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Abstract: The term seizures includes a wide array of different disorders with variable etiology, which
currently represent one of the most important classes of neurological illnesses. As a consequence,
many different antiepileptic drugs (AEDs) are currently available, exploiting different activity mech-
anisms and providing different levels of performance in terms of selectivity, safety, and efficacy.
AEDs are currently among the psychoactive drugs most frequently involved in therapeutic drug
monitoring (TDM) practices. Thus, the plasma levels of AEDs and their metabolites are monitored
and correlated to administered doses, therapeutic efficacy, side effects, and toxic effects. As for any
analytical endeavour, the quality of plasma concentration data is only as good as the analytical
method allows. In this review, the main techniques and methods are described, suitable for the TDM
of three AEDs belonging to the class of ion channel agents: ezogabine (or retigabine), lacosamide,
and zonisamide. In addition to this analytical overview, data are provided, pertaining to two of the
most important use cases for the TDM of antiepileptics: drug–drug interactions and neuroprotection
activity studies. This review contains 146 references.

Keywords: drug–drug interactions (DDI); ezogabine; lacosamide; neuroprotection; retigabine; thera-
peutic drug monitoring (TDM); zonisamide

1. Introduction

Epilepsy, and more generally seizures, are one of the most widespread and inca-
pacitating neurologic disorders. Recent reports have calculated a 0.63% prevalence of
epilepsy over the total world population, corresponding to about 50 million people [1]. In
2016, the Global Burden of Diseases, Injuries, and Risk Factors (GBD) Study [2] estimated
that epilepsy accounted for >13 million disability-adjusted life-years (DALYs) and was
responsible for 0.5% of the total disease burden, as well as 5.0% of DALYs attributable to
neurological disorders [3]. In terms of DALY rates for all neurological disorders, epilepsy
ranked second to eighth depending on the geographic region, with highest impact in
sub-Saharan Africa, Central Asia, Central and Andean Latin America, and Southeast
Asia [2].

As can be expected, the rates of success of antiepileptic treatment can be considerably
lower in low-middle income countries (LMIC) than in other parts of the world [4]: lower
access to affordable or free public health structures, lower access to cheap medicines, and
in some cases even prejudices and open discrimination toward the patients themselves
can produce these effects [5], which also result in higher disease severity and lethality. It
has been estimated that in LMIC up to 50% of epileptic people are undiagnosed and/or
untreated [6]. In addition, more difficult perinatal conditions and higher incidence of trau-
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matic brain injuries and central nervous system (CNS) infections in LMIC can contribute to
the observed increased disease incidence and severity [7].

The first effective antiepileptic drugs (AEDs) were bromides, introduced in the mid-
1850s, and then paraldehyde, in the late 1880s. Since then, many other, vastly more effective
and safer drugs have been devised, belonging to many chemical classes, starting from
barbiturates in the 1910s, their analogues oxazolidinediones and pyrimidinediones, and
hydantoins in the 1930–1960s. Then, benzodiazepines, carboxamides, fatty acids, and
their derivatives, fructose derivatives, γ-aminobutyric acid (GABA) derivatives, hydan-
toins, pyrrolidines, succinimides, sulphonamides, and triazines have been used against
seizures [8]. Pharmacological activity mechanisms are equally varied, although for some
drugs, and entire chemical classes, the precise mechanism is still uncertain [9]. The two
oldest AEDs, bromide and paraldehyde, are thought to non-selectively depress brain
activity; if they have any molecular target, it is still unknown. A large group of AEDs
interacts directly with ion channels, acting either as sodium channel blockers (such as
carbamazepine, oxcarbazepine, lamotrigine, phenytoin) or as calcium channel blockers
(such as ethosuximide); ezogabine seems to act as a potassium channel opener. Many AEDs
interact with GABAergic transmission; since GABA is known as the main inhibitory neuro-
transmitter in the brain, its activation or facilitation is intuitively connected with a possible
anticonvulsant effect. Thus, GABA transaminase inhibitors (vigabatrin) and glutamic acid
decarboxylase (GAD) inducers (gabapentin) are used as antiepileptic agents. On the other
hand, glutamate is generally recognized as the main excitatory brain neurotransmitter,
and therefore drugs acting on the glutamatergic system (topiramate) are also known as
antiepileptic agents [10]. The exact mechanisms of activity of valproic acid, levetiracetam,
and stiripentol are still unknown, although of course hypotheses have been proposed [11].

The need for an accurate titration of the AED levels in patient plasma has been ac-
knowledged relatively early in the history of anticonvulsant therapy and has been often
confirmed in the following years [12]. To this day, many patients receive a constant moni-
toring of their AED levels, especially at the beginning of the treatment, to ascertain that
correct concentrations are reached without undue risks of overdose and toxic phenom-
ena [13]. This practice is commonly named therapeutic drug monitoring (TDM) and is
currently being increasingly used to optimize and personalize pharmacological therapy, in
particular in the treatment of central nervous system (CNS) disorders [14–18]. TDM uses
clinical information (administered doses, symptoms, side or toxic effects) and chemical
data (plasma levels of drugs and metabolites) to find possible chemical–clinical correlations
(CCC), i.e., those correlations (if they exist) that connect administered doses with plasma
levels, and plasma levels with clinical outcomes.

In the case of AEDs in particular, TDM utility is evident [19,20], due to the fre-
quent need for polytherapy and the capacity of several AEDs to induce and/or to inhibit
AED-metabolizing enzymes, and the consequent high frequency of pharmacokinetic and
metabolic drug–drug interactions (DDI) [21]. Thus, the need for precise, accurate, and
sensitive analytical methods for AED determination in patient blood is apparent as well.

In 2004 the German Workgroup for Neuropsychopharmacology and Pharmacopsy-
chiatry (Arbeitsgemeinschaft für Neuropsychopharmakologie und Pharmakopsychiatrie,
AGNP) started publishing a series of papers reporting consensus guidelines [22–24] on
the TDM of psychotropic drugs, including AEDs. For each drug, a “level of recommen-
dation to use TDM”, is reported as a number in the 1–4 range: 1 corresponds to “strongly
recommended”, 2 to “recommended”, 3 to “useful”, and 4 to “potentially useful”. These
recommendation classes are mostly relative to routine TDM practices, but TDM can be use-
ful also in non-routine conditions, for example in cases of insufficient response, suggested
non-adherence, adverse drug reaction at therapeutic doses, potential DDI. This highlights
the real benefit of TDM even for those drugs with low recommendation levels, and even
when CCC are unavailable or unclear.

In this review, the most important and recent methods devised for TDM purposes
are described and briefly commented upon, in order to highlight the current status of
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advancement in this field. This information could be useful for both analytical chemists
and clinicians, providing a common base from which to start discussing the actual TDM
needs of the patients and the best way to satisfy them.

We addressed in a previous review the main TDM characteristics of the following
AEDs: carbamazepine, oxcarbazepine, lamotrigine, phenytoin, ethosuximide, gabapentin,
vigabatrin, topiramate, levetiracetam, and valproic acid [20]. In this mini-review, infor-
mation will be reported on the three other most significant AEDs that interact with ion
channels; i.e., ezogabine (or retigabine, EZG), lacosamide (LCS), and zonisamide (ZNS). In
addition to the most important analytical methods for TDM purposes, information will
be provided on these drugs’ metabolism and DDI, which are among the most important
characteristics when deciding whether TDM is appropriate and, in fact, useful. Some brief
notes on possible neuroprotective effects are also included, since neuroprotection is one
more field where TDM can be eminently useful.

2. Methods

Electronic searches of the following publication databases were conducted: Scopus [25]
and PubMed [26]. Search results covered the time span from 2005 to June 2021, in order
to retrieve the most recent and updated information available. If this information proved
to be incomplete or in any way unsatisfactory, the search was extended back in time in
10-year intervals.

Search terms for the “Analytical Methods” section used the following string: drug
name AND (HPLC OR LC OR MS OR mass spectrometry OR GC OR CE OR electrophoresis
OR immunoassay). Within these results, papers were filtered for application to human
blood/plasma/serum or other human biological tissues relevant for TDM purposes. Papers
with a clear analytical purpose were chosen preferentially, as opposed to clinical papers
including some notes or a simple section on the analytical techniques and methods used.

3. Ion Channel Agents
3.1. Ezogabine (Retigabine)

EZG (ethyl N-[2-amino-4-[(4-fluorophenyl)methylamino]phenyl]carbamate, Figure 1a),
also known as retigabine in the USA, was used as an add-on treatment for drug-resistant par-
tial onset seizures with or without secondary generalization in people aged 18 or older [27].
It was approved in Europe and the USA in 2011, commercialized by GlaxoSmithKline under
the name Trobalt. Since 2013, it has been known to produce blue skin discoloration and
eye abnormalities [28]. In 2016, the manufacturer stopped its production, probably for
commercial reasons (i.e., limited clinical use) [29].

EZG exerts its activity by activating the Kv7 (KCNQ) slowly-inactivating voltage-
gated potassium channels [30], which is a mechanism different from that of most other
antiepileptic drugs.

In vivo in humans, EZG is mainly N-glucuronidated (Figure 1b,c) by uridine
diphosphate-glucuronosyltransferases (UGT) 1A1, 1A3, 1A4, and 1A9 and, to a lesser
extent, N-acetylated after decarbamoylation (Figure 1d) [31]. The N-acetyl metabolite
has weak biological activity [32].
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3.1.1. Therapeutic Drug Monitoring

The AGNP’s recommendation level for EZG TDM is 3, “useful” [24]. Therapeutic
plasma levels are in the 450–900 ng/mL range, corresponding to a 600 mg/day dose; levels
above 1800 ng/mL are considered potentially toxic [33].

Just a few analytical methods are available for the TDM of EZG; most of them are based
on liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) [34–37].
One of these methods [34] was applied to evaluate gender differences in EZG pharmacoki-
netics. Analytical separation was achieved on a C18 column kept at 40 ◦C with a mobile
phase consisting of an aqueous ammonium acetate/methanol/acetonitrile mixture. Sample
pretreatment was carried out by liquid–liquid extraction (LLE) of 500 µL of plasma using
5 mL of a diethyl ether/dichloromethane (70/30, v/v) mixture, followed by centrifugation,
separation, drying of the organic phase and reconstitution with 100 µL of mobile phase.
Detection was performed by MS/MS with triple quadrupole (QqQ) detection. Linearity
was achieved in the 10–2000 ng/mL range, with precision RSD values between 1.9% and
9.3%. Extraction yields were in the 88–91% range and accuracy values in the 102–111%
range. Stability assays provided recovery values always higher than 80% under all short-
and log-term conditions tested. Matrix effect was almost negligible (mean = 3.8%), as was
carryover (0.3–0.7% of the limit of quantitation (LOQ) peak area). Instead of a deuterated
EZG analogue, oxcarbazepine (Figure 2a) was used as the internal standard (IS), which is
obviously a sub-optimal choice. In fact, oxcarbazepine does not bear any close structural
resemblance to EZG. Moreover, it is a very popular antiepileptic drug, and this makes its
simultaneous administration with EZG quite probable. In these cases, the IS would be
totally useless.
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Another method included both EZG and its active N-acetyl metabolite and used
automated on-line solid-phase extraction in the form of column-switching [35]. In this case,
a C8 column specifically suited for basic compounds (LiChrospher RP-Select B) was used,
coupled with an acetonitrile/pH 6 ammonium acetate (55/45, v/v) mobile phase. MS/MS
detection was carried out by atmospheric pressure chemical ionization (APCI)—QqQ.
Sample preparation consisted of a sample dilution step with 800 µL of 13% (v/v) aqueous
acetonitrile added to 200 µL of plasma, followed by injection of 500 µL of the mixture into
a column-switching system using a preparative C2 column. Interfering matrix components
(salts, proteins) were flushed out with 10% (v/v) aqueous acetonitrile, then the analytes
were eluted with the mobile phase and switched to the analytical column. In this case, the
EZG analogue ethyl N-[2-amino-4-[(2,4,6-trimethylphenyl)methylamino]phenyl]carbamate
(Figure 2b) was used as the IS; again, the choice is suboptimal for an LC-MS/MS method,
but the structural similarity is quite high. Linearity was obtained in the 1−1000 ng/mL
range for both analytes and precision RSD values were in the 1.58−7.87% range for EZG
and in the 5.52−10.07% range for the metabolite. Accuracy varied between 89.6% and
104.5% for EZG and between 94.8% and 109.5% for the metabolite. Stability was not tested.
The matrix effect was not explicitly assayed, but the complex pre-treatment is claimed
to produce very clean extracts and matrix-independent results. Carryover was stated as
negligible. Among the cited methods, this is probably the most complete, sensitive and
reliable one, although the use of MS/MS detection makes it expensive and not universally
applicable by common TDM laboratories. The column-switching pretreatment also makes
this method rather complicated to set up and equipment-intensive.

The third method [36] deals with the determination of the N-acetyl metabolite by LC-
APCI-MS/MS(QqQ) after pretreatment of 200 µL of plasma by micro-solid phase extraction
(µSPE) in 96-well plates with a hydrophilic-lipophilic balance (HLB) sorbent; washing was
carried out with two different ammonium acetate/acetonitrile/isopropyl alcohol mixtures,
followed by elution with 1.2 mL of acetonitrile/isopropyl alcohol (40/60, v/v). To avoid
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the possible back-conversion of N-acetyl-EZG glucuronide to the parent N-acetyl-EZG,
all materials and reagents for the dilution and µSPE procedures were refrigerated in ice;
moreover, the glucuronide was eliminated from the sample by the washing step of the SPE
procedure. However, the method only includes N-acetyl-EZG and has only been applied to
dog plasma; hence, its usefulness for TDM is almost negligible. The IS was a 13C6-analogue
of the analyte, which is a satisfactory choice. Linearity was obtained in the 1−1000 ng/mL
range, with precision RSD values in the 1.2−17.3% range. Accuracy was always between
88% and 107%. The matrix effect was tested as the relative variability of signal between
different dog plasma samples, and it was found to be 0.2−3.6%. Mean extraction yield was
34.8%, while stability assays provided accuracy levels in the 90−103% range; carryover
was not explicitly tested.

Recently, an HPLC-UV method has also been published [38]. A C18 column and a
mixture of water/acetonitrile/methanol/phosphoric acid were used, and detection was
carried out at 240 nm. Sample pretreatment was by SPE and made use of EMPORE
extraction disks, where a small amount of sorbent particles is trapped into a mostly inert
PTFE matrix to create a mechanically stable sorbent disk. This setup allowed us to obtain
much higher flow rates and throughput with lower cartridge clogging, while maintaining
excellent performance. Then, 300 µL of plasma were mixed with 600 µL of ammonium
acetate buffer, and 800 µL of the mixture were loaded onto a disk. Interferences were
washed out with 1 mL of ammonium acetate/acetonitrile/isopropyl alcohol (95/3/2,
v/v/v) mixture, then EZG was eluted with 100 µL of methanol and 150 µL of water.
Linearity was found in the 25–2000 ng/mL range, with precision RSD ranging from
1.6% to 12.6% and accuracy ranging from 99.7% to 108.7%. No significant loss of the
analyte was observed in stability assays, which were however carried out only at relatively
high concentrations (75–1500 ng/mL). The IS was flupirtine, an analgesic agent that is
neither an opioid nor a nonsteroidal anti-inflammatory drug (NSAID); since flupirtine is a
pyridine analogue of EZG (ethyl N-[2-amino-6-[(4-fluorophenyl)methylamino]pyridin-3-
yl]carbamate, Figure 2c), structural and chemical–physical similarity is very high. However,
the use of another drug as the IS exposes the method to possible interference due to
concomitant administration of flupirtine. This method is clearly much less sensitive
than LC-MS/MS ones, but has the advantage of being less expensive, requiring much
cheaper instrumentation. The inability to analyze the biologically active decarbamoylated
metabolite is a severe drawback for a TDM method.

An UHPLC-MS/MS method was applied to exactly assess the concentrations of EZG
and its main metabolite, specifically considering the marked lability of glucuronidated EZG
metabolites [37]. In fact, both glucuronidated metabolites are present in plasma at much
higher concentrations than the parent drug (about 25-fold) and have been demonstrated to
be quite prone to degradation both in vivo and during storage at non-freezing temperature.
Thus, relatively small amounts of glucuronide cleavage are likely, and could lead to
substantial increases in detected EZG, especially during sample preparation and analysis;
both temperature and low pH values seem to play an important role. For these reasons,
column temperature was not raised above room temperature and neutral solutions and
mobile phases were used throughout the procedure; moreover, an LLE step with ethyl
acetate was introduced as early as possible in the workflow, since the glucuronides are
not extracted by this solvent, thus limiting the chances of undue analyte concentration
increase. Sample preparation consisted in an LLE procedure carried out in a 96-well plate
by mixing plasma and 1 mL of diethyl ether; the organic phase was then dried up under a
nitrogen stream and redissolved with 100 µL of acetonitrile/pH 7.9 ammonium bicarbonate
(50/50, v/v). Separation was achieved on a C8 column with high resistance to dewetting by
using a mixture of aqueous ammonium formate and acetonitrile/methanol, under gradient
conditions (from 85% to 5% of aqueous phase); QqQ detection was employed. Linearity
was obtained in the 5–2500 ng/mL range for both analytes, with accuracy ranging from
93.2% to 103.6%. While mean extraction yields were quite low (>37% for EZG, >47% for
the metabolite), they were acceptable, since both the precision (RSD < 15%) and matrix
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effect (RSD < 15%) were within specification. Relatively extensive analyte stability assays
were carried out, and they showed that the analytes were stable under most usual storage
conditions (i.e., at 4 or 37 ◦C for a few hours, at −80 ◦C for more than two years). The ISs
were D4-analogues of the analytes.

As one can see, analytical methods for the TDM of EZG are few and far between, and
some of them have limited scope or are outright unsuitable for TDM without extensive
validation or modification. Although EZG currently has very limited clinical application,
this situation makes its TDM more complicated and expensive. More studies in this field
would be welcome.

3.1.2. Ezogabine Interactions

Since EZG is not metabolized through the cytochrome P450 (CYP) system and does not
induce or inhibit these isozymes at clinically relevant concentrations, it has a low potential
for pharmacokinetic interactions with other drugs via CYP.

Clinically Relevant Data

Although the acetyl EZG metabolite has the capacity of inhibiting the P-glycoprotein
(P-gp) transporter, a clinical study has found just a small increase in the digoxin plasma area
under the concentration-time curve, which should not have any clinical significance [39].
EZG did not have any clinically relevant impact on exposure of hormones in a combined
oral contraceptive agent containing norethindrone and ethinyl oestradiol, and the hormones
did not alter EZG pharmacokinetic parameters [40]. In healthy humans, EZG did not
significantly alter the pharmacokinetics of phenobarbital [41] and phenobarbitone [42].

Regarding other antiepileptic drugs (lamotrigine, valproate, topiramate, carbamazepine,
phenytoin), small increases in EZG plasma levels were observed with carbamazepine,
phenytoin, and lamotrigine; conversely, EZG increased lamotrigine concentrations by about
20% [43]. None of those interactions is likely to be clinically relevant [44]. Other reports
have confirmed these findings: Ferron et al. [45] have observed that EZG pharmacokinetics
are not altered by valproate or topiramate, while phenytoin and carbamazepine increased
EZG clearance; and that EZG does not alter the PK of valproate, topiramate, phenytoin, or
carbamazepine.

Data with Low or Uncertain Clinical Relevance, Case Reports

In humans, ethanol increases exposure to EZG, but this interaction is probably not
clinically significant [46].

3.1.3. Neuroprotection

Chemotherapy-induced peripheral neuropathy is a major dose-limiting side effect of
many commonly used chemotherapeutic agents, including cisplatin. One mechanism un-
derlying this neuronal damage is via drug-induced membrane depolarization. Accordingly,
one potential approach for preventing chemotherapy-induced neuropathy is the mainte-
nance of normal membrane potential during exposure to the neurotoxic drug. In a study, it
was found that cisplatin caused membrane depolarization and peripheral axon loss in mice
sensory nerves, and both actions were partially prevented by EZG pretreatment [47]. In the
rat model, EZG reduced the stimulation of glutamate release and prevented the neuronal
damage caused by 4-aminopyridine; however, it did not block its epileptic activity with
equal effectiveness [48]. In mice, chronic high-fat-diet-induced neuroinflammation can be
effectively treated by retigabine [49]. In the same animal, EZG attenuated focal cerebral
ischemic injury, probably through reducing oxidative stress and mitochondria-mediated
apoptosis via inhibition of protein phosphorylation by p38 and c-Jun N-terminal kinases
(JNKs) [50]. In rats, EZG has been shown to protect the blood–brain barrier integrity by
regulating tight junctions between cerebral vascular endothelial cells in cerebral ischemia-
reperfusion [51]. Finally, EZG demonstrated effectiveness against specific forms of neuronal
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damage, such as salicylate ototoxicity [52] and spinal nerve ligation-induced neuropathic
pain [53].

3.2. Lacosamide

LCS ((2R)-2-acetamido-N-benzyl-3-methoxypropanamide, Figure 3a) is used under the
tradename Vimpat for the adjunctive treatment of partial-onset seizures and for neuropathic
pain. The therapeutic activity of LCS has been attributed to the inactivation of sodium
channels, and in particular to selective, fast binding to the slow inactivated state of Na+

channels [54], although slow binding to the fast inactivated state has been alternatively
proposed recently [55]. It has also been proposed that LCS targets GABAA receptors as
well [56]. LCS is a chiral compound, but it was traditionally only available as a racemate.
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Since the end of the 2000s, the resolved (R)-LCS enantiomer has also been available for
the treatment of partial onset seizures [57]. The (S)-enantiomer is inactive as an antiepileptic
but could be useful in neuropathic pain management [58]. Hepatic LCS metabolism
has recently been clarified, and involves three main pathways: deacetylation, amide
hydrolysis, and O-demethylation (Figure 3b–d). The O-demethyl metabolite is inactive and
its formation seems to be catalysed by CYP2C19 [59]. Aryl hydroxylation (Figure 3e) also
seems to happen in different metabolic tissues, possibly renal ones [60]. Neither age nor
sex seem to significantly affect the pharmacokinetic profile of LCS in adults [61].
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3.2.1. Therapeutic Drug Monitoring
Single-Drug Methods

A clear relationship has been found between daily dose and plasma concentration of
LCS; however, there does not appear to be any clear relationship between concentration
and efficacy, and for this reason some authors think that the TDM of LCS is scarcely
useful [59]. Nonetheless, the usefulness of TDM has recently been proposed in patients
taking enzyme-inducer antiepileptics, in patients with decreased renal function or on
dialysis, and older adults, due to the high probability of altered pharmacokinetics in these
populations [62]. A paper has reported the use of LC-MS/MS to compare the serum and
cerebrospinal fluid levels of LCS. A good correlation was found, thus confirming that
serum is a significant and suitable matrix for the TDM of LCS [63]. The AGNP proposes a
TDM recommendation level of 3, “useful”, for LCS, with therapeutic plasma levels in the
1–10 µg/mL and toxic levels above 20 µg/mL [24]. Yamamoto et al. have evaluated that the
effective LCS concentration range in non-drug-fasting patients (1–3 h after administration)
is presumably 20–40 µg/mL [64]. The analytical method in this case was based on HPLC-
MS/MS after a plasma protein precipitation (PPP) procedure with formic acid carried out
on 50 mL of serum, but unfortunately more details are missing.

A few HPLC-UV methods for LCS analysis in human plasma have been published.
One method uses a C18 column and a mobile phase consisting of pH 2 phosphate buffer
and methanol; detection is carried out at 225 nm [65]. Sample pretreatment is performed
by a simple LLE from 500 µL of plasma with 4 mL of a diethyl ether/dichloromethane
(70/30, v/v) mixture. The organic phase was evaporated to dryness at 40 ◦C under a
nitrogen stream, then reconstituted with 200 µL of water/methanol (20:80, v/v). Linearity
was achieved in the 0.2–20 µg/mL range and extraction yields ranged from 94% to 95%.
Precision RSD was 4.0–7.8% and accuracy ranged from 92.4% to 111.7%. A few short-
term stability assays were also carried out, with 94–96% accuracy. The IS was ranolazine
(Figure 4a), an anti-angina agent with little structural resemblance to LCS.
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Another HPLC-UV method uses a C18 column and a pH 9 ammonium formate
buffer/acetonitrile mixture as the mobile phase under gradient mode, with detection at
210 nm [66]. Sample pretreatment consists of PPP with 300 µL of methanol added to 100 µL
of plasma. The linearity range was 0.5–12.5 µg/mL, with precision RSD in the 2–18%
range. Accuracy ranged from 97.6% to 115.6%. The method was cross-validated with an
LC-MS/MS method, but no reference was provided for this latter method. Twenty-two
antiepileptic drug solutions and six different blank plasma samples were tested for method
selectivity, with satisfactory results. The choice of Ac-Phe-NHMe ((2S)-2-acetamido-N-
methyl-3-phenylpropanamide, Figure 4b) as the IS was quite apt, since it is a modified
amino acid (phenylalanine) with relatively close structural resemblance to LCS.

UHPLC-MS/MS(QqQ) has also been applied for LCS determination in plasma [67].
Sample pretreatment included diluting 150 mL of plasma with 50 µL of methanol/water
(50/50, v/v) and PPP with 1 mL of acetonitrile/methanol/0.1% formic acid (40/40/20,
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v/v/v). After centrifugation, 5 µL of the supernatant were injected into a C18 column, with
a mobile phase consisting of aqueous formic acid/methanol/acetonitrile under gradient
conditions. Linearity was found in the 20–16,000 ng/mL range, with precision RSD values
always lower than 4.7%. Extraction yields were higher than 97%, matrix effect was lower
than 4%, and carryover was almost negligible (0.85%). Stability was tested under a wide
set of conditions for up to 65 days and minimum recovery was 95.8%. As expected from a
UHPLC method, the run time was very short: 2.2 min. The IS was an LCS-13C,D3 analogue.

Brandt et al. [68] studied the relationships between LCS daily dose and plasma and
saliva levels and concluded that saliva has great clinical potential for TDM of the drug.
Unfortunately, details of the analytical method are unavailable. On the other hand, another
paper by Cawello et al. [69] had previously reported important information on the saliva (as
well as plasma and urine) concentrations of LCS and O-demethyl-LCS. This in-formation
was obtained by an LC-electrospray ionization (ESI)-MS method using a C8 column as the
stationary phase. Saliva sample pretreatment was carried out by solid phase extraction
(SPE) on C18 cartridges; no details of the procedure are reported. A different LC-ESI-MS
method was used for plasma and urine analysis on a C8 column specifically designed
for basic analyte separation (LiChrospher 60 RP-Select B). Next, 100-µL plasma samples
were pretreated by PPP with 30 µL of trichloroacetic acid, centrifuged, and the supernatant
diluted with 500 µL of water. Then, 10-µL urine samples were simply diluted with 5 mL
of water (dilute-and-shoot, DAS). Linearity ranges for LCS were 0.1–20 µg/mL in plasma,
5–500 µg/mL in urine; for O-demethyl-LCS, 0.02–4 µg/mL in plasma, 1–100 µg/mL in
urine; for both analytes, 0.02–12 µg/mL in saliva. The ISs were LCS-D7 and O-demethyl-
LCS-D3. Further details on method performance are missing, but the methods are claimed
to be validated according to the 2001 FDA guidelines for industry [70]. This is probably the
most useful method available for LCS TDM, since it includes both its main metabolite and
three different biological matrices.

A simple HPLC-UV method was also used to evaluate the possible correlations
between serum and saliva LCS concentrations, using a C18 column and a methanol/formic
acid/water mixture with detection at 215 nm to determine LCS in either matrix [71]; this
method had already been used for LCS determination in plasma [72]. Next, 100-µL aliquots
of biological sample were treated by PPP with 10 µL of 60% (m/m) perchloric acid for
all matrices (serum, saliva, and serum ultrafiltrate for the determination of the free LCS
fraction); after centrifugation, the supernatant was directly injected. Good linearity was
found in the 2.5–62.6 µg/mL range, with precision RSD values in the 0.6–4.0% range.
Extraction yields ranged from 99% to 106%. Selectivity assays reported no interference
from any other co-administered AED, and stability studies proved satisfactory analyte
stability for up to 8 days under the tested conditions. The paper’s results seem also to point
out to a good correlation between serum and saliva LCS concentrations.

Very recently, a chiral LC-MS/MS method has been developed for the determination
of (R)-LCS in the presence of the (S)- enantiomer [73]. Complete enantioresolution is
obtained using a Daicel-IC3 chiral column, a polysaccharide-based column where the
selector is immobilized on a silica matrix. In this case, the selector was cellulose tris(3,5-
dichlorophenylcarbamate), Figure 5. LCS extraction was carried out on 100 µL of plasma
by LLE with 1 mL of methyl t-butyl ether. The samples were then centrifuged, flash
frozen in an alcohol bath, and the organic phase was evaporated to dryness (nitrogen
stream at 40 ◦C) and redissolved in 500 µL of acetonitrile. Linearity was established in
the 0.1–15 µg/mL range. Selectivity was satisfactory on normal, hemolyzed, and lipemic
plasma samples. Carryover was always lower than 3.4%, while the matrix effect was lower
than 5.8%; lipemic and haemolysed samples had higher matrix effect values, up to 12%.
The least satisfactory parameter was probably extraction yield, which ranged from 46.8%
to 62.1%; precision RSD values were up to 14.7%. As usual for methods involving MS
detection, the IS was a deuterated (R)-LCS analogue, namely (R)-LCS-D6.
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A gas chromatographic (GC)-MS method has been reported for LCS analysis in whole
blood [74], although this kind of method is mostly useful for forensic analyses, not for TDM.
After LLE with ethyl acetate at pH 12, the blood sample was injected without derivatization
into the GC system, which featured a (5%-phenyl)-methylpolysiloxane column and helium
as the carried gas under programmed temperature (120–300 ◦C). The MS detector was a
single quadrupole coupled to an electron impact (EI) ionization chamber.

Multi-Drug Methods

A few multi-drug methods for LCS with possible TDM interest have been published.
An LC-MS/MS method was used for the monitoring LCS and 16 other drugs (not all of
them AEDs) in human breast milk. Protein precipitation followed by LC separation and
detection by hybrid QqQ-ion trap (QTRAP) [75]. An HPLC-UV method was used for
the application of TDM to saliva samples for LCS and three other AEDs (carbamazepine,
licarbazepine, and levetiracetam). However, LCS saliva concentrations did not correlate
well with plasmatic ones [76]. A simple HPLC—photodiode array detection (PDA) method
has also been published for the simultaneous determination of LCS, ZNS, and levetiracetam
in plasma [77] after LLE with ethyl acetate.

A resume of the main validation and performance parameters of these latter methods
for LCS analysis is found in Table 1. As one can see, performances were often quite similar
to those of dedicated, single-drug methods. Notably, none of these methods included
any LCS metabolite (as is often the case in multi-drug methods). As can be surmised
form the many analytical methods presented here, LCS has been extensively studied
from an analytical point of view in the last few years. However, methods including one
or more metabolites are still few, as is lacking complete knowledge about their actual
biological activity. This should be a primary research objective in the future. In the future,
enantioselective methods for LCS TDM will probably be the norm to obtain more.

3.2.2. Lacosamide Interactions

The potential of LCS for interactions, both with other AEDs and with different classes
of drugs, seems to be relatively low [78].



Analytica 2021, 2 182

Table 1. Performance and validation parameters of LCS analytical methods: GC-MS and multi-drug methods.

Ref. Technique
Linearity

Range,
µg/mL

Extraction
Yield, %

Precision,
RSD %

Accuracy,
%

Matrix
Effect, % Carry-Over 1 IS Notes

74 GC-MS 1–70 91–114 4.6–10.1 - - - Moclobemide
Stability
assessed;
forensic

75 LC-MS/MS 0.001–0.5 - 2.4-18.7 95-115 <10.4 5.6 LCS-13C
Stability
assessed;

breast milk

76 HPLC-PDA 1–30 78–90 4.2–13.0 100–102 n.a. 10 Antipyrine
Stability
assessed;

saliva

77 HPLC-PDA 0.5–30 73–99 2.3–8.8 88–108 n.a. <5 Antipyrine Stability
assessed

n.a. = not applicable. 1 Expressed as % of the LOQ area.

Clinically Relevant Data

In a retrospective study on 157 drug-resistant patients treated with LCS, levetiracetam
resulted to be the compound most frequently associated with LCS in the responder sub-
group. This allows us to hypothesize that LCS and levetiracetam can interact synergistically
at the pharmacodynamic level [56]. Phase I clinical studies have found no significant inter-
actions of LCS with omeprazole [79] or digoxin [80]. Two separate TDM studies on 128 [81]
and 75 [82] patients found that enzyme-inducing AEDs (carbamazepine and phenytoin in
the first study, carbamazepine, phenytoin, and phenobarbital in the second one) reduce
LCS serum concentrations by 30–40%; these results were later confirmed by another TDM
study, which also found even more pronounced effects in children [83].

Data with Low or Uncertain Clinical Relevance, Case Reports

A small post-marketing assessment has found that concomitant use of LCS and other
voltage-gated sodium channel-blocking AEDs can cause neurotoxicity (diplopia, dizziness,
drowsiness), probably due to pharmacodynamic interactions [84]. A case report found re-
duced plasma levels of valproate and levetiracetam during LCS polypharmacy [85]. A case
of LCS overdose with concomitant levetiracetam and cyclobenzaprine intake produced ven-
tricular dysrhythmias, which was attributed to elevated sodium channel blockade caused
by LCS and cyclobenzaprine [86]. In an open-label crossover study, no interaction between
LCS and warfarin was observed [87]. Clinical trials have found no significant interactions
between LCS and combined contraceptives [88], valproate [89], or carbamazepine [90].
Since LCS treatment has been described as a possible cause of QT-interval prolongation,
its simultaneous administration with other drug with similar effects on heart conduction
could theoretically cause life-threatening arrhythmias [91]. In this regard, a case report has
found that an LCS overdose combined with therapeutic concentrations of sodium channel
blocking agents (cyclobenzaprine) may have caused cardiac conduction delays and cardiac
arrest [86].

3.2.2.3. Neuroprotection

In rats, LCS has been observed to reduce oxidative stress, inflammation, and apoptosis
caused by lipopolysaccharide in rat brain [92]; it also decreases the production of reactive
oxygen species by increasing antioxidant enzyme expression, inhibiting lipid peroxidation
and attenuating glial cell activation in experimental spinal cord injury [93]. A similar
effect has been observed in gerbils, where LCS protected animals from transient cerebral
ischemia by increasing catalase and glutathione peroxidase expression [94]. In mice, the
drug seems to protect striatal and hippocampal neurones from energy metabolism failure
due to ischemia [95].
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3.3. Zonisamide

Zonisamide (1,2-benzoxazol-3-ylmethanesulfonamide, ZNS, Figure 6a) is an anticon-
vulsant agent used primarily for adjunctive treatment of partial seizures. However, it can
also be used for a variety of other indications either on- or off-label, including partial and
generalized seizures and absence [96], bipolar depression as a mood stabilizer [97], Parkin-
son’s disease [98], tardive dyskinesia during antipsychotic therapy [99], and migraine [100].
The mechanism of ZNS antiepileptic activity is still debated, but it is currently reputed
to be the blockade of sodium and T-type calcium channels [101]. Moreover, the modu-
lation of GABAergic and glutamatergic neurotransmission could have a role in seizure
inhibition [102]. ZNS is mainly metabolized to 2-sulphamoylacetylphenol (cleavage of the
benzisoxazole ring, Figure 6b) by CYP3A4, with minor contributions from CYP3A7 and
CYP3A5 [103].
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3.3.1. Therapeutic Drug Monitoring
Single-Drug Methods

According to an early report [104], the ZNS dose-serum level correlation is linear up
to doses of 10 to 15 mg/kg per day, and the therapeutic range is 10–40 µg/mL. However,
the relationship between serum ZNS levels, clinical response, and adverse effects appears
weak. The AGNP reports a similar therapeutic range and an immediately adjacent toxic
range, starting from 40 µg/mL. Due to this close proximity between therapeutic and toxic
levels, the TDM recommendation level for ZNS is 2, “recommended” [24].

Recently, an HPLC-UV method has been used to verify the reliability of a routine TDM
kit based on latex particle-enhanced turbidimetric immunoassay (LTIA) for ZNS [105].
The HPLC method used a C18 column and a mobile phase consisting of water, isopropyl
alcohol, acetonitrile, and acetic acid. Column temperature was set at 40 ◦C and detection
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wavelength at 238 nm. Plasma sample (100 µL) pretreatment was based on a simple PPP
with 200 µL of methanol, followed by centrifugation and supernatant injection. The IS
was ZNS N,N-dimethylformimidamide (Figure 7a), which is reasonably similar to the
analyte; however, the introduction of a relatively big functional group could impair the IS
performance and make the method less than ideally reliable. The method was validated
for ZNS quantification in the 1–75 µg/mL range, with accuracy in the 93.7–103.7% range
and precision RSD values up to 10.3%. The corresponding validation parameters for the
LTIA method were: linearity 5–50 µg/mL; accuracy 84.2–106.7; precision RSD ≤ 5.2%. The
paper reports strong correlation between the results of the two methods, thus ruling out
possible interferences from ZNS metabolites with the LTIA method. However, since the
HPLC-UV method did not separate nor analyse any metabolites, and was not validated
for selectivity toward them, similar interferences from metabolites in both methods could
theoretically not be ruled out.
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ZNS was also determined in plasma using an HPLC-UV method [106] with a C18
column kept at 35 ◦C and a mobile phase consisting in a water/acetonitrile (65/35) mixture.
Detection wavelength was 240 nm. Sample preparation was carried out on a semimicro
scale, with 100 µL of plasma being subjected to PPP with 400 µL of ice-cold acetonitrile and
then to microextraction by packed sorbent (MEPS) on C18 sorbent. MEPS is a miniaturized
version of SPE, where small amounts (a few milligrams) of sorbent are contained in a barrel
insert and needle (BIN) assembly and all typical SPE steps (activation, conditioning, loading,
washing, and elution) are functionally carried out by drawing into, and discharging from,
a custom syringe through the BIN. In this case, no washing step was used and elution
was carried out with 60 µL of acetonitrile, followed by dilution with 90 µL of water and
injection. Experimental design was used to optimize the most critical parameters of the
PPP+MEPS sample preparation procedure. Linearity was obtained in the 0.2–80 µg/mL
range, with precision RSD values ≤ 12.5% and accuracy values between 87.7% and 111.5%.
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Absolute recovery ranged between 63% and 65% and the analyte was found to be stable
under most tested conditions. The IS was chloramphenicol (Figure 7b), which is both
structurally dissimilar from ZNS and also a commercially available antibacterial drug, so
this choice appears to be relatively unsound.

A micellar electrokinetic chromatographic (MEKC) method is also available for the
TDM of ZNS [107]. This method uses an extended-path capillary with a 150-µm internal
diameter at the optical window (as compared to 50 µm for the rest of the capillary) to
increase sensitivity, the limit of detection (LOD) thus obtained when detecting at 210 nm
was 3 µg/mL. The running buffer was a pH 8 phosphate buffer containing 20 mM of
sodium dodecyl sulphate (SDS). Sample pretreatment (200 µL of serum) was carried out by
LLE with 1 mL of ethyl acetate containing propyl 4-hydroxybenzoate (Figure 7c) as the IS;
this choice appears less than optimal due to structural dissimilarity. After centrifugation,
500 µL of supernatant was evaporated to dryness (nitrogen stream), redissolved in 50 µL
of 5% (v/v) aqueous methanol and injected. Linearity was obtained in the 5–40 µg/mL
range, with precision RSD values between 1.3% and 16.4% for peak areas and between
0.3% and 3.7% for migration times. Mean extraction yield was 73.3%. The MEKC method
results were compared to those of an HPLC-UV method, with good agreement between
them, although the serum levels found with MEKC tended to be lower than those found
by HPLC, since linear correlation graph had a slope of 0.87.

A peculiar technique for TDM, namely high-performance thin-layer chromatography
(HPTLC), has been also used for ZNS analysis in human plasma [108]. Silica gel-coated
aluminium plates were used, and the mobile phase was an ethyl acetate/methanol/toluene
mixture; densitometric detection was carried out at 254 nm. Aliquots of 150 µL of serum
were pretreated by PPP with 450 µL of acetonitrile, then centrifuged and the supernatant
evaporated to dryness (nitrogen stream), redissolved in 60 µL of methanol and injected.
Linearity was obtained in the 5–80 µg/mL range, with precision RSD values ranging from
2.1% to 4.4% and accuracy from 97.5% to 115.2%. Robustness was also evaluated, with
satisfactory results. Theophylline (Figure 7d) was used as the IS; although not optimal, this
choice appears to be at least acceptable.

Overall, many analytical methods for the TDM of ZNS have been published. They
provide a wide choice to laboratories for the best suited methods in relation to their
instrumental availability and specific patients’ needs or clinicians’ requests. However, none
of the methods reported above included the determination of the main ZNS metabolite.
This is probably dictated by the fact that the metabolite does not appear to contribute to
the therapeutic effect; however, its determination could provide interesting information on
the metabolic status of the patient and their compliance with the therapy.

Multi-Drug Methods

Several analytical methods with possible TDM application include ZNS together with
other AEDs. Among them, and especially in recent years, methods using microsampling
techniques are becoming commonplace. These techniques can provide several advantages
over traditional venepuncture sampling, including reduced invasiveness, increased an-
alyte stability, and minimal storage and shipping requirements [109–112]. For example,
LC-MS/MS was used to analyze 14 drugs using volumetric absorptive microsampling
(VAMS) [113], a technique based on a plastic device with a porous polymeric tip that is able
to absorb fixed biological matrix volumes [114–116]. Another microsampling technique
exploiting dried sample spot devices (DSSD) was used for plasma sampling. In this case,
the DSSD is a simple filter paper sheet where the desired plasma volume is deposited (and
absorbed) as a series of spots, which are then dried and properly extracted [117]. Analysis
is then carried out by LC-MS/MS. Another miniaturized matrix, dried plasma spots (DPS),
was used to analyze six AEDs, including ZNS, by HPLC-UV [118].

LC-MS/MS [119–122], HPLC-PDA [77], and HPLC-UV [123–126] were also used for
the analysis of “traditional” plasma or serum samples. HPTLC with UV densitometry was
used to analyse ZNS, lamotrigine, and levetiracetam in human plasma [127]. Finally, an



Analytica 2021, 2 186

HPLC-spectrofluorometric detection (FL) method was used to analyze ZNS, topiramate,
and sulpiride in plasma after their derivatization with 4-chloro-7-nitrobenzofurazan (NBD-
Cl) [128]. The validation and performance parameters of these multi-drug methods are
summarized in Table 2. As already noted for ZNS single-drug methods, none of the
multi-drug methods included any ZNS metabolite.

Table 2. Performance and validation parameters of multi-drug methods for ZNS analysis.

Ref. Technique
Linearity

Range,
µg/mL

Extraction
Yield, %

Precision,
RSD%

Accuracy,
%

Matrix
Effect, % Carry-Over 1 IS Notes

113 LC-
MS/MS 0.4–39.8 <119 1.1–13.8 91–116 1–5 - ZNS-D4,15N

Stability
assessed;
VAMS

118 HPLC-UV 2.4–60 84.5 <15.0 85–115 n.a. ∼=0 Linezolid
Stability
assessed;

DPS

119 UHPLC-
MS/MS 0.1–100 101

(mean) 2.8–11.1 ≤118 4 Yes 2 ZNS-13C6
Stability
assessed

120 LC-
MS/MS 0.025–1 104

(mean)
6.5–7.6
(mean)

89–91
(mean) ≤3.9 - Topiramate-

D12

121 LC-
MS/MS 0.8–80 - <7 3 - - - Clonazepam-

D4

122 LC-
MS/MS 1.6–60 96–107 2.3–9.9 88–112 ≤12 ∼=0 Valproate-D6

Stability
assessed

77 HPLC-
PDA 0.5–30 73–99 2.3–8.8 88–108 n.a. <5 Antipyrine Stability

assessed

123 HPLC-UV 0.5–300 ≤97.5 6.2–6.9 95–96 n.a. - None

124 HPLC-UV 1–99 89–109 0.3–7.6 99 (mean) n.a. ∼=0
5-Ethyl-5-p-

tolylbarbituric
acid

125 HPLC-UV 2–80 - 1.5–9–7 100–108 n.a. - Citalopram

126 HPLC-UV 1–40 - 0.7–8.2 101–104 n.a. - Chloramphenicol

127 HPTLC-
UV 3.7–20 - 1.5–6.2 3 - n.a. - None

128 HPLC-FL 0.1–3 - 0.9–1.3 99–103 - - Sulpiride or
topiramate

Stability
assessed

n.a. = not applicable. 1 Expressed as % of the LOQ area. 2 Carryover not quantified; significant for ZNS concentrations ≤ 0.3 µg/mL.
3 Reported range refers to all analytes (ZNS, lamotrigine, levetiracetam).

3.3.2. Zonisamide Interactions
Clinically Relevant Data

Carbamazepine, phenytoin, and phenobarbital all increase ZNS clearance by 24–29%,
an interaction that may necessitate a dosage increase [129]. Otherwise, ZNS is essentially
devoid of clinically significant interactions with other AEDs (such as valproate [130] and
lamotrigine [131]), oral contraceptives, and most other classes of therapeutic agents [132].
Conversely, ZNS does not appear to significantly alter the pharmacokinetics of pheny-
toin [133] and carbamazepine [134], nor those of oral contraceptives [135]. ZNS is being
studied as a possible agent to counter the weight gain observed during atypical antipsy-
chotic treatment, and in particular during olanzapine therapy. However, it is still unknown
whether this is the effect of a DDI, or the net result of two different, independent activities.
Due to the broad spectrum of receptor and channel systems targeted by both atypical
antipsychotics and ZNS, it is difficult to exclude an interaction [136]. Possible points
of confluence could be dopamine release and modulation of dopamine D2 receptors, or
hypothalamic feeding circuits [137].
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ZNS is a competitive inhibitor of human MAO B, but not of MAO A [138]. As such, it
has the potential to interact pharmacodynamically with some Alzheimer’s and Parkinson’s
disease medications.

3.3.3. Neuroprotection

In experimental preclinical mouse models of Parkinson’s disease, ZNS reduces neu-
roinflammation through the downregulation of microglial voltage-gated sodium channels
and the decrease of pro-inflammatory cytokine levels [139]. It also reduces nigrostriatal
dopaminergic neurodegeneration in a mouse genetic model of Parkinson’s disease [140],
possibly by increasing GSH levels by enhancing the astroglial cystine transport system
and/or astroglial proliferation [141].

Moreover, the very antiepileptic effect of ZNS could have neuroprotective conse-
quences: The drug has been found to reduce seizure-induced free radical production
and neuroinflammation in animals [142]. In rat brain slices, ZNS significantly reduces
long-term hippocampal potentiation caused by ischemia, and this has been demonstrated
to happen through the nitric oxide/cyclic guanosine monophosphate/protein kinase G
(NO/cGMP/PKG) pathway. These findings support the possible use of ZNS as a neuro-
protective agent in brain ischemia [143].

4. Multi-Drug Methods

A couple of papers report multi-drug methods, which include all three drugs con-
sidered in this review: EZG, LCS, and ZNS. Of these, one is mainly focused on forensic
samples (blood, plasma, serum) and is based on LC-MS/MS (QqQ) on a C18 column [144].
This method allows the determination of 22 different AEDs (including a few metabolites).
Sample preparation is carried out on 100 µL of biological matrix by PPP with 400 µL of
methanol. After centrifugation, 200 µL of supernatant were diluted with 1.3 mL of water
and injected (5 µL). Performance and validation parameters of this method for the three
analytes of interest in plasma are reported in Table 3. As with many methods of this kind,
suboptimal IS choice is one of its main weak points.

Table 3. Performance and validation parameters of method [144] for EZG, LCS and ZNS in plasma.

Analyte
Linearity

Range,
µg/mL

Extraction
Yield, %

Precision,
RSD%

Accuracy,
%

Matrix
Effect, % Carry-Over 1 IS Notes

Ezogabine 0.05–10 93–102 0.8–8.2 102–107 6–12 ∼=0 Carbamazepine
diol

Stability
assessed

Lacosamide 0.5–50 99–104 1.3–4.5 102–107 9–10 ∼=0 Gabapentin-D10
Stability
assessed

Zonisamide 1–50 98–104 3.1–8.7 94–100 6–8 ∼=0 Tolbutamide Stability
assessed

1 Expressed as % of the LOQ area.

The second paper is focused on determining the serum protein binding ratio of 25
AEDs and 2 metabolites [145]. More than one analytical LC-MS/MS(QqQ) method was
used, and many experimental details seem to be missing; however, they include the use
of a C18 column and sample (24 µL) preparation by PPP with 500 mL of acetonitrile. As
usual for multi-drug methods, neither one includes any EZG, LCS, or ZNS metabolite.

5. Conclusions

In this review, an overview was presented on the most important analytical methods
potentially useful in the TDM of EZG, LCS, and ZNS. All of this information has been
collected and updated to 2021 in a single article for the first time here, also including
additional notes on drug–drug interactions and neuroprotection studies, which represent
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two of the most frequent use and interest cases for the TDM of AEDs and for related
analytical methods.

Reversed phase LC is absolutely the most frequently used technique, due to its
versatility, precision, accuracy, and selectivity. LC is most often coupled with MS, which in
turn is optimal in terms of sensitivity and selectivity. Its use is also supported by the lack of
strong UV absorption at high wavelengths (>250 nm) in the considered drugs, rendering UV
and FL more difficult to use for them than for other drug classes. Nonetheless, the relatively
high typical plasma concentrations of these drugs (in the tens of µg/mL range) can make
them amenable to spectrometric detection means, especially at low UV wavelengths and/or
following suitable derivatization. GC and CE are much less frequent, in part due to the
relative scarcity of the corresponding equipment in typical clinical analysis laboratories.
Due in part to the low sensitivity required, HPTLC with densitometric detection is also a
viable option. Future developments will reasonably see an increase in the use of LC-MS/MS
methods, as instrumentation prices will decrease making them more commonplace, and
suitably trained personnel will be more easily available. As highlighted above, just a few
methods are currently completely suitable for the TDM of the considered drugs, with many
having more or less severe drawbacks, usually regarding IS choice or lack of one or more
validation parameter. Probably the most glaring defect of most TDM methods for EZG,
LCS, and ZNS is that their metabolites are almost never determined. This is a big problem
especially for EZG, whose main metabolite is biologically active and whose glucuronidated
metabolites are labile and present in plasma at very high concentrations. However, it
is our strong opinion that if possible, at least one or two metabolites should always be
included in TDM methods. In fact, metabolite concentrations always provide much needed
information regarding the metabolic setup of the patient and their compliance, thus greatly
helping clinicians in taking critical therapeutic decisions, such as whether to change the
drug dose regimen, to switch to another drug or to request other tests and verifications.

So, it is clear that there is still place for new scientific research simultaneously ad-
dressing most or all of these weak spots. Reducing sample preparation time, complication,
and variability is another field of real interest, and in the next few years one expects
to see a rapid increase in automation and in “dilute-and-shoot” approaches. In this re-
gard, microsampling (through DPS, VAMS, and other techniques) could be a real boon
and is already increasingly being employed to reduce invasiveness, costs, and refrigera-
tion/storage/shipping requirements [146], although its use is by no means widespread.
Similarly, alternative matrices with lower or no invasiveness and better manageability
are currently under scrutiny, with saliva as the most attractive candidate. Nonetheless,
studies on the clinical significance of saliva levels (and their possible correlation with
plasma/serum levels), however promising, are still underway.
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