquinic acid
derivatives at very high levels. The chemical profiles for HM
obtained by PCA are presented in Table 4. Fig. A.1 shows the biplot
of PC1 versus PC3 versus PC5 of PCA on PARAFAC scores and the
cascade dendrograms of CA for HM identification. Unfortunately,
the determination of structural analogues of chemomarkers was
complicated because of the similarity between UV-vis spectra and
the absence of polyphenolic standards. The absorbance char-
acteristics of identified compounds in HM are shown in and
Fig. A.2. Moreover, the electrophoretic fingerprinting data requires
a special time-consuming alignment procedure, making the data
interpretation more difficult. Therefore, further analysis using
HPLC-DAD-MS was extremely valuable.

3.14.2. HPLC-DAD-MS. In contrast to CE fingerprints, in which
migration time shifts were significant, HPLC elution shifting was not
as drastic. Therefore, all HPLC fingerprints of 47 HM and finger-
prints of four additional mixtures were analysed by PARAFAC. The
original data size 81 x 7515 x 51 was reduced to 81 x 1200 x 51,
where 81 is the number of wavelength points, 1200 is the number
of time points and 51 is the number of samples. Then Xupic pap
array was divided into 39 segments from 3.9 to 38.3 min. PARAFAC
models were conducted on each segment with the non-negativity
in the first and the third modes and unimodality in the second
mode. Each model contained a maximum of 6 PARAFAC compo-
nents. Moreover, two of the components were specific to solvent
background and were therefore excluded from each model. The
scores of PARAFAC models, which represent the relative con-
centration profiles of compounds, were combined into one new
matrix: Xrepucep_npic (51 x 83). Moreover, the loadings of chroma-
tographic profile and absorption profiles were also obtained from
PARAFAC models. The absorbance spectra were used for the char-
acterisation of polyphenolic compounds by possible polyphenolic
groups (dihydroxybenzoic acid or hydroxycinnamic acid deriva-
tives, flavanols, flavones, flavan-3-ols and others). Furthermore, the
MS/MS data helped to identify compounds. The mean-centred
matrix Xgepucep was further analysed by PCA and Hierarchical
Cluster Analysis, as previously performed on SFS data.
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The PARAFAC-PCA analysis differentiated HM into groups and the
absorbance chemomarkers for each group of HM and/or representa-
tive of HM were defined. Tussilago farfara (S13, S48, S49) was suc-
cessfully characterised by the rich content of dicaffeoylquinic acid
isomers, including chlorogenic acid. The same result was found by
analysis of CE-DAD data. Moreover, The HM mixture S44 containing
Tussilago farfara was also grouped to S13, S48 and S49 by the same
chemomarkers; S29 was described by different flavan-3-ol derivatives.
The SFS method showed also that S29 was rich with catechin-like
compounds, ie. flavan-3-ol structural analogues. The absorbance
spectra of all flavan-3-ols were around 280 nm with shifts by 4-6 nm
to the shorter wavelength for analogues esterified by gallate. Tilia
corcada (S11) and Alchemilla vulgaris L. (S19) were grouped by phenolic
compounds eluted at 10 min with absorbance spectral bands at 260
and 294 nm specific to protocatechuic acid. The MS/MS analysis
proved this suggestion, [M—H] 153 —109. S41 and S36 were char-
acterised by the predominant absorbance of the compounds asarone
(Aabs=254, 303 nm) and anethole (Aps=259, 294 nm), respectively,
comparable to SFS method results. Another HM S35, which was pre-
viously grouped as HM containing a low content of fluorescent com-
pounds, was described by carvone (A»s=240 nm). S1, S4, S10, S17, S25
and S27 were grouped by rosmarinic acid (t,=23.8 min) (Aabs=300sh,
328(max)). Moreover, the highest PARAFAC scores (that equal to
absorbance, a.u.) of rosmarinic acid, and, therefore, comparable to the
content, was found in Origanum vulgare (S10)> Melissa officinalis
(S4) > Salvia (S27) > Thymus vulgaris (S17) > Symphytum officinale
(S1) > Mentha piperita (S25). All of these HM (except S1) belong to the
Lamiaceae family and notably contain rosmarinic acid. S1 belongs to
the Boraginaceae family; it is also known that this family contains
rosmarinic acid. In addition, rosmarinic acid was found in the mixtures
of HM S44, S45, S46 and S50. All of these HM mixtures contain at least
one HM belonging to the Lamiaceae family. S25 (Mentha piperita) was
identified in the herbal tea mixtures, namely S45 and S50, by luteolin
rhamnoglucoside.

S15 (Betula) was characterised by numerous quercetin deriva-
tives. The predominant quercetin derivative eluted at 20 min was
identified as quercetin-3-O-galactoside (hyperoside) ([M-H] ~ 463 —
301,179). S23 (Helichrysum) was characterised by isosalipurposide
(433 -313,271,151), different naringenin and apigenin derivatives. S6
(Veronica officinalis) is rich in iridoid derivatives (verminoside, ver-
proside), while S3 (Hypericum perforatum) contained the highest
content of rutin and hyperoside, and was therefore distinguished by
these flavanols from other HM under investigation. S12 (Urtica dioica)
was characterised by caffeic acid derivatives (A,ps=298sh, 329 nm)
eluted at 17.3 min. The presence of chlorogenic acid was defined in
the majority of HM under investigation: S5, S7, S12, S13&S48&S49.
S15, S20, S22, S23, S28&S51, S36, S37, S39, S40, S42, S43, S44, S45,
S46 and S50. S18 was characterised by the high level of flavanol
derivatives (quercetin derivatives) and catechin derivatives. S38
contained a high level of flavan-3-ol derivatives, proanthocyanidin,
and tannins (ellagic acid derivatives). The results were comparable to
the SFS results; S38 and S18 were also described by the high content
of catechin-like derivatives.

The HPLC-DAD-MS method, as for SFS and CE-DAD combined
with chemometric techniques, was also able to distinguish
between S38 and S18. Moreover, the exact chemomarker was
identified; namely S38 was characterised by an ellagic acid deri-
vative and S18 by quercetin rhamnoside, respectively. HPLC-DAD-
MS (/MS) data has also shown that S38 contains catechin and also
epicatechin. Catechin derivatives were also determined by the SFS
method. S18 contains different derivatives of quercetin. S10, S17,
S27, S25 are characterised by rosmarinic acid. S36 and S41 were
distinguished by all methods as these HM contain anethole and
asarone, respectively. The unique fingerprint was successfully
identified for S35 both by CE-DAD and HPLC-DAD-MS. S35 was
also suggested by the SFS method as one of the HM with a low

content of polyphenolic compounds. This suggestion was proven
by separation methods. It was confirmed by both CE-DAD and
HPLC-DAD-MS. S29 was characterised by tannins using both
separation techniques. CE-DAD determined S19 by the quercetin
derivative. HPLC-DAD-MS (/MS) identified a chemomarker of S19,
i.e. quercetin glucuronide. This compound was also determined in
S15 and S43 by HPLC-DAD-MS (/MS). The summary of chemical
profiles for HM obtained by PCA is presented in Table 4. The
MS/MS and absorbance characteristics of identified compounds in
HM are shown in Table A.1 and Fig. A.3. Fig. A.4 shows the biplot of
PC1 versus PC3 versus PC5 of PCA on PARAFAC scores and the
dendrogram of CA for HM identification.

It should be pointed out that unlike CE-DAD and SFS, HPLC-
DAD-MS was able to identify the chemical profiles of HM in
mixtures S44, S45, S46 and S50. This can be explained by the high
selectivity of HPLC and the good reproducibility of retention time
of peaks. The electrophoretic conditions set for CE-DAD do not
work for all samples. Therefore, it is better to optimise conditions
according to the sample under analysis, but comparable finger-
prints might be lost in this case.

4. Conclusion

In this paper, spectral fluorescence signature (SFS) method in
front face mode combined with the chemometric techniques
PARAFAC, CA and PCA were applied to authentication HM (Central
Estonia) found in an Estonian market. The results showed that
SFS-PARAFAC-PCA/CA is rapid, sensitive and reliable tool for the
investigation of fingerprints and prediction of the composition of
HM. SFS-PARAFAC-PCA/CA enables only classes of chemical con-
stituents to be suggested, not identified with certainty and, hence,
quantified, but can be easily used for the rapid evaluation of
polyphenolic compounds content in the HM. Moreover, the poly-
phenolic rich or poor HM can be reliably defined. The biggest
advantage of the SFS method in front face mode is the ability to
analyse undiluted HM extracts. Therefore, the unique fingerprint
of HM can directly be obtained from the surface of sample extracts,
i.e. unique chemical composition of constituents is not lost during
dilution. The results obtained by the SFS-PARAFAC-PCA/CA method
are in good agreement with the results obtained by the CE-DAD
and HPLC-DAD-MS methods.
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In the present study, a capillary electrophoresis method with native fluorescence detection for the
quantification of two main marijuana cannabinoids, tetrahydrocannabinol (THC) and cannabidiol (CBD),
in oral fluid is described. The reported CE method makes it possible to assess illegal cannabis use in
approximately 10 min, including saliva sample collection, pre-treatment procedures and capillary
electrophoresis (CE) analysis. The proof of the principle, demonstrated on a home-made lab scale
instrument, has potential to be easily translated onto a truly portable instrument for on-site
measurements. The saliva sample collection/preparation/pre-concentration procedure was combined
into one step using a Salivette® sampling device. No separate precipitation of proteins and/or
derivatisation was required. The baseline CE separation of the two cannabinoids was achieved in less
than 7 min by applying a non-aqueous background electrolyte (BGE), composed of 2.5 mM sodium
hydroxide in a methanol-acetonitrile mixture (1 : 1). Cannabinoids were detected at their second Aex/Aem
maximum (280/307 nm) with LOD values of 0.19 and 0.17 ug mL~* for THC and CBD, respectively. The
recovery of the cannabinoids from the collection pad was greater than 80% for both cannabinoids tested
at 2.5 pg mL™%, and the inter-day precision was less than 6% for all analytes. The procedure was applied
to oral fluid specimens after the controlled ad libitum smoking of one cannabis cigarette.
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criminals as quickly as possible, so that appropriate preventive
measures can be taken. For such a method to be useful, several

1. Introduction

Published on 23 July 2015. Downloaded by Tallinn University of Technology on 27/08/2015 14:40:31.

Cannabis (marijuana) is the most widely used illegal substance
in the world."” Humans smoke or ingest cannabis for its
psychotropic effects. Tetrahydrocannabinol (THC) is the primary
psychoactive compound in cannabis and its confirmation is an
important element in assessing drug exposure in the workplace,
while driving or during drug treatment. Cannabidiol (CBD), the
other natural cannabinoid found in relatively high concentration
in cannabis, contributes little to cannabis's psychotropic activity;
quite the contrary, it may have antipsychotic properties.® Its
concentration relative to THC can be useful in distinguishing the
smoking of cannabis from the administration of cannabinoid-
containing pharmacotherapies.*

The widespread use of illegal cannabis is generally the reason
that cannabinoids are intensively studied and that the search for
possible new methods for determining usage is still very active.>*
The quest for the development of an analytical method is tar-
geted at the ability to identify the narcotics used by drivers/
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factors have to be considered, including non-invasive sampling
and sample preparation time, the portability of instruments,
instrument start-up time, and actual analysis time.

The use of oral fluid (OF) as an alternative biological matrix
for drug abuse testing has received increased attention in
forensic and clinical chemistry. Saliva sample collection,
compared to blood sampling, is easy, non-invasive and does not
require any special training. In addition, for drug abuse control,
saliva is available at any time and a sample can be collected in
public view to prevent adulteration or sample substitution. An
OF clean matrix contains approximately 98% water, with elec-
trolytes, mucus, proteins and small molecules. Oral fluid
contains predominately the parent drug rather than drug
metabolites, and therefore is a good indicator of intoxication
states.” During cannabis smoking, oral mucosa is immediately
contaminated with cannabinoids contained in cannabis vapour
and THC concentrations in saliva often exceed 1000 pg L™ " for a
short time after smoking.*®

To date, the assessment of illicit cannabis use, based on oral
fluid analysis, has employed on-site screening tests and, in the
case of positive results, follow-up confirmatory analysis in the
lab. For on-site testing, such immunoassay devices as
DrugWipe®, Cozart® RapiScan, Rapid STAT®, Driger
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DrugTest® 5000, Oratect XP saliva kits, etc. are available
commercially. The main drawbacks of immunoassay tests are
cross-reactivity and poor analyte recovery from the device,
which lead to low diagnostic sensitivity (about 60%) and often
to inadequate performance.'”'" In the next step of the assess-
ment of narcotic intoxication, chromatographic separation
techniques play a dominant role. Usually, GC and HPLC are
coupled to a mass spectrometer (MS),">"* because these detec-
tion techniques provide very reliable identification of separated
compounds. Each of these techniques has advantages and
drawbacks for on-site analysis. For instance, GC can be made
portable and the separation times are relatively short.'
However, the analysis typically requires derivatization steps
because cannabinoids are insufficiently volatile. HPLC, on the
other hand, cannot readily be made portable and thus requires
the sample to be delivered to an analytical laboratory. In addi-
tion, despite the lower amounts of proteins found in OF with
respect to blood, extensive sample preparation is needed in
order to avoid relevant matrix effects.'”” This is generally carried
out using solid phase'™*® or liquid-liquid extraction modes.*
The recovery values of these techniques often decrease up to
50% and the accuracy of the methods suffers.

Capillary electrophoresis (CE) and related techniques are
increasingly being employed in forensic analysis, as docu-
mented in several recent reviews.”*** The exceptional power of
separation and resolution, short analysis time, economical use
of reagents, and minimum sample requirements make CE an
attractive methodology for forensic laboratories. CE can easily
be miniaturized, unlike GC or HPLC.** CE start-up time is
significantly shorter than that of HPLC, because there is no
need for lengthy equilibration of the separation column with an
eluent. In addition, CE analysis times are unquestionably the
shortest of the available separation techniques. In contrast to
these advantages, the primary disadvantage limiting its use is
its poor concentration sensitivity, particularly when applied
with on-column ultraviolet (UV) absorbance detection, due to
low sample-injection volume and short optical path length.
More adequate detection limits for abused drugs in the context
of miniaturized analytical techniques can be obtained by light-
emitting diode (LED) induced fluorescence detection.**** The
combination of extremely high stability, long lifetime, small
size, low cost and commercial availability at wavelengths
ranging from deep-UV to near-IR regions makes LEDs an
attractive light source.>*>°

In this study, we propose the hypothesis that the capillary
electrophoresis method with a native LED-induced fluorescence
detector (LED-IF) is an alternative analytical technology to
laboratory GC/LC-MS and roadside drug tests. The proof of the
principle was demonstrated on a home-made lab scale instru-
ment, with the goal of transforming it further to a portable
format for on-site measurements. The LED-fluorescence
detector used in this work was operated at a deep UV wave-
length, providing the detection of the two main marijuana
cannabinoids, THC and CBD, at their excitation/emission
maximum without the need for derivatization. A saliva sample
collection/preparation/pre-concentration ~ procedure  was
combined into one step using the Salivette® sampling device

Anal. Methods

View Article Online

Paper

and was carried out in several minutes. A rapid and effective
clean-up was carried out with good recovery values. The elec-
trophoretic conditions obtained with a non-aqueous back-
ground electrolyte allowed for good separation of analytes in
only 6 min. The developed method was thoroughly validated
and used for the analysis of real oral fluid specimens after
controlled marijuana smoking.

2. Materials and methods
2.1. Chemicals and reagents

Tetrahydrocannabinol and cannabidiol standard solutions
10 mg mL ™" and 1 mg mL ™" and powders were purchased from
Lipomed AG (Switzerland). Internal standard (IS) bicalutamide
(BCT) and potential interferents, including ethanol, acetalde-
hyde, nicotine, cotinine, caffeine and ibuprofen, were obtained
from Sigma-Aldrich (USA). Other drugs, including analgetics
(acetylsalicylic acid, paracetamol, ibuprofen, metamizole, diclo-
fenac, meloxicam, flupirtine, tramadol, and codeine), antibiotics
(doxycycline, amoxicillin, clindamycin, azithromycin, metroni-
dazole, nitrofurantoin, sulfamethoxazole, and trimethoprim),
histamine antagonists (loratadine, cetirizine, and levocetirizine),
psychoactive drugs (phenobarbital, alprazolam, citalopram,
escitalopram, venlafaxine, carbamazepine, and olanzapine), and
others (doxazosin, finasteride, ambroxol, metoprolol, omepra-
zole, dydrogesterone, loperamide, warfarin, enalapril, glucos-
amine, sildenafil, and levothyroxine) were purchased from a
pharmacy. Non-aqueous background electrolyte compounds,
including sodium hydroxide, methanol and acetonitrile (ACN),
were obtained from Sigma-Aldrich (USA). All of the chemicals
were of ACS grade and the organic solvents were of HPLC grade.

Cannabis cigarettes with concentrations of THC and CBD of
25 and 20 mg, respectively, were made from medical marijuana
Bediol (Bedrocan, Switzerland) and LM Blue cigarettes.

2.2. Calibrator and quality control solutions

THC 10 mg mL ™" in ethanol and CBD 1 mg mL ™" in methanol
standard solutions were diluted with acetonitrile to prepare
100 pg mL ' stock solutions, which were stored at —20 °C. A
stock solution 100 pg mL ™' of bicalutamide used as IS was
prepared in acetonitrile. Fresh OF samples for the preparation
of the working and quality controls (QCs) were donated by staff
personnel, and collected with the Salivette® device (Sarstedt,
Numbrecht, Germany). Calibration solutions 0.5, 1.0, 2.0, 5.0
and 10.0 pg mL~" were prepared by the addition of the appro-
priate amount of the cannabinoid stock solutions and IS
(0.5 ng mL ") to blank oral fluid samples, with the following
sample preparation. QC solutions were prepared in the same
way from different cannabinoid standard lots than those used
for the calibrators.

2.3. Oral fluid collection and sample preparation

Fresh OF samples were collected with the Salivette® device and
centrifuged at 10 000 rpm for 1 minute. The centrifugate was
discarded and 1000 pL of acetonitrile was added to the pad. The
Salivette tube was centrifuged again under the same conditions

This journal is © The Royal Society of Chemistry 2015
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and the obtained centrifugate was injected for CE analysis. The
collected samples were stored at —20 °C.

2.4. CE apparatus and analysis

The LED-fluorescence detector for CE used for the determina-
tion of cannabinoids was designed and constructed by Laser
Diagnostic Instruments AS (LDI), Estonia. It was described in
detail in our previous study.>® A UV-LED (Roithner Lasertechnik,
Austria) was used as the fluorescence excitation source (A =
280 nm). An interference filter of 307 nm (Andover Corporation,
USA) was used to block reflected UV radiation and select the
required spectral region for fluorescence signal registration.

The CE apparatus was constructed in-house. Uncoated,
fused-silica capillaries, i.d. 75 um and o.d. 360 pm (Polymicro
Technologies, Phoenix, AZ, USA), were used for the analyses.
The total capillary length was 60 cm with the detection zone
placed at 15 cm from the capillary end. Prior to injection, the
capillary was rinsed sequentially with 0.1 M NaOH and the
background electrolyte for 2 min each. The samples were
injected into the capillary by hydrodynamic flow at a height
differential of 20 cm for 30 seconds. Separations were per-
formed at +17 kV. Before the measurements, new capillaries
were conditioned by rinsing them sequentially with 1 M sodium
hydroxide and Milli-Q water. Between analyses, the capillaries
were rinsed with the electrolyte solution for 2 min.

2.5. Method validation

The developed CE method was evaluated for linearity, limits of
detection and quantification (LOD and LOQ), selectivity, inter-
day precision, accuracy, carry-over, extraction recovery and
matrix effects (ME).

Calibration was performed by the method of standard
additions. For this, blank OF samples were spiked at five
different concentration levels and each concentration level was
injected five times. Analyte responses were normalized to an
internal standard and quantified by linear least-squares
regression. Bicalutamide (BCT) was utilized as the IS. Linearity
was checked from 0.5 to 10 pg mL™" for both cannabinoids,
THC and CBD. The correlation coefficient (R*) was required to
be at least 0.99, and residuals <20% at the LOD and <15% at the
other concentrations.

LOD and LOQ were determined by measuring a series of
decreasing concentrations of fortified saliva samples. LOD was
determined as the lowest analyte concentration with an S/N
ratio of at least 3 for both cannabinoids, with acceptable peak
shapes. LOQ was the lowest concentration that could be quan-
tified with acceptable precision (%CV < 20%) of the target
concentration.

Selectivity was defined as the ability to identify and quantify
an analyte in the presence of potential endogenous or exoge-
nous interferents. Potential endogenous interferents were
assessed by the analysis of six OF samples from volunteers
fortified with IS. Exogenous interferents were assessed by the
analysis of OF samples fortified with 45 common drugs and
alcoholic beverages listed above. Moreover, exogenous

This journal is © The Royal Society of Chemistn
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interference caused by the smoking of common tobacco ciga-
rettes was also evaluated.

Precision and accuracy were assessed at low (0.5 pg mL™"),
medium (2.5 pg mL~ ") and high (10 pg mL ") QC concentrations
in an oral fluid matrix. Precision and accuracy were studied by
analysing three replicates on ten different days (n = 30). The
experimental precision was expressed as the relative standard
deviation. Accuracy was calculated as the difference between
mean and target concentrations (C,) (A% = mean/C; x 100).

Fortified OF samples exceeding the linear range for THC and
CBD (100 pg mL™") were extracted and analysed to evaluate
carry-over. Blank samples containing IS were injected after each
carry-over challenge to quantify potential carry-over from the
previous injection.

Extraction recovery (R%) was calculated at two concentration
levels (2.5 and 10 ug mL™") by comparing mean peak areas in
blank samples fortified with the analytes and IS before (A) and
after (B) extraction with the Salivette® device (n = 5). Accord-
ingly, R% = A/B x 100. The interference of the matrix with the
S/N ratio of each analyte was calculated as the slope ratios of the
calibration curves obtained in solvent (ACN) and in OF.

3. Results and discussion
3.1. Method development

3.1.1. Fluorescence emission spectra of cannabinoids. The
fluorescence emission spectra of THC and CBD were first
investigated to estimate the feasibility of this method. It was
found that both cannabinoids emitted fluorescence wave-
lengths around 307 nm when excited at 230 and 280 nm.
Therefore, it was possible to use a 280 nm light-emitting diode
with an interference filter 307 nm to detect them in CE without
the need for fluorescence derivatization. The use of the first
Aex/Aem Maximum of cannabinoids (230/307 nm) would provide
a higher quantum yield (Fig. 1S in the ESI{) and therefore,
detection sensitivity; however, the absence of the commercially
available 230 nm LEDs restricted the possibility of their use for
this application.

3.1.2. CE conditions. The cannabinoids studied in the
present work represent weakly acidic molecules with hydroxyl
groups attached to unsaturated aromatic hydrocarbon rings,
and they exhibit pK, values above 9.5 and 10.5 for CBD and
THC, respectively (see Fig. 1). Thus, in very basic electrolytes,
cannabinoids are deprotonated at the oxygen atom and migrate
as anions towards the cathode. THC and CBD are almost
insoluble in water and the use of organic solvents for separation
media has many advantages compared to aqueous CE. Besides
the improved solubility for water-insoluble compounds, a non-
aqueous medium in CE provides increased selectivity and
reduced currents, which allow for the application of high field
strengths to achieve rapid separation.*® The application of a very
basic electrolyte system consisting of sodium hydroxide dis-
solved in methanol-acetonitrile for the analysis of acidic
species was first proposed by K. Altria et al.** and confirmed by
U. Backofen® et al. for the determination of cannabinoids in
hair. In the present study, both cannabinoids and IS (bicaluta-
mide) were separated in 2.5 mM NaOH dissolved in a
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HO
Tetrahydrocannabinol, Mw 314.5, pKa 10.5 Cannabidiol, Mw 314.5, pKa 9.7

Fig. 1 The chemical formulae, molecular masses and pK, of studied
cannabinoids. pK, values can change depending on the environment.
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Fig. 2 Separation on tetrahydrocannabinol (THC) and cannabidiol
(CBD) standards by non-aqueous CE with a LED-fluorescence
detector. Experimental conditions: capillary I.D. 75 pm; running elec-
trolyte 2.5 mM sodium hydroxide dissolved in methanol-acetonitrile
(1:12); separation field 283 V cm™; Aey/em = 280/305 nm. Peaks: 1 —
CBD (2ugmL™), 2 = THC (2 pgmL™), and 3 = IS (1 pg mL™Y).

methanol-acetonitrile (1 : 1) mixture (Fig. 2). It is interesting to
note that CBD, which has two phenol moieties and the same
mass, migrated faster than THC. This can be explained by the
fact that in strongly basic media, CBD is oxidized to a quinone,
and becomes less charged than THC.*

3.1.3. Optimization of the extraction procedure. A careful
optimization of the extraction step was needed, particularly to
achieve the best sensitivity for the detection of cannabinoids in
OF. As was mentioned above, during cannabis smoking, oral
mucosa is contaminated with cannabinoids contained in
cannabis vapour. In the present study, we exploited the strong
adsorption of oral mucosa with cannabinoids to Salivette®
cotton swabs, which allowed us to use the Salivette® device for
sample collection, analyte pre-concentration and extraction.
First, a Salivette® tube, containing the collected OF sample was
centrifuged and the obtained oral fluid was withdrawn. Then,
cannabinoids were extracted by the addition of a certain
amount of ACN to the swab, providing denaturation of the
mucosa proteins and release of the analytes, followed by
centrifugation. The sampling/extraction procedure was exam-
ined in terms of the remaining amount of OF in the swab and
the loading volume of ACN for maximum extraction efficiency,
while the sampling time was kept constant (1 min) according to
the Salivette® producer recommendations. For this, blank and
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Fig. 3 Assessment of the endogenous matrix effect. Experimental
conditions as in Fig. 2. Electropherograms (a—f) represent the CE
analysis of OF samples from six volunteers, (g) OF sample spiked with
standards of CBD, THC and IS. Peaks: 1 — neutral compound from
Salivette® swab, 2 — CBD, 3 — THC, 4 - IS, 5 — saliva endogenous
compound.

fortified (1 pg mL ™" of each cannabinoid) OF samples from six
volunteers were extracted and analysed. The amount of the
saliva obtained after the first centrifugation varied, depending
on the person, from 0.1 to 1.5 mL. However, the remaining
amount of oral fluid in the swab after the first centrifugation
was constant, 0.33 £ 0.03 mL (n = 6), providing normalization
of the sampling procedure. The ACN loading volume was varied
from 0.5 to 2 mL. The addition of decreased amounts of ACN to
the swab produced lower recovery and peak broadening, caused
by the weak stacking effect, while an increased amount of ACN
led to sample dilution and lower sensitivity. The best extraction

14000 T T T

NN T

' —
10000

N Y

4000 L,W,n

T |

Time, min

Fluorescence intensity, AU

Fig. 4 Assessment of the exogenous matrix effect. Experimental
conditions as in Fig. 2. Peaks: a — tramadol, b — metoprolol, c* -
omeprasol peak at 14 min, d — venlavaxin, e — estsitalopram, f — tsi-
talopram and g — codeine (1 pg mL™* of each drug); 1 - CBD (1
g mL™), 2 = THC (1 pg/mL) and 3 - 1S (0.5 pg mL™Y).

This journal is © The Royal Society of Chemistry
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recovery values (over 80%) with minimum sample dilution were
obtained when 1 mL of ACN was added to the swab (Table 1).

3.1.4. Method validation. The data of the method valida-
tion are summarized in Table 1. The calibration curves were
generated using an unweighted least-square regression model.
A linear relationship was obtained between the concentration
injected and the corrected peak area for both cannabinoids
within the range 0.5-10 pg mL™'. The calibration curve R
always exceeded 0.994. Limits of detection and quantification of
0.19 pg mL ™" and 0.41 pg mL~" for THC, and 0.17 pg mL ™" and
0.36 pg mL ™" for CBD were achieved. In spite of that, the GC-MS
technique for the analysis of cannabinoids still outperformed
the proposed CE protocol in LOD; the real concentrations of
cannabinoids in saliva were usually much higher (1-5 ug mL ™)
for a short time after smoking than the declared cut-offs.’
Therefore, the proposed CE technique can be successfully
applied for confirmation analysis during the intoxication period
(0-3 hours after cannabis use®*?*).

The selectivity of the method was proven by the evaluation of
endogenous and exogenous matrix effects. Endogenous matrix
effects were determined in the OF fortified with IS collected
from six drug-free volunteers. There were no endogenous signal
contributions for any analyte of interest (Fig. 3).

Exogenous interferents were assessed by fortifying QC
samples with forty-five potential interfering drugs. Under
applied CE separation conditions, only tramadol, codeine, cit-
alopram, escitalopram, venlafaxine, metoprolol and omepra-
zole peaks were observed on the electropherograms. The
analysis of the drug-fortified (1 pg mL ") OF samples confirmed
that these drugs do not contribute to the measured concentra-
tions of THC and CBD in OF (Fig. 4). All drugs, except ome-
prazole, co-migrated with the EOF peak. The omeprazole
migration time was about 14 min (electropherogram (c), peak
not shown).
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Fig.5 CE analysis of real OF specimens. Experimental conditions as in
Fig. 2. Electropherograms: a — blank OF, b — saliva sample after the
smoking of one “LM blue” cigarette, c — saliva sample after the smoking
of one cannabis cigarette. Peaks: 1 — neutral compound from a Sal-
ivette® swab, 2 — CBD, 3 — THC, 4 - IS, 5 — saliva endogenous
compound.
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Exogenous interferents caused by the smoking of tobacco
cigarettes were also evaluated. Fig. 5(a) and (b) demonstrate a
volunteer's blank OF sample and saliva sample analyses after
the smoking of one “LM blue” cigarette. No quantifiable peaks
were detected at the specific retention time for both analytes.

Inter-day reproducibility (precision) and accuracy were
assessed using a fortified drug-free matrix at three concentra-
tion levels (Table 1). Inter-day reproducibility results expressed
as residual standard deviation (RSD%) were constantly <6%.
Accuracy calculated as the percent difference between mean
and target concentrations of each analyte ranged from 98 to
108% for all concentration levels.

Extraction recovery was calculated by comparing mean cor-
rected peak areas (n = 5) of analytes in drug-free OF fortified
prior to and after the extraction procedure with the Salivette®
device. Mean extraction efficiencies ranged between 80 and
85%, which are very good compared to LLE (70%)* or MEPS
(50%)* saliva pre-treatment methodologies.

With regard to the matrix effect in neat OF, both CBD and
THC showed fluorescence signal enhancement: +26% and
+40%, respectively (Table 1). Therefore, the quantitative deter-
mination of these cannabinoids in saliva must be conducted by
a standard addition method into a sample matrix.

Negative samples injected immediately after samples con-
taining 100 pg mL~" of THC and CBD showed no evidence of
carry-over (the signal was below the LOD for both analytes).

3.1.5. Application to real OF specimens. The developed CE-
LED-IF method was employed to quantify THC and CBD in OF
specimens collected with the Salivette® device after the
controlled ad libitum smoking of one cannabis cigarette con-
taining approximately 20 mg THC and 15 mg CBD. The proto-
cols were approved by the National Medical Research Ethics
Committee, and the participants provided written informed
consent. OF was collected 10 min before (blank) and 20 min
after the start of smoking. A representative electropherogram
demonstrating a selective separation of analytes from a partic-
ipant's OF after smoking is presented in Fig. 5(c). The measured
concentrations of THC and CBD were 3.04 ug mL ' and
4.05 pg mL™ Y, respectively.

4. Conclusions

A rapid and simple method of CE with ultraviolet light-emitting
diode-induced native fluorescence (UV-LEDIF) detection was
presented to determine THC and CBD in OF. The proposed
separation protocol in combination with highly selective native
fluorescence detection made it possible to quantify these
cannabinoids in a biological matrix with a minimum sample
pretreatment. No separate precipitation of proteins or deriva-
tisation was needed. The procedure of saliva sample collection
and clean-up was accomplished with the Salivette® sampling
device and the whole analysis, including CE separation of
analytes, took 10 minutes.

The validation results show that the detection limits of the
CE-LEDIF method are less reliable than GC-MS LODs, but can
be considered acceptable for the determination of cannabi-
noids in OF during a short time after smoking (a couple of
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hours). Moreover, the lack of detection sensitivity can be over-
come by using an excitation source at the first Aex/Aemy maximum
of cannabinoids (230/307 nm). The implementation, for
example, of a miniature flash Xe-lamp instead of an LED for the
excitation of analytes provides an approximate 50-fold increase
in sensitivity. With respect to the simplified operating condi-
tions, excellent selectivity and miniaturization benefits of the
proposed CE technology, it seems to be a very promising and
reliable alternative to conventional laboratory GC/LC-MS for on-
site analysis of drug abuse. The construction of a novel portable
CE instrument with a 230 nm excitation source would be an
interesting direction for further development.
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1 Introduction
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Determination of y-hydroxybutyric acid

in saliva by capillary electrophoresis
coupled with contactless conductivity and
indirect UV absorbance detectors

The aim of the current study was to optimise and validate the methodology for deter-
mination of y-hydroxybutyric acid (GHB) in saliva by CE combined with a contactless
conductivity detector (C*D) and indirect UV absorbance detection (\aps = 210 nm). The
optimized BGE, consisting of 8.5 mM maleic acid, 17 mM arginine, 255 uM cetyltrimethy-
lammonium bromide (CTAB), and 15% acetonitrile, was evaluated for the separation of
GHB in saliva within 6 min. The performance characteristics of the CE-C*D-indirect UV
methodology was validated. The instrument detection and quantification limits were 0.49
and 1.6 mg/L for C*D, and 5.1 mg/L and 17.0 mg/L for indirect UV, respectively. The
linearity was obtained over the range from 2.5 to 400 mg/L for C*D and from 12.5 to
400 mg/L for indirect UV. The interday precisions were within 2.3-5.7% and intraday
precisions were within 1.6-9.0% for C*D as well as 2.1-9.3%, 5.6-10.1% for indirect UV
in spiked saliva, respectively. The recoveries were within 87.2-104.4%. The matrix effects
were +53.2% for small concentrations up to 25 mg/L for C*D and +23.6% for concen-
trations up to 75 for mg/L for indirect UV detection. No matrix effects were observed for
higher concentration levels. In conclusion, CE-C4D-indirect UV can offer a rapid, accurate,
sensitive, and definitive method for the determination of GHB abuse in saliva samples as
a forensic screening tool.

Keywords:
CE / Contactless conductivity detection / y-Hydroxybutyric acid / Indirect UV
absorbance detection / Saliva DOI 10.1002/elps.201500293

Dl Additional supporting information may be found in the online version of this
article at the publisher’s web-site

(GHB). GHB can be used as arecreational drug or as a drug fa-
cilitating sexual assault, robbery, money extortion, and other

A global epidemic of drug abuse and addiction can be com-
pared to the “Plague,” encountering millions of victims every
year. One of the well-known and popular drugs of abuse
among teens and young adults is +y-hydroxybutyric acid
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ment detection limit; 1QL, instrument quantification limit;
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MLOQ, medium LOQ; PMPA, pinacolyl methylphosphonic
acid; ULOQ, upper LOQ; URT, upper respiratory tract; UV,
ultraviolet
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crimes. Drug-facilitated crime implies that a victim is unable
to resist assault due to unconsciousness caused by the influ-
ence of substances. GHB is also known as a central nervous
system depressant and hypnotic. It occurs naturally in the
human body at low levels (saliva 0.15-3.33 mg/L [1], urine
0.64-4.20 mg/L [2], serum 0.62-3.24 mg/L [2]) as a metabo-
lite of GABA (y-aminobutyric acid) [3]. As an illegal drug,
GHB is often abused at bars, “raves” and clubs. It can be
consumed orally as a solid white powder or added to different
alcoholic beverages. The latter is the predominant method
of consumption. GHB analog such as -y -butyrolactone (GBL)
and 1,4-butanediol (1,4-BD) can also be used instead of GHB.
The analogs are converted to GHB in the human body (1,4-BD
to GBL and GBL then to GHB). Therefore, the detection of

Colour Online: See the article online to view Figs. 1 and 2 in colour.
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GHB is of utmost importance and reflects illegal drug abuse.
Although, the different and, even more severe, toxic effects
of GHB analogs might be taken into account.

The GHB dose drastically varies from 0.5 g for a slight
and up to 4 g for strong or severe one. In the case of regular
drink volumes, 100-150 mL, the GHB concentration can be
between 3 and 40 g/L in liquids. It is demonstrated that the
effects of GHB last for 3-6 h, starting 15-30 min after intake.
Nevertheless, GHB is rapidly eliminated from the body (half-
life of 10-53 min) [4] and, therefore, the detection window
is rather short, that is, approximately 3 h in oral fluids, 5 h
in blood samples and less than 12 h in urine samples [4,5].
Thus, samples should be collected as quickly as possible after
intake. It is especially critical for the detection of GHB abuse
using oral samples and blood.

Despite the illicit consumption of chemically synthesized
compounds, GHB and GBL are fermentation by-products that
occur naturally in different beverages such as soya as well as
white and red wines. In contrast to the illicit consumption
doses, the concentration levels of GHB and GBL are very
low. The highest content found in red wines is from 4.1 to
21.4 mg/L [6]. Therefore, wine drinking can increase, to a
minor extent, the endogenous GHB content in biological
samples. But, the levels of GHB after wine drinking are not
comparable to the illicit drug doses, which are several orders
higher.

Furthermore, GHB is a well-known prescription drug for
the treatment of narcolepsy, alcoholic abuse and catalepsy [7].
Moreover, GHB is also used by body builders as a muscle-
growth enhancer [8]. Therefore, the accurate endogenous and
exogenous GHB level interpretation in biological samples is
critical for point-of-care and drug-abuse testing. The following
cut-off limits are proposed to distinguish endogenous from
exogenous GHB in clinical samples: 4-10 mg/L in urine [9]
and 2-5 mg/L in blood [2].

The above facts make the analysis of GHB challenging in
biological samples. Undoubtedly, the accurate and sensitive
analysis of the small polar organic molecule with weak UV-
absorbing properties is a complex feature for toxicological
sample investigation. The main methods for the determi-
nation of GHB in biological samples are GC-FID, GC-MS,
LC-MS-MS [10], and HPLC-MS/MS [3]. These methods
are generally time consuming and require complex sample
preparation including derivatization. However, there are a
limited number of studies investigating the application of
CE for the determination of either endogenous or exogenous
GHB levels in biological samples. Most publications using
CE as a separation method deal with urine, serum, or blood
samples [11], but neither of them utilize saliva samples. Bio-
logical samples have mainly been investigated by CE coupled
with indirect UV absorbance detection or MS [12], and few
of them by contactless conductivity detector (C*D). Never-
theless, the only reported research by Hauser et al. [13] has
implied CE-C*D for the detection of GHB, but only in urine
and blood serum samples. Therefore, the current study im-
plements CE-C*D with sequential indirect UV detection for
the first time in the determination of GHB in saliva samples.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

CE and CEC 3043

Different hyphenated techniques with different method-
ologies are proposed for the determination and quantification
of GHB in urine [13, 14], blood [14], and saliva [1, 15]. Cer-
tainly, one of the suitable methods for the detection of weakly
or nonabsorbing small organic and inorganic molecules is
CE coupled with a C*D. The main advantage of CE-C*D is the
miniaturization possibility of the instrument and, therefore,
the possibility to conduct measurements on the scene of the
crime. CE-C*D was successfully applied for the detection of
simple organic and inorganic compounds in oral fluids, blood
serum, urine, exhaled breath condensate, and saliva by Kuban
etal. [16,17]. Moreover, saliva is a perspective sample matrix
containing thousands of compounds that can be suggested as
markers for health disorders. Therefore, known markers can
be used to monitor metabolism processes in organisms [18].
Despite the marker exploration, saliva is an excellent source
for the determination drug of abuse. Saliva has the merit of
being easy to collect.

The purpose of the present study was to demonstrate the
use of saliva as a sample in the screening of GHB abuse by
CE. The feasibility study of the sequential dual detection sys-
tem using conductivity and indirect UV for biological sample
analysis was performed and evaluated. Both detection modes,
with the optimized methodology, were validated according to
the European Guideline on bioanalytical method validation
(EMA/275542/2014) [19].

2 Materials and methods
2.1 Standards and chemicals

All  chemicals were analytical grade. Sodium -
hydroxybutyrate (GHB) powder and a solution of 1 mg/mL
GHB salt in methanol were purchased from Lipomed AG
(Germany). ACN (HPLC grade), maleic acid, L-arginine (Arg),
CTAB, pinacolyl methylphosphonic acid (PMPA), calcium
chloride, potassium nitrate, potassium nitrite, magnesium
sulfate, sodium sulfite, sodium thiocyanate, disodium hy-
drogen phosphate, sodium hydroxide, and succinic, tartaric,
citric, lactic acid, and glutamic acid were obtained from
Sigma-Aldrich (Germany). Ultrapure water (Milli-Q) (resis-
tivity =18 M{)cm) was obtained using a Milli-Q integral water
purification system (Merck KGaA, Germany). Saliva samples
were collected from six volunteers (both male and female, age
ranging from 25 to 70). Two red wines “Le Grand Noir* (85%
Cabernet/15% of Shiraz, 13% vol, France, 2013) and “Vina
Maipo Vitral” (Cabernet Sauvignon, 13.5% vol, Valle del
Maipo, Chile, 2011) were purchased ata local store in Estonia.

2.2 Separation procedure
The in-house built portable CE device equipped with a C*D
[20] (Chemistry Department, TUT, Estonia) and an Agilent

3D CE instrument (Agilent Technologies, Waldbronn, Ger-
many) equipped with a DAD were combined in this study.

www.electrophoresis-journal.com
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The conductivity detection cell was incorporated into the Ag-
ilent 3D CE capillary cassette. The sample injection, CE anal-
ysis was conducted inside Agilent 3D CE instrument. The
conductivity signal was registered by in-house built hardware
for CE-C*D, absorbance signal by Agilent 3D CE instrument
hardware, respectively. An uncoated fused silica capillary (Ag-
ilent Technologies, USA) with a total length of 65 cm, effec-
tive length of 45 cm to the C*D and 56.5 cm to the DAD (id
50 um and od 360 pwm) was used to separate the analyte of
interest. The applied voltage was —19 kV. The C*D frequency
was set to 150 kHz. The indirect UV absorbance was recorded
at Aags = 210 nm.

The proposed methodology for GHB analysis in urine
and serum samples by Hauser et al. [13] was modified and
optimized for saliva samples and the current system. The
stock BGE solution consisted of 10 mM maleic acid, 20 mM
Arg, and 300 uM CTAB adjusted to pH 7.35. As an organic
modifier, 15% acetonitrile was added to the stock BGE, with
slight adjustment of the final pH to 7.65 and decreasing the
BGE components content to 8.5 mM maleic acid, 17 mM
Arg, and 255 uM CTAB. The final BGE was ultrasonicated
(Bandelin electronic, Germany) for 10 min, degassed by 10%
at 30°C and then filtered through a 20 pm cellulose filter
(Sartorius Stedim Biotech, Germany). Prior to CE analysis,
the capillary was activated and washed every day with 1 mM
NaOH for 10 min, Milli-Q water for 10 min and BGE for
15 min. The injection was conducted hydrodynamically for
10 s at 35 mbar. Between the experiments, the capillary
was rinsed for 3 min with BGE. Moreover, the capillary was
washed with methanol for 10 min, Milli-Q water for 10 min
and BGE for 15 min, at least after 20 analyses in order to
prevent adsorption on the capillary surface.

2.3 Sample collection and preparation

The GHB salt was dissolved in an acetonitrile/Milli-Q so-
lution (1:1) (5 g/L) and further dilutions were prepared in
acetonitrile. Saliva samples were collected prior to analyses
and stored in a freezer (—18°C) until used (but not longer
than 6 months). A minimum of 400 pL of saliva sample was
collected in a 1.5 mL Eppendorf tube. Then, 2 pL of 10 mM
PMPA (final 100 wM) in water as internal standard (IS) and
148.5 wL of acetonitrile added to 49.5 wL of the saliva sample.
The sample was thoroughly mixed and the supernatant was
separated by centrifugation for 10 min at a maximum speed
of 6000 rpm in a mini-centrifuge for 1.5 mL Eppendorf tubes
(Sarstedt AG&Co, Germany). The supernatant was trans-
ferred to a new Eppendorf tube and used for further analysis
by CE.

2.4 CE data preprocessing
The reproducibility in terms of the migration time is of

importance in CE in order to identify the analyte of inter-
est. Therefore, electropherograms were corrected using the

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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method proposed by Zhang and Chen prior to the analy-
sis of the CE data [21]. Two internal substance components,
such as exogenous IS (PMPA) and endogenous IS (chloride
ion), were used for correction coefficient evaluation for each
electropherogram against the standard, using the following
equation:

Y
|
N

y=1-1 M

_ 1
tp

G

I

The new migration time (t,) was found using the calcu-
lated correction coefficient 1%

NN YRR A )
G- i

where Y'is the correction coefficient, t; and tp are migration
times of the exogenous and endogenous ISs, respectively,
fland fp are migration times of PMPA and chloride ions,
respectively, in the electropherogram under correction;t, is
the corrected migration time for corrected electropherogram
and f,is the migration time of the electropherogram under
correction.

2.5 Validation

Validation of the CE methodology was carried out in
concordance to the European Guideline on bioanalyt-
ical method validation (EMA/275542/2014) published
by the European Medicine Agency in 2009 and adapted
in 2012 [19]. This guideline sets the minimum perfor-
mance parameters for small (MW < 1000 Da), medium
(1000 < MW < 10 000 Da), and large molecules (MW
> 10 000 Da) that are to be evaluated and set their
acceptance criteria. As the GHB (Mr = 104.1 g/mol)
is referred to as a small molecule, the following CE per-
formance parameters were evaluated: selectivity, carry-over
effect, lower LOQ (LLOQ), calibration curve, accuracy, pre-
cision, matrix effect (ME), and efficacy/extraction recovery.

2.5.1 Design of experiments

The design of experiments for the robustness study was de-
veloped using the Box-Behnken experimental design [22].
Small variations in the BGE composition were investigated
in the robustness study using response surface regression
analysis [23]. The changes represent typical errors that can
occur in daily analyses. The following parameter ranges
were used to conduct a Box-Behnken design at three lev-
els: maleic acid 10 £+ 1 mM, arginine 20 £ 2 mM, and CTAB
300 + 25 wM. The levels were coded as -1 for the mini-
mum, 0 for nominal and 1 for the maximum change. The
BGE pH remained the same and was always adjusted to 7.35
prior to analysis, using the appropriate amount of aqueous
sodium hydroxide solution. Six independent replicates were
conducted for each design order.

www.electrophoresis-journal.com
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2.6 Software plete EOF reversal in the BGE. A stable baseline and a good

Data were processed with in-lab-made software for peak ac-
quisition (TUT, Chemistry Department, Estonia), Chemsta-
tion (Agilent Technologies, Waldbronn, Germany), and PLS
toolbox 6.2 (Eigenvector Research) in Matlab R2011b.

3 Results and discussion
3.1 CE methodology optimization

The preliminary study was conducted using the proposed
methodology by Hauser et al. [13]. Unfortunately, the time of
analysis was more than 10 min and, therefore, the methodol-
ogy was not suitable for quick onsite analysis of saliva sam-
ples. Therefore, it was decided that the methodology should
be optimized for efficient and rapid GHB separation in saliva
samples within 10 min. At the BGE pH of 7.65, GHB (pKa
is 4.71) was negatively charged and migrated as an anion in
BGE. Moreover, the high pH value assured that GHB did not
convert to the lactone form GBL.

It was found out that the concentration of CTAB, as a
cationic modifier, and ACN, as an organic modifier, drasti-
cally affected the migration time, resolution (Rs), and effi-
ciency in terms of theoretical plates (N) of anions naturally
occurring in saliva. First, different concentrations of CTAB,
such as 30, 100, and 300 uM, were tested. Upon addition
of CTAB to the BGE (ACN0%), there was a rapid transi-
tion from normal (cathodic) to reversed (anodic) EOF. The
increase of CTAB concentration led to the decrease of EOF
migration time from 18 min to 6.2 min, indicating the com-

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

resolution (Rs >1.2) between GHB and neighbor peaks, as
well as a short separation time, were obtained with 300 pM
CTAB in the BGE. Second, the voltage was optimized (-5,
-10, -15, and -19 kV). The separation at =19 kV was as-
sumed to be the most suitable, as the separation of GHB
in spiked saliva was achieved in 3.6 min (sample: ACN 1:1,
BGE + ACNO0%) (S - Fig. 11-A3). The sample preparation
was optimized in addition to the optimization of BGE and
CE conditions. Whole saliva proteins were precipitated us-
ing ACN in ratios of 1:1, 1:2, and 1:3 (sample/acetonitrile).
The best resolution, a stable baseline and the most effective
precipitation of proteins in saliva were achieved with the ra-
tio of 1:3. Moreover, adding ACN to the saliva sample that
contained a high concentration of inorganic ions (chloride
presents at about 5 mM in resting and up to 70 mM in stimu-
lated saliva [24]) increased the efficiency of CE separation via
a “ACN-salt stacking” effect [25]. The stacking mechanism
was similar to the transient isotacophoresis. The salts, due to
the limited solubility in ACN, moved rapidly with some water
in the front, creating the region with a low field strength and
leaving behind a more concentrated zone of ACN (the region
with a high field strength), where organic anions were mov-
ing faster, slowing down at the region of a low field strength.
Furthermore, ACN, as an organic modifier, could affect the
capillary surface in the BGE, changing its viscosity by in-
ducing solvent—solute and solute-solute interactions, as well
as by modifying the pKa of ionization of the silanol group,
solute molecules, and analytes—thus resulting in the al-
teration of electroosmotic and electrophoretic mobility.
The addition of ACN to the BGE increased the sensitiv-
ity and improved the resolution (Supporting Information
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Figure 2. () CE-C*D electropherograms of saliva samples after red wine drinking; (Il) Zoomed region of electropherogram from 5.3 to
6.5 min: (A1) Blank saliva of volunteer #5; (A2) Volunteer's #5 saliva after drinking of 40 cl of “’Le Grand Noir”; (A3) Volunteer’s #5 saliva
spiked with 20 mg/L GHB (#11) after drinking of 40 cl of “Le Grand Noir”; (B1) Blank saliva of volunteer #6; (B2) Volunteer's #6 saliva
after drinking of 30 cl of “Vina Maipo Vitral”; (B3) Volunteer’s #6 saliva spiked with 10 mg/L GHB (#11) after drinking of 30 cl “Vina Maipo
Vitral”; (C1) Blank saliva of volunteer #5; (C2) Volunteer’s #5 saliva after drinking of 30 cl of “Vina Maipo Vitral”; (C3) Volunteer's #5 saliva
spiked with 10 mg/L GHB (#11) after drinking of 30 cl of “Vina Maipo Vitral.”

Fig. 1, Fig. 1II). The best results were achieved with the
BGE containing 15% of ACN. Ngpp was increased from
60 000 (ACNO0%) to 120 000 (ACN10%) and, finally, to
255 000 (ACN15%) plates per meter. However, because
of the added ACN, the GHB migration time increased to
5.5 min (ACN15%) (CV% uncorrected 7.3-9.4%) due to
a lower EOF velocity that was caused by a lower dielec-
tric constant and a higher viscosity. Inspite of that, the
time required for analysis was within a 10-min timeframe,
and the sensitivity improvement (fourfold) was of more
importance.

3.2 Validation of CE methodology

3.2.1 Identification

Saliva consists of 99% water, containing inorganic ions
(sodium, chloride, nitrate, nitrite, phosphate, and others)
and proteins (enzymes, immunoglobulins, and others). The
presence of different substances reflects the metabolism
processes in the body and, subsequently, shows the body’s
health and wellbeing. For example, it was found that physical
activity changes the sodium and lactate ion contents [24].

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Moreover, saliva can indicate medicament or illegal-drug
consumption.

Prior to knowledge of possible interferences, the iden-
tity of GHB was studied in different samples. The identity
study was based on selectivity/specificity, showing the abil-
ity of the methodology to distinguish the analyte of interest,
GHB, and IS, PMPA (t; = 6.3 min), from the endogenous
matrix components under the optimized methodology. As
the composition of saliva varies from person to person, six
samples were analysed for possible interferences. Moreover,
the saliva variations under different effects were monitored,
including intensive physical training, upper respiratory tract
infection (URT) with administration of Ospamox (1000 mg
of Amoxicillin, Sandoz GmbH, Austria), long-term tobacco
smoking, drinking of orange juice, and the consumption
of two red wines. Moreover, the possible anions, such as
chloride, nitrate, nitrite, sulfate, sulfite, thiocyanate, succi-
nate, tartrate, citrate, hydrogen phosphate, lactate, and glu-
tamate, that can be found in saliva naturally or occur after
the administration of different products (juice, coffee, wine,
etc.) were identified. Possible comigration with GHB was
studied.All samples were suggested as true-negative sam-
ples, except for the red wine, in which GHB can be naturally
found.

www.electrophoresis-journal.com
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+23.6

100: 87.2 + 8.0

100: 9.3%/10.1%
400: 2.5%/6.3%

(68.0)

(400)

(17.0)

=(2.41 £ 0.07)x + (-7.9 £ 2.2)

n=6;Tn=36 09926 vy

12.5-75

Saliva (small)

400: 101.1 + 25

*n, number of concentration levels and Tn, total number of measurements used for linear regression construction.
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Figure 1 presents the electropherograms of Milli-Q water
spiked with different anions found in saliva (A1) and whole
saliva blanks (B1, D1, F1) in comparison to saliva after train-
ing (D2), long-term tobacco smoker saliva (E1), saliva of a
volunteer with a URT infection (C1) and that after treatment
(the fourth day of Ospamox administration) (C2) as well as
saliva samples after juice (B2) and red wine consumption (F2).
There was no comigration observed for the analyte of inter-
est, GHB, with the tested substances under the optimized
conditions. Moreover, consumption of 10 cl of red wine has
not significantly increased the endogenous GHB content in
saliva and remained below instrument detection limit (IDL).
Therefore, it was concluded that the optimized system has
successfully passed the identity study. Moreover, the system
was successful for the codetection of thiocyanate, lactate, and
glutamate by C*D. Furthermore, BGE has proven to be suit-
able for sequential detection by conductivity and then indirect
UV absorbance. It was observed that indirect UV absorbance
detection was perfect for tartrate, succinate, citrate, hydrogen
phosphate, lactate, glutamate, and GHB (Fig. 11I: Al). C*D
detection was not so sensitive to tartrate, succinate, citrate, or
hydrogen phosphate. As saliva contains a very high concen-
tration of chloride ions, it was impossible to separate chloride
from nitrate and nitrite in real samples. Nevertheless, the ef-
fective separation of the latter ions was not the aim of the
current study, but only an additional observed fact.

3.2.2 Limits of detection and quantification

The LOD and LOQ were evaluated in saliva by spiking GHB
at different concentration levels in blank saliva: 0, 2.5, 5,
7.5, 10, 12.5, and 25 mg/L for C*D and higher concentra-
tions were needed for indirect UV absorbance: from 12.5 to
75 mg/L. At least six independent replicates for each con-
centration were conducted. The linearity was evaluated with
higher concentrations up to 400 mg/L.

Linearity was found up to 400 mg/L for C*D and indirect
UV absorbance. The IDL was defined using a 95% prediction
interval of the regression line [25]. The IDL was 0.49 mg/L
and the instrument quantification limit (IQL) was 1.6 mg/L
in saliva for C*D. The IDL and IQL for indirect detection
were lower, as expected, at 5.1 and 17 mg/L in saliva,
respectively. Taking into account the sample preparation,
the LOD equalled 2.0 mg/L and the LOQ 6.5 mg/L for C*D
and 20.4 mg/L and 68 mg/L for indirect UV absorbance in
saliva, respectively.

Despite the fact that the IQL was sometimes lower than
the lowest calibration level (for conductivity), the instrument
lower LOQ (ILLOQ) was set to 2.5 mg/L and instrument up-
per quantification limit was set to 400 mg/L. It was found that
the LOQ of 6.5 mg/L for the C*D was suitable for accurate dif-
ferentiation between exogenous and endogenous GHB levels
in the case of a 10 mg/L cut-off limit. Unfortunately, the sen-
sitivity of indirect UV absorbance was not enough, but could
be used for the quantification of higher concentrations up to
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Table 2. Box-Behnken design of experiments and response values for robustness study (number of replicates = 6)

Run order Design order [Maleic acid], mM [Arginine], mM [CTAB],uM Rui-GHB R GHB-U2 N gyg (10°) tR GHB, MIN
1 1 -1 -1 0 22 1.2 1.43 43
2 5 0 -1 -1 2.2 1.4 1.46 4.4
3 3 -1 0 1 2.1 1.8 1.19 4.5
4 n 1 0 -1 24 1.2 1.24 47
5 13 1 1 0 24 1.1 0.98 4.4
6 2 -1 0 -1 22 1.4 0.77 43
7 8 0 1 -1 25 1.2 1.15 45
8 10 1 -1 0 27 1.2 0.90 4.6
9 6 0 -1 1 2.1 1.3 0.69 46
10 9 0 1 1 1.6 1.3 0.48 45
1" 12 1 0 1 1.6 1.7 0.41 4.5
12 4 -1 1 0 1.3 2.3 0.28 45
13 7 0 0 0 2.1 1.2 1.07 47

257 mg/L of GHB, which can be found in saliva samples after
GHB consumption [4].

3.2.3 Accuracy and precision

A precision study was carried out to assure the reproducibility
of the proposed methodology. The results were expressed as
the coefficient of variation (CV%) and evaluated at four lev-
els: LLOQ, 3 x LLOQ, MLOQ (medium LOQ, 30-50% from
calibration range) and at 75% of the upper LOQ (ULOQ) or at
the ULOQ for indirect UV absorbance. The interday precision
was evaluated using six replicates of spiked blank saliva and
Milli-Q for each concentration level and intraday precision
was evaluated over 3 days, preparing the same concentration
levels. The inter- and intraday precisions (CV%) were be-
low the acceptance level of 15% for the tested concentrations
and below 20% for the LLOQ. The interday precision was
within 2.3-5.7% and intraday within 1.6-9.0% for C*D and
2.1-9.3% or 5.6-10.1% for indirect UV in spiked saliva, re-
spectively. The precision results showed good reproducibility
and repeatability.

The accuracy was assessed for samples spiked with GHB
before the sample preparation at four concentration levels:
LLOQ, 3xLLOQ, MLOQ (30-50% from calibration range) and
at 75% of ULOQ or at ULOQ for indirect UV absorbance. The
accuracy was expressed as the relative recovery (Rec%). Six
replicates for each level were conducted over three different
days. The accuracy was within £20% of the nominal value at
the LLOQ and within +15% of the nominal value for the other
concentration levels. The results for each level are presented
in Table 1.

3.2.4 Matrix effect

The ME indicates the saliva matrix components effect on
GHB signal intensity. The positive ME value emphasizes the
enhancement of the signal and the negative one shows the
suppression of the signal. The ME was evaluated along a

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

range of concentrations using the slopes of calibration curve
of GHB dissolved in water and in the saliva sample using the
following equation [26]:

sLopematrix

ME% = (
slopesolvent

- 1) x 100%. 3)

The ME% in the range of +20 (+15)% (within ac-
cepted intraday precision) was designated as showing no ma-
trix effects, while MEs within +20 (+15)-50% and higher
than +50% were assigned to a medium and strong ME,
respectively [26].

A medium and strong MEs for the low concentration
levels were observed for indirect UV absorbance (ME% of
+23.6%) and for conductivity (ME% of +-53.2%), respectively.
Therefore, the concentration levels between 2.5-25 mg/L of
GHB for C*D must be evaluated using either the calibration
curve constructed by the standard addition method or apply-
ing the correction factor to the traditional calibration curve,
thus eliminating ME. No MEs (<15%) were observed for the
higher concentration levels (Table 1).

3.2.5 Robustness study

Since only CE-C*D was capable to differentiate the exoge-
nous and endogenous GHB concentrations in saliva, the
robustness study for CE-C*D was conducted using a saliva
sample matrix spiked at the cut-off level of 10 mg/L GHB.
The design order was randomized and the run order of the
experiments was conducted as shown in Table 2. The re-
sponses, such as migration time (tg gug) of GHB, the num-
ber of theoretical plates (Ngup) and the two resolution values
between undefined peaks migrated before and after GHB,
U1-GHB (Ruicus), and GHB-U2 (Ry,.gug), were recorded
and calculated (Table 2). It was found that N gyp is signifi-
cantly affected by concentration variations of [CTAB] (+1) and
[arginine] (+1) and their interactions [maleic acid] x [CTAB]
and [maleic acid] x [arginine] (p-value < 0.050). Therefore,
CE-C*D method is sensitive to small variations of BGE at
GHB cut-off level and, therefore, extreme attention must be
paid to correct BGE preparation.
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3.3 Real sample analysis

GHB can be found in food and beverages, that is, in sherry
as well as white and red wines. Red wine is a natural source
of GHB, and the GHB concentration can be up to 21.4 mg/L
(mean 12.6 mg/L) [6]. Therefore, two different red wines (red
wine 1 and red wine 2) were chosen for the detection of GHB
in saliva samples. The analysis of blank saliva was conducted
prior to wine drinking. The GHB endogenous occurrence in
saliva was investigated using 10 cl doses of red wine. Each
dose was completed during 3—4 min and followed by the new
one after sample collection. The saliva sample was collected
after 2-min interval of every completed dose. Slight increase
of GHB peak height was observed after drinking 30 and 40 cl
of red wine. The experiment was finished within 25 min due
to short half-life of GHB (10-53 min).

The identity of the GHB peak was further confirmed by
spiking GHB into the same sample. It follows that minor
quantities in human saliva can be unambiguously detected
(Fig. 2). The quantification of GHB was not conducted, as it
was below the IQL. But, the detection of the presence of GHB
in red wine has proven the possibility to detect GHB in saliva
based on CE with C*D and indirect UV absorbance detection.
The analysis of clinical samples after GHB consumption is
to be conducted in further research.

4 Concluding remarks

In this paper, CE-C*D-indirect absorbance was successfully
applied for the determination of GHB in saliva samples. The
validation results show that CE-C*D has suitable sensitivity
for the differentiation of endogenous and exogenous concen-
trations of GHB in saliva. The biggest advantages of the pro-
posed methodology are the short time of analysis, sensitivity,
and simple sample preparation that can be further automated
and miniaturised for on-site confirmation analysis.
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