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Abstract

With roughly 9.5 million deaths annually, cancer is one of the leading causes of death
worldwide. Many advances have recently been made in anticancer therapy, even
transforming some previously deadly malignancies into chronically manageable
conditions. However, the majority of these drugs is characterized by inter-individual
variability in treatment outcome thus indicating the need of a personalized approach for
anticancer therapy. On these bases, during this PhD project different techniques for
therapeutic drug monitoring (TDM) of anticancer drugs were developed exploiting various
strategies.

First, the work done was focused on imatinib (IMA), an oral potent tyrosine-kinase
inhibitor indicated as first-line treatment for patients with inoperable, metastatic or
recurrent gastrointestinal stromal tumours (GISTs). A relationship between IMA plasma-
exposure and treatment efficacy has been already proposed (Cmin >1100 ng/mL). In this
context, a LC-MS/MS method for the simultaneous quantification of IMA and its active
metabolite, norimatinib (norIMA), in GIST patients has been developed, validated and
cross-validated. This method allowed to perform the quantification directly on a drop of
blood, exploiting the dried blood spot (DBS) technique, reducing sampling time, costs and
improving patients’ compliance. Analytes were extracted from DBS samples by simply
adding to 3 mm-discs 150 uL of acidified MeOH containing the internal standard, IMA-DS.
The collected extract was then injected on a LC Nexera system in-house configured with
a 2D chromatography for the on-line clean-up, coupled with an API-4000 QT. The
developed method showed a good linearity (R*>0,996) between 50-7500 ng/mL for IMA
and 10-1500 ng/mL for norIMA. The method precision was confirmed by the intra- and
inter-day CV <3.1% and <5.6% for IMA and <4.3% and <6.6% for norIMA. The intra- and
inter-day accuracy was, respectively, between 88.9-106.2% and 98.9-104.3% for IMA and
92.9-112.8% and 95.7-101.0% for norIMA. Moreover, other variables that could
specifically affect the DBS analysis were assessed and optimized like the analytes’
extraction conditions from the filter paper, the influence of haematocrit (Hct), the sample
homogeneity and the spot size. The correlation between finger-prick and venous
collection (% diff in a range from -12 to 3.8%) and the DBSs stability up to 16 months (at
RT in plastic envelopes containing a silica-gel drying bag) were also verified. After the

validation, this method was applied to quantify 67 patients’ finger-prick DBS samples.
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Abstract

Good agreement was obtained between IMA and norIMA concentrations found in DBS
and plasma samples (quantified exploiting the reference LC-MS/MS method, internally
validated), collected at the same time, applying the Hct normalization. Furthermore, the
possibility to avoid the Hct normalization, simply multiplying the DBS concentration with
a correction factor was demonstrated, not only for IMA but also for norIMA.

Despite the LC-MS/MS is considered the election technique for TDM analysis, it is quite
expensive and it needs trained personnel. Thus, the development of a point of care device
usable at the patients’ bed side by non-specialized personnel could represent a turning
point to operate TDM of anticancer drugs, such as IMA. For this reason, the synthesis of
polymeric receptors (MIP) was performed, with the future goal of applying them as
receptors in a system based on the IMA fluorometric detection. MIPs were synthesized,
exploiting the non-covalent approach and the high dilution radical polymerization, and
characterized using different techniques. Two methacrylic MIPs allowed to obtain
nanoparticles (confirmed exploiting the DLS technique) in DMSO, using MBA (MIP4) and
PBA (MIP7) as cross-linkers. The rebinding test showed that the polymers were able to
bind IMA with good specificity compared to the corresponding non-template polymer
(max IFmipa: 2.4 and IFmip7:1.7). Moreover, the polymers showed a good selectivity when
compared to other drugs such as paracetamol and sunitinib.

Finally, in order to apply TDM approach to a new class of drugs used in breast cancer
therapy, a LC-MS/MS method for the simultaneous quantification of ribociclib (RIBO),
palbociclib (PALBO) and letrozole (LETRO) in human plasma was developed and validated
(according to FDA and EMA guidelines). TDM recommendation for these drugs is currently
only exploratory, based on limited exposure-response and -toxicity studies (PALBO and
RIBO have been approved recently). RIBO and PALBO are small CDKIs indicated for the
treatment of HR-positive, HER2-negative locally advanced or metastatic breast cancer in
combination with an aromatase inhibitor, such as LETRO. The optimized method resulted
to be suitable for the application in clinical practice due to the simple and fast sample
preparation based on protein precipitation, the low amount of patient plasma necessary
for the analysis (10 pL) and the total run time of 6.5 min. The linearity was assessed (R?
within 0.9992-0.9983) over the concentration ranges of 0.3-250 ng/mL for PALBO, 10-
10000 ng/mL for RIBO and 0.5-500 ng/mL for LETRO that properly cover the therapeutic
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plasma concentrations. As related to intra-day precision and accuracy, the obtained
values were, respectively, < 3.6% and between 94.5-112.3% for all three analytes. At the
same time, inter-day precision and accuracy were < 7.3% and 94.5-112.9%, respectively.
The validated method was then applied for Cmin quantification of PALBO, RIBO and LETRO
in patients’ plasma samples.

In conclusion, this PhD project led to develop, validate and cross-validate a LC-MS/MS
method for the quantification of IMA and norIMA in DBSs samples, that has been
successfully applied in samples of GIST patients. Moreover, new quantification strategies
for IMA were investigated through the synthesis of MIPs which shown affinity, specificity
and selectivity for IMA. Finally, a new LC-MS/MS method was developed for PALBO, RIBO
and LETRO quantification in plasma samples, these drugs are used in breast cancer
therapy. This method has been validated and applied in patient samples.

With the development of these strategies there is the hope to implement the application

of TDM for anticancer drugs in the clinical practice.






Abstract

Con circa 9,5 milioni di decessi ogni anno, il cancro € una delle principali cause di morte in
tutto il mondo. Di recente sono stati fatti molti progressi nella terapia farmacologica
antitumorale, trasformando alcune neoplasie precedentemente mortali in condizioni
cronicamente gestibili. Tuttavia, la maggior parte di questi farmaci & caratterizzata da
un’alta variabilita interindividuale nelle concentrazioni plasmatiche che si riflette poi
sull’efficacia del trattamento. Questo indica, quindi, la necessita di un approccio
personalizzato per la terapia antitumorale, per far si che le concentrazioni plasmatiche di
farmaco siano adeguate in ciascun paziente. Su queste basi, durante il progetto di
dottorato qui presentato sono state sviluppate diverse tecniche per il monitoraggio
terapeutico (TDM) di farmaci antitumorali sfruttando varie strategie.

In primo luogo, il lavoro svolto si € concentrato su imatinib (IMA), un potente inibitore
delle tirosin-chinasi, con somministrazione orale, indicato nel trattamento adiuvante e di
prima linea per pazienti con tumori stromali gastrointestinali (GIST). Nel caso di IMA, e
stata descritta una relazione tra la concentrazione plasmatica e la risposta alla terapia
(Cmin>1100 ng/mL). In questo contesto, € stato sviluppato, validato e cross-validato un
metodo LC-MS/MS per la quantificazione di IMA e del suo metabolita attivo, norimatinib
(norIMA), in pazienti affetti da GIST. Questo metodo e stato sviluppato sfruttando una
tecnica di campionamento innovativa, quella del dried blood spot (DBS), che consente di
eseguire la quantificazione direttamente su una goccia di sangue capillare, depositata su
una cartina da filtro, riducendo sia i tempi di campionamento che i costi e migliorando la
compliance dei pazienti. Gli analiti sono stati estratti dal DBS semplicemente aggiungendo
150 pL di metanolo (MeOH) acidificato contenente IMA deuterato come standard interno.
L'estratto ottenuto & stato successivamente iniettato in un sistema LC Nexera
internamente configurato con una cromatografia 2D (per la pulizia on-line del campione),
accoppiato con uno spettrometro di massa API-4000QT. Il metodo sviluppato ha mostrato
una buona linearita (R2> 0,996) nei range di 50-7500 ng/mL per IMA e 10-1500 ng/mL per
norlMA. La precisione del metodo é stata confermata dai coefficienti di variazione (CV%)
intra- e inter-day: <3,1% e <5,6% per IMA e <4,3% e <6,6% per norIMA, mentre
I'accuratezza intra- e inter-day del metodo é risultata, rispettivamente, tra 1'88,9-106,2%
e il 98,9-104,3% per IMA e i1 92,9-112,8% e il 95,7-101,0% per norIMA. Inoltre, sono state

valutate e ottimizzate anche altre variabili che potrebbero influenzare specificamente
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I'analisi dei DBSs, come le condizioni di estrazione degli analiti dalla carta da filtro,
I'influenza dell'ematocrito (Hct), I'omogeneita del campione e l'influenza del volume
depositato su carta. E stata altresi verificata sia la correlazione tra la quantita di farmaco
derivante dal sangue capillare (dito) e dal sangue venoso (% di differenza tra -12 e 3,8%)
sia la stabilita dei DBSs fino a 16 mesi a temperatura ambiente in foderi di plastica
contenenti una bustina essicante. Dopo la validazione, questo metodo e stato applicato
per quantificare 67 campioni DBSs di pazienti. E stata ottenuta una buona correlazione tra
le concentrazioni trovate in DBS e quelle plasmatiche (quantificate sfruttando il metodo
di riferimento LC-MS/MS, internamente validato) sia per IMA che per norIMA, applicando
la normalizzazione per I'Hct. Inoltre, € stato anche identificato un fattore di correzione
che consente, partendo dalle concentrazioni di IMA e norIMA trovate in DBS, di risalire
alle loro concentrazioni plasmatiche, evitando la normalizzazione per Hct.

Nonostante I'LC-MS/MS sia considerata la tecnica di elezione per il TDM, risulta essere
piuttosto costosa e necessita di personale qualificato. Pertanto, lo sviluppo di un
dispositivo point of care utilizzabile al letto del paziente, da parte di personale non
specializzato, potrebbe rappresentare un punto di svolta per I'applicazione del TDM per
farmaci antitumorali, come IMA. Parte del lavoro di questo progetto di dottorato, quindi,
e stata dedicata allo sviluppo di tali strategie alternative per la quantificazione di farmaci.
In particolare, & stata eseguita la sintesi di recettori polimerici (molecularly impronte
polymers - MIPs), con |'obiettivo futuro di applicarli come recettori in un sistema basato
sul rilevamento fluorimetrico di IMA. | MIPs sono stati sintetizzati, sfruttando I'approccio
non covalente e la polimerizzazione radicale ad alta diluizione, e caratterizzati utilizzando
diverse tecniche. Due MIPs, sintetizzati in dimetilsofossido (DMSQ), con acido metacrilico
come monomero funzionale, hanno permesso di ottenere nanoparticelle (dati acquisiti
tramite misure DLS), usando MBA (MIP4) e PBA (MIP7) come cross-linkers. Il test di
rebinding ha dimostrato che i polimeri sono in grado di legare IMA con una buona
specificita rispetto ai corrispondenti polimeri non-imprinted (IFvipa: 2.4 e |Fmipz: 1.7).
Inoltre, i MIPs hanno mostrato una buona selettivita per IMA rispetto ai test eseguiti con
altri farmaci, come il paracetamolo e il sunitinib.

Al fine di applicare I'approccio TDM a una nuova classe di farmaci utilizzati nella terapia

del carcinoma mammario, € stato sviluppato e validato (secondo le linee guida FDA ed



Abstract

EMA) un metodo LC-MS/MS per la quantificazione di ribociclib (RIBO), palbociclib (PALBO)
e letrozolo (LETRO) in plasma umano. RIBO e PALBO sono farmaci appartenenti alla
famiglia dei CDKls indicati per il trattamento del carcinoma mammario localmente
avanzato o metastatico HR-positivo, HER2-negativo in combinazione con un inibitore
dell'aromatasi, come LETRO. La raccomandazione per il TDM di questi farmaci &
attualmente solo esplorativa, sulla base di studi limitati riguardanti la correlazione tra
esposizione-risposta/tossicita (PALBO e RIBO sono stati infatti approvati solo di recente).
Il metodo presentato risulta adatto per essere applicato nella pratica clinica, grazie ad una
semplice e rapida preparazione del campione basata sulla precipitazione proteica, la bassa
guantita di plasma del paziente necessaria per l'analisi (10 pL) e il tempo limitato per
I’esecuzione di una corsa cromatografica (6,5 min). E stata poi valutata la linearita (R? tra
0,992-0,983) nei range di concentrazione di 0,3-250 ng/mL per PALBO, 10-10000 ng/mL
per RIBO e 0,5-500 ng/mL per LETRO, che coprono adeguatamente le concentrazioni
plasmatiche terapeutiche. In relazione alla precisione e accuratezza intra-day, i valori
ottenuti erano, rispettivamente, < 3,6% e tra 94,5-112,3% per tutti e gli analiti. Allo stesso
tempo, la precisione e |'accuratezza inter-day erano rispettivamente < 7,3% e tra 94,5-
112,9%. Una volta conclusa la validazione, & stata eseguita la quantificazione della Cmin di
PALBO, RIBO e LETRO in campioni plasmatici di pazienti affetti da carcinoma mammario.
In conclusione, questo lavoro di dottorato ha permesso di sviluppare, validare e cross-
validare, un metodo di quantificazione di IMA e norIMA in DBS che ¢ stato applicato con
successo per la quantificazione di campioni di pazienti affetti da GIST. Sono state inoltre
indagate nuove strategie di quantificazione di questi analiti attraverso la sintesi di
recettori polimerici che si sono dimostrati affini, specifici e selettivi nel riconoscimento di
IMA. Infine, & stato sviluppato un nuovo metodo LC-MS/MS per la quantificazione
plasmatica di PALBO, RIBO e LETRO farmaci utilizzati nella terapia del carcinoma
mammario. Tale metodo e stato validato e applicato in campioni di pazienti. Con lo
sviluppo di queste strategie si spera quindi di implementare I'utilizzo del TDM per i farmaci

oncologici nella pratica clinica.
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1. Introduction

1.1 Therapeutic drug monitoring

Therapeutic Drug Monitoring (TDM) is a branch of clinical chemistry and clinical
pharmacology (Figure 1). The aim of TDM is to personalize the therapy optimizing the
drug dose through the determination of drug concentration in biological fluids, such as

plasma, serum, whole blood or urine [1] in defined intervals of time.

Side Effects

Therapeutic

Window

Drug Concentration

Sub-Therapeutic

Time

Figure 1. Schematic representation of a therapeutic window. If the drug concentration falls below the lower limit, the
efficacy of the treatment might be compromised, while severe toxicity might occur if the drug concentration exceeds

the upper limit.
Since the beginning of the 60s, TDM has been used in the clinical treatment of patients
with the aim of simultaneously maximizing the efficacy of the therapy and minimizing the
occurrence of side-effects [2]. Nowadays, this approach is widely applied in the
pharmacological treatments of many pathologies, as to dose antiepileptics and
cardiovascular drugs, antibiotics, anti-inflammatory agents, antidepressants, etc.
In theory, a drug should fulfil several criteria in order to be eligible for TDM:
e to show considerable inter- or intraindividual pharmacokinetic variability;
e the existence of a defined relationship between concentration and
pharmacological effects;
e to have a narrow therapeutic window;
e the availability of a defined, accurate, robust and validated method for drug
guantification in biological fluids [3].
In the case of metronomic therapy, that has been investigated as substitute for
conventional regimens [4], an useful approach to maintain drug concentrations in the

“activity range” is the monitoring of the Cmin. The timing of the sample collection is
13



1. Introduction

important as the drug concentration changes during the dose interval. In fact, the Cmin is
the least variable point in the dosing interval, namely the plasma concentration just
before patient takes the next daily dose of drug [5]. Thus, samples should be taken at the
steady state (4-5 half-life times after having started the therapy) [6]. Correct sample
timing should also take into account absorption and distribution.

At the steady state, plasma concentration is usually at the equilibrium. For example,
digoxin monitoring should be performed after six hours of a dose intake, since before this
time, the drug is still undergoing distribution and plasma concentration would be

erroneously high [7].

1.1.2 TDM in the context of anticancer therapy

A new era of cancer therapy has emerged over the last 10-30 years, with the treatment
of several tumours moving from the use of cytotoxic drugs and nonspecific chemotherapy
to chronic oral treatment with targeted molecular therapies [1].

The term “targeted therapy” refers to a new generation of anticancer drugs, with unique
mechanism of action and high specificity [8], designed to interfere with a specific
molecular target that has a critical role in tumour growth or progression [9]. These
therapeutic agents have revolutionized cancer treatment by transforming some
previously deadly malignancies into chronically manageable conditions [10].

Oral administration of these drugs is associated with a better quality of life but also have
some disadvantages: generation of a complex step in the pharmacokinetics (PKs) like
gastrointestinal (Gl) absorption and first-pass metabolism by the liver [11], poor
tolerability with consequence of therapeutic failure [12] and some cases of non-
adherence to the therapy [13]. Such variability in drug response among patients is
multifactorial, including pharmacogenetic background of the patient (like the activity of
the cytochrome 3A4 (CYP3A4)), environmental and diet [14].

The interplay of these factors determines the plasma concentration profile over time for
a drug and, therefore, its caused pharmacologic effect at the site of interaction with
targets (such as receptors and enzymes) [15]. Rarely, standard dosage regimens result in
similar circulating concentrations of the active drug in all patients, possibly favouring the

selection of resistant cellular clones (in case of sub-therapeutic drug exposure) or the
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development of undesirable toxicity (in case of overexposure) [4]. In this respect, the
majority of targeted drugs are characterized by a wide spread of plasma concentrations
observed following standard dosage regimens, with inter-individual variability at the end
of the dosage interval up to 23-fold [8].

However, while for drugs like the aminoglycosides, phenytoin and digoxin TDM is largely
applied, in the case of the anticancer drugs their quantification in plasma (or whole blood)
is not a common practice to tailor the therapeutic intervention, despite the high risk of
toxicity and therapeutic failure. One of the most famous exception is methotrexate, a
chemotherapy and immunosuppressant agent whose concentration is commonly
measured in human serum by pharmacology and clinical toxicology laboratories. This
because the data obtained are useful to decide if the administration of folic acid as
counter poison is a good choice in the case of too prolonged permanence of the drug in
blood during a high-dose regimen[16].

Clinical usefulness of TDM in the context of anticancer drugs is actually limited by several
factors:

e for most of anticancer drugs the knowledge of pharmacokinetic and
pharmacodynamic aspects is not thorough. For this reason, the most evident
limiting factor is the difficulty to establish a clear relationship between the
concentration value obtained and the therapeutic effect; without these
relationships, the TDM approach becomes a random approach. If the dose-
response relationship is missing, a therapeutic window, which is the essential
element for TDM, cannot be defined [17].

e due to the ample heterogeneity of cancers (identical tumours do not exist: they
show different sensitivity and resistance towards anticancer drugs), every case
must be analysed from scratch [18].

e The blood sampling timing is a critical factor too, in obtaining meaningful results.
Samples must be taken after distribution equilibrium, when plasma
concentrations better reflects tissue concentrations [19].

e cancer is often treated with more than one drug, thus making even more
challenging to target the therapeutic and toxic effect at the pharmacodynamic

level [20]. Drug—drug interactions are a major concern when treating patients with
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oral targeted therapies [21]. Dosage adjustment in this context is therefore
strongly recommended.

e several targeted anticancer drugs have active metabolites and their plasma
concentrations could be impacted by variations in the enzymes responsible for
metabolism. This has to be taken into account when assessing the effects of the
drug [22].

e an appropriate administration of the drug, an adequate collection and processing
of the biological sample, a precise and accurate measurement of the drug and/or
of the metabolites and an appropriate interpretation of the results are the
distinguishing factors of the correct execution of the TDM practice [23]. TDM is
indeed a multidisciplinary approach embracing different professional figures such
as physicians, pharmacists, nurses, pharmaceutical chemists/technicians and
pharmacokinetic scientists. The entire personnel must be conscious of the
limitations and difficulties of the TDM: a criticality that occurs only in one among
the steps, is enough to compromise the whole process.

e the methods that can be used to quantify the analytes of interest must be
accurate, precise, simple, rapid, sensitive, specific, not affected by matrix effects,
and economically sustainable [24].

Despite the above mentioned problems, the high potential of TDM (if correctly applied)
in the context of chemotherapy is evident, because anticancer drugs generally show both
a very low therapeutic index and a large pharmacokinetic inter-individual variability [10,
25]. Moreover, anticancer therapy should be characterised by the maximum effectiveness
to be useful: undertreatments, which could further compromise the low probability of
recovery, are critical in the same way as the cytotoxic adverse reactions, that are typical
of most anticancer drugs and could be very dangerous for patient’s life. Other consequent
benefits of this strategy would include the compliance increment (due to the low
occurrence of toxicity), the reduction of the pharmacokinetic inter-individual variability,
the possibility of correctly adjusting the dosage in patient with hepatic and/or renal
impairment [18] and the accessibility of useful data to better detect the drug-drug

interactions [23].
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1.2 Gastro-intestinal stromal tumour

With roughly 9.5 million deaths annually, cancer is one of the leading causes of death
worldwide. Cancer incidence and mortality are rapidly growing worldwide, the reasons to
explain this phenomenon reflect both aging and growth of the population, as well as
changes in the prevalence and distribution of the main risk factors for cancer, several of
which are associated with socioeconomic development [26].

Sarcomas are a rare and heterogenous group of connective tissue tumour of
mesenchymal origin. These tumours could grow everywhere in the body and are classified
as either skeletal sarcomas or soft-tissue sarcomas (STS). Up to 2013, the World Health
Organization (WHO) distinguished more than 50 different histological subtypes of STS,
each with varying clinical phenotypes and behaviour, and new entities are continuously
recognized [27].

Besides it accounts for less than 1% of all Gl tumours [28], the gastrointestinal stromal
tumour (GIST) is the most common STS of the Gl tract and have gained considerable
research and treatment interest [29]. However, the real incidence of GISTs is still
unknown. Recent data suggest that the incidence may be greater than the estimated one;
indeed, early (up to 1 cm large) asymptomatic GIST or micro-GIST, which are found in 20%-
30% of the elderly, are very common [30]. These asymptomatic GISTs are usually found
during other gastrointestinal endoscopy or imaging investigations [31]. Instead, primary
GISTs are commonly symptomatic, in about the 80% of the cases, showing Gl bleeding or
obstructive symptoms and abdominal pain. The stomach is the most frequent onset site
(60%), followed by the small intestine (30%), the colon and the rectum (5%) and the
oesophagus (5%). It rarely develops outside the Gl tract and in that cases the mesentery,
the omentum or the retroperitoneum could be involved [32]. Estimates of 2015 show an
incidence of 15 new patients out of a million of people per year with a prevalence of 1.3
cases every 10’000 people considering both the cases previously and the new one
diagnosed. This means that, in Italy, between 6000 and 7000 people are affected by GIST
[33].

GISTs arise at any age, even in infancy, but show proclivity toward developing in the

middle-aged and elderly, with a median age of 63 years at the diagnosis [34]. Women and
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men are affected almost equally [35] and there is no correlation between ethnicity and
the incidence of this tumour [36].

The clinical spectrum of GISTs ranges from local lesions to highly aggressive and
disseminated tumours [37]. About the 40% patients with localized GISTs at the onset will
later develop metastases, while 10-20% of patients present metastases at the diagnosis
time [38]. Metastases sporadically appear outside the abdomen, while they mostly
involve the peritoneal cavity, the liver and the omentum [39].

Literature data regarding both the clinical behaviour and the epidemiology of GIST before
the 21° century are not accurate. Before we came to know GISTs as we do today, almost
all mesenchymal tumours of the Gl tract were considered to be “Gl smooth muscle
tumours”. GISTs were commonly classified in leiomyomas (if benign) and
leiomyosarcomas (if malignant) [40]. Electron microscopic studies in the late 1960s and
early 1970s, however, revealed evidences supporting ultrastructural differences between
classical smooth muscle and Gl tumours [41]. The later application of
immunohistochemistry to the GIST study, which began in the 1980s, supported these
electron microscopic evidences [42]. The discovery that most GISTs were positive for
protein CD34 allowed to use this protein as the first clinically useful marker for distinguish
GISTs from Gl leiomyomas or leiomyosarcomas in clinical routine [43]. In the 1990’s
researchers identified similarities between GISTs and the interstitial cells of Cajal (ICCs), a
population of cells in the gut. These cells were found to express cKIT/CD117 [44]. Shortly
thereafter, Hirota and colleagues discovered that GISTs express cKIT as well [45]. Today,
it is hypothesized that ICCs are the cells of origin for GIST. Inmunohistochemistry reveals
that 95% of GISTs express cKIT/CD117, whose identification is at the basis of this tumour
diagnosis [46].

The histological diagnosis of GIST is primarily based on morphology,
immunohistochemistry and, sometimes, on mutational analysis. Endoscopic examination,
echography, computed axial tomography, magnetic resonance imaging (MRI), positron
emission tomography exams with Fluorine-deoxy glucose ([*®F] FDG-PET) and CD117
expression evaluation represent the diagnostic tools to date [47].

The antigen CD117 is an epitope of cKIT receptor and 95% of tumour cells originated from

GISTs, no matter for the origin site neither for the behaviour and histological appearance
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of the tumour, are positive for this antigen. Therefore, this factor is considered one of the
most reliable diagnostic markers [48].

KIT receptor is a type Il tyrosine kinase (TK). Like other members of the TK family, KIT is
composed by an extracellular domain, a transmembrane domain and an intracellular
domain, responsible for the tyrosine kinase activity.

In its inactive form, KIT is a monomer with intrinsic factors that make its activity self-
inhibited. It is able to bind stem cell factor (SCF), also known as “c-KIT ligand”, a tissue and
hematopoietic growth factor.

When the receptor binds to SCF it forms a dimer that activates its intrinsic tyrosine kinase
activity (Figure 2); this kind of interaction is called homodimerization and leads to a
phosphorylation reaction first. Then, the consequences of this interaction are a series of
cascade signals with the result of the activation of cellular functions which are
fundamentals for carcinogenesis like proliferation, adhesion, differentiation and
apoptosis. However, SCF only represents the extrinsic mechanism of KIT activation, which
can also be regulated by structural modifications of the protein itself which allow it to be

activated in the absence of the ligand (intrinsic mechanism) [45].
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Figure 2. Representation of the KIT receptor structure and its activation. Figure adapted from [49].

The discovery of some gain-of-function mutations involving KIT or PDGFRa has
significantly changed the biological comprehension and the treatment of the pathology.
In about 85% of the GISTs mutations activations of the KIT oncogenes are observed, in the

5% these mutations occur in the alpha platelet-derived growth factor receptor (PDGFRa).

19



1. Introduction

These alterations, that are mostly deletions, in frame insertions, missense mutations or
combinations of them, could also occur in the extracellular domain or in the intracellular
one with a probability of 6 and 2%, respectively. The outcome of these alterations is the
constitutive activation of receptors and their pathways signal, resulting in loss of cell cycle
control, proliferation and resistance apoptosis. The remaining part of GISTs (10%) is wild-
type (WT), namely, tumours do not express any mutation of KIT or PDGFRa [50].

Other markers that might be positive in case of GIST are BCL-2 (80%), CD34 (70%), muscle
specific actin (50%), smooth muscle actin (35%), s-100 (10%) and desmin (5%) [42]. These
data are important to create targeted therapies against the genetic defect present in the
tumour. One important example of the application of this strategy is the use of tyrosine

kinase inhibitors (TKIs), such as imatinib (IMA).

1.2.1 GIST treatment

The treatment of GIST depends mainly on the size of the tumour, its localization, how far
is spread and its mitotic rate. GIST could be divided in three different types [51].

In case of localized tumours, the standard approach consists on complete surgical excision
of the lesion. Meanwhile, in case of larger and marginally resectable tumours, considering
that the resection might require extensive surgery, it is advisable to start the treatment
with IMA, to try to shrink the tumour and continued at least until the tumour stops
shrinking. Then, surgery might be the best option if the tumour could be removed safely.
In general, surgery is potentially curative for primary GISTs that have not metastasized,
and the probability of recurrence will depend on the malignant potential as assessed by
risk stratification criteria. When patients are at a high risk of relapse according to these
criteria, 3 years of adjuvant treatment with IMA after surgery is the standard of care. The
benefit of this pharmacological treatment may vary according to the type of KIT/PDGFRA
mutations. In fact, patients with KIT exon 11 deletions have a better response to IMA than
patients not presenting these mutations [52]. On the contrary, the presence of PDGFRA
D842V mutation is associated with resistance to IMA treatment. For this reason, there is
a consensus that PDGFRA D842V mutated GISTs should not be treated with any adjuvant

therapy, given the lack of sensitivity to the drug demonstrated both in vitro and in vivo.
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On the opposite, surgery is not the first treatment in case of unresectable or metastatic
GISTs. The best option is IMA, the treatment continues as long as the tumour does not
grow, and the patient can tolerate the side effects of the drug. If the cancer has spread to
only 1 or 2 sites in the abdomen (such as the liver), the surgeon may advise removing the
main tumour and trying to remove these other tumours as well [52].

Before the introduction of TKIs, the survival rate after 5 years from the complete resection
ranged from 35 to 80% and the median survival was 10-20 months for patient with non
resectable disease [53]. IMA significantly improved the treatment outcome as shown in a
randomized phase Il trial called B2222: after 5 years of therapy, survival was observed in
54% of patients with metastatic or inoperable GIST [54].

However, IMA does not represent the only weapon against this pathology. For patients
with IMA-resistant GISTs, sunitinib is a second-line drug treatment whilst regorafenib is
the third-line drug. Some drugs approved for other conditions may be prescribed off-label
for GISTs at a physician’s discretion. New molecular targeted drugs are being tested in

many clinical trials and some are still under development.

1.2.1.1 Imatinib

Ninety-five percent of GISTs stain positively for the CD117 antigen which is, as said before,
an epitope for the KIT receptor tyrosine kinase. KIT positivity is important as it is one of
the targets of IMA mesylate [55]. Imatinib mesylate (Figure 3) is the active ingredient of
the oral anticancer drug Glivec® and Gleevec® (the trade names given in Europe and USA,
respectively). It belongs to the so-called targeted therapies, that are a class of drugs that
acts specifically against a target which is only present in cancer cells, or however, which is
more expressed in cancer cells than in normal ones. Generally, with this kind of approach,

the target is represented by a receptor present on the surface or inside the tumour cell.
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Figure 3. Structure formula of 4-[(4-Methyl-1-piperazinyl) methyl]-N-[4-methyl-3-[[4-(3-pyridinyl)-2-pyrimidinyl]

amino]-phenyl] benzamide methane sulfonate, also known as imatinib mesylate.
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More in detail, IMA inhibits in a selective and potent way the activity of different TKs
including the intracellular ABL kinase, the transmembrane receptor KIT, the PDGFRa and
PDGFRB, the receptor for the discoidin domain (DDR1) and also the chimeric BCR-ABL
fusion oncoprotein present in chronic myeloid leukaemia (CML) [42].

IMA acts as a competitive antagonist of the adenosine triphosphate (ATP) binding site. It
blocks the transfer of phosphate group from ATP to tyrosine residues of the substrates.
This cause the interruption of the downstream signalling process that leads to cell
proliferation [56], as shown in Figure 4.
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Figure 4. Comparison between the absence a) and the presence b) of IMA at the level of the kinase domain of a
generic tyrosine kinase protein. In a), the phosphorilation ATP-mediated activates the substrate that leads to the
diffusion of proliferation and survival signals. In b) IMA leads to the block of the substrate activation by occupying the

ATP binding pocket of the kinase domain with a consequent block of proliferation and survival stimuli.

The promising results from the American-Finnish clinical trials CSTIB2222 [57] and the
European organization for research and treatment of cancer [58] convinced the Food and
Drug Administration (FDA) in February 2002 and the European Medicines Agency (EMA)
in May 2002 to approve IMA as the first-line treatment for inoperable, metastatic or
recurrent, KIT-positive GIST. Furthermore, IMA was approved by the FDA in December
2008, and by the EMA in March 2009 for adjuvant treatment following surgical resection
of GIST with a high risk of recurrence, due to the increase of the overall survival (OS)
observed in patients during the trials [29]. The oral intake of 400 mg/die of IMA represents

the actual standard therapy. For patients affected by GIST with exon 9-mutated KIT, the
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National Comprehensive Cancer Network (NCCN) [33] and the European Society of
Medical Oncology (ESMO) [51] guidelines suggest a higher dose (800 mg/die) because it
positively correlates with a longer progression-free survival (PFS) [59].

IMA produces a partial response in 45% of patients and a stabilization of the disease in
30% [60], while the complete response is rare. This is why it is described as an oncostatic
agent rather than a cytotoxic [61]. Considering that stopping the treatment with IMA is
accompanied by a disease progression [54], after a complete response or a macroscopic
resection of the residual tumour, the therapy should be continued indefinitely and
stopped only in the case of tumour progression or occurrence of intolerable side effects.
The pharmacokinetic profile of IMA has been evaluated in healthy volunteers, in patients
affected by CML, GIST and other neoplasms [47]. These studies showed a good oral
absorption and a 98% bioavailability of the preparation (solution, capsule or tablets)
independently from the dosage or food intake [12, 47]. For this reason, to reduce the risk
of Glirritation, patients takes IMA orally during a meal with a large glass of water and the
bioavailability is not compromised [62]. After the absorption, IMA undergoes extensive
and rapid tissue distribution. A minimum percentage of the drug can penetrate through
the blood-brain barrier, without however reaching sufficient concentrations to determine
some pharmacological activity in the central nervous system [47]. Approximately 95% of
the administered drug is bound to plasma proteins, mainly to albumin and alpha 1 acid
glycoprotein [12]. Peak concentrations are reached 4 hours after the administration [63].
Like most drugs, IMA is metabolized in the liver; mainly by the cytochrome P 450
enzymatic system; in particular from isoforms 3A4 and 3A5 and to a lesser extent from
1A2, 2D6, 2C9, 2C19 [47]. The main circulating metabolite of imatinib is N-desmethyl
imatinib, also known as nor-imatinib (norIMA) or CGP74588. NorIMA is an N-
demethylated derivative of piperazine (Figure 5), it has a biological activity similar to IMA
and represents approximately 20-25% of the steady-state level of the original drug in

patients with GIST [11].

23



1. Introduction

/L@*qo\r

CYP3A4 CYP3A5

0 N

Yoy
HN/H \/(j/LNH A NHJ\N/ =
k/“ e Sy

Figure 5. norIMA formation through N-demethylation reaction of IMA mediated by isoform 3A4 and 3A5 of

cytochrome p450.

Being a substrate of CYP3A4, IMA may interfere with the metabolism of other drugs and
natural substances co-administered as follows:

e Strong inducers of CYP3A4 such as rifampicin, carbamazepine, fluconazole and St
John’s Wort (ipericum perforatum) increase the metabolism of IMA, thus
decreasing its plasma concentration [47].

e Strong inhibitors of CYP3A4 such as erythromycin, ketoconazole and grapefruit
juice, decrease the metabolism of IMA, thereby increasing its plasma
concentration [47, 64].

Moreover, co-administration of IMA with other drugs should be kept under control as IMA
itself is a CYP3A4 and others CYPs substrate. In fact, IMA significantly increases the
exposure to the statin by 2-3 times [65] and patients requiring anticoagulants during
treatment with IMA should opt for standard or low molecular weight heparin, since
warfarin is a substrate of both CYP3A4 and CYP2C9 and there could be a possible
interaction between warfarin and IMA metabolism [66]. Other factors that could reduce
IMA metabolism are hepatic and renal impairment and hepatic metastases, while age,
race, gender and body weight do not significantly affect its pharmacokinetics in the
treatment of GIST [55].

IMA elimination occurs primarily via the faecal route and the half-life (T1/2) of this drug
and its active metabolite norIMA is approximately 18 and 40 h respectively [67]. In
patients with GIST, steady state exposure was 1.5-fold higher than that observed in CML

for the same 400 mg/day dosage. This mainly seems to depend on albumin, white blood
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count and bilirubin. Hepatic and renal dysfunction and liver metastases may cause
variable and reduced metabolism of the drug [68].
This drug regimen is generally well tolerated and allows the patient to lead a normal life.
Adverse reactions with a high incidence rate (above 10%) are gastrointestinal disorders
(nausea, vomiting, diarrhoea), abdominal pain, fatigue, myalgia, muscle cramps, rash and
superficial oedema, in particular periorbital and lower limb oedemas [66]. The oedemas
are rarely severe and can usually be managed with diuretics, with other supportive
measures or with a dose reduction. More important disorders, such as hepatic, renal or
cardiac failure, haemorrhages and significant changes in haematological values, are rarely
observed [66]. Haematological toxicities, such as anaemia, neutropenia and leukopenia,
have an incidence rate lower than 10% [66]. Furthermore, the continuing use of the drug
allows many patients to develop tolerance of these side effects [69].
Resistance to IMA therapy can be either primary, if it occurs on after initial use of drug, or
secondary, if it arises after an initial response. Four drug resistance mechanisms have
been identified [70]:
1. target resistance due to mutation: a new KIT or PDGFRa point mutation and
protein activation, superimposed on the original mutation in that gene;
2. KIT genomic amplification with overexpression of the KIT oncoprotein, without a
new point mutation;
3. target modulation: activation of an alternate receptor tyrosine kinase protein,
accompanied by loss of KIT oncoprotein expression;
4. functional resistance: KIT or PDGFRa activation, outside the juxta membrane
hotspot regions, in the absence of a secondary point mutation.
All these mechanisms were involved in late resistance, while only the functional resistance
(point 4) was seen in primary resistance.
Approximately 10% of patients treated with IMA experience tumour progression within
3-6 months of treatment due to the onset of primary resistance. In addition, a further 40-
50% of them develop drug resistance within 2 years of treatment after partial response
or disease stabilization. These patients are classified as having delayed or secondary
resistance [55]. In the case of drug resistance occurrence or tumour progression, the

oncologist can increase the IMA dose from 400 to 800 mg/day based on two clinical trials
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(EORTC 62005 [71] and SWOGS 0033 [72]), which have shown how the dose escalation at
the time of disease progression provides clinical benefit in one third of patients. If dose
escalation leads to disease progression or drug intolerance, it will be necessary to proceed
to the second-line treatment for this pathology which consists of the administration of

another TKI: sunitinib (SUNI).

1.2.1.2 Second- and third-line pharmacological treatments

Multiple novel TKls may be potentially useful for the treatment of IMA-resistant GISTs as
they interfere with KIT and PDGFRa receptors or with the downstream-signalling proteins
[73].

SUNI (chemical structure reported in Figure 6), active ingredient of the drug Sutent’, is an
oral, multitarget receptor TKI that has shown promise in tumour models.

Specifically, it has been shown to inhibit KIT, PDGFR, vascular endothelial growth factor
receptors (VEGFR) and FMS-related tyrosine kinase 3 receptor, receptor for macrophage
colony-stimulating factor and glial cell line-derived neurotrophic factor receptor,
presenting both antiangiogenic and antiproliferative activities [74]. Its role was
acknowledged in a randomized controlled trail against placebo or IMA resistant GIST
patients [75]. SUNI was approved by the FDA as second-line TKI for the treatment of
imatinib-resistant GISTs in 2006 [76] and currently it is indicated for patients whose
disease progressed on IMA (even after dose escalation up to 800 mg/die). This drug is
orally available, and the approved dosage is 50 mg per day for 4 weeks followed by 2

weeks rest, until disease progression or the inset of intolerable side effects.
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Figure 6. Chemical structure of N-[2-(diethylamino) ethyl]-5-[(Z)-(5-fluoro-2-oxo-1H-indol-3-ylidene) methyl]-2,4-

dimethyl-1H-pyrrole-3-carboxamide, also known as Sunitinib.
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Regorafenib (chemical structure reported in Figure 7), the active ingredient of the drug
Stivarga®, is an inhibitor of several TK receptors involved in tumour angiogenesis,
oncogenesis, metastasis and immunity. Regorafenib was approved by the FDA in 2013 to
treat advanced GISTs that cannot be surgically removed and are resistant to other TKils,
and it is considered as third-line treatment. The long-term follow-up results of the
multicentre phase Il trial of regorafenib in patients with metastatic or unresectable GISTs
after failure of IMA and sunitinib showed benefit in patients with primary KIT exon 11
mutations and SDH-deficient GISTs [77]. It is an oral therapy, administered at a dose of
160 mg/die following a 4 weeks schedule with a 3+1 scheme (3 weeks of treatment

followed by 1 week off) until disease progression or occurrence of unacceptable toxicity.
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Figure 7. Chemical structure of 4-[4-[[4-chloro-3-(trifluoromethyl) phenyl] carbamoylamino]-3-fluorophenoxy]-N-

methylpyridine-2-carboxamide, also known as Regorafenib.
The use of other TKls, apart from imatinib, sunitinib and regorafenib, is still being
evaluated and remains debated. About 250 clinical trials involving the use of nearly sixty
drugs, including other TKIs like sorafenib, nilotinib, dasatinib and pazopanib have been

approved worldwide [78]. However, at the moment, the fourth approved treatment line

is still missing.

1.2.2 Why TDM is important for imatinib

As pointed out in the first chapter of this thesis, a drug has to fulfil some characteristics
to be eligible to perform TDM.

For IMA most of these characteristics are respected. In fact, this drug is characterized by
large inter-individual pharmacokinetic variability, which reflects the large spread of
concentrations observed under standard dosage. Data from a study conducted on
patients with metastatic GIST showed that IMA plasma levels ranged from 256 to 4582

ng/mL [79]. Besides the adherence to the therapy, several factors have been shown to
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influence this variability, like demographic characteristics (age, sex, body weight and
disease diagnosis) [47], enzyme activity (especially for the CYP3A4, that metabolises IMA
to his major active metabolite), drug interactions [80], activity of efflux transporter [81]
and plasma levels of alfal-acid glycoprotein (which binds imatinib in plasma) [82]. In
addition, for GIST patients, surgery further complicates the panorama: it has been
described that patients undergoing partial or total gastrectomy show significant lower
IMA plasma levels than patients who had not this type of surgery [83].

Therefore, due to this high variability, the dose does not predict plasma drug levels [84].
This has clear consequences on the treatment response, which, in the case of IMA
treatment, has shown to be correlated with the trough level (Cmin). The Cnmin is defined as
the steady-state concentration before the subsequent administration of the drug.
Increased toxicity has been associated with high plasma levels and impaired clinical
efficacy with low plasma levels. Therefore, the standard dosage of IMA 400 mg/die might
not represent the optimal dose intensity for every patient. While the upper concentration
limit is yet not formally established, a lower limit for IMA Cnin has been proposed for
improving outcomes in GIST patients [85]. In detail, it has been reported that, a month
after the beginning of the therapy, patients with a Cmin above 1110 ng/mL (corresponding
to the first quartile of concentration values) showed an improvement in time to
progression (TTP) of disease compared to patients in the other quartiles [86].
Furthermore, in a recent study, Eecheoute et al. showed [87] that the IMA Cnmin decreased
by about 30% in the first three months of treatment. An increase in drug clearance, which
subsequently reaches a plateau, seemed to be the responsible factor for this Cmin
decrease. This hypothesis is supported by a study [88] conducted by analysing Cmin more
than three months after the beginning of the treatment. In this study, a longer PFS was
associated with Cmin values higher than 760 ng/mL, suggesting the need to repeatedly
evaluate IMA plasma concentrations during the treatment period. The decrease in Cmin
also provides an explanation about the increase in drug tolerance over time, and
underlines how in some patients this decrease may cause the failure to achieve effective
drug concentrations [89].

However, despite no consensus has been still reached for the definition of a precise Cmin

threshold related to the treatment effectiveness, the more practical approach seems to
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be the application of a Cmin > 1100 ng/mL threshold, as it is based on PFS data from a
randomized clinical trial and was confirmed in observational and retro prospective studies
[90, 91].

Furthermore, for GIST patients, surgery further complicates the panorama: it has been
described that patients undergoing partial or total gastrectomy show a significant
decrease in IMA Cmin [83].

TDM of IMA is thus highly recommended as a useful tool for managing and optimizing the
treatment for each patient. In fact, the European Society of Medical Oncology (ESMO)
guidelines suggest that measurement of IMA plasma concentrations could be important
in both CML and GIST patients and is recommended especially in cases of suboptimal
response, therapy failure, toxicity due to overdose or adverse events [52, 92]. It would
also be essential to define unequivocally, in GIST patients, the Cmin threshold that can be
used as a reference for TDM in clinical practice.

The whole process is obviously useless if Cmin Values are unreliable. For this reason, it is
necessary to adopt the most accurate and robust analytical technique for the quantitative
analysis of small molecules in biological samples. Therefore, one of the aims of this thesis
was the development of a robust LC-MS/MS analytical method for the quantification of

IMA and its main metabolite, norIMA, in Dried Blood Spots matrices.

1.3 Breast cancer

Breast cancer is the most common cancer in women, and one of the three most common
cancers worldwide, along with lung and colon cancer. In fact, one in eight to ten women
will get breast cancer during her lifetime and less than one out of six women diagnosed
with this disease die of it. Men account for 1% of breast cancer cases and breast cancer
deaths [93].

Anyway, mortality from breast cancer in North America and European Union has
decreased, and this is attributable to early detection and efficient systemic therapies [94].
At this regard, mammography provides the key qualities for the systematic screening:
easy to perform and to standardize, with a minimal technical set-up [95]. Many countries
with highly developed health systems have introduced systematic mammography

screening for women, usually between 50 and 70 years of age, to reduce breast cancer
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mortality. MRI is another widely used screening tool for breast cancer, it is more sensitive
than mammography in high-risk women [96].

Based on comprehensive gene expression profiling, breast tumours are classified into at
least three major subtypes: luminal, human epidermal growth factor receptor 2+ (HER2+)
and basal like. Each of these subtypes has different risk factor for incidence, treatment
response, risk of disease progression and preferential organ sites of metastases [97].
Luminal tumours are positive for oestrogen and progesterone receptors, and the majority
respond well to hormonal interventions (anti-oestrogen receptor). Oestrogen receptor
alpha (ERa) is expressed approximately in the 7% of invasive breast cancer. ERa is a steroid
hormone receptor and a transcription factor that, when activated by oestrogen, activates
oncogenic growth pathways in breast cancer cells. Expression of the closely related
steroid hormone progesterone receptor (PR) is also a marker of ERa signalling. Tumours
with expression of either ER or PR in at least 1% of tumour cells are categorized as
hormone-receptor positive (HR+) [98].

HER2+ tumours have amplification and overexpression of the HER2 oncogene, a
transmembrane receptor TK in the epidermal growth factor receptor family. It is amplified
or overexpressed in approximately 20% of breast cancers, it is associated with poor
prognosis in the absence of systemic therapy and it can be controlled with a diverse
selection of anti-HER2 therapies, including antibodies like trastuzumab and pertuzumab,
and small-molecule TKls (such lapatinib and neratinib).

Basal-like tumours in general lack both hormone receptors and HER2; for this reason, the
majority of these tumours are also called triple-negative breast cancer (TNBC). Currently
there is no molecular-based targeted therapy for TNBC, and unfortunately only
approximately 20% of these tumours respond well to standard chemotherapy. The
specific molecular pathophysiology of TNBC remains poorly understood [93].

For nonmetastatic breast cancer, the main goals of therapy are eradicating tumour from
the breast and regional lymph nodes and preventing metastatic recurrence. Local therapy
for nonmetastatic breast cancer consists of surgical resection and sampling or removal of
axillary lymph nodes, with consideration of postoperative radiation. Systemic therapy may
be preoperative (neoadjuvant), postoperative (adjuvant), or both. For metastatic breast

cancer, therapeutic goals are prolonging life and symptom palliation [99].
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Risk factors for developing breast cancer include being female, obesity, lack of physical
exercise, drinking alcohol, hormone replacement therapy during menopause, ionizing
radiation, early age at first menstruation, having children late or not at all, older age, prior
history of breast cancer in the family. Moreover, about 5-10% of cases are due to genes
inherited, including the breast related cancer antigens: BRCA1 and BRCA2 (that are known
as regulators of DNA repair, transcription and cell cycle in reply to a damage). These are
abnormal genes that, when inherited, markedly increase the risk of breast cancer to a
lifetime risk estimated between 40 and 80% [100].

The classic symptom for breast cancer is a lump found in the breast or armpit. The general
alerting features of breast cancer are such as swelling or lump (mass) in the breast,
swelling in the armpit, nipple discharge, pain in the nipple, inverted (retracted) nipple,
persistent tenderness of the breast and unusual breast pain or discomfort. In advance
stage od disease (metastatic) other symptoms may be presented, such as bone pain (bone
metastasis), shortness of breath (lung metastases), drop in appetite (liver metastasis),

headaches or weakness [101].

1.3.1 Cyclin-dependent kinase inhibitors

HR+ breast cancer represents the largest therapeutic subtype of the disease, accounting
for 60 to 65% of all malignant breast neoplasms. For more than 50 years, the treatment
of HR+ disease has been focused on targeting the oestrogen-receptor signalling pathway.
However, both new and acquired resistance to hormonal blockade occur in a large subset
of these cancers, and new approaches are needed.

In normal tissues, cell proliferation is tightly regulated by cell cycle machinery. The
interaction of cyclin D with CDK4 and CDK6 facilitates the phosphorylation of the
retinoblastoma (Rb) gene product, which in turn leads to the transition through the G1
checkpoint to the S phase of the cell cycle.

Alterations in the cyclin-D—CDK4/6—Rb pathway, that result in the loss of regulation of this
critical Rb checkpoint, have been described in a number of malignant conditions and are
associated with endocrine resistance in breast cancer. These alterations include cyclin-D
amplification; loss, mutation, or both loss and mutation of Rb itself; and loss of negative

regulators of the pathway [102]. For this reason, potent and selective orally bioavailable
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inhibitors of CDK4/6 have become available as cancer therapeutics in the last decades.
They act primarily by blocking Rb phosphorylation and thus inducing G1 cell cycle arrest
and a phenotype resembling cellular senescence [103]. In human breast cancer, the

subtype for which CDK4/6 inhibition has the strongest rationale is HR+ disease.

1.3.2 Ribociclib

Ribociclib (RIBO, Kisquali®) is an orally bioavailable, highly-selective small inhibitor of CDK
4/6, which in combination with letrozole (LETRO), is indicated for the treatment of
postmenopausal women with HR+, HER2-negative advanced or metastatic breast cancer
as initial endocrine-based therapy. The chemical name is butanedioic acid-7-cyclopentyl-
N,N-dimethyl-2-{[5- (piperazin-1-yl) pyridin-2-yl] amino} -7Hpyrrolo [2,3-d] pyrimidine-6-

carboxamide, the structure is reported in Figure 8.
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Figure 8. Chemical structure of 7-cyclopentyl-N,N-dimethyl-2-{[5- (piperazin-1-yl) pyridin-2-yl] amino} -7Hpyrrolo [2,3-
d] pyrimidine-6-carboxamide, known as ribociclib.

In vitro, RIBO decreased Rb phosphorylation, leading to arrest in the G1 phase of the cell
cycle, and reduced cell proliferation in breast cancer cell lines. In vivo, treatment with
single agent RIBO led to tumour regressions which correlates with inhibition of Rb
phosphorylation. RIBO was approved with the MONALEESA-2 trial [104] where its addition
to LETRO demonstrated improved median PFS (25.3 (23.0-30.3) months in the RIBO +
LETRO group, 16.0 (13.4 — 18.2) months in the placebo + LETRO group).

RIBO is eliminated primarily via hepatic metabolism mainly via CYP3A4 in humans. The
primary metabolic pathway for this drug involves oxidation. Phase Il conjugates of RIBO
phase | metabolites involves N-acetylation, sulfation, cysteine conjugation, glycosylation
and glucuronidation. Anyway, RIBO remains the major circulating drug-derived entity in

plasma [105].
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The most common toxicities observed in patients treated with RIBO were neutropenia,
leukopenia, headache, back pain, QT interval prolongation, nausea, fatigue, diarrhoea,
vomiting, constipation, alopecia and rash and while most common severe toxicities (G3/4)
were neutropenia, leukopenia, abnormal liver function test, lymphopenia,

hypophosphatemia, vomiting, nausea, fatigue and back pain.

1.3.3 Palbociclib

Palbociclib (PALBO, Ibrance®), Figure 9, is a highly selective, reversible inhibitor of CDK4
and 6. This drug is indicated for the treatment of HR+, HER2-negative locally advanced or
metastatic breast cancer, in combination with an aromatase inhibitor, such as LETRO, or
in combination with fulvestrant in women who have been previously treated with
endocrine therapy. In pre- or perimenopausal women, the endocrine therapy should be

combined with a luteinizing hormone-releasing hormone agonist.

NH

Figure 9. Chemical structure of 6-Acetyl-8-cyclopentyl-5-methyl-2-{[5-(1-piperazinyl)-2-pyridinyl]amino}pyrido[2,3-
d]pyrimidin-7(8H)-one, known as palbociclib.

The efficacy of palbociclib (PALBO) in combination with LETRO versus LETRO plus placebo
was evaluated in the PALOMA-2 study [106] conducted in women with ER-positive, HER2-
negative locally advanced breast cancer not amenable to resection or radiation therapy
with curative intent or metastatic breast cancer who had not received prior systemic
treatment for their advanced disease. The results of this study demonstrated an
improvement in PFS in favour of PALBO plus LETRO (median PFS 24.8 months (95% Cl:
22.1, NE) versus 14.5 months (95% Cl: 12.9, 17.1). Similar results have been demonstrated
for the association of PALBO with fulvestrant (PALOMA-3) [107].

The primary metabolic pathways for PALBO involved oxidation and sulphonation, with

acylation and glucuronidation contributing as minor pathways. CYP3A and SULT2A1 are
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mainly involved in its metabolism. As for RIBO, PALBO remains the major circulating drug-
derived entity in plasma.

The most common (220%) adverse reactions of any grade reported in patients receiving
PALBO in randomized clinical studies were neutropenia, infections, leukopenia, fatigue,
nausea, stomatitis, anaemia, alopecia, and diarrhoea. The most common (22%) Grade >3

adverse reactions were neutropenia, leukopenia, anaemia, fatigue, and infections.

1.3.4 TDM for CDKls

Based on the limited exposure—response and —toxicity studies, TDM recommendation for
PALBO and RIBO currently ranges from exploratory to promising. For example, a greater
reduction in absolute neutrophil count appears to be associated with increased PALBO
exposure, while no definitive exposure-response relationship was found in 81 patients
treated at 125 mg fixed dose [108]. Thus, currently, no specific PK targets for PALBO can
be formulated. However, until more complete studies come available, PALBO
concentrations can be compared to the population mean Cmin of 61 (+ 42) ng/mL [109].
Regarding RIBO, some adverse events, as neutropenia or QT prolongation, have shown to
be proportional to drug exposure too [110].

Thus, to deepen the knowledge about the interindividual variation in pharmacokinetics
and relationship with patient outcome, large prospective clinical studies are needed, as

well as more validated bioanalytical methods to support them.

1.4 LC-MS/MS as a tool for TDM

In order to obtain the drug concentration in biological matrix to perform TDM, the method
and the analytical technique used are essential. In the last 40 years, there have been
significant improvements in analytical technologies applied in cancer pharmacology to
measure drug concentration and to study drug metabolism.

At the beginning, the concentration data from biological matrix were usually obtained by
LC-UV/VIS methods. The next step was to prefer, when possible, the use of a fluorescence
detector, more sensitive and reliable, but the real change in bio-analysis began with the

development of bench-top mass spectrometry instrument.
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Mass spectrometry (MS) is now 100 years old, in fact its basic principles were first
described by Noble laureate Sir Joseph John Thomson in 1897, followed by experimental
validation in 1913, when he separated a stream of ionized neon gas into two isotopic
components by applying a magnetic and an electric field to it [111].

During the following decades, MS underwent rapid technical development and became a
widely used analytical technique in the physical and chemical sciences. In the 1980s, John
Fenn perfected soft ionization of large biomolecules by electrospray ionization (ESI) [112].
Before this discover, the use of MS for biological specimens was limited because the
ionization techniques available were only suitable for low molecular weight compounds
(200 Da or lower) [113]. The growth of MS use for biospecimen analysis accelerated
further during the mid and late 1990s, which saw a shift from gas-chromatography (GC)
as a mass spectrometry front-end technology to liquid-chromatography (LC), a technique
that allowed much simpler workflows and significantly faster analytical turnaround times.
This because GC requires a certain level of analyte volatility and, since most biologically
active molecules are polar, thermolabile and involatile, elaborate and time-consuming
extraction and derivatization protocols had to be used [114].

Nowadays, LC-MS has become a widespread technique, with applications in medical
laboratories ranging from rare and highly esoteric analytes to high volume tests in

drug/toxicology, new-born screening, TDM, etc.

1.4.1 Principles of liquid chromatography

Chromatography is the process that allow to separate compounds contained in a mixture
based on their physico-chemical characteristics (mass, charge and polarity). The
separation is founded on the different distribution of the compounds between the
stationary phase (SP) and the eluent that flows through it, called mobile phase (MP).
There are several principles that allow the compounds separation, leading to the
identification of different chromatographic techniques:
e normal/reverse phase chromatography: the separation of the compounds is based
on the partition coefficient within a biphasic (aqueous/organic) system. In case the
SP is more polar than the MP it will be called normal phase (NP), while in the

opposite situation it is called reverse phase (RP);
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e jon exchange chromatography: the separation of the compounds is based on their
charge and the ionic bond with the SP (an ion exchange resin);
e size exclusion chromatography: also called gel permeation chromatography, the
separation of the compounds is based on molecular size.

Methods reported in this thesis are based on RP chromatography. With this technique the
SP is usually constituted by a matrix (silica, polymer or silica-polymer hybrid) which is
derivatized with apolar chains of various length. RP chromatography is indicated for the
separation of lipophilic molecules, like most of drugs, because the prevailing retention
mechanism is due to hydrophobic interactions. During the process, the analytes are
retained on the SP and, as the MP continues to flow through the column, there will be the
detachment of the various analytes retained by the SP according to their affinity for the
MP.
At the end of the chromatographic run, a chromatogram is obtained showing the detector
response (Y-axis) during the chromatographic runtime (X-axis). For quantitative analysis,
the peak area is used as parameter instead of peak height because it is better directly
proportioned to the amount of the detected analytes. A good chromatography separation
is characterized by narrow, symmetrical and well separated peaks for each analyte.
The most important thing in HPLC is to obtain optimum resolution in the minimum time.
A resolution value > 1.5 between two peaks will ensure that the sample components are
well separated (at the baseline). The Fundamental resolution equation [1] indicates that

resolution is affected by other three important parameters:

Ry = 1/,VN x — X T

Where:

1/4 VN: represents the efficiency;

a—1
— represents the selectivity;

k

— : represents the retention.
1+k
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e the capacity factor (k) is the measure of the analyte’s retention on the
chromatographic column; a high k value means that the analytes are highly
retained.

e the selectivity (a), indicates the ability of the chromatographic system to
distinguish between two species. A good selectivity can be achieved using the
optimal SP-MP combination for the analyte of interest.

e the efficiency is a measure of the dispersion of the analyte band as it travels
through the HPLC system and column. The plate number (N) is a measure of the
peak dispersion on HPLC column, which reflects the column performances. Each
plate represents a single equilibrium stage of analytes distribution between the
MP and the SP. The higher the N, the greater the number of exchanges between
the two phases, the better the quality of the separation. N value (and therefore
efficiency) can be increased by using longer columns, with the collateral effect,
however, of increasing the whole run time. Another approach consists in selecting
columns filled with smaller sized particle, in order to decrease the plate height (H)
and therefore, column length (L) being equal, to increase N.

During the development of a method in HPLC (high performance liquid chromatography),
all these parameters must be considered and are crucial to obtain a robust and reliable
method. Moreover, in order to obtain a more efficient chromatographic method and
improve the cleaning of the sample, it is possible to change the ordinary chromatographic
system, using for example a bidimensional system.

Bidimensional chromatography (2D) is a type of chromatographic technique in which the
injected sample is separated by passing through two different separation stages. Two
different chromatographic columns are connected in sequence, and the effluent from the
first system is transferred onto the second column [1]. Typically the second column has a
different separation mechanism, so that bands that are poorly resolved from the first
column may be completely separated in the second column [115].

The beginning of comprehensive two-dimensional liquid chromatography can be defined
in two papers: the first one of 1978 where Erni and Frei [116] described the two-

dimensional separation of a Senna-glycoside extract. Then, in 1990 Bushley and Jorgenson

37



1. Introduction

[117] showed a two-dimensional liquid chromatography separation of a proteins sample,
the full separation took six hours.

Nowadays, two-dimensional separations are a trend in chromatography. In online 2D-LC
the effluent from the first column is injected into the second column immediately after it
is collected. This form of 2D-LC is the fastest and can be fully-automated. Instead, in the
offline form of 2D-LC the fractions of the effluent coming from the first column are
collected and stored before they are subjected to the second column separation.
Naturally, this results in a longer overall analysis time compared to the online
chromatography.

In this work thesis it was developed an innovative online 2D fluidic system, the mode of

operation is reported in detail in the materials and method section.

1.4.2 Principles of mass spectrometry

A mass spectrometer is a device able to measure the mass-charge ratio of charged
particles (m/z). It consists of four components (as reported in Figure 10):
e sample inlet that mediates the transition of a solid or liquid sample into gaseous
phase;
e anionization device to vaporize bio-samples;
e an ion path to transfer ions from atmospheric pressure to high vacuum of the
actual mass analyser and to the detector;

e anion detector to detect and quantify ions.
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Figure 10. General scheme of a mass spectrometer.
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A variety of ionization techniques are used for MS, some of them are very energetic and
cause extensive fragmentation, an example of these so called “hard” sources is the
electron ionization (EI). On the other hand, the so called “soft” sources only produce ions
of the molecular species, such as chemical ionization (Cl), and atmospheric pressure
ionization sources like APCI (atmospheric-pressure chemical ionization) and ESI. Matrix-
assisted laser desorption ionization (MALDI) source also belongs to the “soft” sources
category and it is applied for the production of intact gas-phase ions from a broad range
of large, non-volatile and thermally labile compounds such as proteins, oligonucleotides,
and synthetic polymers.

MALDI and ESI are now the most common ionization sources for biomolecular mass
spectrometry, offering excellent mass range and sensitivity. Since in LC-MS/MS methods
reported in this thesis an ESI source was used, details of its operation mode are reported
below.

ESI source produces gaseous ionized molecules directly from a liquid solution. In order to
be analysed, the compound is previously dissolved in a volatile MP and then it is let to
flow into a stainless-steel capillary called probe. Between the probe and its counter-
electrode, a voltage (2-5 kV) is applied that allows to the formation of the Taylor’s cone (a
nebulized solution) just outside the capillary. Its formation is due to the presence of
charged species within the solution subjected to the electrostatic field existing between
the capillary and the counter-electrode. After that, the droplets formation is observed
from the cone apex and charged droplets further migrate through the atmosphere to the
counter electrode. Droplets formation is strongly influenced by solvent’s chemical-
physical characteristics, ionic analytes concentration, inorganic salts concentration, and
the applied voltage. Either dry gas (nebulizer gas, that flows longitudinally along the
capillary perimeter), heat (coming from the sides) or both are applied to the droplets at
atmospheric pressure and this cause the solvent evaporation from each droplet. Thus, the
droplets decrease their radius, still conserving their charge amount. As the droplet size
decreases, the surface charge density rises until the droplet radius reaches the stability
limits of Rayleigh, meaning that the electrostatic repulsion equals the surface tension
[118]. Overcome that limit, the charged droplets are unstable and decompose through

the process called "Coulombic explosion" [119] thus producing microscopic droplets
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which, at the end of the process, release desolvated ions. The produced ions are then
directed into an orifice through electrostatic lenses leading to the vacuum of the mass
analyser.

ESI is conductive to the formation of singly charged small molecules but it is also well-
known for producing multiply charged species of larger molecules. This is an important
phenomenon because mass spectrometer measures the m/z ratio and consequently
multiple charging makes the observation of large molecules possible even using an
instrument with relatively small mass range (Figure 11). Many solvents can be used in ESI:
they are chosen based on the solubility of the analytes, the volatility and the solvent’s
ability to donate a proton. Typically, solvents such as water, methanol (MeOH) or
acetonitrile (AcN) are used, but other solvents, as dimethyl sulfoxide (DMSO) or isopropyl
alcohol, could be employed to increase the solubility of the analytes. In some cases, the
use of the 0,1% of acid (acetic or formic) is also advisable to facilitate the ionization. Buffer
like Na*, K* or phosphate present a problem in ESI by lowering the vapor pressure and the
volatility of the droplets resulting in a reduced signal through a droplet surface tension
increase. Therefore, volatile buffers such as ammonium acetate can be used more

effectively.
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Figure 11. Diagram of electrospray ionization in positive mode. Adapted from [120].

With the advent of ionization sources that can vaporize and ionize biomolecules, it has
become necessary to improve mass analyser performances with respect to speed,
accuracy and resolution.

Several types of mass analysers have been developed since the separation of ions,

according to their m/z ratio, and they can be based on different principles. While all mass
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spectrometers rely on a mass analyser, not all analysers operate in the same way; some
separate ions in space while others separate ions by time. In general, a mass analyser
measures gas phase ion with respect to their m/z ratio, where the change is produced by
the addition or loss of a proton, cation, anion or electron. For instance, time-of-flight (TOF)
analyser discriminates ions according to their velocities when they drift in a free-field
region. The quadrupole analyser consists on a device which uses the stability of the
trajectories in oscillating electric fields to separate ions according to their m/z ratios. The
ion trap analyser works by using a radiofrequency (RF) quadrupolar field that traps ions in
two or three dimensions: ions of different masses are present together inside the trap and
are expelled according to their masses to obtain the spectrum. Whereas, the analyser
based on magnetic sectors selects the ions according to their momentum, given a specific
value of magnetic field and a circular trajectory. Also, some mass spectrometers combine
several types of analysers.

Among these types of analysers, coupled to an ESI-type source to perform tandem-in
space MS analysis for quantitative purposes, a triple quadruple can generally be found.
This type of analyser consists in a system of three quadrupoles in series: the first and the
third ones are filters able to discriminate ions with a specific m/z value, while the second
one is a collision cell where a controlled fragmentation takes place. A quadrupole is
composed by four parallel metal rods and each opposite rod pair is connected electrically
(Figure 12). A two components (RF and direct-current (DC)) voltage is applied between
adjacent rods: a wide range of m/z ions will pass through the quadrupole if only the RF

component is applied, allowing to focus the ions.
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Figure 12. Graphic representation of a quadrupole ion analyser.
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To select a group of ions with a specific m/z value, a DC voltage is added the RF voltage.
In this way, the “wrong” ions (with a higher or lower m/z values) will be lost by colliding
against the rods due to unstable trajectories, while the “correct” ones are allowed to pass
the quadrupole (Figure 13). To acquire a mass spectrum, it is necessary to increase both
the DC and RF voltages, while keeping their ratio constant, in a way that a certain mass

range could be scanned to transmit ions of increasing m/z.
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Figure 13. Representation of the functioning principle of a quadrupole mass analyser. The ion whose m/z does not
lead to a resonance undergoes a collision against one of the four rods thus not being revealed. The resonant ion,

instead, will be able to pass through the quadrupole and be recorded by the detector [121].

Depending on the analysis purpose, the first (Q1) and the third (Q3) quadrupole can be
used in different modes to acquire the data. In tandem mass spectrometry (MS/MS or
MS?), the configuration of the instrument allows the controlled fragmentation (also called
collision-induce dissociation or CID) of the analyte in the collision cell, represented by the
second quadrupole (Q2). Before Q1 there is the QO0, which is a smaller quadrupole
equipped only with RF and not with DC, characterized by an ion focusing function.

Through the MS/MS it is therefore possible to obtain information both on the mass of the
analyte of interest (parent or precursor ion) and on that of the fragments (product ions)
generated by its fragmentation by applying an appropriate collision energy to the cell.
Generally, the m/z value of an analyte could be considered an information about its
identity, but, especially in the case of low-resolution MS, the highest specificity is obtained
by considering also the analysis of its fragmentation pattern. Indeed, for each substance,

its fragmentation pattern is a sort of proper fingerprint.
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Examples of the most prevalent uses of MS/MS in clinical diagnosis are: the screening of
new-borns for congenital metabolic diseases such as aminoacidopathies, organic
acidurias, and fatty acid oxidation disorders [122, 123]; multi-analyte TDM especially for
the administration of cocktail therapies involving immunosuppressants [124], oncology
drugs [125], anti-virals [126], etc.

The most obvious factor responsible for the limited throughput of LC-MS/MS is the time
required for sample introduction into the LC and the subsequent time necessary for
chromatography. Once a chromatographic system has been fully optimised to minimise
the time needed to remove interferences and to separate analytes from solvent fronts,
there is no space for further improvement in throughput from a chromatographic

standpoint.

1.4.3 Validation of a LC-MS/MS method

To be used for the quantification of one or more substances in biological samples an LC-
MS/MS method needs to be validated according to the FDA [127] or EMA [128] guidelines
for the validation of a bioanalytical method. The main goal of method validation is to
demonstrate the reliability of a particular method developed for the quantification of an
analyte concentration in a specific biological matrix, like blood, serum, plasma, urine or
saliva. The main characteristics that a bioanalytical method needs to ensure the
acceptability of the performance and the reliability of the analytical results are: selectivity,
lower limit of quantification (LLOQ), calibration curve performance, accuracy, precision,
matrix effects and stability of the analytes both in biological matrix and in stock and
working solutions.
There are three different types and levels of methods validation:
e full validation: for a new method, a new drug entity or a revision to an existing
method that add metabolite quantification;
e partial validation: method transfers between laboratories, changing in sample
processing or concentration ranges, etc;
e cross-validation: comparison of validation parameters when two or more
bioanalytical method are used to generate data within the same study or across

different studies.
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1.5 TDM performed using dried blood spot

As reported before, TDM supported by LC-MS/MS is the strategy currently used to
qguantify the drug in patients. Many validated methods for performing TDM by mass
spectrometry in serum or plasma have been developed [129]. Nevertheless, sample
collection remains the main limitation for a routine use of TDM in clinical practice. It
requires medical or nurse support, blood centrifugation and accurate sample storage
before measurement. These limitations hamper most of the published TDM
methodologies to be translated in a cost-effective and patient-friendly routine diagnostic
tool. Dried blood spot (DBS) collection through finger prick is an attractive option in this
scenario [130].

Robert Guthrie in 1963 introduced the DBS technique for screening [131]. Although the
particular assay is now defunct, the term “Guthrie card” remains to colloquially describe
the DBS collection technique. The first application of mass spectrometry to DBS analysis
was reported 40 years ago (in 1976) for fatty acid determination by direct chemical
ionisation [132].

To date, DBS have a range of applications in clinical practice, basic research, and
population-based research. The most common and widely accepted clinical use of DBS is
for new-born screening programs, which are primarily concerned with the detection of
metabolic disorders [133]. Other clinical applications in the published literature have
focused on HIV surveillance, TDM, and clinical chemistry [134]. Basic research applications
for DBS include biomarker development and validation, drug discovery and development,
forensic science, systems biology, and toxicology [135, 136]. Population-based research
applications are variable but may be broadly categorized into human epidemiological
studies and environmental population studies [137, 138].

Compared with conventional venous blood sampling, DBS is a convenient and simple
sampling method with better patient comfort. In DBS sampling, capillary blood is obtained
from a simple finger prick with an automatic lancet. With clear instructions and after
adequate training, patients should be able to do this finger prick themselves at their
home. After disinfection, the patient pricks his/her finger with the lancet. The first blood

drop is discarded because it contains more tissue fluid, the next drop is collected to fill on
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the filter paper. The DBS is allowed to dry at room temperature (RT) and then is packed

for transportation to the laboratory. In the laboratory, the homogeneity of the blood spot

is assessed, and a disc is punched out from the blood spot and is extracted. After

extraction, the analyte is measured with an analytical technique, as shown in Figure 14.

@ > Once dried, the biological ’ -:-—/-

sample is stable at RT \ =

~ = Finger prick and The card is
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Figure 14. Graphical representation of how the DBS technique works.

The advantages of this techniques are as follows:

On the

easy and minimally invasive sampling: patients can perform the finger prick at
home.

only a small volume is required. In respect to that, one of the original projected
advantages of using DBS technology was the easy implementation for small
sample volume collection from finger and heel pricks in young children and
neonates.

most analytes are more stable in DBS than in frozen samples [139, 140].
convenient storage and transport: DBS specimens can be shipped or transported
with no reasonable expectations of exposure to blood or other infectious material
by handlers [141].

other hand, DBS technique presents also some disadvantages:

only small volumes are available and therefore a sensitive analysis technique is
required.

despite adequate training of the patient, the sampling is not always successful:
self-sampling could be associated to contaminations and samples with
unacceptable quality.

extensive validation is required. The impact of variations of haematocrit (Hct)
values on the spot size and homogeneity should be understood as well as their
impact on assay performance. Any change in filter paper type and/or

manufacturer requires a partial validation [142].
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e capillary concentration can be different from venous concentration because the
material in DBS consists of blood cells, plasma, and interstitial fluid [143].

Many assays in DBS have been reported in the literature over the previous years, only two

of them including IMA [144, 145]. Both papers report the possibility to correlate the IMA

concentrations found in DBS with those related to plasma, applying specific adjustments

(Hct or correction factor). Anyway, neither the method proposed by Kralj et al. nor the

one presented by Antunes et al. have taken in consideration the quantification of norIMA,

IMA main metabolite.

1.6 TDM and biosensors

Since their discovery by Leland C. Clark, Jr. in 1962 [146], biosensors have revolutionized
not only the field of health care, but also food and environmental monitoring and so, have
greatly improved the quality of our life. The most popular devices are the glucose
monitoring and the pregnancy test, while other devices including infectious disease,
cardiac markers, lipids coagulation and haematology are mainly used by clinicians [147].
During the past 50 years, the number of developed biosensors has been considerably
increased, to achieve a healthcare more focussed around the patient. The increasing
interest in biosensor in the field of modern analytical chemistry is evident both from the
number of published articles and from the numerous applications approaches and

techniques, Figure 15.
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Figure 15. Application fields of biosensors. Adapted from [148].
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In addition to the use of LC-MS/MS as tool for TDM analysis, other useful techniques, like
the application of biosensor in the clinical routine to monitor drug concentrations in blood
samples during chemotherapy, could be crucial to improve patient’s life quality.

In fact, as said before, TDM applied in oncology treatments is still complex and
demanding. It requires pre-analytical precautions, thorough clinical data recording,
shipment to a distant laboratory, analysis using sophisticated and costly apparatus,
delivery of results after a significant delay and potentially complex interpretation of the
data obtained, requirement of a specialized nurses and technical scientist. Technological
developments towards the miniaturisation of monitoring tests and their delivery at point-
of-care based in biosensor might well represent a future approach to make TDM in cancer
more feasible.

Biosensors are devices capable to detect specific biological analytes and converting their
presence or concentration into signals that can be easily detected and analysed.

All biosensors can be divided into three main components, as graphically reported in
Figure 16: a recognition element that binds specifically the interested analyte; a signal
transducer that converts the biological signal into an electronical output; and a signal

processor that relays and displays the results [149].

Analyte Recognition element Transducer

Signal processor SIGNAL

Figure 16. Graphical scheme of the components of a biosensor and how it works.

The central part of a chemical or biological sensor is the recognition element, which is at
narrow contact with a suitable transducer. The recognition element is responsible for
specific recognition and interaction with the target molecule, often present in a complex
sample (ex: blood). In biosensors, recognition elements correspond to biological entities

such as antibodies, enzymes, receptors or whole cells. In recent years there have been
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numerous attempts to replace natural receptors with smaller and more stable
counterparts. This has led, for example, to the development of fragments of antibodies
created through bioengineering, or the development of semi-synthetic biosensor
receptors such as nucleic acids and peptides [150]. However, in general, the little chemical
and physical stability of biomolecules sometimes prevents their use in harsh
environments, although in principle they are very favoured for the biosensors design.

An alternative approach consists in the use of biomimetic receptor systems able to bind
target molecules with affinities and specificities comparable with those of natural
receptors. A technique, that in recent years has been adopted more and more frequently,
is the molecular imprinting in synthetic polymers. The binding sites that are generated
during the imprinting process often possess affinities and selectivity that is similar to those
of the antibody-antigen systems. Therefore, molecular imprinted materials have been
nicknamed as "antibody imitators" or antibodies artificial [151]. These imitators show
some clear advantages over real antibodies for sensory technology: due to their cross-
linked polymeric nature, they are stable and robust intrinsic mode, thus facilitating their
application in severe environments, such as the presence of acids and bases, organic
solvents or high temperature or pressure conditions. Moreover, these materials are cheap

and can be stored in solid form for long periods of time.

1.7 Molecularly imprinted polymers

Molecular imprinting is an emerging technology which enables us to synthesize the
materials with highly specific receptor sites towards the target molecules.

The first scientific mention of molecularly imprinted polymers (MIPs) dates back almost
100 years, precisely in 1931 with M. V. Polyakov, a scientist who discovered that when he
made polymers out of silica in the presence of another molecule, the polymers would
selectively absorb that molecule. Another important goal was achieved in 1949 with Jean
Dickey at Cal Tech who imprinted silica with organics compounds [152].

MIPs are a class of highly cross-linked polymer that can bind certain target compound with
high specificity. The concept behind the formation of the selective binding sites is
schematically shown in Figure 17. In brief, in a general molecular imprinted method, the

template (target analyte) is added along with the functional monomer and high
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proportions of cross-linker, which are polymerized under proper conditions. During the
reaction, the polymeric chains self-organized around the template through functional
group interactions. The template molecule can be then removed or washed from the
polymeric matrix. This lead to obtain binding cavities with a complementary geometrical
and chemical fitting structure of the template, and these pockets are also capable of
reversibly interaction (usually hydrogen bonds, dipole-dipole and ionic interactions) with

the target molecule [153].
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Figure 17. Schematic representation of the imprinting process.

According to the review of Vasapollo et al. [154] MIPs have higher physical strength,
robustness, resistance to elevated pressure and temperature and inertness against
various chemicals (organic solvents, acids, bases, and metal ions) compared to biological
media such as proteins and nucleic acids. Furthermore, their production costs are low,
and their lifetimes can be of several years at RT. All these advantages make them
attractive for numerous applications. A wide range of chemical compounds have been
successfully imprinted, ranging from small molecules, such as drugs, to large proteins and
cells. The best results have been obtained for molecules with molecular weights in the
range of 200—1200 Da. The resulting polymers are robust, inexpensive and, in many cases,
possess affinity and specificity that is suitable for industrial applications.

For example, Lotierzo et al. reported that his MIP system, for the detection and
guantification of domoic acid, was able to outperform monoclonal antibodies , with a
broader detection range and better long term stability [155]. Tan Y. et al. described the
fabrication of a bio-mimetic bulk acoustic wave sensor for paracetamol by using MIPs as
sensing materials [156], and in Rachkov A. et al. paper it is defined a fluorescence sensing

system for the determination of B-estradiol using MIPs [157].
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These are just examples, but MIP technique is nowadays applied in many fields: to
recognize biological and chemical molecules including proteins, pollutants, drugs and
food; in the separation sciences and purification, in chemical sensors, drug delivery and
so on [158-160]. Moreover, MIP receptor materials have already been demonstrated for
a wide range of clinically relevant compounds and diagnostic markers [161].

The functional monomer (FM), that interacts with the template during molecular
imprinting, can be selected according to two different approaches, in particular the
recognition phenomena nature could be based on: weak non-covalent or covalent bonds.
The so-called non-covalent or self-assembly protocol is currently the most commonly
employed, since it is relatively easy to put into practice, and rather flexible since a large
number of FMs, able to interact with almost any kind of target molecule, are available
[162]. In this process, originally developed by Mosbach [163], FMs are positioned in a
particular orientation with respect to the template prior to polymerization. The number
of non-covalent interaction must be enough to allow the organization of the binding
pocket during polymerization. Moreover, the use of a cross linking FM during
polymerization allows to create a three-dimensional rigid structure around the template
molecule and produces stable binding cavities.

In this thesis, the polymers synthesis was conducted exploiting the non-covalent
approach. In this case the template-monomer complex is formed by association of non-
covalent forces like hydrogen bonds dipolar interactions, van del Waals forces, ion pair
and dipole-dipole interactions. The advantages of the non-covalent approach include the
requirement of milder polymerization conditions and easy template removal. On the
other side, one of the hitches in using this technique is that the interaction sites are not
uniformly distributed over the polymeric system, which often leads to nonspecific
interactions [163]. Another limit is set by the peculiar molecular recognition condition. In
fact, most of the formed interactions between monomer and template are stabilized
under hydrophobic environments while a polar environment can easily disrupt them.
Moreover, the association between the monomer and the template is governed by an
equilibrium. This gives rise to a number of different configurations of the template-FM

complex, leading to a heterogeneous binding site distribution in the final MIP [164].
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In imprinted polymers technique there are different methods for synthesizing the MIPs
and also for tuning the functionalization of the interaction sites.

In the thesis work hereby presented was used the free radical polymerization, that
involves the simplest process to prepare MIPs. This type of reaction is quite rapid, it is
started by an azo-initiator, commonly azo N-N’-bis isobutyronitrile (AIBN), in Figure 18,

and by thermal or photochemical initiation.
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Figure 18. Chemical structure of AIBN.
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The main steps that could be distinguish in the radical polymerization process are:
initiation, propagation and termination. During the initiation step the production of free
radicals occurs by homolytic dissociation of the initiator giving a pair of radicals.
Consequently, the addition of one of these radicals to the first monomer molecule occurs,
thus producing the initiating radical chain. The propagation step consists on the growth
of the initiating radical chain by the consecutive addition of a large numbers of monomer
molecules in sequence. These chains, as their weights increase, have an increasing
probability to combine with another oligomer chain, rather than a single monomer, thus
leading to the third and last step that is the termination. The polymer stops growing
through the annihilation of the radical centres by a reaction between two radicals that
could occurs by coupling. This random addition of various chain lengths results in a
divergent reaction with thermodynamic equilibrium forces dictating ultimate polymer
weight and particle size.

The rational design of MIPs is quite complicate due to a number of experimental variables,
such as the template, the functional monomer, the functional monomer/template/cross-
linker/solvent, etc.

The FM choice is crucial in order to create highly specific cavities designed for the
template molecule. Typical FMs are carboxylic acids, sulphonic acids, heteroaromatic

bases. The extensive use of methacrylic acid (MAA, structure reported in Figure 19) is due
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to its capability to act both as hydrogen bond and proton donor and as hydrogen bond

acceptor.

e

Figure 19. Structure of methacrylic acid (MAA).

Moreover, the cross-linker fulfils important functions. It is important to control the
morphology of the polymer matrix, helps to stabilize the imprinted binding sites and
imparts mechanical stability to the polymer in order to retain its molecular recognition
capability [165]. The solvent nature and volume play an important role in molecular
imprinted process: it helps to bring all components in solution and it is responsible for
creating the pores in microporous polymers [154].

Besides, the solvent provides an in situ scafford, around which a pore can be formed
during polymerization [166]. The presence of a non-reactive solvating medium facilitates
the mixing and complexation of the template and the FM, and thus the subsequent
formation of template-specific imprinted binding sites.

For their insoluble nature, MIPs are quite difficult to characterize. However, some
analytical techniques can be utilized to obtain the chemical and morphological
characterization. Morphological characteristics of MIPs can be properly investigated by
microscopy techniques, as transmission electronic microscope (TEM) and using dynamic
light scattering (DLS) technique for the size characterization. A very important level of
characterization for MIPs concerns the molecular recognition behaviour, such as the
binding capacity. One of the best methods for evaluating binding capacity and selectivity

is performing a so-called rebinding test using HPLC coupled to an UV or MS detector.

52



53



54



2. AIMS OF THE PROJECT

55



56



2. Aims of the project

TDM is the clinical practice of measuring a specific drug at defined intervals of time to
maintain plasma concentrations within a targeted therapeutic window, to maximize
efficacy and minimize toxicity. Unfortunately, this parameter is characterized by inter-
individual variability in treatment outcome thus indicating the need of a personalized
approach for anticancer therapy. On these bases, the PhD project presented hereby aims
to develop techniques to perform the TDM of anticancer drugs exploiting different
strategies.

Above all, the work done was focused on IMA, an oral potent TKI indicated as first-line
treatment for patients with inoperable, metastatic or recurrent GIST. The introduction of
this drug has dramatically changed GISTs treatment, transforming them, in some cases,
into chronic diseases that can be treated at home.

Despite the unquestionable advantages brought by IMA in GISTs treatment, some
limitations are still related to this drug. In particular, IMA shows a high interpatient
variability in plasma exposure (which might affect the therapy outcome), but it is still
administered following standard doses. Moreover, a relationship between IMA plasma-
exposure and treatment outcome has been supposed. For these reasons, there is a strong
recommendation to perform TDM, that could be useful to identify possible cases of
suboptimal response, presence of severe toxicity, drug-drug interactions, cases of non-
adherence to therapy, and, thus, personalize the therapy.

In this context, the first aim of my PhD project was the development, validation and cross-
validation of a LC-MS/MS method for the simultaneous quantification of IMA and its active
metabolite, norIMA, Cmin in GIST patients. To reduce the sampling time and costs and to
improve patient’s compliance, this method was developed exploiting the DBS technique,
that aims to perform the quantification of the two analytes directly on a drop of blood
from a finger-prick. The method was developed optimizing both the spectrometric and
chromatographic conditions but also the sample processing for an accurate and precise
analysis and it was then validated according to FDA and EMA guidelines. After that a total
of 67 GIST patients’ samples were quantified to check the method performance and to
cross-validate it with a “reference” one (i.e. a LC-MS/MS method in-house developed for

the quantification of these analytes in plasma samples). Patients’ were enrolled in a
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clinical study ongoing at the National Cancer Institute of Aviano, (EudraCT N. 2017-
002437-36, internal code: CRO-2017-19).

Despite the LC-MS/MS is considered the election technique for TDM analysis, it is quite
expensive and it needs trained personnel.

Thus, the development of a point of care device usable at the bed side of patients by non-
specialized personnel that can replace standard LC-MS/MS technique for the
guantification of drug concentrations in biological fluids could represent a turning point
for TDM of anticancer drugs, such as IMA.

Thus, the second aim of my PhD project was the development of a quantification system
based on IMA recognition by polymeric receptors and its fluorometric detection. With this
purpose, MIPs were synthesized, exploiting the non-covalent approach, and characterized
using different techniques: *H-NMR to perform the monomer conversion studies, the DLS
to evaluate the particle size, the rebinding tests to estimate the polymers affinity for the
template and, finally, cross-reactivity tests, to evaluate the selectivity of MIPs for IMA
versus other drugs.

This part of the thesis was carried out in the laboratory of prof. Federico Berti (Dept. Of
Chemical and Pharmaceutical Sciences, University of Trieste), and in the laboratory of
prof. Marina Resmini (School of Biological and Chemical Sciences, Queen Mary University
of London), for an overall secondment of 6 months.

Finally, in order to apply TDM approach to a new class of drugs used in breast cancer
therapy, the third aim of my project was the development and validation, according to
FDA and EMA guidelines, of a LC-MS/MS method for the simultaneous quantification of
RIBO, PALBO and LETRO in human plasma. RIBO and PALBO are small CDKIls indicated for
the treatment of HR-positive, HER2-negative locally advanced or metastatic breast cancer
in combination with an aromatase inhibitor, such as LETRO. TDM recommendation for
these drugs is currently only exploratory, based on limited exposure-response and -
toxicity studies. The developed method was then applied to quantify the Cmin of the three
analytes in patients’ plasma samples to support a clinical study (internal code: CRO-2018-

83) on-going at the National Cancer Institute of Aviano.
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3.1 LC-MS/MS method development for the simultaneous
quantification of IMA and norIMA in DBS

The hereby method has the aim to perform a quantitative analysis of IMA and its active metabolite
norlMA in DBS using an LC-MS/MS apparatus.

The development of this method followed three main steps of instrumental optimization that were
necessary to achieve the best sensitivity and selectivity towards these two compounds:

1. the optimization of the mass-spectrometric conditions (see section 3.1.2) to achieve the best
signal-to-noise ratio (SNR) for the analytes of interest;

2. the optimization of the chromatographic conditions (see section 3.1.3), to obtain the best
selectivity and minimize the matrix effect due to other interferents present in plasma (e.g.
salts, phospholipids);

3. the optimization of the sample preparation workflow (see section 3.1.4), to obtain a fast and

reliable sample extraction method of interested analytes from the paper.

3.1.1 Instrumentation

The LC-MS/MS methods reported in this thesis work have been developed using a LC Nexera system
(Shimadzu, Tokyo, Japan) in-house configured for the on-line clean-up. It included an autosampler,
a binary pump, a column oven and an additional pump module for the trapping step. The LC system
was coupled with an API 4000 QTrap (SCIEX, Massachusetts, USA), a mass spectrometer
characterized by a Turbo lonSpray (TIS) source and a triple quadrupole analyser. To quantify
analytes, data were processed using Analyst 1.6.3 and the chromatographic peaks were integrated
with Quantitation wizard (software package SCIEX).

The plasma separation from whole blood samples was performed with a 5810R centrifuge while a
5427R benchtop centrifuge (Eppendorf, Hamburg, Germany) was adopted for the centrifugation
which completes the protein precipitation procedure. Analytical standards powders were accurately
weighted with a Mettler Toledo DeltaRange XPE205 analytical balance (Columbus, Ohio, USA). For
the experiments involving DBS technique was used the water bath Clifton (Nickel-Electro Ltd.,
Weston-Super-Mare, UK) to homogenise the drug added in whole blood samples. Working solutions

and biological samples were handled with a Pipetman set composed by P1000, P200, P100, P20, P10
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and P2 pipettes all purchased from Gilson (Villiers-le-Bel, France). During the analysis, samples were
kept in autosampler polypropylene vials with PTFE caps purchased by Agilent Technologies (Santa
Clara, California, USA).

3.1.1 Standards and chemicals

Imatinib mesylate, norimatinib (des-methyl imatinib) free base and d8-imatinib mesylate (used as
internal standard) were supplied by TRC (Toronto, Canada). Ammonium acetate, and formic acid
(HCOOH) (analytical grade) were bought from Sigma-Aldrich (Milano, Italy). DMSO was supplied by
Alfa Aesar (Ward Hill, MA-USA). AcN and iPrOH, (both LC-MS grade) were obtained from Merck
(Rome, Italy) while LC-MS grade MeOH was purchased from Carlo-Erba (Milano, Italy). LC-MS grade
water was in-house produced through a Millipore system (Merck Rome, Italy). Control human blood,
used to prepare daily standard calibration curves and quality control (QC) samples, was collected in
K-EDTA-Monovette of Sarstedt (Nuembrecht, Germany) and provided by the transfusion unit of the
National Cancer Institute (Aviano, Italy) from healthy volunteers. Corresponding Hct values were
measured at central lab with an Advia system (Siemens Medical Solutions Diagnostics Zurich,

Switzerland). 31ET-CHR and 903 filter papers were supplied by GE-Whatman (Little Chalfont, UK).

3.1.2 Mass spectrometric conditions optimization

To achieve the best SNR and the greatest sensitivity for the analysed compound, two types of
parameters had to be tuned:
e the compound-dependent parameters, which must be optimized individually for each
compound based on its ionization efficiency and fragmentation pattern;
e the source-dependent parameters, which are dependent on the mobile phase composition

and the flow rate.

3.1.2.1 Compound-dependent parameters optimization

First, to optimize all the compound-dependent parameters, three solutions, one for each analyte
(IMA, norlMA and ISt) were prepared in MeOH with 0.1% HCOOH (v/v) at a concentration of 100
ng/mL. Each solution was directly infused to the TIS source at a flow rate of 20 uL/min and, for each
analyte, the following procedure was performed.

With the HPLC disabled, the spectrometer configured in manual tuning mode and all source-

dependent parameters set to default values, the first step consisted in the analyte presence
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confirmation by the identification of its protonated molecule [M+H]*. Then the spectrometer was

set in Q1MS mode and other two parameters were optimized (in Figure 20 is reported a graphical

representation of the mass spectrometer):

1. Declustering potential (DP), that controls the potential difference between QO and the

orifice plate to minimize the cluster formation;

Entrance potential (EP), that controls the potential which guides and focused the ions
through the high-pressure QO region. By ramping the DP from 20 to 150 V, the intensity
trend of the XIC was monitored to choose the most correct DP value for the pseudo-
molecular ion. This because too low DP values will result in lower ion intensity due to
interferences from clusters, while too high values might cause an in-source fragmentation.
The optimal EP value (in a range of 1-15 V) was determined in the same way, even if it is
often left at 10 V (i.e. the default value) without any impact on analyte detection limit
because EP has a minor effect in compound optimization. Finally, the remaining parameters
were defined:

Collision energy (CE), that controls the potential difference between Q0 and represents the
energy that the precursor ion receives once accelerated into Q2, where it collides with gas
molecules and other fragments;

Collision cell exit potential (CXP), that controls the potential which focuses and accelerates
ions existing Q2, it is the potential difference between Q2 and ST3 (a lens that separates Q2
and Q3).
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Figure 20. Graphic representation of the mass spectrometer.

To define these parameters the three quadrupoles were exploited in MS/MS configuration. First, an

analysis of the fragmentation pattern was carried out for each compound with the spectrometer

settled in product ion mode (MS2). In this mode the Q1 filtered only the pseudo-molecular ion, also
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called precursor ions, which was fragmented in Q2 and a scan of all fragments (product ions) was

performed by Q3 (Figure 21).
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Figure 21. Schematic representation of the triple quadrupole analyser in MS2 configuration.

In this way, for each analyte, a first evaluation of the most representative fragments was carried
out. Once the main fragments had been selected, the optimal CE value was simultaneously
determined for each of them by setting the spectrometer in multiple reaction monitoring (MRM)
mode and the spectrum was recorded by increasing the CE value during the time from 10 to 100 V.
The resulting spectrum showed the XIC intensity for each transition in line with the rise of the CE
values. The transition with the highest signal intensity was selected as the most suitable for the
guantification, while the other one had the function of “qualifiers” to increase the specificity for the
analyte of interest. The optimal CE value for each transition is the one at the apex of the XIC signal
curve. A similar experiment was carried out by ramping the CXP value, while CE was set at its

optimum value for each transition.

3.1.2.2 Source-dependent parameters optimization

Source-dependent parameters can be optimized based on only one analyte. For this reason, it is
necessary to choose the most important compound among those that need to be quantified. In our
case, a solution of IMA (100 ng/mL) was prepared in acidic MeOH (0.1% HCOOH) and was directly
infused to the TIS source (flow rate of 20 uL/min) into a flowing MP coming from the HPLC pumps.
The composition of the MP was 50/50 between A (MPA: 2 mM ammonium acetate aqueous solution
with 0.1% HCOOH) and B (MPB: AcN-iPrOH 80:20 containing 0.1% HCOOH) and the flow rate was
400 pL/min and the mix with the IMA solution injected was achieved through a tee union. Another
union was used as a substitute for the chromatographic column, which was not necessary for this
workflow. The whole configuration had the function to mimic the real working conditions of the LC-
MS/MS apparatus.

The parameters that were optimize in this step are the following:
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e Curtain gas (CUR): controls the curtain gas pressure, which flows between the curtain plate
and the orifice preventing the contaminations of the ion optics;
e CAD gas (CAD): controls the gas collision pressure in Q2;
e lonSpray Voltage (IS): controls the voltage applied to the needle that ionized the sample, to
guarantee the spray stability for all the samples;
e Temperature (TEM): controls the turbo gas temperature;
e Gas 1 (GS1): controls the nebulizer gas pressure, which helps to generate small droplets of
sample flow;
e Gas 2 (GS2): controls the turbo gas pressure, which has the function of helping the
evaporation of the spray droplets and avoiding solvent entrance into the analyser.
To optimize these parameters, the first step consisted in launching a selected reaction monitoring
(SRM) with the HPLC enabled and the spectrometer configured in manual tuning mode. The result
was a XIC (selected ion current) signal, with a constant intensity. By manually varying each source-
dependent parameter, a XIC intensity change was observed.
The goal of this optimization was to reach the maximum signal intensity in order to achieve the

greatest sensitivity for the quantification method.

3.1.3 Chromatographic conditions optimization

The development of the chromatographic method implies the determination of the best
chromatographic conditions to obtain: good separation of the two analytes (resolution), peaks with
good symmetry, good control of the carryover and minimum analysis time. These conditions allow
an analytical method to be selective and sensitive.

The first parameter to consider in the chromatographic method development is the column choice
that depends on the physicochemical properties of analytes (type of SP), the number of compounds
to be analysed (column length) and required resolution (column particle size). Once the SP had been
selected, the choice of the column temperature, the flow rate and the MP composition were the
next important step.

For this work of thesis an innovative fluidic system for the chromatographic separation was
developed, which consists on an online bidimensional chromatography (2D-LC), graphically

reported in Figure 22.
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Figure 22. Graphical representation of the online bidimensional chromatography.

The first column was a perfusion column, POROS R1/20 (ThermoFisher), that performs a size-
exclusion chromatography. In contrast with conventional chromatography media particles, which
are characterized by small diffusive pores, POROS particles are characterized by the addition of large
“throughpores”. With this technology, flow rates can be dramatically increased without
compromising capacity or resolution. POROS particles are rigid cross-linked poly(styrene-
divinylbenzene) flow-through beads with a patented bimodal pore-size distribution for rapid mass
transport. Thus, IMA and norIMA can be separated from the larger size denaturised proteins present
in the sample.

The stability of POROS polymeric beads and surface chemistry allows for aggressive cleaning and
sanitization with all the common agents used in biopharmaceutical process, including strong acids,
bases and organic solvents. This column, indeed, is totally regenerable by washing it with sodium
hydroxide (NaOH) [167].

The second column used was a Synergi fusion RP (4 um, 80 A, 50 x 2.0 mm, Phenomenex), which
performed the actual chromatography. This column uses a polar embedded group and a
hydrophobic ligand to achieve improved selectivity. The C18 ligand gives to the Synergi Fusion-RP
column good hydrophobic retention and selectivity, while the polar embedded group provides
enhanced polar retention (Figure 23). This dual-phase selectivity allows balanced polar, acidic, basic
and hydrophobic compound retention and resolution [168]. Moreover, the small internal volume
(less than 110 pL) allowed to decrease the run-time while the relatively large particle size of 4 um
reduced the system back pressure during the MP flow rate.

Considering that this analytical method has a triple quadrupole analyser (capable of precisely
guantifying two co-eluting compounds, contrary to UV detectors), a high chromatographic
resolution was not necessary. Anyway, cross-talking issues in some circumstances might occur.

Moreover, the quantification of two co-eluting analytes involves the scan time to be split in two,
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thus halving the number of data points describing each peak. For this reason, a minimum degree of

separation between IMA and norIMA was required.

C18

Polar group

Figure 23. Graphic representation C18 Sinergy Fusion column.

In general, a chromatographic method is composed by 4 different steps:

e Conditioning phase of the column characterised by a low percentage of MPB (organic

solvent) which helps the correct packing of the analytes at the head of the column.

e Elution phase of the analytes.

e Washing phase, in which a high percentage of MPB allows the elution of more lipophilic

interferents in the matrix (e.g. phospholipids, peptide residuals, etc.) still bound to the SP.

e Reconditioning phase of the column, in which the eluent composition returns to the initial

condition. Reconditioning failure can lead to alterations in retention times and therefore to

reproducibility lack of repeated runs.
The whole 2D system is composed by the standard HPLC system with 4 pumps, two columns above
described and four 10-port valves (V1-4). Pumps A (MPA: 10 mM ammonium acetate with 0.1%
HCOOH) and B (MPB: MeOH-iPrOH 90:10 containing 0.1% HCOOH) performs the sample loading
into the POROS column, meanwhile pumps C (MPC: 2 mM ammonium acetate aqueous solution
with 0.1% HCOOH) and D (MPD: AcN-iPrOH 80:20 containing 0.1% HCOOH) performs the sample
elution into the RP column. The 2D system is connected with the LC-autosampler through positions
2 (linked to AS-IN) and 7 (linked to AS-OUT) of V4 and with the MS through position 3 of V3.
As shown below (Figure 24), the 10-port valves have 2 different configurations:

e Configuration |, in which the communicating positions are: 10-1, 2-3, 4-5, 6-7, 8-9;

e Configuration Il, in which the communicating positions are: 1-2, 3-4, 5-6, 7-8 and 9-10.
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Figure 24. Graphical representation of a 10-port valve (A); 10-port valve in configuration | (B); 10-port valve in configuration Il (C).

The valves were then properly linked through plastic peeks with different diameters and lengths to

obtain the final model reported in Figure 25.
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Figure 25. General scheme of the bidimensional system. A/B/C/D: pump A/B/C/D; AS IN/OUT: autosampler IN/OUT; LC: Synergi
column; MS: mass spectrometer.
Each valve has a specific role:
e the first valve (V1) allows to direct the mobile phase flows from the pumps to the perfusion
column;
e V2 manages the moment in which the sample had to go from the perfusion column to the
RP column;
e V3 allows to exclude the analytical column in order to fine-tune the working conditions of
the perfusion column, such as percentages of mobile phases and flow;
e finally, with the V4 configuration change, the system could exclude the POROS and work in
mono-dimensional chromatography using only the RP column.
In respect to that, V1 and V2 are crucial to handle the sample running, in fact only these two valves
change their configuration during the chromatographic run, while V3 and V4 remain in the same

position from the beginning to the end of the run.
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During the first step, the sample is taken by the MPB from the autosampler, it is properly mixed with
MPA before being loaded in the perfusion column. In the meanwhile, the RP column is conditioned
with phase C and D.

Then, the V2 configuration changes, allowing the analytes transfer from the POROS to the RP

column. In this phase also the mixing of the analyte with MPs C and D occurs (Figure 26).

Figure 26. In this arrangement, V1 remains in the same configuration, meanwhile V2 changes it to allow analytes transfer from the

POROS to the RP column.

Once the transfer is completed, the configuration change again, for both V1 and V2, as shown in

Figure 27. The PORQOS, connected to the waste, is cleaned with MPA and MPB. In the meantime, the

gradient elution (with MPC and MPD) of the analytes in the RP column starts.
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Figure 27. In this arrangement both the valves, V1 and V2, change configuration. POROS is connected with the waste again, and it is

cleaned by MPA and MPB.

Finally, the configuration returns at the original conditions.
This innovative fluidic system offers two important advantages:
e allows the injection of high quantities of organic solvent without interfering with the
chromatography (as reported in Figure 28) thanks to the presence of the perfusion column.
Consequently, the analyte is transferred to the RP column with high percentages of weak

solvent, permitting the right packing in the column, before the elution gradient begins;
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Figure 28. Linear response (intensity) obtained injecting increasing sample volumes, from 10 to 100 uL of IMA in MeOH.

e extends the duration of the RP column. The perfusion column, indeed, allows the sample

purification before it is introduced into the Synergi column.
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3.1.4 Sample preparation for quantitative analysis

3.1.4.1 Working solutions preparation

To perform quantitative measurements, it is necessary to calibrate the instrument (i.e. to establish
a relationship between the detected signal and the analyte concentration) with a series of known
samples having increasing concentrations. It is necessary to realise these calibration samples with
same matrix type of the real samples. To ensure the reliability of the calibration curve, it is necessary
to use during the analysis a set of samples having known concentrations: the so-called quality
controls (QCs). The QCs might be purchased or, self-produced. Moreover, QCs concentration values
must differ from the calibrators ones and they must be distributed within the range covered by the
calibration curve in the following way: QCL, low concentration within to three times the LLOQ; QCM,
average concentration which falls in the middle of the linear range and QCH, high concentration
near to 75/85% of the ULOQ.

According to the FDA and EMA guidelines, a calibration curve must include at least 6 calibrators,
including the LLOQ. For the method subject of this thesis, a ten point-calibration curve was selected.
IMA and norlMA stock solutions were prepared in DMSO at concentrations of 3 mg/mL and 0.6
mg/mL, respectively (one was prepared to obtain the calibration curves point, another one for the
QCs points). Two different stock solutions were obtained for each compound: one for the calibration
curve and the other for QCs. The two stock solutions were mixed together with a 1:1 ratio (final
concentrations of 1.5 mg/mL and 0.3 mg/mL for IMA and norIMA, respectively) and then further
diluted in MeOH 50% for getting the working solutions to be used to build the calibration curve
(from A to L) and QC samples (L-low, M-medium, and H-high). The final concentrations obtained
were: 750, 625, 500, 375, 250, 100, 50, 20, 10, 5 pg/mL (from A to L) and 600, 125, 25 pg/mL (QCH,
M, and L) for IMA, and 150, 125, 100, 75, 50, 20, 10, 4, 2, 1 ug/mL (from A to L) and 150, 750, 50
ug/mL (QCH, M, and L) for norIMA. IMA-D8 stock solution was prepared in DMSO at concentration
of 0.5 mg/mL. Intermediate solution at 10 ug/mL was prepared by diluting the stock solution with
MeOH. DBS solution was prepared diluting the intermediate IMA-D8 solution with acidified

methanol (0.1% of formic acid) to obtain the final concentration of 10 ng/mL.

3.1.4.2 Standards and quality control samples in DBS preparation

Calibrators and QC samples were made by mixing the working solutions and whole blood with a

1:100 ratio. The final concentrations were: 50, 100, 200, 500, 1000, 2500, 3750, 5000, 6250, 7500
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ng/ml (from L to A) and 250, 1250, 6000 ng/mL (QCL, M, H) for IMA and 10, 20, 40, 100, 200, 500,
750, 1000, 1250, 1500 ng/ml (from L to A) and 50, 250, 1200 (QCL, M, H) for norIMA.

Calibration standards and QC samples in blood were prepared by adding 3 ulL of standard or QC
working solutions to 297 pL of whole blood and the solution were equilibrated for 30 min (from 30
min to 4 h of incubation times were tested with no differences between them) at 37°C. Then, 20-uL
aliquots of spiked blood were spotted on filter paper and allowed to air dry for 3 h at room
temperature. With a pneumatically-activated device, supplied by Analytical S&S (Flanders NJ, USA),
calibration standards and QC DBS were punched for getting a 3 mm-disc which was added by 150
uL of a IMA-D8 methanolic solution (10 ng/mL) containing 0.1% HCOOH. After a 30 min gentle mixing
(from 30 min to 4 h of extraction times were tested with no differences between them) and a 10
min centrifugation at 16000 g and 4°C, 100 pL of supernatant were transferred to a polypropylene

autosampler vial for the analysis.

3.1.5 Optimization of DBS parameters

Several pre-analytical, analytical and post-analytical variables influence the DBS analysis and must
be considered during the development and validation of a new DBS assay. In the following
paragraphs are addressed all the parameters that were taken into account to develop the presented

method.

3.1.5.1 Type of the paper

Different types of card matrices, in combination with haematocrit (Hct) value and other parameters,
may have different effects on the spreading of the blood spot and the extraction recovery of the
substance. The most common matrix for DBS is cellulose-based paper and, there are two types of
commercially available paper cards suitable for DBS: chemically untreated and treated papers. The
untreated ones are the most commonly used, in particular the Whatman 903 card, which is
composed of cotton-based filter paper within a rigid cardboard frame for handling and labelling.
The paper, as reported in Figure 29 is ink-printed with five half-inch circles that direct the user to

the location for depositing a specimen [169].
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Figure 29. Example of the filter paper Whatman 903, before (A) and after (B) the deposition of the blood drops.

Moreover, Whatman 903 and Perkin Elmer 226 are the only types of DBS cards that are approved
by the US FDA as clinical collection devices. These types of cards are extensively monitored for
consistent performances between batches [170]. Being a validated filter paper to perform DBS
sampling, the Whatman 903 is a quite expensive filter paper. Thus, to ensure that costs are kept
low, in order to develop a cost-effective and reliable quantification method, another type of
untreated filter paper has been tested and then chosen: Whatman 31ET-CHR. This is a pure cellulose
filter paper, without any additives. This type of paper was already used by Vu et al. with moxifloxacin
for the dried blood spot purpose, with good results compared to Whatman 903 [171].

To assess if these two papers have the same impact on DBS analysis, QC samples (prepared as
reported in section 3.1.4.2) were prepared using both the paper Whatman 31ET-CHR and the
Whatman 903. They were then quantified using a DBS calibration curve prepared with the Whatman
31ET-CHR. The difference between the two papers, on IMA and norIMA concentrations, was then

determined as the accuracy percentage of the measured concentrations in QC DBS samples.

3.1.5.2 Collection procedure

DBS sample collection procedure must follow uniform procedures to minimize the pre-analytical
errors that can occur, like contaminations, overlapping or messy spots. Especially contamination is
the most concern for DBS sampling, which can lead to inaccurate determination of drug
concentration in the sample. It can result from the use of topic anaesthetics creams, disinfectants,
etc. In this regard, the European Bioanalytical Forum (EBF) proposed the concept of good blood-
spotting practices [142]:

1. Prior to the collection, any contact with the target site of the matrix card must be avoided.
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2. If the participant's hands are cold, massaging or warming the collection site before pricking
can stimulate local blood flow and clean the puncture site with 70% isopropyl alcohol.

3. Use a sterile, single-use lancet to prick the finger just off the centre of the tip of the middle
or ring finger and wipe the first blood drop away with a sterile gauze pad to remove the
tissue fluid from the sample.

4. Carefully position the collection paper below the finger and allow the drop to fall. The
donor's finger should never touch the DBS matrix. Furthermore, do not place blood on top
of blood, what can result in sample concentration.

5. Allow the spot to dry for 3 hours in horizontal position, allowing contact with air on both
sides of matrix.

6. Store/transport samples in plastic bags with desiccant, under room temperature,

refrigerated or frozen, depending on analyte stability.

3.1.5.3 Drug extraction optimization

The extraction efficiency of the analytes from a complex matrix, containing hundreds of denaturated
proteins, depends on several factors: the compound’s chemical properties, solvents and timing of
the extraction procedure, and the filter paper used. Generally, the extraction efficiency does not
need to be near to 100%, but it necessarily has to be constant and reproducible over different
analyte concentrations (from high to low concentration respect to the calibration curve).
Water-miscible solvents are the most commonly used to extract small molecule compounds from
DBS samples [172]. MeOH, AcN or mixture of them, also with water, are the most frequent used.
Based on visual observation, it appears that higher is the aqueous content, higher is the dissolution
of blood cells and other endogenous components from DBS. Usually the best solvent is where the
analytes are soluble in. This because the solvent needs to have the strength to extract the drug from
the paper and bring it back in solution.

After the solvent addition, the DBS sample is vortexed or shacked for an amount of time that is
analyte dependent, usually from 5 mins to 2 hours. The optimization of this parameter is important

to develop a reproducible and no time-consuming method.

3.1.5.4 Effect of haematocrit

The interpretation of drug concentration measurements in the context of TDM is usually based on

reference ranges established in plasma or serum samples. As DBS is a measurement in whole blood,
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there is the need to convert the information obtained in this matrix to plasma levels. Usually, the
Hct has a major influence in this process. In fact, the viscosity of the blood affects the amount of
sample present in a matrix punch of fixed size and the proportion between red blood cells and
plasma in the sample, thus bringing to a modifications in the relative concentration of the drug on
these blood compartments [173].

To assess the Hct effect, three aliquots of whole blood were prepared at different Hct% values: EDTA
whole blood was centrifuged (2450 g, at 4°C for 10 min) and then proper volumes of red blood cells
and plasma were combined. To cover the entire Hct% range of GIST patients (spanning from 32 to
45%), the obtained Hct% values were 29, 38.4, and 59%. QCL, QCM, and QCH samples were
prepared, in triplicate, for each of the three blood aliquots with different Hct values and quantified
using a DBS calibration curve prepared at fixed Hct value (38.4%). For the DBS calibration curve and
QC samples preparation see the section 3.1.4.2. The influence of Hct on IMA and norIMA
concentrations was then determined as the accuracy and precision percentage of the measured

concentrations in DBS samples.

3.1.5.5 Volcano effect

Due to the “volcano effect” the analyte concentration can be lower in the centre than in the
peripheral area of the spot or vice versa. Thus, to assess whether there is a difference in IMA or
norIMA concentrations between central and peripheral areas of the DBS, QCL, QCM, and QCH
samples were prepared in triplicate, as reported in the section 3.1.4.2. Then, the punch was
performed in the centre and in the edge area of the DBS for each QC sample. The homogeneity was

calculated as the centre/perimeter concentration ratio (C/P) and the expecting result is C/P=1.

3.1.5.6 Influence of spot size

The influence of spot size was also investigated. QCL, M, and H samples were prepared, and the
spots were performed with four different blood volumes: 10, 20, 30, 40 pL, in triplicate for each QC
concentration (L, M, and H). The quantification of these QC samples was performed using a DBS
calibration curve made by fixed 20 pL-volume spots. The influence of spot size on IMA and norIMA
concentrations was then determined as the accuracy and precision percentage of the measured

concentrations in DBS samples.
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3.1.5.7 Correlation between finger-prick and venous collection

As reported by some authors, there has been a concern whether the drug concentration after a
finger-prick sampling was comparable with venous collection [174]. In fact, DBS is composed from
arterial capillary blood and some amount of interstitial fluid so the drug concentrations can be
potentially different from venous blood.

The clinical protocol was indeed designed to collect DBS from both finger-prick and venous blood
(without anticoagulant) from the same patient to compare the measurements obtained from each
matrix. The comparison was performed in a subset of 10 patients’ samples, estimating both the
Pearson’s coefficient of determination (R?) and the percentage difference (%) between the

concentrations found in finger-prick (CFP) and venous (Cv) DBS, calculated with the equation [2]:

] (CFP — Cv)

3.1.5.8 Internal standard application

During the sample preparation, a known quantity of a further compound, called internal standard
(ISt), was added to each sample and the analytical parameter used for the quantification was the
ratio between the analyte and ISt peaks areas. The ISt must have very close physical-chemical
properties to the analyte of interest, then every error introduced during the sample processing or
during the analysis has the same impact on both the compounds (analyte and ISt). Excellent
candidate for LC-MS/MS analysis are the stable isotopic labelled analogues of the analyte
(deuterium-labelled or C13-labelled compounds). For the quantification of IMA and norlMA,

imatinib-D8 mesylate was selected as ISt (Figure 30).
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Figure 30. Structure of imatinib-d8.
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The usual application of ISt in liquid samples is based on its addition of small volumes directly in the
sample (for example in the plasma sample). However, since DBS is a solid matrix, this application
could be not easy, appropriate and accurate.

For this reason, for the method developing the ISt was added directly in the extracting solution, as

already reported in literature [175].

3.1.6 LC-MS/MS method validation study

After the method optimization, a complete validation study was carried in accordance with the EMA
[128] and FDA [176] guidelines for the validation of a bioanalytical method. In particular, the
validation was carried out by evaluating the following parameters: recovery of the analyte from the
matrix, linearity of the calibration curve, intra- and inter-day precision and accuracy, reproducibility,
lower limit of quantification (LLOQ) and selectivity, matrix effect and stability of the analyte in
samples and solutions. Considering that this method was developed in DBS, the validation was also

performed in accordance to the EBF recommendations [142].

3.1.6.1 Recovery

The recovery determination of an analyte from a complex matrix allows evaluating the extraction
efficiency. The peak areas of IMA and norIMA, extracted from DBS QC samples, were compared to
those obtained from post-extraction spiked DBS. Percentage extraction recovery was determined
for each analyte (i.e. IMA and norIMA) in samples of three concentrations values (QCL, QCM and

QCH) prepared in quintuplicate without adding the ISt and using the formula [3].

Recovery Y% — analyte peak area (in DBS) £100 [3]
Y analyte peak area (in extracted DBS)

It compares the instrument response from two samples with the same concentration value but
prepared with different methodologies: for the first one, blood was spiked with the proper working
solution (WS), spot on the paper and extracting as usual, for the second one the sample was spiked
after the extraction. The analytes recoveries do not necessarily have to be equal to 100%, however,

the extent of recovery of the analyte should be consistent, precise and reproducible.
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3.1.6.2 Linearity

The linearity of an analytical method is its ability (within a given concentration range) to obtain
results directly proportional to the concentration of the analyte present in the sample. The linearity
of the calibration curve has been assessed in five different working days. For each standard point,
the ratio of the LC—-MS/MS peak area for each analyte to the ISt was calculated and plotted against
the nominal concentration of each analyte in the sample. A weighted quadratic regression function
(1/x?) was applied to generate calibration curves. The calibrators were prepared freshly every day
by spiking donors’ blood with the proper calibrators WSs, as reported in section 3.1.4.2. The fitting
quality was calculated using the Pearson correlation coefficient (R?).

The accuracy, which is the closeness of the measured value to the nominal concentration of the
analyte (expressed in percentage) of back-calculated values of an individual point had to be within
85-115% of the theoretical concentration (80—-120% at the LLOQ), and at least 75% (eight out of
ten) of calibration points had to meet these criteria, including the LLOQ and highest calibrator,
ULOQ. The precision, which describes the closeness of repeated individual measures of analyte
expressed as the coefficient of variation (CV), should not exceed 15% for each individual calibration
point.

The accuracy was determined by expressing the mean calculated concentration as a percentage of
the nominal concentration, while precision was reported expressing the standard deviation (SD) as

percentage of the mean calculated concentration (X) (equation [4]).

SD
CV% = —x100 [4]

The reproducibility of each calibration curve was assessed evaluating mean values (+ standard

deviation (SD)) of intercept, slope and R2.

3.1.6.3 Intra-day and inter-day precision and accuracy

The precision and accuracy of the presented method were evaluated by analysing six replicated of
each QC sample (L, M and H) within a single-run analysis for intra-day assessment and three
replicates of each QC sample over five different working days for inter-day assessment, using

standard calibration curves freshy prepared.
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For both intra- and inter-day accuracy, the measured concentration for at least 2/3 of the QC
samples had to be within + 15% of the nominal value, in each run, and only one QC sample, at each
concentration level, could be excluded. The intra- and inter-day precision value should not exceed

15% for each QC sample.

3.1.6.4 Limit of quantification and selectivity

The lower limit of quantification (LLOQ) is the lowest standard concentration measured. It is defined
as the smallest amount of analyte that an assay reaches to quantify (SNR>5) in the sample with
adequate precision (£20%) and accuracy (within £20%). In these analytical methods, the LLOQ was
estimated by adding the L working solution to 6 different samples of donors’ blood (50 and 10 ng/mL
for IMA and norIMA, respectively), prepared as reported in the section 3.1.4.2. To be accepted,
LLOQ had to show an acceptable accuracy (£20%) and precision (between 80% and 120%).
Selectivity identifies the ability of the assay to differentiate and quantify both the analyte of interest
in the presence of other interferents such as matrix components, metabolites, decomposition
products, or other drugs administered concurrently. The selectivity was proved analysing blank DBS
samples using blood from six different individuals, prepared according to the proposed extraction

procedure and individually evaluated for interferences.

3.1.6.5 Matrix effect

As said before, matrix effect arises due to the presence of endogenous components in the biological
matrix, the analyte of interest might experience variations in their ionization efficiency because of
it. Although they are generally the principal cause, not only endogenous components in the
biological matrix (e.g. salts, amines, triglycerides) cause matrix effect, but also some exogenous
compounds (plasticizers from sample containers or anticoagulants in case of plasma) are susceptible
to alter the ionization process [177]. Furthermore, other substances present in the mobile phase
can alter the signal of the analyte by causing ion suppression or enhancement. Nevertheless this is
not considered a matrix effect source since it is not sample specific [178].

Both ion enhancement and ion suppression phenomena might compromise precision, accuracy,
sensitivity and selectivity of the developed method and, consequently, the reliability of the
produced analytical data. For this reason, both FDA and EMA guidelines emphasize the importance

of the matrix effect assessment.
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Post-extraction spiked DBS (i.e. samples obtained by spiking analytes after the extraction of blank
DBSs), prepared in quintuplicate at the three QC concentrations, were compared to the same QC
samples prepared in neat solution (MeOH). The matrix effect is calculated as the ratio of the peak
area in the presence of matrix to the peak area in absence of matrix. The CV should be within 15%.
Effects of matrix endogenous components on the analyte’s ionization was also investigated during
the development of the chromatographic method by means of the post-columns infusion: a
constant flow of IMA and norIMA solutions prepared in MeOH (250 ng/mL), were infused by a
syringe pump, with a 20 pL/min flow, during the chromatographic run of an extracted blank DBS
sample. The extracted blank DBS sample eluted from the LC column and the flow from the infusion
pump were combined through a zero-dead-volume tee union and insert into the mass spectrometer
source. A variation in the signal response of the infused analyte indicates ionization enhancement

or suppression (Figure 31).
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Figure 31. Instrument set up for the post column infusion.

3.1.6.6 Stability

The stability of an analyte is function of the matrix in which it is dispersed, of the conditions in which
itis stored and of the chemical properties of the analyte itself. Evaluating the stability of the analyte
in stock solutions and in the matrix is essential to ensure the reliability of the results obtained from
the analytical method. This assessment includes all the situations that can be encountered during
the whole analytical procedure such as freeze-thaw stability, short- and long-term stability, stock
stability and post-processing stability.

The stability of IMA and norIMA was assessed by analysing QC DBS samples at the three
concentrations L, M, and H during sample storage and handling procedures. The stability of the QC

samples, processed as previously reported (section 3.1.4.2), was assessed in the autosampler by
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repeatedly analysing the extracts 24 and 48 h after the first injection. Long-term stability of working
solutions (MeOH matrix) was assessed stored at approximately -80°C.

During the development of this method, was also assessed the analyte stability on DBS filter paper.
In fact, one of the potential benefits inherent to the DBS technique is the possibility to collect, ship
and store dry samples under ambient conditions. This increase in compound stability can largely be
attributed to removal of esterase activity upon drying or even enhanced photostability [179].
Analyte stability on the paper is influenced by many factors not related to the stability of the analyte
itself, like filter paper type, temperature, humidity and storage time. Low humidity and temperature
are essential aspects to take in consideration to preserve the DBS integrity [173]. Long-term stability
of DBS samples was assessed at the storage condition applied (in plastic envelopes containing a
silica-gel drying bag at room temperature) at time intervals of 1, 2, 4 weeks and then months after
preparation. The two analytes were considered stable when the testing samples did not exceed 15%

from the nominal concentrations at each QC concentration.

3.1.6.7 Incurred samples reanalysis

As indicated in the 2018 FDA guidance, which take into account the AAPS/FDA seminar on the
reanalysis of the assayed sample [180], an additional measure of the assay reproducibility was
introduced: the incurred samples reanalysis (ISR). ISR is conducted by repeating the analysis of a
subset of patients’ samples in separate runs on different days. Therefore, a set of 10 patients’ DBS
samples were re-analysed in a further analytical session. According to FDA and EMA guidelines, the
two analyses can be considered equivalent if the percent difference (% diff) between the first and
the second concentration measured is within +20% for at least 67% of the samples.

To calculate the % diff, the equation [5] was used:

R
%diff = x 100 [5]
Where:
R = concentration value found from the repeated analysis;

| = concentration value found from the first analysis;

M = arithmetic mean between R and I.
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3.2 Simultaneous quantification of IMA and norIMA in DBS

samples from GIST patients

The proposed method was applied to quantify, for the first time, both IMA and norIMA in DBSs

collected from GIST patients enrolled in the clinical study from February 2018 to February 2019.

3.2.1 Patients enrolment

A phase IV clinical trial entitled "Pilot study to evaluate the feasibility of an innovative approach to
monitor patients with gastrointestinal stromal tumour treated with imatinib" was started at the
Aviano (PN) National Cancer Institute. The aim of this study was to evaluate the feasibility of a
double monitoring approach that combines the simultaneous quantification of IMA and norIMA
plasma concentrations and the evaluation of circulating tumour DNA (ctDNA). The underlying
hypothesis was that a merged monitoring approach could be the best solution to optimize IMA
therapy. The protocol of this clinical trial (N. EudraCT 2017-002437-36, internal code: CRO-2017-19)
has been revised and approved by the local Ethics Committee (CEUR) of Friuli Venezia Giulia and by
the Italian Medicines Agency (AIFA). The study, which involves the collaboration of Azienda
Ospedaliera Integrata di Verona, Presidio Ospedaliero di Treviso, Azienda Ulss n. 2 Marca Trevigiana,
Treviso, and the University of Chicago Medical Centre, was approved by the ethics committees of

each participating centre.

3.2.1.1 Patients’ characteristics
To enter this protocol, the patients’ eligibility criteria were:

e age > 18 years;

e histologically or cytologically confirmed diagnosis of GIST and eligible for treatment with
imatinib according to the routine clinical practice criteria both in adjuvant and first-line
therapy;

e performance status, determined with the Eastern Cooperative Oncology Group (ECOG)
criteria, of 0 or 1 and adequate liver, renal and bone marrow function;

e |ife expectancy > 3 months;

e for patients already treated with imatinib, therapy had to start more than 3 months before

the first sample was collected (to reach a stable drug concentration in the blood);
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e signature of the informed consent.
The exclusion criteria were:
e pregnancy status;
e non-collaborative and/or unreliable patients;
e informed consent refusal;
e the absence of possibility for the patient to undergo periodic clinical check-ups.
Fifty-five DBS samples were collected from 26 patients with a mean of two Cmin samplings for each

patient. Patient population was characterized as reported in Table 1.

Patients characteristics N
14 females
Sex
12 males
Age (range) 66 (37-83) years

Setti 6 adjuvant therapy
ettin
& 20 first-line therapy

. . 10 gastric
Primary tumour site .
16 non gastric

Table 1. Demographic and clinical characteristics of enrolled patients.

Taking into account all 55 samples, the mean Hct was of 37.7% (range 26.2-44.1%) Patients were
receiving IMA at the dose of: 400 mg/die in 51 samples, 200 mg/die in 1 sample, 300 mg/die in 2
samples, and 600 mg/die in 1 sample. Samplings were mostly performed 25 h after the last tablet

intake (25.1 £ 6.7 h).

3.2.1.2 Treatment and sampling

Patients were treated with different doses (range 200-600 mg/die) of IMA and they were educated
to take IMA tablet once a day at a fixed time (usually around 12.00 pm). Since timing is crucial for
an accurate estimation of the real Cnin, the samplings were performed immediately before the
scheduled pill intake. Three different samples were collected from each patient: venous blood,
control venous DBS and finger-prick DBS. Venous blood was drawn through 4.9 mL K-EDTA-
Monovette tubes (Sarstedt, Nuembrecht, Germany). Before plasma separation, multiple 20 pL-
aliquots of collected blood were deposited on ET31-CHR filter papers for obtaining the venous DBS.

DBS collection through finger-prick was conducted after adequate training of the personnel. The
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prick was performed by a sterile lancet Securlancets from Menarini Diagnostics (Firenze, Italy)
following the guidelines previously reported in section 3.1.5.2.

Both the DBSs (from venous blood and from finger-prick) were let dry at room temperature (RT) for
at least 3 h and cards were stored until measurement at RT in plastic envelopes containing a silica-

gel drying bag. The processing method for DBS samples from patients is reported in section 3.2.1.3.

3.2.1.3 Real samples processing procedure

Once the validation had been completed, it was possible to proceed with the quantification of the
patients’ samples. The sample preparation method previously developed for calibrators and QCs
was applied also for real samples. A punch of 3 mm was performed for each patient’s DBS spot and
the analytes were extracted adding 150 pL of IMA-D8 methanolic solution (10 ng/mL) containing
0,1% HCOOH. After 30 min stirring at RT and 10 min centrifugation at 16000 g at 4°C, the

supernatant was transferred into polypropylene HPLC vials for the analysis, as reported in Figure 32.

A ;
y =

Punch of MeOH + IS Shaking 13.000g
3mm (50 volumes) 30min x 10min

Figure 32. Graphical representation of the patients’ samples processing procedure.

A set of 55 DBS samples were analysed to obtain the concentration of both IMA and norIMA.

3.2.2 Cross-validation of the DBS method

The development of a strategy for estimating plasma concentration (that is the reference value for
PK studies in the literature) from the analysis of the corresponding DBS sample is a critical element
for the application of DBS in therapeutic drug monitoring. Thus, cross-validation of DBS test with
plasma assay is mandatory before the introduction of a DBS assay into a clinical laboratory routine
[181].

All the 55 DBS samples had their corresponding plasma samples (as defined by the clinical protocol)
which were analysed too in order to obtain the concentration of both IMA and norIMA in each

matrix (Cpss and Cpra, respectively). Plasma samples were analysed with an in-house validated LC-
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MS/MS method. The estimated plasma concentration (ECpla) with two different methods. On one

hand, it was obtained from the DBS measurement (Cpgs) applying the following equation [6]:

FCpia = — 255 [6]
|1 - (f00)]

On the other hand, the ECpia was calculated also from Cpss multiplied for a correction factor (F¢), as
previously proposed by Antunes et al. [145]. The correction factor was calculated as the mean ratio
of the concentrations measured in plasma to Cpss (Fc = Cpia/Cpags) in all the samples analysed. This
strategy allows to avoid the use of Hct correction. The F. calculated was then applied to a set of 12
extra patients’ samples for both IMA and norIMA, to further validate this method. Agreement
between the two methods (plasma and DBS) was evaluated through: a) Passing-Bablok regression:
intercept and slope of the regression equation are reported with relative 95% Confidence Interval
(95% Cl); b) Bland-Altman method: spearman correlation coefficient (r) between differences in
means and mean of the measurements is reported, for the sake of simplicity the tested measure is
named Y in the text, while the plasma value (reference) is indicated as X, c) Lin’s concordance
correlation coefficient (LCCC), and d) FDA/EMA requirements (67% of samples tested within £20%
of the mean, as reported in section 3.1.6.7). Statistical analyses were performed with Stata 14.2

(StataCorp, Texas USA).
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3.3 LC-MS/MS method development for the simultaneous
quantification of RIBO, PALBO and LETRO in human plasma

The hereby method has the aim to perform a quantitative analysis of RIBO, PALBO and LETRO in

human plasma using an LC-MS/MS apparatus.

3.3.1 Instrumentation

The instrumentation used is the same reported in the section 3.1.1. The 2D chromatographic system

was excluded for this method.

3.3.2 Standard and chemicals

Analytical standard of PALBO was provided by Toronto Research Chemicals (Toronto, Canada), RIBO
and LETRO hydrochloride were supplied by Merck-Sigma Aldrich. Stable isotopically labelled internal
standards De-RIBO, Dg-PALBO and 13C;,'°N,-LETRO were synthesized by Alsachim (lllkirch
Graffenstaden, France). LC-MS grade isopropanol was supplied by Merck-Sigma Aldrich while LC-MS
grade methanol was purchased from Carlo-Erba (Milano, Italy). “Type 1” ultrapure water was
produced at our department by a Milli-Q® system (Merck). Drug-free plasma/K-EDTA from healthy
volunteers to prepare daily standard calibration curves and QC samples was provided by the

transfusion unit of our institution.

3.3.3 Mass spectrometric conditions optimization

To optimize source and compound dependent parameters, solutions of each analyte at the
concentration of 100 ng/mL were used with a flow rate of 20 uL/min. Data were processed with
Analyst 1.6.3 and the quantification of the peaks was done with MultiQuant 2.1 (software package
AB SCIEX).

The quantification was done in SRM mode using the following transitions 448>380 m/z for PALBO,
435>322 m/z for RIBO and 286>217 m/z for LETRO. The transitions 448>337 m/z for PALBO, 435>367
m/z for RIBO and 286>190 m/z for LETRO were used as qualifiers. The quantification of the ISs signal
was conducted using the following transitions: 456>388 m/z for Ds-PALBO, 441>373 m/z for De-
RIBO, and 290>221 m/z for 13C,,*>N,-LETRO.
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3.3.4 Chromatographic conditions

The samples separation was achieved in mono-dimensional chromatography on the Luna Omega
Polar C18 column (3 uM, 100 A, 50 x 2.1 mm) coupled with a Security Guard Cartridge (Polar, C18,
4 x 2.0 mm), both provided by Phenomenex (Castel Maggiore (BO), Italy). This column is composed
by C18 ligands that provides hydrophobic interactions while a polar modified particle surface
provides enhanced polar retention and aqueous stability. The MP consisted of ultrapure water with

0.1% HCOOH (MPA) and MeOH/iPrOH (9:1, v/v) with 0.1% HCOOH (MPB).

3.3.5 Working solutions preparation

Stock solutions of RIBO and LETRO were prepared in MeOH at concentration of 1 mg/mL while stock
solution of PALBO was prepared in DMSO at 0.5 mg/mL. Two different stock solutions were obtained
for each compound: one for the calibration curve and the other for QCs. To obtain the working
solutions for the construction of the calibration curve (from A to H), the stock solutions of PALBO,
RIBO and LETRO were mixed together and diluted with methanol to achieve the final concentrations
of: 5, 3, 1.5, 0.5, 0.2, 0.08, 0.02, and 0.005 pg/mL for PALBO, 200, 120, 60, 20, 8, 3.2, 0.8, and 0.2
ug/mL for RIBO, and 10, 6, 3, 1, 0.4, 0.16, 0.4, 0.16, 0.04, and 0.01 pg/mL for LETRO. The stock
solutions for QCs were mixed together and diluted with methanol to obtain the final concentrations
of: 4, 0.4, 0.01 pg/mL for PALBO, 160, 16, 0.4 pug/mL for RIBO, and 8, 0.8, 0.02 pug/mL for LETRO.
Stock solutions of IS were prepared in methanol for Ds-RIBO and 13Cy,°N,-LETRO at the
concentrations of 1 and 0.5 mg/mL, respectively, and for Ds-PALBO in DMSO at 0.5 mg/mL. The
three working solutions were mixed together and diluted with methanol to obtain the final
concentrations of 12.5 ng/mL for Ds-PALBO and '°N,-LETRO, and 45.0 ng/mL for Ds-RIBO. This

solution was directly used to precipitate plasma proteins during sample treatment.

3.3.6 Standards and quality control samples preparation

Calibration curve and QCs sample preparation was conducted through the following steps:
1) 5 uL of working solutions were added to 95 pL of blank human plasma (dilution 1:20) and
vortexed for 10 s;
2) A 10 pL-aliguot of this mix was added with 80 pL of cold ISt working solution (see section
3.3.5), vortexed and then centrifuged for 15 min at 16200 g and 4 °C;

3) 80 uL of the supernatant was transferred to a polypropylene tube for the following analysis.
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The final concentrations thus obtained were: 0.3, 1, 4, 10, 25, 75, 150, 250 ng/mL for PALBO, 10, 40,
160, 400, 1000, 3000, 6000, 10000 ng/mL for RIBO, 0.5, 2, 8, 20, 50, 150, 300, 500 ng/mL for LETRO
for the calibration curve; 0.5, 20, 200 ng/mL for PALBO, 20, 800, 8000 ng/mL for RIBO, and 1, 40,
400 ng/mL for LETRO for the QCs.

3.3.6.1 Plasma sample extraction optimization

Biological matrices are extremely complex and may contain some endogenous components, such
as proteins and lipids, which might interfere with the detection and quantification of the analytes.
These interferents might not only dirty and damage both the chromatographic column and the
spectrometer source, but they might also cause variations in the analyte ionization efficiency. For
these reasons, the main purpose in bioanalysis sample preparation is to remove the largest amount
of interferents as possible and at the same time to solubilize the analytes in a suitable solvent for
their quantification. The most used extraction techniques in the pharmacokinetic field are three:

e solid phase extraction (SPE);

e liquid-liquid extraction (LLE) with immiscible solvents;

e protein precipitation (PP) with organic solvents miscible with H;O.
Regarding the analysis of drugs in human plasma samples, the simplest and less time-consuming
technique to use is PP: more in detail, organic solvents miscible with H,0, after their addition to an
aqueous sample (e.g. plasma), cause the desolvation of the proteins surface by H,O molecules
displacement, thus leading to the breakage of the weak interactions responsible for their tertiary
structure, to the aggregation by attractive electrostatic and dipole forces, and therefore to their
precipitation. The most used PP solvents are MeOH and AcN added in volumes at least three times
greater than the sample. The larger the volume of solvent added, the more efficient will be the
extraction and the cleaner will be the sample injected on the LC-MS/MS apparatus. At the same
time, large volumes lead also to diluted samples which might cause analytical problems if the
compound of interest shows low signal intensity. Some tests using MeOH, acidic MeOH (0,1%
HCOOH), AcN and acidic AcN (0,1% HCOOH) were performed. After the individuation of the best

solvent to use, also the volume necessary for the deproteinization has been evaluated.

3.3.7 LC-MS/MS Method validation study

A full validation of the proposed method was conducted according to FDA and EMA guidelines on

bioanalytical method validation [182, 183], as previously reported in section 1.4.3.
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3.3.7.1 Recovery

Three different sets (set 1, 2, 3) of QCs were prepared in quintuplicate at each concentrations (L, M,
H): set 1) normal QCs prepared as reported in section 3.3.6; set 2) post-extraction QCs (QC working
solution was added to an extracted blank plasma sample); set 3) QCs in pure methanol. To evaluate

PALBO, RIBO and LETRO recovery, the peak area ratio of set 1 to set 2 QCs was calculated.

3.3.7.2 Llinearity

Calibration curves were built using a weighted quadratic regression method (1/x?). To evaluate the
linearity of the curve, five calibration curves freshly processed during different working days were
used. The Pearson’s determination coefficient R? was calculated and the comparison of the true and
back-calculated concentrations (expressed as accuracy) of the calibration standards was checked. A
minimum of 7 out of 8 calibration points, including the LLOQ and the ULOQ, had to be within 85—
115% of the theoretical concentration (80-120% at the LLOQ).

3.3.7.3 Intra- inter-day precision and accuracy

The precision and accuracy of the method were determined during a single working day (intra-day,
6 replicates for each QC concentration) and during 5 different working days (inter-day, 3 replicates
for each QC concentration). The measured concentrations had to be within 15% of the nominal
value and this had to be verified for at least 2 out of 3 of QCs at each concentration level and in each

run.

3.3.7.4 Limit of quantification and selectivity

The LLOQ of the present method was verified analysing the precision, accuracy and SNR obtained
from 6 samples of pooled blank human plasma added with H working solution (prepared as reported
in section 3.3.6).

To investigate the selectivity of the proposed bioanalytical method (i.e. the presence of
interferences whose signal overlaps with the signals of the analytes of interest), 6 blank human
plasma samples obtained from 6 different healthy donors were analysed. The samples analysed
should be free of interference at the retention times of the analytes of interest. The absence of
interference was defined as a response lower than 20% of the LLOQ for the analytes and lower than

5% for the internal standards.
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3.3.7.5 Matrix effect

Effects of matrix endogenous components on the ionization of PALBO, RIBO and LETRO were
evaluated with different strategies during the chromatographic method development and,
successively, during the validation process.

Firstly, this phenomenon was investigated by means of the post-column infusion using standard
solutions of the three analytes in 0.1% HCOOH MeOH/H,0 1:1 at the concentration of 50 ng/mL and
applying a flow rate of 20 pL/min. For more details on post-column infusion experiment see section
3.1.6.5. Then, matrix effect was investigated by calculating for each analyte the ratio of the peak

area of set 2 QCs to the peak area of set 3 QCs. The CV should be within 15%.

3.3.7.6 Stability

Bench-top and long-term stability was assessed to ensure that sample preparation and sample
analysis, as well as the storage conditions applied, do not affect the quantification of the analytes
of interest. Stability tests were conducted using QCs prepared in triplicate at each concentration (L,
M, H): bench-top stability was investigated after 4 h at room temperature; stability of the
deproteinized QCs was evaluated in autosampler set at 4 °C re-analysing the samples 24, 48, and 72
h after the first injection; freeze/thaw stability was assessed by analysing three freshly prepared
aliquots of each QCs concentration, and then again after one and two freeze/thaw cycles. Long term
stability of PALBO, RIBO and LETRO was investigated both in plasma, to assess patients samples
stability after storage at -80°C, and in solvent (MeOH) to assess working solutions stability after
storage at -20°C. Stability tests were considered verified if the testing samples did not exceed 15%

from the nominal concentrations at each QCs concentration.

3.3.7.7 Incurred sample reanalysis

Each of the 10 patients’ samples collected till now were quantified in 2 separate runs during 2
different working days, to further assess the reproducibility of the proposed method. The two
analyses can be considered equivalent if the % diff [expressed as: (repeat-original)*100/mean]
between the first and the second concentration measured is within £20% for at least 67% of the

samples, as reported in section 3.1.6.7.
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3.3.7.8 Carry-over

Since previously published methods [184, 185] underlined the presence of carry-over effect related
to both PALBO and RIBO, during method development particular attention was paid to this
phenomenon. Carry-over was evaluated as the percentage of the peak area of a blank sample
injected after the ULOQ respect to the peak area of the LLOQ for each analyte. Carry-over should
not exceed 20% of LLOQ.

3.3.8 Quantification of PALBO, RIBO and LETRO in breast

cancer patients’ plasma for TDM

3.3.8.1 Patients’ enrolment

The proposed method was applied to quantify the Cmin of PALBO, RIBO and LETRO to support a
clinical study (prot. code: CRO-2018-83) on-going at the National Cancer Institute of Aviano, Italy.
Patients enrolment is still at the beginning and, at the moment, method was tested on 10 plasma
samples from 8 patients (from 2 patients were collected 2 sequential samples) affected by
metastatic breast cancer.

The clinical study was approved by the local ethics committee of Friuli Venezia Giulia (Italy). It is
conducted according to the Declaration of Helsinki principles and patients are enrolled in the clinical

study only after the signature of the informed consent.

3.3.8.2 Patients’ characteristics
The expected eligibility criteria were:
e patients treated with PALBO or RIBO according to the routine clinical practice criteria. The
dose and the treatment cycle do not matter but patients should be at the steady state;
e age>18;
e life expectancy > 3 months;
e signed informed consent is required.
The exclusion criteria are:
e non-collaborative and/or unreliable patients;

e refusal of informed consent.
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3.3.8.3 Treatment and sampling

The blood samplings have been performed at specific time in order to have the drug’s concentration
at the Cmin level. Considering that the steady state, and thus the correct Cmin value, is reached
approximately after 5 drug half-lives, indications about the treatment days when blood sampling
should be performed were decided according to its pharmacokinetics properties. Moreover, the
timing of tablet intake is crucial for an accurate estimation of the real Cmin in patient’s plasma. For
this reason, indication about administration time are also provided specifically for each drug.

The recommended dose for PALBO is 125 mg once daily for 21 consecutive days followed by 7 days
off treatment to comprise a complete cycle of 28 days. The mean plasma elimination half-life is 29
hours [186], so the steady state is reached after 6 days of treatment. Blood sampling should be
performed from day 6 to 21 of every therapy cycle, moreover patients must take PALBO tablet every
morning at a precise time (the last administration must be 24 h before the estimated time for the
blood collection).

Meanwhile, for RIBO the recommended dose is 600 mg (three 200 mg film-coated tablets) once
daily for 21 consecutive days followed by 7 days off treatment, resulting in a complete cycle of 28
days. The mean plasma elimination half-life is 32 hours [105], the steady state is reached after 7
days of treatment, thus the blood sampling should be performed from day 7 to day 21 of every
therapy cycle. As in the case of PALBO, patients must take RIBO pill every morning at a precise time

and the last administration must be 24 h before the estimated time for the blood collection.

3.3.8.4 Patients’ samples processing procedure

Once the validation had been completed, it was possible to proceed with the patient’s samples
guantification. The sample preparation method previously developer for calibrators and QCs was
also applied for real samples. Patients’ plasma was thawed at room temperature, vortexed for 10 s;
10 pL of plasma was then added with 80 uL of cold ISt solution, vortexed and centrifuged for 15 min
at 16200 g and 4°C. finally, 80 uL of the supernatant were transferred to a polypropylene tube for

the analysis, as shown in Figure 33.
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Figure 33. Graphical representation of a patient’s sample processing procedure.

3.4 Molecularly imprinted polymers

3.4.1 Instrumentation

Thin layer chromatography (TLC) were conducted on Merck plastic sheets pre-coated with 0.25 mm
silica gel 60F-254. TLC plates were examined under UV light. Flash chromatography purifications
were carried out with Merck silica gel 60 (230-240 Mesh).

Nuclear magnetic resonance (NMR), 500MHz 'H-NMR, were obtained on a Brucker AV600
spectrometer. High performance liquid chromatography analyses were run on an Agilent 1100
series variable wavelength detector and a Kinetex C18 5 pm, 250x4.6 mm, 100 A (Phenomenex).
Particles size was measured by Dynamic Light Scattering (DLS) on Zetasizer nano-S (Malvern). To
perform DLS measurements glass cuvettes (PCS1115, Malvern) and nylon syringe filters 0,2 um

(Thermo Fisher) have been used.

3.4.2 Standards and Chemicals

Chemicals, paracetamol powder and solvents were purchased from Sigma Aldrich, deuterated
solvents from Sigma Aldrich and Cambridge Isotope Laboratories (Tewksbury, Massachusetts).
Imatinib free base, Imatinib mesylate and Sunitinib malate were purchased from Insight
Biotechnology (Wembley, London, UK). Crimp cap Weaton vials used for polymer synthesis were
purchased from Sigma Aldrich. Spectra/Por3 dialysis membrane MWCO 3500 Da was purchased

from Spectrumlabs (Piraeus, Greece).

3.4.2.1 Synthesis of N,N’-(1,4-phenylene) bisacrylamide
1,4-phenylenediamine (5.6 mmol, 605 mg) was dissolved in acetone (25 mL) and cooled to 0 °C in

an ice bath. Acryloyl chloride (11 mmol, 898.0 uL) was dissolved in acetone (15 mL) and added
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dropwise to the solution of 1,4-phenylenediamine, while stirring, and allowed to warm and kept at
room temperature overnight.

At the obtained solution was then added saturated NaHCO3 solution, the resulting precipitate was
filtered and the solid was washed with 100 mL of cold H,0. The crude product of N,N’-(1,4-
phenylene) bisacrylamide (PBA) (Figure 34) was recrystallized from EtOH, to afford white crystals
that were collected by filtration (1.2 g, 87%): *H-NMR (500 MHz, DMSO): 6 10.14 (s, 2H, (NH)2), 7.64
(s, 4H, (Phe-H)4), 6.42 (dd, J= 17.0, 10.0, 2H, (=CH)2), 6.26 (dd, J= 17.0, 2.0 Hz, 2H, (=CH2)2), 5.76
(dd, J=10.0, 2.5 Hz, 2H, (=CH2)2; ESMS theoretical m/z for C12H12N202Na [M + Na]*=239.08, found

\)?\NHO/NH(])(\

Figure 34. Chemical structure of PBA.

239.1.

3.4.2.2 Recrystallization of AIBN

AIBN (2 g) was added to a two neck 50 mL round bottom flask (RBF), with condenser in top port and
suba seal on side port. The RBF was put under vacuum and flushed with nitrogen for 10 times and
leaved under flow of nitrogen at the end. 5mL of anhydrous methanol were added through the side
port under stirring. Using a water bath, the solution was slowly heated to 52°C.

Approximately 2mL of MeOH were then added dropwise until a clear solution was obtained with
the complete dissolution of AIBN. Subsequentially, heating was removed, and the solution was left
to cool slowly at RT, yielding big needle crystals.

AIBN crystals were collected through suction filtration and washed with a small amount of ice-cold
MeOH. Crystals were then left in desiccator for 2 hours to fully remove the solvent. Yield obtained:

65%.

3.4.3 1H-NMR titrations

'H-NMR titration experiments were exploited to investigate the nature and the strength of possible
interactions involved in the functional monomer-template complex during the synthesis of
molecularly imprinted polymers and to identify the specific functional groups of the template that
are involved [187]. The formation of the complex TM, between the template molecule (T) and the
functional monomer (FM), is a dynamic process where the free molecules are in equilibrium with

the bond counterpart:
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T+FM<STEM

Since in the hereby presented work the synthesis of MIP was performed in DMSO and chloroform
(CHCI3), also the interactions were studied in deuterated DMSO (ds-DMSO) and deuterated
chloroform (CDCI3).

The interaction between the functional monomer and the template molecule was investigated by
titrating the drug with the functional monomer MAA. In particular, a 4.06E-03 M solution of IMA
free-base in de-DMSQO/CDCI3 was prepared. To this solution, increasing amounts of FM solution
(2.32E-01 M) were added to obtain final concentrations ranging from 2.30E-03 to 4.35E-02 M (the
volume added was between 5-60 uL). A test was done adding solvent without FM and no protons
chemical shift was observed.

Likewise, the interaction between PBA and IMA in de-DMSO was investigated. In the same way, a
4.06E-03 M IMA free-base solution was prepared and increasing amounts of PBA solution (9.25E-02
M) were added obtaining a concentration ranged from 1.81E-03 to 4.22E-02 M.

After every addition, the tubes were analysed and 'H-NMR spectra were collected to monitor
changed in chemical shift of protons involved in the interaction between the template and the

monomer [188].

3.4.4 Synthesis of MIPs

The nanogels were synthesized exploiting the non-covalent approach, under high dilution radical
polymerization (HDRP) conditions. This approach is characterized by the choice of the solvent and
the overall monomer concentration.

During polymerization, could happen that unreacted double bonds on particle surface bring to the
induction of inter-particles crosslinking leading to macrogelation. However, under diluted
conditions and with the right solvent, each polymeric particle is stabilized avoiding intermolecular
crosslinking [189]. In fact, the solvating power of the solvent prevents macrogelation via osmotic
repulsion forces, for the hereby presented work DMSO was chosen as preferred solvent for polymer
synthesis. The choice of the concentration of all monomers in the pre-polymerization complex is
fundamental to obtain nanoparticles.

This concentration must be taken under a certain value obtained experimentally: the critical

monomer concentration (Cwm). It is defined as the percentage by weight of all the monomers used
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for the polymerization as compared to the percentage of the overall mass of monomers and solvents
used for a polymer preparation. The Cy is dependent on several factors associated with the system
being studied. These include the nature and concentration of the initiator, the degree of crosslinking
agent present, the temperature of which polymerization is performed and the most important
factor that is the type and nature of the solvent.

The amount of solvent (ms) necessary to obtain polymeric nanoparticles was calculated by the
following equation [7]:

(mFM + Mecom + mCL) %X 0.99
Ms = 0.01 ]

Where mem, mcom and meL are the amount in mass (mg) of functional monomer, comonomer and

cross-linker as reported in the following Table 2 for each synthesis:

MIP 1 2 3 4 5 6 7 8 9
IMA 234 23.4 23.4 234 234 234 234 234 234
MAA 4.1 4.1 4.1 4.1 4.1 4.1 4.1 4.1 4.1
AA 3.4 1.7 0.0 10.1 6.8 3.4 10.1 23.6 10.1
MBA 22.0 25.6 29.3 43.9 513 58.6 29.3 - -
PBA - - - - - - 20.5 20.5 61.6
AIBN 3.1 3.3 3.5 6.2 6.6 7.0 6.3 4.7 6.3

Table 2. Amount in mg of template molecule, functional monomer (MAA, methacrylic acid), comonomer (AA, acrylamide), cross-
linkers (MBA, N,N'-methylenbis-acrylamide and PBA, N,N’-(1,4-phenylene) bisacrylamide) and initiator (AIBN) for each MIP
prepared.

To obtain nanoparticles in DMSO, Cv was fixed at 1% w/w.

The protocol used for the preparation of the nanogels was the following: 1 equivalent of the drug
was dissolved in a total amount of DMSO corresponding to the 99% in weight of total functional
monomers and cross-linker (following the above-reported equation), and to this solution was added
leq of the functional monomer, MAA. After stirring the solution for 1h in anhydrous conditions at
RT, to form the pre-polymeric complex, it was transferred in a crimp cap Wheaton vial and all the
other components were added. To calculate the moles number of initiator (AIBN) to add to the

solution was used the following equation [8]:
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_ (nFM + Ncom + ZnCL) X %I
= 100

Where:

e | =initiator;

e FM = functional monomer;

e CoM = co-monomer;

e CL = cross-linker, the number of the cross-linker is doubled because it presents in its

structure two double bond.

The vial was left first under vacuum and then was flushed with argon (3 times for 10 minutes).
Radical polymerization was achieved heating the vial up to 70°C for 24h. Each polymer was
synthesised either in presence of the template molecule, leading to MIP particles, or without the
template, leading to non-imprinted polymers (NIP).
The resulting solutions were dialyzed against 1 L volume of water for one day, then against acidic
MeOH (10% acetic acid (CH3COOH) for one other day and finally for three days against H,O, changing
the solvent twice a day. Finally, the solutions were freeze-dried leading to a fluffy solid.
The preparation of nanogels in CHCI; followed the same protocol previously reported, but before
dialyzing the nanogels, chloroform was evaporated, and the polymers were resuspended in MeOH.
'H-NMR was used to verify that the reaction had gone to completion by monitoring the
disappearance of the signals belonging to the acrylic protons. Two mg of each polymer was
solubilized in DMSO-d6 and then the spectra were registered.

For all the polymer prepared, the yield percentage was also calculated with equation [9]:

olymer mass
% yield = <o

9]

2 monomer masses

3.4.5 Monomer conversion IH-NMR studies

To monitor and understand the percentage of reagents involved in the polymerization reaction, the
monomer conversion NMR studies were performed.
Polymerization solutions used for the quantification of monomer conversion by *H-NMR were

prepared on a smaller scale in Wheaton bottles following the same procedures described in section
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3.4.4, using d6-DMSO as solvent. Before sealing the Wheaton bottle, the internal standard, 2-
ethylnaphthalene (structure reported in Figure 35), was added to the pre-polymerization solution.
A 500 pL aliquot of the mixture was transferred in an NMR tube, and a 'H-NMR spectrum was
recorded. The Wheaton bottle containing the remaining polymerization solution was sealed, purged
with N2, and heated to 70°C in oil bath for 24h. After the polymerization, another 500 L aliquot of

the mixture was transferred to a different NMR tube. An appropriate volume of ISt was added, and

Figure 35. Chemical structure of 2-ethylnaphtalene, used as ISt in the monomer conversion NMR studies.

'H-NMR spectra were recorded.

In both cases, the H-NMR spectra acquired were phased and integrated identically. The
concentration of monomers and crosslinker in the initial and final polymerization solutions were
determined by comparing the intensities of monomer peaks at 5.75 ppm (PBA), 6.05 ppm (AAm),
6.00 ppm (MAA), 4.55 ppm (MBA), against the intensity of the IS peak at 7.85 ppm.

This test was performed for both MIPs and NIPs.

3.4.6 Dynamic light scattering

Dynamic light scattering is a well-established and non-invasive technique to measure particles size
and molecules in suspensions, typically in the submicron range. This instrument uses a laser beam
to illuminate the particles and measure their size by analysing the intensity fluctuations in the light
scattered during their Brownian motion. The frequency of these fluctuations contains information
about the diffusion coefficient of the particles, which in turn is size-dependent.

The Brownian motion consists in the movement of particles due to the random collision with the
molecules of the solvent that surrounds the particle. Therefore, small particles move quickly, while
large particles move slowly. The velocity of the Brownian motion is defined by the translational
diffusion coefficient, that could be converted into particle size using the Stokes-Einstein equation

[10]:

4o = kT
H_3nr1D

[10]
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Where: dy is the hydrodynamic diameter; k is the Boltzmann’s constant; T is the absolute
temperature, n is the viscosity and D id the diffusion coefficient.

Note that the diameter that is measured in DLS is a value that refers to how a particle diffuses within
a fluid, so it is referred to a hydrodynamic diameter.

That measurement principle requires that diffusion is the only cause of motion in the sample, thus
effects like sedimentation, thermal convection and fluid flow must be avoided. Therefore, the upper
limit that DLS can measure as particle size is usually some micrometres. The lower size limit is
determined by the time resolution of the specific measurement device and lies typically in the range
of a few nanometres. The primary result that is obtained by the instrument is the intensity size
distribution. The intensity distribution is naturally weighted according to the scattering intensity of
each particle fraction or family. For biological materials or polymers, the particle scattering intensity
is proportional to the square of the molecular weight [190]. Consequently, the intensity distribution
can be somewhat misleading: a small amount of aggregating particles or the presence of a larger
particle species can dominate the distribution. For this reason, size distribution by intensity could
be converted, using Mie theory, to a volume or a number distribution. In these cases, distribution
described the relative proportion of multiple components in the sample based on their volume or
mass rather than based in their scattering (intensity).

Moreover, it could happen that the size distribution by intensity showed the presence of two
particles populations, while in the size distribution by number only one peak appeared. This
behaviour could be explained considering that large particles scattered the light more intensely than
small particles, as reported in the Rayleigh scattering equation where the intensity of a particle is

related to the 6 power of the diameter, as described in equation [11]:

P 1 + cos?6 (271)4 n? -1 Z(d)6 1]
0 2R2 A) \n2+2/) \2

Where A and Ip are respectively the wavelength and the intensity of the beam of light, ¢ is the
scattering angle, R is the distance between the particle and the detector, n is the refractive index of
the particle and d is the diameter of the particle.

Nanogels dn measurements were obtained with a Zetasizer Nano ZS (Malvern Instruments Ltd.,

Malvern, UK) at 25°C. All measurements were performed in triplicate at a concentration of 0.2
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mg/mL in 2% DMSO aqueous solution, after sonicating for 30 min and filtering through a 0.2 um
syringe filter. Particle sizes given for the nanogels represent estimates of the mean dn by intensity

and by number.

3.4.7 Rebinding tests

One of the most important aspects of imprinted polymer characterization is the rebinding study.
This is an essential part that provides verification that the three-dimensional cavity formed during
the imprinting process has not been greatly altered and its shape is still capable to bind the original
template molecule.

The rebinding capacity of the MIPs and NIPs to capture the drug were investigated dissolving 1
mg/mL polymer suspension in different concentration of Imatinib Mesylate in water: 50, 300, 600,
1500, 3000 pM. The mixtures were incubated at RT under continues stirring for 1h. Then the
solutions were centrifuged (14000 rpm for 20 min) to allow the polymer to precipitate in the bottom
of the Eppendorf and the supernatant was analysed by HPLC coupled to UV-vis detector to quantify
the drug concentration. The column used was a Kinetex C18 5 um, 250x4.6 mm, 100 A, with an
isocratic gradient composed by 80% aqueous solution added with 0.1% TFA and 20% AcN; the
absorption was set at 270 nm. The area of the drug peak resulted in the chromatogram of the sample
treated with the polymer (Atreated) Was compared with the one of a reference sample containing only
the drug in water (Areference), NO treated with the polymer, to calculate the amount of drug captured

by the polymer. The percentage of binding was calculated with the equation [12]:

Atreated

%binding = 100 — < > x 100 [12]

Areference
The efficiency of the imprinting process was, thus, evaluated by measuring the imprinting factor (IF)
obtained from the rebinding experiments of MIPs and NIPs. IF is a measure of the strength of
interaction of the imprinted polymer towards the template molecule.

It is obtained from the ratio of target drug amount bound to the MIP, to the amount of the same

molecule captured by the NIP (equation [13]):

_ Qurp

IF =
Qnip

[13]
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Where Quir and Quip are respectively the absorption capability of the MIP and the NIP having the
same monomer formulation. This normalization method removes binding due to non-specific
interactions.

It has been shown that there was a positive correlation of the interaction strength with the
imprinting factor [191], meaning that imprinted polymers exhibiting good performance, in terms of
high imprinting factor value, should interact strongly with the template molecule and therefore

compared to the NIPs [192].

3.4.8 Selectivity studies

The polymer selectivity was investigated for its target molecule but also for another TKI, SUNI, used
in second-line treatment in GIST patients (as reported in section 1.2.1.2), and one of the most
common use drugs in case of pain in oncological patients, paracetamol (PARA).

The tests were performed as reported in the section 3.4.7. A 1 mg/mL water polymer suspension
was prepared and mixed with different concentration of drugs. Then, the suspension was stirred for
1 h at RT, the polymer was precipitated by centrifugation and the supernatant was analysed by
HPLC-UV/VIS. For SUNI an isocratic gradient composed by 60% AcN and 40% aqueous solution
added with 0.1% TFA was used; the absorption lambda was set at 425 nm. For PARA an isocratic
gradient composed by 90% aqueous solution added with 0.1% TFA and 10% can was used; the

absorption lambda was set at 243 nm. Total run for all the methods was 15 min.
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4. Results and Discussion

4.1 LC-MS/MS method development for the simultaneous
quantification of IMA and norlIMA in DBS

4.1.1 Mass spectrometric conditions optimization

4.1.1.1 Compound-dependent parameters optimization
The monoisotopic mass of IMA is 493.26 Da, so working in positive ion mode with ESI source, the
presence of the analyte of interest, during the first Q1 scan, was confirmed by the protonated

molecule [M+H]* at 494.4 m/z (Figure 36)
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Figure 36. Spectrum obtained in positive mode with a Q1 scan from 450 to 650 Da that confirms the presence of IMA.

Through Q1MI scan mode, the XIC signal of the pseudo-molecular ion at 494.4 m/z was monitored
ramping the DP value from 0 to 400 V. The XIC highest intensity was reached with DP=110 V, which
represents the optimal value for a correct removal of clusters. In the same way the value of 10 V
was determined as optimal for EP. In product ions (MS2) mode, the fragmentation of the IMA
precursor ion was evaluated with different CE values (from 10 to 100 V) applied within the collision
cell. The fragmentation patterns of IMA (Figure 37) were as follow: 494.4 > 394.3 m/z (quantifier,
DP 110 volts, CE 40 V) and 494.4 > 217.2 m/z (qualifier, DP 110 volts, CE 35 V).; 502.4 > 394.2 m/z
(DP 110 volts; CE 40 V) for IMA-D8 used as IS.
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Figure 37. Spectrum recorded in product ion mode showing the fragmentation pattern of: IMA precursor ion at 494.4 m/z with a CE
value of 70 V (A) and norIMA precursor ion at 480.4 m/z with a CE value of 70 V. In the figure in panel (A) is reported also the

graphical representation of fragmentation for both IMA and norIMA.

An optimal CXP value of 10 V for each of these SRM transitions was obtained. Moreover, with the
precursor ion scan mode it was possible to confirm the direct derivation of the three selected
product ions from the precursor ion at 494.4 m/z.

The compound dependent parameters for norIMA and the ISt IMA-D8 were determined with the
same experiments carried out for IMA and the results were summarised as follow: the presence of
norIMA and IMA-D8 was confirmed by the pseudo-molecular ion [M+H]* at 480.4 and 502.4 m/z
respectively. The optimal DP and EP values for both the analytes were 110 V and 10 V. The
fragmentation patterns for norIMA was the following: 480.4 > 394.3 m/z (quantifier, CE 35 V) and
480.4 > 203.2 m/z (qualifier, CE 35 V). Meanwhile, the chosen fragmentation and the optimal CE
value for IMA-D8 was: 502.4 >394.2 m/z, CE 40 V. Finally, an optimal CXP value of 10 V was obtained.

In Table 3 are summarized the compound-dependent parameters optimized.

Compound Ql(m/z) DP (V) EP (V) Q3 (m/z) CE (V) CXP (V)

394.3 40 10

IMA 494 .4 110 10
217.2 35 10
394.3 35 10

norIMA 480.4 110 10
203.2 35 10
D8-IMA 502.4 110 10 394.2 40 10

Table 3. Compound-dependent parameters.
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4.1.1.2 Source-dependent parameters optimization

The goal of this experiment was to reach the maximum intensity in order to achieve the greatest
sensitivity for the interest analytes. As reported in section 3.1.2.2 the XIC trend for IMA quantifier
transition was monitored by working in SRM mode, thus tuning each source dependent parameter
to obtain the highest signal intensity.

Source-dependent parameters were optimized as follow: Turbo lon Spray source operating at
500°C, IS voltage set at 2200 V with CUR at 25 psi, and both nebulizer gas and turbo gas pressure at
40 psi.

4.1.2 Chromatographic conditions optimization

As reported in section 3.1.3, a 2D chromatographic system was applied to this LC-MS/MS method.

All the system was designed to easily tuning the working parameters changing the configurations of
the 4 valves.

The initial conditions to set up were those related to the perfusion column: in particular, the
conditions for analytes trapping into POROS column and their transfer to the RP column. In
particular, the two parameters that needed to be optimized were the organic solvent percentage
and the flow rate. These parameters were set up in order to perform the analytes transfer from the
POROS to the RP column within 1.7 and 3.0 min after the sample injection (V2 is in configuration II).
This specific time-window was experimentally determined considering the necessary volume to
completely wash the POROS from the proteins still present in the sample: 10-column volumes of
solvent are necessary to this aim, in fact the POROS (with an internal volume of 0.3 mL) was washed
for 1.5 min with a 2.0 mL/min flow.

The optimization of the analytes transfer was performed using the V3 that, in configuration Il, allows
the connection of the POROS directly to the mass spectrometer. In panels (A) and (B) of Figure 38
two examples of a high and low flow rate and/or % of MPD, respectively, are reported. Instead,
panel (C) showed an example of using the optimal conditions applied to transfer the analytes. To
reach this result, the following gradient was used: the MPD % was increased from the initial
condition (10%) to 75% at 1.5 min and then to 98% over 0.2 min, as reported in Figure 39. The flow
rate was set at 0.13 mL/min before the configuration change of V2 (1.56 min), this allows the RP to

hold back IMA and norIMA.
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Intensity, cps
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Figure 38. Tuning of the parameters to transfer of the analytes from the POROS to the RP column (from 1,7 to 3,0 min). Example of
the application of: high flow rate or/and % MPB (A); low flow rate or/and % MPB (B); the right flow rate and % of MPB (C). In all the
panels, (1) correspond to IMA, (2) to norIMA and (3) to D8-IMA peak.

Once the transfer was completed, the flow rate was set again at 2 mL/min allowing the cleaning and
the reconditioning of the POROS.

In Figure 39 the final gradient applied to the POROS column is reported, to ensure the trapping and

the transfer of the analytes, but also the cleaning and the reconditioning steps.
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Figure 39. Graphical representation of the gradient applied to the perfusion column.

When the conditions for the perfusion column were settled, the RP column chromatographic
gradient had to be defined to achieve a fast and good separation of the two analytes.

The second column, that acted the actual chromatography, was the Synergi Fusion-RP (described in
section 3.3.4). To perform the analytes elution, AcN was chosen as strong solvent, with the addition
of 20% of iPrOH. Meanwhile, as weak solvent, ultrapure H,O was selected. Both the solvents were
added with 0,1% HCOOH v/v to help the ionization of the analytes.

The selected flow rate was 0.45 mL/min and the column oven was set at 50°C. A high column
temperature helps to lower the solvents viscosity, decreasing, therefore, the back-pressure of the
pumps. This is crucial considering that in this method was used a mixture of AcN and iPrOH in the

MPs, that has a very high viscosity.
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In Figure 40 the gradient applied to the RP column is represented. The chromatographic separation
was obtained using the following gradient: 1) initial condition with 10% of eluent B kept constant
for 3 min; 2) from 10% to 60% of MPB over 3 min, to allow the analytes elution; 3) from 60 to 98%
of MPB over 0.6 min and kept constant for 1 min to allow the RP column washing; 4) from 98% to
the initial condition over 0.5 min and reconditioning for 1 min. This time was sufficient to perform
the re-equilibration of the column, because after consecutive injections, the Rt of both IMA and
norIMA were reproducible. The total run time was 8.5 min and the retention time of IMA and

norlIMA were 5.50 and 5.39 min, respectively.
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Figure 40. Multi-step optimized chromatographic method applied to the RP column.

In Figure 41 an example of MRM chromatogram was reported, produced by the analysis of a DBS

calibrator (3750 ng/mL for IMA and 750 ng/mL for norIMA) with the developed LC-MS/MS method.
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Figure 41. Example of MRM chromatogram obtained from the calibrator point D (3750 ng/mL for IMA and 750 ng/mL for norIMA).
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4.1.3 Dried blood spot optimization parameters

4.1.3.1 Type of the paper

As reported in section 3.1.5.1, the matrix used to perform the DBSs is an important parameter to
choose and take in consideration during the method development. No significant difference on IMA
and norIMA quantification in DBS was observed using different filter papers (Whatman 31ET-CHR
and Whatman 903). The QC samples spotted on Whatman 31ET-CHR and analysed using a
calibration curve spotted on Whatman 903, showed an accuracy between 88.3 and 97.5 % for IMA

and between 95.5 and 104.3 % for norIMA, at each concentration level (L, M, H).

4.1.3.2 Drug extraction optimization

The optimization of the analytes’ extraction is one of the crucial parameters to take in
considerations. Different solvents and mixtures were tested to obtain the maximum extraction of
IMA and norIMA. Considering that IMA is slightly soluble in AcN, was found that the extraction yield
using this solvent was just the 5%. The best solvent to ensure a good extraction of both IMA and
norIMA from the DBS paper was MeOH. In this direction also mixtures of MeOH with iPrOH, basis
and acids were tested. The formic acid at 0,1 % was found to help the extraction, guaranteeing a
good signal for both the analytes in all the calibration curve range.

After the assessment of the extraction solvent, the time extraction optimization was performed.
After the addition of the extractant, the samples were stirred for different times from 30 min to 4
h. As reported in Figure 42 the maximum extraction efficiency was already reached after 30 min of
stirring.
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Figure 42. Extraction of IMA after 30 min and 4 h of stirring.
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4.1.3.3 Effect of the haematocrit

No significant impact of Hct on IMA and norIMA quantification in DBS was observed among the Hct
values range tested (29.0-59.0 %). In fact, at each Hct value tested, accuracy was between 95.3 and
104.8 % for IMA and between 95.4 and 108.9 % for norIMA at each QC level (L, M, and H), while
precision was within 3.5 and 6.0 % for IMA and norIMA, respectively. Data are reported in Table 4

for IMA and in Table 5 for norIMA.

Nominal Conc IMA Hct% Mean = SD CV% Acc%

29.0 246.7 £ 8.5 3.5 98.7

QcL 250 38.4 261.9+1.9 0.7 104.8
59.0 259.9+6.2 2.4 104.0

29.0 1278.7£9.6 0.7 102.3

acm 1250 38.4 1258.4+16.9 1.3 100.7
59.0 1282.7 £24.7 1.9 102.6

29.0 5718.1+202.9 3.5 95.3

QCH 6000 38.4 6112.9 +145.0 2.4 101.9
59.0 6063.4 +277.2 4.6 101.1

Table 4. Effect of Hct measured for IMA DBS samples.

Nominal Conc noriIMA Hct% Mean + SD CV% Acc%

29.0 50.8+3.1 6,0 101.5

QcL 50 38.4 51.6+2.4 4,6 103.1
59.0 48.6+1.8 3,7 97.1

29.0 272.3+29 1,1 108.9

Qcm 250 38.4 254.1+45 1,8 101.6
59.0 238.5+7.7 3,2 95.4

29.0 1293.7 £ 36.5 2,8 107.8

QCH 1200 38.4 1286.4 +48.9 3,8 107.2
59.0 1209.5+52.9 4,3 100.8

Table 5. Effect of Hct measured for norIMA DBS samples.

4.1.3.4 Effect of volcano effect

As related to the “volcano effect” assessment, no differences in IMA nor in norIMA concentrations
between central and peripheral areas of the DBS were observed. As reported in Table 6, at each

concentration tested (L, M, and H) the C/P was within 0.9-1.1.
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Sample Nominal conc. (ng/mL) Mean C conc. £ SD (ng/mL)  Mean P conc. = SD (ng/mL) c/p
QCL (IMA) 250 258.5+2.6 253.9+2.4 1.0
QCM (IMA) 1250 1249.7+4.6 1321.6%1.8 0.9
QCH (IMA) 6000 5934.4+3.1 5844.4+1.8 1.0

QCL (norIMA) 50 48.6+4.3 449+1.1 11
QCM (norIMA) 250 225.9+3.6 243.0+2.2 0.9
QCH (norIMA) 1200 1139.1+2.3 1134.0+0.8 1.0

Table 6. Center/perimeter concentration ratio (C/P) for IMA and norIMA as evaluation of the “volcano effect”.

4.1.3.5 Effect of the spot size

No influence of spot size among 10-40 plL-volume range was observed at each QC concentration.
The accuracy was between 87.8-110.1 % and 88.9-104.3 % for IMA and norIMA, respectively. The
precision was within 6.0 % for IMA and 6.5 % for norIMA and norIMA. All the data are reported in
Table 7 for IMA and Table 8 for norIMA.

Nominal Conc IMA Volume (pL) Mean = SD CV% Acc%
10 2409+7.1 2.9 96.4
20 271.0+6.0 2.2 108.4
QCL 250
30 254.0+9.8 3.8 101.6
40 275.2+6.4 2.3 110.1
10 1191.0+71.9 6.0 95.3
20 1274.9 +29.4 2.3 102.0
Qcm 1250
30 1266.1 +26.0 2.1 101.3
40 1268.6 +32.4 2.6 101.5
10 5266.6 +243.0 4.6 87.8
20 5625.2 +107.7 1.9 93.8
QCH 6000
30 6100.6 + 28.7 0.5 101.7
40 5918.8 £276.8 4.7 98.6

Table 7. Effect of spot size evaluated from 10 to 40 pL in IMA DBS samples.
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Nominal Conc noriIMA Volume (pL) Mean + SD CV% Acc%
10 47.2+1.5 3.2 94.4
20 52.1+3.3 6.3 104.3
QcL 50
30 48.6+ 0.6 1.3 97.3
40 52.1+1.2 2.3 104.1
10 234.8+13.3 5.7 93.9
20 249.5+4.1 1.6 99.8
Qcm 250
30 2342 +8.2 3.5 93.7
40 241.2+8.3 3.5 96.5
10 1067.1+32.4 3.0 88.9
20 1126.8 £39.2 3.5 93.9
QCH 1200
30 1182.8 £27.2 2.3 98.6
40 1161.1+75.8 6.5 96.8

Table 8. Effect of spot size evaluated from 10 to 40 pL in norIMA DBS samples.

4.1.3.6 Correlation between finger-prick and venous collection

The correlation between Cmin values from finger-prick and those from venous (without
anticoagulant) DBSs, collected from ten patients, demonstrated that the two samples were
equivalent (R?=0.9967 for IMA and R?= 0.9798 for norIMA, as reported in Figure 43). Moreover, the
% diff between DBSs from venous blood and those from finger-prick were always within +20% of
the mean (from -12 to 3.8%). This agreement may be due to the fact that the Cnin sampling, by its
own definition, was performed once distribution equilibrium of the drug was reached, while

differences can be expected in the early moments following drug administration [193].
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Figure 43. Correlation between finger-prick and venous collection for IMA (A) and norIMA (B) by comparing the results on DBS from

venous blood (without anticoagulant, x-axes) and DBS from finger-prick (y-axes).
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4.1.4 LC-MS/MS validation study

As reported above, the main parameters considered for the validation of this method, accordingly
to FDA and EMA guidelines were: recovery, linearity, intra- and inter-day precision and accuracy,

limit of quantification, selectivity, evaluation of the matrix effect, stability and reproducibility.

4.1.4.1 Recovery

According to the proposed method, analytes were extracted from DBS samples by simply adding to
3 mm-disc 150 pL of methanol added with 0.1 % HCOOH and IMA-D8 at the concentration of 10
ng/mL. The recovery, evaluated in five replicates at three QC concentration levels and calculated
exploiting the equation [2], resulted in the range 74.8-80.5 % with a CV <£5.4% for IMA and 66.5-
68.5% with a CV £7.7% for norlIMA, as shown in Table 9.

Nominal conc. Recovery (%) Recovery
Analyte
(ng/mL) 1SD CV (%)
250 74.8+4.1 54
IMA 1250 77.7+303 4.2
6000 80.5+2.0 2.5
50 66.515.1 7.7
noriIMA 250 66.6+3.1 4.6
1200 68.5+1.4 2.1

Table 9. Recovery of IMA and norIMA in DBS samples.

4.1.4.2 Linearity

The calibration curves were freshly prepared every day during the validation study. To generate a
calibration curve, in Figure 44 an example for each compound is reported, the peak-area ratios
between the analyte and the ISt compared to the nominal concentrations were plotted and a least-
squares linear regression, weighted by the reciprocal of the concentrations, were plotted and a
weighted (1/x?) was applied. The calibration curves prepared on five different days showed good

linearity.
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s71 IMA 9% norlMA
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Figure 44. Example of calibration curves of IMA (left panel) and norIMA (right panel) in DBS samples.

Good linearity was obtained over the concentration range of 50-7500 ng/mL for IMA and 10-1500
ng/mL for norIMA, being the Pearson’s coefficient of determination R? >0.9962 for each run. In Table
10, complete data (R?, intercept, and slope) related to linearity of both IMA and norIMA calibration
curves are reported. The accuracy resulted in the range 91.4-108.0% for IMA and 91.4-105.7% for
norIMA and the precision was within 8.9% for IMA and within 8.4% for norIMA.

IMA
R%=0.9974+0.0007
Intercept: 0.02011+0.004
Slope: 0.00087+0.00006

nominal conc. (ng/mL) Mean + SD CV% Acc%
50 49.2+2.3 4.7 98.5
100 101.0+9.0 8.9 101.0
200 211.2410.6 5.0 105.6
500 538.21+17.6 33 107.6
1000 1080.4+41.2 3.8 108.0
2500 2457.4+115.4 4.7 98.3
3750 3848.4+185.9 4.8 102.6
5000 4825.8+195.4 4.0 96.5
6250 5772.0+318.2 5.5 92.4
7500 6856.0+303.3 4.4 91.4
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noriMA

R?=0.9970+ 0.0009

Intercept: 0.0017+ 0.0007

Slope: 0.00037+0.00005

nominal conc. (ng/mL)

10

20

40
100
200
500
750
1000
1250
1500

Mean £ SD

9.9+0.8
21.1+1.6
41.5+2.2
105.7+5.3
211.2+7.9
489.5+30.7
780.2+30.4
980.7+54.9
1170.7+76.2
1370.3+76.2

CV%

8.4
7.6
5.2
5.0
3.7
6.3
3.9
5.6
6.5
5.6

Acc%

98.7
105.3
103.8
105.7
105.6

97.9
104.0

98.1

93.7

91.4

Table 10. Linearity, accuracy and precision data for calibration curves of IMA and norIMA.

4.1.4.3 Intra- and inter-day precision and accuracy

The precision of the method was confirmed by the intra- and inter-day CV <3.1% and <5.6% for IMA

and £4.3% and <6.6% for norIMA (Table 11). The intra- and inter-day accuracy were within the range

88.9-106.2% and 98.9-104.3% for IMA and 92.9-112.8% and 95.7-101.0% for norIMA.

Analyte Nominal conc. (ng/mL)
250
IMA 1250
6000
50
norIMA 250
1200

120

Intra-day (N=6)
Mean + SD
281.2+6.3
1402.5 +43.5
5651.7+163.5
521+23
269.2+7.7
1064.0+26.08

CV %

2.2
3.1
2.9
4.3
2.9
2.5

Accuracy %

88.9
89.1
106.2
95.9
92.9
112.8
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Inter-day (N=15)

Analyte Nominal conc. (ng/mL) Mean + SD Precision % Accuracy %
250 260.9+11.2 4.3 104.3
IMA 1250 1282.3+41.7 33 102.6
6000 5932.8 +330.1 5.6 98.9
50 50.5+2.9 5.7 101.0
norIMA 250 248.8+16.4 6.6 99.5
1200 1196.3+£72.2 6.0 95.7

Table 11. Intra and inter-day precision and accuracy of the method for the quantification of IMA and norlMA.

4.1.4.4 Lower limit of quantification and selectivity

The LLOQ was defined as the lowest concentration that could be measured (SNR>5) with a precision
within 20% and accuracy between 80% and 120%. The LLOQ for the proposed method was fixed at
50 ng/mL for IMA and 10 ng/mL for norIMA. As shown in Figure 2, the SNR was 154.4 for IMA and
47.7 for nor-IMA. Through the analysis of six replicates, both the accuracy and precision were
determined: the accuracy and CV% were, respectively, 97.1 and 7.6% for IMA and 91.1% and 8.7%
for norIMA. The method has a good selectivity: from the analysis of six blank DBS samples no
significant interferences were detected, especially at the retention times of our compounds. In

Figure 45, an example of one of the six blank DBS samples analysed is reported.
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Figure 45. Example of blank DBS sample analyzed, for norIMA (A), IMA (B) and D8-IMA (C).

121



4. Results and Discussion

4.1.4.5 Matrix Effect

The method was not significantly affected by endogenous components of the matrix. The estimated
matrix effect (ME%) was found between 90.0-109.7 % with a CV within 6.4 % for IMA and between
100.5-110.1 % with a CV within 7.2 % for norIMA, indicating the absence of major ion suppression

or enhancement for both the analytes (Table 12).

Analyte Nominal conc. (ng/mL) ME (%) +SD ME CV (%)
250 109.7+4.4 4.0
IMA 1250 104.8+4.9 4.7
6000 90.0%5.7 6.4
50 109.6+1.9 1.8
norIMA 250 110.1+1.6 1.5
1200 100.57.2 7.2

Table 12. Matrix effect (ME) of IMA and norIMA in DBS samples.

This result was confirmed also by the post-column infusion test (Figure 46), with which it was
observed that the intensity of the analyte signal did not undergo variations at the retention time of
the analytes. Therefore, it was possible to exclude the presence of any matrix effect of ion
suppression or enhancement.
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Figure 46. Matrix-effect evaluation for both IMA and norIMA with post-column infusion.
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4.1.4.6 Stability

The stability of IMA and norIMA, under different conditions, was assessed by analysing QC samples
in triplicate. Both the analytes resulted stable, after extraction from DBS, for 24 h at 4°C. The long-
term stability in DBS, stored in plastic envelopes containing silica-gel drying bag at room
temperature, was verified up to 16 months. The stability of the standard working solutions of IMA

and norlMA was assessed after 24 months of storage at -80°C.

4.1.4.7 Incurred samples reanalysis

To further assessed the reproducibility of the proposed method, ten DBS patients’ samples were
analysed two times, with separate runs and during different working days. The concentration range
of the chosen DBS samples were between 195-1700 ng/mL (quantified with the first analysis). The
% diff obtained between the first and the second analysis were in all the ten samples within £20%:
from -16 to 1.9 % for IMA and from -12.2 to 12.7 % for norIMA. In Figure 47, the correlation graphs
between the IMA and norlIMA concentrations, calculated with the first analysis versus the second
one, are reported, showing a good linearity between the two quantifications (R?=0.9859 for IMA
and R?=0.9824 for norIMA).
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Figure 47. Correlation graphs between the first and second analysis for IMA (A) and norIMA (B).

4.1.5 Simultaneous quantification of IMA and norIMA in GIST patients’ DBS
for TDM

After the validation, the LC-MS/MS method was considered suitable for the quantification of both
IMA and norIMA in real samples. In fact, up to 55 DBS samples of enrolled patients in the

abovementioned clinical study (section 3.2.1), were analysed.
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4. Results and Discussion

The obtained Cmin values for both the analytes are reported in Table 13. Each sample was identified

with an ID that was composed by the patient identification number followed by the sampling

number.

IMA dose during Hours from IMA conc norlMA conc IMA conc DBS norlMA conc

Sample . . (ng/mL) DBS (ng/mL)
sampling last intake Plasma Plasma . X

# (mg/die) (hh:mm) (ng/mL) (ng/mL) normalized normalized

with Fc (1.73) with Fc (1.61)
1.5 400 26:15 896.5 269.3 840.8 251.2
2.6 400 24:15 1808.0 329.2 1799.2 322.0
2.7 400 23:00 1897.1 326.3 1937.6 349.4
7.5 400 21:45 828.8 197.6 897.7 231.6
7.6 400 24:45 976.0 314.1 937.7 294.6
7.7 400 23:45 821.9 231.1 867.1 2139
8.4 400 22:45 708.4 139.1 743.6 129.8
8.5 400 23:00 1047.0 175.2 994.8 151.8
10.6 400 22:35 417.0 213.0 359.8 167.4
124 400 27:00 715.1 169.3 704.6 151.8
14.3 400 27:00 1083.7 172.9 1179.9 188.4
14.4 400 22:00 1440.7 254.2 1410.3 197.8
14.5 400 22:30 1064.2 138.0 1046.7 147.3
15.3 400 24:45 2188.8 423.0 2078.0 466.8
17.5 400 23:45 982.1 176.5 996.2 246.5
17.6 400 24:35 735.2 181.6 790.6 228.5
18.5 400 23:30 1207.0 284.3 1291.9 358.8
18.6 400 22:15 1711.0 412.2 1799.2 425.0
19.3 400 21:30 770.9 122.4 987.7 179.0

20.4 400 23:00 <LLOQ <LLOQ <LLOQ <LLOQ

22.4 400 26:15 1032.1 196.4 931.0 161.7
225 400 01:30 5840.8 1083.6 5778.2 917.7
24.2 400 23:00 502.1 159.8 528.0 126.9
24.3 400 23:20 736.9 185.8 833.9 204.5
26.2 400 41:15 1051.8 281.5 1117.4 281.3
26.3 400 24:00 1277.6 3284 1395.3 352.7
27.2 400 41:00 1188.3 264.7 1251.2 253.1
27.3 400 40:30 1243.1 305.8 1256.0 281.9
27.4 400 50:30 1041.1 306.0 1044.9 296.2
27.5 400 26:00 1802.7 415.0 1681.6 417.0
27.6 400 25:00 2093.0 410.3 1764.6 367.1
28.2 400 41:30 364.2 111.0 316.6 108.7
28.3 400 22:20 641.6 134.5 662.6 145.4
28.4 400 25:10 741.9 157.3 797.5 185.2
29.1 400 24:30 1330.8 195.6 1432.8 192.9
29.2 400 23:00 2336.1 383.7 1816.5 285.0
29.3 400 24:00 1800.9 240.2 1816.5 252.8
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4. Results and Discussion

IMA conc DBS norlMA conc

IMA dose during Hours from IMA conc norlMA conc
Sample . . (ng/mL) DBS (ng/mL)
“ sampling last intake Plasma Plasma normalized normalized
(mg/die) (hh:mm) (ng/mt) (ng/mt) with Fc (1.73)  with Fc (1.61)

30.2 400 25:30 932.6 212.3 965.3 217.4
30.3 400 25:30 1045.8 186.9 1062.2 193.2
30.4 400 24:00 840.7 184.2 958.4 233.5
30.5 400 24:15 971.0 202.3 967.1 202.9
31.2 400 22:45 1537.9 388.5 1679.8 431.5
31.3 400 25:00 1355.2 375.0 1465.3 441.1
314 600 25:15 2624.1 876.8 2491.2 880.7
32.2 400 25:00 1443.2 229.0 1501.6 247.9
32.3 400 26:50 1550.7 262.7 1678.1 299.5
324 400 26:00 1371.9 238.8 1501.6 307.5
33.2 200 30:00 545.2 71.3 579.6 73.1

33.3 200 24:15 731.9 71.9 813.1 83.1

34.1 400 24:00 1275.4 298.6 1197.2 256.0
34.2 400 23:10 1378.3 293.1 1435.9 291.4
34.3 400 25:15 973.9 281.8 1250.8 338.1
35.1 400 23:10 1177.0 278.8 1167.8 273.7
36.1 300 22:05 1787.2 672.0 1567.4 658.5
37.1 300 23:10 1941.3 527.2 1512.0 436.3

Table 13. C, values obtained from patients’ samples quantification for both IMA and norIMA in plasma and in DBS samples (after

normalization with F¢).

To estimate the plasma concentration of IMA and norlMA starting from the measurements of DBS
samples the equation [5] (ECpla=Coss/[1-(Hct/100)]), according to Kralj et al. was applied [144]. This
ECola was compared with the actual plasma concentration of matching plasma samples. Opposite to
Antunes et al. [145], it was not take into account the plasma to blood partition (f,) since the value
of f, calculated according to Antunes et al. [194] was 0.45 and 0.48 for IMA and norIMA respectively.
Moreover, ECyla Was also estimated with the application of a correlation factor (calculated as the
mean of Cpia/Coss ratio of the 55 samples analysed) in order to avoid the use of Hct. The F. resulted
1.73+0.18 for IMA and 1.6110.24 for norIMA. The agreement between Cpa and ECpia, obtained from
the Cpss normalised with the Hct or the Fc, was evaluated through the cross-validation study

reported in the section below.

4.1.6 Cross-validation study

IMA concentrations found in DBS were on average 596 % of those obtained from plasma, while
norlMA concentrations from DBS samples were on average 6319 % of those from plasma. Among
the 55 samples analysed, IMA concentrations range from 310 to 5840 ng/mL in plasma and from
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183 to 3340 ng/mL in DBS, while norIMA concentrations range from 67 to 672 ng/mL in plasma and
from 45 to 409 ng/mL in DBS. In one out of 55 samples IMA and norlMA concentrations were found
<LLOQ, in both plasma and DBS matrices (sample # 20.4, table 13). The intercept values for Passing-
Bablok regression were 32.5 (95% Cl: 2.9 — 66.0) and 1.2 (95% Cl: -8.8 — 13.2) for IMA and norIMA,
respectively, suggesting a small constant error for both analytes. The slope coefficients were 0.55
(95% Cl: 0.52 — 0.58) and 0.61 (95% Cl: 0.57 — 0.67) for IMA and norIMA respectively, indicating a
proportional error (the higher concentrations were underestimated). This pattern was confirmed
also by Bland-Altman analyses (Spearman correlation between (Y-X) and (X+Y)/2: R?= -0.9449).

These values indicated that almost all these compounds were founded in plasma. A good agreement
between the two methods (plasma and DBS normalized with Hct) was obtained according to
EMA/FDA guidelines: 89 (49/55) and 78 (43/55) % of ECpia resulted within 20 % of the mean for
IMA and norlMA, respectively. Also, with the Hct normalization, the intercept values for Passing-
Bablok regression (77.1, 95% Cl: 1.7 — 181.0 and 10.5, 95% Cl: -5.6 — 31.4, for IMA and norIMA,

respectively) indicated that the small constant error was maintained for both analytes (Figure 48).
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Figure 48. Correlation between IMA and norlMA concentrations in 55 DBS samples normalized by Hct. Comparison between IMA
(A) and norlMA (B) ECpia by Hct with corresponding Cpia through Bland-Altman plot (1) and Passing-Bablok regression (2). ECpia:
estimated plasma concentration by normalization of DBS measurements; Cpia: concentration found in plasma samples; Hct:

hematocrit. All the concentrations are expressed as ng/mL. N=55.
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Anyway, the slope coefficients were, in this case, very close to 1 (0.86, 95% Cl: 0.77 —0.94, and 0.97,
95% Cl: 0.89 — 1.06 for IMA and norIMA, respectively) indicating a good agreement between the
measurements and that the initial proportional error was absent or negligible. Bland-Altman
analyses confirmed these results, with a Spearman correlation between (Y-X) and (X+Y)/2 of r=-
0.4807 for IMA and r=-0.1132 for norIMA.

With its application the agreement between the two methods resulted better than with the Hct
normalization. As related to EMA/FDA guidelines requirements, 93 (51/55) and 85 (46/55) % of ECpia
resulted within £20 % of the mean for IMA and norIMA, respectively. Regarding the Passing-Bablok
regression, the slope coefficients were even better than those obtained using the Hct normalization
factor (0.96, 95% Cl: 0.91 — 1.01, and 1.00, 95% CI: 0.92 — 1.09 for IMA and norIMA, respectively),
while a considerable lower constant error resulted for both the analytes from the intercept values
(53.3,95% CI: 0.0 - 107.4 and 1.8, 95% Cl: 0.9 — 1.1 for IMA and norIMA, respectively), as reported
in Figure 49. The LCCC calculated were very high for both Hct and Fc normalization methods, whit a
little improvement for IMA with Fc correction with respect to Hct one (IMA LCCC= 0.950 and 0.9667
after Hct and Fc normalization, respectively, norIMA LCCC= 0.9698 and 0.9742 after Hct and Fc

normalization, respectively).
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Figure 49. Correlation between IMA and norIMA concentrations in DBS samples after normalization and those obtained from
plasma samples. Comparison between IMA (C) and norIMA (D) ECpia by Fc with corresponding Cpia through Bland-Altman plot (1)
and Passing-Bablok regression (2). ECpia: estimated plasma concentration by normalization of DBS measurements; Cpia:

concentration found in plasma samples; Hct: hematocrit; F.: correction factor. All the concentrations are expressed as ng/mL. N=55.

A further validation of this strategy was assessed through the application of the F. of both IMA and
norlMA to 12 extra patients’ samples. The agreement between concentrations in plasma and in DBS
samples, after the Fc normalization, was verified. As reported in Table 14 and in Figure 50, 100 % of
ECyia resulted within £20 % of the mean for both IMA (from -13.9 to 13.8 %) and norIMA (from -7.0
to 18.7 %), with a good linearity with plasma concentrations (R?= 0.989 for IMA and R?= 0.9474 for
norlMA).
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Figure 50. Fc application to 12 additional patients’ DBS samples. Correlation graph between (A) IMA and (B) norIMA estimated

Sample #

4.3
4.4
14.2
16.2
22.1
24.1
23
26.1
14
26.2
27.2

8.4

plasma concentrations (ECpia) by Fc and their corresponding plasma measurements (Cpia); N=12.

IMA plasma conc.

(ng/mL)

2343

2569

1158

926

1861

211

1270

862

1012

1051

1188

708

Fc norm. (ng/mL)

2690

2872

1164

936

2024

221

1477

848

881

1138

1272

766

IMA DBS conc.

% diff

13.8

111

0.5

1.1

8.4

4.8

15.1

-1.7

-13.9

8.0

6.8

7.9

norlMA plasma conc.

norlMA DBS conc.

% diff
(ng/mL) Fc norm. (ng/mL)
349 364 4.2
401 409 2.0
183 171 -7.0
161 169 4.9
247 298 18.7
73 72 -1.9
277 332 18.0
282 272 -3.6
252 254 0.9
281 322 13.6
264 293 10.4
139 167 18.6

Table 14. F. application to 12 external DBS samples, all of them with a % diff < 20% for all the samples, for both IMA and norIMA.

4.1.7 Clinical observations

Excluding samples # 22.5, 26.2, 27.2, 27.3, 27.4, 28.2 and 33.2 that were not at the Cnin, the

remaining 48 samples were taken at 24

+

administration and were considered evaluable for Cmin estimation.

3 hours (range 21.5-27 hours) from last drug
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The first consideration emerging from the analysis regards the high inter-patient variability in
Cminvalues: IMA concentration went from a minimum of 359.8 ng/mL to a maximum of 2491.2
ng/mL. This reflects the wide variability of IMA concentrations in GIST patients, treated with the
same starting dose, in line with what was reported in the literature [86, 195]. As described in the
introduction, Cmin values higher than 1100 ng/mL were associated with a longer TTP in GIST patients
treated with IMA [86]. Among these samplings different situations were highlighted. It is
noteworthy that the 48% of the analysed samples revealed an under-exposure to the drug and,
therefore, a risk for a reduced therapeutic effect, while in the remaining 52% of the analysed
samples, the Cmin was higher than or equal to the threshold value proposed for IMA efficacy.

In addition to that, there were some interesting cases to underline. Firstly, a suspected case of non-
adherence to therapy was found (# 20.4). In fact, when repeatedly analysed, this sample gave a
concentration of both IMA and norIMA below the method LLOQ suggesting that patient was not
taking the drug at least in the days before the blood drawn. Secondly, sample # 10.6 showed an IMA
concentration of 359.8 ng/mL that was far below the proposed threshold for efficacy. To investigate
the possible reasons for this low drug plasma level, the clinical history of this patient was retraced.
As reported in the clinical record, the patient was started on IMA 400 mg/die and the disease was
kept under control for about 5.5 years, when disease progression occurred. Therefore, the patient
was started on IMA 800 mg/die, a treatment still ongoing. The patient was also taking
carbamazepine to control his epilepsy for almost 30 years. Carbamazepine is a potent CYP3A4
inducer and in IMA summary of product characteristics, a special warning reports that the
concomitant use of IMA and CYP3A4 inducers (as carbamazepine) should be avoided, as the latter,
increasing IMA metabolism, may significantly reduce the exposure to IMA. This would explain the
low IMA concentrations found in our sample. In order to confirm the metabolism induction, the
quantification of the active metabolite was investigated and a ratio of norIMA/IMA around the 50%
was found in this sample, meanwhile in the other cases it was 20-25%[11]. We can speculate that,
due to the absence of molecular alterations that may induce drug resistance, the low IMA
concentrations due to a possible drug interaction phenomenon with carbamazepine, may have
contributed to disease progression and, therefore, to the need of higher IMA dosages.

Finally, sample # 31.4 showed the highest IMA concentration within our sample set, of nearly 2500
ng/mL, a value that is closed to the 3000 ng/mL threshold associated with toxicity in CML.

Interestingly, the clinical record reported that this patient was treated with IMA 400 mg/die for 7
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months with no significant side effects. During this period, the samples 31.2 and 31.3 were collected
and their analysis highlighted IMA and norIMA concentrations slightly higher than the mean (1295
ng/mL for IMA and 285 ng/mL for norIMA), but they were considered still adequate. Subsequently,
the drug dosage was increased at 800 mg/die due to disease progression and, interestingly, the
patient experienced severe drug toxicity during the treatment at higher doses, consisting in fluid
retention with oedemas and gain of weight. These symptoms disappeared at IMA suspension and
reappeared when the treatment was re-started at 600 mg/die. This data suggests an undoubted

intolerance to high-dosage IMA, that is reflected by plasma concentrations.

4.2 LC-MS/MS method development for the simultaneous
quantification of RIBO, PALBO and LETRO in human plasma

4.2.1 Chromatographic conditions

The separation of the analytes was obtained applying the following gradient (flow rate of 0.3
mL/min, column temperature fixed at 50 °C): the percentage of MPB (MeOH/iPrOH 9:1 v/v, with
0.1% HCOOH) was increased from the initial condition (10%) to 70% in 0.5 min and then kept
constant for 1.75 min; MPB was further increased to 95% in 0.1 min and kept constant for 1.9 min;
the initial condition was then restored in 0.25 min and the column was re-equilibrated for 2 min.

The total run time was 6.5 min, as reported in Figure 51.

100 ' .
80

60

% MPB

40

20

0.0 2.0 40 60 65
Time (min)

Figure 51. Multi-step optimized chromatographic method applied to the column.

As noticeable from Figure 52, the analytes were rapidly and selectively eluted achieving a good
separation within 2.5 min: the retention times correspond to 1.93 min for PALBO, 1.56 min for RIBO

and 2.20 min for LETRO.
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Figure 52. Example of MRM chromatogram of the calibration point C. PALBO (A) (75 ng/mL), RIBO (B) (3000 ng/mL) and LETRO (C)

(150 ng/mL).

4.2.2 Mass spectrometric conditions optimization

The monoisotopic masses of PALBO, RIBO and LETRO are 448, 435 and 286 Da respectively. Working

in positive ion mode with ESI source, the presence of the analyte of interest, during the first Q1 scan,

was confirmed by the protonated molecule [M+H]* at 436, 449 and 287 m/z, Figure 53.

448.3

Intensity (cps)

A

435.3

,‘n/'z“(ﬁai T

286.2

Figure 53. Spectrum obtained in positive mode with a Q1 scan that confirms the presence of PALBO (A), RIBO (B) and LETRO (C).

Compound-dependent parameters for all the analytes were determined with the same experiments

carried out in the LC-MS/MS method for IMA and norlMA, section 3.1.2.

The fragmentation patterns obtained within the collision cell are represented in
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Figure 54 [184, 196, 197] and reported in Table 15 along with the optimized compound dependent

parameters. The daughter ions used as quantifiers were: 448>380 m/z for PALBO, 435>367 m/z for

RIBO and 286>217 m/z for LETRO. The following fragment ions were used as qualifiers: 448>337 m/z

for PALBO (the m/z 362 peak is probably due to the loss of H,0), 435>322 m/z for RIBO and 286>190

m/z for LETRO. The quantification of ISt signals was conducted using the following transitions:

456>388 m/z for Dg-PALBO, 441>373 m/z for De-RIBO, and 290>221 m/z for 13C3,>N,-LETRO.
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Figure 54. MS/MS mass spectra of analytes with their chemical structures and identification of the fragment ions used for the

present method. (A) PALBO, recorded with CE=50 V; (B) RIBO, recorded with CE=37 V; (C) LETRO, recorded with CE=30 V.

Compound Ql (m/z) DP (V) EP (V) Q3 (m/z) CE (V) CXP (V)

380.2 40 10

PALBO 448.3 130 10
337.2 53 10
367.3 55 10

RIBO 435.3 110 10
322.3 63 10
217.2 20 10

LETRO 286.2 50 10
190.2 45 10
Ds-PALBO 456.3 130 10 388.3 40 10
De-RIBO 441.3 110 10 373.3 38 10
13C,,5N2-LETRO 290.2 50 10 221.2 20 10

Table 15. Compound-dependent parameters.

Source-dependent parameters were optimized as follows: temperature 500 °C, nebulizer gas 40 psi

and heater gas 40 psi (zero air), CUR 35 psi and CAD 6 psi (nitrogen), IS voltage 5500 V.
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4.2.3 LC-MS/MS validation study

4.2.3.1 Recovery

PALBO, RIBO and LETRO recovery, expressed as percentage and reported in Table 16, resulted high

(2 92.3%) for all the analytes and reproducible over the concentration ranges tested.

Analyte Nominal conc. (ng/mL) Recovery (%) +SD Recovery CV (%)

0.5 92.319.4 10.2

PALBO 20 97.443.3 34
200 96.6+3.5 3.6

20 101.1+2.6 2.6

RIBO 800 97.7+2.8 2.9
8000 99.6+1.4 1.4

1 98.1+4.0 4.1

LETRO 40 97.0+1.7 1.7
400 99.2+3.1 3.1

Table 16. Recovery of PALBO, RIBO and LETRO from human plasma.

4.2.3.2 Linearity

The calibration curves were freshly prepared every day during the validation study. To generate a
calibration curve (an example is reported in Figure 55 for each analyte), the peak-area ratios
between the analyte and the IS compared to the nominal concentrations were plotted and a

weighted (1/x?) linear regression function was applied.
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Figure 55. Example of the linearity reached with calibration curves of PALBO, RIBO and LETRO.

The linearity of the method was verified over the selected concentrations (0.3-250, 10-10000, 0.5-

500 ng/mL for PALBO, RIBO and LETRO, respectively): the mean R? values obtained were

0.9990+0.0007 for PALBO, 0.9992+0.0002 for RIBO, and 0.9983+0.0010 for LETRO. As related to

PALBO, the calculated accuracy was between 95.5 and 103.3% and precision was within 5.7%. The

accuracy obtained for RIBO was between 95.1 and 102.7% while precision was < 5.1%. Lastly,

precision and accuracy of LETRO was between 91.8 and 104.5% and within 6.2, respectively. In Table

17 the complete list of linearity data is reported.
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Nominal conc. (ng/mL)

0.300
1.00
4.00

10.00

25.00

75.00

150.00
250.00

Nominal conc. (ng/mL)

10.00
40.00
160.00
400.00
1000.00
3000.00
6000.00
10000.00

Nominal conc. (ng/mL)

0.50

2.00

8.00
20.00
50.00
150.00
300.00
500.00

PALBO (N=5)

Mean £ SD

0.301+0.002
1.00+0.02
3.91+0.22
9.85+0.29
25.74+0.73
76.28+1.05
154.97+5.20
238.67+12.12

RIBO (N=5)

Mean £ SD

10.04+0.13
39.30£2.00
158.44+3.68
410.94+11.23
1020.18+19.12
3029.34+88.65
6091.68+176.43
9506.24+299.76

LETRO (N=5)

Mean £ SD

0.49+0.01
2.09+0.12
8.25+0.20
20.74£0.45
50.05£1.30
150.70+6.02
293.00+18.07
459.19+11.19

CV%

0.6
2.2
5.7
2.9
2.8
1.4
3.4
5.1

CV%

13
5.1
2.3
2.7
1.9
2.9
2.9
3.2

CV%

1.6
5.7
24
2.1
2.6
4.0
6.2
24

Acc%

100.2
100.1
97.8
98.5
103.0
101.7
103.3
95.5

Acc%

100.4
98.2
99.0
102.7
102.0
101.0
101.5
95.1

Acc%

98.6
104.5
103.2
103.7
100.1
100.5
97.7
91.8

Table 17. Accuracy and precision data of the calibration curves of PALBO, RIBO and LETRO.
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4.2.3.3 Intra- and inter-day precision and accuracy

The results of intra- and inter-day precision and accuracy of the proposed method complied with

FDA and EMA requirements (Table 18). As related to intra-day precision and accuracy, the obtained

values were, respectively, < 3.6% and between 94.5-112.3% for all three analytes. At the same time,

inter-day precision and accuracy were < 7.3% and between 94.5-112.9%.

Analyte

PALBO

RIBO

LETRO

Analyte

PALBO

RIBO

LETRO

Nominal conc. (ng/mL)

0.50
20.00
200.00
20.00
800.00
8000.00
1.00
40.00
400.00

Nominal conc. (ng/mL)

0.50
20.00
200.00
20.00
800.00
8000.00
1.00
40.00
400.00

Intra-day (N=6)
Mean £ SD
0.56+0.02
19.4610.72

195.03+7.51
19.73+0.70
757.56%+37.94
7560.69+334.39
1.00+0.06
38.37+1.24
382.52+13.21

Inter-day (N=15)
Mean + SD
0.5610.04
21.12+1.13

206.72+8.66
20.23+1.17
794.70%£42.33
7757.54+354.15
0.95+0.07
41.10+1.79
394.74+20.09

CV %
4.0
3.7
3.9
3.6
5.0
4.4
6.3
3.2
3.5

CV %
6.2
5.4
4.2
5.8
5.3
4.6
7.3
4.4

5.1

Acc %
112.3
97.3
97.5
98.7
94.7
94.5
100.2
95.9
95.6

Acc %
112.9
105.6
103.4
101.1
99.3
97.0
94.5
102.8
98.7

Table 18. Intra- and inter-day precision and accuracy of the proposed method for PALBO, RIBO and LETRO.

4.2.3.4 Lower limit of quantification and selectivity

The LLOQ values were assessed at the concentrations of 0.3 ng/mL for PALBO, 10 ng/mL for RIBO

and 0.5 ng/mL for LETRO: the accuracy and precision (CV%) obtained for the 6 LLOQ samples

138



4. Results and Discussion

prepared in pooled blank human plasma were, respectively, 98.1% and 6.5% for PALBO, 105.3% and
5.5% for RIBO and 108.2% and 4.4% for LETRO. The S/N ratios were 30.5 for PALBO, 93.5 for RIBO
and 7.5 for LETRO.

The method has a good selectivity: the analysis of six blank human plasma samples, from
independent sources, resulted free of interferences, especially at the retention times of the

analytes, thus indicating satisfying method specificity.

4.2.3.5 Matrix effect

Both the post-column infusion test (Figure 56) and the calculation of the ratio between analytes
peak area in presence of matrix (human pooled plasma) and the peak area without matrix (MeOH),
evaluated at each QC concentration, demonstrated the absence of significant matrix effect. In fact,

no suppression or enhancement of XIC was detected at the retention time of the analytes.
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Figure 56. Post-column infusion for PALBO (A), RIBO (B) and LETRO (C).

The estimated matrix effect (ME%) is reported in Table 19 for each analyte: it was found between
91.5-98.7% with a CV% <10.2% for PALBO, between 85.0-113.2% with a CV% <4.0% for RIBO and
between 86.4-91.6% with a CV% <9.5 for LETRO. These results confirmed that the proposed method

is not affected by matrix effect.
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Analyte Nominal conc. (ng/mL) ME (%) +SD ME CV (%)
0.5 91.549.3 10.2
PALBO 20 98.7t1.4 1.4
200 97.0£2.5 2.6
20 113.244.5 4.0
RIBO 800 110.2+2.4 2.2
8000 85.0+1.2 1.4
1 86.4+8.2 9.5
LETRO 40 91.6+2.0 21
400 90.5+1.9 21

Table 19. Estimated matrix effect (ME%) of PALBO, RIBO and LETRO in deproteinized human plasma

4.2.3.6 Stability

PALBO, RIBO, and LETRO stability in plasma matrix was verified under the following conditions: 1)
after 4 h at room temperature, being precision and accuracy, respectively, within 12.2% and
between 88.2% and 103.5% for the three analytes; 2) after 2 months of storage at -80 °C, being
precision and accuracy, respectively, within 5.0% and between 88.3% and 105.5% for the three
analytes. The deproteinized QCs were stable in autosampler set at 4 °C for 72 h as proved by
precision and accuracy values obtained (< 7.8 % and between 93.9% and 108.2% for all the
compounds). PALBO, RIBO, and LETRO resulted stable after 2 freeze/thaw cycles (taking together
the 3 drugs, precision and accuracy values were < 14.2% and between 102.3-11.9%, respectively).
Long term stability in MeOH was verified after 2 months of storage at -20°C: for all the 3 compounds,
precision and accuracy were within 4.3 and between 97.6-110.7%, respectively. In Table 20, Table

21 and Table 22 complete stability data are reported.
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T =4h (RT) T=72hin AS (4°C)
Analytes  Nominal conc. (ng/mL)
Mean £ SD Prec.% Acc. % Mean £ SD Prec. % Acc. %
0.50 0.52+0.06 12.2 103.5 0.5440.02 4.2 108.2
PALBO 20.00 20.31+0.59 2.9 101.6 21.10+1.23 5.8 105.5
200.00 204.51+10.42 5.1 102.3 215.60+8.28 3.8 107.8
20.00 18.86+0.74 3.9 94.3 21.24+1.45 6.8 106.2
RIBO 800.00 751.88+27.56 3.7 94.0 815.31436.72 4.5 101.9
8000.00 7218.92+402.94 5.6 90.2 8274.93+207.29 2.5 103.4
1.00 0.88+0.06 7.1 88.2 0.94+0.07 7.8 93.9
LETRO 40.00 37.95+1.78 4.7 94.9 44.45+0.19 0.4 1111
400.00 372.54+24.58 6.6 93.1 426.23+4.43 1.0 106.6
Table 20. Short term stability of PALBO, RIBO and LETRO.
After 2 freeze-thaw cycles

Analytes  Nominal conc. (ng/mL) Mean + SD Prec.% Acc.%

0.50 0.56%0.08 14.2 111.9

PALBO 20.00 21.59+0.17 0.8 107.9

200.00 207.66%9.03 4.3 103.8

20.00 21.630.84 3.9 108.2

RIBO 800.00 834.99+21.64 2.6 104.4

8000.00 8183.97+158.24 1.9 102.3

1.00 1.06+0.08 7.5 105.8

LETRO 40.00 43.24+1.20 2.8 108.1

400.00 411.1345.15 1.3 102.8

Table 21.Stability data for PALBO, RIBO and LETRO after 2 freeze-thaw cycles.
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Stored at -80°C over 2 months Stored at -20°C over 2 months
(plasma) (methanol)
Analytes Nominal conc. (ng/mL)

Mean + SD Prec.% Acc. % Mean + SD Prec. % Acc.%

0.50 0.51+0.02 4.3 101.6 0.52+0.02 33 104.1

PALBO 20.00 20.46+0.74 3.6 102.3 22.43+0.63 2.8 1121
200.00 202.92+0.37 0.2 101.5 219.1849.46 4.3 109.6

20.00 21.10+1.05 5.0 105.5 19.5240.30 1.5 97.6

RIBO 800.00 789.37+28.89 3.7 98.7 885.44+35.25 4.0 110.7
8000.00 7699.21+117.73 15 96.2 8522.63+68.65 0.8 106.5

1.00 0.88+0.01 1.4 88.3 1.05+0.03 2.7 105.1

LETRO 40.00 39.58+0.90 2.3 99.0 44.12+1.25 2.8 110.3
400.00 386.6616.61 1.7 96.7 413.47+6.07 1.5 103.4

Table 22. Long term stability (2 months) of PALBO, RIBO and LETRO: analytes stored in human plasma at -80°C and working

solutions (methanol) stored at -20°C.

4.2.3.7 Carry-over

A marked carryover was observed after the injection of ULOQ sample, albeit the introduction of a
cleaning step during the chromatographic gradient: the first blank sample after ULOQ had residual
signals of PALBO and RIBO that were 2- and 1.5-fold higher than those of the LLOQ, respectively. On
the contrary, no carryover post-injection was detected for LETRO, being its signal in the first blank
sample after ULOQ injection lower than 10% respect to the LLOQ. The first attempt to overcome
PALBO and RIBO carryover was the injection of several blank samples after the ULOQ.
Unfortunately, after 7 blank samples carryover was still present (35% for PALBO and 30% for RIBO).
Thus, keeping constant the mass spectrometry conditions and the MPA-B composition, we
developed a washing method based on the “saw-tooth wash” gradient proposed by Williams et al.
[198] to be applied to blank samples after ULOQ and unknown patients’ samples: from 10% to 98%
of MPB (MeOH/iPrOH 9:1, v/v, with 0.1% HCOOH) in 0.5 min and kept constant for 0.7 min; then
from 98% to 5% of MPB in 0.1 min and kept constant for 0.8 min. The same profile was repeated
three times overall with a final reconditioning step of 2 min at 10% of MPB. The total run time was
6.34 min (Figure 57). As a result, after the 2 blank samples run with the washing method and one
blank sample run with the quantification method, no quantifiable peaks of PALBO and peaks of RIBO

<15% respect to the LLOQ were observed in the following blank sample.
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Figure 57. Chromatographic gradient used for the washing method.

4.2.4 Quantification of PALBO, RIBO and LETRO in breast cancer patients’
plasma for TDM

After the validation, the LC-MS/MS method was considered suitable for the quantification of PALBO,
RIBO and LETRO in real samples. Patients’ recruitment into the clinical study (prot. code: CRO-2018-
83) is still at the beginning and, at the moment, the method was tested on 10 plasma samples
collected from 8 patients (from 2 patients we collected 2 sequential samples) affected by metastatic
breast cancer. The principal demographic and clinical characteristics of the enrolled patients are

reported in Table 23.

Patients characteristic N
Sex 8 females
Age (range) 67 (50-85) years

5 PALBO (125 mg/die) + fulvestrant

1 PALBO (100 mg/die) + fulvestrant
Therapy
1 PALBO (125 mg/die) + LETRO (2.5 mg/die)

1 RIBO (600 mg/die) + LETRO (2.5 mg/die)
Table 23. Principal demographic and clinical characteristics of the enrolled patients.
Blood samples were taken between 15 and 30 h from the last pill intake. As reported in Table 24, in
one case (patient 3), the last PALBO assumption was 1 week before the blood sampling. Anyway,
the sensibility of the method allowed the quantification of the residual concentration of PALBO (1.6
ng/mL). Concentrations of PALBO obtained in patients 1, 2, 3, 4, and 6 were rather in line with the

population mean Cmin reported in literature (61 ng/mL) for the standard dose [199]. Patient 5
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showed PALBO concentrations slightly lower in both two analysed samples (39.5 and 41.5 ng/mL)
while patient 7 showed a slightly higher drug concentration (97.9 ng/mL). This latter result was
probably because the last pill intake was 15 h before the sampling. In sample 6.2 (patient 6),
although the patient was treated with PALBO in combination with fulvestrant, a residual amount of
LETRO (2.8 ng/mL) was detected: the patient completed her adjuvant therapy with LETRO 2 weeks
before the sampling.

The concentrations of RIBO and LETRO obtained from the patient 8 (samples 8.1 and 8.2), resulted
quite lower than the mean Cnmin reported in literature for both drugs: RIBO concentration was 396.0
ng/mL while the population mean is 711 ng/mL [200], LETRO was measured at the concentration of

46.8 ng/mL while the reported mean is 107.0 ng/mL [201].

PALBO RIBO LETRO | quantif. Il quantif.
Patient N Sample N % diff.

(mg/die)  (mg/die) (mg/die) (ng/mL) (ng/mL)
1 1.1 125 - - 53.0 55.9 5.3
2 21 125 - - 76.9 84.2 9.1
2 2.2 125 - - 77.5 82.4 6.1
3 31 125 - - 1.6 1.5 -6.5
4 4.1 100 - - 70.7 74.3 5.0
5 5.1 125 - - 39.5 43.0 8.5
5 5.2 125 - - 41.5 46.1 10.5
6 6.1 125 - - 69.7 74.0 6.0
6 6.2 - - 2.5 63.3 67.8 6.9
7 7.1 125 - - 97.9 96.2 -1.8
7 7.2 - - 25 2.8 29 3.5
8 8.1 - 600 - 396.0 419.3 5.7
8 8.2 - - 25 46.8 46.9 0.2

Table 24. Incurred samples reanalysis. Measured drugs’ concentrations (ng/mL) with the % difference (% diff.) calculated between

the two analyses (I and Il quantification).

4.2.4.1 Incurred samples reanalysis

To further assessed the reproducibility of the proposed method, the 10 patients’ plasma samples
(reported in the previous section) were analysed two times, with separate runs and during different
working days. In Table 24 ISR data are reported: the concentrations of PALBO, RIBO and LETRO

obtained with the first and the second quantification along with the percentage differences
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calculated. Despite this test is limited by the low number of available samples, preliminary results
seemed to indicate a good reproducibility of the method: the percentage differences were always
within £10% for all the analytes (between -6.5% and 10.5%) and the R? of the correlation graph

between the two quantifications was 0.9994 (Figure 58).
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Figure 58. Correlation graph between the first and the second analysis of PALBO, RIBO and LETRO in patients’ samples (N=6).

4.3 Molecularly imprinted polymers

The experiments described in this chapter are part of a large project granted by the Italian
Association for Cancer Research (AIRC) on “Application of Advanced Nanotechnology in the
development of innovative cancer diagnostic tools”. In this context, the aim was to synthesize
imprinted polymers as receptors for IMA. The work hereby presented was carried out in the
laboratory of prof. Federico Berti (Dept. Of Chemical and Pharmaceutical Sciences, University of
Trieste), and in the laboratory of prof. Marina Resmini (School of Biological and Chemical Sciences,

Queen Mary University of London), for an overall secondment of 6 months.

4.3.1 MIPs synthesis and characterization

In order to obtain specific polymers for IMA, the first step consisted on the selection of a FM able
to interact with the target molecule, exploiting the non-covalent imprinting process (as reported in
section 3.4.4). This process was the only evaluated, because it is an easy method that requires only
a low number of synthetic steps.

Other PhD students worked on this project too, synthesizing MIPs/NIPs for IMA with different types

of FMs (like AMPS and 4-vinylpyridine). Thus, the FM took in consideration for the interaction with
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IMA, in this thesis, was MAA. A preliminary evaluation of its ability to bind the target was carried
out by NMR titration (protocol reported in section 3.4.3). The experiment was performed in
deuterated DMSO, as it was the solvent chosen to perform the MIP synthesis. In particular, to a 4
mM solution of IMA free-base in de-DMSO, increasing amounts of FM solution were added to obtain
final concentrations ranging from 2.3 to 44 mM. The type of exchange observed in all titrations is
mainly fast, suggesting that weak interactions are established between the drug and the FM.

Analysing the obtained data, in particular looking at the chemical shift of each proton, it was possible
to notice that MAA interacts with IMA through weak interactions (there is not a clear saturation
trend that could suggest the occurrence of tight interactions) in correspondence of H1 and H4, as
reported in panel (B) of Figure 59. In panel (A) of the same Figure also the variation of the proton

chemical shift of the target drug after the addition of 10.7 equivalents of FM is shown.
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Figure 59. Variation of IMA proton chemical shift, in d6-DMSO, upon the addition of MAA, from 0 to 10.71 equivalents (A),

graphical representation of IMA protons involved in the interaction with MAA (B).

Both protons at position 1 and at position 4 are close to sp3 piperazine nitrogens. The pKa of all IMA
nitrogens have been evaluated [202] and those of piperazine groups are most likely to be
protonated since they are the most basic groups in the molecule. The change in chemical shift at
such protons may be due to the protonation (either direct or water-mediated) of one of the nitrogen
atoms and to the subsequent formation of an ionic pair between IMA* and MAA". Depending on the
polarity of the environment, as well as on water amount, the formation of a strong hydrogen bond
without proton transfer can also be an explanation. These two pictures represent the extremes of
the actual behaviour occurring inside a MIP binding site, depending on its polarity, when the
rebinding is performed in water. However, the interaction will take place both in DMSO during the

synthesis of MIPs, and in water when exploiting the material in the real sample matrix. DMSO was
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therefore chosen as the solvent to perform the synthesis since it allows a good dissolving of all the
reagents involved in the polymerization.

MAA was used in all polymers’ synthesis. The synthesis of several MIPs was carried out, testing
whether using different percentages of FM has effect in MIP binding capacity, and also whether
exploiting different percentages of co-monomer (acrylamide, AA) and different type of cross-linkers
(MBA and PBA) has effect in MIP size and performances.

The performances evaluation was carried out according to two main criteria: the polymers’
rebinding capacity for the template and the IF as measure of specificity (given by comparison with
the NIP, as reported in section 3.4.7).

The synthesis of MIPs, and the corresponding NIPs, was performed following the protocol described
in section 3.4.4. The initiator (AIBN) concentration was fixed at 5%, the Cm at 1% (to avoid
macrogelation phenomena) and the porogenic solvent (DMSO) was the 99% (in weight). The ratio
between FM and IMA was fixed at 1:1. The relevant data for all the MIPs and NIPs synthesised are
reported in Table 25 and Table 26, respectively. In particular, the mol% composition of the reacting
mixtures leading to MIPs/NIPs, the yield (%) calculated from the total mass of reagents and the mass
of the resulting MIPs/NIPs; the IMA amount (nmol) bound measured by HPLC/UVvis, with a IMA
concentration of 3000 uM; the specificity (IF value, reported only in the MIPs table); the triplicate
of DLS size measurement both by intensity and by number (mean (£SD) in nm) were reported.
Considering that during all the rebinding tests performed, the plateaux was never reached
increasing the concentrations of the template, IMA rebinding was evaluated at the maximum
concentration exploited: 3000 uM. It was not possible to increase further IMA concentration due to
problems with detector saturation, neither to decrease the polymers’ concentration for their
solubility in water and the consequent problems to achieve the polymers precipitation (necessary

to perform the rebinding tests).
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MIP
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MAA
(%)

20

20

20

10

10

10

10

10

10

AA
(%)

20

10

30

20

10

30

70

30

Cross-linker

(%)

MBA
(60)
MBA
(70)
MBA
(80)
MBA
(60)
MBA
(70)
MBA
(80)

MBA:PBA

(40:20)
PBA
(20)
PBA
(60)

Yield
(%)

84.2

82.5

71.5

98.6

99.0

79.7

71.3

91.4

89.3

IMA
rebinding

(nmol/mg)

480

543

504

599

530

465

446

559

385

Specificity
IF

0.89

1.09

1.06

2.35

131

0.98

0.72

1.71

0.83

DLS size by
intensity

Mean (+SD)
(nm)

70.3 (£7.1)

122 (+13.2)

90.3 (+2.6)

114 (+5.8)

95.4 (+4.3)

101 (+22.4)

84.3 (+3.3)

94.2 (+3.2)

131 (+15.4)

Table 25. Summary table with the data obtained for the MIPs synthesized in DMSO.

DLS size by
number

Mean (+SD)
(nm)

14.7 (£2.1)

46.9 (x18.5)

53.9 (+3.0)

28.1 (+25.7)

45.8 (+10.5)

84 (9.8)

51.9 (+44.0)

7.47 (£2.3)

27.2 (+4.2)



4. Results and Discussion

NIP MAA AA Cross-linker Yield IMA DLS size by intensity DLS size by number
(%) (%) (%) (%) rebinding Mean (+SD) Mean (xSD)
(nmol/mg) (nm) (nm)
1 20 20 MBA 84.5 540 73.3 (¥1.9) 41.2 (£5.2)
(60)
2 20 10 MBA 90.6 495 78.2 (£1.9) 14.8 (¢4.5)
(70)
3 20 - MBA 75.1 473 52.7 (+4.0) 22.5(£12.6)
(80)
4 10 30 MBA 83.1 255 65.9 (+2.5) 20.6 (6.9)
(60)
5 10 20 MBA 85.2 405 79.1 (¥10.1) 18.0 (¢3.5)
(70)
6 10 10 MBA 75.3 474 129 (+35.5) 123 (+29.1)
(80)
7 10 30 MBA:PBA 95.5 623 71 (+¥11.0) 16.6 (+15.6)
(40:20)
8 10 70 PBA 89.3 327 86.4 (+2.6) 9.4 (+1.2)
(20)
9 10 30 PBA 67.5 465 76.7 (+3.2) 53.1 (+4.5)
(60)

Table 26. Summary table with data obtained for the NIPs synthesized in DMSO.

A first set of polymers was designed using MBA as cross-linker (MIPs/NIPs 1-6) and changing the
reagents’ percentages. From the obtained data, it was possible to exclude a relationship between
the MAA percentage presented in the composition and the polymer binding capability: MIPs/NIPs
1-3 (with 20% MAA) showed a IMA rebinding comparable to MIPs/NIPs 4-6 (with 10% MAA).
Meanwhile, a more detailed discussion has to be made considering a correlation between the size
and the cross-linker quantity: analysing the size by intensity data, no relationship can be highlighted.
However, as reported in section 3.4.6, the intensity distribution can be misleading, for example the
presence of a small number of aggregating particles or larger particle species could dominate the
distribution, hiding the presence of smaller particles. In fact, examining the size by number data for
the MIPs, it was possible to notice that the increment of MBA %, corresponded to an increase in

particle size. This behaviour could be due to the higher MIP rigidity, that could therefore favor the

149



4. Results and Discussion

formation of specific and structured sites. Thus, when the nanoparticles were produced, they
contained more template and they remained larger even after having released it, just because of
their rigidity. In fact, this behavior in NIPs was not noticed.

An example of the DLS graphs obtained by intensity (panel A) and by number (panel B) is reported
in Figure 60.

Intensity (percent)
— —
Number (percent)

Size (nm)- 7 . Size (nm)

Figure 60. Size distribution by intensity (A) and by number (B) of NIP5 in triplicate.

To monitor and understand the percentage of reagents involved in the polymerization reaction, the
monomer conversion *H-NMR studies were performed, as reported in section 3.4.5. These studies
were useful also to verify that the reaction had gone to completion, by monitoring the
disappearance of the signals belonging to the acroyl protons.

The monomers and crosslinker concentrations, in the initial and final polymerization solutions, were
determined by comparing the intensities of monomer peaks at 5.75 ppm (PBA), 6.05 ppm (AAm),
6.00 ppm (MAA), 4.55 ppm (MBA), against the intensity of the ISt peak at 7.85 ppm.

In Figure 61 an example of 'H-NMR spectra is reported before and after the polymerization.

ey A A g B
g g
ISt ISt
| A i /3 A - -i
-CHH=CH- -CHH=CH- -NH-CH2-NH -CHH=CH- * CHH=CH- -NH-CH2-NH
(MAA)™ % (AAm) (MBA) (MAA)', (AAm) (MBA)
4 g “ / I’
\ 1] 1
\ ! ]

£2 KO 28 76 P4 22 M 68 66 64 62 &8 &

Figure 61. Example of 1H-NMR spectra before (A) and after (B) the polymerization.
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4. Results and Discussion

In the Table 27, the percentages of reagent that polymerized are reported. Data were comparable
between MIPs and NIPs. Moreover, the percentages varied from 70.9.0 to 99.3 % for all the

reagents, meaning that almost all components underwent the polymerization process.

MIP4 NIP4
MAA 98.6% 98.7%
MBA 98.0% 99.3%
AAm 93.0% 97.4%
MIP8 NIP8
MAA 99.5% 85.4%
PBA 70.9% 73.1%
AAm 83.05% 85.4%
MIP9 NIP9
MAA 96.4% 93.5%
PBA 95.6% 96.7%
AAm 96.8% 92.5%

Table 27. Percentages (%) of reagents (MAA, MBA, PBA and AAm) that polymerized for MIP/NIP4, MIP/NIP8 and MIP/NIP9.

Polymers binding capacity was investigated through rebinding tests (that consisted in the
quantification, after 1 h, of the amount of free drug in 1 mg/mL polymer water solution containing
different concentrations of IMA, as reported in section 3.4.7).

Before to perform these tests, the binding kinetic of MIPs and NIPs was evaluated, from 30 min to
6 h (30, 60, 180, 360 min), using a fixed IMA concentration of 500 uM. An example is reported in
Figure 62, where the maximum binding capacity was reached after 1 h and it remained stable within
the tested time window, going from 237.5 to 240.7 (SD: + 1.31) nmol/mg for MIP and from 233.6 to
234.6 (SD: + 0.46%) nmol/mg for NIP. Data are reported in Figure 62 where time (expressed in
minutes) is plotted versus the bound IMA concentration, expressed as the quantity of bounded IMA

(nmol) over the quantity of MIP/NIP added (mg) ratio.
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Figure 62. Example of kinetic test to evaluate the MIP/NIP binding capability during time, from 30 to 360 min.

In the first set of polymers prepared, all the MIPs (and their corresponding NIPs) showed a good
rebinding of IMA in water. Regarding the specificity (evaluated through the IF), only MIP4 showed
specificity for the template (IF=2.35), while all the others gave almost the same rebinding of their
corresponding NIPs (IF ranging from 0.89 to 1.31). The rebinding affinity data of MIP/NIP4, obtained
increasing IMA concentrations from 100 to 3000 uM, are reported in Figure 63, where the IMA initial

concentration (uM) versus the bound IMA amount (nmol)/ polymer quantity (mg) ratio is plotted.
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Figure 63. Binding isotherms of MIP/NIP4 increasing IMA from 100 to 3000 uM.

Although the result obtained with the MIP4 was considered good, a second set of polymers, always
using DMSO as porogenic solvent, was prepared (MIPs/NIPs 7-9) with the aim to implement the
selectivity.

These polymers were designed employing a different cross-linker. In particular, PBA (chemical

structure reported in Figure 64) was chosen to increase the polymer affinity for the target analyte:
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4. Results and Discussion

considering the aromatic ring present in its structure, it should interact with the lipophilic part of

\)?\NHO/NHO(\

Figure 64. Chemical structure of PBA.

IMA, the aromatic one.

Nanoparticles with size comparable to that of the first set were obtained.

Anyway, the incorporation of PBA as cross-linker, in combination with MBA (MIP/NIP7) or alone at
different percentages (MIPs/NIPs 8-9), did not improve nor MIPs specificity neither the rebinding
capacity (which remained consistent with the previous set of polymers). Anyway, a good result was
obtained with MIP8, obtaining an IF of 1.71 (Figure 65). This could be explained considering that, in
the case of MIP8 very small particles were obtained (7.47 + 2.34 nm by number, as reported in Table
25), the volume to surface ratio should be larger, with more active sites that could capture and bind

IMA.
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Figure 65. Binding isotherms of MIP/NIP8 increasing IMA from 100 to 3000 puM.

Another strategy to increase the specificity was attempted: to perform the synthesis of MIP/NIP4 in
CHCls. In fact, CHCls should be less able to disrupt hydrogen bonds and solvate charged species since
it is a less polar solvent compared to DMSO. Therefore, the expectation was to see stronger
hydrogen bonding and/or electrostatic interactions. To confirm this theoretical supposition, an *H-
NMR titration between MAA and IMA free-base in CDCLs was carried out under the same conditions
described above. Analysing the data obtained, it was possible to confirm all the theoretical

supposition done. In fact, more protons, compared to the results observed performing the titration
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4. Results and Discussion

in de-DMSO, are involved in the interaction with the MAA, as reported in Figure 66. Moreover, the

chemical shift is much higher, even ten times higher in the case of protons 2 and 3.
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Figure 66. Variation of IMA proton chemical shift, in CDCLs, upon the addition of MAA, from 0 to 10.71 equivalents (A),

graphical representation of IMA protons involved in the interaction with MAA (B).

The relevant data for all the MIP4_CHCI3 are reported in Table 28.

DLS size DLS size
IMA
MAA AA Cross-linker  Yield intensity number
MiP rebinding  Specificity IF
(%) (%) (%) (%) Mean (+SD) Mean (+SD)
(nmol/mg)
(nm) (nm)
MBA 672 532
4_CHCI3 10 30 59.1 233.46 1.44

(60) (£6.4) (£23.5)

Table 28. Summary table with data obtained for the MIP4_CHCI3 synthesized in DMSO.

In this case, particles with a bigger dimension were obtained, almost in the um range. This is
probably because CHCls is not a good solvent as DMSO for the synthesis of MIPs/NIPs, it has a lower
solvating power to prevent macrogelation phenomena.

Despite expectations, the MIP/NIP4_CHCIs did not show a better IF, rather it became worse with a
maximum value of 1.4; moreover, also the capacity to bind IMA became worse, almost halved
compared to the corresponding MIP4. These data could be explained considering the solvent used.
DMSO, indeed, is able to create more cavities and porosity during the polymerization compared to
CHCIs. This means that the sites available for the binding within the polymer are fewer. Furthermore,
as mentioned above, with CHCls larger particles have been obtained compared to that in DMSO
(almost 6 times bigger by intensity and 8 times by number). This led to obtain particles with a smaller

surface area ratio, with fewer cavities on the outside able to bind the target analyte.
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4. Results and Discussion

Subsequentially, to evaluate the importance of having MAA as FM in the polymer composition, a
NIP (with the same composition of MIP/NIP8, but without the MAA) has been prepared, with a
polymerization yield of 80%.

To assess the binding difference, a rebinding test has been performed (with the same modalities
reported in section 3.4.7). From the results reported in Figure 67, it was possible to notice that
without the presence of MAA in the polymer composition, the affinity for the analyte is lost.

Thus, it is possible to affirm that the presence of MAA in the polymer is fundamental to obtain a

good binding and to have a good affinity for IMA.
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Figure 67. Binding isotherms of MIP/NIP8 increasing IMA concentrations from 100 to 3000 uM versus the NIP8R prepared without

adding the functional monomer, MAA.

4.3.2 Selectivity tests

After the results of the rebinding experiments, reported in section 3.4.8, a first evaluation of
selectivity was carried out for both MIP4 and 8.

In fact, the obtained IF values should be considered along with selectivity results since a better or
less retention of a certain compound over another one may just be due to their particular
physicochemical properties rather than to specific imprinted sites.

Likewise the rebinding tests, the cross-reactivity ones were performed in H,0. The drugs that have
been chosen are: SUNI and PARA.

SUNI was chosen because it belongs to the same class of drugs of IMA, the TKIs. Moreover, it is used
in unresectable or metastatic cases of imatinib-resistant GIST as second-line chemotherapy (as
described in section 1.2.1.2). PARA, instead, is the mainstay of the first two steps of the WHO

analgesic ladder in many countries. In particular, in the treatment of mild pain, WHO ladder involves

155



4. Results and Discussion

the use of a non-opioid (non-steroidal anti-inflammatory drug or paracetamol). The subsequent step
requires the addition of an opioid [203].

From data reported in figures presented below, there is the evidence that SUNI was equally bound
to IMA in the case of the NIPs (Figure 69 and Figure 71), especially for the NIP8 (Figure 71). While,
studying the MIPs behavior, in both MIP4 (Figure 68) and MIP8 (Figure 70) a decrease in affinity for
SUNI compared to the one for IMA could be noticed.

This difference between MIPs and NIPs could represent an evidence that, in the case of MIPs,
specific imprinted sites have been formed during the polymerization for the template.

A completely different behavior could be observed for the binding experiment performed with
PARA: the binding of all MIPs/NIPs 4R and 8R was almost negligible. In fact, besides having a
different chemical structure, PARA presented also different chemical-physical properties compared
to IMA and SUNI. Even if PARA and IMA are both slightly acidic compound (pKa ranging from 8.3 to
9.4), for the imprinting and consequentially the binding, also the size of the molecule has an impact.
PARA (MW =151.15 g/mol), indeed, is smaller compared to IMA (MW = 493 .4).

Furthermore, PARA is much more hydrophilic (logP=0.6) than IMA (logP=4.4) and there could be
secondary hydrophobic interactions that stabilize the complex of IMA and the polymer.
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Figure 68. Binding isotherms of MIP4 increasing the concentrations of IMA, SUNI and PARA from 100 to 3000 uM.
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Figure 69. Binding isotherms of NIP4 increasing the concentrations of IMA, SUNI and PARA from 100 to 3000 uM.
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Figure 70. Binding isotherms of MIP8 increasing the concentrations of IMA, SUNI and PARA from 100 to 3000 uM
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Figure 71. Binding isotherms of NIP8 increasing the concentrations of IMA, SUNI and PARA from 100 to 3000 uM

To conclude, these two polymers, considering the good binding affinity towards IMA and their

specificity and selectivity, could be tested in complex matrices, like plasma samples. The most
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4. Results and Discussion

promising could be then applied in a future prototype of point of care device. The idea is to apply
them as receptors in a system based on IMA indirect fluorimetric quantification, exploiting a

fluorescent-derivative of this drug, shown in Figure 72 (its synthesis is in progress).
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Figure 72. Chemical structure of IMA fluorescent-derivative.
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5.1 LC-MS/MS method for the simultaneous quantification of
IMA and norIMA in DBS

The introduction of IMA, an oral TKI, as first-line standard therapy in patients with unresectable,
metastatic, or recurrent GISTs, strongly improved their treatment outcomes. However, TDM is
recommended for this drug due to the large inter-individual variability in plasma concentration
when standard dose is administered. A Cmin higher than 1100 ng/mL was associated with a longer
TTP.

Thus, a LC-MS/MS method has been developed, fully validated and cross-validated to quantify IMA
and its active metabolite, norIMA, in finger-prick DBS. This sampling technique should be useful to
reduce the sampling time and costs and to improve patient’s compliance.

The validation, performed according to FDA and EMA guidelines, was carried out by evaluating the
following parameters: recovery of the analytes from the matrix, calibration curve linearity, intra-
and inter-day precision and accuracy, reproducibility, LLOQ and selectivity, matrix effect and
stability of the analytes in samples and solutions.

Moreover, other variables that could affect specifically the DBS analysis were considered during the
method development. Thus, the analytes’ extraction conditions from the filter paper, the influence
of Hct, the sample homogeneity (volcano effect), the spot size and the correlation between finger-
prick and venous DBS measurements were assessed and optimized.

The method showed a good linearity (R? > 0,996) between 50-7500 ng/mL for IMA and 10-1500
ng/mL for norIMA. Analytes were extracted from DBS samples by simply adding to 3 mm-discs 150
uL of acidified MeOH containing the ISt IMA-D8. The collected extract was then injected on a LC
Nexera system in-house configured with a 2D chromatography for the on-line clean-up, coupled
with an API-4000 QT. The chromatographic separation was conducted on a Synergi Fusion-RP
column (4 pum, 2x50 mm) while the trapping column was a POROS R1/20 (20 pum, 2x30 mm). The
total run time was 8.5 min. DBSs stored at RT in plastic envelopes containing a silica-gel drying bag
were stable up to 16 months.

After the validation, this method was applied to quantify finger prick DBS samples from patients
enrolled in a clinical study on going in the National Cancer Institute of Aviano (EudraCT N. 2017-

002437-36, internal code: CRO-2017-19). Good agreement was obtained between IMA and norIMA
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concentrations found in DBS and plasma samples (quantified exploiting the reference LC-MS/MS
method, internally validated), collected at the same time from each patient, applying the Hct
normalization. Furthermore, the possibility to avoid the Hct normalization, simply multiplying the
DBS concentration with a correction factor, not only for IMA but also for norIMA was demonstrated.
The correction factors applied were calculated on the basis of 55 patients’ samples and successively
tested in a set of additional 12 patients’ samples. The statistical analyses demonstrated that the
application of the correction factor even improved the agreement with the plasma concentrations,
especially for IMA.

To conclude, the proposed LC-MS/MS method is the first analytical assay, fast and sensitive, for the
simultaneous quantification of iMA and norIMA in finger-prick DBS samples. The cross-validation
study demonstrated the possibility to obtain the drug plasma concentration simply from a drop of
blood collected in a paper card and stored at room temperature. The hope is that, with the
possibility to perform the quantification of these two analytes just having a finger prick DBS samples,

this method could actually improve TDM application to clinical practice.

5.2 LC-MS/MS method for the quantification of RIBO, PALBO and
LETRO in human plasma

The majority of patients with metastatic breast cancer have HR-positive and HER2-negative disease.
In these cases, the key therapeutic option is represented by the endocrine therapy, which have been
recently expanded with the introduction of CDKIs. In particular, PALBO and RIBO have been
approved by the EMA for their application in concomitance with aromatase inhibitors, such as
LETRO.

TDM recommendation for these drugs is currently only exploratory, based on limited exposure-
response and -toxicity studies, but, in the prospective of a TDM application also for these drugs, it
is necessary to have a method to perform their quantification.

Thus, the first LC-MS/MS method for the simultaneous quantification of PALBO, RIBO and LETRO in
human plasma was developed and successfully validated according to FDA/EMA guidelines on
bioanalytical method validation. The proposed method is suitable to be applied in clinical practice

due to the simple and fast sample preparation based on protein precipitation, the low amount of
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patient plasma necessary for the analysis (10 uL) and the total run time of 6.5 min. The linearity was
assessed (R? within 0.9992-0.9983) over the concentration ranges of 0.3-250 ng/mL for PALBO, 10-
10000 ng/mL for RIBO and 0.5-500 ng/mL for LETRO that properly cover the therapeutic plasma
concentrations.

A specific strategy was put in place to reduce the carryover phenomenon, already known for these
CDKils, by introducing blank samples to be run with a precisely developed method.

Once concluded the validation, the method was applied to quantify the Cmin of PALBO, RIBO and
LETRO in patients’ plasma samples enrolled in a clinical study ongoing at the National Cancer
Institute in Aviano (prot. Code: CRO-2018-83). The same set of study samples was analysed twice in
separate runs to assess the reproducibility of the method by means of the ISR. The percentage
differences were always within +10% for all the analytes and the R? of the correlation graph between
the two quantifications was equal to 0.9994.

The ample calibration curve ranges allow the proposed method to be applied to evaluate also other
pharmacokinetic parameters or clinical query: among the study samples analysed, PALBO was
detected at the concentration of 1.6 ng/mL after 1 week off treatment and LETRO was detected (2.8
ng/mL) after 2 weeks from the last pill intake.

This simple and versatile analytical method could be a useful instrument to promote the

personalization of anticancer therapy for these drugs.

5.3 Molecularly imprinted polymers

Despite LC-MS/MS is considered the election technique for TDM analysis, it is quite expensive and
it needs trained personnel. Thus, the development of a point of care device usable at the patients’
bed side by non-specialized personnel could represent a turning point to operate TDM of anticancer
drugs, such as IMA.

With this purpose, the possibility to perform IMA quantification using a system based on a
recognition phase and fluorescence detection was considered. Thus, the synthesis of MIPs (and the
corresponding NIPs) was performed, exploiting the non-covalent approach and the HDRP (Cv=1%).
The initiator (AIBN) concentration was fixed at 5%, the Cv at 1% (to avoid macrogelation
phenomena) and the porogenic solvent (DMSO) was the 99% (in weight). The ratio between FM and

IMA was fixed at 1:1.
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In particular, polymers with MAA as FM were synthesized, and particles with nanometre size were
obtained (confirmed by the DLS technique). The majority of the prepared MIPs showed no specificity
(compared to the NIPs) except for two compositions, MIP4 (10% MAA, 30% AA, 60% MBA) and MIP8
(10% MAA, 70% AA, 20% PBA), that showed a good affinity for the target analyte and specificity
(max IFmipa: 2.4 and IFmips: 1.7). Moreover, these polymers showed a good selectivity when
compared to other drugs such as PARA and SUNI.

To conclude, these two polymers, considering the good affinity for IMA, their specificity and
selectivity, as future prospective should be tested in complex matrices, like plasma samples.

The most promising could be then be applied in a point of care device prototype.
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