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This thesis provides a literature review on the detection of pharmaceutical drug abuse from
biological matrices using High - Performance Liquid Chromatography coupled with Tandem
Mass Spectrometry (HPLC-MS/MS) and the challenges and strengths of this analytical
method. Detection of pharmaceutical drug abuse using HPLC-MS/MS is widely applied in
forensic toxicology, including in autopsies, drug-related crimes, custody cases and
workplace and doping drug screening.

This thesis presents the principles of HPLC-MS/MS, commonly used biological matrices
and their sample pretreatments, HPLC-MS/MS data and its interpretations as well as the
challenges and strengths of this analytical method. HPLC-MS/MS is a highly selective and
sensitive analytical tool providing both qualitative and quantitative analysis. However,
challenges such as matrix effects, complex sample pretreatments and sample tampering,
short detection windows, false results and misinterpretation of the data still remain. Despite
these challenges, HPLC-MS/MS remains a useful and powerful tool in forensic toxicology
when identifying pharmaceutical drug abuse.
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Tédmai kandidaatintyd on kirjallisuuskatsaus, jossa tarkastellaan lddkeaineiden vidrinkdyton
tunnistamista biologista matriiseista kdyttden korkean erotuskyvyn nestekromatografia -
tandemmassaspektrometriaa (HPLC-MS/MS). Téssd tyossd kisitellddn myds tdmédn
analyysimenetelmén heikkouksia ja vahvuuksia. Ladkeaineiden védrinkdyton tunnistamista
HPLC-MS/MS - menetelmdd kédyttden hyodynnetddn laajasti  rikosteknisessd
toksikologiassa, kuten ruumiinavauksissa, huumausaineisiin liittyvissd rikoksissa,
huoltajuustapauksissa seké tyopaikka- ja dopingtestauksissa.

Tyosséd esitellddn ensin HPLC-MS/MS:n toimintaperiaatteet, usein kéytetyt biologiset
matriisit ja niiden esikésittelyt, HPLC-MS/MS dataa ja sen tulkintaa sekd
analyysimenetelmédn haasteet ja vahvuudet. HPLC-MS/MS on erittdin selektiivinen ja
herkkd analyysimenetelmd, joka voi tuottaa sekd kvalitatiivista ettd kvantitatiivista dataa.
Menetelmédn liittyy kuitenkin haasteita, kuten matriisihdiriditd, vaikeita ndytteiden
esikdsittelyjd ja ndytteiden manipulointia, lyhyitd lddkkeiden havaitsemisikkunoita, vairid
tuloksia sekd datan tulkintavirheitd. Naistd haasteista huolimatta HPLC-MS/MS on
hyodyllinen ja tehokas tydkalu, kun halutaan tutkia lddkeaineiden véaarinkdyttoa
rikosteknisessé toksikologiassa.
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DAD Diode - Array Detector

DDA Data Dependent Aqcuisition

DIA Data Independent Aqcuisition
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HPLC High Performance Liquid Chromatography
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IUPAC International Union of Pure and Applied Chemistry
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Ql First Quadrupole

QTOF Quadrupole Time-of-Flight

QTOF-MS/MS Quadrupole Time-of-Flight Tandem Mass Spectrometry
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1 Introduction

Pharmaceutical drug abuse is a global public health concern. The misuse of pharmaceuticals,
including opioids, benzodiazepines and amphetamine derivatives, has led to a significant
increase in overdoses and drug-related deaths in recent years. Identifying pharmaceutical
drug abuse from biological matrices (blood, urine, hair and oral fluid) is applied in forensic
toxicology and is used in investigating drug-related deaths and crimes, custody cases, as well

as workplace and doping testing.

The objective of this thesis is to provide a literature review on how pharmaceutical drug
abuse can be detected from biological matrices using HPLC-MS/MS data and what
challenges and strengths are related to this analytical method. High-Performance Liquid
Chromatography coupled with Tandem Mass Spectrometry (HPLC-MS/MS) provides
accurate and reliable qualitative and quantitative data of pharmaceuticals and their
metabolites from complex biological samples. It is essential in the detection of
pharmaceutical drug abuse in forensic toxicology. Despite its accuracy and reliability,
challenges such as matrix effects, complex sample pretreatments and sample tampering,

short detection windows, false results and misinterpretation of the data still remain.

This thesis first introduces the structure and principle of HPLC-MS/MS and the mass
analysers utilised in the analysis. It then presents the commonly used biological matrices
used in drug detection and their sample pretreatments, HPLC-MS/MS data and its
interpretations and the method’s challenges and strengths. Lastly, new advances in the
analysis of pharmaceuticals are discussed. The aim of this thesis is to give insight on how to
interpret HPLC-MS/MS data when identifying pharmaceutical drug abuse and to analyse the
strengths and weaknesses of HPLC-MS/MS in forensic toxicology.



2 Backround

The objective of this literature review is to give a review of pharmaceutical drug abuse and
the structure and principles of HPLC, MS/MS and HPLC-MS/MS, which is commonly used
in the detection of pharmaceutical drug abuse. Additionally, internal standards, calibration
solutions and different biological matrices and their pretreatments for this analytical method

are presented.

2.1 Pharmaceutical Drug Abuse

Pharmaceutical drug abuse is defined as the use of pharmaceuticals without a doctor’s
prescription or the use of one’s own prescribed medication in a manner not intended by the
doctor (THL 2023). Misuse can include using excessive amounts of the medication or taking
it too frequently, combining medication with other substances with the intention of
intoxication, or using them in a way that differs from the intended use (such as snorting or
injecting). In a survey conducted in Finland by the Finnish Institute of Health and Welfare
in 2018, 7 % of respondents reported having misused prescription medication at least once
in their lifetime. More than half have abused sedatives, sleeping pills or strong prescription
painkillers such as opioids. (THL 2023.) The most commonly abused pharmaceuticals in
Finland are various benzodiazepines, opioids and amphetamine derivatives (Hakkinen et al.
2023). In the United States, the misuse of prescription drugs, especially opioids, has
increased drastically in recent years. In 2017, there were 129 drug-related deaths every day.
One of the major factors behind these deaths is the increasing abuse of pharmaceutical drugs.
Similarly to Finland, the most commonly abused pharmaceuticals in the United States related
to overdoses include opioids, benzodiazepines, and amphetamine derivatives. (Bryant &
Forman 2019, 5.) The commonly abused pharmaceuticals, their chemical class,

pharmacological group and typical purpose of use are presented in Table 1.



Table 1: Typically abused prescription drugs, their chemical class, pharmacological group and common
purpose of use (Hékkinen et al. 2023).

Chemical Class Pharmaceutical Pharmacological Common Purpose of
Group use
Benzodiazepines Diazepam, Sedatives Relieving anxiety
Alprazolam (Xanax) symptoms
Amphetamine Dextroamphetamine, Stimulants ADHD medication
Derivatives Lisdexamphetamine
Opioids Buprenorphine, Opioids Treating pain
Fentanyl

People commonly gain access to prescription drugs through family members or friends. In
the United States, approximately 53 % of prescription painkillers are given by a friend or a
family member voluntarily, while 14.6 % of drugs are usually stolen or purchased from them.
Additionally, 20.1 % of individuals receive pharmaceutical drugs by faking or exaggerating
symptoms to a doctor in order to receive a prescription and 2.6 % of individuals get multiple
prescriptions from different doctors. Only 4.3 % get their pharmaceutical drugs from dealers.
(Bryant & Forman 2019, 14-15.) Similarly to the United States, in Finland, the primary
source of access to pharmaceutical drugs is through family or friends. The acquisition of
pharmaceutical drugs from dealers is rare. Furthermore, individuals may misuse their own
prescription medicine for non-medical purposes. According to data gathered collected
between 2006 and 2014, 6 % of individuals who had prescriptions to pharmaceuticals that
had abuse potential, reported misusing them. (THL 2023.) Figure 1 visually represents the
ways of acquisition of pharmaceuticals in the United States according to a survey conducted

in 2014.
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Figure 1: The acquisition of pharmaceuticals in the United States according to a survey conducted in 2014.
(Bryant & Forman 2019)

Identifying pharmaceutical drug abuse from analytical data is important for many reasons.
In forensic toxicology, it is utilized in different legal contexts, such as autopsies, drug-related
crimes, custody cases as well as workplace and doping drug testing. (Davies et al. 2016, 15-
16.) The analysis data also can reveal new drug trends, such as polydrug use, as well as
methods of use. High-Performance Liquid Chromatography (HPLC) is extremely useful in
the identification of pharmaceuticals, since it can detect small amounts of unknown chemical
substances and quantify them. It can also establish a match between different samples and
identify impurities within the sample. (Embar-Seddon & Pass 2015, 557) Pairing the
separation power of HPLC with Tandem Mass Spectrometry (MS/MS) offers high detection,
sensitivity and selectivity resulting in extensive analysis from complex biological matrices
(Madden & Xu 2012, 5). Pharmaceuticals can be detected in the human body through the

analysis of biological matrices, such as blood, urine, hair or oral fluid.



2.2 High-Performance Liquid Chromatography — Tandem Mass Spectrometry
(HPLC — MS/MS)

The aim of this section is to present the structure, principles and purposes of HPLC, MS/MS
and HPLC-MS/MS. This section gives an overview on how this analytical method can be

used in the detection and analysis of pharmaceuticals.

2.2.1 High-Performance Liquid Chromatography (HPLC)

High-Performance Liquid chromatography (HPLC) is a key technology utilised in the
analysis of different chemical compounds and especially pharmaceuticals due to its
selectivity, high performance and quick analysis (Fanali 2013, 42). An HPLC system
consists of several different components: a high-pressure pump, a loop injector, a column

and a detector (Malhotra 2023, 272-273). The structure of an HPLC system is presented in

Figure 2.
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Figure 2: The simplified structure of an HPLC system including the high-pressure pump, loop
injector, column and detector.

The principle of HPLC is to separate the components of a sample so that they can be analysed
by a detector. The separation of the analytes occurs in the column, where the stationary phase
is located. The mobile phase (eluent) carries the injected sample through the column forced

by pressure, and the analytes are selectively separated between the mobile and stationary



phase. (Fanali 2013, 42-43.) The separation of the analytes happens in the column when the
mobile phase passes through the stationary phase (Higson 2004, 230). The solutes are eluted
from the column, and they exit the column at different rates and time frames. The time taken
for a solute to elute is called the retention time, and the detector analyses the retention times
for each compound. These signals gathered by the detector are then recorded as peaks in the
chromatogram. (Higson 2004, 213.) The elution strength, and therefore the retention time,
depends on the features of the stationary phase, the pH of the eluent and the columns

temperature (Fanali 2013, 226).

The mobile phase (eluent) is a flowing liquid, in which a small volume of sample is injected
and dissolved before the analysis. The eluent is chosen to have the same or similar mixture
as the sample, which makes the separation more efficient. It can also contain one or more
different solvents. The mobile phase transports the sample via the column with the help of a
pump forced by pressure. The pump should provide a smooth and a continuous flow for the
mobile phase. (Higson 2004, 230-231.) The pressure in the system, especially in the column,
depends on the viscosity of the mobile phase, column length and the flow rate (Majors 2007).
When screening pharmaceuticals, a reversed-phase high performance liquid
chromatography (RP-HPLC) is typically applied due to the minor polarity of organic
compounds. In RP-HPLC, the mobile phase should be polar, and it generally is a methanol
or acetonitrile - mixture with a water-based acidic buffer (Fanali et al. 2013, 253; Ritgen

2023, 145.)

The stationary phase is a non-moving, packed solid phase, located inside and on the surface
of the packing material inside the column (Fanali 2013, 49). The packing material consists
of porous particles, which are typically made from silica (SiOz). Silica is generally used as
packing material, since it interacts with the analytes in the column efficiently. (Higson 2004,
238.) The purpose of the packing material is to increase the columns surface area - to volume
ratio, which improves the column’s efficiency (Fanali 2013, 49). When screening unknown

drugs, the stationary phase is usually non-polar C18 silica (Fanali et al. 2013, 253).

The column should be made from an inert, strong material and its internal surface should be
smooth (Fanali 2013, 46). The pressure in the HPLC system is usually around 400 bar, so

the column should withstand pressure within that range (Fanali 2017, 731). The column is



typically made from stainless steel and situated in a heated environment. Its diameter is
generally from 3 to 4 mm and its length is from 10 to 30 cm. The packing material’s particle
diameters vary from 3 to 10 pum. (Higson 2004, 230-237.) To preserve and increase the
lifetime of a column, a short precolumn is often used to filter any unwanted material from
getting to the main column. The precolumn is located between the injector and the main

column. (Fanali 2013, 69.)

2.2.2 Mass Spectrometry (MS) and Tandem Mass Spectrometry (MS/MS)

Mass Spectrometry (MS) is an analytical method used to determine analytes’ atomic and
molecular masses. Both MS and MS/MS are widely used together with chromatographic
methods, such as HPLC, in the analysis of drugs of abuse. (Augusto et al. 2018.) This
analytical method measures the mass-to-charge ratios (m/z) of ions, which are displayed as
a mass spectrum. This mass spectrum can then be utilised in the qualitative as well as
quantitative analysis. (Rouessac 2007, 369.) In recent years it has become one of the most
versatile analytical methods, due to its sensitivity, diversity and detection limits and it is
widely used in the analysis of pharmaceuticals (Hoffman & Stroobant 2007, 1; Cabooter et
al. 2016). The MS consists of three essential parts; the ionization source, mass analyser and
an ion-detector and it operates in a high vacuum, low pressure environment (Rouessac 2007,

370-371). The basic principle of MS is presented in Figure 3.

lonization | — | Acceleration | — | Separation

|

Display — Detection

Figure 3: The basic principle and stages of the MS-analysis including ionization, acceleration,
separation, detection and display (Rouessac 2007, 370-371).

In the ionization phase, the analyte is ionized in a gas-phase in the ion source (Rouessac
2007, 370). A sample can be first introduced to the ion source in liquid form (the sample is
in solution) or in solid form (the sample is in a non-volatile state). In both cases, the sample
is ionized in a gas-phase. When choosing the ionization technique prior to the analysis, the

molecular properties of the sample should be considered. (Hoffman & Stroobant 2007, 15.)



In the analysis of pharmaceuticals, the dominant ionization techniques are low-energy
Electrospray lonization (ESI) and Atmospheric Pressure Chemical Ionization (APCI). ESI
is better at detecting polar and ionizable compounds and APCI is better at detecting non-

polar compounds. (Fanali 2017, 308.)

In the acceleration phase, the ionized sample is transferred to a high-vacuum space and the
ions are accelerated by an electric field, increasing their kinetic energy. These accelerated
ions are forwarded to a mass-analyser to be divided by their mass-to-charge ratios (m/z).
This ratio is then forwarded to an ion-detector and presented as a mass spectrum. (Rouessac

2007, 369-371.)

Tandem Mass Spectrometry (MS/MS) is an analysis method where two or more mass
spectrometers are connected via a collision cell and used together. Today, Time-Of-Flight
(TOF) and Quadrupole mass analysers are used together in forensic toxicology when
screening large numbers of unknown drugs with MS/MS. (Fanali et al. 2013, 260-261.) In
Quadrupole Time-of-Flight MS/MS (QTOF-MS/MS), the Quadrupole mass analyser is
located in Quadrupole 1 (Q1). In QI, precursor ions are separated based on their m/z and
forwarded into a collision cell, where the ions are fragmented by an inert gas. The
fragmented ion is then detected and analysed by a TOF - analyser. (Allen & McWhinney
2019.) The fragmentation of the ion can happen spontaneously or as a result of activation.
(Hoffman & Stroobant 2007, 189.) The reaction equation representing the fragmentation of

an ion is presented in Equation 1.

+
p

m} > m{ + m, (1)
Where

Precursor ion (the ion isolated by Q1)

my Fragmented ion (the ion fragmented by the collision cell)

m, Neutral ion (not analysed)



2.2.3 Principle of HPLC — MS/MS

HPLC-MS/MS is a combination of an HPLC and an MS/MS system, and it has become a
dominant analysis method in the pharmaceutical industry due to its speed, sensitivity and
selectivity (Prasain 2012, 458). In the qualitative and quantitative analysis of unknown or
large numbers of pharmaceuticals, HPLC is coupled with MS/MS detection and QTOF mass
analysers. The resulting data is then compared to a wide library of basic and neutral drugs.

(Fanali 2017, 311-315.)

HPLC-MS/MS connects the principle of HPLC and MS/MS together. The sample is firstly
injected into the system, where the mobile phase transports the sample via the column and
stationary phase. After the solutes are eluted in the column, the effluent from the HPLC is
nebulized, desolvated and ionized in the ion source and directed to the MS. An isolation of
the precursor ion happens in Q1, and it is then fragmented with an inert gas in the collision
cell. These fragmented ions are then detected and analysed. (EAG Laboratories n.d.) The
final mass analysis is made with the TOF-analyser. The structure and principle of the HPLC-
QTOF-MS/MS system is presented in Figure 4.

\

Data

§
- T

Column

Collision
Cell
Loop

N — G0 =1

HPLC QTOF-MS/MS

Figure 4: The structure of the HPLC-MS/MS system.

In forensic toxicology, qualitative and quantitative analysis of pharmaceuticals are essential
in detecting pharmaceutical drug abuse. Qualitative analysis is relatively straightforward,
since HPLC-MS/MS gives data that can be used to detect substances present in the sample

due to their m/z ratios and retention times. HPLC-MS/MS can also perform a quantitative
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analysis, which determines the concentrations of different substances present in the sample

in the time of sampling.

2.3 Biological Matrices and Sample Pretreatments

The objective of this section is to give an overview of internal standards, calibration solutions
and the common biological matrices (hair, urine, blood and oral fluid) used in the analysis
of pharmaceuticals. Additionally, the pretreatments of these biological matrices before
analysing the samples are presented. Table 2 presents the pretreatments, advantages and

limitations of each matrix, all of which are further discussed in this section.

Table 2: Pretreatments, advantages and limitations of each matrix.

Blood (plasma) PPT and centrifugation / Not prone to sample Matrix Effects, invasive

Urine

Hair

Oral fluid

filtration or LLE / SPE

“Dilute and shoot” or
PPT and centrifugation /
filtration or LLE / SPE

Decontamination,
fragmentation, digestion
and extraction, further
cleanup

Centrifugation and LLE
or SPE, “dilute and
shoot” or SALLE

tampering, provides
accurate data for recent
use

Easy sample collection,
longer detection window
than blood

Easy sample collection,
sample is long-lasting
and easy to preserve,
long detection window

Easy and non-invasive
sample collection,
provides data for recent
use

2.3.1 Internal Standards and Calibration Solutions

sample collection, short
detection window

High risk of sample
tampering, low
concentrations may
remain unidentified

Risk of sample
tampering

Short detection window,
low concentrations of
substances in oral fluid

Internal standard (IS) is a known solution, which has similar physiochemical properties as
the sample used in the analysis. Additionally, it should be pure and stable. Internal standards
are used in the quantification of analytes (e.g. pharmaceuticals and their metabolites) from
biological matrices. They lower the impact of analyte losses and instrumental differences,

improving the accuracy of the analysis for an unknown sample. Internal standards may be
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introduced to the sample prior to any sample preparations, so the sample and the IS go

through the same process. (Madden & Xu 2012, 2-8.)

Calibration solutions are standard solutions with know analyte concentrations. They are
always used in the quantitative analysis of different, unknown analytes. (Bera et al. 2022.)
In the pretreatments of biological matrices, internal standards are generally added to the
samples and calibration solutions are always prepared when doing quantitative analysis. A
minimun of five different concentration levels, which are equally spaced in the concentration
range, should be prepared. When the concentrations of the calibration solutions are
calculated, a calibration graph is created and a line is fitted to the data with least squares
linear regression. The equation of the straight line is then determined and the composition
of the sample can be calculated. (Sargent 2013, 48-49.) The equation for the straight line is
presented in Equation 2 (Arantes et al. 2020).

y=kx+b )

Where

y = instrument response
k = slope
X = concentration of analyte

b = intercept

The selection of the internal standard and calibration solutions may be challenging when
screening multiple different pharmaceuticals. In the quantitative analysis, stable isotope
labeled (SIL) internal standards are preferred. In these SIL internal standards, several atoms
within the analytes are substituted by their stable isotopes. (Madden & Xu 2012, 3.) In
general drug screening, mixtures of the most commonly abused pharmaceuticals (e.g.
benzodiazepines, amphetamines, opioids) are included in the calibration solutions. The
calibration solutions are prepared from stock solutions, containing the screened analyte and
diluted in a suitable solvent, to prepare solutions with different concentrations. Example SIL
internal standards used in the quantitative screening of pharmaceuticals include diazepam-

ds, morphine-ds; and codeine-ds. (Arantes et al. 2020.)
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2.3.2 Blood

The drug screening of a blood sample can reveal the acute and recent use of drugs and
pharmaceuticals and their concentrations at the time of sampling (THL 2023). Blood consists
of erythrocytes, trombosytes, plasma and leucosytes. Blood’s plasma is typically used in
different examinations. (Eerola 2022.) Plasma contains approximately 90 % of water, 8 %
proteins, 1.1 % organic substances (hormones, vitamins, lipids) and 0.9 % inorganic salts.
Sample preparation methods of plasma are generally protein precipitation (PPT) and
centrifugation or filtration or liquid-liquid extraction (LLE) or solid-phase extraction (SPE).

(Prasain 2012, 405-407.)

The objective of PPT is to remove protein from the matrix by addition of organic solvents
The organic solvent should be a water-miscile solvent (e.g. acetonitrile, methanol or
acetonitrile-methanol) or an inorganic precipitant (e.g. ZnSO4 or Na;WOs). After the protein
removal, filtration or centrifugation should be performed. However, various substances
causing ion suppression in the sample can still be present after the centrifugation. (Prasain
2012, 409; Fanali 2017, 303.) Due to the drastic matrix effects regarding protein
precipitation, LLE or SPE are more preferably used as extraction methods (Madden & Xu
2012, 147).

LLE, also referred to as solvent extraction, is a traditional and clean extraction method, in
which one of the phases consists of a water or a buffer solution and the other is an organic
solvent (Madden & Xu 2012, 35). This method is based on the analyte’s solubility in two
immiscible or partially miscible liquids with different densities. The method can be non-
reactive or reactive. In a reactive extraction, the analyte reacts with the solvent forming a
new compound. After mixing, two phases are separated due to their density difference. In a
non-reactive extraction, the separation of the two phases happen based on the solubilities of
the analyte and solvent. (Jantunen 2023, 16.) In general drug screening in forensic
toxicology, the solvent used in LLE is commonly 1-chlorobutane due to its optimal polarity.
It also has a low density compared to water, which allows it to settle above the aqueous
phase. Additionally, acidic compounds can be extracted using ethyl acetate, which is more

polar than 1-chlorobutane. More neutral compounds can be extracted with both solvents.
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(Fanali 2017, 303-304.) Compared to SPE, LLE is slower and uses large amounts or organic
solvents (Rouessac 2007, 488).

SPE is an extraction method, and its basic principle is when a known volume of the liquid
sample passes through a barrel of a syringe containing an appropriate solid sorbent.
Generally, the analyte is captured by the sorbent inside the column. Following this step is
the rinsing of the sample to get rid of unwanted substances. Lastly, the analyte is recovered
from the solid sorbent by elueting it with an appropriate solvent. The solid sorbent is similar
to the stationary phase located in the HPLC column, and it is made from bonded silica with
particle sizes from 4 to 100 pm. (Rouessac 2007, 488-489.) In non-selective extraction and

compound recovery, C8, C18 or polymeric-based sorbents are used (Fanali 2017, 304).

2.3.3 Urine

Drug screenings are typically done from urine samples. They reveal the use of
pharmaceuticals or drugs during the last few days (acute use), though some substances can
be identified after weeks of use. However, low concentrations may remain unidentified.
(THL 2023.) Today, the pretreatments for urine samples vary from extensive and expensive
extraction methods to simply diluting and injecting the sample to the system (Eichhorst et

al. 2012; Eren et al. 2022).

Firstly, the easiest method that can be used is the “dilute and shoot” technique, where the
original urine sample can be diluted with the prepared internal standard and injected into the
system (Eren et. al 2022). The dilution can also be done with water or a mobile phase. The
diluted urine sample should then be centrifuged or filtered before the injection to the system.

(Thomas et al. 2022.)

The more time-consuming and complicated pretreatment method can contain dilution with
a solvent, PPT and centrifugation or filtration and LLE or SPE. Recently, in this complex
pretreatment method, SPE has been more utilised in the analysis of pharmaceuticals. (Eren

et al. 2022; Eichhorst et al. 2012.)
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2.3.4 Hair

Substances can stay in hair for months to years, which makes hair analysis convenient when
identifying chronic substance use. The sample collection is easy and non-invasive, the
sample is long-lasting and the analysed sample often contains the parent drug rather than its
metabolite, making drugs of abuse easy to identify. (Boumba et al. 2017.) Additionally, hair
samples can be preserved at room temperature (Wissenbach & Steuer 2023). A hair sample’s
basic pretreatments consist of decontamination, reducing particle size, digestion-extraction

as well as further matrix cleanup (Fanali 2017, 332-333).

The sample is first decontaminated with an organic solvent (e.g. methanol, acetone) and
dried fully. Then the hair should be fragmented into smaller sections to approximately 0.5

mm in length or 10-20 mg in weight. (Ou et al. 2020; Boumba et al. 2017.)

After decontaminating and fragmenting the sample, it can be digested so that the
pharmaceuticals and their possible metabolites are released from the matrix. Although,
digestion isn’t always necessary. The digestion should be done with either alkaline or acidic
digestion, enzymatic hydrolysis, or methanol. However, this step may lead to incorrect
results if the choice of method is done inappropriately. For instance, in alkaline or acidic
environments, heroin’s metabolite converts into morphine and alkaline environments form
degradation products when handling benzodiazepines. After the possible digestion of the
sample, an extraction of the analytes should be made. (Fanali 2017, 333.) In the analysis of
antidepressants, extraction methods that are used for hair pretreatment are ultrasonication in
methanol or incubation in HCl (Madden & Xu 2012, 146). Lastly, further cleanup of the
analytes from the matrix can be done by LLE or SPE (Prasain 2012, 459).

2.3.5 Oral Fluid

Oral fluid consists 99% of water, 0.3 % of proteins and 0.3 % of mucin (Fanali et al. 2013,
270). The determination of drugs from oral fluid is practical when inspecting recent drug
use, as the detection windows approximately vary from 8 to 72 hours depending on the drug.

Many drugs of abuse and pharmaceuticals are also taken orally, which makes oral fluid an
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important matrix to inspect. If the sample is taken shortly after drug use, the concentrations
of pharmaceuticals can be high. However, usually the concentrations of substances in oral
fluid are low, if the drug has not been used recently. Additionally, sample collection is simple
and non-invasive for the donor of the sample. (Davies et al. 2016, 390-391.) The
pretreatments of oral fluid samples have advanced lately. The traditional pretreatments
consist of centrifugation and extraction of analytes. The extraction methods often used are
SPE and LLE. Recently, automated and simple Salting-Out Assisted Liquid-Liquid
Extraction (SALLE) has been utilised in the oral fluid sample preparation. Alternative
methods, such as the “dilute and shoot” technique can also be used in the pretreatments of

oral fluid. (Tan et al. 2025.)

3 HPLC MS/MS Data

The aim of this section is to give an overview on retention times, mass-to-charge ratios and
mass analysers, as well as how chromatograms are generated in the HPLC-MS/MS system

and how the data is analysed.

3.1 Retention Time

Retention time refers to the duration required for an analyte to travel through the HPLC
column, and it reflects the interaction between the analyte and the stationary phase. Stronger
interactions result in longer retention times. In an HPLC-MS/MS chromatogram, the

retention time is presented in the x-axis. (Ritgen 2023, 129-130.)

A minimum retention time, also known as the dead time (tn), is the time a substance spends
in the column without any interaction with the stationary phase. It typically appears as the
first detectable peak in the chromatogram. This value can be determined using a well chosen
internal standard or in some cases, the mobile phase, should they not interact with the
stationary phase. When subtracting the dead time (tm) from the retention times of different

analytes, a reduced retention time (t’;) is obtained. The reduced retention times are more



16

informative when measuring how strongly the analytes actually interact with the stationary

phase. (Ritgen 2023, 130-131; Malhotra 2023, 209.)

3.2 Mass-to-Charge Ratio and Mass Analysers

Mass analysers in MS/MS disperse gaseous samples based on their mass-to-charge ratios
(m/z) after their ionization. In mass spectrometry, the analytes are ionized and fragmented,
and the fragments carry different electric charges. The mass-to-charge ratio (m/z) is formed
by dividing the mass of each ion by their charge. Ions with different m/z values are then
separated and detected. (Thomas et al. 2022; Ritgen 2025, 8.) When different types of
analysers are combined in series, they are called hybrid instruments. The basic principle is
the same, regardless of the used mass analyser; ions are first selected and filtered to the
collision cell to be fragmented and then the final mass analysis is performed. (Thomas et al.
2022.) In forensic toxicology, QTOF - mass analysers are commonly used in MS/MS

systems when screening unknown pharmaceuticals.

In the quadrupole mass analyser, located in Q1, the analyte passes through four electrodes,
arranged parallel in the corners of a square. The length of the rods typically vary from 5 to
20 cm. The opposite eletrodes have the same charge, creating an electric field. This field
influences how the ions move, based on their m/z ratio. (Ritgen & Oligschleger 2025, 12;
Rouessac 2007, 381.) After filtering the ions in Q1 and fragmenting them in the collision
cell, they are reaccelerated, so the ions have the same kinetic energy. The accelerated ions
then enter a flight tube where a mass separation occurs based on their time of flight, and the
ions are analysed by the TOF analyser. TOF analysers are based on the relationship between
mass and velocity of the ions possessing the same kinetic energy. Lighter ions reach the
analyser faster due to their shorter time of flight, whereas heavier ions take longer to travel
through the tube. (Allen & McWhinney 2019; Rouessac 2007, 379.) The precision of TOF
analysers range from 1 to 10 ppm, which is equivalent to 0.3 - 3 milliDaltons (mDa) (Fanali
et al. 2013, 260-261). Equation 3 describes how the m/z of an ion is determined from its
measured time-of-flight, elementary charge, the accelerating potential and the length of the

flight tube. (Rouessac 2007, 379).
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? = mass — to — charge ratio
e = elementary charge

U = accelerating potential

L = length of flight tube

t = flight time

The advantage of QTOF-MS analysis is its data acquisition, where the sample can be
scanned thoroughly in a non-targeted manner without previous knowledge of the compounds
in the sample. This non-targeted data acquisition can be divided into data-independent
acquistion (DIA) and data-dependent acquisition (DDA). In DDA, the precursor ions are
chosen by predefined criteria to be fragmented. In DIA, there are no predefined criteria fo
the prescursor ions, resulting in extensive MS/MS data. The disadvantage of DDA is that
relevant ions, analytes, may not be selected for further analysis in Q1, which may lead to
insufficient data. In DIA, since the precursor ions are not specifically selected, the amount

of data is considerable. (Allen & McWhinney 2019.)
3.3 Chromatograms and their Interpretations

The data gathered from HPLC-MS/MS is presented as a chromatogram, where intensity is
presented as a function of retention time. Repeated measurements are made from selected
ion transitions and averaged over a specific time period, which is known as dwell time. The
individual data points are connected and then form a peak, which resembles a Gaussian
shape. The height (intensity) of the peak tells how much of the analyte survived ionization
and was detected by the detector. The areas of the peaks are used in the quantification of the
analytes. (Thomas et al. 2022.) Each peak appearing in the chromatogram represents a

component within the sample (Deepak 2024).
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The identification of unknown compounds involves comparing the generated chromatogram
to a spectral library, which provides a broad and comperehensive screening profile. The
comparison between the unknown, screened samples and the library’s database is based on
computer algorithms that identify these matches and generally give a score to indicate the
accuracy of the match. (Allen & McWhinney 2019.) HPLC-MS/MS data from the screening
of 14 benzodiazepines and 15 opioids conducted by Arantes et al. (2020) are presented in
Figure 5 and Figure 6.

(a) (x 10,000)
1

0.0 1 — 7-aminoclonazepam

2 — zolpidem

3 — 7-aminoflunitrazepam
4 — bromazepam 12
5 — midazolam
6 — oxazepam 8

7 — lorazepam 5

8 — nitrazepam 1
9 — nordiazepam :
10 — clonazepam
11 — alprazolam
12 — temazepam
13 — flunitrazepam
14 — diazepam

13

Intensity

O
(=)

14

0,04
15 3.0 45 6.0 min

Time (min)

Figure 5: An example of a HPLC-MS/MS chromatogram, after screening 14 benzodiazepines, which were
analysed at 0.5 ng/mL (Adapted from Arantes et. al 2020).
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(b) (x 10,000)
12

0 12 1 —morphine

2 — oxymorphone

3 — hydromorphone
4 — naloxone

5 — codeine

6 — 6-MAM

7 — naltrexone

8 — oxycodone

9 — hydrocodone
10 — N-desmethyltramadol
11 — tramadol

13 12 — meperidine

13 — fentanyl

14 — buprenorphine
L 15 — methadone

Intensity

o
o
1

15

0,0
15 3.0 45 6.0 min

Time (min)

Figure 6: An example of a HPLC-MS/MS chromatogram, after screening 15 opioids, which were analysed at
1.0 ng/mL (Adapted from Arantes et. al 2020).

4 Detection of Pharmaceutical Drug Abuse from HPLC-MS/MS
Data

The aim of this section is to discuss the role of pharmacokinetics and the indicators for

detecting pharmaceutical drug abuse from HPLC-MS/MS data.

4.1 The Role of Pharmacokinetics

Pharmacokinetics (PK) is a field that studies the absorption, distribution and metabolism and
excretion of drugs in the body after their administration. It provides essential information on
how the body interacts with different pharmaceuticals. The absorption and metabolism of
pharmaceuticals strongly depend on the route of administration, which affects the HPLC-
MS/MS results and therefore the data interpretation. Understanding PK and drug metabolism
facilitates the detection and analysis of pharmaceuticals and potential misuse. The organ

typically involved in the metabolism of most pharmaceuticals is the liver. Metabolism occurs
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due to enzymatic reactions, and metabolites are eventually excreted into urine or bile. (Fan

& de Lannoy 2014.)

Amphetamine derivatives are commonly used as medication for ADHD. The primary
metabolic reaction of amphetamine is deamination, resulting in the formation of
phenylacetone. Phenylacetone then oxidizes to benzoic acid, which conjugates with glycine
forming hippuric acid. Secondary metabolic reactions involve aromatic hydroxylation,
forming 4-hydroxyamphetamine, stereoselective B-hydroxylation of the (+) isomer of
amphetamine, forming norephedrine, and N-oxidation, forming a hydroxylamine derivative.
(Madden & Xu 2012, 359.) Oxidative deamination and hydroxylation are catalysed by
CYP2D6 enzymes (Simdo et al. 2022). The metabolic pathways and chemical structures of

amphetamine and its metabolites are presented in Figure 7.
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Figure 7: The metabolic pathways and chemical structures of amphetamine and its
metabolites (Simdo et al. 2022).

Benzodiazepines are usually used as anxiety medication. Diazepam, a long-lasting and
commonly abused benzodiazepine, is metabolized in the liver into three active metabolites:
oxazepam, temazepam and N-desmethyldiazepam. Diazepam is metabolized by liver
enzymes CYP2C19 and CYP3A4. Interactions with different pharmaceuticals, such as
fluoxetine (used as an antidepressant) may inhibit the enzymes responsible for the

metabolism of diazepam. This results in the increased concentrations of diazepam and the
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decreased concentrations of its metabolites. (Dhaliwal et al. 2023; Rouini et al. 2008.) The

chemical structure of diazepam and its metabolites are presented in Figure 8.
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Figure 8: The chemical structures of diazepam, desmethyldiazepam, oxazepam and
temazepam (Rouini et al. 2008).

Fentanyl is a short-lived opioid, and it is the most popular analgesic opioid used in anesthesia
and pain therapy. It is also highly misused, since it is almost 100 times more potent than
morphine. It is metabolized in the liver by oxidized N-dealkylation into the main metabolite,
norfentanyl. N-dealkylation is mediated by CYP3A enzymes. Other minor metabolic
pathways of fentanyl include hydroxylation and hydrolysis, resulting in minor metabolites.
Interactions with different pharmaceuticals, such as ritonavir (used as HIV-medicine) may
inhibit the enzymes responsible for the metabolism of fentanyl, making the metabolism
slower. (Pharmaca Fennica 2024; Bird et al. 2023.) Additionally, some pharmaceuticals,
such as antifungal drug fluconazole, the heart medication verapamil, and the antacid
cimetidine, can increase fentanyl concentrations and may lead to overdose (Pédihdelinkki
2019). The metabolic pathway and chemical structure of fentanyl and its different

metabolites are presented in Figure 9.
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Figure 9: The metabolic pathway and chemical structure of fentanyl and its metabolites (Bird et al. 2023).

In conclusion, pharmacokinetics can be utilised in the detection of pharmaceutical abuse by
analysing the route of administration by the presence and quantity of metabolites, since it
significantly affects the metabolism of pharmaceuticals. In oral administration,
pharmaceuticals typically go through first-pass effect, which involves intestinal and hepatic
extraction before reaching the blood circulation, forming more metabolites. In intravenous
administration, the dose reaches the bloodstream immediately, not going through the initial
stage of metabolism, forming fewer metabolites than in oral administration. Nasal and
inhalation routes also influence the metabolism of pharmaceuticals, resulting in different PK
parameters compared to oral administration. (Fan & de Lannoy 2014; Lee & Zhu 2011, 193.)
Understanding pharmacokinetics and these differences is important in the interpretations of
HPLC-MS/MS data, particularly when analysing parent drug-to-metabolite ratios and their
unexpected or high concentration levels. The indicators of pharmaceutical drug abuse may
be a detected improper administration route, such as injecting medication intended for oral
use. Additionally, improper or too frequent dosage of the pharmaceutical resulting in
unexpected or high concentrations may indicate misuse. However, the usage of medications
influencing the metabolism of other pharmaceuticals should be taken into account when
considering pharmaceutical drug abuse, since they can affect the parent drug-to-metabolite
ratios. In qualitative analysis of pharmaceuticals, it is often the metabolites that are detected
rather than the parent drugs, since the detection windows of parent drugs are short. Therefore

the knowledge of the metabolites is useful in the interpretation of HPLC-MS/MS data.
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4.2 Indicators and Detection of Pharmaceutical abuse

In addition to pharmacokinetics, pharmaceutical drug abuse can be detected from HPLC-
MS/MS data through other indicators, including polydrug use, the identification of a non-
prescribed drug or the detection of illegally manufactured substances. Polydrug use is the
usage of many different substances that are known to enhance the effect of other drugs.
Opioids and benzodiazepines are often misused together, and the detection of both of these
substances from the data may suggest abuse. In the case of amphetamine, the detection of its
L-enantiomer and D-enantiomer in equal proportions from qualitative data indicate misuse,
since the pharmaceutical formula only contains the D-enantiomer and the illegally
manufactured drug contains both enantiomers. (Hékkinen et al. 2023). Figure 10 summarises

the indicators and detection of pharmaceutical drug abuse.
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Figure 10: Visual representation of the possible indicators and detection of pharmaceutical abuse.

5 Challenges and strengths

This section discusses the challenges and strengths of HPLC-MS/MS, presented in Table 3,

all of which are further discussed in more detail in this section.
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Table 3: Challenges and strengths of HPLC-MS/MS in forensic toxicology.

Matrix effects Selectivity
False Results and Misinterpretation of Data Low Limits of Detection and Quantification
Complex Preatreatments and Sample Tampering Sensitivity
Short Detection Windows (Exception in Hair Qualitative and Quantitative Data
Analysis)

5.1 Matrix Effects

In HPLC-MS/MS, matrix effects refer to the impacts from coeluting compounds that affect
the ionization in the ion source. These compounds can be from the sample or very late eluting
compounds from previous samples. Matrix effects can appear as ion enhancement or
suppression, that increase or reduce the analyte signal gathered from the analysis. (Kruve et
al. 2015, 32.) Ion enhancement refers to the increased ionization yield caused by matrix
constituents when comparing a pure, neutral or inert matrix. lon suppression refers to the
decreased ionization yield when an analyte is measured in a complex matrix. (Madden & Xu
2012, 113-114.) Salts, and hydrophilic molecules, such as hydrogen, sodium or ammonium
can cause ion suppression or enhancement. Additionally, surface active compounds can
affect ionization and late eluting sample constituents, such as phospholipids, can cause ion
suppression. These matrix effects depend on the ionization method used. ESI and APCI
techniques are widely used in the detection of pharmaceuticals, and ESI is more prone to

matrix effects than APCI. (Madden & Xu 2012, 114.)

Ion suppression can decrease the MS signal more than 90 % and in severe cases can lead to
a complete signal loss, resulting in false negative results. Therefore, ion suppression should
be eliminated, reduced or taken into account in the final calculations. Methods to reduce ion
suppression include sample preparation modifications or instrumental modifications. In
sample preparation, the preparation technique (LLE, SPE and PPT) should be chosen
accordingly depending on the matrix to minimize matrix effects. Instrumentally, the usage
of an APCI ionization source can reduce the interferences, since ESI is more prone to matrix
effects. Additionally, the usage of SIL internal standards can minimize the matrix effects.

(Kruve et al. 2015, 33; Madden & Xu 2012, 115.)
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5.2 Selectivity

The strength of HPLC-MS/MS is its high selectivity. (Thomas et al. 2022). According to
International Union of Pure and Applied Chemistry (IUPAC), selectivity is the ability to
quantify a specific analyte, when other interferents, such as degradation products and
metabolites, may be present (Fanali et al. 2013, 60; Kruve et al. 2015). The selectivity of the
method should assure that chemical interferents do not affect the analyte signal (Kruve et al.
2015). The TOF mass analysers used with HPLC-MS/MS in the analysis of pharmaceuticals,
offer an extremely high degree of selectivity, and their mass accuracies vary from 1 to 10
ppm. This degree of selectivity allows these analysers to identify between compounds that

have the same mass but a different formula. (Fanali 2017, 312.)

The selectivity can be first evaluated by chromatographic resolution (Rs) between the target
analyte and the closest peak. Rsis required to be at least 1.5 by AOAC and 2 by FDA. (Kruve
et al. 2015.) The resolution is linked to the Gaussian curves of the analytes in the

chromatogram and it can be calculated with Equation 4 (Ritgen 2023, 134).

Aty 0.589 At

R = 4

Wav) W%(av)

Where

At, = Difference between retention times

W(ay) = Average of the width of the two peaks in consideration

W av) Mean value of the two peak widths at half peak height
2

The selectivity factor can be calculated by Equation 5 (Higson 2004, 215).

_ (&)L—tmob
a= (tr)S_tmob (5)
Where

(t,). = Retention time of the analyte with the longer retention time
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(t;)s = Retention time for the analyte with the shorter retention time

tmop = Dead time

5.3 Lower Limit of Detection (LOD) and Limit of Quantification (LOQ)

In both qualitative and quantitative analysis, a limit of detection (LOD) and limit of
quantification (LOQ) are always affecting the analysis. LOD is the threshold below which
the HPLC-MS/MS system fails to detect the presence of the analytes. (Higson 2004, 6.) LOQ
is the smallest amount of an analyte that can be measured quantitatively with precision and
accuracy (Madden & Xu 2012, 371). According to the international guidelines of the
International Council for Harmonisation (ICH), the LOD and LOQ can be calculated using

Equations 6 and Equation 7.

LOD = 3'3;" (6)
LOQ = “’T“ (7)
Where

o = The standard deviation of the response

S = The slope of a calibration curve

HPLC-MS/MS is extremely useful for analysing small concentrations of analytes due to its
high sensitivity, resulting in low LOD and LOQ values. However, if a substance has been
taken a long time ago and has already metabolised, it may no longer be detectable in the
sample. This results in false negatives, even though the substance has been used.
Furthermore, matrix effects, such as ion suppression, can reduce the analyte signals, meaning

the LOD to increase and potentially hiding substance use.
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5.4 False Results

Correct results from HPLC-MS/MS are crucial, since errors in forensic toxicology can lead
to legal consequences. Therefore, reliable data must be presented. (Madden & Xu 2012,
367.) False results can happen in both quantitative and qualitative analysis. They may be
caused by biological factors, such as the individual differences in metabolism, or analytical
factors, such as similarities in fragmentation patterns that may lead to incorrect
identification. (Lee 2011, 174; Madden & Xu 2012, 373). Additionally, false negatives in
qualitative analysis may occur, if only a small concentration of a substance is present and
the LOD is below the threshold. Furthermore, the usage of medications that inhibit the
enzymes responsible for the metabolism of pharmaceuticals affects quantitative analysis.
This can lead to false results in the concentrations and misidentification of pharmaceutical

drug abuse.

Physiological differences in drug metabolism can affect their concentrations. These
differences may occur in the enzymes CYP2C9, CYP2C19, UGT1A1 or P-gp. The enzymes
can have polymorphism, determining drug exposure and duration in the system. (Lee 2011,
174.) If an individual has slow drug metabolism, it can affect the quantitative analysis and
data interpretation. This can occur as high concentrations, even if the substance was taken

correctly or a long time ago. Therefore false conclusions could be made from the data.

Furthermore, pharmaceuticals and their metabolites may have similarities in fragmentation
patterns and m/z values. This can lead to incorrect data, if the HPLC-MS/MS does not
differentiate these substances from each other. Amphetamine and methamphetamine both
have a fragment of m/z 119 and they both provide a fragment of m/z 91 because of tropylium.
(Madden & Xu 2012, 373.) Because the fragmentation patterns are similar, a false result or
data interpretation may occur. Additionally, if the spectral library is insufficient or restricted,
the HPLC-MS/MS may not differentiate every compound with similar fragmentation
patterns. However, HPLC-MS/MS paired with QTOF provides extremely good selectivity,
and therefore the misidentification between amphetamine and methamphetamine or other

substances is unlikely when the analysis is done correctly.
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False results can also occur due to misinterpretations of detected metabolites. For instance,
heroin is metabolized into 6-MAM, morphine and codeine. (Madden & Xu 2012, 355.)
HPLC-MS/MS is extremely specific and can identify these metabolites, but the data
interpretation can be mistaken, since the heroin use can be falsely detected as morphine or

codeine use. This may result in the misinterpretation of data considering qualitative analysis.

5.5 Pretreatments and Sample Tampering

Biological samples are complex, and need careful sample preparations prior to their analysis.
Sample pretreatments typically include many steps, such as dilution, extraction, digestion
and cleanups. During sample pretreatments, analytes may be lost, and experimental
variations and matrix effects can occur. However, these analyte losses and other variations
regarding the pretreatments can be minimized by using internal standards. (Madden & Xu
2012, 1-2.) In addition, the HPLC-MS/MS analysis itself is relatively fast, but the sample
pretreatments are time-consuming and may be demanding. The whole analysis process must
be performed by an experienced chemist, and the samples must be collected and handled

with care. (Embar-Seddon & Pass 2015, 557.)

The tampering of biological samples is a concern that needs to be taken into consideration
when analysing the detection of pharmaceutical drug abuse. For example, urine samples are
fairly prone to manipulation, since they are easy to tamper and sometimes the sample
collection may be poorly supervised. Additionally, pharmaceutical drug abusers may be
highly motivated to manipulate samples, when the loss of a job or a driver’s license is
concerned. The tampering of urine samples may contain diluting, using different reactive
agents affecting the analysis, adding detergents or substituting samples with synthetic urine,
clean urine or apple juice. Chemical adulteration is when a person adds reactive agents to a
sample, disturbing the analysis. Bleach, sodium hydroxide, sodium nitrite and vinegar are
shown to impact the analysis of amphetamines and other drugs of abuse. (Wissenbach &
Steuer 2023.) The tampering of hair samples often involves excessive washing, the use of
cleansing shampoos, as well as cosmetic and thermal hair treatments. These methods can
affect drug concentrations by damaging the hair structure, which affects the drug
incorporation. It has been shown that washing the hair ten times repeatedly causes similar

damage to the hair as hair dyeing, resulting in decreased concentrations of amphetamine and
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methamphetamine in the hair. (Wissenbach et al. 2023.) The possibility of adulteration of
blood samples is extremely low (Madden & Xu 2012, 365).

5.6 Detection Windows

Detection windows are periods of time during which a substance can be detected in the
human body. To detect a drug, its concentration must be above cut-off levels. (Drug Testing
Supplies 2022.) In qualitative analysis, this refers to the time when the concentration of a

substance is above the LOD.

Detection windows can be only estimated, since they depend on many different factors.
These factors include the substance used, frequency of use and tolerance, metabolism,
person’s age and overall health (Drug Testing Supplies 2022; Alcolizer n.d.). Some
substances, such as benzodiazepines, can be short-acting or long-acting. Drugs have
different half-lifes, varying from several minutes or hours to several days or weeks. (Nall
2024; Drug Testing Supplies 2022.) The longer the half-life, the longer it can be detected
from the system. If a person has a high tolerance due to frequent use, the detection windows
may be longer. Additionally, biological differences, such as age, health and metabolism
affect the detection windows. The younger and healthier a person is, the more efficient their
metabolism is. This leads to shorter detection windows. (Drug Testing Supplies 2022.)

Detection windows of commonly misused pharmaceuticals are presented in Table 4.
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Table 4: The detection windows of commonly abused pharmaceuticals in urine, oral fluid, blood and hair.

References Substance Detection Window  Detection Window  Detection Window  Detection Window
from Urine from Oral Fluid from Blood from Hair
Alcolizer n.d; Amphetamine 2-4 days 15 min — 2 days 12-24 hours Up to 90 days
Safework Health Derivatives
2024
Alcolizer n.d; Benzodiazepines 3-30 days Up to 36 hours 15 min — 60 hours Up to 90 Days
Safework Health
2024
Alcolizer n.d; Opiates 2-4 days Up 36 hours 15 min — 24 hours Up to 90 days
Safework Health
2024
Drug Testing Xanax Up to 5 days Up to 60 hours 4-5 days Up to 90 days
Supplies 2022; Nall (Benzodiazepine)
2024.

Blood, and oral fluid to some extent, can give information on acute and immediate drug use,
and hair analysis can reveal frequent of prolonged use. Urine drug tests typically have longer
detection windows than blood or oral fluid, but it may not detect immediate use. (Madden &
Xu 2012, 364; Alcolizer n.d.) When a drug is taken, it enters the bloodstream quickly. It is
then eventually metabolized, usually in the liver, and then excreted in urine. This process
takes time, which is why substances can be detected immediately from blood and not from

urine.

Drug detection windows go hand in hand with pharmacokinetics, and understanding them if
important when interpretating data. The usage of multiple biological matrices can give
insight on the route of administration. (Madden & Xu 2012, 364). It can also give
information on the timing of use. If a substance is detected from blood or oral fluid but not
in urine, this indicates very recent use, since the substance has not yet been metabolized in
urine. However, some drugs may be excreted via bile and not urine, which affects the
detection of substances in urine. Information of detection windows and pharmacokinetics

helps in interpretating data and choosing the best matrix for the analysis.

Detection windows are generally quite short in most biological matrices, except for hair.
Urine and blood are the most typically used matrices in drug testing, and their detection
windows are typically a few days. Due to these short detection windows, pharmaceutical
abuse may go undetected if the testing is done several days after consumption, especially

with short-acting drugs. Additionally, if a substance has been taken recently, it may not be
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detectable from urine, but may be from blood. If the wrong matrix is chosen, it can lead to
false negative results. Pharmaceutical drug abuse cannot be identified when considering
detection windows alone, since they only indicate the presence of a substance within a

specific timeframe.

6 New Advances in the Analysis of Pharmaceuticals

6.1 Salting-Out assisted Liquid-Liquid Extraction (SALLE)

In recently published literature, developments in automated sample pretreatments of oral
fluid have been made. Tan et al. (2025) presented an automated and fully validated sample
pretreatment technique SALLE, which has been implemented in routine analysis of drugs of
abuse since March 2024. SALLE is an extraction technique, which is derivatized from the
traditional LLE - extraction method. SALLE utilises salt to accomplish the separation of the
water-based phase and the water-miscible organic phase. This method is simpler and it has
higher throughput than other sample pretreatment techniques. Additionally, it eliminates the
evaporation steps of traditional pretreatment methods, preserving the volatile substances
during the pretreatment process. This results in more accurate and precise data. (Tan et al.

2025.)

This method was validated for 37 different substances of abuse, which included
amphetamine derivatives, opioids, benzodiazepines and drugs similar to benzodiazepines.
The automated sample preparations were done by a robot equipped with eight pipetting
channels as well as a barcode reader. The method can be used in both drug screening as well
as drug confirmation. It proved to be sensitive, with the LOD ranging between 0.001 ng/mL
and 0.03 ng/mL and the LOQ between 0.02 ng/mL and 0.09 ng/mL. The precision was < 8.5
% in the confirmation method and < 14.8 % in the screening method, while the accuracy was
calculated to be within & 13.6 % in the screening and + 8.7 in the confirmation. (Tan et al.

2025.)
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Compared to the traditional PPT, LLE and SPE, SALLE offers a more sensitive, faster and
a wider range of analytes recovered. It is also beneficial when handling volatile compounds,
such as amphetamines. This pretreatment method may also be adapted to other biological
matrices, facilitating other sample pretreatment processes in forensic toxicology. (Tan et al.

2025.)

6.2 Preventing and Detecting Sample Tampering

Urine sample tampering can include dilution, chemical adulteration and subsitution, and its
detection has progressed over recent years. Urine sample dilution can be identified by
specimen validity testing, which includes examining urine creatinine concentrations,
specific gravity and pH. Substitution attempts can be identified using biomarkers, that would
only be present in synthetic urine, and chemical manipulation methods can be investigated
by metabolomics, where biomarker changes are analysed. Recently, developments have been
made by researching new techniques in the detection of oxidized target analytes, large

biomolecules and similar manipulation patterns. (Wissenbach & Steuer 2023.)

Hair sample adulteration, such as cosmetic treatments and excessive hair washing is
challenging to identify according to recent studies, since the difference between basic hair
treatment and deliberate hair sample tampering cannot be determined or proven. Hair
coloration and bleaching can be identified visually in the laboratory by the hair structure and
damage to the hair prior to the analysis, but excessive washing or the use of detox shampoos
can not be recognized. However, recent developments in using infrared or fluorescense
spectroscopy to detect sample tampering have been made. These methods can be used to
identify oxidative hair colorations or treatments, that may have been done to manipulate hair
samples. Infrared spectroscopy has been used to detect tampering by measuring increased
concentrations of cysteic acid, which is an oxidation product of cysteine. Fluorescense
spectroscopy can detect tampering by measuring the fluorescense of samples, which
increases after oxidative treatments. However, these methods may not be available for

routine use in forensic laboratories. (Wissenbach et al. 2023.)
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7 Conclusions

The objective of this thesis was to provide a literature review on the detection of
pharmaceutical drug abuse from biological matrices using HPLC-MS/MS and analyse the
challenges and strengths of this analytical method. Also new advances in the analysis of
pharmaceuticals were discussed. In forensic toxicology, the detection of pharmaceutical
drug abuse is utilized in different legal contexts, such as autopsies, drug-related crimes,
custody cases as well as workplace and doping drug testing. The considerations of this thesis
may be advantageous for professionals working in forensic toxicology or researchers by
giving an overview of how to interpret analytical data when pharmaceutical drug abuse is

suspected.

Identifying pharmaceutical drug abuse from analytical data alone can be challenging, but is
possible when multiple factors are taken into consideration. In general drug screening, the
understanding of pharmacokinetics is important when interpretating data, since it can
provide insight into the route of administration due to parent drug-to-metabolite ratios.
Additionally, misuse can be detected from the presence of unprescribed pharmaceuticals,
polydrug use or the detection of illegally manufactured substances. The challenges related
to this analytical method include matrix effects, false results, complexity of the sample
pretreatments, potential sample tampering and the short detection windows of many
pharmaceuticals. However, HPLC-MS/MS, particularly when used with QTOF mass
analysers, is a highly selective analytical method capable of both quantitative and qualitative
analysis of pharmaceuticals from complex biological matrices. It can detect and quantify
extremely low drug concentrations, making it an excellent analytical device for identifying
pharmaceutical drug abuse in forensic toxicology. These conclusions coincide with previous

studies done from this topic.

This thesis is a literature review based on the information gotten from secondary sources and
therefore is limited due to lack of experimental data. Challenges related to HPLC-MS/MS
analysis, such as matrix effects and sample adulteration, are continously researched and are

targets of further development. This should include the minimization of matrix effects by
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developing better and automated sample pretreatment techniques, and creating and

developing new methods to detect sample tampering.
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Appendices

Appendix 1. Materials and Methods

This section presents the literature search process that was used in this thesis.

This literature review is based on reliable and scientific publications related to the
detection of pharmaceutical drug abuse from biological matrices using HPLC-MS/MS. The
literature search was carried out using different databases such as LUT Primo and Google
Scholar. In addition to academic databases, general keyword searches were also performed
using Google and artificial intelligence. These helped finding sources such as official
websites, guidelines, other backround material and relevant, academic articles relating to

pharmaceutical drug abuse.

The mostly used keywords and their combinations used in the literature search were “Liquid
Chromatography”, “Mass Spectrometry”, “HPLC-MS/MS”, “Forensic Toxicology”,
“Analytical Chemistry”, ‘“Pharmaceutical Drug Abuse”, “Biological Matrices”, “HPLC-
MS/MS data” and “HPLC-MS/MS Drug Detection”. The searches gave extensive results
from academic articles to books, and 48 sources were selected for this thesis in total. The
selection of sources was based on their relevance to the topic of the thesis, scientific
reliability and publication date. The relevant sources were chosen for further reading mainly
based on their titles and abstracts. Recently published articles were preferred, and all sources

used in this literature review were published between 2004 and 2025.

Overall, the literature search process was successful and educational. LUT Primo and
Google Scholar proved to be the most useful tools in the search process. Google search and
artificial intelligence played a supporting role in finding academic articles and official

websites.



