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Foreword

Over the years, there has been growing interest in the fields of therapeutic
drug monitoring and clinical toxicology. However, there appears to be few
books that address recent trends. The current book, which I am very glad to
write a foreword, has an excellent compilation of information on clinical
toxicology and therapeutic drug monitoring.

Due to the fact that medicine is a fast-evolving field, it is important that
information on current trends is documented. This book offers thorough, but
succinct, details on drug monitoring and clinical toxicology. The book
includes dedicated chapters for key topics, including analytical techniques in
therapeutic drug monitoring and clinical toxicology, the role of artificial
intelligence in therapeutic drug monitoring and clinical toxicity, and analys-
ing data from therapeutic drug monitoring, pharmacokinetics and clinical
toxicological studies. I am very confident that this book will be very benefi-
cial to researchers, toxicologists, clinicians and students in the field of bio-
medicine and clinical sciences. The book contains 21 chapters with rich
content, presenting fundamental facts, as well as practical and clinically
related data, and ends with challenges and future directions of therapeutic
drug monitoring and clinical toxicology. Each chapter is well written, clear,
precise and easy to understand. The text integration is a bonus, making it
appropriate for all in the sciences.

As a biomedical scientist, I strongly recommend this book to all research-
ers and students. I consider this book as essential for any reference library.
My heartiest congratulations to Seth Kwabena Amponsah and Yashwant
V. Pathak for such a laudable initiative. I would definitely have this book on
my desk.

Gordon A. Awandare

Pro-Vice Chancellor (Academic and Student Affairs), University of Ghana
Accra, Ghana
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Preface

The correlation between drug concentration in body fluids and outcome is
stronger than between drug dose and outcome. Hence, measuring systemic
drug concentration is an essential part of therapeutic drug monitoring (TDM).
Aside its role in therapy, TDM can also prevent unnecessary therapeutic
interventions and subsequently reduce healthcare costs. There is no doubt
that recent advances in TDM will shape clinical practice.

Toxicology is multidisciplinary, hence, contributions by diverse scientists.
In the modern era, toxicologists share scientific knowledge to obtain accurate
data about unwanted effects of different agents. Over the years, advanced
tools used in toxicological and epidemiological research have been
discovered.

This book gives an overview of TDM and its clinical application (analyti-
cal techniques, pharmacokinetic models, etc.). The book also highlights
recent advances in toxicological studies.

Furthermore, this book focuses on major aspects of emerging and recent
advances in TDM and clinical toxicology. The highlights include

(i) Analytical techniques in TDM and clinical toxicology
(ii) TDM and pharmacokinetic studies
(iii)) TDM of drugs with narrow therapeutic indices
(iv) Artificial intelligence in TDM and clinical toxicology
(v) Future directions and challenges

The editors hope that this book will provide current information on TDM
and clinical toxicology to healthcare professionals and academicians who
work in the field of pharmacokinetics, toxicology, and pharmaceutical chem-
istry. Additionally, this book will affordably provide information on TDM
and clinical toxicology to those interested in drug safety and the need for
individualized therapy. The editors envisage that this book will be more of a
reference and resource for all stakeholders in the health sciences.

The editors thank all contributing authors, who continue to play critical
roles in the field of TDM and clinical toxicology. The editors also thank
Springer Nature, for accepting to get this book published.

Accra, Ghana Seth Kwabena Amponsah
Tampa, FL, USA Yashwant V. Pathak
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Therapeutic and Toxic
Concentrations of Drugs
in Biological Matrices

Seth Kwabena Amponsah and Yashwant V. Pathak

Abstract

Therapeutic drug monitoring (TDM) describes
the measurement of chemical parameters of
drugs during clinical laboratory testing. TDM
aids estimation of the efficacy and safety of
drugs, often a determinant of future dosing
pattern. It combines knowledge of pharma-
ceutics, pharmacokinetics, and pharmacody-
namics of drugs. TDM typically involves
measuring of drug concentration in various
biological fluids (matrices). Drug levels can
be assayed in blood, urine, hair, tears, etc. The
concentration of drugs measured in these
matrices helps to estimate whether a drug is
within its therapeutic range. Usually, when
drug levels in these matrices attain toxic con-
centrations, it will lead to potential adverse
effects, thus the need for documented data on
therapeutic and toxic concentrations of drugs
in the various biological matrices.
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1.1 Introduction
For several decades, drug levels in biological sam-
ples have been estimated. Estimation of levels of
drugs and other toxic substances in biological
matrices has proven essential in the field of medi-
cine, toxicology, pharmacology, forensic science,
and environmental research. Bioanalysis of drugs
and toxic substances aids decision making in phar-
macotherapy and, under certain circumstances,
legal decisions [1]. Furthermore, assay of drugs in
biological matrices has seen tremendous techno-
logical advancement over the years [2, 3], and this
has improved the practice of this science.
Detection of drugs and metabolites in tissues
can aid clinical decision in pharmacotherapy,
detection of illicit drugs and foreign substances
(in toxicological and forensic contexts), estima-
tion of trace elements and toxicants in biological
matrices, and estimation of foreign compounds in
biological materials for signs of poison and
sometimes post-mortem [4]. The equilibrium
between body fluids means that a drug present in
the blood will also be present in oral fluid (saliva),
but this concentration may be very low, some-
times below the analytical detection limit. In
other instances, low levels of drugs may be

1
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deposited in growing hair. It is noteworthy that drug
in biological matrices may be affected by several
factors, including sample collection time, sample
preparation, and stability of the drug [4-7].

1.2  Therapeutic Drug

Monitoring

Many decades ago, it became clear that the
administered dose of a drug alone does not pre-
dict drug exposure. This prompted determination
of systemic concentrations of drugs and linking
this to efficacy or adverse effects. This monitor-
ing of drug in biological matrices has made it
possible to tailor drug treatment in individual
patients [5].

Therapeutic drug monitoring (TDM) describes
the measurement of a chemical parameter of a
drug during clinical laboratory testing. This
parameter can, when paired with the right medi-
cal interpretation, have a direct impact on future
drug dosing [6]. TDM combines knowledge of
pharmaceutics, pharmacokinetics, and pharma-
codynamics. It aids in the individualization of
drug dosing by keeping concentrations of drug in
plasma or blood within a therapeutic range or
window [7]. Clinical pharmacists and pharma-
cologists use pharmacokinetic principles to inter-
pret TDM data. TDM can be used to assess
compliance to drug regimen and drug-drug inter-
actions. TDM may also be necessary when there
is suspicion of toxicity, when there is subthera-
peutic effect, and when the manifestations of tox-
icity and disease state are similar [8].

1.3  Biological Matrices

The most common biological samples used to
estimate drug levels are serum, plasma, and urine
[9]. Drug level assays in whole blood, saliva, and
cerebrospinal fluid can also be done, albeit less
frequently. Drug concentrations in different bio-
logical matrices will not be the same since the
drug is not uniformly distributed within the body
[3]. Characteristics of the various biological
matrices are summarized in Table 1.1.

1.3.1 Blood
Due to advancements in sample preparation,
chromatography, and detection techniques, whole
blood may be used as a screening matrix for
drugs [10]. In one matrix, both identification and
quantification can be done. Blood is a very uni-
form matrix because physiological factors vary
within restricted boundaries. Serum, plasma, and
whole blood are among the most important matri-
ces in TDM [11]. Measurement of plasma or
blood concentration may be a useful surrogate or
indicator of the body’s exposure to drugs [8].
Sampling of blood for TDM should be done
steady state, which generally occurs at least five
half-lives into dosage regimen [12]. If a loading
dose is administered, steady state could be
reached earlier. Before steady state is reached,
however, patients with hepatic or renal impair-
ment should be monitored to ensure that they do
not experience drug toxicity [8].

1.3.2 Urine

Urine sample is more commonly used than blood
to test for drugs of abuse [13]. The collection of
urine and analysis of drug are relatively easy to
undertake. A urine sample will test positive for a
drug over a longer period than blood. Drug
metabolites or the parent moiety can be found in
urine for several days after a single dose [14].
There are countless applications of urinary drug
determination in literature, even if a significant
part of them may only be of toxicological impor-
tance. However, assaying drugs in urine can be
used in several contexts [15-17].

Two of the main drawbacks of TDM using
urine are inconvenience of collecting samples
and the possibility of a loss of integrity. Unless
urine voidance is observed, the authenticity of the
sample can be questioned. It has been widely
documented that urine adulterated with chemi-
cals or diluted can lead to misleading results [18].
Witnessing the collection of samples is essential
to prevent adulteration. However, this can be an
extremely time-consuming and impractical
sometimes [19].
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Table 1.1 Characteristics of different biological matrices

Characteristic Blood Urine
Maximum drug detection  1-2 days 2-4 days
time Yes Yes
Intrusive sampling None High
Potential for adulteration ~ High Medium

Refusal rate

1.3.3 Saliva

Water constitutes almost 99% of saliva, a viscous
oral fluid. Additionally, saliva contains salts,
enzymes, peptides, hormones, lipids, sugars, epi-
thelial cells, food fragments, and microorganisms
[20, 21]. In addition to maintaining the mucosa,
saliva also aids in chewing, mineralization of
teeth, regulating microorganisms, enhancing
taste, and digestion [22].

Oral fluids are now being considered as viable
candidates for TDM, despite their limited use in
the past due to numerous restrictions [23]. Direct
expectoration (spitting) is a good way to collect
large amounts of saliva (more than 1 ml).
Alternatively, saliva collectors in the form of
absorbing pads, wipes, or sponges may also be
used [22].

In pharmacokinetic studies, the use of saliva is
advantageous because saliva contains fewer pro-
teins than plasma [24]. Thus, a drug is less likely
to bind to proteins in saliva. It is, therefore, pos-
sible to quantify the biologically active forms of
unbound drugs (or their metabolites) [25]. In
addition to providing noninvasive sampling and a
great number of samples, saliva can be recovered
from different types of patients (sometimes criti-
cally ill ones) [26]. In some cases, saliva is con-
sidered a substitute for wurine samples in
toxicology, since there is less chance that the
patient will deliberately adulterate the sample
[27]. Nonetheless, saliva samples are smaller
than blood and urine samples; hence, drug con-
centrations can be substantially low [22]. The
analytical method used in assaying saliva sam-
ples must be able to identify and quantify several
analytes from a small sample volume at low con-
centrations, which places some constraints on the
sample [28].

Saliva Hair

1-2 days 3-6 months
No Yes

Low Medium
Low High

1.3.4 Cerebrospinal Fluid (CSF)

Using alternative matrices to conduct TDM can
reduce pain, stress, and the general invasiveness
of sampling. However, it is sometimes necessary
to conduct highly invasive sampling to assess
drug disposition over time [29]. The CSF is one of
the most important sites for drug delivery because
the blood-brain barrier (BBB) can vary the ratio
of CSF to plasma concentration for many drugs
[23]. The study of drug levels in the CSF and
directly in the brain has helped characterize com-
partmental pharmacology of drugs used for dis-
eases of the central nervous system [30].

Drugs injected at clinically safe doses must be
able to penetrate the brain and CSF for effective
treatment of brain or meningeal diseases.
Knowing the concentration of a drug at the site of
action (on-target or off-target) can assist in guid-
ing pharmacokinetic and pharmacodynamic eval-
uations, which in turn guides dosing decisions.
The brain and CSF are not readily or repeatedly
accessible compartments, and given that plasma
and CSF clear drugs differently, the dynamics of
drug concentrations in CSF cannot be accurately
predicted or extrapolated from plasma concentra-
tion data [31, 32].

1.3.5 Hair

Human hair consists of hair shaft and hair folli-
cle. Unlike the hair shaft, which consists of dead
keratinized epithelial cells, the hair follicle con-
tains live epithelial cells. An intricate network of
blood capillaries surrounds each hair follicle,
supplying it with nutrients. Each hair follicle is
directly connected to the sebaceous gland (oil
gland). There are three axial layers in every hair
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shaft: the medulla (inner layer), cortex (middle
layer), and cuticle (outer layer). There are
65-95% proteins in the hair matrix, mainly kera-
tins, water, lipids, and minerals [33].

Hair analysis may provide evidence of drug use
over an extended period. Blood and urine concen-
trations can only reflect use of drugs over hours
and days, respectively [34]. Although the specific
process for drug integration into hair is unknown,
it is thought that drugs enter through blood during
hair development, sebum and sweat, and the exter-
nal environment [35]. Blood sampling is more
intrusive than hair sampling. Hair with a width of
around a pencil and a weight of about 200 mg is
typically taken from the back of the head [36]. The
sample should be wrapped in aluminum foil and
kept dry at room temperature. It is important to
thoroughly decontaminate it by washing it with
various solvents before drug testing.

14  Therapeutic Concentration

of Drugs

The main goal of clinical pharmacokinetics is to
improve efficacy of drugs, as well reduce toxic-
ity. The discovery of robust correlations between
systemic drug concentration and pharmacologi-
cal effect has allowed clinicians to apply pharma-
cokinetic principles to real-life patient settings
[37]. Drug concentration at the receptor site (and
other tissues) can be affected by changes in the
plasma drug concentration. Increasing the con-
centration of the drug in plasma will often lead to
a corresponding increase in the concentration of
the drug in most tissues [38].

The therapeutic range of a drug is the range of
doses or plasma (serum) concentrations that typi-
cally leads to the desired therapeutic effect. While
a patient may achieve benefit when drug concen-
trations are below the minimum threshold, he or
she may also experience adverse effects when
drug concentrations at that level continue for pro-
longed periods [39]. It is important to consider the
benefit-to-risk ratio when determining the lower
and upper limits of a treatment regimen. In the
1960s and 1970s, pharmacokinetic studies and
expert opinions were used to assign therapeutic
ranges to drugs [40, 41]. In general, drugs have a

single therapeutic range for all indications, regard-
less of age, co-medication, or comorbidity.

1.5  Toxic Concentration of Drugs
Drug toxicity occurs when a drug’s therapeutic
effect is exceeded; nevertheless, toxic and thera-
peutic responses can occur at the same time [42].
The manifestation of drug toxicity could be
behavioral and physiological. Drug toxicity can
manifest itself behaviorally in a variety of ways,
including decreased locomotor activity, loss of
motor coordination, and cognitive impairment.
Tissue damage, neuronal death, and hormone
cycle disruptions are examples of physiological
manifestations of toxicity [43]. Safety is one of
the most significant challenges in drug develop-
ment. Clinical trials are affected by unexpected
toxicities, and post-market safety concerns can
lead to the withdrawal of new drugs from the
market [44]. For most drugs, there are therapeutic
and toxic concentration ranges (Table 1.2).

Another principle that explains the toxic con-
centration of drugs is therapeutic index (TI),
which compares the dose of a drug that causes
therapeutic effect to the dose that causes death (in
animals) or toxicity (in humans) [45]. TI can be
computed in animal research by dividing the
lethal dose of a drug for 50% of the population
(LDsp) by the minimal effective dose for 50% of
the population (EDsy), i.e., TI = LDsy/EDs.
Depending on the drug, the difference between
the EDs, and the TDjs, can be significant. The
safer the drug, the larger the TI. A drug with a
narrow TI, on the other hand, has a steep
concentration-response relationship for efficacy,
toxicity, or both, resulting in a relatively low risk-
benefit range [42].

In clinical practice, TI can be the range of doses
at which drugs are considered effective in clinical
trials for a median of participants without causing
unacceptable adverse reactions [47]. This range is
sufficient for most drugs, so when the recom-
mended doses of a drug are prescribed, the maxi-
mum plasma concentration and the area under the
concentration-time curve are sufficiently above
the minimum therapeutic concentration and below
the toxic concentration [46]. It can therefore be
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Table 1.2 Therapeutic and toxic concentrations of some drugs in blood

Therapeutic blood concentration

Drug (mg/L)
Acetylsalicylic acid 20-200
(aspirin)

Alfuzosin 0.003-0.06
Alprazolam 0.005-0.05 (=0.08)
Baclofen 0.08-0.4
Bisoprolol 0.01-0.1
Bromocriptine 0.1-0.3*
Cabergoline 0.058-0.144*
Candesartan 0.08-0.18 (—=0.4)
Cetirizine Appr. 0.1-0.6
Dapsone 0.5-2
Dexamethasone Appr. 0.05-0.27
Ergotamine 0.36-0.42*
Furosemide (Frusemide) 2-5 (—=10)
Gentamicin (2-) 4-10
Ibuprofen 15-30 (=50)
Levodopa (L-dopa) 0.3-2
Metformin 0.1-2

Naproxen (20-) 50-100
Omeprazole 0.05-4
Paracetamol (5-) 10-25
Quinine 1-7
Rabeprazole 0.2-1.8
Sulfasalazine 5-30
Tetracycline 1-5 (5-10)
Vancomycin 10-20

Warfarin 1-3

Zidovudine 0.1-0.3

*Units are in ng/mL

assumed that at recommended doses, drugs are
clinically effective and are relatively safe.

1.6  Conclusion

The concentration of drugs measured in bodily
fluids or tissues is important since it helps to esti-
mate whether a drug is within therapeutic range.
The most common biological samples used to
determine drug levels are urine, serum, and
plasma. When a decision has been made to moni-
tor a drug’s concentration, it is critical to obtain a
biological sample that is clinically meaningful.
Indeed, the relevance of literature on therapeutic
and toxic concentration of drugs in biological
matrices during drug monitoring cannot be
overemphasized.

Toxic blood concentration

(mg/L) References
300-350 [48]
0.12 [49, 50]
0.1-0.4 [51]
1.1-3.8 [52]
0.2 [53]
8? [51]
0.39° [51]
0.54 [54]
2-5 [54]
10 [55]
0.8 [56]
0.82° [54]
25-30 [54]
12 [57]
200 [54]
5-20 [51]
5-10 [49]
200 [54]
8 [50]
100-150 [58]
10 [59]
3.6 [49]
50 [49]
30 [49]
30-40 [57]
10-12 [60]
2-3 [54]
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Abstract

Therapeutic drug monitoring (TDM) and clin-
ical toxicology (CT) studies play significant
roles in understanding and controlling the
observed variabilities in therapeutic response
of administered drug products, as well as prof-
fering measures to improve the safety and effi-
cacy of treatments that patients receive.
However, the optimization of patient care
through TDM continues to remain a challenge
in many health jurisdictions despite the
numerous advancements and progress in ana-
Iytical techniques and technology. The prac-
tice of TDM and CT in the optimization of
patient care is still evolving and requires a
myriad of technical and material resources to
achieve the needed optimal health outcomes.
One of the critical elements in this endeavour
is the availability of analytical techniques that
are sensitive, cost effective, and high perform-
ing in terms of accuracy and precision and

also possess seamless workflow. This chapter,
thus, discusses the various high-throughput
analytical techniques employed in TDM and
CT, as well as the challenges associated with
their respective applications as reported in the
literature. It must be emphasized that consid-
eration for a suitable analytical method for
TDM and CT comes with careful planning
and decision making. Factors to be considered
include but are not limited to the availability
of expertise (clinical and laboratory), equip-
ment/instrument, the physicochemical nature
of the target analyte (drug, metabolite, toxi-
cant, or toxin), and the clinical situation pre-
senting the need for TDM. Other important
factors such as sample preparation and stor-
age, analytical method development and vali-
dation, and interferences associated with
matrix effect also require careful consider-
ation in order to assure the reliability and
quality of TDM or CT data needed for
informed clinical decision.
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2.1 Introduction

Therapeutic drug monitoring (TDM) involves the
optimization of therapy through adjustment of
dose at the individual level by monitoring con-
centrations of drug or drug metabolite in body
fluids (e.g. blood, plasma, or serum) or a suitable
physiological matrix [1, 2]. The scientific basis
and practice of TDM date to 1946 with the estab-
lishment of a correlation between the pharmaco-
logical activity of a drug and its corresponding
plasma concentration [3]. This scientific estab-
lishment resulted in the practice of dose adjust-
ment for individuals with peculiar demographic
and clinical characteristics, among others, to
obtain optimized therapy. Such decisions, how-
ever, are premised on the fact that the pharmaco-
logical responses being observed by clinicians
can be measured either clinically (e.g. in the use
of analgesic or sedative drug) or with the use of
an appropriate laboratory marker (e.g. in the use
of lipid-lowering drug) [1, 2, 4, 5]. The situation,
however, becomes a bit more complex and unpre-
dictable when drug response cannot be easily
evaluated clinically or when toxic side effects of
the drug cannot be easily monitored or detected
until irreparable damage has been caused. Thus,
TDM can involve both the pharmacokinetic and
pharmacodynamic aspects of drug action in
applied pharmacotherapy. Therefore, analytical
methods for the purposes of TDM should have
the power to address relevant pharmacokinetic
and pharmacodynamic parameters [2, 6-9].

To wit, different doses of a drug may be
required by different patients/individuals in order
to observe similar optimal therapeutic effects
because of an individual patient’s pharmacoki-
netic and pharmacodynamic variabilities.
Different individuals absorb, distribute, metabo-
lize, and excrete drugs after administration dif-
ferently and as well are influenced by the action
of a drug based on the unique characteristics of
the patient [6, 7]. Beyond the pharmacokinetic
and pharmacodynamic factors that influence drug
action, other variables include:

(1) Suboptimal concentration of drug molecules
in the plasma and at the receptor site or site
of action in the patient because of potentially
poor physicochemical quality of the drugs

(i) An interruption in drug-receptor interactions
and disruption of signal transduction path-
ways or processes [2, 6, 7, 9]

On the other hand, CT has been defined as a
‘medical subspecialty focusing on the diagnosis,
management, and prevention of poisoning and
other adverse health effects due to medications,
occupational and environmental toxins and bio-
logical agents’ [10]. The strategy for CT includes
among others the confirmation of the toxicant
and/or poison using the appropriate analytical
methods [11]. Since the dose of a drug makes it a
poison, almost all drugs are studied under CT
[12].

As earlier mentioned, the relevance of appro-
priate and sensitive analytical techniques in
TDM and CT cannot be overemphasized. We
propose in this book chapter that if sensitive
high-throughput analytical techniques and
detection technologies were more widely avail-
able, user friendly, and affordable, there would
be better treatment outcomes, patient adher-
ence, and reduced side effects for patients on
certain drugs including antibiotics, anticancer
agents, and immunosuppressants (cyclosporin),
among others. In order to make available such
simple, cost-effective, and efficient analytical
methods, rigorous efforts that involve an invest-
ment of resources into analytical technology
development and transfer and, more impor-
tantly, availability of resources to train and build
capacity for TDM and CT implementation will
be required in the global health delivery space
[2, 6, 9].

Analytical techniques that have found suc-
cessful use in TDM and CT can be very diverse,
depending on the depth of the investigation
being undertaken (i.e. the physicochemical prop-
erties of the drug, pKa values, ionized or union-
ized status at physiological pH, etc.), parameters
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being monitored, the biological matrix (saliva,
urine, plasma, etc.), and others. For instance, to
establish a scientifically sound correlation
between plasma drug concentration and pharma-
cological response, an analytical method must be
developed and validated. Analytical techniques
earlier employed for TDM studies included colo-
rimetry, electrochemical techniques, spectropho-
tometry, and spectrofluorimetry [13—18]. Some of
these methods currently find very little or no use
at all in TDM studies due to their lack of specific-
ity and inability to distinguish clear effects due to
matrix from the drug of interest [13, 17]. Although
such limitations exist for the majority of drugs,
the application of colorimetry as well as flame
atomic emission spectroscopy is still relevant for
TDM of lithium [19]. Furthermore, bioassay tech-
niques were previously used for TDM analysis of
many antibiotics. However, this technique was
found as laborious with poor specificity for poly-
pharmacy patients and very slow in obtaining data
required to make an informed clinical decision.
The technique has also been reported as imprecise
for present-day applications [2].

Thin-layer chromatography has also experi-
enced a significant shift in its use for TDM anal-
ysis currently, as its limitations for total
quantitative estimates are a challenge for such
purposes [2]. Current high-throughput analyti-
cal techniques, which mostly find wide applica-
tions for routine monitoring and measurement
of plasma drug concentrations, are electropho-
resis, immunoassays, gas chromatography
(GC), conventional high-performance liquid
chromatography (HPLC), and recently, ultra-
performance liquid chromatography (UPLC).
The availability and compatibility of hyphen-
ated modes such as LC-UV, LC-MS/MS,
LC-MS, and GC-MS have positively impacted
on sensitivities of such techniques in the suc-
cessful quantitation of drug molecules in vari-
ous biological matrices [2, 6, 20, 21].

This chapter focuses on a description of mod-
ern analytical techniques employed in TDM and
CT, appraisal of the strengths and limitations of
the various techniques described, as well as pro-
vision of some examples of relevant studies
reported in the literature.

2.2 Immunoassays
These analytical techniques which involve the
development and application of antibodies have
found significant use in various disciplines
including TDM and CT. The key aspect of the
development and application of immunoassays
borders mainly on antibodies. Antibodies, usu-
ally generated by beta-lymphocytes following
exposure to substances such as foreign cells or
proteins, required to trigger the immune system
of mammals, are proteins. The main purpose of
antibodies is to help fight infection in mammals.
Various subtypes including IgA, IgD, IgE, IgG,
and IgM have been reported and each has specific
roles or functions within various compartments
of the human body acting as sentinel sites in
cases of re-infection or attack of new infections.
Although this technique comes with its own
unique limitations (including the probability of
obtaining false results, the effect of matrix on
antibodies, poor specificity resulting in cross-
reactivity with compounds that share similar
physicochemical properties amongst others),
immunoassays, with its cost effective, rapid
detection, and robust nature, continue to play
highly significant roles in the detection and quan-
tification of minute amounts of target analytes in
various complex matrices such as hair, plasma,
and others. Immunoassays are usually designed
for specific analytical purposes. For example, it
could be designed and developed for solely quali-
tative purposes as well as for both qualitative and
quantitative uses. Furthermore, it finds applica-
tion for both low and large molecular weight
molecules (compounds with molecular weights
>250 daltons). The major common elements of
interest in the design and development of an
immunoassay technique include (i) target analyte
(antibodies), (ii) a drug derivative needed to link
to a reporter (hapten), (iii) the target for assay
(analyte), (iv) required buffers or conditions such
as pH of the sample, (v) a location to immobilize
antibody (solid phase), (vi) the sample being ana-
lysed (matrix), and (vii) a recorder that amplifies
the result (usually in the form of enzymes, fluo-
rescence, chemiluminescence, and radioimmu-
noassay). Although various forms exist for
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various purposes, the basic elements enumerated
above remain basically the same for all immuno-
assay methods.

The development of such analytical tech-
niques first involves the creation of the required
antibody, followed by its production, and finally
the immunoassay design. The evaluation of an
antibody available for the design of the assay is a
critical stage that informs the assay format that
will be employed for the assay. Assay formats are
generally grouped into two categories namely, (i)
heterogenous and (ii) homogenous immunoas-
says. Heterogenous immunoassays require a sep-
aration step to remove materials that did not bind
immunologically (separately bound from free
materials). As an analytical method, certain key
parameters required to evaluate the performance
of the analytical technique under consideration
include specificity/cross-reactivity, precision,
limit of detection, interferences/adulteration, and
stability. The optimization of such parameters
assures the quality of data obtained from such
determinations [2, 22-27].

Examples of compounds that have undergone
TDM and reported in the literature employing
various immunoassay techniques include immu-
nosuppressants [28, 29], antiepileptic drugs [30—
32], antibiotics [30, 33-36], bronchodilators
[30], antimalarial agents [37], psychotropic drugs
[38, 39], cardiovascular agents [40], anticancer
agents, [35, 41, 42], and monoclonal antibodies
[43—45] (Table 2.1). Also, immunoassays have
been used in CT studies of diverse drugs [46].

23 Electrophoresis

Electrophoresis is a separation technique involv-
ing the use of a high-voltage electric field
(electro-driven) to migrate and separate charged
particles in a capillary-shaped separation com-
partment. Efficient separations resulting from
capillary electrophoresis (CE) are usually
employed in the analysis of charged compounds
or drug molecules under the influence of an elec-
tric field generated uniformly across the separa-
tion compartment. The application of this
technique especially in TDM is influenced by

Table 2.1 Analytical methods for TDM and/or CT of
drugs

Analytical
method Analyte Reference
Immunoassay  Immunosuppressants [28, 29]
Antiepileptic drugs [30-32]
Antibiotics [30, 33-36]
Bronchodilators [30]
Antimalarial agents [37]
Psychotropic drugs [38, 39]
Cardiovascular agents [40]
Anticancer agents [35, 41, 42]
Monoclonal antibodies  [43-45]
Electrophoresis Antiepileptic drugs [31,32,47,
48]
Inflammatory bowel [49]
disease drugs
Nonsteroidal anti- [50, 51]
inflammatory drugs
Cardiovascular drugs [47]
Psychotropic agents [47, 52]
Diuretics [47]
Vasodilators [47]
Antibiotics [53]
Anthelmintics [54]
Anaesthetic agents [55]
Biosensors Anticancer agents [56-59]
Anticoagulants [60]
Monoclonal antibodies [61-63]
Antibiotics [64-72]
Bronchodilators [73]
Anticonvulsants [74]
Substance of abuse [75]
HPLC/UPLC Anti-infective agents [76]
Immunosuppressants [28, 77-83]
Antifungal agents [81, 83, 84]
Anti-arthythmic drugs ~ [85]
Monoclonal antibodies  [86]
Antibiotics [21, 83,
87-89]
Antiepileptic drugs [31, 32, 83,
90, 91]
Anticancer drugs [42, 83, 92,
93]
Antiviral agents [83,94]
Cardiovascular drugs [83]
Psychotropic agents [38, 83,
95-105]
Anticoagulants [83]
Antidiabetic agents [83]
Substance of abuse [97]

certain unique features that CE provides, and
these include robustness of the instrument with
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its high separation efficiency and sensitivity and
minimal application of samples (sample size) and
solvents, coupled with the versatile nature of its
applications. The above-mentioned applications
together with highly improved resolution,
decreased separation time, and automation of the
instrument provide the required real-time detec-
tion needed for such sensitive tasks. The princi-
ple of electrophoresis involves the high-voltage
influenced migration of charged species between
oppositely charged electrodes, dependent on
electrostatic and electroosmotic forces. Three
key parameters (i.e. size, charge, and shape of the
analyte of interest) significantly influence the
efficiency of separation. The commonly encoun-
tered CE modes are capillary gel electrophoresis
(CGE), capillary isoelectric focusing (CIEF),
capillary electrochromatography (CEC), capil-
lary zone electrophoresis (CZE), and micellar
electrokinetic chromatography (MEKC). Quite a
significant number of drug molecules have had
their levels in biological matrices measured using
these named modes or techniques in TDM stud-
ies. Though CZE finds extensive use and applica-
tion in TDM, all the other modes of separation
are also utilized as appropriate for some drug
molecules. It is also worth mentioning that
hyphenation of CZE mode with mass spectrom-
etry detectors is made possible through efficient
compatibility and this further enhances structural
elucidation for metabolite profiling [2, 106—108].
It must also be noted that of all the advantages
listed for CE in TDM, some limitations do exist
for its application, and these include the tendency
of target analytes to undergo adsorption (which
can be reversible or irreversible) onto the nega-
tively charged surface of silica-based capillaries.
It is as well difficult in handling the very small
sample sizes and volumes with precision.
Electrophoretic methods have been used for
the TDM of antiepileptic drugs [31, 32, 47, 48],
inflammatory bowel disease drugs [49], nonste-
roidal anti-inflammatory drugs [50, 51], cardio-
vascular drugs [47], psychotropic agents [47, 52],
diuretics [47], vasodilators [47], antibiotics [53],
anthelmintics [54], and anaesthetic agents [55]
(Table 2.1). CT studies have been reported for dif-
ferent drugs using electrophoretic methods [109].

24 Biosensors

Biosensor-based techniques use antibodies,
enzymes, membranes, molecularly imprinted
polymers, and aptamers for the recognition of
analytes of interest based on binding affinity
[110]. Biosensors may be classified as either
electrochemical, optical, piezoelectric, or nano-
mechanical [110]. This technique is advanta-
geous due to low sample consumption, nearly
non-invasive sample collection procedure,
reduced reagent consumption, reduced analysis
time, multiple analyte detection, and portability
[111]. These advantages notwithstanding, there
are challenges associated with sensitivity, quali-
tative, or semi-quantitative results obtained with
the use of biosensors for TDM [112].

Biosensors have been used for the TDM of
anticancer agents [56-59], anticoagulants [60],
monoclonal antibodies [61-63], antibiotics [64—
72], bronchodilators [73], anticonvulsants [74],
and opioids [75] (Table 2.1). Biosensors have
also been applied in CT studies [113].

2,5 Conventional HPLC
and Emerging UHPLC

Techniques

For decades, HPLC and recently (from the first
decade of the twenty-first century) UHPLC have
seen significant applications in various disci-
plines for the efficient separation and quantifica-
tion of various analytes in various matrices. The
ability of this unique and versatile technique to
separate and analyse complex samples, both
small and large molecules, continues to gain
prominence in almost all basic and applied sci-
ences of which TDM is no exception [114-119].

These liquid chromatography techniques have
found versatile application and use in diverse set-
tings as a result of its ability to separate a wide
range of sample types, exceptional resolution
power, speed of separation, and compatibility
with a wide scope of highly sensitive detectors
including mass spectrometric detectors. Such
advantages that conventional HPLC as well as
emerging UHPLC techniques provide have influ-
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enced their high use and applications in forensic,
biological, and pharmaceutical research includ-
ing TDM and CT [2].

Both conventional HPLC and UHPLC have
similar mechanisms of separation and resolution.
However, when analysts and scientists in various
fields wish to have faster separation without com-
promising data quality, then UHPLC becomes
the obvious choice for such tasks. UHPLC also
provides the requisite technological improve-
ments in stationary support material (column)
chemistry, detectors, and overall hardware
required for ultra-fast separation without com-
promising the quality of data obtained.

The efficient separation of components of dif-
ferent samples could be due to the availability of
diverse modes of separation including adsorp-
tion, partition, ion exchange, and size exclusion.
The selection of the mode of separation usually
depends on the type of task to be performed and
the physicochemical properties (polar or non-
polar nature, etc.) of the analyte. Thus, a wide
range of options with respect to the mode of
separation such as normal phase, reversed phase,
ion exchange, or size exclusion chromatography
are available for well-defined tasks. The sensitiv-
ity of such analytical methods would depend on
the type of detectors employed to monitor the
column eluates, and these could be optical detec-
tors such as ultraviolet (UV) absorption, fluores-
cence, diode array, and photodiode array
detectors. It must be noted that the diode array
(DAD) and photodiode array (PDA) detectors
are advanced forms of UV detectors. Other
equally well-known detectors include refractive
index and electrochemical detectors (two types,
namely, the coulometric detector and ampero-
metric detector).

The development and introduction of hyphen-
ated techniques especially with mass spectromet-
ric detectors some decades ago have also seen
significant improvement in the ability of conven-
tional HPLC and UHPLC to separate and iden-
tify samples in highly complex matrices such as
observed in TDM, and these include HPLC-MS,
LC-MS/MS, and UPLC-MS/MS [2, 117].

Further to all of the above advancements, the
availability of using a solvent system with con-

stant composition for an entire analysis (isocratic
mode) or being able to change/modify the com-
position of the solvent system for analysis with
time (gradient mode) provides the required elu-
tion modes for efficient separation of compounds
in even highly complex matrices.

However, there are several other factors that
may influence the reliability of HPLC/UHPLC
data for TDM and CT. These include the nature
of the matrix being studied (urine, blood, liver,
saliva, etc.), probable interference from endoge-
nous substances/compounds from the matrix, the
levels of the analyte available for detection and
quantification (sensitivity of the detector being
employed), and nature of sample preparation pro-
cedures used prior to pre-concentration of sample
and analysis [2, 115].

Examples of drug compounds for which TDM
has been performed and reported in literature
with the use of the liquid chromatography tech-
nique include anti-infective agents [76], immu-
nosuppressants [28, 77-83], antifungal agents
[81, 83, 84], anti-arrhythmic drugs [85], mono-
clonal antibodies [86], antibiotics [21, 83, 87—
89], antiepileptic drugs [31, 32, 83, 90, 91],
anticancer agents [42, 83, 92, 93], antiviral agents
[83, 94], cardiovascular drugs [83], psychotropic
agents [38, 83, 95-105], anticoagulants [83],
antidiabetic agents [83], and substance of abuse
[97] (Table 2.1). CT studies of drugs using liquid
chromatography have also been reported in the
literature [11, 120-122].

2.6 Gas Chromatography (GC)

This analytical technique, which also borders
on partition chromatography, has similarities to
the HPLC technique already described.
However, there are some significant differences
with respect to the instrumentation, stationary
phase support material (column), the mobile
phase, and the nature of analytes. In GC, com-
pounds suitable for analysis must be volatile in
nature or if not volatile can be derivatized to
provide samples that can be volatilized during
analysis  without thermal decomposition
because of the high temperatures utilized in
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such analysis. Unlike HPLC, the GC separation
is ensured and performed on a stationary phase
which is usually a steel capillary tube that is
supplied with a continuous flow of inert gases
or supercritical fluid (SCF) as a mobile phase in
a temperature-regulated oven (usually around
400 °C). The mode of separation could be gas-
solid or gas-liquid in nature, depending on
whether the column contains either a solid
(polymers) or liquid (polysiloxanes) stationary
phase [2, 117].

The detection of compounds is successfully
achieved using any of the following detectors:

(i) Nitrogen-phosphorus detector
(i1) Alkali flame ionization detector
(i1i) Electron-capture detector
(iv) Atomic emission detector

(v) Flame ionization detector

Hyphenated modes with MS detectors are also
available for GC in TDM analysis. Limitations
such as lack of regular preventive maintenance
and the presence of even trace levels of contami-
nants in the mobile phase (carrier gas), among
others, could result in significant variabilities in
data acquisition. Due to this challenge, few drug
compounds have had their TDM studies reported
in literature with the use of GC due to the huge
tasks associated with the monitoring and control
of variabilities in data acquisition.

Examples of drug compounds for which TDM
data has been determined and reported with the
use of GC include antiepileptic drugs [31, 32],
psychotropic drugs [123-125], antihistamines
[126], and narcotic analgesics [127] (Table 2.1).
GC has also been applied in CT studies [128].

2.7  Conclusion and Outlook

In actualizing the cost benefits of TDM in clinical
settings, it is imperative to re-emphasize the ver-
satility of TDM in the establishment of bench-
marks for individualization of therapy, dose
optimization, screening for drug interactions, and
prevention of drug toxicity. The objectives of any
TDM project should be clearly defined in order to

make room for appropriate decisions on the opti-
mal selection of techniques and instrumentation
to generate the required data for clinical interpre-
tation and application. TDM should have com-
prehensive sample collection and handling
protocols in addition to overarching quality con-
trol measures to govern sample analysis, data
acquisition, data interpretation, and data manage-
ment. The continuous introduction of novel and
more efficacious drugs for the treatment of dis-
eases, which can also be potentially toxic, further
strengthens the need to have clinical and analyti-
cal mechanisms to improve drug therapy. For this
purpose, advances in the various analytical tech-
niques and related instrumentations for TDM and
CT have led to the availability of many analytical
tools with diverse costs and complexity as already
described. Among the several analytical tech-
niques, the immunoassay technique appears to be
the most commonly used, with a lot of immuno-
assay kits commercially available. However, this
technique might not be suitable in multicompo-
nent analyses, especially in paediatrics where
small sample volumes are used to monitor mul-
tiple analytes. Under such circumstances, the
HPLC/UHPLC technique and its hyphenated
forms are considered more appropriate because
of the capacity to analyse and detect multicom-
ponent analytes in a sample with a highly accept-
able level of accuracy and precision, even when
certain analytes co-elute (when mass spectromet-
ric detection is applied). As a result of this, the
HPLC/UHPLC technique has been shown to be
suitable for a wide scope of drugs and matrices.
Though the initial capital investment into the lig-
uid chromatographs is high, they are known to
have low running costs, making them a prudent
choice for resource constraint environments that
may need TDM to enhance therapeutic and clini-
cal outcomes. Despite its limited role in TDM as
a result of potential variabilities in data acquisi-
tion, GC has been very useful in CT screening,
especially in its hyphenated modes (GC-mass
spectrometric detection).

With the assessment of the advantages and
disadvantages of the other analytical techniques
for TDM and CT studies, an appropriate decision
can be taken on optimal technique and instru-
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mentation for any clearly defined TDM or CT
programmes. It is still unclear when TDM will
become routine in the health systems of emerging
economies.
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