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Preface





For the past 20 years, the pharmacological therapy of cancer has been undergoing a meta-

morphosis, rapidly changing from treatment with broad and unspecific cytotoxic agents to 

personalized and highly specific targeted agents. This new class of drugs largely consists of 

small molecular compounds that mostly inhibit kinases. Through their disruption of the ki-

nase function, the targeted agents interfere with multiple cancer signaling pathways which 

are essential to tumor development, survival, growth, and metastasis [1]. 

Alongside the advancing targeted therapy came the so-called ‘intravenous-to-oral-switch’. 

This is illustrated by the fact that an increasing number of marketed targeted anticancer 

drugs are administered orally. Additionally, most of the targeted agents that are being 

investigated are intended for oral ingestion.

Part I of this thesis addresses the issues that originate from the oral administration of 

targeted anticancer agents.

Chapter 1  introduces the physicochemical and related pharmacokinetic properties of the 

orally administered kinase inhibitors. Chapter 1.1 presents the variability in the pharma-

cokinetics of this class of drugs. Furthermore, it addresses the therapeutic consequenc-

es that are associated with this generally unfavorable behavior. Chapter 1.2 discusses 

the inherent link between the targeted nature of kinase inhibitors and their suboptimal 

biopharmaceutical properties. Additionally, it shows through literature and patent data 

that the currently marketed drug formulations are mostly inadequate in overcoming the 

physicochemical challenges. Chapter 1.3 elaborates on both the previous chapters and 

takes a strong stance in favor of investing more effort in pharmaceutical formulation 

development of future oral drugs.

In the process towards a well-designed pharmaceutical formulation, the characteriza-

tion of the drug substance plays a pivotal role. Chapter 2 describes the thermal prefor-

mulation studies of pazopanib hydrochloride and nilotinib hydrochloride. Chapter 2.1 

focusses on the thermal degradation profile of crystalline pazopanib hydrochloride and 

examines future processing possibilities. In Chapter 2.2 we describe the thermal and 

thermodynamic properties of crystalline and amorphous nilotinib hydrochloride and the 

stability thereof.

Chapter 3 describes the development of improved pharmaceutical formulations of both 

pazopanib hydrochloride and nilotinib hydrochloride. Chapter 3.1 reports on the solubil-



ity and bioavailability improvement of pazopanib hydrochloride through the formulation 

of a physical powder mixture formulation. It presents data from in vitro and human in 

vivo studies. Chapter 3.2 describes the design and development process of a spray-dried 

formulation that contains amorphous nilotinib hydrochloride.

Suboptimal pharmaceutical formulations that have already been marketed and are 

routinely used in the clinic often require therapeutic drug monitoring (TDM) to timely 

detect under- or overdosing. Chapter 4  provides two fully validated LC-MS/MS assays 

for the quantification of a broad collection of targeted anti-cancer agents in patient 

plasma for TDM purposes. The bioanalytical assay described in Chapter 4.1 focusses on 

the quantification in patient plasma of dasatinib, erlotinib, gefitinib, imatinib, lapatinib, 

nilotinib, pazopanib, sorafenib, sunitinib, and vemurafenib and the active metabolite, 

N-desethyl-sunitinib. Chapter 4.2 presents a method for the quantification of afatinib, 

axitinib, ceritinib, crizotinib, dabrafenib, enzalutamide, regorafenib, and trametinib in 

patient plasma.

Part II of this thesis focusses on the manufacturing and pharmacokinetic analysis of 

dexamphetamine SR tablets that were specifically developed for use in cocaine addic-

tion therapy. 

Cocaine dependence is a harmful mental disease for which there currently is no phar-

macotherapy available. Substitution with the safer and regulated dexamphetamine sus-

tained-release (SR) has been shown in several studies to be a feasible option for patients 

with this type of addiction [2]. A Dutch study has demonstrated that dexamfetamine 

SR is an effective and safe pharmacotherapy for comorbid treatment-refractory cocaine 

dependence in heroin-dependent patients in heroin-assisted treatment [3]. 

Chapter 5 describes the preparation and execution of a descriptive pharmacokinetic ex-

ploration study of dexamphetamine SR tablets. Chapter 5.1 presents a fully validated 

LC-MS/MS assay for the quantification of dexamphetamine in patient plasma samples 

which was used in the pharmacokinetic study. Chapter 5.2 describes the results and the 

discussion of the pharmacokinetic study itself.
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Abstract

Small molecular tyrosine kinase inhibitors (smTKIs) are in the centre of the very quickly 

expanding area of personalized chemotherapy and oral applicability thereof. The num-

ber of drugs in this class is rapidly growing, with twenty current approvals by both the 

European Medicines Agency (EMA) and the Food and Drug Administration (FDA). The 

drugs are, however, generally characterized by a poor oral, and thus variable, bioavail-

ability. This results in significant variation in plasma levels and exposure. The cause is 

a complex interplay of factors, including poor aqueous solubility, issued permeability, 

membrane transport and enzymatic metabolism. Additionally, food and drug–drug in-

teractions can play a significant role. The issues related with an impaired bioavailability 

generally receive little attention. To the best of our knowledge, this article is the first to 

provide an overview of the factors that determine the bioavailability of the smTKIs.
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1.1
Introduction

The development of anticancer drugs is a very quickly expanding area in which two trends 

are clearly present. In the first place new agents are designed fulfilling the requirements 

for personalized medicine. The advancement of techniques such as (cell-based) high 

throughput screening and the diverse possibilities in molecular modeling have led to a 

therapeutic target-based drug discovery regime [1,2]. Along with the evolution of syn-

thetical methods, compounds are found that are highly specific and demonstrate great 

affinity for molecular targets [3–6]. Individual tumors, and their specific targets, can be 

genetically characterized and a suitable ‘personalized’ chemotherapy can be appointed 

depending on the neoplasm’s genotype [7]. The second movement is also referred to 

as ‘the intravenous to oral switch’. The last decade has shown an increasing number 

of anticancer drugs that are administered orally [8,9]. Currently, most of the antican-

cer drugs that are in development or recently approved are destined for oral ingestion. 

Unlike previous conventions, oral therapy in cancer has proven efficient and less costly 

[10]. On top of that comes the preference of the patient, especially since oral ingestion 

can take place in the home setting and is highly convenient compared to intravenous 

administration [8]. 

In the middle of these trends stands a promising and growing group of drugs; the ty-

rosine kinase inhibitors (TKIs). In the past ten years, the size of this group has doubled 

[11–13].  The TKIs target specific parts of tyrosine kinase receptor proteins that play an 

important role in the intracellular signaling pathways in tumor cells. Their interference 

leads to a deregulation of essential cell functions such as proliferation and differentiation 

[14]. One of the two types of TKIs, the small molecular TKIs (smTKIs) with an intracellu-

lar activity, are without exception administered orally. Currently, twenty of these small 

molecular compounds are approved by both the EMA and the FDA. General information 

on the drugs is found in table 1 [11,12]. This review will focus on these particular com-

pounds. The other type of TKI is a group of monoclonal antibodies, which possess a larg-

er molecular structure and interfere with signal transduction by binding extracellularly 

and are administrated intravenously. The small molecular inhibitors have proven useful 

in the therapy of certain types and lines of cancer [6,11,12,15]. Additionally, smTKIs may 

be prescribed as alternatives when other therapeutic options have failed or are not ap-

propriate. Although the development of personalized oral chemotherapy is very prom-

ising, the nature of the selection process leads to drugs, however, that are hindered 

by a low and variable bioavailability (F). This aspect and its causes are underexposed 
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subjects in literature. Indeed, smTKIs may be very potent and suitable for certain tumor 

types. When they are unable to reach their target in sufficient quantities, the therapy 

will be suboptimal or even failing. This review will address the bioavailability-determin-

ing factors for the smTKIs and presents prerequisites in both the marketed formulations 

and chemotherapeutical practice to minimize the reduction and variation in oral F. It is 

important to be aware of and understand the various factors that determine F and its 

variability of the smTKIs. This will allow for the betterment of their use in chemotherapy.

FF FF * FG FF * FG * FH

G
Gastro-intestinal tract

Liver

Portal vein

Systemic
circulation

Dosage
form

2

1

3

Critical processes:
1 - Dissolution
2 - Permeation and metabolism
3 - Metabolism

Figure 1. Schematic overview (simplified) of major bioavailability determinants and corresponding fractions 
(bottom scale)

Oral bioavailability

The fraction of the total ingested drug that reaches the systemic circulation unchanged, 

and is transported to its therapeutic target, is defined and termed (absolutely) bioavail-

able (F) [16]. Figure 1 schematically presents the different processes that govern the 

extent of F. F is the product of the drug fraction that is absorbed (FF), the dose that 

reaches the hepatic portal vein unchanged (FG) and the fraction of the dose that is not 

metabolized by enzymes in the liver (FH), as presented in equation 1 [16,17],

F = F# ∗ F% ∗ F&   (1)
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Table 1. Overview of the general information on tyrosine kinase inhibitors approved for use by the EMA and 
the FDA by 1 November 2014.

Drug Trade name Primary indication(s) Oral bioavailability (%)

Afatinib Giotrif NSCLC -4

Axitinib Inlyta RCC after failure with sunitinib/cytokines 47-58

Bosutinib Bosulif CML when imatinib, nilotinib and dasatinib 
are not appropriate

-

Cabozantinib Cometriq MTC -

Crizotinib Xalkori NSCLC 43

Dabrafenib Tafinlar Melanoma 95

Dasatinib Sprycel CML  -

Erlotinib Tarveca NSCLC, pancreatic cancer 60-76

Gefitinib Iressa NSCLC 57-59

Imatinib Gleevec/Glivec CML, ALL, CEL, HES, MDS/MPD, GIST, DFSP 98

Lapatinib Tyverb HER-2+ breast cancer -

Nilotinib Tasigna CML 30

Pazopanib Votrient RCC, STS 14-39 [166]

Ponatinib Iclusig CML when imatinib, nilotinib and dasatinib 
are not appropriate, ALL1

-

Regorafenib Stivarga CRC, GIST 69-83

Ruxolitinib Jakavi CIM, PPVM, PETM 955

Sorafenib Nexavar HC, RCC, DTC -

Sunitinib Sutent GIST,  MRCC, pNET -

Vandetanib Caprelsa MTC -

Vemurafenib Zelboraf Melanoma -

ALL, acute lymphatic leukemia; CEL, Chronic eosinophilic leukemia; CIM, Chronic idiopathic myelofibrosis; 
CML, Chronic myeloid leukemia; CRC, Colorectal cancer; DFSP, Dermatofibrosarcoma protuberans; DTC, Dif-
ferentiated thyroid carcinoma; GIST, Gastrointestinal stromal tumours; HC, Hepatocellular carcinoma; HES, 
Hypereosinophilic syndrome; MDS, myelodysplastic disease; MPD, myeloproliferative disease; MRCC, Met-
astatic renal cell carcinoma; MTC, Medullary thyroid carcinoma; NSCLC, non-small cell lung cancer; PETM, 
post essential thrombocythaemia myelofibrosis; PPVM, post polycythaemia vera myelofibrosis; pNET, pan-
creatic neuroendocrine tumours; RCC, Renal cell carcinoma; STS, soft tissue sarcoma. 1Changes in useage are 
suggested by EMA due to life-threatening vascular events. 2 Approval by EMA was conditional. 3Withdrawn 
in 2005 due to lack of evidence in prolongation of life. 4-: Data were not available. 5Based on a mass balance 
study. Source: European Public Assessment Reports (EPARs), Website FDA and Summaries of product char-
acteristics (SmPCs) of the above mentioned smTKIs, accessed at 20th november 2014.

In each of the before mentioned steps, an amount of drug might be lost. Whatever the 

cause, a low F is associated with an increased intra- and interpatient variability in drug 

plasma concentration [18]. Registration texts and other studies, as far as could be ac-

cessed, show significant inter-individual variation in important pharmacokinetic param-
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eters of all smTKIs [19–37]. This may result in possibly dangerous situations for patients 

that experience extensively low, or high, exposure to the substances. Many anticancer 

drugs are known to exhibit a small therapeutic window, where the minimum therapeutic 

dose and the maximum tolerated dose (MTD) are close to each other [38]. The same is 

true for the smTKIs, with a possible exception of Dabrafenib, Imatinib, Gefitinib and Pa-

zopanib [13,19,39–52]. As a consequence of pharmacokinetic variation, inter-individual 

differences in therapeutic dose and MTD should be taken into account. Under- and over-

dosing are thus potential hazards of oral chemotherapy. Thus, careful dose titration and 

adjustments are required to assure an adequate therapy, in both effect and tolerance. 

Hence, therapeutic drug monitoring (TDM) is upcoming for smTKIs [38].

The human oral F of the smTKIs is largely unknown or inaccessible in the public domain 

and published values are generally low and the exposure is variable [39,53,54]. The de-

termination of oral F-values requires a comparison between oral and IV-administration. 

IV-solutions with smTKIs are often difficult to prepare due to the poor water solubility of 

the drugs (see 3.1). Table 1 presents the currently known values. Low values for oral F 

may be due to one or more of several factors. It is often the consequence of a complex 

interplay of both physicochemical and physiological processes. Furthermore, it may also 

be influenced by concomitant administration of other drugs. Additionally, the intake of 

food or certain habits of life-style may exert an impact on F.

B(DD)CS-classification

The Biopharmaceutics Classification System (BCS) can aid to clarify possible absorp-

tion-related causes of an impaired F. Solubility and permeability of a drug are recognized 

as fundamental parameters in the absorption process [55]. The BCS combines data on 

the in vitro solubility in the intestinal tract of the drug substance and data on the extent 

of total permeation through the gut wall and appoints a class to it [55–57]. Figure 2 sum-

marizes the assignment of the classes and presents the classes of the smTKIs [37,58,59]. 

Classifications may be interpreted as signals for formulation design (class II and IV) or 

physicochemical modifications (class III and IV) [58]. 

The newer Biopharmaceutics Drug Disposition Classification system (BDDCS) correlates 

the passive permeability rate of drug with their metabolic elimination[60–62]. Here, 

passive permeability is considered ‘good’ when elimination is largely governed by me-

tabolism (>70%)[63]. Figure 2 presents the BDDCS classification between braces where 

it differs from the BCS classification. The discrepancies between the BCS and BDDCS 
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classes may be due to the fact that BCS is based on total permeation and BDDCS on the 

passive permeability rate [64]. The latter does not account for interaction with mem-

brane transporters.  

Figure 2. The Biopharmaceutics Classification System (BCS) as proposed by Amidon et al [56]. and the Bio-
pharmaceutics Drug Disposition Classification System (BDDCS) as proposed by Wu et al [61]. B(DD)CS clas-
sifications of smTKIs indicated with three-letter abbreviations. 1I/III; in vitro data were inconclusive. 2I/II; 
Inconclusive solubility data. 3II/IV; conflicting permeability data. Source: EPARs, additional sources indicated 
where appropriate.



24  |  Chapter 1.1

Pharmaceutical factors (FF)

Dissolution 

The first step in becoming bioavailable is the dissolution of the drug substance into the 

gastrointestinal fluids. Since only the solute form of the drug can be absorbed, the re-

lease from the oral formulation is an important parameter. In fact, the major cause for 

the different absorption profiles of drugs from various products is dissolution [16]. The 

dissolution rate of a drug substance can be described using the Noyes-Whitney equation 

(equation 2) [65,66]:

!"
!#
= D ∗ A ∗ ()*(

+
	         (2)

in which dW/dt is the dissolution rate (mg/min), D the diffusion coefficient (cm2/min), A 

the surface area of the dissolving compound (cm2), Cs the saturation concentration (con-

centration in the diffusion layer, mg/L), C the concentration in the solvent (mg/L) and h 

the thickness of the diffusion layer (cm) [66].

The diffusion coefficient and the thickness of the diffusion layer are dependent on highly 

variable patient parameters, such as gastrointestinal pH and viscosity [67–69]. Certain 

excipients in formulations may be used to manipulate drug diffusivity [70]. These are not 

found in smTKI formulations. The following will discuss solubility and surface area, which 

are both most frequently modified in formulations of smTKIs.

Solubility

The degree of a compound’s solubility is dependent on physicochemical factors of the 

solute and the solvent. The gastrointestinal fluids are aqueous and therefore, the water 

solubility at various pH-values of a drug is used to predict its apparent solubility in the 

GI-tract [71]. The small intestine has the greatest of surfaces of the organs in the gastro-

intestinal tract. It is here where most of the smTKIs are considered to be absorbed. The 

transit time of materials in the small intestine is approximately 3 to 4 hours [72], in which 

the absorption must take place. For these reasons, drug solubility in the small intestine 

is a prerequisite.
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Table 2. Overview of physical characteristics of the commercially available dosage forms of the smTKIs.

Drug Commercial salt form
(crystal state1)

pKa Reference

Tablet formulations

Afatinib Di-maleate (A) 5.0, 8.2

Axitinib Free base (XLI) 4.8 [21]

Bosutinib Monohydrate (1) n.a.

Dasatinib Monohydrate (H1-7) 3.1, 6.8, 10.8 [164]

Erlotinib Hydrochloride (A) 5.4

Gefitinib Free base2 5.4, 7.2

Imatinib4 Mesylate (beta / amorphous3) 1.5-8.1 [165]

Lapatinib Ditosylate monohydrate2 n.a.

Pazopanib Hydrochloride (1) 2.1, 6.4, 10.2

Ponatinib Hydrochloride2 2.8, 7.8

Regorafenib Co-precipitate (amorphous) n.a.

Ruxolitinib Phosphate anhydrate2 4.3, 11.8

Sorafenib Tosylate (I) n.a.

Vandetanib Free base2 5.2, 9.4

Vemurafenib Co-precipitate (amorphous) 7.9, 11.1

Capsule formulations

Cabozantinib L-malate (N-2) n.a.

Crizotinib Free base (A) 5.6, 9.4

Dabrafenib Mesylate (1) 2.2, 6.6

Nilotinib Hydrochloride 
monohydrate (B)

2.1, 5.4

Sunitinib Malate (I) 8.9 [166]

1names of polymorphisms presented as in the texts of EPARs and/or patents. 2Data on polymorphisms not 
available. 3Generic formulations contain either of both. 4Both tablet and capsule formulations marketed. 
Source: EPARs and FDA chemistry reviews, additional sources indicated where appropriate.
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The pH value in the intestinal lumen rises from pH 2 near the stomach to pH 5-6 in the 

jejunum, ending at pH 7-8 near the ileocecal valve [73]. The acidity of the GI-fluids greatly 

influences the solubility of the smTKIs. Most of the smTKIs are weak bases (pKa-values in 

table 2) which are protonated, and as such most soluble, in acidic environments [74]. The 

increase in pH-values encountered in the intestines dramatically decreases their solubility 

[75]. The result of this is a relative high solubility in the stomach, but a significantly lower 

one in the intestinal lumen. Consequently, the basic compounds classify as B(DD)CS II or IV, 

due to this issued solubility at higher pH-values. Another explanation for the poor solubili-

ty behavior is the general high lipophilicity of the smTKI group [11,76]. Based on structural 

similarity it is reasonable to assume that the group as a whole has a lipophilic character. 

Ruxolitinib stands out from the rest; it is relatively water-soluble [11].

Salt formation improves water solubility of compounds, either acidic or basic, because 

it allows the substances to dissociate in hydrated ions [77]. Salt forms of the marketed 

formulations are presented in table 2 [11,19]. The choice of the counterion is not only 

based on solubility but also with regard to the stability of the compound and its tenden-

cy to be hygroscopic [78,79].

Many of the smTKIs exhibit crystalline polymorphism [11,19,76]. The particular crystal 

structure chosen for the pharmaceutical product offers the best combination of stability 

and solubility. Besides crystal structures, solid compounds can arrange themselves in a 

more loosely-ordered amorphous state [80]. The advantage of the amorphous form is 

the higher apparent solubility, owing to the high levels of supersaturation in aqueous 

media [81]. This form is thermodynamically unstable relative to the crystal and generally 

has a tendency to revert back to a crystal form [82]. The amorphous form must thus be 

stabilized by the formulation that contains it. Regorafenib and vemurafenib were found 

to be poorly soluble in any of the investigated crystal forms. The marketed tablets with 

these compounds hold solid solutions with amorphous states of the drugs [11]. Table 2 

lists the crystal polymorphisms used in the marketed formulations. It has been proposed 

that hydroxypropyl methylcellulose (HPMC) may inhibit dabrafenib precipitation in vivo 

[83] by maintaining supersaturation. This could possibly be the case with other capsu-

lated smTKIs as well.
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Surface area

The surface area of the compound in contact with the solvent is directly proportional 

to the dissolution rate [84]. It can be manipulated by increasing or decreasing particle 

size. Smaller particle sizes do not only demonstrate a higher dissolution rate due to the 

enlarged surface area. A more efficient wettability or wetting, the degree with which 

the drug comes into contact with the solute, also contributes [85]. As far as could be 

assessed, it was found that size distribution of the drug particles in the commercialized 

formulations of the smTKIs were optimized in relation to dissolution properties [11]. 

Further formulation modifications were made to tablets to ensure a fast and complete 

disintegration, enhancing the in vivo surface area. Five of the smTKIs are marketed as 

capsules. The capsules contain a powdered formulation that rapidly wettens when it 

comes in contact with the gastrointestinal fluids [11]. Table 2 summarizes the oral dos-

age forms of the smTKIs.
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Physiological factors (FG & FH)

Permeability and passive transport

The degree of permeability describes the extent of (intestinal) membrane penetration 

of a drug [86]. The passing of molecules occurs through passive or facilitated diffusion, 

(active) carrier mediated or paracellular transport [87,88]. Lipophile, large and relatively 

uncharged drugs are moved transcellularly through cell membranes. This passive trans-

port is a or the major route of movement across membranes of many drugs [86,89]. The 

same is reported for the smTKIs, although this is not expressibly described. Support for 

this is found in the fact that most smTKIs are classified as class I or II in the BDDCS (figure 

2). Considering the lipophile molecular structure of the smTKIs, transcellular transport 

seems the most probable route for passive movement [11,76]. 

Carrier-mediated transport

One of the physiological factors that can have a great impact on the absorption from 

the intestinal lumen is the presence of membrane drug transporters [90,91]. The intes-

tinal epithelial lining expresses a large number of transporter proteins [92]. Two major 

superfamilies, the ATP binding cassette (ABC) transporters and the solute carrier (SLC) 

transporters, are located in the intestinal wall [93,94]. Transporters can either facilitate 

uptake or by efflux from the intestinal cells back into the intestinal lumen [90,95]. 

A subfamily of the SLC transporter, the organic anion transporting proteins (OATPs) is 

expressed in the small intestine in several isoforms [96,97]. The OATP group of trans-

porters provides mediation for ionic agents in their intestinal absorption, which results 

in a higher uptake rate than would be expected diffusion-wise. Most of the smTKIs have 

been reported to be substrates of an isoform of OATP, although clinical relevance has not 

been established [11,12], table 3.  

Of special interest are the ATP binding cassette (ABC) transporters, since these are most 

abundant and most of the smTKIs are substrates of these proteins. The ABC-transporters 

can be subdivided into three families that are involved in the transport of anti-cancer 

drugs in the intestines: permeability-glycoprotein (P-gp), the multidrug resistance-asso-

ciated proteins (MRP) and the breast cancer resistance protein (BCRP) [98].  

P-gp transporters are present in the membranes of cells throughout the entire human 

body. It is believed to have a function in removing toxins and metabolites out of cells 
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[95].The presence of P-gp in the membrane on the luminal side of the gut wall can prove 

troublesome for drug absorption. It functions as an efflux pump with a broad substrate 

range with an overall preference for hydrophobic and amphiphatic molecules. It includes 

most of the smTKIs, as listed in table 3. 

Table 3. Demonstrated substrate specificity of major intestinal transporter proteins for smTKIs and demon-
strated enzyme interactions of smTKIs.

Drug Transporters Enzymes Reference(s)

Afatinib P-gp, BCRP - [167]

Axitinib OATP, P-gp, BCRP 3A4/5, 1A2, 2C19, UGT [168,169]

Bosutinib P-gp 3A4 [23,170]

Cabozantinib -* 3A4, 2C8 [171]

Crizotinib OATP, P-gp 3A4/5 [172,173]

Dabrafenib P-gp, BCRP 3A4, 2C8 [24]

Dasatinib OATP, P-gp, BCRP 3A4 [172,174]

Erlotinib P-gp, BCRP 3A4/5, 1A2 [175–177]

Gefitinib P-gp, OATP, BCRP 3A4/5, 2D6 [172,176,178]

Imatinib P-gp, OATP, BCRP 3A4 [172,179,180]

Lapatinib P-gp, OATP, BCRP 3A4/5, 2C19, 2C8 [181,182]

Nilotinib P-gp, OATP, BCRP 3A4 [172]

Pazopanib P-gp, OATP, BCRP 3A4, 1A2, 2C8, UGT [163,172]

Ponatinib P-gp, BCRP 3A4

Regorafenib - 3A4, UGT [13]

Ruxolitinib - 3A4 [183]

Sorafenib OATP, P-gp, MRP-2, BCRP 3A4, UGT [172,184–187]

Sunitinib OATP, P-gp, BCRP 3A4 [172,188,189]

Vandetanib OATP, P-gp, BCRP 3A4 [172,190,191]

Vemurafenib OATP, P-gp, BCRP 3A4 [172,192,193]

*Research ongoing or data not available. Source: EPARs and FDA lable texts, additional sources indicated 
where appropriate.

The MRP transporter family has one principal member (MRP 2) expressed on the luminal 

side of the intestinal wall [99]. The substrate range includes, but is not limited to, organic 

anions. It functions in very much the same fashion as P-gp does, it pumps toxins and 

foreign drug molecules from the intestinal cells back into the lumen. Table 3 presents the 

known smTKI substrates of MRP 2. 
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BRCP transporters align with P-gp and MRP proteins in efflux function [100]. BCRP is 

present in both the small and the large intestine and its expression does not vary signifi-

cantly per location [101]. The transport is also involved in the development of resistance 

to several classes of chemotherapeutics [102]. It is expressed on the luminal side of the 

intestinal epithelial cells. The range of substrates of BCRP varies greatly and has been 

shown to include a number of smTKIs, as presented in table 3. 

As is the case with many substrates, the substrate specificity for smTKIs of the different 

efflux transporters overlaps for some substrates [11,12]. This can lead to a synergistic 

effect of the transporters in limiting drug penetration across the intestinal barrier [90].

Metabolism

Metabolism is the major mechanism for elimination of drugs from the body [103–105]. 

The typical metabolic steps include oxidation, reduction, hydrolysis and conjugation. The 

first three are often referred to as phase I reactions and the latter as phase II, owing to 

the order in which the reactions frequently occur. Drugs can be metabolized before they 

reach the systemic circulation (first-pass metabolism) and after distribution through the 

body. Metabolism may render drug molecules inactive. On the other hand, metabolites 

may exhibit lower, higher or equivalent bioactivity compared to the parent compound 

[106]. The intestinal wall and the liver are responsible for the first-pass metabolism. 

Respectively, these organs determine the gastrointestinal and the hepatic F. Many of 

the enzymes involved in phase I and II reactions are present in both the liver and the gut 

wall, albeit that the liver generally contains larger amounts [107]. 

Cytochrome P450 (CYP) enzymes are responsible for the majority of phase I metabolism 

of a enormous variety of exogenous and endogenous compounds [108]. It is estimated 

that 80% of the oxidative metabolism of drugs can be attributed to CYP enzymes [109].

The isoenzymes of the CYP-superfamily are classified based of structure into families and 

subfamilies [110]. The liver contains the most diverse collection of CYP enzymes and pos-

sesses the highest drug-metabolizing activity. the intestinal wall also contains an array of 

CYP enzymes and can substantially contribute to the first-pass metabolism [107]. In vitro 

and some in vivo studies have shown that CYP-enzymes play a role in the metabolism 

of all smTKIs [11,12], except for afatinib that does not seem to be metabolized in the 

human body to relevant extent. Table 3 presents an overview of the isoenzymes that are 

primarily involved in the metabolism of smTKIs. In addition to CYP metabolism, glucu-

ronidation by UDP-glucuronosyltransferases (UGTs) is an important clearance pathway 
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[111,112]. This phase II reaction is present in more than 80% of the metabolic pathways 

of drugs [113]. The enzymes are present in various tissues including intestines and liver. 

Table 3 presents the smTKI substrates for UGT.

Drugs, the smTKIs themselves and other substances present in food and drinks can ex-

hibit an influence on the number and functions of membrane transporters and metab-

olizing enzymes [114]. Concomitant use of an inducer or inhibitor of these proteins can 

significantly affect the absorbed dose of substrate smTKIs, ingestion of grapefruit juice 

is such an example [115–117]. An increasing list of inducers and inhibitors can be found 

in literature [114,118]. Another variable is genetic polymorphism. Inter- and intrapatient 

variability may be observed because of different expression patterns of transporters 

and enzymes. A major factor here is genetic predisposition of patients where ethnic 

background is important [119–121]. A growing body of evidence suggests that genetic 

polymorphism may play an important role in determining smTKI plasma concentration 

[11,12,122]. However, the clinical significance of pharmacogenetics in smTKI therapy still 

need to be proven in adequately set-up studies [123–125].
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Special populations

Elderly

The process of aging involves changes in physiology and the functioning of organ sys-

tems. Important hepatic changes when considering drugs are a decrease in liver mass 

and CYP450 content. Kidneys decrease in mass with age and renal blood flow lessens. 

Gastric motility slows down and the secretion of gastric juices decreases [126]. Cancer is 

generally considered to be a disease of the elderly, with 60% of the diagnoses of cancer 

taking place in patients aged 75 and over [127]. Although age-induced F alterations seem 

possible, literature and registration texts do not report the necessity of adjusting the 

dose of smTKIs for the elderly [11–13]. 

The hepatic impaired

The major site of drug metabolism and excretion for smTKIs is the liver. Liver function 

and hepatic impairment may have a clinically significant influence on the levels of the 

smTKIs. Liver cirrhosis, a key outcome of hepatic impairment, can be classified using 

various methods. The FDA wields the Child-Pugh classification (CPC) in their label texts, 

and so will this review. The CPC applies three classes (A, B and C) in increasing severity 

and clinical prognoses [128]. Serologic data, e.g. serum albumin and protrombine time 

are the basis for this classification. Table 4 presents the dose adjustments that need to 

be taken when hepatic impairment has been diagnosed for different CPC-scores. For 

most of the smTKIs at most of the different stages of the CPC-scale, no change dosage 

is recommended. Careful surveillance during therapy is required however, since clinical 

data upon which dose recommendation are stated are often from small scale studies. 

Hepatic impairment studies are generally carried out using non-cancer patients. Cancer 

and chemotherapy may induce additional changes in physiology of the liver, directly or 

indirectly [129–132]. Both lead to a reasoning where individual patient levels may need 

to be monitored in cases of (suspected) hepatic impairment. 
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Table 4. Dose adjustment advice for the smTKIs in the different stages of the Child-Pugh liver impairment 
scale.

Drug A B C

Afatinib ↔ ↔ ?

Axitinib ↔ ↓ ?

Bosutinib ↓ ↓ ↓

Cabozantinib ↔ X X

Crizotinib ? ? ?

Dabrafenib ? ? ?

Dasatinib ↔ ↔ ↔

Erlotinib ↔ ↔ ↔

Gefitinib ↔ ↔ ↔

Imatinib ↔ ↔ ↓

Lapatinib ↔ ↔ ↓

Nilotinib ↓ ↓ ↓

Pazopanib ↔ ↓ X

Ponatinib ? ? ?

Regorafenib ↔ ↔ X

Ruxolitinib ↓ ↓ X

Sorafenib ↔ ↔ ?

Sunitinib ↔ ↔ ?

Vandetanib ↔ X X

Vemurafenib ↔ ↔ ↔

↔, no dose adjustment required; ↓, dose should be reduced; ?, effects not studied; X, do not use. 
Source: FDA label texts.
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Selected interactions

Food

The ingestion of food can cause the F of co-ingested drugs to change. The mechanisms 

by which this happens are not fully understood, but some clarification may be obtained 

from physiological changes caused by the presence of food [133,134]. The pH-values 

in the gastric environment may rise from 1-3.5 to 3.0-6.0 due to buffering and dilutant 

effects of food stuffs [135]. The proximal part of the duodenum does experience lower 

pH values when gastric emptying takes place [136]. Overall, fluctuations because of food 

in pH of the intestinal system are reported to be less dramatic and may cause the pH 

to lower by 1 [137]. Both are subject to inter- and intra-individual variations [138]. The 

presence of fat in food slows gastric emptying and such prolongs the residence time in 

the stomach [139,140]. Food triggers the gastro-colonic reflex, which speeds the motility 

in the terminal ileum and caecum [141]. The third important change is the composi-

tion of the gastrointestinal fluids. In the fed-state, the fluids exhibit higher buffer ca-

pacities, higher osmolality and higher concentrations of short-chain fatty acids and bile 

salts [142]. Any of these changes may affect the absorption of drugs from the GI-tract. 

Fluctuations in pH may change solubility and charging of compounds, in- or decreasing 

the dissolution rate [143]. Motility directly determines the maximum time available for 

absorption [144]. The fluid composition might lower the diffusion of compounds due to 

an increased osmolality or could increase solubility by dissolution of drug in fat or by bile 

salt emulsification [67].

There are no studies at present that have examined the mechanisms by which the ab-

sorption of smTKIs are influenced by food. The effects, however, are known for all the 

compounds. The smTKIs show a varying change in absorption when fasting and fed-state 

are compared. Clinical advice on administration timing can be given in situations where 

adequate evidence is available on food effects. The nature of the advice will depend on 

the effect of the food on the therapy and whether such an effect is beneficial. An advice 

to administer a smTKI without food should be interpreted as ingesting a tablet or capsule 

at least two hours after a meal or one hour before meal consumption [11,12]. Table 5 

presents the influence food has on the absorption of smTKIs and lists the advices giving 

by the EMA and FDA on administration in fed or fasted state.
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Table 5. Effect of food and acid regulation drugs on smTKI absorption and administration advices.

Food Antacids

Drug Exposure (AUC) Advice Exposure Advice Reference(s)

Afatinib -39% WO ↔ -

Axitinib +19% WO/F ↔ - [194]

Bosutinib +70% F ↓ A [195]

Cabozantinib +57% WO (↓)1 -

Crizotinib -14% WO/F (↓) -

Dabrafenib -31% WO (↓) -

Dasatinib +14% WO/F ↓ A [196]

Erlotinib +109% WO ↓ A

Gefitinib -14 - +37% WO/F (↓) A

Imatinib ? F2 ↔ - [197,198]

Lapatinib +80 - 161% 3 ↓ A [146]

Nilotinib +29 - 82% WO ↓ A

Pazopanib +100% WO ↓ A [199]

Ponatinib -3 - +9% WO/F (↓) A [200]

Regorafenib +36 - 48% F (↔) -

Ruxolitinib ? WO/F ↔ -

Sorafenib -29 - +14% WO (↓) A

Sunitinib +12% WO/F ↔ - [201]

Vandetanib ? WO/F (↓) -

Vemurafenib +200% WO/F4 ? ?4 [147]

↑, increased exposure; ↓, lowered exposure; ↔, no effect; ?, unknown effect; (↑)/(↓)/(↔), possible 
effect; -, no avoidance needed; A, avoidance needed. WO, without food; F, with food. Source: EPARs and 
FDA lable texts, additional sources indicated where appropriate. 1No formal studies done. 2Food serves as 
gastrointestinal protection. 31 hour before or after meal (see text). 4Advice not (yet) given.

Bosutinib is preferably given in the presence of food, an increase in tolerability of bo-

sutinib was observed compared to the fasting-state [145]. Regorafenib should be com-

bined with the intake of a low-fat meal, which increases the exposure of the drug and its 

active metabolites compared to fasting-state and high-fat meal [12,13]. Lapatinib exhib-

its a four-time increase in exposure during fed-state in comparison with fasting-state. It 

is advisable to give lapatinib somewhere in a window of 1 hour before or after a meal, 

but preferably before [146]. To maintain constant blood levels, this should be standard-

ized for the individual patient. It was chosen to advise the intake of imatinib with food to 

minimize adverse reactions in stomach as food shields the stomach and esophagus lining 
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[12].  The food effect on vemurafenib has only very recently been studied. The authori-

ties did not issue an advice concerning food intake yet. A conclusive advice needs to be 

constructed after thorough interpretation of the study results [147].

Stomach pH regulating drugs

Drugs that have an effect on the acid secretion and the pH-value of the stomach are 

abundantly prescribed and bought as over-the-counter (OTC) products [148,149]. Dys-

pepsia and related gastrointestinal disorders have been reported as adverse reactions 

following therapy with smTKIs [11,12,150–152].Treatment options are the use of antac-

ids, histamine H2 receptor antagonists and proton pump inhibitors (PPIs) [149]. 

The pH increasing drugs neutralize or reduce gastric acid by different mechanisms and 

are administered in various dosing schemes with PPIs as the most effective and most 

popular [11,12,153,154].

For most of the smTKIs it has been well established whether they suffer from a change in 

absorption caused by concomitant therapy with a pH-changing drug. pH-dependent sol-

ubility plays a crucial role in these interactions. Absorption of drugs may decrease when 

the pH is increased in the gastric environment [149,155,156]. When this is the case, the 

advice to avoid the effects on the pH-value may be needed. 

Different avoidance protocols can be used depending on the type of pH-increasing drug. 

Antacids should not be administered at the same time as the smTKI. Instead, the smTKI 

should be ingested two hours before or four hours after the antacid. For both H2-antag-

onists and PPIs, one protocol can be applied; the smTKI must be administered along with 

the pH-increasing drug, or the acid-regulating drugs should be taken in the morning and 

the smTKI before the night [11,12]. The concomitant administration avoids pH-effects 

since the pH-regulator has to be absorbed in order to be active and as such, a window of 

absorbance is provided for the smTKI. 

Cabozantinib, crizotinib, dabrafenib, gefitinib, ponatinib, sorafenib, and vandetanib all 

exhibit pH-dependent solubility. Interaction studies with the pH-regulating drugs have 

not been performed with regard to these smTKIs, however. On grounds of their physi-

cochemical properties, such interactions may be probable. This has led to the avoidance 

advice for ponatinib and sorafenib [11,12]. The protocol is not recommended for the 

other compounds at this point in time. Nevertheless, caution during concomitant use 
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is required since interactions are not ruled out. Table 5 lists the effect of concomitant 

administration of pH regulators and smTKIs and the avoidance advices.

No statements covering the possible interaction with vemurafenib due to pH-changes 

are found in literature. The drug is found to be poorly soluble at pH 6.8 in its crystal form. 

The marketed formulation is comprised of a solid solution that may react differently to 

changes in pH. The same is true for regorafenib. No substantiated advice can be given for 

these two drugs, caution, again, is still warranted.  
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Discussion

The advances in drug discovery have led to a particularly useful niche of chemothera-

peutics, the orally applicable smTKIs as key representatives. Although the development 

of personalized oral chemotherapy is very promising, the nature of the selection process 

leads to drugs that are hindered by a low and variable F. This low and variable F does not 

appear to be a hindrance in the wielding of the drugs, but might prove to be trouble-

some in further expanding the use of these compounds. High or specifically low dosing 

and frequent multiple dosing regimens may find hurdles here. 

Data on the physicochemical properties of the smTKIs is sparsely scattered and largely 

covered by patents. It is, however, clear that most of the drugs suffer from solubility 

problems. Marketed formulations only possess the most basic physicochemical adjust-

ments to increase the absorption from tablets and capsules. As has been done with oth-

er chemotherapeutics, it may be rewarding to seek novel formulation strategies, such as 

solid dispersion or self-emulsifying systems [157], to increase solubility. Regorafenib and 

vemurafenib formulations wield such strategies [11]. 

In vivo data concerning interactions with intestinal protein transporters and metabo-

lizing enzymes are coming together slowly, but large clinical studies are still to be per-

formed. Interactions with inducers or inhibitors of transporters and enzymes should 

always be considered during chemotherapy, even though current knowledge on the 

matter is limited. Once certain enzyme or transporter involvement is deemed clinically 

relevant, therapy routines or formulations can be combined with an additional inhibitor 

to decrease enzymatic breakdown or extensive efflux. The causes for the variable and 

low F for the smTKIs are slowly being uncovered and more studies are coming along to 

investigate the drugs further. Current knowledge implies that solubility and metabolism, 

especially concerning CYP450, play a pivotal role. 

Interactions with food are profound. The mechanisms underlying the effect of food on F 

are not understood in detail. It may be beneficial to study these effects more thoroughly 

to assess the consequence of different amounts of fats in food. This in turn may prove 

useful in formulation design, especially when lipid-based formulations are considered 

[158].
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Whatever the value of the F, it is important to keep in mind that it does not give any 

information about the exposure of the therapeutic target to the drug. A drug that has 

reached the systemic circulation, even in its entirety, still needs to travel to its molecular 

target in order to be therapeutically active. In the case of the smTKIs, the targets are 

the kinases that are located inside the tumor cells and often in endothelial cells in the 

micro-environment. Various obstacles may be encountered that may sharply reduce or 

even diminish the amount of drug that reaches its target. An example is the blood brain 

barrier, which has been shown to be a partial blockade to EGFR-smTKIs [159]. This thera-

peutic availability (FTher) can be described by adding a fraction to equation 1, the fraction 

of the bioavailable drug that reaches the therapeutic target (FT), to yield equation 3,

F"#$% = F' ∗ F) ∗ F* ∗ F"    (3)

Furthermore, patient compliance to therapy is essential in the success of oral cancer 

treatment. It is estimated that compliance of cancer patients taking oral chemothera-

peutics ranges between 20 and 100 % [160]. Adverse events are the main cause for an 

impaired compliance, especially gastro-intestinal side effects are associated with smT-

KIs [161]. Alternating compliance, although not directly influencing the bioavailability, 

adds another variable to the mix in determining mean plasma concentrations. For this 

reason, care should also be placed and directed towards the therapeutic infrastructure. 

Guidance of patients during the experience of adverse events may prove to be helpful in 

keeping compliance at a high level [162].

Conclusion 

The smTKI-group generally suffers from a low and variable F, a problem that is receiv-

ing little attention in literature. This review presents the various causes of the low and 

variable F of the smTKIs and provides possible means to enhance F and to reduce vari-

ability. Special attention is directed towards food and pH-dependent interactions, which 

have consequences for the therapeutic regimen of most of the smTKIs. Physicochemical, 

physiological and pharmacological data is far from complete. More and larger scale stud-

ies on these matters are needed to clarify the individual contribution to the impaired F 

of each of the factors. This will allow for adequately directed formulative or therapeutic 

measures for the enhancement of F.
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Abstract

The small molecular Kinase Inhibitor (smKI) drug class is very promising and rapidly ex-

panding. All of these drugs are administered orally. The clear relationship between struc-

ture and function has led to drugs with a general low intrinsic solubility. The majority of 

the commercial pharmaceutical formulations of the smKIs are physical mixtures that are 

limited by the low drug solubility of a salt form. This class of drugs is therefore charac-

terized

by an impaired and variable bioavailability rendering them costly and their therapies 

suboptimal. New formulations are sparingly being reported in literature and patents. 

The presented data suggests that continued research into formulation design can help 

to develop more efficient and cost-effective smKI formulation. Moreover, it may also be 

of help in the future design of the formulations of new smKIs.
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Introduction

Small molecular Kinase Inhibitors (smKIs) form a promising and rapidly expanding class 

of drugs [1,2]. The drugs target specific parts of kinase receptor proteins that play an 

important part in the intracellular growth signaling pathways in tumor and immune cells 

[3–5]. After the first drug approval by the United States Food and Drug Administration 

(FDA) of Imatinib in 2001 [6,7], the number of drugs approved by both the FDA and Eu-

ropean Medicines Agency (EMA) are now nearing 30, listed in table 1. Many more smKIs 

are being investigated in clinical trials and are expected to be approved in the coming 

years. A range of small molecular inhibitors have proven to be useful in the therapy of 

certain types of cancer. Additionally, smKIs may be prescribed as alternatives when other 

therapeutic options have failed or are deemed inappropriate [8]. A few compounds are 

(also) applied in the therapy of immunomodulated diseases [9–12] and may even have a 

future in the therapy of diseases such as diabetes mellitus [13]. 

All of the smKIs are without exception administered orally. This has great advantages in 

terms of patient convenience and cost reduction [14–16]. It presents however serious 

difficulties for compounds with a low solubility and/or permeability. These drugs are 

hindered by a reduced and variable bioavailability. This may cause drug plasma con-

centrations to be ineffectively low or toxically high with all due consequences [17]. Un-

derstanding and controlling the parameters of solubility and permeability can therefore 

have a profound influence on patient plasma drug levels.

The smKIs have been designed using high-throughput screening and combinatorial 

chemistry from which the intricate structures and inherent solubility issues originate 

[18]. These means are used in the drug discovery of other drug classes as well, e.g. drugs 

acting on the central nervous system that also experience a problematic solubility [19].

Drug solubility and the dissolution process are affected by a plethora of factors with 

clinical implications. A number of these factors are inherent to the smKI structure and 

function. It follows that, as drug dissolution is most often the primary determinant for 

the smKI bioavailability, there is an apparent link between the high specificity of the 

smKIs and their impaired absorption into the systemic circulation. 

This article will first present the overall problematic biopharmaceutical properties of 

the smKI drug group. Secondly, it will discuss the characteristic structural elements that 
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are responsible for the solubility behavior of the smKIs.  It will continue by reviewing 

the current commercial formulations along with alternative investigational formulations. 

This article aims to underline that although high specificity can, in many cases, place 

a challenging strain on drug solubility and bioavailability, different and innovative for-

mulation techniques may present possible solutions to some of these issues. Literature 

offers several reviews that address (pre)formulation challenges for poorly soluble drugs 

in general [20–22]. This article focuses on smKIs in particular. To the authors’ knowledge, 

this review is the first to combine literature and patent research on the solubility and 

formulation of smKI compounds from a pharmaceutical perspective. 

Bioavailability

In the process of reaching the therapeutic target, the first step after oral administration 

and the disintegration of the dosage form is always the dissolution of the drug substance 

[75]. The second step, absorption, only takes place with the dissolved portion of the 

drug. Thus, poor drug solubility can be one of the main causes for a low and variable 

uptake of a drug into the systemic circulation, i.e. a low and variable bioavailability. This 

is generally true for the smKIs, as listed in table 1. This reflects back in their BCS (the Bio-

pharmaceutical Classification System)-classes of which most are II (solubility hindered 

bioavailability) or IV (solubility and permeability hindered bioavailability) [76,77].

Factors such as presystemic metabolism and mediated transport by transporter proteins 

may also play a part in reducing a drug’s bioavailability. The combination of these factors 

is reviewed elsewhere [78,79].
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Physicochemistry

Essential structures

In the past few decades the role of signal proteins in the homeostasis of tumors became 

more and more apparent [80,81]. The advancement of the diverse techniques and pos-

sibilities of molecular modelling have led to a therapeutic target-based drug discovery 

regime [82,83]. With it, structure-activity relations for inhibitory molecules for these 

proteins were assessed. Key in these relations is the binding of the lead drug molecule to 

the receptor and the inhibitory action thereon[84]. The latter can be viewed as a depen-

dent of the first but does not necessarily result from the same molecular structure. The 

independence is illustrated by lenvatinib and sunitinib; they inhibit VEGFR2 by binding 

to the ATP-binding site with their core structure. Additional binding through a nearby 

structure in both compounds gives them their difference in residence time without in-

fluencing the inhibition itself [85]. 

The resulting collection of mainly lipophilic structures now forms the backbone of the 

majority of the KIs. Some molecular structures and scaffolds are found throughout the 

current marketed collection of smKIs. Even though the drugs inhibit a wide variety of 

proteins, the necessary structures to do so are similar. Table 2 lists the molecular struc-

tures of the free base smKIs ordered by primary target. Bold print indicates the proven 

binding moieties in the smKIs that are responsible for the inhibitory effect.

The bold printed structures in table 2 have been shown in molecular docking and in 

vitro crystallization studies to be critical in receptor binding and inhibition[22-53]. These 

include highly lipophilic moieties such as (substituted) phenyls, aromatic amines, biaryl 

constructs and heterocyclic aromatics. Using these structures as scaffolds, a great num-

ber of studies have designed new smKIs by adding different side groups [117–119]. Com-

bining scaffolds to create a new multi-kinase-targeting smKI is also a commonly used 

strategy [120].

The lipophilic functional moieties and additional scaffold structures make up the larger 

part of the smKI molecular structure. To improve the overall aqueous solubility of a drug, 

drug development may include the evaluation of the possible addition of hydrophilic 

moieties to the core structure [121]. This addition of more hydrophilic structures may 

not be feasible due to the presence of hydrophobic residues that are essential for bind-

ing areas of the inhibitors however [122–125]. Adjustments to the KI chemical structures 
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to improve the biopharmaceutical behavior can therefore only go so far. This has led to a 

continuous search for a delicate balance between pharmaceutical and pharmacological 

properties, most often resulting in the favor of the latter. As a consequence, the aqueous 

solubility of the free base smKI remains generally low. A recent study shows that this 

balance may not always lean towards poor solubility and that a combination of high 

inhibitor activity and hydrophilicity can be achieved for some KI structures [126].

Additionally, enhancing aqueous solubility can be achieved by constructing a pro-drug 

from the drug substance. Here, a solubility-improving side group is attached to the active 

drug, which is later removed by some form of metabolism in vivo after absorption [127]. 

Although this has not been used in the marketed smKIs, it is currently being examined 

for smKIs [128].

Solubility

The aqueous solubility of the smKIs is strongly influenced by environmental factors, as 

described in the following paragraphs. Additionally, the time points of solubility mea-

surements determine whether an equilibrium or a dynamic value is assessed, which may 

differ significantly [51]. A single value can therefore not be appointed to the aqueous 

solubility. Reported values should be evaluated carefully, as the circumstances under 

which it was measured may not be adequately described. 

pH-dependent solubility

The majority of the smKI scaffolds consists of nitrogen-based heterocyclic systems. An 

important consequence of the nitrogen-containing core inhibitory structures in combi-

nation with secondary amine moieties is an overall pH-dependent aqueous solubility. 

The majority of the pKa values of the ionizable nitrogen structures are sufficiently low 

to qualify them as relatively weak bases [129,130]. Table 3 lists the currently known 

values. The higher pKa values commonly concern nitrogen groups that become neutral 

when protonated, whilst the lower pKa values correspond to groups that attain a posi-

tive charge by protonation. For most compounds this means a relative high solubility in 

acidic media and a harshly reduced solubility in more alkaline environments [131–133]. 

Vemurafenib, Regorafenib and Trametinib are exceptions herein with an almost pH-in-

dependent solubility. This is due to their pKa values that are either above or below the 

physiological pH-range. 
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Table 2. Effective moieties in molecular structures of smKI classes

Primary target Molecular structure(s)
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Table 2. Continued

Primary target Molecular structure(s)
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*BCR-Abl, Breakpoint Cluster Region- Abelson murine lukemiaviral oncogene; *EGFR, Endothelial 
Growth Factor Receptor; VEGFR, Vascular Endothelial Growth Factor Receptor; PDGFR, Platelet Derived 
Grwoth Factor Receptor; B-raf, v-raf murine sarcoma viral oncogene homolog B1; Jak, Janus Kinase; ALK, 
Anaplastic Lymphoma Kinase; MEK, Mitogen activated protein Kinase kinase.
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Salt and free base polymorphs

The presence of ionizable groups in most of the smKI drug structure made the conver-

sion to salts feasible [134]. The commercial formulations of many smKIs contain a salt 

in a designated stable polymorph form (table 3). This led to a dramatic increase in sol-

ubility for some compounds, e.g. Imatinib, Tofacitinib and Afatinib, of which the free 

base forms are very poorly soluble (BCS II or IV). Their respective mesylate, citrate and 

dimaleate salts upgraded them to BCS-I or III. For most of the other drugs salt formation 

did not significantly increase solubility and they remain BCS II or IV. The reasons for using 

particular salt or free base polymorphs in formulations are, however often not provided 

in registrations texts or patents. New salt and free base polymorphs with higher solubil-

ities are being patented and reported in literature before and after market authorization 

is obtained. It seems that, at least in terms of solubility, better options were and are 

available. Comparisons in dissolution behavior and bioavailability between various salt 

forms are not yet accessible. The alternative salts may prove useful in future formulation 

improvements however. 

Solvates

Solvates are crystalline solids that contain stoichiometric or nonstoichiometric propor-

tions of a solvent within their crystal structure. When this solvent is water, the solvate 

is termed a hydrate. When no solvent or water is present, a compound is termed an 

anhydrate. Solvates, hydrates and solventless crystals can differ significantly in solubility 

[135]. Most of the smKIs are formulated as anhydrates. Data on dissolution performance 

of solvates and hydrates are only rarely published. Dasatinib, Nilotinib, Lapatinib and 

Bosutinib are present as monohydrate crystals in their respective formulations. After 

the approval of Sprycel® in 2006, a way to produce Dasatinib anhydrate was found and 

this form was shown to be 2.4 times more soluble than the monohydrate variant [136]. 

Trametinib is formulated as a stoichiometric DMSO-solvate. In rats this increased the 

bioavailability of Trametinib 30-fold compared to the unsolvated form. In aqueous en-

vironment, the dissolved Trametinib.DMSO slowly precipitates as the much less soluble 

unsolvated form [51].
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Formulations

Partly as a consequence of the before-mentioned factors, the solubility of a drug salt 

polymorph can be described thermodynamically. The following combined equation il-

lustrates this [137]:

−𝑙𝑙𝑙𝑙𝑙𝑙	𝑋𝑋 = ∆)*
+.-.-/0

10230
020

4 + 67
+.-.-/0

(𝛿𝛿: − 𝛿𝛿+)+         (1)

Where X is the dissolved molar fraction, ΔHf is the latent heat of fusion (heat absorbed 

during melting), R is the gas constant, T is the temperature, T0 is the melting point of 

solute, V is the molar volume of liquid solute, Φ is the volume fraction of the solvent, δ 

is the solubility parameter (expression of cohesion between molecules).

Equation 1 clearly expresses the role of solid state crystallinity in a compound’s solubility 

through the heat of fusion and the melting point of the drugs. The heat of fusion is the 

heat necessary to transform a compound from its solid to its liquid state at its melting 

point. Both the melting point and the heat of fusion are measures of the bond strength 

in the drug crystal. Stronger bonds between molecules in a crystal structure will increase 

both parameters and subsequently lower solubility [138]. The solubility parameters in 

equation 1 denote the significance of the molecular structure and the resulting intermo-

lecular cohesive forces in drug and solvent in the solubility end term. The parameters 

are descriptors of the interaction between molecules of the drug and the solvent. If such 

interactions are alike in the separate drug and solvent, a drug is more likely to be soluble 

in that particular solvent [139]. The last term in equation 1 is low in such a case and the 

resulting solubility is relatively high.

In a physiological environment, a pharmaceutical solution may be regarded as dilute 

with a near-to-constant temperature [140,141]. In that situation, the molar volume ap-

proaches unity and the volume fraction may be disregarded [137]. This allows for the 

following simplification to a qualitative equation:

−𝑙𝑙𝑙𝑙𝑙𝑙	𝑋𝑋 ≈ ∆𝐻𝐻* +
,-.,
,-,

/ + (𝛿𝛿3 − 𝛿𝛿4)4      (2)

Equation 2 shows that a low heat of fusion and melting point are beneficial to a com-

pound’s solubility [142,143]. Additionally, the solubility of a drug can be further in-

creased by creating more similarity between the solubility parameters of the drug and 

the solvent [144,145].
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Commercial physical mixture formulations

The commercial immediate release formulations of the smKIs are almost all designed 

as physical mixtures. They contain a crystal solid form. Since crystallinity is a strong de-

terminant of solubility, the heat of fusion and the melting temperature of crystal poly-

morphs are closely correlated with it. Although not known for all compounds, the melt-

ing points are relatively high [26,36,62,146,147]. Furthermore, the difference between 

the solubility parameters of the drugs and the physiological solvent is expected to be, 

based on structure, relatively large [148–150]. The outcome is a very poor solubility, as 

is presented in table 3. The excipients present in the physical mixtures, such as poly-

mers and surfactants, may have some influence on the composition of the physiological 

solvent in the direct environment of the dissolving drug. This may lower the difference 

in the last term of formula 2. In time this effect dissipates due to diffusion of both com-

pounds and the drug will recrystallize [151]. Table 3 lists the excipients present in the 

commercial formulations. As far as could be assessed, most manufacturing processes 

entail dry or wet mixing of the formulation ingredients and optimization of the drug 

particle size [152]. The latter only increases dissolution speed as it does not alter the re-

sultant solubility through any terms in equation 2. The accessibility of solubility data and 

dissolution curves is limited in literature and patents, so the effect of the formulation on 

the smKIs dissolution performance is largely unknown in the public domains. The pro-

posed dissolution methods by the FDA for bioequivalence testing of smKI formulations 

offer clarification to some extent however [153]. The dissolution media are all more 

voluminous than the stomach. In many cases the pH is adjusted to highly acidic condi-

tions. And for some drugs surfactants are added. Although these methods are designed 

for quality control purposes, they provide further evidence of poor drug solubility. The 

non-bioequivalent dissolution media are designed to enable appropriate drug solubility 

(>85%) for the comparison of individual drug product batches [153]. When acidification 

and addition of surfactants to the media are needed to achieve this, drug solubility in 

bioequivalent media is likely to be significantly low. The formulation of lenvatinib is an 

exceptional case because it was designed with special focus on its stability. Lenvatinib 

has the tendency to gelate and decompose under humid and heated storage conditions, 

unlike the other smKIs. Calcium carbonate and mannitol were chosen as filler/disinte-

grant and diluent to keep the overall hygroscopicity of the formulation low. This combi-

nation of the carrier and the hypromellose capsule make water uptake by the formula-

tion unlikely and thus prevents gelation and hydrolytic degradation, both of which are 

detrimental to the bioavailability [71,154]. This capsule, which is additionally kept in a 

protective blister, can be stored at room temperature and humidity [71].
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Alternative formulations

Changing the solid state of the drug may radically alter the first term in equation 2. When 

a move is made from the highly structured crystal form to the less rigid amorphous form 

the solubility can increase. This is due to the fact that amorphous materials have a melt-

ing range instead of a melting point and lack a definite heat of fusion [173]. Amorphous 

forms of drugs may be prepared in various ways by incorporating them in a polymer 

matrix in order to retain their amorphous state [174,175]. Such a system is termed a 

solid dispersion [176]. The commercial formulations of Vemurafenib and Regorafenib 

(4.2.1. and 4.2.2.) are designed like this. Additional advantages of a solid dispersion are 

particle size reduction, increased wettability, reduced aggregation and agglomeration 

and a decrease in the difference in solubility parameters through the polymer changing 

the physiological solvent. All these factors combined may increase the solubility long 

enough to improve drug absorption.  

During clinical studies of three smKIs it became apparent that a simple physical mixture 

did not suffice in creating an adequate plasma level. These cases are discussed below.

Vemurafenib

Crystalline free base vemurafenib is known to exist in several polymorphs and solvates 

[61,62]. The most thermodynamically stable form II is practically insoluble in water with 

pH-values ranging from 1.1 to 9. The first clinical study with Vemurafenib was performed 

with the more soluble crystalline form I in a micronized capsule formulation. Form I 

transformed to form II over time and the observed bioavailability was low [61,62]. Shah 

et al. describes the development of the amorphous Vemurafenib formulation that is now 

used in the marketed Zelboraf® [177]. The amorphous solid dispersion was prepared by 

a solvent-controlled coprecipitation process as a so-called microprecipitated bulk pow-

der. The amorphous Vemurafenib is herein stabilized by a hypromellose acetate succi-

nate matrix to prevent crystallization[178]. Compared to the crystalline formulation, the 

solid dispersion demonstrated a significantly improved solubility and a five-fold increase 

in exposure.  

Regorafenib

Regorafenib as a monohydrate salt is poorly soluble in water at less than 0.1 mg/mL 

[179]. The possible consequences of the poor solubility for the bioavailability were rec-

ognized early on in the formulation development. Therefore, a series of physical mix-

tures and solid dispersions were tested. A solid dispersion of Regorafenib in PVP 25 with 

a composition of 1:4 was chosen after in vitro dissolution screening and the assessment 

of rat pharmacokinetics[180].  
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Table 3. Reported solubilities of smKIs as pure drug substance at given pH values and their types of com-
mercial formulation.

Compound pKa pH Solubility (mg/mL) Dosage 
form

Formulation composition

Imatinib Mesylate X £ 5.5 > 1.6m                             [24] T/C Patent expired

Gefitinib FB1 5.4; 7.2             [28] 1.0; 7.0 21m; <0.001                   [28] T L, MC, CS, P, SLS, MS

Erlotinib Hydrochloride 5.4                    [155] 2.0 0.4m                                               [155] T L, MC, SSG, SLS, MS

Sorafenib Tosylate X 1.0; 4.5 0.034m; 0.013                [33] T MC, CS, H, SLS, MS

Dasatinib FB.H2O 3.1; 6.8; 10.8  [156] 2.6; 6.0 18.4m; 0.008                  [37] T L, MC, CS, HPC, MS

Sunitinib Malate 9.0                     [41] 1.2-6.8 >25m                                               [41] C MN, P, CS, MS

Nilotinib Hydrochloride.H2O 2.1; 5.4            [157] 1.0; 4.5 0.28m; <0.1        [45] C L, CP, PX, SC, MS

Lapatinib Ditosilate.H2O 5; 7.2                [158] 1.0; w 10-6; 0.007m                [49,159] T MC, P, SSG, MS

Pazopanib Hydrochloride 2.1; 6.4; 10.2  [160] 1.1 0.65m                                         [160] T MC, P, SSG, MS

Ruxolitinib Phosphate 4.3; 11.8          [161] w X (highly soluble)        [161] T L, MC, SSG, MS, SC, HPC, P

Crizotinib FB 5.6; 9.4             [59] 1.6; 8.2 >10m; <0.1                    [162] C MC, SC, CHP, SSG, MS

Vandetanib FB 5.2; 9.4            [147] 6.8; w 0.35m; 0.008          [65,147] T MC, DCP, CP, P, MS

Ponatinib Hydrochloride 2.8; 7.8             [70] 1.7; 7.5 7.8m; 0.16*10-3                   [70] T L, MC, SSG, SC, MS

Cabozantinib Malate X 2; >3 0.11m; x (very low)      [163] C CS, SSG, SC, SA, MC

Tofacitinib Citrate 5.1                    [164] 1.0; w >28m; 2.9                      [164] T MC, L, CS, MS

Bosutinib FB.H2O 7.9                      [32] <5.0; >5.0 X (high); X (reduced)    [32] T MC, CS, PX, P, MS

Axitinib  FB 4.8               [36] 1.1; >6.0 1.841m; 0.2*10-3                [36] T MC, L, CS, MS 

Ibrutinib FB 3.8              [40] 1.2; 5.5 2m; 0.003                        [40] C MC, CS, MS, SLS

Afatinib Dimaleate 5.0; 8.2            [165] <6.0; >7.0 >50m; 0.04            [165,166] T L, MC, CP, SC, MS

Dabrafenib Mesylate 1.5; 2.2; 6.6      [47] 1.0; 4-8 X (VSS); X (PI)                 [47] C MC, MS, SC

Trametinib FB.DMSO 0.3                    [167] 1.2; 6.8 0.0004; 0.011m                    [51] T MC, MN, H, CS, MS, SLS, SC

Ceritinib FB 4.1; 9.7            [168] 1.0; 6.8 11m; 0.2*10-3                         [57] C MC, HPC, SSG, MS, SC

Alectinib Hydrochloride 7.1                    [169] 1.0; 6.8 0.0013; 0.0279m                [60] C L, HPC, SLS, MS, CMC

Cobimetinib Fumarate 8.9                    [170] 1.0; 6.8 48.21m; 0.78                 [64] T L, MC, CS, MS

Osimertinib Mesylate 4.4; 9.5            [171] 1.2; 4.5 >3; >11m                                     [68] T MN, H, SSF

Lenvatinib  Mesylate 5.1                    [72] <3.0; 3-7 X (VSS); < 0.096       [71] C MN, MC, CC, H, TC

Vemurafenib MPB2 7.9; 11.1          [62] 1.0; 6.8 <0.3*10-3; 0.5*10-3m      [62] T                             Solid solution

Regorafenib FB X X X T                                  Solid dispersion

Nintedanib Esilate 5.6; 9.4            [172] 1.0; ³ 6.8 5m; 0.011                 [55] C                                 Lipophilic suspension

1. FB = Free Base; 2. MPB = MicroPrecipitated Bulk; M = reported maximum solubility; w = in water, pH not 
specified; x = value not reported; () = description given; VSS, Very slightly soluble; PI, practically insoluble; 
T, Tablet; C, Capsule; L, lactose; MC; Microcrystalline cellulose; CS, Crosscarmellose sodium; P, Povidone; 
SLS, Sodium Lauryl Sulphate; MS, Magnesium stearate; SSG. Sodium starch glycolate; H, Hypromellose; 
HPC, hydroxypropylcellulose; MN, Mannitol; CP, Crospovidone; PX, Poloxamer 188; SC, Silica colloidalis 
anhydrica; CHP, Calcium hydrogen phosphate; DCP, Dibasic calcium phosphate; SA, Stearic acid; CMC, 
Carboxymethylcellulose calcium; SSF, Sodium stearyl fumarate; CC, calcium carbonate; TC, Talc.
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Table 3. Reported solubilities of smKIs as pure drug substance at given pH values and their types of com-
mercial formulation.

Compound pKa pH Solubility (mg/mL) Dosage 
form

Formulation composition

Imatinib Mesylate X £ 5.5 > 1.6m                             [24] T/C Patent expired

Gefitinib FB1 5.4; 7.2             [28] 1.0; 7.0 21m; <0.001                   [28] T L, MC, CS, P, SLS, MS

Erlotinib Hydrochloride 5.4                    [155] 2.0 0.4m                                               [155] T L, MC, SSG, SLS, MS

Sorafenib Tosylate X 1.0; 4.5 0.034m; 0.013                [33] T MC, CS, H, SLS, MS

Dasatinib FB.H2O 3.1; 6.8; 10.8  [156] 2.6; 6.0 18.4m; 0.008                  [37] T L, MC, CS, HPC, MS

Sunitinib Malate 9.0                     [41] 1.2-6.8 >25m                                               [41] C MN, P, CS, MS

Nilotinib Hydrochloride.H2O 2.1; 5.4            [157] 1.0; 4.5 0.28m; <0.1        [45] C L, CP, PX, SC, MS

Lapatinib Ditosilate.H2O 5; 7.2                [158] 1.0; w 10-6; 0.007m                [49,159] T MC, P, SSG, MS

Pazopanib Hydrochloride 2.1; 6.4; 10.2  [160] 1.1 0.65m                                         [160] T MC, P, SSG, MS

Ruxolitinib Phosphate 4.3; 11.8          [161] w X (highly soluble)        [161] T L, MC, SSG, MS, SC, HPC, P

Crizotinib FB 5.6; 9.4             [59] 1.6; 8.2 >10m; <0.1                    [162] C MC, SC, CHP, SSG, MS

Vandetanib FB 5.2; 9.4            [147] 6.8; w 0.35m; 0.008          [65,147] T MC, DCP, CP, P, MS

Ponatinib Hydrochloride 2.8; 7.8             [70] 1.7; 7.5 7.8m; 0.16*10-3                   [70] T L, MC, SSG, SC, MS

Cabozantinib Malate X 2; >3 0.11m; x (very low)      [163] C CS, SSG, SC, SA, MC

Tofacitinib Citrate 5.1                    [164] 1.0; w >28m; 2.9                      [164] T MC, L, CS, MS

Bosutinib FB.H2O 7.9                      [32] <5.0; >5.0 X (high); X (reduced)    [32] T MC, CS, PX, P, MS

Axitinib  FB 4.8               [36] 1.1; >6.0 1.841m; 0.2*10-3                [36] T MC, L, CS, MS 

Ibrutinib FB 3.8              [40] 1.2; 5.5 2m; 0.003                        [40] C MC, CS, MS, SLS

Afatinib Dimaleate 5.0; 8.2            [165] <6.0; >7.0 >50m; 0.04            [165,166] T L, MC, CP, SC, MS

Dabrafenib Mesylate 1.5; 2.2; 6.6      [47] 1.0; 4-8 X (VSS); X (PI)                 [47] C MC, MS, SC

Trametinib FB.DMSO 0.3                    [167] 1.2; 6.8 0.0004; 0.011m                    [51] T MC, MN, H, CS, MS, SLS, SC

Ceritinib FB 4.1; 9.7            [168] 1.0; 6.8 11m; 0.2*10-3                         [57] C MC, HPC, SSG, MS, SC

Alectinib Hydrochloride 7.1                    [169] 1.0; 6.8 0.0013; 0.0279m                [60] C L, HPC, SLS, MS, CMC

Cobimetinib Fumarate 8.9                    [170] 1.0; 6.8 48.21m; 0.78                 [64] T L, MC, CS, MS

Osimertinib Mesylate 4.4; 9.5            [171] 1.2; 4.5 >3; >11m                                     [68] T MN, H, SSF

Lenvatinib  Mesylate 5.1                    [72] <3.0; 3-7 X (VSS); < 0.096       [71] C MN, MC, CC, H, TC

Vemurafenib MPB2 7.9; 11.1          [62] 1.0; 6.8 <0.3*10-3; 0.5*10-3m      [62] T                             Solid solution

Regorafenib FB X X X T                                  Solid dispersion

Nintedanib Esilate 5.6; 9.4            [172] 1.0; ³ 6.8 5m; 0.011                 [55] C                                 Lipophilic suspension

1. FB = Free Base; 2. MPB = MicroPrecipitated Bulk; M = reported maximum solubility; w = in water, pH not 
specified; x = value not reported; () = description given; VSS, Very slightly soluble; PI, practically insoluble; 
T, Tablet; C, Capsule; L, lactose; MC; Microcrystalline cellulose; CS, Crosscarmellose sodium; P, Povidone; 
SLS, Sodium Lauryl Sulphate; MS, Magnesium stearate; SSG. Sodium starch glycolate; H, Hypromellose; 
HPC, hydroxypropylcellulose; MN, Mannitol; CP, Crospovidone; PX, Poloxamer 188; SC, Silica colloidalis 
anhydrica; CHP, Calcium hydrogen phosphate; DCP, Dibasic calcium phosphate; SA, Stearic acid; CMC, 
Carboxymethylcellulose calcium; SSF, Sodium stearyl fumarate; CC, calcium carbonate; TC, Talc.
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Nintedanib

The drug compound Nintedanib esilate is suspended in an oily base in its commercial 

formulation. Nintedanib is suspended in a mixture of medium-chain triglycerides (carri-

er) and hard fat (thickener) [181,182]. A patent from 2009 describes the development of 

the formulation [183]. It stated that hydrolytic degradation seems to be problematic for 

the compound. In combination with the high drug load, a lipophilic carrier suspension in 

a hydrophilic capsule was deemed appropriate. The formulation had a higher bioavail-

ability than the tested hydrophilic and lipophilic-surfactant systems in rats.
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New formulations in literature and patents

Patents and exclusivities are still covering all of the smKIs, except for Imatinib [184,185]. 

While registered and approved alternative formulations are a long way off, there is a 

limited body of research published and patented at the time of writing. This section will 

briefly discuss the most frequently reported and patented oral formulation types.

Solid dispersions 

Producing and characterizing the amorphous form of the smKIs is described throughout 

the patent body. Using that amorphous form in a pharmaceutical formulation is less 

frequently reported. This can be due to a too unstable amorphous form, a non-superior 

solubility or simply because the terrain is still unexplored. Xspray microparticles is one 

of the very few that give a description of the effect of amorphization on the dissolution 

of some smKIs [186]. The inventors use supercritical fluid precipitation to produce sol-

id dispersions of Axitinib, Crizotinib, Dasatinib, Erlotinib, Gefitinib, Lapatinib, Nilotinib, 

Pazopanib, Sorafenib and Vemurafenib with different polymers. The patent presents a 

significant solubilization of the investigated compounds by the incorporation into poly-

meric matrices. Godugu et al. describe a spray dried solid dispersion of Gefitinib that 

yields a 9-fold increase in rat AUC compared to free base Gefitinib [187].  The group of 

Truong found that a spray dried formulation of amorphous Sorafenib, a graft polymer 

and SLS increased the AUC by 1.8-fold in rats [188]. Nanologica patented a nanoporous 

formulation with loaded amorphous Dasatinib [189]. They report no dissolution data, 

but state that more Dasatinib is released in Simulated Intestinal Fluid from their formula-

tion than form crystalline drug. Song et al. prepared various solid dispersion of Lapatinib 

and showed an increased solubility of the products in water with 0.2% SDS [190]. Unsol-

vated Trametinib in a spray dried formulation had better dissolution characteristics than 

the commercial formulation, as patented by Ratiopharm GmBH [191].

 

Crystalline stabilization

A small number of patents describe improved dissolution characteristics for set of smKIs 

by using excipients that stabilize crystalline polymorphs as solids or as solutes. Stabiliza-

tion of an unstable, more soluble polymorph of Erlotinib hydrochloride with a hydrophil-

ic polymer can lead to better dissolution profiles. This was shown by Synthon BV [192]. 

Liu et al. found that the solubility of Sorafenib can be markedly increased by formulating 

it with Polyvinylpyrrolidone vinyl acetate copolymer (PVP-VA). The drug-polymer inter-

action in solution provides a supersaturated state that nearly doubles the AUC in beagle 
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dogs [193]. The development of sustained release dosage forms of the relatively soluble 

Tofacitinib citrate was carried out by Pfizer [194]. This may well be an example of the 

development route of smKIs once the solubility issues are under control.

Cocrystals

A cocrystal is defined as a homogenous crystalline material that is made up of two or 

more molecules in definite stoichiometric amounts held together by non-covalent forc-

es[195]. The physicochemistry of the so-called non-covalent derivative may be very dif-

ferent from a drug salt form that is held together by ionic forces [196]. A patent filed 

in 2015 showed an increase in solubility of Gefitinib in cocrystalline form with certain 

carboxylic acids [197]. Basf Se prepared several cocrystals of Dasatinib and showed that 

especially the combination with methyl gallate increased the aqueous solubility to 42 

µg/mL from 0.36 µg/mL of the dasatinib free base monohydrate [198]. The same was 

done for Nilotinib, which showed that the cocrystal with maleic acid had an almost 

6-fold increase in solubility compared to the hydrochloride form [199]. Neither of the 

two are backed up with bioavailability data. Cocrystalline forms also improve dissolution 

of Lapatinib. Fabbrica Italiana Sintetici shows that a cocrystal of Lapatinib with Adipic 

acid has a higher solubility than Lapatinib ditosylate. In rats, however, this did not lead 

to an improvement of the bioavailability [200].

Discussion

The currently approved smKIs have important places in clinical practice for registered 

indications. A large fraction of these compounds is under investigation for additional 

indications. The new and upcoming smKIs target many of the same kinases and are de-

signed in a similar fashion as the already marketed ones. Their general physicochemical 

properties might not differ significantly from those of the older smKIs. A low and variable 

bioavailability is an enormous problem and may also lead to additional expenses in the 

patient treatment. High drug loading may be necessary to reach certain plasma levels 

for drugs with a low bioavailability with due consequences. The narrow therapeutic win-

dow of the drugs reflect in serious side effects and reduced activity above and below 

certain plasma concentration thresholds, respectively [17,201]. A variable bioavailability 

therefore often requires plasma levels to be monitored over a given time as part of a 

therapeutic drug monitoring (TDM) regimen which in part takes the advantages of oral 

therapy away. This is illustrated by the necessity of dose adjustments of smKIs in 25% of 

the patients treated with these drugs in our own institute. 
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Poor solubility may also pose a problem for smKIs that do not bind to the active site of 

the kinase that they inhibit. Such smKIs can bind to a regulatory site of a kinase, e.g. Re-

bastinib. The molecular structure of Rebastinib contains similar groups as the presented 

smKIs in table 2, which are necessary for binding [202]. Solubility data of this drug is not 

yet available in the public domain. However, based on its structure, rebastinib is expect-

ed to be poorly soluble. 

Plain and relatively uncomplicated formulations may be troublesome and can have very 

costly consequences during early clinical development. The first clinical trial with vemu-

rafenib is exemplary. During this trial, it was discovered that the formulated crystal poly-

morph exhibited a low bioavailability. A new formulation with amorphous vemurafenib 

was produced and the clinical trials had to be repeated [61]. Although such a case is 

probably an exception, it is worth noticing that this might have been prevented. 

With the incidence of cancer on the rise and the value of smKI therapy thoroughly es-

tablished, the challenges of further improving the therapy are gaining value [203]. With 

a disease that has such significant consequences for patients, therapeutic uncertainties 

are all the more undesired. Predicting and addressing these uncertainties, preferably in 

an early stage of development, seems more than appropriate. Simple and straightfor-

ward formulations are surely preferred in terms of cost effectiveness of development 

and ease-of-production. The experience with the smKI group teaches the most valued 

lesson that overall cost effectiveness and the ease-of-treatment may not at all be ben-

efitted by such choices however. Speed and efficiency are becoming characteristics of 

drug development [204]. The future challenges will therefore lie in the implementation 

of thorough screening of formulations and dosage forms into the overall drug develop-

ment process. To ensure efficiency, a useful translation from in vitro dissolution data to 

the in vivo setting is needed. As in vitro-in vivo predictability from simple dissolution set-

ups is often troublesome, the adoption of methods such as the gastrointestinal model 

TIM may prove to be valuable [205]. 

The solubility-induced variable bioavailability and the accompanying risks and costs may 

largely benefit from formulations with improved performance. While most patents and 

exclusivities are still pending and new or bioequivalent formulations are not yet eligi-

ble for approval, formulation research increasingly highlights the opportunities for im-

proved drug forms of approved and to-be-approved smKIs. 
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Conclusions

Due to the very distinct targeting of the smKIs, biocompatible physicochemistry is driven 

to the edge. This places a strain upon bioavailability and presents challenges to formu-

lation scientists. 

‘Classical’ physical mixtures may work to achieve a relatively high bioavailability for some 

compounds, namely Imatinib, Ruxolitinib and Dabrafenib. This is certainly not the case 

for the majority of smKIs however. Bearing patents and exclusivities in mind, the past 

experiences can lead to new and innovative formulations that may provide further im-

provement of the efficacy of anticancer treatment.
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Abstract

Recent literature reviews and registration documents covering novel Signal Transduction 

Inhibitors in the treatment of cancer paint a picture of inefficiency and variability, where 

formulation improvements could be valuable. In this article, we discuss apparent drug 

design flaws as we impose the current standard formulation practice.
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Combining personalized chemotherapy with oral drug ingestion has demonstrated to 

be an almost golden duo. The success of this combination has been illustrated by the 

registration of 28 oral signal transduction inhibitors (STIs) in the past years. This group of 

therapeutics has proven its value in the clinic and a large number of the member drugs 

have become the standard care for an increasing amount of tumor types. Despite the 

efficient and specific nature of the drugs, the full potential of this inhibitor class has yet 

to be realized. In harsh contrast to the pharmacological fine tuning done for this group 

stands the nascent development of their pharmaceutical formulations. At least 16 of 

these highly specific drugs, with sometimes life lengthening properties, suffer from low 

bioavailability and high variability, which in many cases could be improved with more 

optimal formulations [1].

Recent analyses of the pharmacokinetic properties of STI formulations present a trou-

bling picture. As defining properties, we are confronted with low, fluctuating and highly 

susceptible exposures due to restricting absorption and/or first pass clearance [2,3]. The 

results of these studies expose a situation where an apparent imbalance exists between 

the development of the drug substance and that of the formulation. Biopharmaceutical 

issues and considerations are seemingly not prioritized by drug innovators where ab-

sorption is a limiting factor. As a large majority of STIs are classified as either unfavorable 

Biopharmaceutical Classification System (BCS) class II or IV(further explained and pre-

sented in figure 1), additional attention to formulation design was especially warranted 

here.

Inevitably, this leads to situations where some drugs are being wasteful. Firstly, in the 

most literal sense, since large parts of the drug substances are not absorbed into the 

systemic circulation. These parts are subsequently discarded. An exemplary case is pazo-

panib of which only 21% is absorbed into the systemic circulation [1]. Secondly, further 

consideration of the pricing of personalized chemotherapy makes these matters even 

more deplorable. In the dire patient’s experience of cancer, every additional uncertainty 

is one too many and inadequate medication forms should not be added to this. Most 

worrying of all, is the imaginable loss of life quantity and quality that patients might 

suffer due to insufficient drug efficacy over time.
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Figure 1. Currently marketed STIs in their respective BCS-class. Class 1, drugs with good solubility and per-
meability; Class II, drugs with poor solubility and good permeability; Class III, drugs with good solubility 
and poor permeability; Class IV, drugs with both poor solubility and permeability. 1-2, Imatinib, Ruxolitinib; 
3-4, Afatinib, Cobimetinib; 5, Osimertinib; 6-17, Erlotinib, Gefitinib, Dasatinib, Lapatinib, Pazopanib, Vande-
tanib, Ponatinib, Cabozantinib, Regorafenib, Axitinib, Ibrutinib, Dabrafenib; 18-21, Sorafenib, Nintedanib, 
Alectinib, Lenvatinib; 22-28, Sunitinib, Nilotinib, Crizotinib, Vemurafenib, Bosutinib, Trametinib, Ceritinib. 
[1,9] Changing the formulation of a class II or IV compound may shift its absorption behavior towards class 
I and III, respectively. 

The variability in exposure has drawbacks that stretch beyond the obvious impact on 

drug efficacy and possible toxicity. In order to avoid as much (intrapatient) variability as 

possible, patients are requested to combine or avoid intake with food and certain co-

medication. To restrain the interpatient variability, patients are subjected to therapeutic 

drug monitoring with increasing frequency [4]. In fact, in our institute dose corrections 

are warranted in 25% of the cases for patients treated with STIs due to inadequate expo-

sure. This current practice entails a costly, high maintenance therapy.

The fact that at least 50% of the STI formulations are presently performing below what 

is reasonably achievable is further highlighted by the effect that food and comedication 
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can have on drug exposure [1,5]. Ingesting food concomitantly with an STI generally can 

have a profound effect on the exposure of that drug [1,3]. A clear example of effect is the 

significant increase in exposure up to 4.7-fold of pazopanib, vemurafenib and lapatinib 

when they are taken with food [6]. Such effects reveal solubility alterations in different 

environments and are often good indicators of the poor performance of the pharmaceu-

tical formulation. The same is true for pH effects; acidification of the GI-tract has been 

shown to lead to additional exposure to Erlotinib, whilst acid-reducing drugs can sharply 

lower the bioavailability of a large group of STIs [1,7].

Therapeutic specificity is this drug class’ greatest asset. The molecular structures are tai-

lor made and well balanced out to bind and inhibit the proteins that have gone haywire 

in various tumor types. 

Yet these structures also turn out to be complicating factors that should be recognized 

and taken into account when developing STI formulations. Appropriate binding and in-

hibiting moieties often contain relatively lipophilic structures that make pure drug disso-

lution increasingly difficult. This is especially true for the STI group. Data from pharma-

cokinetic studies show a strong correlation between drug solubility, bioavailability and 

pharmacokinetic variability thereof [8]. This combination of facts should have sparked 

ample response in formulative development. For the STIs, at least, the efforts and at-

tempts at improving biopharmaceutical properties are only marginally available.  

In the present collection of STI drugs appropriate effort put into the formulations has ac-

tually led to drastic solubility and bioavailability improvement. The solubility of five com-

pounds (Imatinib, Ruxolitinib, Dabrafenib, Cobimetinib and Osimertinib) was accommo-

dated by the selection of a relatively soluble salt form [9]. A statement could be made 

in favor of formulating these drugs as tablets or capsules from simple powder mixtures. 

Yet for the vast remaining majority this is certainly not the case. Contrary to the desir-

ability of an intricate formulation test cycle, all but three drugs are marketed as physical 

mixtures. Perhaps the most infamous of the three is Vemurafenib. Vemurafenib’s first 

clinical trial formulation was swiftly altered to Micro Precipitated Bulk which increased 

the solubility 30-fold, but only after the previous Phase I trial revealed a very poor bio-

availability due to solubility issues. This belated solubility-improving alteration in the 

formulation also increased patient exposure by a 5-fold [10]. This alteration is a typical 

case study that can be added to the before mentioned wasteful state of affairs. 
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An increasing number of studies illuminate an array of methods that can improve drug 

solubility and subsequently show a related boost in exposure. Techniques that produce 

solid dispersions, cocrystals and nanoformulations have all proven to be beneficial for 

STIs. Even simple changes, such as a change in excipient composition, can result in a bet-

ter performance [11].  Inclusion of such techniques into early drug development stages 

may prove to be valuable ventures and lead to more efficient drug formulations.

The rate of drug discovery and development has sped up in the past years. Along with 

accelerated authority registration it has brought new therapeutic options to patient fast-

er than ever before. It seems, however, as if the hastened pace of personalized cancer 

drug development has a dubious side as well. In this field where time is of the essence, 

simple and time-saving formulation development is favored. These formulations are de-

signed to roughly deliver the drug exposure that is needed for a therapeutic effect, albeit 

with large deviations. Through the recent decades we have learned that a development 

course like this may save the pharmaceutical industry from certain effort and costs. In re-

ality, however, the efforts and costs are merely postponed until they are left to be dealt 

with by clinicians and eventually, the patients.

The realization that the virtue of cancer therapy is not just the sum, but the product of 

all the actions and decisions taken from drug discovery to patient guidance, is eminent in 

this matter. Hence, it follows that the drug manufacturers play a significant role therein. 

Drug manufacturers should hold themselves to a self-explanatory intrinsic ethical com-

mitment to optimize a drug’s mode of administration. When such a commitment is well 

organized in an early stage of development, commercial and financial interests are un-

likely to be compromised.

With the incidence of cancer still on the rise and the molecular exploration of its causes 

still ongoing, it is very likely that more STIs are to appear in the foreseeable future. As 

long as the largest portion of cancer care’s weight is still pulled by chemotherapy and the 

shift towards personalized drugs continues, the issue of drug performance will remain a 

crucial one. To ensure a future where cancer drugs approach optimal capability, in both 

financial and therapeutic sense, the pharmaceutical field must increase investments in 

chemotherapy formulation.
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Abstract

The currently marketed formulation of pazopanib hydrochloride has a poor bioavail-

ability and pharmacokinetic profile. An alternative formulation of the drug might have 

an improved performance. Knowledge about the thermal behavior of the drug may be 

instrumental in the development process of such a formulation. The aim of this study 

was to thermally characterize raw bulk drug material of the multiple kinase inhibitor pa-

zopanib hydrochloride using different analytical techniques. Solid state characterization 

was carried out with Fourier transform infrared (FT-IR) spectroscopy and X-ray diffraction 

(XRD). Thermal characterization was performed with thermogravimetric analysis (TG) 

and differential scanning calorimetry (DSC). Thermal and thermodynamic parameters 

were assessed using the Ozawa-Flynn-Wall, Friedman and Kissinger-Akahira-Sunose iso-

conversional methods.
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Introduction

Pazopanib, i.e. 5-({4-[(2,3-Dimethyl-2H-indazol-6-yl)methylamino]pyrimidin-2-yl}ami-

no)-2-methylbenzenesulfonamide, figure 1, is a fully synthetic multiple kinase inhibitor 

that is currently trademarked as Votrient®. It is indicated for the treatment of advanced 

renal cell carcinoma and advanced tissue cell carcinoma [1,2]. In the commercial for-

mulation, pazopanib is processed as the monohydrochloride salt (figure 1). The mar-

keted tablet formulation ,however, has a low and variable bioavailability [3,4]. Although 

pazopanib is very potent and suitable for certain tumor types it may not consistently 

reach its target in sufficient quantities. As a results, the therapy may therefore at times 

be suboptimal [5]. Pazopanib can be classified as a class II (bioavailability impaired by 

solubility) drug according to the Biopharmaceutical Classification System [3,6]. Changing 

the formulation of pazopanib and improving the bioavailability through solubility im-

provement may be beneficial for the treatment of patients eligible for pazopanib ther-

apy.  Pazopanib has been taken up in the Priority New Monograph list of the FDA [7]. 

To the best of the authors’ knowledge, a thorough description of thermal behavior of 

pazopanib hydrochloride is not yet presented in literature. Formulation development 

that follows Quality by Design (QbD) principles should include a full assessment of drug 

characteristics[8]. Such an approach will allow for critical drug properties to be identified 

timely. This may benefit future formulation studies where new methods of production 

may be designed based on and in agreement with the critical properties such as thermal 

and thermodynamic parameters [9–12]. Examples thereof may be the determination of 

the processing conditions of techniques such as hot-melt extrusion and spray drying and 

the more accurate prediction of storage conditions and shelf half-life [13–15]. No infor-

mation is found in the literature concerning thermal and thermodynamic parameters of 

pazopanib hydrochloride.

This study seeks to provide the thermal properties of pazopanib hydrochloride which 

may be relevant for formulation studies and quality control purposes. This article pro-

vides a description of relevant methods for the solid state characterization and thermal 

analysis of pazopanib hydrochloride. It continues to present the results from X-ray dif-

fraction, Infrared spectroscopic, thermogravimetric and calorimetric analyses of pazo-

panib hydrochloride. In the last part of this paper the evaluation of the thermal analysis 

of pazopanib hydrochloride will be discussed.  
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Figure 1. Molecular structure of pazopanib hydrochloride

Materials and methods

Materials

Pazopanib hydrochloride was purchased from Avachem Scientific (San Antonio, TX, USA) 

and was supplied with a certificate of analysis (CoA) with >99% purity. The reference 

standards of pazopanib and pazopanib hydrochloride were acquired from AlsaChim 

(Illkirch, France) and SelleckChem (Houston, TX, USA) both with CoAs. Each analysis was 

performed of the hydrochloride was performed with both batches to exclude any possi-

ble interference by batch-to-batch irregularities.

Powder X-ray diffraction analysis (XRD)

X-ray diffraction of powder samples was performed with an X’pert pro diffractometer 

equipped with an X-celerator (PANanalytical, Almelo, The Netherlands). Samples were 

placed in a 0.5 mm deep metal sample holder. The analyses were performed at 20 oC. 

Samples were scanned at a current of 30 mA and a tension of 40 kV. The scanning grange 

was 10 – 60 °2-θ, with a step size of 0.020 °2-θ and a scanning speed of 0.002 °2-θ per 

second. The obtained spectra were processed by using the HighScore software v4.2 (PA-

Nanalytical). The analysis was performed in triplicate and the spectra were averaged.
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Fourier Transform Infrared (FTIR) spectroscopy

FTIR spectra were recorded from 650 to 4000 cm-1 with a resolution of 2 cm-1 with a FT-IR 

8400S Spectrophotometer equipped with a golden gate® which functions as attenuated 

total reflectance (ATR) attachment (Shimadzu, ‘s-Hertogenbosch, the Netherlands). A 

total of 64 scans were averaged into one spectrum using IR Solution software v1.40 (Shi-

madzu). Background spectra were recorded and subtracted during each analysis. Three 

samples were collected and analyzed at different locations of the samples to verify uni-

formity.

Thermogravimetric analysis (TG)

TG and Differential Thermal Gravimetry (DTG) were performed on a Q50 thermogravi-

metric analyzer (TA Instruments, New Castle, DE, USA) under a nitrogen flow of 50 mL 

min-1. The sample (approximately 10 mg) was weighted into a platinum sample pan (TA 

Instruments). Samples were heated in a temperature range of 25-1000 oC. Temperature 

calibration was carried using a high purity magnetic reference (nickel) for Curie tem-

perature determination. The analysis was performed in triplicate and the spectra were 

averaged. The data were analyzed with the Advantage software v5.5 (TA Instruments).

Non-isothermal data were investigated using the model free Ozawa-Flynn-Wall (OFW), 

Friedman (F) and Kissinger-Akahira-Sunose (KAS) isoconversional kinetic methods [16–

18]. The use of model free methods offers the advantage of analyzing thermal degra-

dation data without the consideration of the reaction model. By using the temperature 

dependence of the activation energy the methods are capable of distinguishing in com-

plexity of the degradation process into single and multi-step degradation kinetics [19]. 

The methods require the analysis of the fraction of degradation (α) at different heating 

rates in order to give an estimation of the activation energy and thermodynamic param-

eters. This is recommended by the International Confederation for Thermal Analysis and 

Calorimetry [20].

The heating rates were 2.5, 5.0, 10, 20 and 40 oC min-1 in the before mentioned tempera-

ture range. The kinetic methods assume that the isothermal degradation rate, dα/dt, is 

linearly related to the temperature-dependent constant, k(T), and a function of degrada-

tion, f(α), as in equation 1 [21,22]. 

!"
!#
= 𝑘𝑘(𝑇𝑇)𝑓𝑓(𝛼𝛼) = 𝐴𝐴exp /− 12

34
5 𝑓𝑓(𝛼𝛼)   (1)
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In conditions that are not isothermal, equation 1 turns into equation 2. 

!"
#(")

= '
(
exp	(-./

01
)d𝑇𝑇    (2)

Where β is the heating rate (oC min-1),  A is the pre-exponential factor (min-1), Ea, is the 

activation energy (J mol-1) and R is the gas constant (J K-1mol-1). 

The OZW, F and KAS methods may be used to calculate the activation energy under the 

assumption that f(α) does not change with α in one degradation phase. Equation 2 can 

be rewritten as equation 3, 4 and 5 for the OZW, F and KAS methods respectively [23]. 

The value of Ea can be estimated from the slope of lnβ-1/T (OZW), ln(β(da/dt))-1/T (F) 

and ln(β/T2)-1/T (KAS) curves [24–27].
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    (3)
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    (5)

The estimation of the pre-exponential factor was carried out in the assumption that the 

kinetics of the decomposition process can be described by the phase-boundary model 

(R2), with kinetic exponent n = 2 and a four degree ‘rational approximation’ [28,29].

In the extent of the estimated pre-exponential factor, the change of entropy (S≠), en-

thalpy (H≠) and Gibbs free energy (G≠) for the activated complex were calculated using 

equations 6-8 [30,31]:

𝛥𝛥𝛥𝛥# = 𝑅𝑅 ln ()
*+,-

   (6)

𝛥𝛥𝛥𝛥# = 𝐸𝐸& − 𝑅𝑅𝑅𝑅   (7)

𝛥𝛥𝛥𝛥# = 𝛥𝛥𝐻𝐻# − 𝑇𝑇𝛥𝛥𝑆𝑆#    (8)

Where H is the Planck’s constant (J s), e is the Neper (Euler’s) number (-), χ is the transi-

tion factor (-) which is unity for monomolecular reactions [32], k is the Boltzmann con-

stant (J K-1) and T is the peak temperature of the DTG curve (K).
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Differential scanning calorimetry (DSC) 

DSC was carried out with a Discovery DSC (TA Instruments, New Castle, DE, USA) equipped 

with a refrigerating device that was suitable for direct heat capacity measurements. Tem-

perature scale and heat flow were calibrated with indium reference discs. The sample 

masses of 3 mg (± 0.3 mg) were placed in Tzero aluminum pans (TA instruments). An empty 

pan of the same type was used as a reference. The heating rate was set at 10 oC min-1 in the 

range of 25-300 oC. Analysis of the results was carried out with Trios discovery evaluation 

software version v4.0.2.30774 (TA Instruments). Each analysis was done in triplicate for the 

different types of samples where after the obtained data was averaged.

Karl Fischer titration

Moisture may have adhered to the drug substance during storage, shipment and mea-

surement. To quantify this and to be to interpret and correct the TG and DSC data, Karl 

Fischer measurements were carried out using a Metrohm 758 KFD Titrino (Herisau, 

Switzerland). The samples were dissolved in methanol and titrated with a titrant (Hy-

dranal, composite 2, Honeywell, Seelze, Germany). The end-point of the titration was 

determined biamperometrically using a 915 KF Ti-Touch titration apparatus (Metrohm, 

Herisau, Switzerland). Measurements were performed in triplicate.
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Results and discussion

X-ray diffraction analysis (XRD)

The commercial tablet formulation of pazopanib hydrochloride, Votrient®, contains crys-

tal form I [33]. An XRD spectrum of this polymorph is not found in literature, but is 

presented in a patent text [34]. Table 1 lists the principal peaks of the Form I from this 

patent text. Figure 2 shows the recorded XRD spectrum of pazopanib hydrochloride (this 

study). The spectra of the pazopanib hydrochloride samples that were used in this study 

were found to correspond to the peaks mentioned in the patent text of Form I as shown 

in table 1. 

Fourier Transform Infrared (FTIR) spectroscopy

The core structure of pazopanib consists of heterocyclic systems with amine bridges. 

The only homocyclic ring is attached to a sulfonamide group. These structures provide 

a variety of resonance frequencies. This makes it possible to identify 8 regions with FT-

IR as inherent characteristics of pazopanib hydrochloride. Table 2 lists the characteris-

tic absorption bands and the corresponding vibrations and figure 3 presents the FT-IR 

spectrum of pazopanib hydrochloride bulk drug. Figure 3 also shows the FT-IR spectrum 

of pazopanib free base. The fingerprint region of the spectrum,  1700-600 cm-1, shows 

similar peaks as the hydrochloride salt. In the region between 3100 and 2300 cm-1, more 

absorbance is seen in the spectrum of the hydrochloride salt. Additionally, the free base 

lacks a twin set of peaks at approximately 3430 cm-1. These peaks are indicative of the 

N-H stretching, in this case following protonation by hydrochloride. The asymmetric N-H 

stretching peaks between 3400 and 3200 cm-1 also shift and change intensity moving 

from free base to hydrochloride salt. These spectral differences are important to notice; 

it allows a relatively quick evaluation of the salt species in the bulk substance. 
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Table 1. XRD data obtained from the patent text [34] and 
study measurements

Patent data (°2θ) Obtained data (°2θ)

10.2 10.209

10.5 10.510

11.4 11.429

13.5 13.484

14.2 14.320

15.3 15.306

16.1 16.108

16.5 16.509

17.7 17.712

19.1 19.099

19.5 19.500

20.1 20.102

21.0 21.074

21.9 21.916

23.3 23.293

23.8 23.778

24.0 24.029

25.0 25.015

25.7 25.700

26.1 25.981

26.9 26.904

27.6 27.589

27.9 27.906

28.6 28.608

28.9 28.909

30.3 30.295

32.5 32.502

33.2 33.204

34.2 34.223
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Figure 2. XRD spectrum of pazopanib hydrochloride

Table 2. FT-IR signals of pazopanib hydrochloride

Wavenumber (cm-1) Proposed assignment

3400-3300 
1640-1620 
1500-1480 
1380-1360 
1340-1300 
1160-1150 
1140-1120 
800-780

N-H stretch (-NH2)
N-H (-NH2) scissoring
N-H bend (-NH-)
S=O stretch
C-N stretch (aromatic)
S=O stretch
C-N stretch (-NH-)
N-H wag

Thermogravimetric analysis (TG)

The first loss of mass during heating occurs at 40 oC with a mass reduction of 3.7% as 

shown in figure 4D. This corresponds to the water mass percentage found with Karl 

Fischer titration (3.71%). Dried pazopanib hydrochloride (5 min. at 120 oC) does not ex-

perience this loss of mass, figure 4D. For the thermal analysis of the decomposition of 

pazopanib hydrochloride, dried bulk drug was used. The TG curves of pazopanib hydro-

chloride from different heating rates are presented in figure 4A. Figure 4B shows the 

DTG curve at a heating rate of 40 oC min-1. The first mass losses of the dried drug take 

place between 200 oC and 305 oC (Δm = 7.4%). This can be attributed stoichiometrically 

to the loss of hydrochloride. Figure 4C shows the partial TG curve of pazopanib free base 

in which the first mass loss does not occur. The loss of hydrochloride seems to happen 
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in two phases. The two phases may correspond to the loss of hydrochloride from the 

surface and the interior of the powder aggregates.
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Figure 3. FTIR spectra of pazopanib-free base and hydrochloride: bulk drug and dried drug Insert: Spectral 
differences between hydrochloride and free base drug

A plateau separates the second from the third mass loss, which occurs between 340 oC 

and 375 oC (Δm = 18.0 %). The third mass loss overlaps with the fourth (375 oC- 430 oC, 

Δm = +/- 13.1 %), which in turn overlaps with the fifth (430 oC- 550 oC, Δm = +/- 16.0 

%). The latter three mass losses are structural degradation events of pazopanib’s core 

structure. The mass loss of 18.0 % may correspond to the thermolysis of the sulfonamide 

group (Mw = 80 Da (18.2%)). 

The latter two degradation steps more strongly overlap. This makes interpretation and 

description of the mechanism of thermolysis in these regions difficult. To elucidate what 

takes place in temperatures above 375 oC, analysis of the gaseous degradation products 

by spectroscopy might prove useful.  

The thermal decomposition was studied at various heating rates; figure 4A. Increasing 

the heating rate shifted the decompositions to higher temperatures. The DTG curve in 

figure 4B reveals 5 distinct peaks. The thermal decomposition of pazopanib hydrochlo-

ride was analyzed accordingly in 5 phases. The degradation speed above 550 oC did not 

exceed 0.05 mg min-1 and was not included in the analyses. 
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Figure 4. Thermogravimetric results: A. Mass-loss curves of hydrochloride salt from different heating rates, 
where the dotted lines indicate the start of the assigned degradation phase; B. DTG curve for the heating 
rate of 40 oC min-1 , numerals indicate DTG-peaks of the assigned degradation phases; C. Curves from dried 
hydrochloride salt and free base at a heating rate of 40 oC min-1; D. Curves from bulk drug and dried drug at 
a heating rate of 40 oC min-1.

The α-T curves for the non-isothermal decomposition at different heating rates are 

shown in figure 5A. Figure 5B shows the lnβ-1/T curves. By fitting these plots using the 

OZW method, the activation energies Ea and pre-exponential factors A were calculated 

(table 3). The activation energies of the various degradation steps are constant within 

their degradation phase and increase with the individual phases as shown in figure 6. 

The activation energies were also calculated using the F and KAS methods from ln(β(da/

dt))-1/T and ln(β/T2)-1/T curves and are presented in table 3 and figure 6. The consis-

tency of the Ea values in each phase suggests that the degradation in those phases takes 

place in one step. A variation is observed between E values from the three methods. This 

may be due to the different temperature integral approximations of the methods. For 

the calculation of A, the degradation was assumed to behave according to a R2 (phase 

boundary controlled reaction) kinetic reaction model.
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Figure 5. Results from non-isothermal analysis methods: A. α-T curves for the non-isothermal decomposi-
tion; B. lnβ-1/T curves.
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Figure 6. Activation energy (Ea) as a function of the conversion (α) as calculated through the OZW, F and KAS 
methods. The dotted lines separate the five phases of degradation.

The values of the thermodynamic parameters ΔS≠, ΔH≠ and ΔG≠ for the activated complex 

(transition state) were calculated using the calculated A and the averaged activation en-

ergy obtained from the isoconversional methods. 
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Thermal degradation can additionally be studied by using isothermal methods. In this 

case such an approach is not feasible in this particular case because of the multiple deg-

radation phases that may interfere with one-another’s signals during isothermal heating.

Table 3. Thermodynamic parameters (averaged) of the thermal decomposition of pazopanib hydrochloride

Temperature range (oC) DTG (oC) E 
(kJ.mol-1)

A (s-1) ΔS≠

(J.mol-1.K-1)
ΔH≠

(kJ.mol-1)
ΔG≠ (kJ.mol-1)

200-250 (I)
Ozawa-Flynn-Wall
Friedman
Kissinger-Akahira-Sunose

230
119.6
116.9
116.9

9.4*1010 -47.5 115 134

250-305 (II)
Ozawa-Flynn-Wall
Friedman
Kissinger-Akahira-Sunose

280
130.9
129.2
129.9

1.6*1011 -44.1 126 151

340-375 (III)
Ozawa-Flynn-Wall
Friedman
Kissinger-Akahira-Sunose

360
167.1
170.7
170.3

6.9*1012 -13.6 165 173

375-430 (IV)
Ozawa-Flynn-Wall
Friedman
Kissinger-Akahira-Sunose

395
192.1
192.5
191.5

5.2*1014 21.8 186 172

430-550 (V)
Ozawa-Flynn-Wall
Friedman
Kissinger-Akahira-Sunose

460
223.0
235.4
233.6

6.3*1015 40.5 228 198

Differential Scanning Calorimetry (DCS)

The DSC results are shown in figure 7. The bulk drug curve is the result of the DSC ramp 

measurement with the pure drug substance. A broad endothermic peak is observed 

between 48 and 125 oC followed by an exothermic peak at 238 oC where after sharp 

endothermic peaks begin at 280 oC. The first endothermic peak was suspected to be an 

evaporation event that was not related to the drug structure. To investigate this, new 

samples were subjected to a 5 min. period of preheating at 120 oC. A FT-IR spectrum was 

taken and a new ramp was recorded thereafter which resembled the spectrum of the 

dried drug. The first endothermic peak is absent while the rest of the curve is similar to 

that of the bulk drug. In combination with the TG and the Karl Fisher titrations it can be 

concluded that this peak corresponds to loss of water and that the drug substance may 

be hygroscopic. The exothermic peak corresponds to the loss of HCl which is also seen 

in the TG results in that particular temperature range. A similar peak was seen during 
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the HCl loss of Terazosin during thermal analysis [35]. The sharp endothermic peaks af-

ter 280 oC are clear signs of structural degradation [36]. It is interesting to note that no 

melting peak is observed, this supports the observation in melting point determinations 

where pazopanib hydrochloride shows no liquid phase before degradation and the lack 

of a reported value in literature. 

100 200 300

Bulk drug

Dried

Temperature (oC)

H
ea

tf
lo

w
(W

/g
)

≠Exo

Figure 7. DSC results for the pazopanib hydrochloride bulk drug and the dried pazopanib hydrochloride
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Conclusions

This study describes the thermal analysis of pazopanib hydrochloride. XRD showed that 

the pazopanib hydrochloride that was used in this study was in polymorph Form I, the 

same polymorph that is used in the commercial formulation. Thermal characterization 

revealed adherence of water and the initiation of degradation at 200 oC and step wise 

solid phase degradation. By using three different model-free isoconversional methods 

for the analysis of degradation at multiple heating rates the activation energy and ther-

modynamic parameters of the degradation were calculated. The activation energy val-

ues for the five degradation phases were found to be relatively constant within each 

phase and differ between phases, supporting the five-stage degradation conclusion. 

Calorimetry showed agreement with thermogravimetric results in the degradation of 

the hydrochloride and demonstrates the lack of a melting point of pazopanib hydrochlo-

ride. In conclusion, pazopanib hydrochloride is a suitable candidate for new formulation 

studies were thermal production methods are utilized such as dispersion through hot-

melt extrusion and spray-drying. This could possibly yield formulations with an improved 

bioavailability.
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Abstract

The thermal characteristics and the thermal degradation of crystalline and amorphous 

nilotinib hydrochloride (NH) were studied. The spray drying technique was successfully 

utilized for the amorphization of NH and was evaluated by spectroscopic techniques and 

differential scanning calorimetry (DSC). The ethanolic spray drying process yielded amor-

phous NH with a glass transition temperature (Tg) of 147 oC. Thermal characterization of 

the amorphous phase was performed by heat capacity measurements using modulated 

DSC (mDSC). Thermal degradation was studied by thermogravimetric analysis (TGA). The 

derived thermodynamic properties of the amorphous NH indicate fragile behaviour and 

a low crystallization tendency. NH was found to be molecularly stable up to 193 oC. After 

which, the thermal degradation displayed two phases. The values of the thermal degra-

dation parameters were estimated using the Ozawa-Flynn-Wall and Friedman non-iso-

thermal, model-free, isoconversional methods. The results indicate the two phases to be 

single-step reactions. The examination of the physical stability of amorphous NH during 

storage and at elevated temperatures showed stability at 180 oC for at least 5 hours and 

at 20-25 oC/60% RH for at least 6 months. During these periods, no crystallization was 

observed. This study is the first to report the thermal characteristics of NH. Additionally, 

it is also the first to describe the full thermal analysis of a spray-dried amorphous drug. 

The thermal data may be used in the projection of future production processes and stor-

age conditions of amorphous NH.
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Introduction

The tyrosine kinase inhibitor nilotinib hydrochloride (NH) (figure 1) is registered for the 

treatment of newly diagnosed adults with Philadelphia chromosome positive myeloid 

leukemia (Ph+ CML) in the chronic phase. It is also indicated for the treatment of chronic 

and accelerated phase Ph+ CML in adult patients that are resistant or intolerant to prior 

therapy that included imatinib [1]. 

NH N

N

N

O

NH

N

N

F

F
F

Figure 1. Chemical structure of nilotinib (C28H22F3N7O; Mw 529.52 Da)

The oral dosage form of NH (Tasigna®) contains the crystalline polymorph B and is as-

sociated with poor solubility and permeability that hinders its bioavailability [2]. Sol-

ubility and bioavailability improvement of drugs may be achieved by formulating the 

amorphous form. Although the amorphous form is often less stable than the crystalline 

polymorphs, it tends to exhibit improved dissolution characteristics [3].

A nanoparticle formulation containing amorphous NH have been shown to markedly 

increase the solubility of the drug [4]. Furthermore, another study with this formulation 

demonstrated an increase in the human bioavailability and shows the advantages of 

utilizing the amorphous form [5].

Amorphous drug can be manufactured from crystalline material by usage of a large va-

riety of techniques. The spray drying technique was chosen for this study because it 
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enables relatively short production times, large- and small-scale productions and due to 

its setting flexibility [6]. Additionally, spray drying has successfully been applied in the 

development and production of various formulations that contain amorphous drugs [7]. 

The use of the spray-drying technique for the production of amorphous NH has not been 

reported previously in literature.

The application of thermal analysis methods is important in the pharmaceutical industry, 

especially in cases where amorphous forms are involved [8]. The methods can be used in 

studies of polymorph stability, crystallization, stability, compatibility and kinetic parame-

ters. The thermal properties may determine the choice of production methods, storage 

conditions, bioavailability and by extension, therapeutic efficiency [9]. Additionally, for-

mulation development that follows Quality by Design (QbD) principles should include 

a full assessment of drug characteristics [10]. This approach will allow for critical drug 

properties to be identified timely. 

For these reasons, it is of importance to study the thermal characteristics and thermal 

stability of the amorphous form and the crystalline polymorph from which it is pro-

duced. No information is available in literature about the thermal behavior of either 

crystalline or amorphous NH. Furthermore, a full thermal and thermodynamic analysis 

of a spray-dried amorphous drug has also not been reported before. This study is the 

first to perform these analyses and establish these characteristics.

The spray-drying process was evaluated by 1H- and 13C-Nuclear Magnetic Resonance 

spectroscopy (NMR), Fourier transform infrared spectroscopy (FTIR), powder X-ray dif-

fraction (XRD) and differential scanning calorimetry (DSC). The thermal characteristics of 

the amorphous state of NH were assessed using modulated temperature DSC (MTDSC). 

The thermal stability and degradation of NH were studied with thermogravimetric analy-

sis and were evaluated by the non-isothermal, isoconversional Ozawa-Flynn-Wall (OFW) 

and Friedman (F) methods as is recommended by the International Confederation for 

Thermal Analysis and Calorimetry [11].

The results from this study may be used in the quality control of both crystalline and 

amorphous and may play a role in the design of production processes and the choice of 

storage conditions.
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Materials and methods

Materials

NH monohydrate was purchased from Avachem Scientific (San Antonio, TX, USA) and 

was supplied with a certificate of analysis. All analyses were compared to a reference 

standard to exclude any batch-to-batch differences. The reference standard of NH 

(monohydrate) was acquired from AlsaChim (Illkirch, France). All other chemicals were 

of analytical grade. Residual solvents (<0.5%) were detected by gas chromatography. 

Moisture content was determined by Karl Fisher titration. 

Amorphous phase preparation

The amorphous phase of the compound was prepared by the spray drying technique 

using a Büchi MiniSpray Dryer B-290, Inert Loop B-295, High performance cyclone, 1.5 

mm nozzle cap and 0.7 mm nozzle tip (Büchi). Spray dry system settings were: Spray 

feed 20%; N2 atomization flow 40 mm; aspirator flow 100%; inlet temperature 120 
oC; outlet temperature 75 oC; inert loop temperature -20oC. NH monohydrate (10 g/L) 

was dissolved in 100% ethanol and the solution was stirred using a magnetic stirrer at 

20-25 oC.

1H-, 13C-Nuclear magnetic resonance spectroscopy (NMR)

NMR spectra were recorded with an Avance Ultrashield instrument (Bruker Corporation, 

Billerica, MA, USA). The 1H-NMR and 13C-NMR spectra were recorded at 300 MHz and 

75 MHZ, respectively. The samples were dissolved in DMSO (highest peak in multiplet 

at 2.50 ppm). In the 13C-spectrum, the center peak of the DMSO signal was at 38.5 ppm. 

Fourier transform infrared spectroscopy (FTIR)

FT-IR spectra were recorded from 650 to 4000 cm-1 with a resolution of 2 cm-1 with a 

FT-IR 8400S Spectrophotometer equipped with a golden gate® (Shimadzu, ‘s-Hertogen-

bosch, the Netherlands). A total of 64 scans were averaged into one spectrum. Data 

analysis was performed with IR Solution software V1.4 (Shimadzu).

Powder X-ray diffraction (XRD) 

X-ray diffraction of powder samples was performed with an X’pert pro diffractometer 

equipped with an X-celerator (PANanalytical, Almelo, The Netherlands). Samples were 

placed in a 0.5 mm deep metal sample holder. Samples were scanned at a current of 30 

mA and a tension of 40 kV. The scanning grange was 10 – 60 degrees 2-θ, with a step size 
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of 0.020 degrees 2-θ and a scanning speed of 0.002 degrees 2-θ per second. The spectra 

were processed using HighScore software v4.5.

(modulated) differential scanning calorimetry ((m)DSC)

mDSC and DSC measurements were performed with a Discovery DSC (TA Instruments) 

equipped with a refrigerating device and suitable for direct heat capacity measurements. 

Temperature scale and heat flow were calibrated with indium reference disks. Drug sam-

ples of approximately 3-5 mg were weighed in Tzero aluminium pans (TA Instruments), 

compacted, sealed and placed in the autosampler. Each sample was equilibrated at 20 
oC, after which the samples were heated with a speed of 10 oC / min to the previous with 

TGA determined safe temperature. An empty sample pan was weighed and used as ref-

erence to the heat capacity of the pans.

The mDSC instrument settings for the heat capacity measurements were as follows: a 

modulation period of 100 s, a modulation amplitude of +/- 0.5 oK and an underlying 

heat rate of 1 oK / min. The heat capacity constant (KCp) was calibrated using a sapphire 

disc weighing approximately 25 mg. Heat capacity measurements for the crystalline and 

amorphous compound were performed over a temperature range of 25 oC (absolute) to 

20 oC above the melting point of NH. Analysis of the (m)DSC results was carried out with 

the Trios discovery evaluation software version v4.0.2.30774 (TA instruments).

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed on a Q50 thermogravimetric analyzer 

(TA Instruments, New Castle, DE, USA). The weight change is measured as a function of 

time and/or temperature. A typical sample (+/- 10 mg) was placed on a platina sample 

holder and heated from room temperature to 1000 oC at heating rates of 2.5, 5, 10, 20 

and 40 oK / min. Advantage software (TA Instruments) v5.5.22 was used for the analysis 

of the TGA data.

Theory and calculations

Thermodynamics of the amorphous state

The thermodynamic fragility FT of amorphous NH was evaluated from the heat capacity 

change at the glass transition temperature (Tg) using equation 1 [12]:

𝐹𝐹" =
$%
&'()

∆$%
        (1)
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Where Cp
conf is the heat capacity difference between the crystalline and the amorphous 

drug (J/mol/oK), the configurational heat capacity and ΔCp is the change in heat capacity 

of the amorphous drug at Tg. The Kauzmann temperature (Tk) was calculated using the 

different equations 2a, 2b and 2c:

𝑇𝑇"# ≈
%&'(

)

&*
       (2a)

𝑇𝑇"# = 𝑇𝑇% − 50       (2b)

!
"#$

= !
"&
'1 + *+&

,
-    (2c)

The K-value (J/mol) in equation 2c was determined using the relationship expressed in 

equation 3: 

𝐾𝐾 = 𝐶𝐶$
%&'( ∗ 𝑇𝑇    (3)

Temperature-independency of K was verified by plotting Cp
conf*T versus T. The dynamic 

fragility of amorphous NH was analysed by two different methods. The first method 

utilizes the Vogel-Tammann-Fulcher relation to calculate the strength parameter D1 (-) 

through equation 4: 

𝛤𝛤 = 𝛤𝛤#𝑒𝑒𝑒𝑒𝑒𝑒 '
()*+
*,*+

-     (4)

Where Γ is the molecular relaxation time (s), Γ0 is the vibrational lifetime of approximate-

ly 10-14 seconds (s) and T0 is the constant Vogel temperature. Using this method assumes 

that Tk from equation 2c and To have roughly the same value and also the value of Γ at Tg 

is approximately 100 s. 

The strength parameter was subsequently used to calculate the fragility parameter m1 

(-) using equation 5 [13]:

𝑚𝑚" =
$%&'

&((*+",)(".
/'
/(
)0

    (5)

The second method uses the different values of Tg that are measured at various heat-

ing rates β (oK/min). Through the linear relationship between the inverse values of the 

measured Tg’s and the natural logarithm of the heating rate, the glass transition activa-

tion energy, ΔETg (kJ/mol) can be calculated using equation 6 [13]:
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−
∆#$%
&

= ( )*+
(,-//%0

        (6)

Where R is the universal gas constant (J/oK/mol). The fragility parameter, m2, and the 

strength parameter, D2, can then be determined by using equations 7 and 8:

𝑚𝑚" =
∆%&'

() *+∗-∗.'
      (7)

𝐷𝐷" =
".%&%'()*+

, -
(,.()*+

      (8)

Where mmin is the logarithm of the ratio of the mean relaxation time at Tg and the vibra-

tional lifetime for which the value is 16 [13]. These fragility parameters allow the calcu-

lation of the Vogel temperature using equation 9:

𝑇𝑇" = 𝑇𝑇$ %1 −
()*+
(,

-    (9)

T0 was reintroduced in equation 4 to calculate relaxation times at different temperatures.

The enthalpic driving force Hc (kJ/mol) and the configurational entropy Sc (J/mol/oK), 

were calculated with equations 10 and 11:

𝐻𝐻" = 𝛥𝛥𝐻𝐻% + ∫ 𝐶𝐶)
"*+,𝑑𝑑𝑑𝑑/

/0
      (10)

𝑆𝑆" = 𝛥𝛥𝑆𝑆% + ∫
()
*+,-

.
𝑑𝑑𝑑𝑑.

.1
      (11)

where:

𝛥𝛥𝛥𝛥# =
𝛥𝛥𝛥𝛥#
𝑇𝑇#

 

 
 (12)

ΔHm and ΔSm are the enthalpy and entropy of melting as determined by DSC (J/mol and 

J/mol/oK), T is temperature (oK), Tm is melting temperature (oK) [14]. The overall force for 

crystallisation (Gibbs free energy) Gc (kJ/mol) was derived from equation 13: 

𝐺𝐺" = 𝐻𝐻" − (𝑆𝑆" ∗ 𝑇𝑇)     (13)

Thermal decomposition parameters

The results from the TGA analyses at different heating rates were evaluated with both 
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the Ozawa-Flynn-Wall (OFW) and Friedman (F) isoconversional methods. These kinetic 

methods propose that the isothermal rate of conversion, dα/dt, is a linear function of 

the temperature, the rate constant, k(T), and a temperature-independent conversion 

function, f(α), equation 14:

!"
#(")

= '(
)
* ∗ 𝑒𝑒-.//12𝑑𝑑𝑑𝑑      (14)

Where β is the heating rate in oK/min, A, the pre-exponential factor and Ea the activation 

energy [11]. The OFW and the F methods can be utilized to calculate Ea. The methods are 

based on the assumption that for every value of α , f(α) is not dependent on the heating 

rate. It is then a requirement to measure α at different heating rates. Equation 14 under 

these conditions can be rewritten as equation 15 for OFW:

ln 𝛽𝛽 = ln %&'
(
− 5.331 − 1.052 &'

(0
      (15)

and as equation 16 for F [15]: 

ln(𝛽𝛽 %&
%'
) = ln𝐴𝐴𝐴𝐴(𝛼𝛼) − ./

0'
    (16)

When plots are constructed of lnβ and ln(βdα/dt) against 1/T a linear relationship should 

be found. The slope of the linearity can then be used to calculate Ea and A. The estima-

tion of the pre-exponential factor was carried out in the assumption that the kinetics of 

the decomposition process can be described by the phase-boundary model (R2), with 

kinetic exponent n=2 and a four degree ‘rational approximation’ [16].

The change of entropy, H≠ (kJ/mol), enthalpy, S≠ (J/mol/oK), and Gibbs free energy, G≠ (kJ/

mol), for the formation of the activated complex were calculated using equations 17-19: 

𝛥𝛥𝛥𝛥# = 𝑅𝑅 ln ()
*+,-.

       (17)

𝛥𝛥𝛥𝛥# = 𝐸𝐸 − 𝑅𝑅𝑇𝑇)       (18)

𝛥𝛥𝛥𝛥# = 𝛥𝛥𝛥𝛥 − 𝑇𝑇(𝛥𝛥𝛥𝛥       (19)

Where h is the Planck’s constant (J·s), e is the Neper (Euler’s) number (-), χ is the transi-

tion factor (-), k is the Boltzmann constant (J·K-1) and Tp is the peak temperature of the 

DTG curve (oK).
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Results and discussion

Nuclear Magnetic Resonance Spectroscopy (NMR)
1H- and 13C-NMR spectra were recorded of NH monohydrate, before and after spray dry-

ing. Table 1 presents the proposed assignments of the NMR-signals for both spectra. The 

NMR-spectra showed no significant change after spray drying, suggesting conservation 

of the NH molecular structure. 

Table 1. Spectroscopy results for NH

Analytical 
method

Results Structure numbering

1H-NMR 2.37 (m, 6H, C15-CH3 & C7-CH3); 7.47 (s, 1H, H14); 
7.44 (s, 1H, H13); 7.50 (s, 1H, H19); 7.93 (s, 1H, 
NH); 7.87 (s, 1H, H23); 8.36 (s, 2H, H1 & H3); 8.01 
(s, 1H, H11); 8.56 (s, 1H, H22); 8.57 (s, 1H, H16); 
8.65 (s, 1H, H5); 8.66 (s, 1H, H24); 9.21 (s, 1H, 
H8); 9.30 (s, 1H, H9); 9.60 (s, 1H, H20); 10.99 (s, 
1H, NH) 8

N
N

9
7

a

2

3

1

4

6

5

F

F F

NH
25O

12 13

11 14

10 15

NH ß

17

N

N

16

18

19

21

22

20

23

N

24

13C-NMR 9.91 (C7-CH3); 18.16 (C15-CH3); 107.921 (Ar-C1); 
113.54 (Ar-C3); 116.80 (Ar-C11); 116.88 (Ar-C9); 
117.18 (Ar-C5 & Ar-C19); 121.50 (Ar-C15); 123.64 
(Ar-C12); 124.01 (Ar-C7); 124.34 (Ar-C13); 125.11 
(Ar-C14); 130.35 (Ar-C4); 130.65 (C4-CF3); 131.30 
(Ar-C22); 131.41 (Ar-C21); 132.28 (Ar-C23); 
134.91 (Ar-C21); 136.01 (Ar-C8); 136.64 (Ar-C6); 
138.06 (Ar-C10); 141.53 (Ar-C2); 147.38 (Ar-C24); 
150.64 (Ar-C20); 159.51 (Ar-C18); 160.90 (Ar-
C16); 161.26 (Ar-C17); 165.69 (C25ONH)

FT-IR 3300-3200 cm-1: N-H stretch & water O-H 
stretch; 3100-3050 cm-1: amide overtone II; 
2900-2800 cm-1: 2400-2200 cm-1: water com-
bination stretch; 1620-1590 cm-1: pyridine 
stretch; 1600-1570 cm-1: C=O stretch; 1540-
1500: C-N stretch; 1500-1480 cm-1: N-H bend 
(-NH-); 1120-1080 cm-1: C-F stretch

a; all peaks with relative abundances over 10% are listed.

Fourier transform infrared spectroscopy (FTIR)

FTIR spectra were recorded of NH monohydrate, NH and spray-dried NH. The spectra 

are presented in figure 2a The obtained results for all drug forms show similarity in the 

characteristic bands as listed in table 1. The similarity in the spectra of NH monohydrate 

and NH is indicative of resembling molecular interaction between the drug molecules 

with and without the presence of water of crystallization.
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The spectrum of the spray-dried NH displays a blue shift and an increase in transmit-

tance for the bands corresponding to the C-F stretch (1085, 1118, 1228, 1261 and 1292 

cm-1), the C=O stretch (1585 cm-1) and the C-N stretch (1540 cm-1) relative to the NH 

spectrum. Additionally, the bands corresponding to N-H stretches (2964, 3055, 3209 

cm-1) demonstrate less intensity and broadening. These observations are suggestive of 

amorphization of NH. Furthermore, the spectra reveal that the mentioned bonds are of 

importance in maintaining the crystal structure of NH and in the recrystallization from 

the amorphous form.
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Powder X-ray diffraction (XRD) 
Figure 2b presents the XRD spectra of NH monohydrate and spray dried material. The 
spectrum of NH monohydrate displays a sharp peak pattern that is characteristic of 
crystalline material and corresponds well to the spectrum of Form B [17]. This crystalline 
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forms. The DSC curve of NH monohydrate exhibits a second endothermic peak (Tpeak = 133.4 
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show that the melting event is preceded by the transformation of the monohydrate to the 
anhydrate salt form, which is consistent with literature data [17]. 
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Powder X-ray diffraction (XRD)

Figure 2b presents the XRD spectra of NH monohydrate and spray dried material. The 

spectrum of NH monohydrate displays a sharp peak pattern that is characteristic of crys-

talline material and corresponds well to the spectrum of Form B [17]. This crystalline pat-

tern is not observed in the spectrum of the spray dried material. This further indicates 

the successful amorphization of NH by spray drying.

(Modulated temperature) differential scanning calorimetry ((MT)DSC)

Figure 3a represents the DSC curves of NH monohydrate and NH. Both curves show an 

endothermic peak that corresponds to the melting event (Tpeak = 199.1 oC; Tonset = 194.2 
oC). The melting enthalpy and entropy are listed in table 2 and were found to be similar 

for both forms. The DSC curve of NH monohydrate exhibits a second endothermic peak 

(Tpeak = 133.4 oC; Tonset = 97.81 oC) that corresponds to the loss of water of crystalliza-

tion. These results show that the melting event is preceded by the transformation of the 

monohydrate to the anhydrate salt form, which is consistent with literature data [17].
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Figure 3. DSC results: a). DSC curves of NH and NH monohydrate obtained at a heating rate of 10 oC/min; 
b). DSC curves of amorphous NH at heating rates of 1, 3, 5, 10 and 20 oC/min (indicated in figure), zoomed 
in on Tg.

The DSC curves of spray-dried NH recorded at different heating rates of 1, 3, 5, 10 and 

20 oK/min are presented in figure 3b. The curves show an endothermic shift character-

istic of glass transition (Tmidmean = 147.0 oC; Tonsetmean = 145.2 oC). The measurements were 

repeated with in situ amorphisized (quench cooled) NH. The observed Tg was similar to 

that of spray-dried material (Tmidmean = 146.7 oC; Tonsetmean = 145.0 oC). This indicates that 

spray-dried material is not likely to contain significant plasticizing amounts of ethanol or 

water. This was confirmed by Karl Fischer titrations and gas chromatography.

The heat capacities of NH and spray-dried NH were measured by mDSC from 25 oC to 220 
oC. Figure 4a shows the difference between these capacities, the configurational heat 

capacity (Cp
conf). The ΔCp

conf during glass transition was found to be 161 J/mol/oK. This rel-

atively large increase in ΔCp
conf signifies fast relaxation during glass transition (i.e. fragile 

behaviour) of amorphous material/glass. This is in line with the generalized notion that 

pharmaceutical solids characterize as fragile glasses [18].

Thermodynamics of the amorphous state

Table 1 lists the calculated thermodynamic parameters of the amorphous state of NH.

The parameters FT and m1, D1, m2 and D2 are all below  or above the respective reference 

values for strong glass behaviour (FT > 1.5; D > 30; m < 40). These results indicate that 

amorphous NH is likely to be a fragile system. This is in agreement with the observed 

ΔCp
conf.
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Figure 4. mDSC results: a). Cp
conf as a function of the temperature of amorphous NH. Indicated is the deter-

mination of ΔCp; b). Calculated values for Γ up to Tg for amorphous NH. The dotted line represents the ideal 
strong behaviour, deviations from linearity signify fragility; c-e). Configurational thermodynamic properties of 
amorphous NH as a function of the reduced temperature, where 0 equals Tg and 1 equals Tm: c. Hc; d. Sc; e. Gc.

The Tk values display a range of approximately 40 oC, which is consistent with obser-

vations in literature [19]. The Tk values, as indicators for negligible molecular mobility, 

imply amorphous stability at typical storage temperatures (20-25 oC). 

Γ was found to be near 100 s at Tg and found to increase exponentially as temperature 

decreases (figure 4b). This corresponds to literature data on fragile amorphous systems 

[13]. 

Figure 4c-e presents Hc, Sc, and Gc in relation to reduced temperature. The observed 

trends and values of the parameters are thought to correspond to a reduced tendency to 

crystallize [20]. The results suggest amorphous NH to be a stable, fragile system. These 

are desirable characteristics from a pharmaceutical point of view.
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Thermogravimetric analysis 

Figure 5a presents the TGA curve at heating rates of 2.5, 5, 10, 20 and 40 °K/min and 

the DTG curve. The figure shows that the thermolytic degradation takes place in two 

distinct phases. Table 2 lists the thermal decomposition parameters of both phases at 10 

°K/min: the extrapolated onset temperature of degradation (Tonset); the temperature at 

which 0.5% mass loss occurs (T0.5%); the temperature at maximum weight loss rate (Tmax); 

the extrapolated temperature at which the degradation process end (Tend); the amount 

of residue at Tend (res%). 
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Figure 5. TGA results: a). TGA (solid) and DTG (dotted; 10 oC/min) curves of crystalline NH obtained at heat-
ing rates of 2.5, 5, 10, 20 and 40 oC/min (indicated in figure); b). The mean values of Ea plotted to α calculated 
by OFW and F.

The thermograms show a trend of movement towards higher temperatures with in-

creasing heating rate. This can be attributed to a delay in thermal degradation and an 

increase in thermal lag.

At a heating rate of 10 °K/min, NH is stable up to 193 oC (T0.5%). This is below the Tm of 199 
oC, which indicates that melting is accompanied by partial drug degradation. In the first 

phase a weight loss of 6.4 % (±0.5 %) occurs. This This can be attributed stoichiometri-

cally to the loss of hydrochloride (6.4% (w/w)). The second phase involves a weight loss 

of 68.9 % (w/w). This is likely to resemble the degradation of a large part of the aromatic 

backbone of the drug structure.
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Table 2. Summary of the thermal properties of crystalline and amorphous NH

Parameter Value Parameter Value Parameter Value

Tm (oC) 199 Phase I
Ea (kJ/mol)
Ozawa-Flynn-Wall
Friedman

Phase I Phase II

ΔHm (kJ/mol) 32.5 Tonset (
oC) 216 103

91.4
205
197ΔSm (J/mol/°K) 70.6 T0.5% (oC) 193

Tmax (
oC) 248

Tg (
oC) 147 Tend (

oC) 294 A (s-1)
Ozawa-Flynn-Wall
Friedman

5.6*106

1.6*106

4.7*1011

3.3*1011
ΔCp (J/mol/°K) 161 res (%) 93.6

FT (-) 1.31 Phase II

Tk1 (
oC) 108 Tonset (

oC) 325 H≠ (kJ/mol)
Ozawa-Flynn-Wall
Friedman

98.4
87.1

198
190Tk2 (

oC) 97 Tmax (
oC) 434

Tk3 (
oC) 65 Tend (

oC) 546

Tm/Tg (-) 1.10 res (%) 20.4 S≠ (J/mol/°K)
Ozawa-Flynn-Wall
Friedman

-129
-139

-36.9
-40.5D1 (-) 9.07

m1 (-) 80.9

ΔETg (kJ/mol) 558 G≠ (kJ/mol)
Ozawa-Flynn-Wall
Friedman

165
159

226
221D2 (-) 11.0

m2 (-) 69.4

T0 (
oC) 50.2

Γ at Tg (s) 89.2

Hc at Tg (kJ/mol) 24.0

Sc at Tg (J/mol/oK) 51.2

Gc at Tg (kJ/mol) 2.82

Thermal decomposition parameters

The calculated thermal degradation parameters are listed in table 2. 

The isoconversional plots of the two degradation phases based on the OFW model and 

the isoconversional plots according to the F model are presented in figure 6.

The Ea values from both methods are shown as a function of α in figure 5b. The resulting 

Ea values vary between the two methods. This may be due to the different temperature 

integral approximations of the methods. The obtained Ea values from methods showed 

consistency within the phases of degradation. This suggests that the non-isothermal 

degradation phases are single-step processes. 

The values of ΔS≠, ΔH≠ and ΔG≠ are dependent on the choice of the reaction model, which 

is in turn dependent on the particle shape and diffusion characteristics. This is beyond 

the scope of this analysis and should be the subject of future studies. 
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Thermal degradation can additionally be studied by using isothermal methods. In this 

case, such an approach is not feasible because of the two degradation phases that may 

interfere during isothermal heating.
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Figure 6. Isoconversional plots of the two degradation phases derived by using the model-free methods: a, 
Ozawa-Flynn-Wall plots; b, Friedman plots.

Physical stability

To experimentally assess the physical stability of amorphous NH, amorphous material 

was analysed isothermically by DSC at temperatures between Tg and Tm. Drug material 

was kept at 150, 155, 160, 165, 170, 175 and 180 oC for 5 hours. During these periods, no 

exothermic event was observed that could indicate crystallization. Additionally, Tgs were 

still present during reanalysis. These observations are in agreement with the thermody-

namic parameters that indicate amorphous stability. 

To study any physical changes in the bulk amorphous material under storage conditions, 

the material was kept in the dark at 20-25 oC and a relative humidity of 60%. Analyses 

were performed with Karl Fisher titration, XRD and DSC at regular time intervals. Table 3 

presents the results up to 6 months of storage. The amorphous material attracts water up 

to 0.54% over time but does not seem to destabilize because of it, at least up to 6 months. 
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Table 3. Physical stability results of amorphous NH

Time point Water content (%, (w/w)) XRD results Tg (
oC)

1 month 0.28 Amorphous 147

2 months 0.34 Amorphous 146

4 months 0.42 Amorphous 147

6 months 0.54 Amorphous 146

Conclusions

This study presents the thermal stability analysis of crystalline NH monohydrate, NH 

and spray-dried amorphous NH. The resulting thermal characteristics of NH can be used 

to evaluate the pharmaceutical quality and to further understand the response of the 

drug to thermal stress during processing and storage. The spray drying amorphization 

procedure was monitored by NMR, FTIR and XRD techniques. The method was shown to 

produce amorphous NH without drug degradation. 

The amorphous phase of NH has been characterized with respect to thermodynamic and 

molecular mobility both above and below Tg. The thermodynamic properties indicate a 

fragile amorphous phase and low crystallization tendency. 

The thermal degradation of NH takes places in two phases. The initial degradation tem-

perature was found to 193 oC, below the Tm of 199 oC. The obtained results from TGA 

were evaluated using non-isothermal, model-free isoconversional methods. The derived 

Ea values are consistent with single-step degradation processes for both phases.

The examination of the physical stability of amorphous NH during storage and at elevat-

ed temperatures showed stability at 180 oC for at least 5 hours and at 20-25 oC/60% RH 

for at least 6 months.

The results from this study demonstrate that crystalline and amorphous NH may be re-

garded as relatively stable drug phases. In conclusion, NH is a suitable candidate for new 

formulation studies where thermal production methods are utilized such as hot-melt 

extrusion and spray drying.

Future studies should focus on the stability of newly developed formulations with amor-

phous NH.
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Abstract

The anticancer drug pazopanib hydrochloride (PZH) has a very low aqueous solubility 

and a variable oral bioavailability. A new pharmaceutical formulation with an improved 

solubility may enhance the bioavailability and reduce the variability. A broad selection 

of polymer excipients was tested for their compatibility and solubilizing properties by 

conventional microscopic, thermal and spectrometric techniques. A wet milling and 

mixing technique was used to produce homogenous powder mixtures. The dissolution 

properties of the formulation were tested by a pH-switch dissolution model. The final 

formulation was tested in vivo in cancer patient following a dose escalation design. Of 

the tested mixture formulations, the one containing the co-block polymer Soluplus® in a 

8:1 ratio with PZH performed best in terms of in vitro dissolution properties. The in vivo 

results indicated that 300 mg of the developed formulation yields similar exposure and 

a lower variability (379 μg/mL*h (36.7% CV)) than previously reported values for the 

standard PZH formulation (Votrient®) at the approved dose of 800 mg. Furthermore, 

the expected plasma-Cthrough levels (27.2 μg/mL) exceeds the defined therapeutic efficacy 

threshold of 20 μg/mL. 
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Introduction

Pazopanib (figure 1) is a multiple kinase inhibitor that is currently trademarked as Vot-

rient®. It is indicated for the treatment of advanced renal cell carcinoma and advanced 

soft tissue sarcoma [1,2]. The recommended dose is 800 mg once daily taken without 

food.

O
S
O

NH2

NH

N
N

N

N
N

pKa 2.1

pKa 6.4

Figure 1. Molecular structure of pazopanib with pKa values and associated nitrogen atoms.

Pazopanib hydrochloride (PZH) was found to exhibit a low aqueous solubility [3]. The in-

testinal permeability of PZH is considered to be high [4]. Therefore, the drug is classified 

as a class II compound in the biopharmaceutics classification system (BCS). This implies 

that its absorption and bioavailability is primarily hindered by solubility.

The commercial formulation of PZH consists of a physical mixture of microcrystalline 

cellulose, povidone K30, magnesium stearate and sodium starch glycolate in the form 

of an immediate release tablet. The oral bioavailability of 800 mg of the commercial 

formulation was found to have a median of 21% [5]. Pazopanib exhibits a relatively large 

inter-patient variability in both exposure and plasma concentrations [6]. The intra-pa-

tient variability in these pharmacokinetic parameters was found to be similarly large [7]. 

This large variability may be related to the variable absorption process of pazopanib [8].

 

Since bioavailability and drug exposure are tightly linked, pharmacokinetic parameters 

are influenced by poor solubility and permeability. Variability in drug exposure may cause 

drug plasma levels to be inadequately low or toxically high [9]. Enhancing the solubili-

ty of PZH through improvement of its formulation may increase the bioavailability and 
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possibly reduce pharmacokinetic variability. An open-label study has been reported that 

compared crushed Votrient® tablets and a pazopanib suspension to regular Votrient® 

and that showed the interventions to significantly increase both exposure and plasma 

concentrations [10]. Co-administration with food also increases the pazopanib exposure 

by two-fold, further supporting the possible impact of solubility enhancement [11].

As of yet, no clinical study has been performed with an improved-solubility solid oral 

formulation containing pazopanib hydrochloride, as far as we know.

 

Improvement of drug solubility may be achieved through the use of various techniques 

[12–14]. Amongst the possible methods, the preparation of tablets or capsules from 

physical powder mixtures with solubility-enhancing excipients is most straightforward. 

Excipients like these are able to undergo a physical interaction with dissolved drug mole-

cules, thereby stabilizing the dissolved system at higher drug concentrations than would 

occur in an excipient-free drug solution. As the preparation of physical mixtures most of-

ten does not require relatively expensive equipment or extensive product pre-treatment 

steps, it can be considered as the most economical formulation approach. Furthermore, 

the manufacture of powder mixtures does not involve thermal processing, as is the case 

with techniques such as spray-drying and hot-melt extrusion.  

The aim of this study was to develop such an oral solid dosage form of PZH with an 

increased solubility and to characterize this formulation both in vitro and in vivo. This 

study is first and unique in several aspects concerning the PZH and the formulation de-

sign approach. Firstly, it takes into account the excipient compatibilities of PZH. Second-

ly, excipient selection and formulation composition fine-tuning was performed through 

the utilization of model pH-switch system to account for different environments in the 

gastro-intestinal system. Additionally, the nature of the solubility improvement of the 

best-performing excipient is explored. Finally, the optimal formulation was tested in vivo 

in cancer patients.

The above constitutes an efficient and economical procedure that resulted in new data, 

especially for the drug PZH and the excipient Soluplus®, that may be of value to future 

formulation projects.
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Materials and methods

Materials

PZH was purchased from Avachem Scientific (San Antonio, TX, USA). Kollidon 12PF, 

30. VA64, 90F, polyethylene glycol (PEG) 6,000 (6K) and 35,000 (35K), Lutrol F68, and 

Soluplus® were kindly supplied by BASF (Ludwigshafen, Germany). Lactose monohydrate 

was obtained from DFE Pharma (Goch, Germany). Crystalline Cellulose PH102 and gela-

tine capsules size 1 were purchased from Spruyt Hillen (Ijsselstein, The Netherlands). All 

other reagents were purchased in analytical grade.

Fourier transform infrared spectroscopy (FT-IR)

Infrared spectra were recorded from 600 – 4000 cm-1 with a resolution of 2 cm-1 with a 

FT-IR 8400S Spectrophotometer equipped with a Golden Gate® (Shimadzu, ‘s-Hertogen-

bosch, The Netherlands). A total of 64 scans were averaged into one spectrum.

Thermogravimetric analysis (TGA)

TGA was performed on a Q50 thermogravimetric analyzer (TA Instruments, New Castle, 

DE, USA) under a nitrogen flow of 50 mL min-1. The sample (approximately 10 mg) was 

weighed into a platinum sample pan (TA Instruments). Samples were heated in a tem-

perature range of 25-1000 oC. Temperature calibration was carried out using a high pu-

rity magnetic reference (nickel) for Curie temperature determination. The analysis was 

performed in triplicate and the spectra were averaged. The data were analyzed with the 

Advantage software v5.5 (TA Instruments).

Differential scanning calorimetry (DSC) 

DSC was carried out with a Discovery DSC (TA Instruments, New Castle, DE, USA) 

equipped with a refrigerating device that was suitable for direct heat capacity measure-

ments. Temperature scale and heat flow were calibrated with indium reference discs. 

The sample masses of 3 mg (± 0.3 mg) were placed in Tzero aluminum pans (TA instru-

ments). An empty pan of the same type was used as a reference. The heating rate was 

set at 10 oC min-1 in the range of 25-300 oC. Analysis of the results was carried out with 

Trios discovery evaluation software version v4.0.2.30774 (TA Instruments). Each analysis 

was done in triplicate for the different types of samples whereafter the obtained data 

were averaged.
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Preparation of PZH formulations

Physical mixtures of PZH and polymers were prepared with mortar and pestle in the 

presence of methyl tert-butyl ether (MTBE) as a wetting agent. Batch sizes were be-

tween 900 and 9,000 mg with a total mixing and grinding time of 10 min. Geometric di-

lution was applied during the mixing process. The best performing physical mixture was 

filled out in cellulose capsules size 1. Content uniformity of screening powder mixtures 

was determined on 3 samples from each batch. Content uniformity of clinical batches 

was performed according to the European Pharmacopoeia 9th ed. All samples were dis-

solved in eluent and were subsequently analyzed using a validated stability-indicating 

High performance liquid chromatography (HPLC)-UV method: injection volume of 10 μL 

on a gemini C18 column (50 x 2.0 mm, 4.6 μm; Phenomenex, Torrance, CA, USA) at 55 oC, 

isocratic elution at 0.4 mL/min with 55%B (A: 10 mM NH4OH in water; B, 1 mM NH4OH 

in methanol) and UV-detection at 268 nm.

Dissolution testing

The pH-solubility profile of PZH was assessed by measuring dissolved drug in NaCl/HCl 

and phosphate buffers at different pH values. An excess amount of PZH was placed in 

a known volume of buffer and allowed to saturate for 1 hour after which a sample was 

analysed after filtration through an 0.20 μm filter by HPLC-UV.

A collection of different excipients were efficiently screened on their potential solubility 

improving properties by suspending an excess of PZH in 10% polymer solutions with a 

pH of 6.8 for 2 and 24 hours. 

The dissolution behavior of various formulations was determined with a small-scale dis-

solution test. Briefly, an amount of powder equivalent to 10 mg PZH was added to a 25 

mL beaker containing 10 mL medium. The temperature was kept at 37 oC and the medi-

um was stirred at 200 rpm. The commercial formulation (Votrient®) and the capsulated 

investigational formulations were tested in a larger dissolution volume of 200 mL. Disso-

lution tests were performed in single pH environment (simulated intestinal fluid without 

pancreatin (SIFsp), pH 6.8) and a pH-switch system. In this system, the 25 mL beaker con-

tained 10 mL of simulated gastric fluid without pepsin (SGFsp), pH 1.6. The sample was 

kept in this environment for 30 min after which the pH and composition were changed 

into that of SIFsp in a step-wise manner by briefly adding phosphate or carbonate buffer 

while monitoring the pH during the dissolution. The switch of pH and the composition 

adjustment was typically completed within 32 min with a total endo volume of 20.72 mL 
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for the phosphate system and 22.10 mL for the carbonate system. Samples were taken 

at designated time points, filtered using a 0.20 μm filter (Millipore, Burlington, MA, USA) 

and diluted 2-fold with methanol. All samples were subsequently analyzed using the val-

idated stability-indicating (HPLC)-UV method. Each dissolution experiment was carried 

out in triplicate.

 

Micelle size measurements 

The presence and size of micelles formed by Soluplus® were detected and measured 

through dynamic light scattering (DLS) by using a Zetasizer Nano S90 particle size analyz-

er (Malvern Instruments, Worcestershire, UK). Samples were taken from the dissolution 

media at different time points for micelles, placed in polystyrene cuvettes (Malvern In-

struments) and analyzed in threefold at 10 analyses per measurement.

Electron microscopy

The morphology and particle size of the bulk and physical mixture powders were studied 

using scanning electron microscopy (SEM). Samples were placed on conducting double 

sided adhesive tape and on an aluminium holder. Samples were sputter-coated with gold 

using a SCD 040 sputter coater (Oerlikon, Balzers, Liechtenstein). Imaging was performed 

through back-scattering with a Sigma Field Emission Gemini system (Zeiss, Oberkochen, 

Germany). Each microscopy analysis was applied on three separate samples.

The shape and size of micelles were visualized with Transmission Electron Microsco-

py (TEM). Samples from dissolution media were diluted 100 times and were applied 

on Agar1 formvar/carbon coated copper grids (van Loenen instruments, Zaandam, The 

Netherlands). Negative staining with 2% (w/w) phosphotungstic acid was applied with 

subsequent drying for 10 min prior to the microscopy. Recording was performed with a 

Tecnai T12 G2 Spirit Biotwin set-up (FEI company, Hillsboro, OR, USA).

X-ray powder diffraction (XRD)

X-ray diffraction of powder samples was performed with a X’pert pro diffractometer 

equipped with an X-celerator (PANanalytical, Almelo, The Netherlands). Samples were 

placed in a 0.5 mm deep metal sample holder. Samples were scanned at a current of 30 

mA and a tension of 40 kV. The scanning range was 10 – 60 degrees 2-θ, with a step size 

of 0.020 degrees 2-θ and a scanning speed of 0.002 degrees 2-θ per second. Analyses 

were performed in triplicate.
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Residual solvents

Residual MTBE was determined with capillary gas chromatography (GC) analysis. Sam-

ples of approximately 20 mg of powder were dissolved or suspended in 1.0 mL water and 

shaken for 3 hours. Aliquots were subsequently filtered and transferred to autosampler 

vials. Analyses were performed using 6890N GC system (Agilent, Santa Clara, CA, USA) 

equipped with a Flame-ionization detector (Agilent) and an RTX-1301 capillary column 

(3.0 µm film, 30 m x 0.53 mm; Restek Corporation, Bellefonte, PA, USA). Analyses were 

performed in triplicate.

Clinical study design

The clinical study was designed as an open-label, proof-of-concept study. The pharma-

cokinetic parameters of pazopanib after administration of formulation-filled capsules 

were determined in cohorts consisting of 3 patients per dose level. The capsules were 

administered in combination with approximately 150 mL tap water after an overnight 

fast. The study objective was to find the dose of the formulation that could provide sim-

ilar PK parameters as 800 mg of Votrient®. The dose level of the first cohort was set on 

100 mg (4 capsules of 25 mg). Doses were increased in-between cohorts with a cap at 

200% of the previous dose. This continued for a maximum of 3 cohorts, after which an 

expansion of 3 patients at the highest dose cohort was planned for statistical purposes.

A complete physical examination along with a review of the medical history and con-

comitant medication was performed before inclusion. During the study, vital signs, WHO 

performance status, weight, hematology, blood chemistry, and adverse events were 

monitored. The study protocol was approved by the medical ethics committee of the 

Netherlands Cancer Institute; all patients had to give written informed consent prior to 

the start of the study. The study was registered on ClinicalTrials.gov under NCT02768441 

and at EudraCT under 2016-001105-16.

Pharmacokinetics and bioanalysis

Blood samples were drawn in potassium EDTA tubes at baseline and at 0.5, 1, 2, 3, 4, 5, 6, 

8, 10, 12 and 24 hours after pazopanib intake. Samples were immediately centrifuged at 

2000 g for 10 min at 4 oC. Plasma was stored at or below -20 oC until analysis. Pazopanib 

was quantified in plasma by use of HPLC with tandem mass spectrometric detection (LC-

MS/MS) as described previously [15].
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Data analysis

For all quantitative analyses, results were pooled per sample type and means and stand-

ard deviations (SD) were calculated. 

Individual pharmacokinetic parameters were analyzed using descriptive pharmacokinet-

ic methods and validated R scripts (R version 3.3.2). The areas under the plasma concen-

tration-time curves up to 24 hours (AUC0-24) were estimated by the linear trapezoidal rule 

for the absorption phase and the logarithmic trapezoidal rule for the elimination phase. 

The observed maximum plasma concentration (Cmax), minimum plasma concentration 

(Cmin) and the time to the maximum plasma concentration (tmax) were reported.
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Results 

Powder mixing

Dry mixing of PZH and excipients did not yield homogenous mixtures. Physical mixtures 

were therefore produced by wet milling and mixing. For the wetting, several organic sol-

vents were tested for their possible undesirable ability to dissolve (>0.5 μg/mL) one or 

both components of the physical mixture. Only MTBE was found to not dissolve or react 

with any of the components. Additionally, MTBE evaporates relatively quickly, leaving 

less than 100 ppm after 10 min as determined by GC analysis. Additionally, it was found 

that powder mixtures had appropriate uniformity of content  (content >98% and SD 

<2%) after a mixing time of 10 min. 

Excipient compatibility

The excipient compatibility study was carried out for 6 months at 30 oC in the dark. The 

results are listed in table 1. Of the examined excipient-PZH combinations, the mixtures 

with lactose monohydrate, PEG 6K and PEG 35K showed signs of interaction in FTIR. DSC 

analysis showed shifts in melting temperatures for these excipients. Furthermore, TGA 

revealed a shift in degradation temperatures from 190 oC for PZH for the PEG 6K and the 

PEG 35K combinations. A reduced content was found by HPLC-UV (for each of the three 

excipients suggesting chemical reactivity. The formulation development study was con-

tinued with the excipients that displayed no interaction with PZH. 

Dissolution

Figure 2a presents the dissolution curves of both Votrient® tablets, the pure PZH drug 

material and the pH solubility curve of PZH. The initial 30 min of the dissolution curve 

represents the stomach (pH 1.6) in which the percentage of dissolved PZH from Votri-

ent® accumulates up to approximately 47%. At time points 35, 40 and 45 min a relatively 

small increase to 52% in the dissolved drug was observed when the pH rises from 1.6 

to 3.2. From 50 min on the dissolved amount decreases to less than 0.5% when the pH 

is raised above 5.2 and is subsequently adjusted to 6.8. The same behavior is seen with 

the pure PZH of which the pH-solubility profile in a series of buffers is shown in figure 2b.
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Table 1. Data (mean  (SD)) from the compatibility study of PZH and excipient:PZH (1:1) physical mixtures 
after 6 months of storage at 30oC and 60%RH.

Powder DSC TGA FTIR HPLC-UV

Type Temperature (oC) Tonset (
oC) Indication of 

chemical interaction*:
Content (%)

PZH - - 190 (3.2) - -

MCC
MCC:PZH

Tg

160 (0.5)
158 (1.0)

260 (4.1)
185 (3.0)

None 99.8 (2.2)

LM
LM:PZH

Tm

221 (1.7)
208 (3.1)

301 (2.9)
187 (2.4)

Yes 94.7 (4.2)

SLP
SLP:PZH

Tg

69 (0.6)
70 (1.1)

248 (3.4)
192 (2.7)

None 101.2 (3.2)

12PF
12PF:PZH

Tg

87 (0.4)
86 (0.8)

183 (5.1)
185 (1.7)

None 99.6 (0.5)

K30
K30:PZH

Tg

147 (0.2)
147 (0.3)

175 (2.8)
177 (3.5)

None 99.3 (1.6)

VA64
VA64:PZH

Tg

97 (0.8)
96 (0.7)

203 (4.6)
189 (2.0)

None 98.9 (4.8)

90F
90F:PZH

Tg

153 (0.6)
151 (0.5)

180 (3.9)
182 (3.0)

None 99.7 (1.4)

6K
6K:PZH

Tm

61 (2.1)
55 (2.5)

197 (2.1)
134 (4.5)

None 96.7 (5.2)

35K
35K:PZH

Tm

70 (3.2)
65 (2.4)

201 (1.9)
147 (2.1)

None 94.6 (4.5)

F68
F68:PZH

Tm

53 (1.1)
53 (2.8)

203 (2.0)
195 (2.8)

None 100.4 (1.8)

MCC, Microcrystalline Cellulose; LM, Lactose monohydrate; SLP, Soluplus®; 12PF, Kollidon 12PF; K30, Kol-
lidon 30; VA64, Kollidon VA64; 90F, Kollidon 90F; 6K, PEG 6,000; 35K, PEG 35,000; F68, Lutrol 68F. *Indi-
cated by deviation from overlap spectrum (t=0) of more than 1%.
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Figure 2. A. Dissolution curves of Votrient® tablets and PZH bulk powder; B. pH-solubility curve of PZH. The 
dotted line indicates the start of the pH-switch.
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The excipient screening experiments were performed for both 2 and 24h (figure 3a). PZH 

has a solubility of approximately 0.1 μg/mL in this buffer system after both periods. The 

tests show that the addition of Kollidon VA64 , Soluplus®, Kollidon 30 and Kollidon 90F to 

the formulation provided the highest PZH concentrations after both 2h and 24h.
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Figure 3. A. Excipient screening results: PZH solubility after 2 (left bars) and 24 h (right bars); B. Dissolution 
curve of PZH:Kollidon VA64 mixture (1:1, w/w) with dissolution points referring to table 2.

Several physical mixtures with different ratios between drug and excipient were pro-

duced (Table 2) and their dissolution behavior was tested using the pH-switch system. 

The results are shown in figure 3b and table 2. After the initial solubility increase upon 

elevating the pH, the solubility of PZH in all of the Kollidon powder mixes collapsed to 

> 1% before the pH reaches 6.8. A slight solubility increase beyond the pH-switch was 

seen for the 1/5 Soluplus® mixture, but this collapsed around pH 6.0. The 1/10 Soluplus® 

mixture proved to be able to maintain the solubility of PZH. Furthermore, it increased 

solubility to 100% during the pH increase to 6.8. Additional physical mixtures of PZH 

and Soluplus® were prepared and subjected to dissolution tests to further optimize the 

composition between the two components. The results are presented in figure 4a. In-

creasing the amount of Soluplus® relative to PZH increased solubility up to 8 equivalent 

parts (figure 4b). This composition was chosen as the best performing formulation and 

was designated PZHSol001 and filled out in cellulose capsules size 1 with a potency of 

25 mg per capsule.
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Figure 4. A. Dissolution curves of PZH:Soluplus® with different compositions as indicated on the right. The 
dotted line indicates the start of the pH-switch; B. Solubility of PZH from physical mixtures with Soluplus® as 
a function of the equivalent parts of Soluplus®.

Characterization of the final formulation

PZHSol001 shows an increase in solubility upon the transformation from SGFsp to SIFsp. It 

was observed that this increase was accompanied by the medium becoming more clear. 

Initially, in SGFsp, the solution was opaque. Analysis of medium samples by TEM clearly 

showed the presence of uniformly shaped micelles at both stomach and intestinal pH 

values (figure 5).

At different time points during the dissolution in both phosphate and carbonate systems, 

samples were taken to measure the micelle diameters, figure 5a and 5b. In both systems, 

the micelle diameter initially increases upon pH increase from 91 ± 4.2 nm in SGFsp to 

194 ± 10 nm at pH 1.8 in the carbonate system and to 169 ± 8.2 nm at pH 2.6 in the 

phosphate system. In both systems, the micelle diameter decreased at higher pH values 

up to 6.8 to 80 ± 2.1 nm (carbonate) and 101 ± 5.0 nm (phosphate). The micelle size of 

Soluplus® in absence of PZH showed no significant increases in either system. Figure 5c 

shows TEM micrographs of micelles from the physical mixture of PZH and Soluplus® 1:8 

in SGFsp and SIFsp. The micrographs confirm the similarity of sizes in SGFsp and SIFsp and 

the magnitude of the micelle diameters as measured by DLS. 
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Figure 5. Results from the micelle analyses. Mean micelle diameters as a function of the pH of the dissolu-
tion medium: A. Phosphate SIFsp; B. Carbonate SIFsp; C. TEM micrograph of PZH:Soluplus® micelles from a 1:8 
physical mixture in SIFsp (Magnification: 120000, high voltage: 100 kV), left: in SGFsp, right: in phosphate SIFsp.

Figure 6 presents the SEM micrographs of PZH and Soluplus® bulk powder and PZH-

Sol001 powder. The images illustrate the size difference between the drug and excipi-

ent particles. Additionally, it shows that the wet mixing and milling method reduces the 

overall particle size of the formulation. The size of the Soluplus® particles is especially 

decreased, which is beneficial to the mixture homogeneity.

Both bulk powder and final product were analyzed using XRD (figure 6). The pattern of 

Soluplus® did not display characteristic ‘crystal’ reflections and can, therefore, be consid-

ered amorphous. The obtained pattern of PZHSol001 exhibited the same reflections as 

the pattern of PZH, albeit reduced in intensity due to the presence of Soluplus®.

After 12 months of storage in open containers at 20-25 oC and 60% relative humidity 

(RH) and after 6 months in open containers at 40 oC and 75% RH the formulation was 

subjected to dissolution and assay tests. In this period, no significant changes occurred 

in drug content and dissolution properties. The moisture content did show an increase 

of 2.7% (60% RH) and 4.5% (75% RH).
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Figure 6. XRD patterns of PZH bulk, Soluplus® bulk and PZHSol001 (physical mixture PZH:Soluplus®, 
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Human in vivo clinical study

Twelve evaluable patients were included in the study, relevant patient characteristics 

are listed in table 3. The cohort doses were as follows: cohort 1: 100 mg (n=3), cohort 2: 

200 mg (n=3), cohort 3: 300 mg (n=3). Cohort 4 (n=3) was an extension of cohort 3. All 

patients received PZHSol001 25 mg capsules at the designated cohort dose level. Figure 

7 shows the mean concentration-time curves of pazopanib after administration for each 

dose level. The relevant pharmacokinetic parameters (Tmax, Cmax, Cmin, and AUC0-24) and 

the variations thereof are shown in table 4. for the cohorts of PZHSol001.
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Table 2. Components, weight ratios, content uniformity (mean (SD)) (n=3) and essential dissolution time 
points (means (SD)) (n=3) of PZH physical mixture formulations.

Formulation Components Weight ratio 
(w/w)

Content 
uniformity (%)

Dissolution (%)*

30 min 42 min 62 min

A PZH - - 28 (2.2) 38 (4.5) 0.3 (0.0)

B PZH, Kollidon VA64 1/1 98.4 (1.2) 40 (2.4) 50 (2.0) 0.1 (0.0)

C PZH, Kollidon VA64 1/5 99.1 (1.0) 69 (5.4) 81 (4.1) 0.1 (0.0)

D PZH, Kollidon VA64 1/10 100.2 (0.5) 99 (3.0) 100 (4.0) 0.3 (0.1)

E PZH, Soluplus® 1/1 99.4 (0.6) 40 (2.5) 50 (2.1) 0.1 (0.0)

F PZH, Soluplus® 1/5 99.2 (0.8) 56 (2.7) 70 (2.6) 2.5 (0.2)

G PZH, Soluplus® 1/10 99.5 (0.3) 83 (2.3) 98 (3.1) 100 (2.3)

H PZH, Kollidon 30 1/1 98.7 (1.1) 40 (3.6) 49 (2.4) 0.1 (0.1)

I PZH, Kollidon 30 1/5 98.8 (1.8) 67 (2.3) 81 (2.8) 0.2 (0.1)

J PZH, Kollidon 30 1/10 99.2 (1.4) 97 (3.5) 100 (8.7) 0.5 (0.1)

K PZH, Kollidon 90F 1/1 99.0 (0.4) 40 (2.1) 48 (3.2) 0.0 (0.0)

L PZH, Kollidon 90F 1/5 99.5 (0.7) 55 (2.5) 66 (3.6) 0.0 (0.0)

M PZH, Kollidon 90F 1/10 99.3 (0.9) 77 (5.1) 93 (1.2) 0.0 (0.0)

* time points correspond to the dissolution time points as indicated in figure 3
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Figure 7. Mean plasma concentration-time curves of pazopanib after oral administra-
tion of single PZHSol001 (physical mixture PZH:Soluplus®, 1:8) doses as 25 mg cap-
sules; doses are indicated on the right, 100 mg (n=3), 200 mg (n=3) and 300 mg (n=6).

The single dose administrations of PZHSol001 were well tolerated. Adverse events that 

were possibly related to the administration of PZHSol001, were: bleeding gums, head-

ache, productive cough (all CTCAE grade 1; n=1; dose 300 mg).
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Table 3. Patient characteristics of the clinical study per cohort.

Parameter N

Cohort
Dose

1
100 mg

2
200 mg

3 & 4
300 mg

Sex
 Male
 Female

1
2

2
1

5
1

Age (years)
 Median
 Range

63
45-73

56
40-60

61
47-74

Ethnic background
 Caucasian
 African

3 3 4
2

WHO performance status
 0
 1

2
1

3 6

Pathological diagnosis
 Soft Tissue
 Kidney
 Skin
 Breast
 Gastric
 Colorectal

1
1
1

2

1

2

1

2
1

Number of prior treatments
(chemotherapy)
0
1
2

1
1
1

1
1
1

2
4
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Table 4. PK parameters from the patients of the clinical study (means (CV%)) and PK parameters from the 
Votrient ® phase I trial [6].

Dose (mg) Parameter PZHSol001 Votrient®

100 n
tmax (h)
Cmax (μg/mL)
Cmin (μg/mL)
AUC0-24 (μg/mL*h)

3
2.65 (23.5)
4.52 (39.2)
2.31 (38.9)
70.3 (40.3)

3
4.0*
6.5 (25.7)
2.8 (11.2)
96.9 (17.6)

200 n
tmax (h)
Cmax (μg/mL)
Cmin (μg/mL)
AUC0-24 (μg/mL*h)

3
4.01 (0.66)
15.4 (28.4)
5.9 (12.1)
192 (18.1)

3
3.0*
7.5 (54.5)
2.9 (53.6)
104.5 (54.6)

300 n
tmax (h)
Cmax (μg/mL)
Cmin (μg/mL)
AUC0-24 (μg/mL*h)

6
4.02 (1.11)
28.4 (33.1)
11.3 (41.2)
379 (36.7)

-
-
-
-
-

800 n
tmax (h)
Cmax (μg/mL)
Cmin (μg/mL)
AUC0-24 (μg/mL*h)

-
-
-
-
-

10
3.5*
19.4 (176)
9.4 (240)
275.1 (203)

*No CV values were reported
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Discussion

Powder mixing

Dry mixing of the powder components did not yield homogenous mixtures, mainly due 

to the electrostatic charging of PZH. The size initial difference between excipient and 

drug may also account for this as shown in the SEM micrographs. For this reason, the 

powder components were wetted prior to mixing and left to dry in a desiccator there-

after. This approach allowed for the deagglomeration of PZH particles and sharply re-

duced particle sizes of both PZH and the excipients, especially for Soluplus®, and offers 

an explanation for the more homogenous powder mixtures. Particle size may also in-

fluence mixing efficiency. The results from the content uniformity show that the mixing 

and grinding approach is sufficient in minimizing the effect of the particle size on the ho-

mogeneity of the powder mixtures. Additionally, this was also found to be reproducible.

Excipient compatibility

Drug-excipient interactions have been shown to negatively affect the pharmaceutical 

properties of drug formulations. The interaction with lactose monohydrate may be due 

to the secondary amine and/or sulfonamide structures of PZH undergoing the Maillard 

reaction [16,17]. The mechanism behind the interaction with PEG 6K and PEG 35K is un-

known but a similar drug-excipient interaction has been described before [18]. 

Dissolution

The pH-solubility profile of PZH displays an expected low solubility at higher pH levels 

that seems to be in line with its pKa values of 2.1 and 6.4 (US Food and Drug administra-

tion (FDA), 2009). The maximum solubility was observed around a pH of 3 below which 

the solubility decreases. The cause of this may be a common ion effect with Cl- ions. 

These may form apolar ion-pairs with the positively charged pazopanib in solution which 

causes crystallization [20].

As it is important to take the different regions of the gastrointestinal tract into consid-

eration, the formulation needed to increase and maintain the solubility of PZH at both 

stomach and intestinal pH-values and compositions. To evaluate this during the in vitro 

testing of experimental formulations, a pH-switch was included after 30 min during the 

dissolution experiments. This was done to simulate the worst-case scenario of short res-

idence time in a fasted stomach [21].
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The formulation components in Votrient® seem to only increase PZH solubility by a fac-

tor 1.5 at a low pH. No improvement was seen at higher pH levels The observed curves 

were in accordance with the pH solubility curve of PZH. According to the dissolution of 

Votrient® and pure PZH results, the bottleneck for the dissolution of PZH lies within its 

poor solubility at higher pH values. Therefore, the starting point of this study was to 

increase the solubility of PZH at pH 6.8. To simulate a worst-case-scenario where the 

crystalline drug is solubilized by an excipient at a pH in which it is very poorly soluble, the 

initial excipient-screening was performed at SIFsp with pH 6.8. The observed solubility 

increases in this set-up may be the result of non-complexing hydrophilic and/or hydro-

phobic interaction between the excipients and the drug molecules in solution [22,23]. 

The increase in solubility by Soluplus® between 2 and 24 h can possibly be caused by the 

relatively high viscosity of the solution, in comparison to the other solutions. This slows 

the process of wetting and dissolution to continue after the initial 2 h.

The Kollidon excipients all increase the solubility of PZH in SGFsp, this was not seen for 

any of the Soluplus® formulations. This may be due to the time effect, as was seen in 

figure 3. The increase in PZH solubility in SGFsp could only be maintained into SIFsp if a 

‘parachute’ effect of the excipients were to occur. After the initial solubility increase 

upon elevating the pH, the solubility of PZH in all of the Kollidon powder mixes collapsed. 

None of the Kollidon types were capable of providing the ‘parachute’ effect. This para-

chute effect was observed for the Soluplus® mixtures of 5 equivalent parts and up.

From the investigation of the influence of the ratio between PZH and Soluplus® equiva-

lent parts in the formulation, it is clear that reducing this ratio below 8 equivalent parts 

strongly reduces the solubility of PZH The composition 1/8 was therefore chosen as the 

best performing formulation. Although this makes for a bulky dosage form, possible bi-

oavailability improvement may correct by necessitating less intake of PZH, and hence, 

the formulation. 

Characterization of the final formulation

With the Soluplus® formulation, initially an opalescent solution in SGFsp was observed, 

which is in accordance with the observations that maximally approximately 50% of PZH 

was dissolved. In the relatively short period of time at stomach pH, the Soluplus® does 

not seem to solubilize PZH to a significant extent above that of pure PZH at the studied 

concentrations. Thus, Soluplus® seems to be unable to overcome the common-ion ef-

fect. The formation of micelles by Soluplus® has been described in literature. As it may 
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provide an explanation for the solubilizing effect on PZH, micelles were studies by TEM 

and their size was determined.

An explanation for the behavior of the PZH and Soluplus® combination may be found 

in the pH-solubility relationship and the pKa values of PZH. At pH values below 2.1, the 

dissolved part of PZH is diprotonated and is likely not to be included in the micelles of 

Soluplus® because it can sustain itself in solution, this is supported by the fact that the 

micelle size in this region of pH is relatively small. 

As the pH increases to 3.0, the solubility of unsolubilized PZH reaches a maximum. Addi-

tionally, in this pH region between 2.1 and 6.4, PZH molecules are largely monoprotonat-

ed. It may be hypothesized that the PZH molecules in such a state interact very differently 

with the Soluplus® micelles, as was seen with the drug nilotinib [24]. The PZH may then 

partly be located in the outer, more hydrophilic ranges of the micelles as they need solu-

bilization for the non-protonated part of the molecule which is then located in the more 

hydrophobic parts of the micelle. This may, in turn, change the overall size of the micelles. 

As the solution equilibrium of PZH molecules is directed towards the Soluplus® micelles 

just above pH 3.0, more ‘room’ is made available in the medium for undissolved PZH to 

dissolve. This hypothesis is supported by the fact that additional PZH dissolved above pH 

3.0 and that no new precipitation of crystalline PZH is observed in this pH region. 

At pH levels above 6.4, PZH is largely unprotonated. Without solubilization, the drug 

molecules will precipitate virtually instantly from the dissolution medium. In the pres-

ence of Soluplus® PZH is fully incorporated into the hydrophobic parts of the micelles. 

To test this hypothesis, spectroscopic studies (with labeled PZH) should be performed in 

the future to localize PZH in the micelles. Additionally, possible release and/or transfer 

of PZH from and between micelles should be studied in the future to offer more clarity 

about the nature of the solubility increase. The clinical relevance of these phenomena is 

still unclear as the micelles seem to minimize to their stomach size at pH > 6. Therefore, 

in vivo investigation was crucial.

The filtration prior to HPLC analysis was performed using filters with a pore size of 200 

nm. The increase in micelle diameter upon a change in pH is therefore not reflected in a 

change in the concentration of dissolved PZH. An increase in micelle diameter may prove 

troublesome for the uptake in vivo, however. Micelles with an increased diameter may 

be prone to agglomerate and precipitate at a much faster rate.
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This increase in micelle diameter was observed to be more profound in the formulations 

with a smaller number of equivalent parts of Soluplus®. It may in part explain the ob-

served loss of solubility at higher pH values of these formulations. To test whether the 

pH-dependent increase in micellar diameter was not related to the dissolution medium, 

a pH-switch system was designed that leads to a SIFsp with a carbonate buffer. The same 

trend in micelle size was observed in this system as well. 

The XRD experiments showed that the pattern of PZH is consistent with patent data on 

the anhydrous polymorph Form I [25] and that the obtained pattern of PZHSol001 exhib-

its the same peaks as the pattern of PZH, albeit reduced in intensity due to the presence 

of Soluplus®. This indicates that no solid phase transitions have occurred during the pro-

duction of PZHSol001.

Human in vivo clinical study

The PK parameters of PZH after a single administration of 100 mg PZHSol001 in the first 

cohort were found to be similar to the reported parameters of 100 mg Votrient®. Al-

though mean values differ between the two formulations, the CV-ranges overlap and 

drug absorption may, therefore, be comparable. It could be that the absolute amount 

of Soluplus® present from 100 mg is not sufficient to solubilize PZH in the volumes of 

the gastrointestinal tract. As an increased dose also increases the absolute amount of 

Soluplus®, the 2nd cohort dose was set at the maximum of 200 mg.

A more-than-linear increase in the PK parameters was observed for the 200 mg dose. 

An apparent difference is observed between the PK parameters of a single 200 mg dose 

of the formulations. 200 mg of PZHSol001 yields higher plasma concentrations (Cmax and 

Cmin) and exposure than a similar dose of Votrient®. A strong relationship between CSS-

min>20 μg/mL and tumor shrinkage and progression-free survival has been established 

[26]. Based on the results of the 200 mg cohort and an accumulation index of 2.41 (as-

suming a half-life of 31h and a dosing interval of 24h), the observed Cmin is not sufficient 

for clinical application (theoretical CSSmin of 14.2). Therefore, the dose for the 3rd cohort 

was increased to 300 mg. The PK parameters roughly doubled after the dose increase 

from 200 to 300 mg. Furthermore, the parameters were slightly higher than earlier data 

on Votrient® 800 mg. The estimated CSSmin for 300 mg PZHSol001 was 27.2 μg/mL, which 

is well above the defined efficacy threshold.
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The non-linear increase in PK parameters in relation to the dose might be caused by 

the concentration of Soluplus® present in the immediate vicinity of PZH in the gastro-

intestinal system. As was observed in vitro, the solubilizing effect of Soluplus® on PZH 

occurs in an apparent exponential fashion. Assuming that the stomach and intestinal 

dissolution volume in vivo were approximately constant in the study population, the 

linearly increasing concentration of Soluplus® facilitated a more-than-linear solubilizing 

effect. This means that although the composition of Soluplus® and PZH remained con-

stant throughout the cohorts, the absolute amount of Soluplus® per volume may have 

been an important factor. This might have had a similar effect on the absorbed amount 

of PZH and consequently, the PK parameters. Furthermore, the formulation itself as en-

capsulated loose powder may have contributed to an increased absorption by increasing 

the overall surface area for dissolution. This was also seen in a study that compared the 

PK of whole Votrient® tablets to crushed tablets [10].

An additional observation was the low variability in PK parameters of PZHSol001 com-

pared to the parameters of Votrient®, albeit that the numbers are small.

Based on these results, 300 mg PZHSol001 might be a usable alternative to 800 mg Vot-

rient®. Future studies need to be directed to the scale-up, tableting possibility (to re-

duce the bulk volume) and stability of the formulation. Special attention should there 

be directed to minimizing the formulation volume with regard to patient comfort and 

compliance. 

Conclusions

In this study, we proved that the solubility of PZH can be significantly improved by formu-

lation of the drug with the excipient Soluplus®. The optimal composition that produced 

full solubility in SIFsp was 1/8 PZH/Soluplus® (PZHSol001). In a clinical-proof-of-concept 

study, we demonstrated that the improved-solubility formulation PZHSol001 25 mg cap-

sule in a dose of 300 mg produces a clinically useful pharmacokinetic profile. 
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Abstract

The tyrosine kinase inhibitor nilotinib has a very low aqueous solubility and a low and 

variable oral bioavailability. A pharmaceutical formulation with an improved solubility 

may enhance the bioavailability and reduce the variability thereof and of the pharma-

cokinetics. The aim of this study was to enhance the solubility of nilotinib by developing 

a spray dried solid dispersion. A broad selection of polymer excipients  were tested for 

solubilizing properties. The spray drying technique was used to produce solid disper-

sions of nilotinib hydrochloride (NH) in matrices of the best performing polymers. Both 

the dissolution and physicochemical characteristics of the formulations were studied 

using a pH-switch dissolution model and conventional microscopic, thermal and spectro-

metric techniques. Of the tested spray dried solid dispersions, the ones containing the 

co-block polymer Soluplus® performed best in terms of in vitro dissolution properties. 

Further testing led to an optimized weight ratio of 1:7 (NH:Soluplus®) that improved the 

solubility up to 630-fold compared to crystalline NH (1.5 μg/mL) in simulated intestinal 

fluid. This effect can be attributed to the amorphization of NH and the solubilization of 

the drug due to micelle formation. A spray dried solid dispersion formulation of NH with 

Soluplus® in a ratio of 1:7 was developed that showed a significant increase in solubility.
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Introduction

The tyrosine kinase inhibitor nilotinib (figure 1) is registered for the treatment of newly 

diagnosed adults with Philadelphia chromosome positive myeloid leukemia (Ph+ CML) in 

the chronic phase [1,2]. It is also indicated for the treatment of chronic and accelerated 

phase Ph+ CML in adult patients that are resistant or intolerant to prior therapy that 

included imatinib. The drug is marketed as Tasigna® since it received authorization in 

2007 by both the European Medicines Agency (EMA) and the US Food and Drug Admin-

istration (FDA). The recommended dose ranges between 300 and 400 mg twice daily and 

is administered orally [3]. 

NH
N

N

N

O
NH

N
NH +

F

F

F

Cl-

Figure 1. Chemical structure of nilotinib hydrochloride.

Nilotinib hydrochloride (NH) monohydrate is deemed poorly to moderately soluble [1]. 

Furthermore, the permeability of nilotinib is considered to be low in part due to efflux 

by P-glycoprotein (Pgp)-transporters in the gut wall [4]. The drug is thus classified in 

the biopharmaceutics classification system (BCS) as class IV [1]. This indicates that its 

absorption and bioavailability is hindered by solubility and permeability. NH is currently 

formulated as physical mixture with lactose, crospovidone and poloxamer 188 in an im-

mediate release capsule. No study into the absolute oral bioavailability of the Tasigna® 

formulation has been performed hitherto. Based on mass balance studies, however, the 

bioavailability is estimated to be approximately 30% [2]. The intra- and interpatient var-

iability in the pharmacokinetic parameters Cmax and area under the plasma-time curve 

(AUC) range between 32 and 72% [2,5]. Since bioavailability and drug exposure are tight-

ly linked, Cmax and AUC are also influenced by poor solubility and permeability. Variation 
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in drug exposure may cause drug plasma levels to be inadequately low or toxically high 

[6]. Enhancing the solubility of NH monohydrate through improvement of its formula-

tion may increase the bioavailability and possibly reduce pharmacokinetic variability.

Drug solubility enhancement can be achieved through the use of various techniques 

[7–12]. One of which is the application of the amorphous form of the drug in a formu-

lation [13,14]. Amorphous drug material has higher Gibbs free energy than crystalline 

material, giving it a higher apparent solubility [15].

The amorphous form of a drug often has the tendency to revert back over time to 

the thermodynamically stable crystal form because of its excess entropy, possibly un-

der influence of present impurities or moisture [16,17]. To stabilize such a system, the 

amorphous form is often dispersed through a polymer matrix, a so-called solid disper-

sion [18]. The amorphous form may either be molecularly dispersed or be scattered as 

non-molecular precipitates through the matrix, with a preference for the first as it favors 

the stability of the amorphous form [14]. 

Jesson et al. demonstrated that through enhancing the solubility of NH with a formula-

tion in which amorphous nilotinib was non-molecularly dispersed through a matrix of 

hydroxypropyl methylcellulose phthalate (HP55) it was indeed possible to achieve an in-

creased drug exposure (+730%) in male beagle dogs [19]. This research group produced 

nanoparticles of NH using the super critical fluid precipitation (SCP) method. Andersson 

et al. showed that this increase in bioavailability also takes place in humans (+76%) [20]. 

Colombo et al. used SCP to produce a nilotinib formulation with a pH-responsive poly-

mer of which they extensively studied the dissolution properties [21].

The goal of this study was to develop an oral solid dosage form preferably containing a 

molecular dispersion, or solid solution, of NH in a matrix with a high solubility by fast, 

easy and economic means. A diverse selection of polymer excipients was screened for 

solubility-improving capabilities. The spray drying technique was used  with the best per-

forming excipients to produce dispersions of NH in polymer matrices. The physicochem-

ical characteristics and the dissolution properties of the experimental formulations were 

examined. As it is important to take the different regions of the gastrointestinal tract into 

consideration, the formulation needed to retain the solubility of NH at both stomach and 

intestinal pH-values and compositions. To evaluate this during the in vitro testing of  ex-

perimental formulations, a pH-switch was included after 30 min. during the dissolution 
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experiments. This was done to simulate the worst-case scenario of  short residence time 

in a fasted stomach [22]. The micelle formation of Soluplus® was also investigated. The 

best performing formulation was also evaluated for long-term stability.

Materials and methods

Materials

NH monohydrate was purchased from Avachem Scientific (San Antonio, TX, USA). Kolli-

don VA64, Kollidon 12PF and polyethylene glycol (PEG), Lutrol F68, and Soluplus® were 

kindly supplied by BASF (Ludwigshafen, Germany). All other reagents were purchased in 

analytical grade.

Solubility testing and solvent selection for spray drying

The solubility of NH was determined in water and the following cosolvent systems: 

25, 50, 75, 100% (v/v) acetonitrile, ethanol, methanol, dimethylformamide (DMF), di-

methylsulfoxide (DMSO), N-methylpyrrolidone (NMP);  ethyl acetate; dichloromethane 

and methyl tert-butyl ether (MTBE). An excess of bulk drug was placed in a known vol-

ume of each system in a closed, light protected vial and allowed to saturate for 72 hours 

after which a sample was analyzed after filtration through an 0.45 um filter by HPLC. 

Subsequently, the usability of solvents with a high NH solvability (> 10 g/L) for spray 

drying was evaluated.

High performance liquid chromatography (HPLC)

Nilotinib concentrations were determined using an Agilent 1100 series HPLC system con-

sisting of a binary pump, Model G1312A, an autosampler, Model G1367A, a column 

oven, Model G1316A and a UV-detector Model G1314A (all from Agilent technologies, 

Amstelveen, The Netherlands). A reversed phase Gemini C18 analytical column (50 x 

2.0 mm ID, 4 µm particle size, Phenomenex, Torrance, CA, USA) was used which was 

kept at 40 oC. Absorbance was measured at 265 nm. Injection of 10 µL was followed by 

a gradient from 60% to 90% methanol with 1 mM NH4OH. The flow rate was 0.4 mL/

min. Chromatograms were processed using Chromeleon software (Dionex Corporation, 

Sunnyvale, CA, USA). Stability indicating capability was established.
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Preparation of formulations

Physical mixtures (PM) of NH and polymers were prepared with mortar and pestle. To 

prepare solid dispersions (SD), NH and various polymers were dissolved in ethanol (HPLC 

grade) to ±10 g/L NH. The solutions were spray dried using a Büchi B-290 mini spray 

dryer equipped with an Inert Loop B-295, High Performance Cyclone, 1.5 mm nozzle 

cap and 0.7 mm nozzle tip (BUCHI Labortechnik AG, Flawil, Switzerland). Spray dry sys-

tem settings: Spray feed: 10 mL/min; N2 atomization flow 40 mm (bottom of the ball); 

aspirator flow: 35 m3/h; inlet temperature 120 oC; outlet temperature 85 oC; inert loop 

temperature -20 oC.

Dissolution testing

A collection of different excipients were efficiently screened on their possible solubility 

improving properties by suspending an excess of NH monohydrate in 10% polymer solu-

tions with a pH of 6.8 for 2 and 48 hours. The dissolution behavior of various formula-

tions was determined with a small-scale dissolution test. Briefly, an amount of powder 

equivalent to 10 mg NH was added to a 25 mL beaker containing 10 mL of medium. 

Temperature was kept at 37 oC and the medium was stirred at 200 rpm. The commercial 

formulation (Tasigna®) and the capsulated investigational formulations were tested in 

a larger dissolution volume of 200 mL. Dissolution tests were performed in single pH 

environment (simulated intestinal fluid (SGF), pH 6.8) and a pH-switch system. In this 

system, the 25 mL beaker contained 10 mL of simulated gastric fluid (SGF), pH 1.6. The 

sample was kept in this environment for 30 min. after which the pH and composition was 

changed into that of SIF in a step-wise manner by briefly adding phosphate or carbonate 

buffer. The switch of pH and the composition adjustment was typically completed within 

32 min. Samples were taken at designated time points, filtrated using a 0.45 um filter 

and diluted 1/1 with methanol. All samples were subsequently analyzed using HPLC.

Micelle size measurements

The presence and size of micelles was detected and measured using a Zetasizer Nano 

S90 particle size analyser (Malvern Instruments, Worcestershire, UK). Samples were tak-

en from the dissolution media, placed in polystyrene cuvettes (Malvern Instruments) 

and analysed in threefold at 10 analyses per measurement.

Electron microscopy (EM)

The morphology of the bulk and spray-dried powders were studied using Scanning Electron 

Microscopy (SEM). Samples were placed on conducting  double sided adhesive tape and 
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on an aluminium holder. Samples were sputter-coated with gold using a SCD 040 sputter 

coater (Oerlikon, Balzers, Liechtenstein). Imaging was performed through back-scattering 

with a Sigma Field Emission Gemini system (Zeiss, Oberkochen, Germany).

The shape and size of micelles were visualized with Transmission Electron Microsco-

py (TEM). Samples from dissolution media were diluted 100 times  and were applied 

on Agar® formvar/carbon coated copper grids (van Loenen instruments, Zaandam, The 

Netherlands). The samples were negatively stained with 2% (w/w) phosphotungstic acid 

and were dried for 10 min. prior to the microscopy. The micrographs were recorded us-

ing a Tecnai T12 G2 Spirit Biotwin set-up (FEI company, Hillsboro, OR, USA).

Fourier transform infrared spectroscopy (FT-IR)

Infrared spectra were recorded from 600 – 4000 cm-1 with a resolution of 2 cm-1 with a 

FT-IR 8400S Spectrophotometer equipped with a Golden Gate® (Shimadzu, ‘s-Hertogen-

bosch, The Netherlands). A total of 64 scans were averaged into one spectrum.

Modulated differential scanning calorimetry (MDSC)

MDSC measurements were performed with a discovery differential scanning calorimeter 

(DSC) (TA Instruments, New Castle, DE, USA). Temperature scale and heat flow were cali-

brated with Indium. Samples of approximately 3 mg powder were weighed into Tzero al-

uminium pans (TA Instruments), sealed and placed in the autosampler. Each sample was 

equilibrated at 20 oC for 3 min, after which the sample was heated to 225 oC at a speed 

of 3 oC/min with a modulated temperature amplitude of 1 oC per period of 60 seconds. 

X-ray powder diffraction (XRD)

X-ray diffraction of powder samples was performed with an X’pert pro diffractometer 

equipped with an X-celerator (PANanalytical, Almelo, The Netherlands). Samples were 

placed in a 0.5 mm deep metal sample holder. Samples were scanned at a current of 30 

mA and a tension of 40 kV. The scanning range was 10 – 60 degrees 2-θ, with a step size 

of 0.020 degrees 2-θ and a scanning speed of 0.002 degrees 2-θ per second. 

Residual solvents

Residual ethanol was determined with capillary gas chromatography (GC) analysis. Sam-

ples of approximately 50 mg of powder were dissolved or suspended in 5.0 mL water and 

shaken for 3 hours. Aliquots were subsequently filtered and transferred to autosampler 

vials. Analyses were performed using 6890N GC system (Agilent, Santa Clara, CA, USA) 
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equipped with a Flame-ionization detector (Agilent) and a RTX-1301 capillary column 

(3.0 µm film, 30 m x 0.53 mm; Restek Corporation, Bellefonte, PA, USA).

Results and discussion

Solubility and spray dry settings

In order to design an efficient spray drying protocol for NH, the solubility of the com-

pound was assessed in various cosolvent systems. Figure 2 presents the relationship 

between solubility and the cosolvent percentage. The applicability of the cosolvent sys-

tems with the highest solubility (>10 g/L) in the spray drying process was investigated. 

Table 1. lists the minimum required settings for the various systems. The spray drying 

process proved to be inefficient when carried  out with the high-boiling point solvents 

DMSO, DMF and NMP. The process with methanol and ethanol was found to be similar 

in terms of spray dryer settings. Ethanol was selected because it is the least toxic of the 

two solvents. The spray drying process was further optimized for ethanol so that residual 

ethanol was below 100 ppm. Bulk and spray-dried Soluplus® were compared (dissolu-

tion, FTIR and micelle size) and no significant differences were found that would indicate 

changed physicochemical properties. The spray-dried formulations were analysed by 

HPLC to investigate possible degradation of NH during spray drying or  due to interaction 

with Soluplus®. No evidence of this was observed in any of the spray-dried compositions.
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Figure 2. Equilibrium solubility of NH in various cosolvent systems.
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Table 1: Spray dryer settings during applicability investigation of various cosolvent systems.

Solvent system Inlet 
temperature 
(oC)

Outlet 
temperature 
(oC)

Limiting factor

75% DMF 155 140 Residual solvent present
Tout < 140 oC: Deposition of solvent
Tout > 130 oC: Polymer residue in drying column out-
let

75% NMP 160 145 Residual solvent present

Ethanol 95 55 None

Methanol 90 50 Relatively toxic

DMSO/DMF/NMP >160 >140 Tout < 150 oC: Deposition of solvent 
Tout > 130 oC: Polymer residue in drying column out-
let
Required low feed flow rate

Dissolution behaviour and formulation selection

The dissolution profile of the marketed formulation Tasigna® was investigated. Figure 3A 

presents the dissolution curves (n = 3) of both the Tasigna® capsule and its decapsulat-

ed powder. The first 30 min. of the curve represent the stomach (pH 1.6) in which the 

percentage of dissolved NH adds up to approximately 26%. At time points 35, 40 and 45 

min. a relatively small decrease to 23% in dissolved drug is seen when the pH increases 

from 1.6 to 3.2. From 50 min. on the dissolved amount decreases to less than 1% when 

the pH is elevated above 5.2 and is subsequently adjusted to 6.8. This behaviour agrees 

with the pH-solubility curve (figure 3B) and the observations by Jesson et al [19]. The sol-

ubility of NH at higher pH values can be considered its bottleneck. Therefore, improving 

the drug’s solubility at pH 6.8 was taken as a starting point in this study. 
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Figure 3. A. Dissolution curves of Tasigna® capsules and decapsulated Tasigna® powder; B. pH-solubility 
curve of NH. The dotted line indicates the start of the pH-switch.
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Figure 4 shows the results from the excipient screening experiments after both 2 and 

24 hours. This manner of solubility testing is based on the worst-case-scenario where 

crystalline drug is solubilized by an excipient at a pH in which it is very poorly soluble. NH 

monohydrate has a solubility of approximately 1.5 μg/mL in this buffer system. The tests 

show that Kollidon VA64, 12PF, Soluplus® and Lutrol F68 display the highest maintaining 

increase in solubility. For this reason, these excipients were selected for further formula-

tion development. The increase in solubility may be due to non-complexing hydrophilic 

and/or hydrophobic interaction between the excipients and the drug[23,24]. 
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Figure 4. Excipient screening results: NH solubility after 2 and 24 hours.

The increase in solubility by Soluplus® between 2 and 24 hours is possibly the result 

of the relative high viscosity of the solution, in comparison to the other solutions. This 

slows the process of wetting and dissolution to continue after the initial 2 hours. 

With the above four excipients both PM and SD formulations with different ratios be-

tween drug and excipient were produced. Table 2 lists these formulations. The dissolu-

tion behaviour of the formulations was tested using the pH-switch system. The results 

are presented in figure 5. Figure 5A shows the dissolution curves of crystalline and amor-

phous NH. Both forms have very different solubilities at stomach pH (38% against 83%) 

but show a very similar decrease in solubility when the pH is increased towards 6.8. The 

amorphous drug structure has an increased initial stomach solubility but still needs a 

‘parachute’ in the intestinal medium to prevent recrystallization. The PMs (figure 5B-E) 

all exhibited similar dissolution properties as the crystalline drug in SGF, the resulting 
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polymer concentrations in the dissolution medium of the tested PMs are likely too low 

to aid the dissolution and increase the solubility of NH in SGF. The desired ‘parachute’ 

effect was only observed with the Soluplus® formulations. 
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Figure 5. A. Dissolution curve of crystalline NH monohydrate and spray dried NH. Dissolution curves of the 
physical mixtures and spray dried formulations with B. Kollidon VA64; C. Kollidon 12PF; D. Soluplus®; E. 
Lutrol 68F. The dotted line indicates the start of the pH-switch.

The dissolution curves of the SD formulations show an increased solubility in SGF, indi-

cating the enhanced apparent solubility of the amorphous drug with 100% (1 mg/mL) 

solubility for both Soluplus® and Kollidon VA64. During the transition from pH 1.2 to 6.8, 

Lutrol F68 and Kollidon 12PF were unable to maintain an increased solubility in both 

compositions. Soluplus® SD 1/5 and 1/10 and Kollidon VA64 1/10 did offer a ‘parachute’ 

effect of which Soluplus® 1/10 showed the best performance. Based on these results, 

Soluplus® was chosen for further formulation development.

SDs with 5 different NH/Soluplus® compositions were prepared and subjected to disso-

lution experiments to further investigate the influence of Soluplus® on the solubility of 

NH. The results are presented in figure 6A. Figure 6B shows the percentage dissolved NH 

as a function of the Soluplus® equivalent parts. From this apparent relationship, it can be 

concluded that a higher number of equivalent parts of Soluplus® within pharmaceutical 

relevant volumes would not further increase the solubility of NH at pH 6.8. The composi-
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tion 1/7 was selected as the best performing formulation as it offers the highest solubil-

ity at pH 6.8 with the lowest total formulation volume. The 1/7 composition may make 

for a bulky dosage form when the same dose of NH is needed. An in vivo study should 

point out whether the formulation increases the bioavailability of NH. In that case, less 

of the formulation is required to reach adequate drug plasma levels and administration 

of large amounts are not needed.

Table 2: Components, weight ratios, and preparation methods of NH formulations

Formulation Components Weight ratio (w/w) Formulation method

A Crystalline NH monohydrate 1/0 Pure drug

B Amorphous NH 1/0 Spray dying

C Crystalline nilotinib*, Kollidon VA64 1/5 Physical mixing

D Crystalline nilotinib*, Kollidon VA64 1/5 Spray dying

E Crystalline nilotinib*, Kollidon 12PF 1/5 Physical mixing

F Crystalline nilotinib*, Kollidon 12PF 1/5 Spray dying

G Crystalline nilotinib*, Soluplus® 1/5 Physical mixing

H Crystalline nilotinib*, Soluplus® 1/5 Spray dying

I Crystalline nilotinib*, Lutrol F68 1/5 Physical mixing

J Crystalline nilotinib*, Lutrol F68 1/5 Spray dying

K Crystalline nilotinib*, Kollidon VA64 1/10 Physical mixing

L Crystalline nilotinib*, Kollidon VA64 1/10 Spray dying

M Crystalline nilotinib*, Kollidon 12PF 1/10 Physical mixing

N Crystalline nilotinib*, Kollidon 12PF 1/10 Spray dying

O Crystalline nilotinib*, Soluplus® 1/10 Physical mixing

P Crystalline nilotinib*, Soluplus® 1/10 Spray dying

Q Crystalline nilotinib*, Lutrol F68 1/10 Physical mixing

R Crystalline nilotinib*, Lutrol F68 1/10 Spray dying

*as hydrochloride monohydrate
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Figure 6. Dissolution results of NH:Soluplus® formulations: A. Dissolution curves of NH:Soluplus® SDs with 
5 compositions: S, T, U, V and W; B. Dissolved NH at pH 6.8 as a function of the Soluplus® equivalent parts.

Micelle size measurements

As figure 6A demonstrates, the solubility of NH permanently sharply collapses for formu-

lation S during the pH increase. The other formulations all show a decrease in solubility 

during the switch that is related to the Soluplus® equivalent parts, after which the sol-

ubility increases to a seemingly constant level. The drop in solubility coincided with the 

solutions turning opaque.

At different time points during the dissolution of formulations S to W, samples were 

taken to measure the micelle diameters of which figures 7A and 7B present the results. 

The observed opacity during the solubility drop can be linked to the sudden increase of 

the micelle diameter. The large micelles (>450 nm) are filtered out and the incorporated 

nilotinib within these micelles is subsequently not quantified by HPLC. This clarifies the 

apparent ‘drop’ in solubility.
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Figure 7. Micelle diameters as a function of the pH of the dissolution medium: A. Phosphate SIFsp; B. Car-
bonate SIFsp. C. TEM micrograph of a representative NH:Soluplus® micelle in SGFsp (Magnification: 120000 
x, high voltage: 100 kV); D. TEM micrograph of NH:Soluplus® micelles in SIFsp (Magnification: 120000 x, high 
voltage: 100 kV).

To test whether the phenomenon is not related to the dissolution medium, a pH-switch 

system was designed that leads to a SIFsp with a carbonate buffer. The same pattern was 

observed as with the phosphate system although the micelle diameters in the carbonate 

system were generally larger. This distinction is important, since the intestinal medium 

in vivo is a carbonate buffered system instead of a phosphate buffered one. Despite this 

difference in size, the micelle for formulations U,V and W regained a size of < 100 nm at 

pH > 6. Figures 7A and B also present the size of Soluplus® micelles without NH where 

the pH-dependent increase does not occur. An explanation for the behaviour of the NH/

Soluplus® micelles might come from the pKa values of NH, which are 2.1 and 5.4 [25,26] 

(dotted lines in figure 7). At pH values below 2.1 NH is diprotonated enabling a relatively 

high solubility. A relative large fraction of NH molecules in such an environment remain 

in solution, instead of being incorporated into Soluplus® micelles. This keeps the micelles 

small. In the pH region between 2.1 and 5.4, NH molecules are largely monoprotonated. 

It may be hypothesized that the NH molecules in such a state interact very differently 

with the Soluplus® micelles. The NH may then in part be located in the outer, more hy-

drophilic ranges of the micelles but still need solubilisation for the non-protonated part 
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of the molecule. This may in turn change the overall size of the micelles. At pH levels 

above 5.4, NH is largely unprotonated. Without solubilisation the NH molecules will pre-

cipitate from the dissolution medium. In the presence of Soluplus® NH is incorporated 

into the micelles. To test this hypothesis, spectroscopic studies should be performed in 

the future to localize NH in the micelles.

The size of the resulting micelles is also strongly dependent on the equivalent parts of 

Soluplus® that are present, as this determines the initial number of micelles over which 

the NH molecules can divide. The chloride counter-ion from NH may also have an impact 

on the micelle size through its influence on the ionic strength of the solution [27]. 

The clinical relevance of this phenomenon is still unclear as the micelles seem to min-

imize to their stomach size at pH > 6. Therefore, the formulation should be studied in 

vivo.

Various other parameters also influence micelle size, i.e. drug molecular size, partition 

coefficient and the presence of lipids and bile salts. In certain combinations with pKa’s of 

around 2 and 6-8 may cause other drugs to behave similarly.

The dissolution and micelle size results from this study highlight unexplored possible 

characteristics of Soluplus®-containing formulations. Previous studies with spray-dried 

Soluplus® formulations did not employ pH-switches during dissolution and thus make 

no mention of micelle size changes [28,29]. The results presented here indicate that the 

application of a pH-switch may prove useful in uncovering possible unexpected dissolu-

tion behaviour of new formulations.

Electron microscopy (EM)

Figure 8A and 8B present the SEM micrographs of NH.H2O bulk powder and formulation 

V, respectively. Figure 8A clearly show the presence of large crystalline particles in the 

bulk powder. Additionally, figure 8B shows that the spray-dried formulation consists of 

smaller particles than the bulk powder, which likely plays an important role in the im-

proved dissolution performance of formulation V.

To study the in vitro assembled micelles during the dissolution of the Soluplus® con-

taining formulations, TEM was performed. Figure 7 C and D show a micrograph of NH/

Soluplus® micelles of formulation in SGFsp and SIFsp, respectively. The micelles are have 
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maintained their integrity, during the transition from SGFsp to SIFsp. Figure 7 C and D also 

show that the size in SGFsp and SIFsp are similar.  The micelles in the pH region 3-5 could 

not be successfully be visualized in this TEM set-up. The size of the micelles changed 

after addition of the phosphotungstic acid, likely due to the limited buffer capacity in 

this pH-region.

Fourier transform infrared spectroscopy

Crystalline NH monohydrate, amorphous NH and the spray dried formulations S through 

W (table 3) with Soluplus® were physically examined using FTIR (figure 8C). The molecu-

lar structure of nilotinib contains heterocyclic systems with a trifluormethyl moiety that 

interconnect through amine bridges resulting in characteristic absorption bands. The 

spectrum of formulation S (1:1 ratio) did not show any peak changes nor did it show 

any appearance or disappearance of characteristic peaks. This suggests that NH and 

Soluplus® do not suffer from detrimental intermolecular forces. The spray drying pro-

cess removed the water of crystallization and produced anhydrous amorphous NH. This 

is evident from the FTIR spectra which lack signals corresponding to water at around 

2000 cm-1 and 3200 cm-1. Karl Fischer titration results are consistent with these results 

and show < 0.3% water content initially.

Modulated differential scanning calorimetry (MDSC)

MDSC was used to analyse the solid state characteristics of NH, Soluplus® and the for-

mulations S to W.
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Figure 8. Physicochemical characterization of NH (monohydrate) and formulations: A. SEM 
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monohydrate; E. MDSC results of NH:Soluplus® SD formulations S, T, U, V and W; F. XRD patterns of 
NH monohydrate, NH:Soluplus® physical mixture 1:7, NH SD and NH:Soluplus® formulation V, the 

peaks around 43° 2-θ originate from the sample holder. 
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The MDSC thermogram of crystalline NH monohydrate in figure 8D shows two clear en-

dothermic events at 133 oC and 201 oC. The first indicates the loss of water of crystallisa-

tion and the transition to the anhydrate form. This conversion to the anhydrate before 

melting is described in a patent text [30]. The latter event corresponds to the melting 

point observed during analysis in the melting apparatus. As a comparison, figure 8D 

also shows a thermogram of crystalline NH anhydrate where the water of crystallization 

peak is not present. The MDSC spectrum in figure 8E of spray dried NH shows a glass 

transition temperature (Tg) at 146 oC and no other thermal events up to degradation at 

230 oC. This supports the observations from the FTIR experiments. Pure and spray dried 

Soluplus® have a Tg as the only thermal event at 68 oC that corresponds to the 70 oC 

reported by BASF [31]. The spray dried formulations all show a single Tg and no melting 

event. This indicates that NH is molecularly dispersed in the spray dried formulations. 

The trend in Tg’s is in line with the compositions of the formulations as described by 

formula 1 and listed in table 3. These results aid in the conclusion that NH is molecularly 

dispersed through the matrix of Soluplus®.

!
"#
= %&

"#&
+ %(

"#(
    (1)

Where wx is the weight fraction of component x and Tgx is the glass transition tempera-

ture of component x.

Table 3. Weight ratios and Tg’s of spray dried soluplus®-NH formulations

Formulation NH monohydrate : Soluplus® Tg (
oC)

S 1 : 1 95.3

T 1 : 3 80.5

U 1 : 5 75.9

V 1 : 7 74.2

W 1 : 10 73.7

Powder X-ray diffraction

XRD patterns were recorded to establish the solid state of the prepared spray dried 

dispersions. Figure 8F shows the XRD patterns for crystalline NH monohydrate, NH:So-

luplus® physical mixture (1:7) and spray dried NH and formulation V. The XRD pattern 

of crystalline NH monohydrate shows the characteristic sharp refraction peaks of crys-

tallinity which have completely disappeared in the pattern of spray dried NH. The peaks 

of crystalline material are also present in the physical mixtures of NH monohydrate and 
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Soluplus®. The XRD patterns of the spray dried formulations lacked the sharp peaks as 

well. From the results of the physical characterization experiments it can be concluded 

that the raw NH monohydrate is crystalline and that it amorphicizes through the process 

of spray-drying and that the prepared solid dispersion also contains amorphous NH. This 

corresponds with the findings during the MDSC experiments, where no melting event 

was observed and only a single Tg was recorded for the formulations S to W. 

Stability

Quality control testing of the 1:7 Soluplus® formulation showed near-complete dissolu-

tion in both USP SIFsp and SGFsp. SIFsp was chosen for stability tests because a decline in 

any of the formulations functional parameters (amorphicity, purity, etc.) is most likely to 

be noticed first in this medium because of the low intrinsic solubility of NH at SIFsp pH. 

During 6 months of storage in open containers at 20-25 oC and 60% relative humidity 

(RH) and after 1 month in open containers at 40 oC and 75% RH the formulation was sub-

jected again to dissolution and assay tests (table 4). In this period, no significant changes 

occurred in chemical or physical properties of the formulation. The moisture content did 

show an increase, this did not prove detrimental to the performance of the formulation. 

This indicative stability study should be extended in the future to map a conclusive sta-

bility profile of the formulation.

Table 4. Stability results of NH : Soluplus® (1:7) spray dried powder

Initial 6 months at 20-25 
oC/60% RH, dark, 
open container

1 month at 40 
oC/75% RH, dark, 
open container

Nilotinib peak purity (%) 100 99.6 99.7

Nilotinib dissolved at t = 45 min (%)a 95.2 (3.7) 94.0 (5.6) 94.1 (3.2)

Nilotinib dissolved at t = 120 min (%)a,b 94.9 (4.1) 93.8 (3.1) 94.0 (6.8)

Nilotinib dissolved at t = 240 min (%)a,b 94.6 (2.4) 93.9 (4.0) 93.5 (5.7)

XRD spectrum Fully amorphous Fully amorphous Fully amorphous

Moisture (%) w/w 0.28 0.77 0.54
aValues are means and coefficients of variation. bTime points were included to detect possible recrystalli-
zation of nilotinib HCl from the solution.
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Conclusion

This study shows that spray dried solid dispersions of NH are very effective in improving 

the low solubility of the NH in SGFsp and SIFsp compared to the marketed Tasigna® formu-

lation. SDs containing Kollidon VA64 and Soluplus® were also effective in maintaining an 

increased solubility after the simulated pH switch from SGFsp to SIFsp. Of the polymer ex-

cipients tested, Soluplus® exhibited the best performance. The ratio 1:7 (NH:Soluplus®) 

was the lowest ratio that showed the highest performance and was thus developed fur-

ther. Stability of the latter formulation was established for at least 6 months. This study 

further presents characteristic micelle behavior of the NH:Soluplus® combinations when 

exposed to aqueous environments at different pH levels that may be relevant for oth-

er compounds in combination with Soluplus®. Hence, Soluplus® in a ratio of 7:1 with 

NH demonstrates a great increase in solubility of NH. Whether this leads to a higher 

bioavailability and a possibly reduced variability needs to be tested in vivo. Although a 

1:7 ratio would make for a bulky tablet or capsule, the increase in bioavailability might 

enable smaller doses to be administered which could reduce the final formulation size.
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Abstract

A  liquid chromatography/tandem mass spectrometry assay was developed to facil-

itate therapeutic drug monitoring (TDM) for  9 anticancer compounds (dasatinib, er-

lotinib, gefitinib, imatinib, lapatinib, nilotinib, pazopanib, sorafenib, sunitinib, and ve-

murafenib) and the active metabolite, N-desethyl-sunitinib. The TDM assay is based on 

reversed-phase   chromatography coupled with tandem mass spectrometry in the posi-

tive ion mode using multiple-reaction monitoring for analyte quantification. Stable iso-

topically labeled compounds were used as internal standards. The sample pretreatment 

consisted of protein precipitation with acetonitrile using a small plasma volume of 50 µL. 

The validation procedures were based on the guidelines on bioanalytical methods issued 

by the US Food and Drug Administration (FDA), and were modified to fit the require-

ments of the clinical TDM environment. The method was validated over a linear range 

of 5.00-100 ng/mL for dasatinib, sunitinib, and N-desethyl-sunitinib; 50.0-1000 ng/mL 

for gefitinib and lapatinib; 125-2,500 ng/mL for erlotinib, imatinib, and nilotinib; and 

500-10,000 ng/mL for pazopanib, sorafenib, and vemurafenib. The results of the valida-

tion study demonstrated good intra- and inter-assay accuracy (bias<6.0%) and precision 

(12.2%) for all analytes. This newly validated method met the criteria for TDM and has 

successfully been applied to routine TDM service for tyrosine kinase inhibitors. 



Bioanalysis of 11 kinase inhibitors  |  187

4.1

Introduction

Therapeutic drug monitoring (TDM) of anticancer drugs is becoming an important tool 

in the targeted treatment of patients with cancer, and tyrosine kinase inhibitors (TKIs) 

are among the class of targeted drug therapies. Almost all drugs in this rapidly growing 

group are subject to high pharmacokinetic variability. TDM has been increasingly useful 

in managing the considerable interindividual variability that is observed in the pharma-

cokinetics of these drugs [1–7]. Variations in  absorption, distribution, metabolism, and 

excretion in and between individuals may be because of food intake, concomitant medi-

cation, underlying disease, age, genetics, and other factors [8].Consequently, drug levels 

vary considerably and this may lead to insufficient efficacy or substantial toxicity. TDM 

aims to individualize drug dosing by focusing on balancing the therapeutic efficacy and 

the avoidance of drug toxicity [9,10]. This is achieved by quantifying drug concentrations 

in patient blood plasma or serum and by comparing the results with predetermined 

guidelines and target levels. 

Guidelines for the TDM of TKIs are sparse in the literature; however, previous literature 

reviews by various authors have provided information on pharmacokinetic targets that 

may be used in the TDM practice [11–13]. A rapidly performed, robust, and adequately 

ranged TDM assay for a large variety of frequently used TKIs is not currently available in 

routine clinical practice. Therefore, to meet this need, we developed and validated a bio-

analytical assay devoted to the TDM of dasatinib, erlotinib, gefitinib, imatinib, lapatinib, 

nilotinib, pazopanib, sorafenib, sunitinib, N-desethyl-sunitinib, and vemurafenib. The 

validation procedures were designed according to the US Food and Drug Administration 

(FDA) Guidelines [14,15], with the following modifications. 1) Four non-zero  calibrators 

were used in the calibration curve instead of six to eight. 2) The quality control low 

concentration (QCL) sample was replaced with a QC lower limit of quantification (LLOQ) 

sample for the determination of the inaccuracy and imprecision. This allowed for the 

development of a method that is routinely useable in the time-limited clinical practice 

while still offering a bioanalytical validation approach. This article describes the valida-

tion and application of the quantitative analysis of 10 TKIs and a metabolite in human 

plasma for TDM purposes. After protein precipitation, the samples were analyzed using 

a ultra-performance liquid chromatography (UPLC) system equipped with a high-perfor-

mance liquid chromatography (HPLC) column with tandem mass spectrometry (MS/MS) 

detection. 
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This method was based on an assay that was developed by our laboratory for the quan-

titative analysis of dasatinib, erlotinib, gefitinib, imatinib, lapatinib, nilotinib, sorafenib, 

and sunitinib in human plasma [16], and was adapted to quantify additional analytes. 

Additional changes were made to allow for a shorter analysis time as well as its use in a 

TDM setting. The validated ranges of the method were chosen to include the mean ob-

served Ctrough levels of the analytes, which Yu et al. found to be higher than the suggested 

Cthrough levels for most TKIs [11]. This assured a proper range for both measurement and 

clinical interpretation in the future. Subsequently, the applicability of the method in an-

alyzing clinical samples was demonstrated.
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Materials and methods

Chemicals 

The analytes and internal standards were purchased from the following indicated sourc-

es. Dasatinib, erlotinib hydrochloride, gefitinib, imatinib mesylate, lapatinib ditosylate, 

nilotinib, sunitinib maleate, sorafenib tosylate, and vemurafenib were from Sequoia 

Research Products (Pangbourne, UK). Erlotinib-13C6 hydrochloride, gefitinib-2H3, imati-

nib-13C and 2H3, lapatinib-13C and 2H7, pazopanib-13C and 2H3 hydrochloride, sunitinib-2H10, 

sorafenib-13C and 2H3, and vemurafenib-13C6 were from AlsaChim (Illkirch, France). Pa-

zopanib hydrochloride was from GlaxoSmithKline (London, UK) while the N-desethyl 

sunitinib, dasatinib-2H8, nilotinib-2H3, and N-desethyl-sunitinib-2H5 were from Toronto 

Research Chemicals (Toronto, ON, Canada). The chemical formulas and masses of the 

analytes are presented in table 1. Acetonitrile, isopropanol, and methanol were pur-

chased from Biosolve Ltd., (Amsterdam, the Netherlands). Ammonium, formic acid, and 

LiChrosol water for HPLC were obtained from Merck (Darmstadt, Germany). Small vol-

umes of control drug-free human plasma obtained from the Slotervaart Hospital (Am-

sterdam, the Netherlands) were pooled and used for the validation. 

Table 1. Molecular formulas and masses of analytes

Generic drug name Molecular formula Molecular Mass (Da)

Dasatinib C22H26Cl1N7O2S1 488.0

Erlotinib C22H23N3O4 393.4

Gefitinib C22H24ClFN4O3 446.9

Imatinib C29H31N7O 493.6

Lapatinib C29H26ClFN4O4S 581.1

N-desethyl-sunitinib C20H23FN4O2 370.4

Nilotinib C29H22F3N7O 529.5

Pazopanib C21H23N7O2S 437.5

Sorafenib C21H16N4ClF3O3 465.1

Sunitinib C22H27FN4O2 398.5

Vemurafenib C23H18ClF2N3O3S 489.9
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Chromatographic equipment and conditions

A Waters Acquity I class ultra-performance liquid chromatography (UPLC) system, con-

sisting of a binary pump, column oven, on-line degasser, and an autosampler (Waters, 

Milford, MA, USA) was used. The mobile phase A consisted of a 10  mmol/L mixture of 

ammonium hydroxide (NH4OH) in water and mobile phase B was 1  mmol/L NH4OH in 

methanol. The UPLC system was equipped with a Gemini C18 HPLC column (50 × 2.0 mm 

I.D., 5.0-µm, Phenomenex, Torrance, CA, USA) and the flow rate was set to 0.25 mL/min. 

The analytical column was protected in-line by a Gemini C18 column (4 × 2.0 mm I.D., 

5.0-µm, Phenomenex). The column was kept at 40oC, the autosampler was set at 8oC, 

and the injection volume was 1 µL. The autosampler needle was rinsed with a mixture 

of acetonitrile/methanol/isopropanol/water (1/1/1/1, v/v/v/v) containing 0.1% formic 

acid. During the first 0.5 min, the eluate was directed to the waste container using a 

divert valve to prevent contamination of the mass spectrometer. A rapid gradient pro-

gram was used to achieve the separation. The initial conditions were 55% mobile phase 

B, which was maintained for 0.5 min. In the following 1.5 min, the mobile phase was 

increased to 80% B. After 1.5 min and at 80% B, the initial conditions were restored with 

a total run time of 5.5 min.

MS equipment and conditions

An API 5500 triple quadrupole mass spectrometer equipped with a turbo ion spray (TIS) 

source (Sciex, Foster City, CA, USA) operating in the positive ion mode was used as the 

detector. For the quantification, multiple-reaction monitoring (MRM) chromatograms 

were acquired and processed using the Analyst® software version 1.6 (Sciex, Foster City, 

CA, USA). The quadrupoles were operated at unit resolution (0.7 Da). The operating pa-

rameters of the system and mass transitions are listed in table 2.

Preparation of  calibrators, quality control samples, and internal standard solutions

Two separate stock solutions of all the analytes (1 or 2 mg/mL) and internal standards 

(0.5 or 1 mg/mL) were prepared. Exactly 1 mg was weighed and dissolved in 1 mL of 

methanol. For the analytes, one stock solution was used to prepare the  calibrators and 

the other stock for the preparation of the QC standards. The preparation of the two 

stock solutions for each compound was checked and in all cases, deviations were < ±5%. 

The stock solutions were further diluted with methanol to obtain separate working solu-

tions each containing all of the analytes at a 20-fold concentration of the corresponding 

plasma samples. 
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Table 2. Tandem mass spectrometry (MS/MS) operating parameters

Parameter
Setting

Run duration 5.50 min

Ion spray voltage 4500 V

Collision gas 9 psi

Curtain gas 20 psi

Turbo gas 40 psi

Ionization temperature 500 oC

          Specific parameters
Analyte

Parent mass 
(m/z)

Product 
mass (m/z)

Collision 
energy (V)

Declustering 
potential (V)

Collision exit 
potential (V)

Dasatinib
Dasatinib-2H8

488
496

401
406

45 236 42

Erlotinib
Erlotinib-13C6

394
400

278
284

45 236 34

Gefitinib
Gefitinib-2H3

447
455

128
136

13 131 20

Imatinib
Imatinib-13C,2H3

494
498

394
394

43 46 42

Lapatinib
Lapatinib-13C,2H7

581
589

365
365

57 111 36

N-desethyl-sunitinib
N-desethyl-sunitinib-2H5

371
376

283
283

27 126 40

Nilotinib
Nilotinib-2H3

530
533

289
289

47 36 10

Pazopanib
Pazopanib-13C,2H3

438
442

357
361

11 136 14

Sorafenib
Sorafenib-13C,2H3

465
469

252
256

49 176 28

Sunitinib
Sunitinib-2H10

399
409

326
326

31 106 44

Vemurafenib
Vemurafenib-13C6

490
496

383
389

45 196 38

The calibrators were freshly prepared for every validation run by spiking a volume of 50 

µL working solution to 1.0 mL of control human plasma. The QC samples were prepared 

in batches and stored at -20 oC until analysis. A mixture of the internal standard stock 

solutions was prepared and diluted with methanol to obtain a working solution that was 

used for sample preparation (table 3 lists the concentrations).
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Sample preparation

Acetonitrile was used for protein precipitation in the sample pre-treatment. To 50 µL 

each of plasma and the internal standard working solution, 1000 µL acetonitrile was 

added. The mixture was vortexed for 10 s, and then centrifuged for 10 min at 11,300 g 

at 20-25 oC. A 500-µL aliquot of the mixture was transferred to an autosampler vial and 

500 µL 100  mmol/L NH4OH in water was added. The vials were capped, vortexed for 10 

seconds, and then stored at 2-8 oC until analysis.

Validation procedures

The assay was validated according to the FDA Guidelines, and adjustments were made 

for the process to fit TDM purposes [14,15]. 

Regression models

Four non-zero  calibrators were prepared in duplicate for each run and analyzed in three 

separate independent runs. The linearity was evaluated using back-calculated concen-

trations of the  calibrators. For all the analytes, the reciprocal of the squared concentra-

tion (1/x2) was used as the weighting factor. The deviations from the mean calculated 

concentrations over three runs were expected to be within ± 15% of the nominal con-

centrations. At the LLOQ, a deviation of ± 20% was permitted and the response of the 

analyte was expected to be at least five times higher than that of the blank sample. 

Inaccuracy and imprecision

Intra- and inter-assay inaccuracies and imprecisions of the method were determined 

by quantifying five replicates of each of the QC samples at the LLOQ, midrange level 

Table 3. Concentrations of stock and calibrators

Analyte
Solution

DSN ELN GFN IMN LPN mSNN NLN PZN SRN SNN VMN

Analyte stock (mg/mL) 1 2 2 2 2 1 2 2 2 1 2

IS stock (mg/mL) 1 0.5 1 1 0.5 0.5 0.5 1 1 0.5 1

CAL4/ULOQ (ng/mL) 100 2,500 1,000 2,500 1,000 100 2,500 10,000 10,000 100 10,000

CAL3/MID (ng/mL) 50 1,250 500 1,250 500 50 1,250 5,000 5,000 50 5,000

CAL2 (ng/mL) 10 250 100 250 100 10 250 1,000 1,000 10 1,000

CAL1/LLOQ (ng/mL) 5 125 50 125 50 5 125 500 500 5 500

IS working (ng/mL) 50 1,250 500 1,250 500 50 1,250 5,000 5,000 50 5,000

IS, internal standard; DSN, dasatinib; ELN, erlotinib; GFN, gefitinib; IMA, imatinib; LPN, lapatinib; NLN, ni-
lotinib; PZN, pazopanib; SRN, sorafenib; SNN, sunitinib; mSNN, N-desethyl-sunitinib; VMN, vemurafenib; 
ULOQ, upper limit of quantification; MID, mid range level; LLOQ, lower limit of quantification.
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Table 3. Concentrations of stock and calibrators

Analyte
Solution

DSN ELN GFN IMN LPN mSNN NLN PZN SRN SNN VMN

Analyte stock (mg/mL) 1 2 2 2 2 1 2 2 2 1 2

IS stock (mg/mL) 1 0.5 1 1 0.5 0.5 0.5 1 1 0.5 1

CAL4/ULOQ (ng/mL) 100 2,500 1,000 2,500 1,000 100 2,500 10,000 10,000 100 10,000

CAL3/MID (ng/mL) 50 1,250 500 1,250 500 50 1,250 5,000 5,000 50 5,000

CAL2 (ng/mL) 10 250 100 250 100 10 250 1,000 1,000 10 1,000

CAL1/LLOQ (ng/mL) 5 125 50 125 50 5 125 500 500 5 500

IS working (ng/mL) 50 1,250 500 1,250 500 50 1,250 5,000 5,000 50 5,000

IS, internal standard; DSN, dasatinib; ELN, erlotinib; GFN, gefitinib; IMA, imatinib; LPN, lapatinib; NLN, ni-
lotinib; PZN, pazopanib; SRN, sorafenib; SNN, sunitinib; mSNN, N-desethyl-sunitinib; VMN, vemurafenib; 
ULOQ, upper limit of quantification; MID, mid range level; LLOQ, lower limit of quantification.

(MID) and upper limit of quantification (ULOQ) concentration level in three separate 

runs. The concentration of each QC sample was calculated using the  calibrators that 

were analyzed in duplicate in the same run. The difference between the nominal and the 

measured concentration were used to calculate the inaccuracies. The inaccuracy (bias) 

was expected to be ≤ 15% for MID and ULOQ, and ≤ 20% for the LLOQ. The imprecision 

(% coefficient of variation, CV) was expected to be ≤ 15% for the MID and ULOQ level 

and ≤ 20% at the LLOQ level. The ability to dilute samples with an analyte concentration 

that was originally above the ULOQ was demonstrated for pazopanib and vemurafenib 

by analyzing QC samples containing 10 times the concentration of the high QC sample. 

These samples were prepared as 5-fold concentrations and were analyzed after a 10-fold 

dilution with the control human plasma.

Carry-over

The carry-over was determined by injecting two processed control human plasma sam-

ples after a ULOQ sample. The peak areas in the blank processed sample were expected 

to be ≤20% of the peak area of the LLOQ sample.

Specificity and selectivity

Six individual batches of control human plasma were used to assess the specificity and 

selectivity of the method. To determine whether any endogenous constituents inter-

fered with the assay, a double blank and a sample spiked at the LLOQ of each batch were 

processed. The samples were then analyzed using the procedures described above. The 

areas of the peaks co-eluting with the analytes were expected to be ≤ 20% of the peak 

area of the LLOQ sample in each of the six batches. The areas of peaks in the double 
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blanks co-eluting with the internal standards were expected to be ≤ 5% of the peak area 

of the mean internal standard response. For the LLOQ, sample inaccuracies were expect-

ed to be within ± 20% of the nominal concentration in four of the six samples. 

Stability

The stability of the analytes was investigated in the stock solutions at an ambient tem-

perature (2 h) and at -20 oC (1 month). The stability was also tested in human plasma for 

48 h at 20-25 oC, for 1 month at -20 oC, and after three freeze-thaw cycles (-20 oC to 20-25 
oC) with a minimum interval of 24 h at two concentrations. The processed sample stabil-

ity was investigated after 8 days of storage at 2-8 oC at two concentrations. The stability 

samples were quantified using freshly prepared  calibrators. Reinjection reproducibility 

was determined in the processed sample after 24 h at approximately 2-8 oC at three con-

centrations. All the stability experiments were performed in triplicate. The analytes were 

considered stable in the stock solutions when 95-105% of the original concentration was 

detected. The analytes were considered stable in the plasma or processed sample when 

85-115% of the initial concentration was recovered. The stability of the labeled internal 

standards was assumed to be equal to that of the corresponding unlabeled analytes. 

The isotopic purity of the internal standards was investigated during each analytical run 

by spiking control human plasma with the internal standard working solution. The peak 

area in the unlabeled isotope analyte window was expected to be < 20% of the peak area 

of the analytes at their LLOQ level.

Applicability of the method for TDM

The applicability of the assay was demonstrated by analyzing the steady-state plasma 

concentrations of patients receiving the regular prescribed doses for the registered indi-

cations of the TKIs. Additionally, steady-state plasma concentrations of N-desethyl-suni-

tinib were measured in the plasma of patients receiving sunitinib.
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Results

Regression models

All the calibration curves were constructed using a weighting factor of 1/x2 and fitted 

linearly. The assay was linear for the validated concentration ranges of 5.00–100 ng/

mL for dasatinib, sunitinib, and N-desethyl-sunitinib; 50.0–1,000 ng/mL for gefitinib and 

lapatinib; 125–2,500 ng/mL for erlotinib, imatinib, and nilotinib; and 500–10,000 ng/mL 

for pazopanib, sorafenib, and vemurafenib. The correlation coefficients (r2) were at least 

0.995 and the accuracies were within 85-115% in all cases. At all concentration levels, 

the CVs were ≤ 15% for the analytes.

Inaccuracy and imprecision

The assay performance (intra-assay and inter-assay inaccuracy and imprecision) of all 

the analyzed compounds is summarized in table 4. The intra- and inter-assay biases were 

≤ 15% for the MID and ULOQ levels and ≤ 20% for the LLOQ levels. The imprecisions were 

≤ 15% for the MID and ULOQ levels and ≤ 20% for the LLOQ levels. 

Carry-over

The areas of the peaks in the first blank processed sample were ≤20% of the peak area of 

the LLOQ sample for all the analytes except for lapatinib, which required an extra blank 

sample.

Specificity and selectivity

The MRM chromatograms of six batches of the control human plasma contained no 

co-eluting peaks that were > 20% of the area at the LLOQ level for all analytes and no 

co-eluting peaks > 5% of the area of all the internal standards. Figure 1 shows repre-

sentative chromatograms of both LLOQ and blank samples. The influence of different 

control human plasma batches on the accuracy and precision at the LLOQ level was also 

investigated. The inaccuracies of the analytes at the LLOQ level were within ±20% of the 

nominal concentrations for all six batches of the control human plasma.
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Table 4. Assay performance data

Intra-assay Inter-assay 

Analyte Nominal concentration 
(ng/mL)

Bias
(%)

CVa

(%)
Bias
(%)

CV
(%)

Dasatinib 4.97 4.1 15.9 3.0 11.5

49.7 10.2 7.2 -0.5 9.5

99.4 6.8 7.7 1.6 7.9

Erlotinib 128 -4.7 2.7 -1.7 3.4

1280 2.5 1.1 2.1 1.1

2550 -3.5 1.8 -1.6 2.0

Gefitinib 48.6 -12.1 11.5 -6.0 10.6

486 10.6 5.7 5.5 7.0

972 -5.6 5.2 -0.9 5.0

Imatinib 130 6.5 4.3 3.2 3.6

1300 1.4 2.3 0.1 1.8

2600 -2.3 2.5 -1.7 2.1

Lapatinib 51.0 -8.7 5.2 -3.9 5.6

510 4.2 2.8 1.0 3.4

1020 2.2 1.6 0.1 2.0

N-desethyl-sunitinib 5.11 -14.1 12.2 -5.1 12.2

51.1 -7.4 12.0 -1.7 10.3

102 -3.1 8.8 -1.3 6.3

Nilotinib 125.0 -4.8 4.6 -1.2 4.9

1250 2.9 1.5 2.3 1.2

2500 -4.8 2.3 -3.7 2.0

Pazopanib 502.0 8.8 9.1 4.4 8.7

5020 10.1 4.6 4.8 5.0

10000 -7.7 4.2 -0.9 5.9

Sunitinib 4.87 -5.2 14.9 -1.0 9.6

48.7 3.9 6.5 1.9 4.8

97.5 4.4 5.7 -0.8 5.6

Sorafenib 497 -3.8 2.2 -1.3 2.6

4970 4.1 1.0 3.0 1.1

9940 -6.7 1.3 -5.6 1.4

Vemurafenib 480 2.4 2.4 0.5 3.2

4800 2.5 2.3 1.5 1.9

9600 -2.0 3.5 -0.5 2.4
aCV, coefficient of variation (n = 5 per run, n = 15 in total)
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Figure 1. Part 1. Chromatograms of spiked plasma samples at lower limit of quantification (LLOQ, bracketed 
concentrations [ng/mL], left) with proposed fragmentation pathways and blank samples (right) TKIs: DSN, 
dasatinib (5.00); ELN, erlotinib (125); GFN, gefitinib (50.0); IMN, imatinib (125); LPN, lapatinib (50.0).
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Figure 1. Part 2. Chromatograms of spiked plasma samples at lower limit of quantification (LLOQ, bracketed 
concentrations [ng/mL], left) with proposed fragmentation pathways and blank samples (right) TKIs: mSNN, 
N-desethyl-sunitinib (5.00); NLN, nilotinib (125); PZN, pazopanib (500); SNN, sunitinib (5.00); SRN, sorafenib 
(500).
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Figure 1. Part 3. Chromatogram of spiked plasma sample at lower limit of quantification (LLOQ, bracketed 
concentration [ng/mL], left) with proposed fragmentation pathway and blank sample (right) TKIs: VMN, 
vemurafenib (500).

Stability

The stability of the analytes in various solutions and concentrations was investigated. 

The stock solutions were stable for at least 2 h at 20-25 oC. Plasma samples were stable 

for at least up to 48 h at 20-25 oC and for one month at -20 oC. The calibrators and QC 

samples were aliquoted, stored at -20 oC, and thawed directly before processing to min-

imize the number of freeze-thaw cycles. The stability in plasma was guaranteed for at 

least three freeze (-20 oC)-thaw cycles. The processed samples were stable for at least 

8 days at 2-8 oC. The reinjection reproducibility after 24 h at approximately 2-8 oC was 

ensured. After storing the working solution for 6 months at -20 oC, the peak areas of the 

analytes in the processed control human plasma sample spiked with the internal stan-

dard working solution were ≤ 20% of the peak areas of the analytes in an LLOQ sample.

Method applicability for TDM

The results of the analyses of 10 plasma concentrations per inhibitor and N-desethyl 

sunitinib are presently reported here. The mean measured concentrations are shown 

in table 5 along with the lowest and highest measured plasma concentrations. Figure 2 

shows typical chromatograms of a patient sample for each analyte.



200  |  Chapter 4.1

Si
gn

al
 (c

ps
)

Time (min)

Time (min)

Time (min) Time (min)

Time (min)

Time (min)

Time (min)

Time (min)

Time (min)

Time (min)

Time (min)

Si
gn

al
 (c

ps
)

Si
gn

al
 (c

ps
)

Si
gn

al
 (c

ps
)

Si
gn

al
 (c

ps
)

Si
gn

al
 (c

ps
)

Si
gn

al
 (c

ps
)

Si
gn

al
 (c

ps
)

Si
gn

al
 (c

ps
)

Si
gn

al
 (c

ps
)

Si
gn

al
 (c

ps
)

DSN ELN GFN

VMN

mSNN

IMN

LPN

SRN

PZN

SNN

NLN

Figure 2. Chromatograms of analyzed patient samples (bracketed concentrations [ng/mL]) TKIs: DSN, dasat-
inib (57.2); ELN, erlotinib (1,790); GFN, gefitinib (498); IMN, imatinib (1,140); LPN, lapatinib (883); mSNN, 
N-desethyl-sunitinib (27); NLN, nilotinib (1,730); PZN, pazopanib (28,900); SNN, sunitinib (67.5); SRN, 
sorafenib (2,190); and VMN, vemurafenib (48,000).

Table 5. Analyte concentrations in plasma collected from patients receiving standard therapy

Drug Mean plasma concentration (ng/mL) Min.-Max. concentrations (ng/mL)

Dasatinib 22.0 8.76–45.6

Erlotinib 993 259–1770

Gefitinib 305 89–761

Imatinib 1522 581–2170

Lapatinib 221 65.9–828

N-desethyl-sunitinib 18.3 7.94–32.3

Nilotinib 1615 603–2280

Pazopanib 40800* 13500*–82900* 

Sunitinib 49.1 5.51–94.2

Sorafenib 2998 1120–5530

Vemurafenib 42911* 12300*–90000*

*Plasma samples were diluted ten times before sample preparation, 10 patients/analyte
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Discussion
A previously developed assay for the analysis of multiple TKIs was improvized with re-

gard to the number of analytes that can be analyzed per run, the overall time of analysis, 

and its applicability to TDM routines [6]. The previous assay was developed for the anal-

ysis of eight compounds, and pazopanib, N-desethyl-sunitinib, and vemurafenib were 

added in the improved version. The sample preparation and the concentration range 

were altered along with these changes. Additionally, the chromatographic conditions 

were adjusted and, thereby, the total analysis time could be reduced from 10 to 5.5 min. 

The gradient profile was modified from a three- to a two-step profile while maintaining 

a flow of 0.25 mL/min. Typical chromatograms of samples at the LLOQ are depicted in 

figure 1. To develop a method more suitable for an efficient daily TDM assay, the bioan-

alytical set-up was changed. The previous assay had a larger calibration range (ULOQ = 

400 x LLOQ), which was scaled down in the new assay (ULOQ = 20 x LLOQ). The number 

of  calibrators was reduced to four, which provided a full calibration curve coverage with 

a shortened preparation time. The QC was carried out at three different levels (LLOQ, 

MID, and ULOQ) instead of the four levels (LLOQ, LOW, MID, and HIGH) used previously. 

The developed assay was suited to the demands of clinical practice where accurate re-

sults are needed in a relatively short time. 

All the validated parameters complied with the FDA Guidelines that were adjusted to 

suit TDM use, except for the carry-over of lapatinib. Therefore, lapatinib samples should 

be evenly distributed across the entire batch of samples. The stability results demon-

strated that the developed assay had a workable set-up. The stock stability at 20-25 oC 

was sufficient for the preparation of the working solutions and subsequent spiking of the 

plasma. The patient samples were adequately stable but may require reanalysis, which 

would result in additional freeze-thaw cycles. The validated three-cycle process ensures 

this possibility. When needed, a full analytical run consisting of  calibrators, QC samples, 

and patient samples can be reinjected up to 24 h after the first run. The measured pa-

tient plasma concentrations of all the analytes were within the validated range of the 

developed assay. This demonstrates that the developed method is suitable for the use 

in TDM practice. 
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Conclusions

A LC-MS/MS method was developed and validated for the simultaneous analysis of the 

TKIs: dasatinib, erlotinib, gefitinib, imatinib, lapatinib, nilotinib, pazopanib, sunitinib, 

sorafenib, and vemurafenib, as well as the metabolite N-desethyl-sunitinib in human 

plasma for TDM. The TKI- and metabolite-spiked human plasma was pre-treated by pro-

tein precipitation with acetonitrile and the addition of stable isotope labeled internal 

standards. The developed assay is appropriate for use in TDM services. 
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Chapter 4.2
Development and validation of a liquid chromatography-tandem 

mass spectrometry analytical method for the therapeutic drug 

monitoring of eight novel anticancer drugs
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Abstract

To support therapeutic drug monitoring (TDM) of patients with cancer, a fast and accu-

rate method for simultaneous quantification of the registered anticancer drugs afatinib, 

axitinib, ceritinib, crizotinib, dabrafenib, enzalutamide, regorafenib and trametinib in 

human plasma using liquid chromatography tandem mass spectrometry was developed 

and validated. 

Human plasma samples were collected from treated patients and stored at -20 oC. An-

alytes and internal standards (stable isotopically labeled analytes) were extracted with 

acetonitrile. An equal amount of 10 mM NH4CO3 was added to the supernatant to yield 

the final extract. Two μL of this extract was injected onto a C18-column, gradient elution 

was applied, and triple-quadrupole mass spectrometry in positive-ion mode was used 

for detection.

All results were within the acceptance criteria of the latest US FDA guidance and EMA 

guidelines on method validation, except for the carry-over of ceritinib and crizotinib. 

These are corrected for by the injection order of samples. Additional stability tests were 

carried out for axitinib and dabrafenib in relation to their reported photostability. 

In conclusion, the described method to simultaneously quantify the eight selected an-

ticancer drugs in human plasma was successfully validated and applied for therapeutic 

drug monitoring in cancer patients treated with these drugs.
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Introduction

The group of personalized anticancer drugs is an expanding one [1–3]. Most of the re-

cently developed and approved anticancer drugs are destined for oral ingestion. The 

bioavailability of this drug class is often low and variable leading, usually in combination 

with other complicating factors, to a variation in drug levels and exposure [4–8]. This 

may lead to insufficient efficacy or substantial toxicity [9,10].

For a large number of compounds, a relation between plasma concentration and efficacy 

of therapy has been established. For others, this remains to be demonstrated. Where 

such a relation is proven for drugs used in the clinic, the need arises for the integration 

of this knowledge into clinical practice. With this purpose, therapeutic drug monitoring 

(TDM) is a useful tool in the therapy of patients with cancer [11].

TDM aims to individualize drug dosing by focusing on balancing the therapeutic efficacy 

and the avoidance of drug toxicity. This is accomplished by quantifying drug concen-

trations in patient blood plasma or serum and by comparing the results with predeter-

mined guidelines and target levels [11].

Our laboratory previously reported a TDM assay for the quantification of 11 oral antican-

cer compounds for which there was a demand from the clinic [12]. The clinical require-

ment for TDM analyses has grown to entail a larger variety of anticancer compounds. To 

suit these needs, an additional TDM assay was developed and validated for the quan-

tification of the promising oral drugs afatinib, axitinib, ceritinib, crizotinib, dabrafenib, 

enzalutamide, regorafenib and trametinib in human plasma. These targeted drugs are 

indicated for a variety of tumor types (table 1) and all exhibit variability in pharmacoki-

netics. The drugs are frequently used and a rapid, robust, and adequately ranged combi-

nation assay has not been reported in literature, as far as we know.

Guidelines and target levels for the TDM of the 8 compounds are few in number; how-

ever, information on pharmacokinetic targets that may be used in the clinical practice is 

provided by clinical studies, literature reviews and approval documents [13–22]. 

The concentration ranges of the assay were chosen to enable a short analysis-evaluation 

time and to ensure a swift feedback to the clinic whilst taking the plasma trough levels 

into account.
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Table 1. Trivial names, molecular formulas and molecular masses of the assay analytes

Trivial name Primary
 indication(s)

Primary 
target(s)

Molecular 
formula

Molecular 
mass (Da)

Afatinib NSCLC EGFR C24H25ClFN5O3 485.9

Axitinib RCC VEGFR, PDGFR C22H18N4OS 386.5

Ceritinib NSCLC after treatment
with crizotinib

MEK C28H36ClN5O3S 558.1

Crizotinib NSCLC MEK C21H22Cl2FN5O 450.3

Dabrafenib Melanoma B-Raf C23H20F3N5O2S2 519.6

Enzalutamide PC Androgen receptor C21H16F4N4O2S 464.4

Regorafenib CRC, GIST VEGFR, PDGFR C21H17ClF4N4O4 482.8

Trametinib Melanoma, NSCLC MEK C16H23FIN4O4 615.4

B-raf, v-raf murine sarcoma viral oncogene homolog B1; EGFR, Endothelial Growth Factor Receptor; GIST, 
gastro-instestinal stromal tumors; CRC, colorectal cancer; MEK, Mitogen activated protein Kinase kinase; 
NSCLC, non-small cell lung cancer; PC, prostate carcinoma; PDGFR, Platelet Derived Grwoth Factor Recep-
tor; RCC, Renal cell carcinoma; VEGFR, Vascular Endothelial Growth Factor Receptor.

The validation parameters were tested according to the US Food and Drug Administra-

tion (FDA) and European Medicines Agency (EMA) Guidelines [23,24], with the following 

modifications. (1) Four non-zero calibration standards were used in the calibration curve 

instead of 6 to 8. (2) The quality control low concentration sample was replaced with a 

QC lower limit of quantification (LLOQ) sample for the determination of the inaccuracy 

and imprecision. These adaptations made it possible to develop and validate a method 

that is applicable in time-limited daily clinical routine.

This article describes the development, validation, and application of the quantitative 

analysis of 8 anticancer compounds in human plasma for TDM purposes and is the first 

to do so for these compounds. Special attention was directed to the light sensitivity of 

axitinib and dabrafenib as reported earlier [25,26]. Plasma samples were subjected to 

protein precipitation and were subsequently analyzed using a high-performance liquid 

chromatography (HPLC) system coupled to a tandem mass spectrometry detection. The 

method is now routinely used in our laboratory for TDM of patients treated with any 

of these drugs. Plasma levels are directly reported to hospital pharmacists who relate 

the levels to pharmacokinetic targets. A case-to-case dosage advice is subsequently dis-

cussed with the treating oncologist. 
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Experimental

Chemicals and reagents

Afatinib, axitinib, ceritinib, crizotinib, dabrafenib, enzalutamide, regorafenib, trame-

tinib, afatinib-13C6, axitinib-13C,2H3, ceritinib-2H7, crizotinib-13C2,
2H5, dabrafenib-2H9, en-

zalutamide-2H6, regorafenib-13C,2H3 and trametinib-13C6 were purchased from AlsaChim 

(Illkirch, France). Acetonitrile and water (HPLC grade), used to prepare mobile phases, 

along with methanol for stocks and working solutions were obtained from Biosolve Ltd 

(Valkenswaard, The Netherlands). Dimethylsulfoxide (DMSO) for stocks and ammonium 

hydrogen carbonate, used for the mobile phases were obtained from Merck (Darmstadt, 

Germany). K2EDTA plasma was obtained from the Medical Center Slotervaart (Amster-

dam, the Netherlands).

Stock solutions, calibrations standards and quality control samples

Stock solutions containing axitinib and dabrafenib were stored in amber-colored con-

tainers. The stock of axitinib was prepared in methanol in which it is less soluble than 

in DMSO, but more stable [26,27]. Separate stock solutions for calibration standards 

and quality control samples were prepared in methanol or DMSO, see table 2. Stock 

solutions of the internal standards were prepared in the same medium and concentra-

tion as their analyte equivalents. The IS working solution was prepared in methanol at 

a concentration of 125 ng/mL for afatinib-13C6, axitinib-13C,2H3, dabrafenib-2H9 and tra-

metinib-13C6 and of 3,125 ng/mL for ceritinib-2H7, crizotinib-13C2, enzalutamide-2H6 and 

regorafenib-13C,2H3. All stock and working solutions were stored at -20 oC.

Working solutions were prepared to spike the calibration and quality control plasma sam-

ples containing the highest concentration of analytes. This was done to avoid adsorption 

and stability issues that may occur with axitinib and dabrafenib at lower concentrations 

in organic solvents. The calibration standard working solution and the quality control 

sample working solution both contained 4,000 ng/mL afatinib, axitinib, dabrafenib and 

trametinib and 100,000 ng/mL ceritinib, crizotinib, enzalutamide and regorafenib.

The calibration standard containing the highest concentration of analytes was spiked 

directly after the preparation of the working solutions. A volume of 50 μL of calibra-

tion standard working solution was added to 950 μL control human K2EDTA plasma. The 

highest standard was subsequently diluted in control human K2EDTA plasma to obtain 

the target calibration concentrations as listed in table 2. The quality control (QC) plasma 
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sample containing the highest concentration of analytes was spiked using a separately 

prepared working solution. This QC sample (QC high) was further diluted in control hu-

man K2EDTA plasma to obtain QC mid and QC low (table 2).

Both the calibration standards and quality control samples were stored in 50 μL aliquots 

at -20 oC.

Table 2. Concentrations of analytes in stock solutions, calibration and quality control plasma samples.

Analyte Stock (mg/mL) Calibration (ng/mL) Quality control (ng/mL)

Afatinib 1.00 (DMSO) 2; 10; 100; 200 2; 100; 200

Axitinib 0.02 (methanol) 2; 10; 100; 200 2; 100; 200

Ceritinib 1.00 (DMSO) 50; 250; 2500; 5000 50; 2500; 5000

Crizotinib 1.00 (DMSO) 50; 250; 2500; 5000 50; 2500; 5000

Dabrafenib 1.00 (DMSO) 2; 10; 100; 200 2; 100; 200

Enzalutamide 1.00 (DMSO) 50; 250; 2500; 5000 50; 2500; 5000

Regorafenib 1.00 (DMSO) 50; 250; 2500; 5000 50; 2500; 5000

Trametinib 0.10 (DMSO) 2; 10; 100; 200 2; 100; 200

Sample preparation

Directly after sample collection by venipuncture in the clinic, the blood samples were 

centrifuged for 10 min at 2,000 g at 4 oC. After centrifugation, the plasma was isolated 

and stored in amber containers at -20 oC pending analysis. Prior to processing the sam-

ples were thawed at 20-25 oC and a 50 μL aliquot was transferred to an amber colored 

container of 1.5 mL. A volume of 20 μL of IS working solution was added to the plasma 

sample. To precipitate plasma proteins and to extract the analytes from the biomatrix, 

a volume of 150 μL of acetonitrile was added. The samples were then vortex-mixed and 

centrifuged (10 min at 20 oC and 23,100 g). A 100 μL aliquot was subsequently added to 

an autosampler vial that contained 100 μL 10 mM ammonium bicarbonate in water. The 

dilution factor of sample to final extract is 8.8, yielding 0.114 mL sample per mL of final 

extract. The final extract was vortex-mixed and stored at 2-8 oC until analysis.

Liquid chromatography-tandem mass spectrometry

Chromatographic separation was carried out using an UPLC Acquity I Class binary pump 

with integrated degasser, an UPLC Acquity FTN autosampler and an UPLC Acquity Column 

CH-A heater (all: Waters, Milford, MS, USA). The autosampler temperature was kept at 4 
oC and the column heater at 40 oC. The mobile phase A consisted of 10 mM ammonium 

bicarbonate in water and mobile phase B was 10 mM ammonium bicarbonate in meth-
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anol-water (1:9, v/v). A gradient program was used at a flow of 0.250 mL/min through 

a Gemini C18 column (5.0 μm, 50 x 2.0 mm I.D.) (Phenomenex, Torrance, CA, USA) with 

an additional Gemini C18 guard column (4x2.0 mm I.D.). The gradient program was as 

follows: 40% B, 250 μL/min (0-0.1 min); 40 to 100% B, 250 μL/min (0.1-2.0 min); 100% B, 

250 μL/min (2.0-4.0 min); 100 to 40% B, 250 μL/min (4.0-4.01 min); 40% B, 500 μL/min 

(4.01-4.5 min); 40% B, 250 μL/min (4.5-5.0 min). The divert valve directed the flow to the 

mass spectrometer between 2.0 and 5.0 min; during the remainder of the run the eluent 

was directed to the waste container. Table 3 lists the typical retention times.

The drugs were analyzed using an API5500 quadrupole mass spectrometer (MS) (Sciex, 

Thornhill, ON, Canada). This instrument is equipped with a turbo ion spray interface, 

operating in positive ion mode and configured in multiple reaction monitoring (MRM) 

mode. The LC-MS/MS data were acquired and processed with Analyst™ software version 

1.5.2 (Sciex). Table 3 summarizes the MS operating parameters.

Validation procedure

The assay was fully validated for calibration model, accuracy and precision, lower limit of 

quantification, sensitivity and selectivity, dilution integrity, carry-over, matrix effect and 

stability. The validation was based on the FDA and latest EMA guidelines on bioanalytical 

method validation. 

The accuracy is expressed as the bias and the following equations were used:

Intra-assay bias (%)=   (1)

100% · (mean measured conc. per run-nominal conc.)/(nominal conc.)

Inter-assay bias (%)=   (2)

100% · (overall mean measured conc.-nominal conc.)/(nominal conc.)

The precision is expressed  as the coefficient of variation (CV) and the following equa-

tions were used:

Intra assay CV (%)=  (3)

100% · (SD of the measured conc. per run)/(mean measured conc. per run)

Inter	assay	CV	(%) =

0
1
23456788
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Table 3. Mass spectrometric settings for the analytes and their internal standards and the proposed mass 
fragmentation pathways.

Parameter Setting

Run duration 8.0 min

Ion spray voltage 5500 kV

Collision gas 6.0 psi

Curtain gas 30 psi

Turbo gas 30 psi

Temperature 500 oC

Analyte
Parameter

Setting Proposed fragmentation 
pathway

Analyte
Parameter

Setting Proposed fragmentation
pathway

Afatinib
Afatinib-13C6

Retention time
Collision energy
Declustering potential
Collision exit potential

486.1 ➔ 371
492.3 ➔ 377.1
4.7 min
37 V
96 V
26 V

N

O

NH

NH

Cl

F

N

NO
O

371

Dabrafenib
Dabrafenib-2H9

Retention time
Collision energy
Declustering potential
Collision exit potential

520.2 ➔ 307.3
529.2 ➔ 316.3
3.9 min
44 V
116 V
20 V

N
S

N

N

NH2

F

NH
S

O

OF

F

307

Axitinib
Axitinib-13C,2H3

Retention time
Collision energy
Declustering potential
Collision exit potential

387.0 ➔ 327.9
391.3 ➔ 356.1
2.3 min
17 V
50 V
28 V

ONH

S N
H

N

N

356
Enzalutamide
Enzalutamide-2H6

Retention time
Collision energy
Declustering potential
Collision exit potential

465.0 ➔ 209.0
471.2 ➔ 215.2
4.1 min
25 V
131 V
14 V

N

F

F
FN

N
NH

O
F S

O

209

Ceritinib
Ceritinib-2H7

Retention time
Collision energy
Declustering potential
Collision exit potential

558.2 ➔ 516.1
565.4 ➔ 517.3
5.6 min
25 V
116 V
14 V

NH

O
NH

N

NNH

S OO

Cl

516

Regorafenib
Regorafenib-13C,2H3

Retention time
Collision energy
Declustering potential
Collision exit potential

483.1 ➔ 270.1
487.0 ➔ 274.1
4.8 min
30 V
136 V
18 V

NH

O

N

O

F

NHO

NH
F

F

F

Cl

270

Crizotinib
Crizotinib-13C2,

2H5

Retention time
Collision energy
Declustering potential
Collision exit potential

450.1 ➔ 177.0
457.3 ➔ 177.1
4.4 min
35 V
81 V
20 V

H
O

N

N
N

N
H

NH2

Cl

F
Cl

177

Trametinib
Trametinib-13C6

Retention time
Collision energy
Declustering potential
Collision exit potential

615.9 ➔ 490.9
622.2 ➔ 497.0
4.6 min
45 V
90 V
12 V

I

F

NH

ONO

N

O

N

NH

O 491
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Where s is the standard deviation, n is the number of replicates and a is the number 

of runs.

The matrix factor (MF) was determined by using the following equation:

MF (-) =  (5)

(area of processed blank sample spiked with neat solution (matrix present))/(area of 

neat solution(matrix absent))

Resolution (-) = (difference in retention time)/0.5*(sum of base widths)  (6)

Photodegradation of axitinib and dabrafenib

Special attention was given to the light-sensitivity of axitinib and dabrafenib. Sparidans 

et al. showed that axitinib exhibits light-mediated trans to cis isomerization [26]. Nijen-

huis et al. reported light-instability of dabrafenib in organic solvents [25]. The stability 

of these two analytes in plasma in both light and dark environments was investigated. 

Human K2EDTA control plasma was spiked at both QCLow and QCHigh levels and was 

stored at ambient temperature in both light and dark environments for 48 consecutive 

hours to simulate possible light exposure during transport from the clinic to the labora-

tory. Samples from both methods were analyzed to investigate whether isomerization or 

degradation had occurred.

Clinical application

The purpose of this assay is to facilitate TDM of afatinib, axitinib, ceritinib, crizotinib, 

dabrafenib, enzalutamide, regorafenib, trametinib in treated patients with cancer. As 

part of routine clinical care, K2EDTA blood samples (4 mL) were collected from patients 

who were treated with any of the drugs at the Antoni van Leeuwenhoek – the Nether-

lands Cancer Institute. The plasma samples were collected and processed as described 

in this report.
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Results and discussion

Development

Mass spectrometry

Mass spectrometric parameters were optimized for each analyte by performing direct 

infusion of the analytes. General settings were chosen to maximize the response of tra-

metinib, which was the lowest responder and due to the fact that it shows the lowest 

target concentrations. The molecular ions (M+H+) that were observed and used to gen-

erate product ion spectra are listed in table 3. To achieve high selectivity and sensitivity, 

MRM scan mode was utilized to monitor and select the mass transition for each analyte 

that yielded the product ion with the highest abundance (table 3). The optimal settings, 

however, led to the non-linearity of the calibration model for ceritinib, dabrafenib and 

enzalutamide due to saturation of the detector. To prevent this over-response, the colli-

sion energy (CE) of the analytes was lowered from 35 to 25, 47 to 44 and 41 to 25 for cer-

itinib, dabrafenib and enzalutamide, respectively. Figure 1 presents the chromatograms 

of 8 analytes in a single sample, indicating the capability of simultaneous detection.

2 3 4
0
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100

Time (min)
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gn

al
(%

)

12 345 6 8 7

Figure 1. Representative normalized MRM chromatograms of spiked human control K2-EDTA plasma at QC-
mid concentrations: afatinib (1; 100 ng/mL), axitinib (2; 100 ng/mL), ceritinib (3; 2,500 ng/mL), crizotinib (4; 
2,500 ng/mL), dabrafenib (5; 100 ng/mL), enzalutamide (6; 2,500 ng/mL), regorafenib (7; 2,500 ng/mL) and 
of trametinib (8; 100 ng/mL).



216  |  Chapter 4.2

HPLC

The chromatographic set-up that was used in a previously reported TDM-assay was tak-

en as starting point for this assay. This system used a Gemini C18 column and a gradient 

program that consisted of 10 mM NH4OH in water and 1 mM NH4OH in methanol. Both 

afatinib, axitinib and trametinib responded poorly under these conditions and the chro-

matographic peaks of crizotinib and regorafenib in the chromatogram were broad and 

tailing was observed. The poor response of trametinib could be improved by increasing 

the injection volume to 2 μL. The increase in response of afatinib and axitinib was not 

satisfactory. The mobile phases were subsequently replaced by the bicarbonate system 

as mentioned in the materials section. This resulted in improved peak shapes and sensi-

tivity for afatinib and axitinib.

Validation procedures

Calibration model

Calibration standards were prepared and analyzed in duplicate in three analytical runs. 

The linear regression of peak area ratios versus the concentration (x) was weighed (1/

x2) to obtain the lowest absolute total bias and the most constant bias across the range. 

The calibration range for afatinib, axitinib, dabrafenib and trametinib was 2.0 – 200 ng/ 

mL and for ceritinib, crizotinib, enzalutamide and regorafenib was 50 – 5,000 ng/mL. Cal-

ibration curves were accepted if 75% of the non-zero calibration standards, including a 

LLOQ and a upper limit of quantification standard (ULOQ), had a bias within ±15% of the 

nominal concentration (±20% for the LLOQ). All calibration curves (n = 3) of the analytes 

met these criteria and correlation coefficients (r2) were 0.996 or better.

Accuracy and precision

To assess the accuracy and precision of the assay, five replicates of QC low (= LLOQ), QC-

mid and QC high in plasma were analyzed in three analytical runs. Table 4 summarizes 

the intra- and inter-assay accuracies and precisions of the assay. The biases and CVs were 

within the acceptance criteria (within ±20% and ≤20%, respectively, at the low level and 

within ±15% and ≤15% at the other QC levels).
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Table 4. Assay performance data for the analysis of 8 anti-cancer drugs in human plasma

Intra-assay Inter-assay

Analyte Nom. Conc. (ng/mL) Biasa (%) CVa (%) Bias (%) CV (%) Matrix factor (-) (CV%)

Afatinib 2
100
200

±10
±3.5
±3.7

≤9.1
≤5.7
≤4.3

3.6
-1.8
1.8

3.9
2.1
1.8

1.03 (7.9)

0.85 (5.3)

Axitinib 2
100
200

±4.4
±2.6
±5.4

≤10.0
≤2.5
≤2.0

-4.2
-2.1
1.0

-*
-*
3.7

1.01 (7.1)

1.05 (8.7)

Ceritinib 50
2500
5000

±16
±4.1
±4.3

≤7.5
≤4.6
≤2.6

-3.1
0.1
4.1

11.4
3.7
-*

1.02 (13.3)

1.07 (4.5)

Crizotinib 50.3
2520
5030

±7.8
±3.7
±1.8

≤2.2
≤1.2
≤2.1

-3.8
1.8
-0.6

3.6
2.1
1.6

1.04 (2.7)

0.93 (4.1)

Dabrafenib 2
100
200

±10.9
±1.0
±4.4

≤11.6
≤4.9
≤3.8

-7.1
0.4
2.4

-*
-*
1.7

0.97 (14.5)

1.12 (10.7)

Enzalutamide 49.9
2500
4990

±6.8
±6.5
±1.0

≤5.5
≤4.9
≤2.9

-2.2
-3.1
0.2

5.4
2.7
-*

1.13 (8.6)

1.00 (13.5)

Regorafenib 50.2
2510
5020

±3.9
±1.3
±0.9

≤2.3
≤2.0
≤1.5

2.0
-0.6
0.5

2.8
0.9
-*

1.05 (8.6)

0.98 (8.3)

Trametinib 2
100
200

±6.7
±1.0
±6.0

≤7.5
≤2.0
≤2.3

1.7
0.2
2.1

3.4
-*
3.2

0.95 (7.7)

0.99 (11.5)

* The inter-run precision could not be calculated because there is no significant additional variation due 
to the performance of the assay in different runs

Lower limit of quantification 

The analyte responses at the low were at least 5 times the response compared to a blank 

response in three validation runs. The lowest signal to noise ratio was 7 for ceritinib. 

Figure 2 shows representative ion chromatograms of all 8 analytes in QC low samples 

and double blank samples.
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Figure 2, part 1. MRM Chromatograms of a blank sample (A-series) and spiked QC sample at the 

LLOQ (B-series): afatinib (1; 2 ng/mL), axitinib (2; 2 ng/mL), ceritinib (3; 50 ng/mL), crizotinib (4; 50 
ng/mL). 

 
 

 

Figure 2, part 1. MRM Chromatograms of a blank sample (A-series) and spiked QC sample at the LLOQ (B-se-
ries): afatinib (1; 2 ng/mL), axitinib (2; 2 ng/mL), ceritinib (3; 50 ng/mL), crizotinib (4; 50 ng/mL).
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Figure 2, part 2. MRM Chromatograms of a blank sample (A-series) and spiked QC sample at the 

LLOQ (B-series): dabrafenib (5; 2 ng/mL), enzalutamide (6; 50 ng/mL), regorafenib (7; 50 ng/mL) and 
of trametinib (8; 2 ng/mL). 

 
 
 

Figure 2, part 2. MRM Chromatograms of a blank sample (A-series) and spiked QC sample at the LLOQ 
(B-series): dabrafenib (5; 2 ng/mL), enzalutamide (6; 50 ng/mL), regorafenib (7; 50 ng/mL) and of trametinib 
(8; 2 ng/mL).
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Selectivity and sensitivity

Six different batches of control human K2EDTA plasma were spiked at the LLOQ level to 

investigate the selectivity and the sensitivity. Single determinations were performed. 

The mean deviations from the nominal concentrations from the assay were all within 

±20% with CV values ≤20%. There were no peaks observed with areas ≥20% of the LLOQ 

in double blank samples of these batches for any of the analytes and also no interfer-

ences were detected at the retention times of the internal standards for both assays. 

Selectivity was therefore considered acceptable.

Cross-analyte and internal standard interference was tested by spiking control human 

plasma at ULOQ level with all analytes and IS at nominal concentrations separately. The 

cross analyte and internal standard interference at the retention times of all analytes 

was less than 20% of the peak area of the LLOQ level of the respective analytes. For the 

internal standard the interference was less than 5%. For all analytes it was found that the 

cross analyte and internal standard interference was acceptable.

In order to investigate the photo-stability of axitinib, the separation between the ste-

reoisomers of axitinib was tested. Figure 3 present a characteristic chromatogram of 

a light-exposed axitinib methanolic sample with a resolution of 6. The assay was thus 

capable of separating the two stereoisomers. 
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Figure 3. MRM Chromatogram of an axitinib sample processed 

from a methanolic solution exposed to light in a transparent 
container for 2 hours: the E-isomer (tr = 2.3 min) and the formed 

Z-isomer (tr = 3.2 min). 
 
 
 
 
 
 
 
 

Figure 3. MRM Chromatogram of an axitinib sample processed from a methanolic solution exposed to light 
in a transparent container for 2 hours: the E-isomer (tr = 2.3 min) and the formed Z-isomer (tr = 3.2 min).
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Dilution integrity

Plasma samples of enzalutamide have to be diluted ten-fold to ensure quantification 

within the calibration range. Five replicate plasma samples of enzalutamide at QC>ULOQ 

level were diluted ten-fold with control human plasma (10 μL was added to 90 μL control 

human matrix). The intra-assay bias and CVs were -4.0% and 4.2%, respectively. The bias 

and CV were within ±15% and ≤15% which indicates that the study samples can be dilut-

ed 10 times in control matrix with acceptable accuracy and precision.

Carry-over

Carry-over was investigated by injecting two double blank samples after a ULOQ sample 

in three analytical runs. Eluting peaks with areas >20% of the LLOQ were only observed 

in blank samples injected after ULOQ samples of ceritinib and crizotinib. However, car-

ry-over into the second double blank samples was ≤20% of the LLOQ level. Therefore, 

samples containing these analytes should not be grouped. In this way, the carry-over will 

not have an impact on the integrity of the data.

Matrix factor

The internal standard-normalized matrix factor was determined in six plasma batches, at 

QC low and QC high concentrations. Single determinations were performed. Processed 

blank samples were spiked with working solutions and compared to matrix free solu-

tions. The CV of the internal standard-normalized matrix factor was ≤15% for all analytes 

at both concentration levels (table 4). The acceptance criteria were thus met. The aver-

age values of the internal standard-normalized matrix factors are listed in table 4 and are 

around 1. These results indicate that the stable isotopes as internal standards are most 

effective to compensate for matrix effects.

Stability

All analytes were found to be stable in plasma at -20 oC for at least 1 month and after 

3 freeze (-20 oC)-and-thaw (20-25 oC) cycles. Stability was also demonstrated for all an-

alytes in plasma for at least 48 hours at 20-25 oC in amber-colored containers. In final 

extracts, stability was demonstrated for at least 48 hours at 4 oC. Reinjection reproduc-

ibility results showed that an entire analytical run can be reanalyzed after 48 hours when 

kept at 2-8 oC. Stock solution are stable for at least 5 months at -20 oC and stability tests 

are still ongoing.
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Photodegradation of axitinib and dabrafenib

The isomerization under influence of light of axitinib was monitored using the chromato-

graphic system described above. Axitinib and dabrafenib were found to be light-stable in 

plasma at 20-25 oC for at least 48 hours in transparent containers. Axitinib showed isom-

erization from the therapeutically active E-isomer to the Z-isomer under the influence of 

light in methanolic stock and working solutions (data not shown) as described by Spar-

idans et al [26]. The isomerization was not observed in methanolic solutions that were 

kept protected from light in amber colored containers. During the sample preparation as 

presented here, no degradation of dabrafenib was observed. 

Clinical application

The recommended doses for the drugs are listed in table 5. To test the applicability of 

this assay the concentrations were determined in 10 patient samples for each drug of 

patients treated with the drugs. The results are listed in table 5. All values are within the 

validated range of 2.0 to 200 ng/mL for afatinib, axitinib, dabrafenib and trametinib and 

50.0 to 5,000 ng/mL for ceritinib, crizotinib, enzalutamide and regorafenib. These results 

demonstrate the applicability of this assay for TDM purposes. In clinical practice, plasma 

level and drug administration data are used in comparison with pharmacokinetic targets 

to provide an adequate dosage advice to treating oncologists. By doing so, insufficient or 

excessive exposure is effectively recognized and managed.

Table 5. Recommended doses and plasma concentrations of the analytes in patient samples of patients 
treated with the drugs (n = 10).

Drug Recommended
dose (mg) [28]

Mean plasma 
concentration (ng/mL)

Minimum – maximum 
concentration (ng/mL)

Calibration range
(ng/mL)

Afatinib 40 od 43.3 10.7 - 120 2 – 200 

Axitinib 5 bd 19.0 7.57 - 34.9 2 – 200

Ceritinib 750 od 1,195 333 – 2,630 50 – 5,000 

Crizotinib 250 bd 227 139 – 458 50 – 5,000 

Dabrafenib 150 bd 102 14.1 – 191 2 – 200 

Enzalutamide* 160 od 10,293 7,140 – 12,200 50 – 5,000 

Regorafenib 160 od 1,118 178 – 2,030 50 – 5,000 

Trametinib 2 od 8.40 5.77 – 11.6 2 – 200 

od, once daily; bd, bi-daily. *Enzalutamide patient samples are diluted 10-fold prior to analysis
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Conclusion

A sensitive new LC-MS/MS assay for the quantification of afatinib, axitinib, ceritinib, 

crizotinib, dabrafenib, enzalutamide, regorafenib and trametinib in human plasma was 

developed and validated. The validated assay ranges from 2.0 to 200 ng/mL for afatinib, 

axitinib, dabrafenib and trametinib and from 50.0 to 5,000 ng/mL for ceritinib, crizotinib, 

enzalutamide and regorafenib were linear and correlation coefficients (r2) of 0.996 or 

better were obtained. Dilution integrity experiments show that samples can be diluted 

10-fold for enzalutamide prior to analysis. Both axitinib and dabrafenib are prone to 

degrade when exposed to light in stock and working solutions but these analytes were 

shown to be stable in plasma for at least one week at 20-25 oC. 
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Development and validation of a high-performance liquid 

chromatography-tandem mass spectrometry assay for the 

quantification of Dexamphetamine in human plasma



230  |  Chapter 5.1

Abstract

Dexamphetamine is registered for the treatment of attention deficit hyperactivity disor-

der and narcolepsy. Current research has highlighted the possible application of dexa-

mphetamine in the treatment of cocaine addiction. To support clinical pharmacologic 

trials a new simple, fast, and sensitive assay for the quantification of dexamphetamine 

in human plasma using liquid chromatography tandem mass spectrometry (LC-MS/MS) 

was developed. Additionally, it is the first reported LC-MS assay with these advantages to 

be fully validated according to current US FDA and EMA guidelines. Human plasma sam-

ples were collected on an outpatient basis and stored at nominally -20 oC. The analyte 

and the internal standard (stable isotopically labeled dexamphetamine) were extracted 

using double liquid-liquid extraction (plasma-organic and organic-water) combined with 

snap-freezing. The aqueous extract was filtered and 2 μL was injected on a C18-col-

umn with isocratic elution and analyzed with triple quadrupole mass spectrometry in 

positive ion mode. The validated concentration range was from 2.5-250 ng/mL and the 

calibration model was linear. A weighting factor of 1 over the squared concentration 

was applied and correlation coefficients of 0.997 or better were obtained. At all concen-

trations the bias was within ±15% of the nominal concentrations and imprecision was 

≤15%. All results were within the acceptance criteria of the latest US FDA guidance and 

EMA guidelines on method validation. In conclusion, the developed method to quantify 

dexamphetamine in human plasma was fit to support a clinical study with slow-release 

dexamphetamine.
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Introduction

Dexamphetamine (dextroamphetamine, S-amphetamine) (figure 1) is a powerful cen-

tral nervous system stimulant [1]. It exerts its pharmacological action through the rapid 

increase of dopamine levels in the striatum and noradrenaline levels in the prefrontal 

cortex [2]. 
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Figure 1. Molecular structure with suggested fragmentation pathways, product ion mass spectrum of dexa-
mphetamine and parent ion (MH+) signal at m/z 136.2.

In Europe, dexamphetamine is used in the therapy of attention-deficit hyperactivity dis-

order (ADHD) for children between the ages of 6 and 17 years where methylphenidate 

and atomoxetine were not effective [3,4]. In the United States, in addition to ADHD, 

dexamphetamine is also licensed to be prescribed to patients that suffer from narcolepsy 

[5]. Increasing attention is directed towards the possible application of dexamphetamine 

in the treatment of cocaine dependence, for which no medication is yet approved. Sev-

eral reviews and studies suggest the promising effectiveness of dexamphetamine in the 

agonist pharmacotherapy of cocaine dependence [6,7].

A study where the acceptance, safety, and efficacy of dexamphetamine in the therapy of 

chronic cocaine-dependent patients on heroin-assisted treatment were investigated was 

recently carried out in the Netherlands [8]. For this trial, a new sustained release formu-

lation of dexamphetamine was developed. To support further pharmacokinetic clinical 

studies of this formulation, a fast and accurate bioanalytical assay for the quantification 

of dexamphetamine in human plasma was developed.
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Several analytical assays for dexamphetamine have been described in literature [9–23]. 

The published assays for the quantification of dexamphetamine in plasma cover several 

analytical methods, such as gas and high-performance liquid chromatography coupled 

to mass spectrometry (HPLC-MS). 

The HPLC-MS methods for human plasma require double liquid-liquid extraction with 

toxic chloroform, expensive solid-phase extraction, long analysis time or a relatively 

large injection volume [9,16,18,22]. Additionally, no bioanalytical HPLC-MS method with 

an isotopically labeled internal standard, which has been fully validated for human plas-

ma according to current bioanalytical guidelines, has been published as far as we know, 

however. Our goal was to develop a sensitive LC-MS method with a simple, fast and 

low-cost sample pre-treatment. Previously published methods fall short in one or more 

of these factors.

This article describes a simple, fast and sensitive method for the quantification of dexa-

mphetamine in human plasma. The assay was fully validated according to the latest US 

Food and Drug Administration (FDA) and European Medicines Agency (EMA) guidelines 

on bioanalytical method validation [24,25]. Additionally, the applicability of the method 

was tested and demonstrated in clinical study sample analysis with concentrations of 

dexamphetamine.
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Experimental

Chemicals

Dexamphetamine sulfate ((C9H13N)2SO4 was purchased from Fagron (Waregem, Belgium). 

Deuterated amphetamine (2H6), used as an internal standard (IS) for the assay was man-

ufactured by and obtained from LGC Standards (Teddington, UK). Methanol and water 

(UPLC-MS grade) were purchased from Biosolve (Amsterdam, The Netherlands). Methyl 

tert-butyl ether (Lichrosolv grade), 25% ammonia (Emsure grade) and 99% formic acid 

(Emsure grade) were obtained from Merck (Darmstadt, Germany).

Stock solutions, calibration standards, and quality control samples

Separate stock solutions for calibration standards and quality control samples (QC sam-

ples) of 0.1 mg/mL were prepared in water. These stock solutions were further diluted in 

water to obtain working solutions. Stock solutions of the IS were prepared at a concen-

tration of 0.1 mg/mL in water. The IS working solution contained 250 ng/mL. All stock 

and working solutions were stored at -20 oC.

Calibration standards were spiked directly after the preparation of the working solu-

tions. A volume of 50 μL of calibration working solution was added to 950 μL control 

human K2EDTA plasma to obtain concentrations of 2.5, 5, 10, 25, 50, 100, 200 and 250 

ng/mL. The QC samples were prepared by adding 100 μL QC working solution to 1900 μL 

control human K2EDTA plasma. Final concentrations at the lower limit of quantification 

(LLOQ), QC low, QC mid, QC high and QC above upper limit of quantification (>ULOQ) 

were 2.5, 7.5, 25, 200 and 2000, respectively.

Sample preparation

A volume of 20 µL internal standard working solution and 30 µL of 1 M NH4OH were 

added to a 200 µL plasma aliquot. The mixture was vortexed for 10 seconds. 1000 µL of 

methyl tert-butyl ether (MTBE) was added, after which the volume was vortexed for 10 

seconds and mixed in an automatic shaker for 10 min at 1250 rpm. Next, the samples 

were centrifuged at 20,000 g for 5 min. The aqueous layer was snap frozen on an etha-

nolic dry ice bath. The organic layer was then transferred to a 1.5 mL Eppendorf tube. 

200 µL of 0.01 M formic acid was introduced to the organic layer and the mixture was 

vortexed for 10 seconds and mixed on an automatic shaker for 10 min. at 1250 rpm. 

After centrifuging at 20,000 g for 5 min, the aqueous layer was snap frozen and the 

organic layer discarded. Next, the aqueous fraction was thawed and filtered over a 0.2 
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µm spin-filter (10,000 g, 5 min), transferred to an autosampler vial and stored at 2-8oC 

until analysis.

Liquid chromatography

The chromatographic separation was carried out using an HPLC-system consisting of an 

1100 series binary pump, column oven, on-line degasser and well plate autosampler 

(Agilent technologies, Palo Alto, CA, USA). Mobile phase A was prepared by adding 0.5 

mL 99% formic acid to 1000 mL of water. Mobile phase B was prepared in the same 

fashion, with methanol instead of water. Mobile phase A and B were isocratically (60% B) 

pumped through a Kinetex C18 100 Å column (150 x 2.1 mm I.D., 2.6 µm; Phenomenex, 

Torrance, CA, USA) at a flow rate of 0.15 mL/min. The analytical column was protected 

by an inline filter (0.2 µm, Upchurch Scientific, Oak Harbor, WA, USA). The column was 

maintained at 40oC during analysis. Volumes of 2 µL were injected using the autosam-

pler at a temperature of 4oC. The total run time was 5 min.. The autosampler needle 

was rinsed before each injection with methanol. During the first minute, the eluate was 

directed to waste using a divert valve to prevent the introduction of endogenous com-

pounds into the mass spectrometer.

Mass spectrometer

An API 3000 triple quadrupole mass spectrometer equipped with a Turbo Ion Spray In-

terface (TIS) source (AB Sciex, Foster City, CA, USA) operating in the positive ion mode 

was used as a detector. For quantification, multiple reaction monitoring (MRM) chro-

matograms were acquired and processed using Analyst® software (AB Sciex). The qua-

druples were operating at unit resolution (0.7 Da). TIS-MS/MS operating parameters and 

mass transitions are presented in table 1. Figure 1 shows the product ion spectrum of 

dexamphetamine.

Validation procedures

The assay validation was performed in accordance with the OECD principles of Good 

Laboratory Practice (GLP) [26]. Calibration model, accuracy, and precision, selectivity, 

dilution integrity, lower limit of quantitation, matrix effect, carry-over and stability under 

various conditions were determined according to the latest FDA and EMA guidelines 

covering bioanalytical method validation [24,25].
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Table 1. ESI-MS/MS operating parameters

General settings

Parameter Setting

Run duration 5 min

Ion spray voltage 5500 V

Collision gas 2 AU

Curtain gas 8 AU

Nebulizer gas 5 AU

Turbo gas temperature 500oC

Turbo gas flow 7 L/min

Dexamphetamine Amphetamine-D6

Mass transition 136.2 -> 91.0 m/z 142.1 -> 93.2 m/z 

Dwell time 150 msec

Collision energy 19

Declustering potential 16

Collision exit potential 4

Focussing potential 90

Entrance potential 10

Retention time 2.3 min

The inaccuracy is expressed as the bias and the following equations were used:

Intra-assay bias (%)= (1)

100% · (mean measured conc. per run-nominal conc.)/(nominal conc.)

Inter-assay bias (%)=  (2)

100% · (overall mean measured conc.-nominal conc.)/(nominal conc.)

The precision is expressed  as the coefficient of variation (CV) and analysis of variance 

(ANOVA) was used to calculate the precision:

Intra-assay CV (%)=  (3)

100% · (SD of the measured conc. per run)/(mean measured conc. per run)

Inter − assay	CV	(%) =

1
2
34567899
: /((<=>⋯><8@=)@A(<=@=)3=

:>⋯>B(<8@=)38: CD)
8@= E@F

(<=@=)3=
:>⋯>(<8@=)38:

<=>⋯><8@8
G

(<8)

HIJK	LM	NOKP
  

 (4)



236  |  Chapter 5.1

Where s is the standard deviation, n is the number of replicates and a is the number of 

runs.

The matrix factor (MF) was determined by using the following equation:

MF= (5)

(area of processed blank sample spiked with neat solution (matrix present))/(area of 

neat solution(matrix absent))

Results and discussion

Development

An easy-to-use and fast double liquid-liquid extraction was developed for the plasma 

sample preparation. It was found that the robustness and reproducibility of the assay 

were improved by performing an acid-base extraction. In alkaline solution, dexamphet-

amine is uncharged and readily partitions into the organic MTBE phase. After acidifica-

tion of the organic phase (charging dexamphetamine), re-extraction into the aqueous 

phase was carried out, leaving impurities behind. 

MTBE was selected as the organic extraction phase because of its low toxicity and low 

melting point (-109 oC [27]) which is required for snap-freezing.

The mass spectrometric parameters were optimized for dexamphetamine by performing 

direct infusion (analyte in 70% methanol). The observed molecular ion and the product 

ions as shown in figure 1 were consistent with data found in literature [13,17]. Analyte 

response and signal-to-noise ratios (S/N) were investigated for three mass transitions (136 

➔ 65.1, 91.0 and 119.1). It was found that although the transition to 119.1 m/z yielded the 

highest signal, it also showed the lowest S/N however. Low S/N values were also found for 

65.1 m/z, where these were caused by a relatively low analyte response. The S/N values 

and the signal strength were optimal for 91.0 m/z. It was observed that baseline levels and 

S/N ratios for all mass transition increased and decreased, respectively from day-to-day, 

when other drug assays were run on the system prior to a dexamphetamine run. This may 

be due to the ubiquity of the low mass ions during the ionization process originating from 

analytes, solvents, and contaminants present in the mass spectrometer. Such a situation is 

likely to occur in a high-throughput LC-MS/MS setting. The baseline was efficiently reduced 

to <300 cps before each run by injecting a series of blank samples (10) into the system.
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Regression model

Eight non-zero plasma calibrators were prepared freshly and analyzed in duplicate in five 

separate analytical runs. The linear regression of the ratio of the areas of the analyte 

and the IS peaks versus the concentration were weighted with weighting factors of 1/

x2 (where x = concentration). The linearity was evaluated by means of back-calculated 

concentrations of the calibrators. The assay was linear over the validated concentration 

range from 2.50 to 250 ng/mL. Calibration curves were accepted if 75% of the non-zero 

calibration standards, including an LLOQ and a ULOQ, had a bias within ±15% of the 

nominal concentration (±20% for the LLOQ). All calibration curves (n=5) fulfilled these 

criteria and correlation coefficients were at least 0.997.

Accuracy and precision

Intra- and inter-assay bias and precision (CV%) of the analysis were determined by assay-

ing five replicates of each of the QC samples at LLOQ, low, mid and high concentration 

level in three separate runs. The concentration of each QC sample was calculated using 

the calibration standards that were analyzed in duplicate in the same analytical run. 

Table 2 summarizes the results. The difference between the calculated and the nominal 

concentrations was used to determine the bias. The bias was within the acceptance cri-

teria of ±15% for low, mid and high concentration levels and within ±20% for the LLOQ 

level. The imprecision was below the acceptance criteria of 15% of the coefficient of 

variation (CV), and below 20% for the LLOQ. 

Table 2. Assay performance data for the analysis of dexamphetamine in human plasma

Nominal 
concentration 
(ng/mL)

Intra-assay Inter-assay

Biasa (%) CVa (%) Bias (%) CV (%)

2.50 4.4 - 5.4 4.8 – 9.7 4.8 -*

7.51 -0.5 - 11.6 3.4 – 7.8 4.4 5.4

25.0 -0.5 - 3.5 4.6 – 8.8 1.5 -*

200 -2.7 - 5.4 1.2 – 3.9 2.4 4.2
aIf multiple validation runs were performed, the range of bias’ and imprecisions are listed.
*The inter-assay precision could not be calculated because there is no significant additional variation due 
to the performance of the assay in different runs.

Lower limit of quantification

The analyte response at the LLOQ level was at least 5 times the response compared to 

a blank response in five validation runs. Figure 2 shows representative MRM chromato-

grams of a QC LLOQ sample and a double blank sample.
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Figure 2. Representative MRM Chromatograms. Blank human K2EDTA plasma (A1. Dexamphetamine, 
B1. D6-amphetamine); Spiked human K2EDTA plasma at LLOQ concentration (A2. Dexamphetamine 

(2.51 ng/mL), B2. D6-amphetamine (25 ng/mL)); Patient (t=0 hours) sample (A3. Dexamphetamine (0 
ng/mL), B3. D6-amphetamine (25 ng/mL)); Patient (t=8 hours) sample (A4. Dexamphetamine (34 

ng/mL), B4. D6-Amphetamine (25 ng/mL)). 

Figure 2. Representative MRM Chromatograms. Blank human K2EDTA plasma (A1. Dexamphetamine, B1. 
D6-amphetamine); Spiked human K2EDTA plasma at LLOQ concentration (A2. Dexamphetamine (2.51 ng/
mL), B2. D6-amphetamine (25 ng/mL)); Patient (t=0 hours) sample (A3. Dexamphetamine (0 ng/mL), B3. 
D6-amphetamine (25 ng/mL)); Patient (t=8 hours) sample (A4. Dexamphetamine (34 ng/mL), B4. D6-Am-
phetamine (25 ng/mL)).
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Cross-analyte and IS interference were tested by spiking control human plasma at ULOQ 

level with the analyte and IS at nominal concentration separately. The cross-analyte and 

IS interference at the retention time of the analyte and IS were less than 20% of the peak 

area of the LLOQ level. For the IS the interference was less than 5%. The cross-analyte 

and IS interference was considered acceptable.

Dilution integrity

Five replicate plasma samples at QC>ULOQ level were diluted 10-fold with control hu-

man K2EDTA plasma (50 μL sample and 450 μL control plasma). The intra-assay bias and 

CV were -1.9% and 1.5%, respectively. The bias and CV were within ±15% and ≤15% 

which indicates that the study samples can be diluted 10 times in control human matrix 

with acceptable accuracy and precision. The extended concentration range for dexam-

phetamine is therefore 2.5-2500 ng/mL.

Carry-over

Carry-over was determined by analyzing two processed control human plasma samples 

after a ULOQ sample in three separate runs. Eluting peaks with areas >20% of the LLOQ 

were not observed in the blank samples injected directly after ULOQ samples, and there-

fore, the criteria for carry-over were met.

Matrix factor and recovery

The matrix factor (MF) was determined in six plasma batches (pooled), at QC low and 

QC high concentration levels. Single determinations were performed. Processed blank 

samples were spiked with working solutions and compared to matrix free neat solutions. 

In addition to the MF, the internal standard-normalized MF was calculated by dividing 

the MF of the analyte by the MF of the internal standard. The maximal CV of the internal 

standard-normalized MF calculated from the six plasma batches for the low and high 

concentrations were 5.1% and 1.5%, respectively. With this, the assay fulfilled the cri-

teria (<15%). The matrix factor ranged from 0.951 to 1.11. These results (MF around 1) 

indicate that the use of the stable isotope-labeled standard is effectively minimizing the 

influence of matrix effects.

Stability

The stability data are summarized in table 3. dexamphetamine was stable at -20 oC in 

plasma and in water for at least 16 and 17 months, respectively. Stability experiments in 

plasma were performed with QC low and QC high samples. In plasma dexamphetamine 
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was stable for at least 24 hours at ambient temperature, indicating that no specific sta-

bility precautions were required during sample handling at the clinical site. Final extract 

stability shows that the extracts can be injected up to 17 days after sample preparation.

Table 3. Stability data for dexamphetamine in stock solution and plasma. All experiments performed in 
plasma were performed in triplicate in QC low and QC high samples (n=3).

Matrix Conditions Nominal 
conc. 
(ng/mL)

Measured 
conc. (ng/
mL)

Deviation 
(%)

C.V. 
(%)

Water -20 oC, 17 months 42.9* 42.3* -1.3 2.8

Plasma 3 freeze (-20 oC) / thaw cycles 7.51
200

7.75
193

3.2
-3.5

7.8
0.9

Plasma Ambient, 24 hours 7.51
200

7.62
192

1.5
-4.0

5.6
2.3

Plasma -20 oC, 16 months 7.51
200

8.23
207

9.6
3.7

5.0
3.7

Final extract 2-8 oC, 17 days 7.51
200

7.42
195

-1.2
-2.7

8.0
1.7

Final extract 2-8 oC, 30 hours (reinjection reproducibility) 7.51
200

7.39
190

-1.6
-5.2

1.3
2.4

*Presented are normalized response values, where corrections were made for reference drug weights 
and solvent volumes.

Application in a clinical study

During a clinical study with a slow-release formulation of dexamphetamine, patients re-

ceived doses of 60 or 30 mg once daily. To test the applicability of this assay, dexamphet-

amine concentrations were measured in 130 patient samples of patients treated with 

dexamphetamine in this study. A typical patient curve is shown in figure 3. All values are 

within the validated range of 2.5-250 ng/mL. These results demonstrate the applicability 

of this assay for clinical pharmacokinetic studies.
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Conclusions

A simple, fast, and sensitive LC-MS/MS assay for the quantification of dexamphetamine 

in human plasma was developed and validated to support clinical studies. The present-

ed assay was validated according to the current US FDA and latest EMA guidelines. The 

assay is able to quantify dexamphetamine over a range of 2.5 to 250 ng/mL in 200 μL 

samples, with the possibility to dilute the samples containing higher concentrations 10-

fold with control plasma prior to analysis. In conclusion, the assay is considered well 

suited for its purpose and is now used to support clinical studies with dexamphetamine.  
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Figure 3. Typical patients plasma curve after intake of a single dose of sustained-release dexamphetamine 
(orally, 60 mg).
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Chapter 5.2
Pharmacokinetics of sustained-release oral dexamphetamine 

sulphate in cocaine and heroin dependent patients 
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Abstract

Research has shown that sustained-release (SR) dexamphetamine is a promising agonist 

treatment for cocaine dependence. However, little is known about the pharmacokinet-

ics of SR oral dexamphetamine. This study examined the pharmacokinetics of a new SR 

dexamphetamine formulation in cocaine plus heroin dependent patients currently in 

heroin-assisted treatment. The study was designed as an open-label pharmacokinetic 

study in two cohorts: n=5 with once daily 60 mg and n=7 with once daily 30 mg SR 

oral dexamphetamine. Five days of blood plasma dexamphetamine concentrations mea-

sured with liquid chromatography-mass spectrometry with pharmacokinetic parameter 

estimates using non-compartmental analysis and  non-linear mixed effects modelling. 

Twelve cocaine plus heroin dependent patients in heroin-assisted treatment were in-

cluded. The initial cohort 1 dose of 60 mg once daily was adjusted to 30 mg following 

mild to moderate adverse events. Following oral administration, tmax values (CV%) were 

6.0 (17.0%) and 6.3 (16.3%) hours and t1/2 were 11 (24.6%) and 12 (25.4%) hours for 60 

mg and 30 mg SR dexamphetamine, respectively. After three days, CSSmax values were 

reached at 90.2 (17.0%) ng/mL and 46.7 (16.7%) ng/mL, whereas CSSmin values were 37.9 

(7.53%) ng/mL and 20.3 (9.85%) ng/mL for 60 mg and 30 mg, respectively. The investi-

gated SR formulation of dexamphetamine showed favorable slow-release characteristics 

in cocaine and heroin dependent patients. A dose-proportional steady-state concentra-

tion was achieved within three days. These findings support the suitability of the SR 

formulation in the treatment of cocaine dependence.
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Introduction

Dexamphetamine (dextroamphetamine, S-amphetamine) is a central nervous system 

stimulant [1]. It exerts its pharmacological action through the rapid increase of dopa-

mine levels in the striatum and noradrenaline levels in the prefrontal cortex [2,3]. 

In Europe, immediate-release dexamphetamine is used in the treatment of attention 

deficit hyperactivity disorder (ADHD) for children between the ages of 6 and 17 years 

if methylphenidate and atomoxetine are not effective [4,5]. In the United States, in ad-

dition to ADHD, dexamphetamine is also licensed for the treatment of narcolepsy [6]. 

After oral administration, immediate-release (IR) dexamphetamine displays a peak plas-

ma concentration between 1 and 4 hours [7]. Mono-amino oxidase (MAO), CYP2C-iso-

zymes and CYP2D6 are involved in the metabolism of dexamphetamine [8]. Interactions 

between dexamphetamine and inhibitors of MAO have been described in the literature 

and have been linked with symptoms of toxicity [9]. There is also a potential for interac-

tions between dexamphetamine and CYP2D6 inhibitors [10]. Elimination of unchanged 

dexamphetamine and metabolites mainly occurs via the kidneys [11]. The elimination 

half-life of dexamphetamine is reported to be between 7 and 12 hours when subject 

urine is acidic. When the urine is alkaline, the half-life may increase to 18-34 hours [12].

There is an increasing interest for sustained-release (SR) dexamphetamine as a potential 

treatment of cocaine dependence, for which no medication is yet approved [13]. Several 

reviews and studies support the efficacy of SR dexamphetamine as an agonist treatment 

for cocaine dependence [13–18]. In these patients, a SR formulation is preferred over 

the  IR formulation as it allows drug release (and effect) through-out the day after a sin-

gle dose that increases medication compliance, where an IR formulation would require 

multiple doses at several time points during the day [19]. Additionally, a SR formulation 

minimizes the potential for abuse of the medication [14].

Finally, studies suggest that SR dexamphetamine is more effective in reducing cocaine 

use than IR formulations [16,17,20].

We developed a new SR formulation of dexamphetamine sulphate for the treatment of 

cocaine dependence. These dexamphetamine sulphate 30 mg SR tablets were designed 

and produced with an in vitro dissolution characteristic that is similar to Dexedrine® 

spansules. The similarity was assessed using the well described f2 similarity factor. This 
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single-value outcome factor uses mathematical indices to define similarity between dis-

solution curves [21,22]. Based on these results, a single daily dose was deemed ade-

quate in providing day-long exposure.

In a recent study, we have shown that our SR dexamphetamine formulation was well 

accepted, effective and safe in treatment-refractory cocaine and heroin dependent pa-

tients currently in heroin-assisted treatment [18]. 

However, the pharmacokinetics (PKs) of the new formulation are not yet studied. This 

is important because this provides information on the mean level and duration of the 

dexamphetamine plasma concentrations and their inter- and intra-patient variabilities. 

The effect of dexamphetamine on the reduction in (crack-)cocaine use is mediated 

through a plasma-concentration-linked dose-dependent increase of dopamine levels 

from dopaminergic neurons in the mesolimbic system [23–25]. This response has been 

shown to be highly variable between individuals [26]. Given this dose-dependent dopa-

mine elevation, knowledge about (variablility in) plasma levels in the target patient pop-

ulation may help in the evidence-based application of this formulation in the treatment 

of cocaine dependence, including the safety profile of the formulation. 

Additionally, chronic use of cocaine and heroin can have profound effects on organ and 

tissue systems (e.g. liver, kidney and fat) that can alter the pharmacokinetics of a medic-

inal product [27–30]. Therefore, a representative PK study is preferred to be performed 

in patients from the target population.

This single-center, open-label descriptive PK study is the first that aims to investigate the 

PK properties of an SR dexamphetamine formulation in the target population of cocaine 

and heroin dependent patients currently in heroin-assisted treatment. 
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Materials and methods

Study design

This was a single center, open-label descriptive exploratory phase I study in crack-co-

caine dependent patients that previously participated in a placebo-controlled random-

ized clinical trial (RCT) with our SR dexamphetamine formulation [18]. Patients for that 

study were cocaine dependent patients receiving pharmaceutical grade heroin along 

with oral methadone for their concurrent heroin dependence in a supervised heroin-as-

sisted treatment program in Amsterdam, The Netherlands (for details see supplemen-

tary material). 

Patients 25 years or older that previously participated in the SR dexamphetamine arm 

of the previous RCT were eligible. The inclusion criteria of the previous study, and con-

sequently this study, were: daily heroin use, and poor physical, mental or social func-

tioning, a DSM-5 diagnosis of cocaine dependence in the past year and the previous 

five years, cocaine use on at least 8 days in the previous month, using cocaine primarily 

by means of basing, at least two earlier failed treatments aimed to reduce or abstain 

from cocaine use (treatment-refractory).Exclusion criteria were: severe medical prob-

lems (e.g. cardiovascular disease, hyperthyroidism, hypersensitivity to sympathico-mi-

metic amines and hyperexcitability), pregnancy or breastfeeding, pharmacotherapy with 

a drug that could potentially influence the pharmacodynamics and/or pharmacokinetics 

of dexamphetamine (e.g. non-selective MAO-inhibitors, cobicistat, ritonavir, acetazol-

amide, ammonium chloride, alcohol and disulfiram), insufficient command of the Dutch 

language, current participation in another addiction treatment trial, and intake of glu-

tamic acid, ascorbic acid or juices.

Study treatment consisted of a once-daily single oral dose of SR dexamphetamine at 

least 1 hour before a standardized breakfast at the treatment unit for four consecutive 

days. Study medication was dispensed during the morning visit at the heroin-assisted 

treatment facility and had to be taken under supervision. Standardized breakfast con-

sisted of a cheese sandwich and juice. 

As this population is quite vulnerable, certain precautions had to be taken in the design 

of the study. Continuation of the heroin-assisted treatment required flexibility of the 

patient sampling scheme and the number of blood samples was therefore minimized. 

The first cohort started with the same daily dose as was prescribed in the previous RCT, 
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i.e. 60 mg once daily (two tablets of 30 mg). The second cohort received 30 mg once dai-

ly. Dexamphetamine sulphate in polymer matrix SR tablets 30 mg were developed and 

produced by the Pharmacy of the Antoni van Leeuwenhoek Hospital and MC Slotervaart 

(Amsterdam, The Netherlands). The tablets consisted of dexamphetamine sulphate and 

an SR excipient and exhibited slow release dissolution characteristics in vitro.

Urine samples were collected at t = 12 and t = 72 hours after the first intake of dexa-

mphetamine and were analyzed to determine the pH value as the renal excretion of 

dexamphetamine is dependent on the acidity of the urine. Additional assessments in-

cluded blood sampling, medical monitoring of heart rate, blood pressure, body weight, 

co-medication, drug abuse, and daily registration of supervised medication adherence.

Participants received a maximum of € 80 as remuneration of travel expenses. The insti-

tutional medical ethics committee of the Academic Medical Centre approved the study 

protocol. Written informed consent was obtained from all patients. The study was con-

ducted in accordance with the ethical principles of the Declaration of Helsinki and Good 

Clinical Practice.

Pharmacokinetic and bioanalysis

The PK sampling scheme was divided into five critical time points (t= 0, 24, 48, 72 and 

96 hours after first dose), where a missed PK sample meant patient exclusion, and eight 

lenient time points (t= 0.5, 1, 2, 4, 6, 8, 10, and 30 hours after first dose (±1 hour)), where 

a missed sample could be drawn within 1 hour prior to or 1 hour after the intended 

time point. This measure was taken to avoid additional patient stress and to reduce the 

impact of possible low patient adherence to the schedule. Delayed and/or incomplete 

sampling is inherent to this scheme. Certain time points were adjusted to fit the daily 

schedule of the heroin-assisted treatment of each individual patient. The blood samples 

were taken at the integrated treatment facility.

Blood samples (4 mL) were drawn in K2-EDTA tubes through intravenous catheters or 

venipuncture, on the patients’ preference, at baseline and at the designated time points. 

All blood samples were immediately centrifuged at 3000 g for 10 min. at 20-25 oC. Plas-

ma was stored at or below -20 oC until analysis. Dexamphetamine plasma levels were 

quantified by use of validated high-performance liquid chromatography with tandem 

mass spectrometry detection (LC-MS/MS) with a lower limit of quantification (LLOQ) of 

2.5 ng/mL, intra- and inter-assay bias below 15%, and a sample stability of at least 17 

months at -20 oC [31].
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To correct for the possible effect of the urine acidity on the excretion of dexamphet-

amine, the urine pH was measured at two different time points in the PK sampling 

scheme.

Pharmacokinetic endpoints

The primary PK endpoints were time at which the highest plasma concentration occurs 

after administration of a dose (tmax) and terminal elimination half-life (t1/2) as to assess 

the suspected SR character of the formulation. Secondary PK endpoints included the 

minimum concentration of drug in plasma at steady state (CSS,min), and observed maxi-

mum plasma concentration (Cmax) at the first and second day.

Data analysis

Dexamphetamine plasma concentrations and relative time values were used to calculate 

the PK parameters using non-compartmental analysis and individual modelling. The cal-

culation of PK parameters was performed using a validated platform (R version 3.3.2). 

Elimination half-life (t1/2) was calculated from t1/2 = ln(2)/ke, where ke, the elimination 

constant, was derived from the last 2 or 3 time points of the linear terminal phase of the 

logC-time plotted data.

Descriptive statistics were calculated for baseline demographic and clinical data to check 

for any group differences. PK parameters were expressed by geometric means and coef-

ficients of variation (%CV) by dose.

Power considerations

Sample size for this study was not based on explicit power and type I error assumptions, 

but rather on empirical considerations and on the experiences in previous studies; thus 

no formal sample size calculation was performed. Given the vulnerability and special 

characteristics of the study population, a limited but still significant number of 10 to 12 

patients was expected to be included.

Safety

All signs and symptoms observed from the time of first dose were recorded as Adverse 

Events (AEs) and were graded according to the Common Terminology Criteria for Ad-

verse Events (CTCAE) version 4.0 [32]. All AEs were recorded until 7 days after the last ad-

ministration of study treatment. After this follow-up period, only new or ongoing treat-
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ment-related AEs were recorded, except for ongoing serious AEs, which were assessed 

until resolution or stabilization, regardless of relationship to study treatment. 

Results

Study participants 

Between August 2016 and May 2017, 14 patients were screened for eligibility of which 

12 were enrolled: five in the first cohort and seven in the second cohort.

Included patients were of different ethnic background and mostly male (table 1). Mean 

age and body weight were similar in the two cohorts. Renal function based on creati-

nine clearance was well above 60 mL/min for all patients. Liver enzyme values aspartate 

aminotransferase (AST) and alanine aminotransferase (ALT) were all below 30 IU/L and 

similar in both cohorts. Mean body mass index (BMI) were also found to be similar. All 

patients participated in heroin-assisted treatment with inhalable heroin for at least one 

year and smoked crack-cocaine.

In the first cohort, two of the five patients dropped out. However, all five patients did 

complete the first PK sampling day, which provided the most crucial data for the primary 

PK endpoints. The first drop-out was caused by a grade 1-2 (mild to moderate) insomnia 

and related fatigue and the second drop-out was caused by a failure to show up for the 

third critical sampling time point at 48 hours. 

The dose of 60 mg once daily was lowered to 30 mg once daily for the second cohort in 

consideration of the experienced adverse events (AEs). AEs did not lead to a premature 

end of study in cohort 2, although one of the seven patients from this cohort dropped 

out. This drop-out was caused by the failure to appear at the third critical sampling time 

point and the supervised medication administration at 48 hours.

Pharmacokinetics

A total number of 55 plasma samples (out of 65 scheduled samples; 85%) were obtained 

from the 5 patients in cohort 1 and 88 plasma samples (out of 91 scheduled samples; 

97%) were obtained from the 7 patients of cohort 2. Samples were missed due to patient 

drop-out.
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Plasma dexamphetamine concentrations over the first 24 hours are displayed in figure 1. 

The two dose levels (60 and 30 mg) displayed similar uptake and elimination. 

Table 1. Baseline patient characteristics and treatment characteristics

Cohort 1 Cohort 2

Patient characteristics

Daily dose SR dexamphetamine, mg
Number of patients, n

60
5

30
7

Male/female, n 5/0 5/2

Age, years, mean (SD) 52 (7.5) 51 (10)

Ethnicity, n
 Caucasian
 Asian
 African

4
0
1

3
1
3

Body weight, kg, mean (SD) 72 (17) 65 (20)

Height, cm, mean (SD) 177 (10.5) 171 (11.0)

Body mass index (BMI), kg/m2, mean (SD) 21.7 (3.16) 21.3 (3.92)

Aspartate aminotransferase (AST), IU/L, mean (SD) 27 (5.6) 29 (8.5)

Alanine aminotransferase (ALT), IU/L, mean (SD) 24 (7.0) 27 (5.0)

Creatinine clearance, mL/min, mean (SD) 78 (13) 77 (13)

Table 2 presents the pharmacokinetic single dose and estimated multiple dose param-

eters as calculated by non-compartmental analysis. The tmax values were taken from ob-

served data. The two dose levels exhibit similar absorption characteristics with tmax at 

6.0 and 6.3 hours, respectively. Elimination half-life (t1/2) was also similar at 11 h and 12 

h for 60 and 30 mg, respectively. The Cmax and Cmin values after the first administration 

were found to be positively correlated with the dose as well as the values after reaching 

steady-state, CSSmax, CSSmin and AUCSS.

Two urine samples were taken and analyzed from every participant during the cohorts. 

All urine samples were found to have pH values between 5 and 6.

Safety

No serious adverse events occurred. The reported adverse events after single and multi-

ple doses of dexamphetamine 60 mg were insomnia (2 cases; 1 grade 2, 1 grade 1) and 

insomnia in combination with fatigue (1 case; grade 2 insomnia and grade 1 fatigue). The 

AEs were probably related to the study medication since all AEs were reported in the first 

24 hours after the first dose of SR dexamphetamine. It should be noted, however, that 
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in each of these cases, illicit crack-cocaine was also used during the study treatment. No 

adverse events were reported after single or multiple doses of 30 mg dexamphetamine.
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Figure 1. Individual concentration-time curves of plasma dexamphetamine during the first dosing interval, 
0-24 hours: A, of the first cohort, linear (60 mg); B, the second cohort, linear (30 mg); C, the first cohort, 
logarithmic; D, the second cohort, logarithmic.

Table 2. Non-compartmental pharmacokinetic parameters for SR dexamphetamine, means (CV%).

Parameter 60 mg
(n=5)

30 mg
(n=7)

tmax, h 6.0 (17.0) 6.3 (16.3)

t1/2, h 11.3 (24.6) 12.4 (25.4)

Cmax, ng/mL 76.7 (20.1) 42.5 (13.6)

Cmin, ng/mL 25.6 (41.9) 15.2 (32.6)

CSSmax, ng/mL 100 (27.5) 58.4 (14.4)

CSSmin, ng/mL 39.5 (38.9) 21.77 (19.8)

AUCSS, ng*h/mL 1613 (38.9) 936.5 (31.7)
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Discussion

Although marketed SR formulations of dexamphetamine exist, none of these were avail-

able in Europe for treatment of this patient population. Therefore, a new SR formulation 

was developed and produced with a dose unit of 30 mg. This formulation has been used 

in a previously reported RCT that demonstrated the efficacy of SR dexamphetamine (60 

mg/day) compared with placebo in reducing crack-cocaine use in heroin dependent pa-

tients currently in heroin-assisted treatment with concurrent treatment-refractory co-

caine dependence [13]. However, so far no pharmacokinetic data were available for this 

formulation. 

In this pharmacokinetic study among 12 patients from the previous RCT, 3 of the 5 pa-

tients from cohort 1 reported insomnia with 60 mg/day SR dexamphetamine and, there-

fore, the dose was reduced in the 7 patients of cohort 2 to 30 mg/day. The dose was not 

expected to have a profound influence on the tmax and t1/2 parameters, which meant that 

the study could be continued with a reduced 30 mg dose. 

The lack of tolerance for the 60 mg/day schedule as compared to the previous effect 

study is important to address. Previous effect studies with higher daily doses were all 

set up as double-blind randomized clinical trials. The study described here is the first to 

have an open label design. The conscious intake of dexamphetamine may have come 

with an expectancy bias that was less profoundly present in the effect studies. This may 

have clinical implications. Higher doses than 30 mg/day may still be possible, however, 

but may require a dose titration approach.  

All patients continued regular treatment that included administration of dose-personal-

ized pharmaceutical grade heroin during this study. Literature suggests that there are no 

direct pharmacokinetic interactions between methadone, heroin or cocaine with dexa-

mphetamine [33,34]. Therefore, the effect of methadone, heroin and cocaine use of the 

patients on the study outcome are not likely.

The assessed clinical parameters of the participating patients for nutritional status (BMI), 

renal function (creatinine clearance) and liver function (AST and ALT) are all within the 

accepted normal values for the general population [35–37]. From this, significant effects 

on the pharmacokinetics of dexamphetamine due to altered tissue or organ systems 

were not expected.
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The studied SR formulation had a tmax of about six hours, which was about twice the 

tmax of approximately 3 hours of dexamphetamine immediate release formulations that 

are described in literature [38,39]. Importantly, the observed elimination half-life (t1/2) 

of our dexamphetamine SR formulation was 11-12 hours, which is consistent with the 

other long-acting formulations. However, a shorter t1/2 of 8.8 h has been reported for a 

short-release formulation [38] indicating that the terminal half-life is shorter and may 

have been estimated too long in the present and other studies using long-acting formu-

lations. The reason for this is likely the small number of samples taken during the elimi-

nation phase, for some patients this was below 3 and thus suboptimal for the calculation 

of t1/2. Additionally, the half-life could have been overestimated as it was influenced by 

the slow-release formulation through so-called flip flop kinetics [40]. As the excretion of 

dexamphetamine is pH dependent, the urine pH of the participants was checked [41,42]. 

We found all pH values to be between 5 and 6. Therefore, urine acidity dependent excre-

tion-linked variability in dexamphetamine PK is unlikely.

The estimated absorption rate parameter ka translates into an absorption half-life of 7.96 

hours. Consequently, it would take approximately 3.3 half-life periods (i.e. 26 hours) to 

absorb 90% of the dexamphetamine. This means that probably not the full dose is ab-

sorbed and, hence that the bioavailability may be less than 1.  

Steady-state concentrations of dexamphetamine were achieved within three days after 

the first administration, which is in agreement with the elimination half-life [43]. Patient 

adherence is, therefore, crucial since the relatively short half-life means that a missed 

once daily dose sharply reduces the plasma dexamphetamine concentration over the 

course of 48 hours. This could mean that the therapeutic effect diminishes during such 

a period.

Toxicity of dexamphetamine has been reported at plasma levels above 200 ng/mL [44]. 

The predicted CSSmax levels of 100 ng/mL for 60 mg/day and 58.4 ng/mL for 30 mg/day are 

sufficiently below these earlier reported toxic levels.

Insomnia and fatigue have also been reported previously by Nuijten et al. in 34% of the 

patients taking 60 mg SR dexamphetamine, compared to 9% in the placebo arm of that 

study [18]. Most of these AEs were resolved before the end of the study. The incidence 

of sleep problems in this PK study was seemingly higher, albeit with a limited number of 

patients. Although there may be a relationship between insomnia and fatigue and the 
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study medication, this relationship may be compromised by patients lifestyle, infrequent 

concomitant use of crack-cocaine and other stimulants and the intensive setting of this 

PK study. 

A limitation of this study is the small sample size together with the patients lost to follow 

up, the missed blood samples and the split cohorts across doses. This means that the re-

sults need to be interpreted with caution. Despite these drawbacks, the exploratory and 

flexible design of the study does allow confirmation of the important sustained-release 

characteristics of the investigated formulation, and these pharmacokinetics support the 

previous efficacy study, demonstrating the superiority of SR dexamphetamine over pla-

cebo in reducing crack-cocaine use. Furthermore, this study brought to light a previously 

unidentified factor that may be important for the implementation of this treatment, 

namely the expectancy bias of patients taking open label dexamphetamine in this set-

ting. An additional unforeseen benefit of the split into two doses is the information ob-

tained from both dose levels, albeit limited in quantity. Overall, although the study has 

included a small number of patients, the data was sufficient to provide an answer to its 

objective and added to the still limited experience with this new treatment.

This study is the first to describe the pharmacokinetics of SR dexamphetamine in a pa-

tient population with co-morbid crack-cocaine and heroin dependence currently in her-

oin-assisted treatment. The results of this study show that the investigated formulation 

of dexamphetamine exhibits SR characteristics in vivo. 

Additionally, this study shows the mean steady-state plasma levels at two different dose 

levels. This data demonstrates a dose proportional PK characteristics. This may prove 

important at a later stage in the development of therapies with dexamphetamine SR 

where dose-effect titrations may be necessary.  

Further investigation is required into the relationship between plasma levels and effica-

cy. This might warrant dose-titration protocols and dosing guidance in the near future. 

In conclusion, the investigated SR dexamphetamine formulation is suitable for use in the 

heroin-assisted treatment setting providing a once daily dosing option resulting in an 

adequate accumulation rate to steady-state levels.
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Conclusions and perspectives

The studies and the results described in this thesis are the resultants of two very differ-

ent lines of research. Even though these studies share similar features, they stem from 

vastly dissimilar therapeutic fields and backgrounds. For that reason this thesis is divided 

in two parts; the first presenting the studies regarding anticancer agents and the second 

describing the studies concerning the stimulant dexamphetamine.

Part I

For the past 20 years, the pharmacological therapy of cancer has been undergoing a 

metamorphosis, rapidly changing from treatment with broad and unspecific cytotox-

ic agents to personalized and highly specific targeted agents. This new class of drugs 

largely consists of small molecular compounds that mostly inhibit kinases. Alongside 

the advancing targeted therapy of the small molecular kinase inhibitors (smKIs) came 

the so-called ‘intravenous-to-oral-switch’. This is illustrated by the fact that an increas-

ing number of marketed targeted anticancer drugs are administered orally. Additionally, 

most of the targeted agents that are being investigated are intended for oral ingestion.

Oral targeted cancer therapy

The first chapter of this thesis shows that although the therapy of cancer is increasingly 

becoming more sophisticated in terms of specificity and effectiveness, the clinical and 

therapeutic application has not yet been fully refined.

Chapter 1.1 presents an inventory and an analysis of the therapeutic variability that is 

observed in the clinical application of the smKI drug class and the various factors that 

have a crucial influence thereon. The overview shows that the kinase smKIs in general 

suffers from a low and highly variable bioavailability. The underlying cause is the poor 

permeability in the gastrointestinal tract, but even more so the poor solubility of these 

anticancer agents. This is highlighted by the fact that the majority of these drugs are 

marked with Biopharmaceutics Classification System (BCS) class II or IV [1]. Various phys-

iological factors can contribute further to increase the variability, such as membrane 

transporters and metabolism. Furthermore, the initial high variability can be higher in 

certain therapeutic situations. Special patient populations such as the hepatically im-

paired and the elderly may be at an additional risk. Another important factor that may 
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contribute to the observed variability is the co-administration of food and particular 

co-medication. This chapter shows that most orally administered kinase inhibitors are 

susceptible to variability from different sources, but also that large amounts of neces-

sary descriptive data are still lacking to accurately describe the overall situation. Initial 

evidence is presented that therapeutic, but most notably formulative, measures may 

be valuable tools to increase drug bioavailability and possibly reduce pharmacokinetic 

variability, however. This may not only be true for the currently marketed drugs, but also 

for the upcoming generation and should therefore receive sufficient attention during 

pharmaceutical development.

The fundamental causes of the low and variable bioavailability are addressed in more 

detail in chapter 1.2. Here, the molecular structures and scaffolds of the kinase inhibi-

tors are the main focus. Each of the kinase inhibitors is specifically designed on a molecu-

lar level to bind to a protein and inhibit its signaling function and thereby preventing the 

execution of its role in tumor growth. This has resulted in a collection of highly lipophilic 

structures that play critical roles in target binding. As combinations of these lipophilic 

structures make up the larger part of the kinase inhibitor molecules, the overall struc-

ture is subsequently very poorly water soluble with often a high dependence on the pH 

level. For the kinase inhibitor drug class, salt and solvate selection prior to marketing has 

not led to solubility improvement beyond BCS class II or IV for most of the anticancer 

agents. Furthermore, research into forms other than crystals has rarely led to clinical 

formulations. The marketed formulations are therefore all, with the exception of vemu-

rafenib, regorafenib and nintedanib, developed as ‘classical’ physical mixtures with these 

crystalline salts and solvates that are not capable of fully dealing with the inherent poor 

solubility of the drugs’ inhibiting structure.  

Published literature and patent texts hint at various ways that may be used to improve 

drug formulations of kinase inhibitors, although substantial in vivo results are still lacking.

With the support of literature and patent data and the analyses from the previous chap-

ters, chapter 1.3 continues the discussion by taking a strong stance in favor of more 

thorough formulation development of future clinical drug products. It does so by high-

lighting practical cases and situations in which already marketed kinase inhibitors not 

only suffer from a low solubility, but also from a low and highly susceptible bioavailabil-

ity. Through an analysis of the previous decades and a extrapolation to the foreseeable 

future, the chapter predicts that a relatively large number of new kinase inhibitors will 
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be introduced before long. In order to facilitate the clinical practice and the financial 

bedding of the therapy with all these new drugs, the pharmaceutical potentials should 

be optimized. In conclusion, this should translate to more investments by innovators in 

the formulations of chemotherapy. 

To further investigate the hypothesis that an improved drug solubility indeed leads to 

an increased and less variable bioavailability and to further support previous observa-

tions, a new research line was set up. Here, the main objective was to develop new and 

solubility-enhanced oral formulations of kinase inhibitors from a firm basis of adequate 

and extensive (bio)pharmaceutical profiling. Based on their unfavorable pharmaceutical 

properties and therapeutic variability, two kinase inhibitors, namely pazopanib and nilo-

tinib, were selected as candidates for formulation improvement.

Pharmaceutical analysis of oral anticancer drug substances

The first step in the design of a new formulation should always be the adequate pharma-

ceutical characterization of the drug substance [2]. Both pazopanib and nilotinib were 

extensively studied in terms of their thermal and thermodynamic properties in relation 

to possible pharmaceutical processing [3]. The results of these studies are presented in 

chapter 2.

The thermal stability and the thermal degradation of pazopanib hydrochloride as 

polymorph form I is resolved and discussed in chapter 2.1. It was shown that Fourier 

transform infra-red spectroscopy (FT-IR) can be used to differentiate between the hy-

drated and anhydrate forms of pazopanib hydrochloride and that the presence of the 

hydrochloride in the drug substance is also observable. This indicates that FT-IR may 

be used during thermal processing to identify drug substance degradation. Pazopanib 

hydrochloride subjected to thermogravimetric analysis (TGA) revealed thermal stabili-

ty up to 200 oC and a five-stage degradation process. An important observation came 

from calorimetry analyses. Here, it was established that pazopanib hydrochloride form 

I does not melt prior to thermal decomposition. This has an important implication for 

the choice of future processing methods as molecular dispersions cannot be obtained 

through melting techniques. Overall, the results from this study support the conclusion 

that the high thermal stability makes pazopanib hydrochloride a suitable candidate for 

new formulation studies where thermal production methods, excluding melting-based 

techniques, are utilized.
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The preparation of crystal-free amorphous phase has been examined for many drugs as 

an approach to increase the dissolution properties and the solubility. The amorphous form 

lacks the particulate structure of crystalline forms which often sharply increases the overall 

surface area and drastically increases the dissolution speed. Furthermore, the relatively 

high free energy of the amorphous phase generally causes an increased initial apparent 

solubility. This heightened free energy may also lead to increased tendency to collapse and 

recrystallize however. This means that besides a well-designed stability study of the crys-

talline form, the assessment of the stability of the amorphous phase should also be part of 

formulation development. Chapter 2.2 applies these principles to nilotinib hydrochloride 

polymorph form B in a pharmaceutical characterization study. The monohydrated hydro-

chloride salt of nilotinib was successfully subjected to spray-drying to yield anhydrous and 

amorphous nilotinib hydrochloride. The results of the study show that FT-IR can also be 

utilized to indicate the presence of water and the amorphicity of the spray-dried powder. 

Thermal analysis by TGA of the crystalline drug demonstrated stability during heating up to 

193 oC. Modulated temperature differential scanning calorimetry (MTDSC) was employed 

to thoroughly study and uncover various stability parameters of the crystalline and the 

spray-dried amorphous phase. Loss of water of crystallization from the crystalline drug 

occurred with a peak of 133 oC after which melting was observed with a peak temperature 

of 199 oC. The mean glass transition temperature of the amorphous phase was found to be 

147 oC, indicating a stable spray-dried powder. Heat capacities of both forms were used to 

calculate several thermodynamic parameters. These parameters indicated that the amor-

phous phase had a worst-case-scenario Kauzmann temperature (where molecular mobility 

is negligible) of 65 oC and the characteristics of a fragile amorphous ‘glass’ system. Along 

with a physical stability of at least 6 months at 20-25 oC and a relative humidity of 60%, this 

signifies a highly stable amorphous phase at common storage conditions with a favorable 

stability profile at elevated temperatures. It was therefore concluded that amorphous ni-

lotinib hydrochloride is a suitable candidate for formulation development.

Both studies revealed and highlighted important drug substance properties that may 

contribute to the efficient and accurate formulation development. 

Formulation improvement of oral anticancer agents

A large number of techniques are available to a pharmaceutical formulation scientist 

with which the solubility of a poorly soluble drug can be improved. This can be done by 

either altering the physical attributes of the drug itself or through the combination of the 

drug with solubility-enhancing excipients. 
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The two drugs of choice, pazopanib hydrochloride and nilotinib hydrochloride, have 

both been marketed in pharmaceutical formulations that consist of simple powder mix-

tures. The compositions and manufacturing procedures seem to match appropriate sta-

bilities and dissolution properties, not to maximize the biopharmaceutical potential of 

both drugs.

Chapter 3 presents and discusses the results from the studies that did seek to optimize 

these potentials for pazopanib hydrochloride in chapter 3.1 and for nilotinib hydrochlo-

ride in chapter 3.2.

To accurately and to properly evaluate the solubility improvement of different formu-

lations with these drugs, a (small-scale) dissolution system was developed that was ca-

pable of simulating the changes in composition and pH as these are encountered in 

the gastrointestinal system. Scrutiny was applied to the marketed formulations Votri-

ent®(pazopanib hydrochloride) and Tasigna®(nilotinib hydrochloride) in this new disso-

lution system. It showed that the maximum solubility in the stomach environment was 

up to approximately 48% for Votrient® and 26% for Tasigna®. Upon transition to the 

intestinal environment, the solubility of both drugs dropped below 1% at final intestinal 

pH values. The latter is critical as most of the drug uptake is likely to take place in the 

small intestine for which drug in solution is necessary. Both studies therefore focused 

on enhancing the solubility of the drugs in the stomach environment and on preventing 

the solubility loss in the intestinal environment. An extensive number of excipients in 

combination with both drugs at different compositions were examined in terms of com-

patibility, solubility improvement and dissolution characteristics. 

The solubility of pazopanib hydrochloride in the stomach environment was increased 

slightly to a maximum of 54% by the addition of certain excipients in a binary powder 

mixture. The solubility of pazopanib hydrochloride in the intestinal environment could 

only be increased and maintained by the excipient Soluplus® through an unexpected sol-

ubility increase upon transition from stomach to intestinal conditions. At a composition 

of 1/8 (w/w) (pazopanib hydrochloride/Soluplus®) and after mixing of the components 

with a mixing and grinding technique in the presence of methyl-tert-butyl ether as a wet-

ting agent, the solubility could even be increased to 100% at a pH of 6.8 through incor-

poration of pazopanib hydrochloride in Soluplus® micelles. A solubility increase with a 

factor of >300 was obtained with the newly developed formulation. The powder mixture 

formulation was brought up to volume with microcrystalline cellulose and was filled out 
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in gelatin capsules at 25 mg of pazopanib hydrochloride per capsule. This new dosage 

form was named PazSol001 (PZHSol001) for which a clinical study was designed to de-

termine its pharmacokinetic profile. Doses of 100, 200 and 300 mg were administered to 

cancer patients and the plasma concentrations after the single dose were measured. In a 

comparison with literature data of the marketed Votrient®, the first dose level of 100 mg 

did not significantly improve patient exposure. The second and third dose levels, how-

ever, did show an increase in exposure compared to Votrient®. The dose level of 200 mg 

exhibited an exposure increase of 84% relative to the same dose of Votrient®. The 300 

mg dose of PazSol001 was found to reach an exposure of 379 μg/mL*h, that was similar 

to the exposure of 800 mg of Votrient® at 275 μg/mL*h. Additionally, the exposures of 

PazSol001 exhibited less variability than those of Votrient®.

The results from this study described chapter 3.1 clearly show the additional benefit of 

an extensive and physiologically-based pharmaceutical formulation development pro-

cess. The results from this proof-of-concept study are promising and may form the basis 

for additional investigation. This research should be directed to further optimize the for-

mulation and the production process. The initial hypothesis that an increased solubility 

leads to an increased and less variable bioavailability is supported by this study, however.

In contrast to the sudden and unexpected solubility increase that was observed for the 

combination of pazopanib hydrochloride and Soluplus®, the solubility of nilotinib hydro-

chloride could only be maintained upon transition from the stomach to the intestine. 

An additional step was needed to further improve the solubility in the stomach environ-

ment. In chapter 3.2 it was shown that by spray drying nilotinib hydrochloride  from eth-

anol, the initial solubility in the stomach environment could be significantly increased. 

This is most likely caused by the higher apparent solubility of the amorphous from and 

the altered interaction between the drug molecules and the excipients. Excipients were 

selected based on the solubility improvement and attainment in the stomach and intes-

tinal environments, respectively. The results indicated that Soluplus® in a composition of 

1/7 (w/w) (nilotinib hydrochloride/Soluplus®) was able to not only increase the stomach 

solubility to 100%, but also maintain that solubility at intestinal pH levels. Hence, this 

formulation is deemed a suitable candidate for evaluation in vivo. This will further clarify 

if the principle of the initial hypothesis is also applicable to nilotinib hydrochloride and 

may perhaps even be more generalizable. 
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Bioanalysis of oral anticancer agents

The variable pharmacokinetic nature of the current kinase inhibitors and other person-

alized chemotherapy are likely to influence the effectiveness of their therapy. This is 

further supported by the increasing insight in the relationship between certain pharma-

cokinetic targets and the effect on disease outcome and patient survival [4]. Therapeutic 

drug monitoring (TDM) provides the clinicians with a valuable way of evaluating the 

plasma levels of cancer patients and may use the information to adjust dosing schemes 

to improve therapy outcome. To accommodate the TDM for frequently used kinase in-

hibitors and targeted agents in the clinic, two bioanalytical quantitative methods were 

developed. The first method, as presented in chapter 4.1 was designed for the determi-

nation of plasma concentrations for 10 kinase inhibitors and 1 metabolite. Chapter 4.2 

discusses the second method, which is developed to quantify 7 kinase inhibitors and 1 

antihormone. Both methods were set-up to match the fast and high through-put clinical 

setting. 

The measurements of plasma concentrations by both assays has since the validation 

been adopted into the clinical routine. The bioanalysis assists in not only the monitoring 

of plasma concentrations and the feedback to the clinicians, but also in providing infor-

mation about the overall performance of the analyzed drugs.

In line with the continuing emergence of new drugs and the replacement of old drugs in 

certain arms of oncological therapy, the agents in the TDM methods may over time be-

come obsolete. In practice that means that methods may need to be adjusted to incor-

porate the quantification of other drugs or assays may be abandoned altogether. What-

ever direction is chosen, the fundaments of potential new TDM assays and the logistics 

and infrastructure that are needed to develop and validate them may find relevant and 

useful support in the work presented in chapter 4.
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Part II

Dexamphetamine

Cocaine dependence is classified as a psychiatric disorder that has a significant impact 

on the lives of patients and their surroundings. As there is currently no available pharma-

cotherapy, patients are faced with a chronic condition that majorly disrupts everyday life 

and is most often accompanied by other mental and physical afflictions [5]. 

Several drugs have been under investigation for the treatment of cocaine dependence. 

Amongst these, sustained release (SR) dexamphetamine has been shown to be the most 

effective in lowering the use of cocaine [6]. For the investigation of the effectiveness of 

SR dexamphetamine in the therapy of patients with cocaine dependence in the Neth-

erlands, a new SR formulation was developed at the Netherlands Cancer Institute and 

the MC Slotervaart. The study that was carried out with this new formulation showed 

that SR dexamphetamine is a safe and effective pharmacotherapy for the treatment of 

comorbid treatment-refractory cocaine dependence in heroin-dependent patients in 

heroin-assisted treatment [7]. 

A second study was designed to examine the pharmacokinetics of the new SR dexa-

mphetamine. The first part of this study, the development and validation of a plasma 

assay, is described in chapter 5.1. This bioanalytical assay was designed to measure 

dexamphetamine plasma concentrations over a broad range and may in the future be 

extended to measure in dried-blood spots and urine and may so be instrumental in mea-

suring patient therapy adherence. The second part of the study involved the execution 

of a clinical trial in which the pharmacokinetics of two different dose levels (30 and 60 

mg) of SR dexamphetamine were analyzed during 5 days of therapy, as detailed in chap-

ter 5.2. The results from this study demonstrate the SR character of the formulation and 

support the once daily dosing scheme as used in the effectiveness study. Surprisingly, 

the participating patients experienced more side effects at the 60 mg dose level than in 

the previous. This warrants further investigation.

Now that the effectiveness, safety and pharmacokinetics have been explored in this 

small and specific patient population, the application of the SR formulation of dexam-

phetamine may also be investigated in other patient populations.
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Summary

For the past 20 years, the pharmacological therapy of cancer has been undergoing a 

metamorphosis, rapidly changing from treatment with broad and unspecific cytotox-

ic agents to personalized and highly specific targeted agents. This new class of drugs 

largely consists of small molecular compounds that mostly inhibit kinases. By way of 

their disruption of the kinase function, the targeted agents interfere with multiple can-

cer signaling pathways which are essential to tumor development, survival, growth, and 

metastasis.

Alongside the advancing targeted therapy came the so-called ‘intravenous-to-oral-switch’. 

This is illustrated by the fact that an increasing number of marketed targeted anticancer 

drugs are administered orally. Additionally, most of the targeted agents that are being 

investigated are intended for oral ingestion.

 

Part I of this thesis discusses the issues that originate from the oral administration of 

targeted anticancer agents.

The oral administration of the targeted and highly specific small molecular kinase inhibi-

tors  (smKIs) results in a clinical setting where a poor bioavailability and a large variability 

in exposure and possibly effectiveness is common. Chapter 1 reviews these matters and 

addresses both their origins and clinical implications.

Chapter 1.1 provides an overview of the most important sources of the pharmacokinet-

ic variability. It links the (bio)pharmaceutical characteristics of the kinase inhibitors to 

clinically relevant situations, such as co-medication and food interactions. By doing so, a 

clear sketch of the current state of affairs is presented. Additionally, the chapter draws 

attention to the possibilities of reducing the high variability in the patient exposure of 

the kinase inhibitors.

The root cause of the issues of poor drug uptake and variable pharmacokinetics of the 

drug class is the focus of chapter 1.2. Here, it is demonstrated that the same molecular 

structures that grant the kinase inhibitors their high specificity are also responsible for 

drugs’ low aqueous solubility. Furthermore, the measures that were taken in the for-

mulation development of the marketed dosage forms are summarized along with the 

general poor biopharmaceutical performance associated with these efforts. The chapter 
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concludes with a synopsis of the various formulation improvement techniques that have 

been applied in literature and patents to enhance the biopharmaceutics of the kinase 

inhibitors and illustrates this with clear examples.

The observations and the discussions from the previous chapters are revisited in chapter 

1.3, where a firm stance is adopted in support of more thorough biopharmaceutical re-

search and development prior to the market release of new chemotherapeutics. 

Two of the most poorly pharmaceutically performing smKIs were selected as suitable 

candidates for formulation improvement, namely pazopanib and nilotinib. The topic of 

Chapter 2 is the first step in the proper development of a new formulation, namely the 

pharmaceutical characterization of these anticancer agents. In both chapters, thermal 

analytical methods were used to reveal previously unknown physicochemical features.

Chapter 2.1 presents a thermal profile of pazopanib hydrochloride as crystal polymorph 

form I, which is the form that is used in the marketed formulation Votrient®. The study 

involved the characterization of the drug substance by X-ray diffraction analysis and Fou-

rier transform infrared spectroscopy (FTIR). Through thermogravimetric analysis and dif-

ferential scanning calorimetry, this chapter also demonstrates the thermal stability of 

the crystalline form and the stages of the thermal degradation process. 

Both the thermal analyses of the crystalline (polymorphs form B) and amorphous forms 

of nilotinib hydrochloride are discussed in chapter 2.2. Both forms were subjected to 

thorough analysis by nuclear magnetic resonance spectroscopy, FTIR and X-ray diffrac-

tion analysis. Thermogravimetric analysis was applied to the crystalline form to yield 

data on the thermal stability and the phases of the degradation process. The study also 

included the thermodynamic analysis of the calorimetric data that was obtained for both 

forms of the drug. The chapter concludes with an extensive stability profile of both crys-

talline and amorphous nilotinib hydrochloride.

Chapter 3 presents the results and the discussion of the formulation development stud-

ies for pazopanib hydrochloride and nilotinib hydrochloride. The studies reflect back on 

the pharmaceutical characterization and implemented a physiology-based dissolution 

system to ascertain a rational formulation design.

The solubility of pazopanib hydrochloride was improved in Chapter 3.1. After an excipi-

ent-compatibility study and an initial excipient-solubility screening, the testing of binary 
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physical mixtures yielded a final formulation that exhibited a solubility increase with 

a factor of more than 300 in an intestinal environment. Furthermore, the mechanism 

of the solubility increase of the best-performing formulation was meticulously studied 

by two types of electron microscopy, X-ray diffraction and dynamic light scattering. The 

selected final formulation was subsequently tested in vivo in patients from which phar-

macokinetic samples were collected. Single dose pharmacokinetics of three different 

doses were determined and compared to Votrient®. The comparison showed that 300 

mg of the newly designed formulation produced a similar patient exposure as Votrient® 

800 mg with a reduced variability.

Chapter 3.2 describes the study of the formulation improvement of nilotinib hydrochlo-

ride. A variety of excipients was tested for the solubility improving effect on the drug, 

both after physical mixing and spray drying. The powder formulations that were manu-

factured with the spray drying technique proved to be superior in dissolution character-

istics compared to physical mixtures. The optimal drug-excipient combination was se-

lected and analyzed with different spectroscopic, microscopic and thermal techniques. 

The variability that stems from the marketed  pharmaceutical smKI formulations may 

result in plasma concentrations that are ineffectively low or toxically high. To timely de-

tect under- or overdosing, the clinic often relies on therapeutic drug monitoring (TDM). 

Chapter 4 presents two bioanalytical assays that were specifically designed to simulta-

neously quantify multiple targeted chemotherapeutics. The suitability of the methods 

for the purpose of TDM was improved by certain adjustments to the general recommen-

dations for bioanalytical method validation.

Chapter 4.1 outlines the fully validated liquid chromatography–tandem mass spectrom-

etry (LC-MS/MS) method for the quantification of dasatinib, erlotinib, gefitinib, imatinib, 

lapatinib, nilotinib, pazopanib, sorafenib, sunitinib, vemurafenib and the active metab-

olite, N-desethyl-sunitinib in patient plasma. The applicability of the method was ad-

ditionally proven by the analysis of plasma samples of patients with cancer that were 

under treatment with one of the analyzed drugs.

The development and validation of the bioanalytical LC-MS/MS assay for the quantifica-

tion of afatinib, axitinib, ceritinib, crizotinib, dabrafenib, enzalutamide, regorafenib and 

trametinib in plasma is presented in Chapter 4.2. The development directed particular 

attention to the light instability of the drugs axitinib and dabrafenib with regard to sam-
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ple handling in the clinical practice. As with the previous chapter, the clinical applicabil-

ity of this method was also confirmed through the analysis of treated patient plasma 

samples.

In summary, this thesis shows the current situation of highly specific anticancer agents 

of which the clinical performance is significantly hindered by a low and variable bio-

availability. In addition, it clearly shows that by way of a well-designed formulation, this 

clinical performance can be greatly improved. 

Part II of this thesis addresses the manufacture and the pharmacokinetic analysis of 

dexamphetamine sustained-release (SR) tablets. These tablets were specifically de-

signed for use in the therapy of cocaine dependence. Cocaine dependence is a harmful 

mental disease for which there currently is no pharmacotherapy available.

Chapter 5 describes the preparation and execution of a descriptive pharmacokinetic ex-

ploration study of dexamphetamine SR tablets. This study was facilitated by the devel-

opment and validation of a LC-MS/MS assay for the quantification of dexamphetamine 

in patient plasma samples. The method is presented in chapter 5.1. Herein, the situation 

of the quantification of a small molecule analyte in a high-throughput environment and 

the associated issues are also addressed. Likewise, the suitability of the assay for use in 

the pharmacokinetic study was established.

Chapter 5.2 presents the results of the pharmacokinetic study itself. Two different doses 

of the SR dexamphetamine were administered to  chronic  crack-cocaine-dependent pa-

tients with  comorbid heroin dependence, currently on heroin-assisted treatment. The 

plasma samples were analyzed by the LC-MS/MS assay and the pharmacokinetics were 

evaluated through non-compartmental analysis. The study clearly shows the SR pharma-

cokinetics of the formulation at both dose levels, 30 and 60 mg. 

Part II provides further evidence in favor of the implementation of SR dexamphetamine 

in the therapy of cocaine dependence.
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Nederlandse samenvatting

Gedurende de afgelopen 20 jaar is de farmacologische therapie van kanker een meta-

morfose ondergaan waarin het zich veranderde van de behandeling met brede en aspe-

cifieke cytotoxische middelen richting sterk specifieke doelgerichte stoffen. Deze nieuwe 

groep van geneesmiddelen bestaat voor het grootste gedeelte uit laagmoleculaire ver-

bindingen die met name eiwitkinases remmen. Door het verstoren van de kinasefunctie, 

zijn deze gerichte middelen in staat om de vele kankersignaaltransductiewegen te on-

derbreken. Deze zijn essentieel voor tumorontwikkeling, overleving, groei en uitzaaiing.

Tegelijk met het opkomen van de gerichte therapie verscheen de zogenaamde ‘intrave-

neus-naar-oraal-wisseling’. Illustratief hiervoor is het grote en toenemende aantal ge-

richte middelen dat oraal moeten worden toegediend. Daarnaast is het merendeel van 

de huidig in onderzoek zijnde gerichte middelen bestemd voor orale toediening.

Deel I van dit proefschrift behandelt de problemen die voortkomen vanuit de orale toe-

diening van de gerichte antikankermiddelen.

De orale toediening van de gerichte en sterk specifieke laagmoleculaire kinaseremmers 

(small molecular Kinase Inhibitors, smKIs) resulteert in een klinische situatie waar een 

lage biologische beschikbaarheid en een hoge variabiliteit in blootstelling en mogelijk 

effectiviteit veelvoorkomend zijn. Hoofdstuk 1 beschouwt deze zaken en bespreekt de 

oorzaken en de klinische implicaties.

Hoofdstuk 1.1 geeft een overzicht van de belangrijkste bronnen van de farmacokine-

tische variabiliteit. Het verbindt de (bio)farmaceutische karakteristieken van de kina-

seremmers aan klinisch relevante situaties, zoals comedicatie en voedselinteracties. 

Hierdoor wordt een duidelijk beeld gegeven van de huidige stand van zaken. Daarnaast 

schenkt het hoofdstuk aandacht aan de beschikbare mogelijkheden om de hoge variabi-

liteit in patiëntblootstelling van de smKIs te verlagen.

De kernoorzaak van de problemen met de opname en de variabele farmacokinetiek van 

deze groep geneesmiddelen wordt verder besproken in hoofdstuk 1.2. Hier wordt aan-

getoond dat het de gelijkende moleculaire structuren van de gerichte middelen zijn die 

maken dat de oplosbaarheid in water bijzonder laag is. Deze structuren zijn gelijkend 

vanwege de sterk overeenkomende werkingsmechanismen van de stoffen. Bovendien 
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wordt er een samenvatting gegeven van de wijzen waarop hiermee is omgegaan in de 

huidige handelsformuleringen en de hieruit volgende slechte biofarmaceutische presta-

ties.

Het hoofdstuk sluit af met een overzicht van verschillende formuleringstechnieken die 

zijn gebruikt in gepubliceerde of gepatenteerde onderzoeken om de biofarmaceutische 

aspecten van de smKIs te verbeteren en licht dit toe met duidelijke voorbeelden. 

De observaties en discussies uit de voorgaande hoofdstukken worden opnieuw aan-

gehaald in hoofdstuk 1.3. Daaropvolgend wordt gepleit voor meer diepgaand biofar-

maceutisch onderzoek en ontwikkeling voorafgaand aan het op de markt brengen van 

nieuwe antikankermiddelen.

Twee van de slechtspresenterende smKIs werden uitgekozen als geschikte kandidaten 

voor het ontwikkeling van een verbeterde formulering; pazopanib en nilotinib. Het on-

derwerp van hoofdstuk 2 is de eerste stap in de fatsoenlijke ontwikkeling van een nieu-

we formulering, namelijk het farmaceutisch karakteriseren van de actieve stof. In beide 

hoofdstukken (2.1 en 2.2) werden thermoanalytische methoden gebruikt om voorheen 

onbekende fysisch-chemische eigenschappen van de twee stoffen te verkennen.

Hoofdstuk 2.1 beschrijft het thermische profiel van pazopanibhydrochloride in de kris-

tallijne polymorf I. Dit is tevens de vorm is zoals die wordt gebruikt in de handelsformu-

lering Votrient®. In deze studie wordt de stof gekarakteriseerd door middel van Röntgen-

diffractieanalyse (XRD) en Fourier-Transform-Infraroodspectrometrie (FTIR). Met behulp 

van thermogravimetrische analyse en dynamische differentiecalorimetrie, geeft het 

hoofdstuk een duidelijk beeld van de thermische stabiliteit van pazopanibhydrochloride 

en de fasen van thermische degradatie.

Zowel de thermische analyses van de kristallijne (polymorf B) als van de amorfe vorm 

van nilotinibhydrochloride worden besproken in hoofdstuk 2.2. Beide vormen werden 

onderworpen aan een grondige analyse door middel van kernspinresonantiespectrosco-

pie (NMR), FTIR en XRD. Thermogravimetrische analyse werd toegepast op de kristallijne 

vorm om een beeld te krijgen van de thermische stabiliteit en de fasen van het thermi-

sche degradatieproces. Er werd tevens een thermodynamische analyse van calorimetri-

sche data van beide vormen van de stof uitgevoerd in de studie. Het hoofdstuk eindigt 

met uitgebreide stabiliteitsprofielen van kristallijn en amorf nilotinibhydrochloride.
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Hoofdstuk 3 beschrijft de resultaten en de discussie van de formuleringsontwikkelings-

studies die werden uitgevoerd voor de middelen pazopanibhydrochloride en nilotini-

bhydrochloride. De studies nemen de farmaceutische karakterisering in acht en maken 

gebruik van een op de fysiologie gebaseerd dissolutiesysteem om te komen tot een rati-

onele ontwikkeling van de nieuwe formuleringen. 

De oplosbaarheid van pazopanibhydrochloride werd verbeterd in het onderzoek dat 

staat beschreven in hoofdstuk 3.1. Volgend op een hulpstofcompatibiliteitsstudie en 

een initiële hulpstofoplosbaarheidsscreening leidde het testen van binaire poeder-

mengsels tot een finale formulering die de oplosbaarheid in intestinale condities met 

een factor van meer dan 300 kon verhogen. Daarnaast werd het mechanisme achter de 

oplosbaarheidsverhoging gedetailleerd onderzocht met behulp van twee vormen van 

electronmicroscopie, XRD en dynamische lichtverstrooiing. De best presterende formu-

lering werd uiteindelijk in vivo in patiënten getest, waarvan farmacokinetische monsters 

werden verzameld. De farmacokinetiek van een eenmalige dosis van drie verschillende 

doses werd vergeleken met die van Votrient®.  De vergelijking liet zien dat 300 mg van 

de nieuwe formulering een gelijkende blootstelling tot gevolg had als 800 mg Votrient®. 

Daarnaast heeft de nieuwe formulering minder farmacokinetische variabiliteit.

Hoofdstuk 3.2 behandelt de resultaten en de discussie van de formuleringsverbeterings-

studie van nilotinibhydrochloride. Een verzameling verschillende hulpstoffen werd ge-

test op oplosbaarheidsverbeterend vermogen, zowel na fysiek mengen als na sproeidro-

gen. De poederformuleringen die werden gemaakt met behulp van sproeidrogen bleken 

superieur te zijn qua dissolutiegedrag. De optimale geneesmiddel-hulpstofcombinatie 

werd geselecteerd en geanalyseerd met verschillende spectroscopische, microscopische 

en thermische technieken.

De variabiliteit die voorkomt vanuit de op de markt zijnde farmaceutische smKI-formu-

leringen kan tot gevolg hebben dat resulterende plasmaconcentraties ineffectief laag of 

toxisch hoog kunnen zijn. Om dergelijke onder- en overdoseringen tijdig te detecteren 

vertrouwt de kliniek vaak op therapeutische geneesmiddelcontrole (Therapeutic Drug 

Monitoring, TDM). Hoofdstuk 4 beschrijft twee bioanalytische methoden die nadruk-

kelijk ontworpen zijn om gelijktijdig meerdere gerichte antikankermiddelen te kunnen 

kwantificeren. De toepasbaarheid op klinische monsters met het oog op TDM werd bij 

deze methoden verbeterd door bepaalde aanpassingen op de algemene richtlijnen voor 

de validatie van bioanalytische methoden.
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Hoofdstuk 4.1 rapporteert over de ontwikkeling en de volledige validatie van een mas-

saspectrometergekoppelde vloeistofchromatografische methode (LC-MS/MS) die is 

ontworpen voor het kwantificeren van dasatinib, erlotinib, gefitinib, imatinib, lapatinib, 

nilotinib, pazopanib, sorafenib, sunitinib, vemurafenib en de actieve metaboliet, N-de-

sethyl-sunitinib in patiëntplasma. De klinische toepasbaarheid voor TDM werd onder-

zocht en ondersteunt door de analyse van plasmamonsters van patiënten met kanker die 

werden behandeld met een van de middelen uit de methode.

De ontwikkeling en de validatie van de bioanalytische LC-MS/MS-methode voor het 

kwantificeren van afatinib, axitinib, ceritinib, crizotinib, dabrafenib, enzalutamide, rego-

rafenib and trametinib wordt uiteengezet in hoofdstuk 4.2. Tijdens de ontwikkeling ging 

speciale aandacht uit naar de invloed van licht op de stabiliteit van axitinib en dabrafenib 

gelet op de praktische handelingen met monsters in de kliniek. Zoals in het voorgaande 

hoofdstuk, werd ook hier de klinische toepasbaarheid bekrachtigd door de analyse van 

patiëntenmonsters.

Samenvattend laat dit proefschrift de huidige situatie zien van de sterk specifieke anti-

kankermiddelen waarvan de klinische prestaties significant gehinderd worden door een 

lage en variabele biologische beschikbaarheid. Bovendien laat het beschreven onder-

zoek duidelijk zien dat een goed ontworpen farmaceutische formulering deze klinische 

prestatie sterk kan verbeteren.

Deel II van dit proefschrift is gewijd aan de productie en de farmacokinetische analyse 

van dexamfetaminetabletten met vertraagde afgifte (VA). Deze tabletten werden speci-

fiek ontworpen voor gebruik in de therapie van cocaïneverslaving. De afhankelijkheid 

van cocaïne is een schadelijke geestelijke aandoening waarvoor er tot op heden geen 

farmacotherapie beschikbaar is.

Hoofdstuk 5 gaat over de voorbereiding en de uitvoering van een beschrijvende explo-

ratieve farmacokinetische studie van dexamfetaminetabletten VA. De studie werd on-

dersteunt door de ontwikkeling en validatie van een LC-MS/MS methode die bestemd 

was voor het kwantificeren van dexamfetamine in patiëntplasma. Deze methode wordt 

beschreven in hoofdstuk 5.1. Hier wordt ook de situatie van de analyse van een laagmo-

leculair analiet in een setting besproken waar er veel afwisseling van analysemethoden 

op analyseapparatuur plaatsvindt. Ook hier wordt de klinische toepasbaarheid, ditmaal 

voor een farmacokinetische studie, vastgesteld.
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Hoofdstuk 5.2. geeft een overzicht van de resultaten van de farmacokinetische studie. 

Twee verschillende doses werden toegediend aan chronisch crack-cocaïneverslaafde 

patiënten met een comorbide heroïneverslaving, die ten tijde van de studie een behan-

deling ondergingen met medicinale heroïne. De plasmamonsters werden geanalyseerd 

met de LC-MS/MS methode en de farmacokinetiek werd geëvalueerd door middel van 

non-compartimentele analyse. De studie liet duidelijk de VA-farmacokinetiek van de 

twee doseringen, 30 en 60 mg, zien.

Deel II voorziet in verder bewijs dat de implementatie van VA dexamfetamine in de the-

rapie van cocaïneverslaving ondersteunt.
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Dankwoord

Het fundament waarop het beschreven onderzoek in dit proefschrift staat is mogelijk 

gemaakt door de waardevolle en onmisbare bijdragen van vele mensen. 

Mijn meest diepe erkenning van dank gaat uit naar die mensen voor wie het onderzoek 

is opgezet; de patiënten. Zij die veelal in de laatste fase van het leven bereid waren om 

kostbare uren en dagen ter beschikking te stellen ben ik uitzonderlijke dank verschul-

digd.

Zonder herhaaldelijke wijze raad, nuchter advies en inzichtgevende consultatie had het 

onderzoek in dit proefschrift niet kunnen plaatsvinden. Gelukkig kon ik alle drie altijd 

vinden bij mijn copromotor. Beste Bastiaan, een betere farmaceutische coach had ik me 

niet kunnen wensen!

Gedegen multidisciplinair onderzoek komt alleen tot bloei wanneer alle omstandighe-

den precies juist zijn. Mijn promotoren, Jos en Jan, hebben mij de kans geboden om on-

derzoek te doen op het snijvlak van de farmacie en de oncologie. De vele mogelijkheden 

die ik heb gekregen en talrijke mooie projecten waar ik deel van was, maken dat ik hen 

erg dankbaar ben.

Het ontwerpen, opzetten en uitvoeren van analysemethoden, productieprocessen en 

klinische studies kan een lange, en op punten eindeloos lijkende, exercitie zijn. Met en 

dankzij de hulp en ondersteuning van de verschillende afdelingen van het AvL-NKI zijn de 

projecten in dit proefschrift toch tot een goed einde gekomen.

De steun en het vertrouwen van de apotheekmedewerkers van de productieafdeling 

waren mij zeer kostbaar. De met ongebreidelde enthousiasme gebrachte wijsheden en 

praktische tips hebben een groot deel van het pad naar dit proefschrift verlicht.

Speciale dank gaat uit naar alle mensen van het Bioanalytisch Laboratorium waar ik vele 

onvergetelijke uren, dagen en maanden heb mogen doorbrengen onder het nimmer af-

latende doch altijd inspirerende GLP-regime.

Ook de CRU afdeling wil ik veel dank schenken voor mijn korte patiëntenrijke periode 

waarin ik gastvrij werd ontvangen en daadkrachtig werd gegidst.
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Daar een deel van het onderzoek zich buitengewoon extramuraal afspeelde wil ik zeker 

een woord van dank richten aan de medewerkers van het Academisch Psychiatrisch Cen-

trum in het Academisch Medisch Centrum. Hier voor mij onlosmakelijk aan verbonden 

gaat ook veel dankbaarheid uit het team van de Gemeentelijke Gezondheidsdienst aan 

de Flierbosdreef.

Waarom het U-gebouw (SLZ) liefkozend de Keet werd genoemd liet zich bij de allereer-

ste aankomst niet raden. De harde, koude en spaarzaam bedekte werkelijkheid bleek 

slechts een uiterlijke vertoning. De vele collega’s  en stagiairs die ik heb zien gaan en 

komen hebben het verblijf aldaar en in zowel het O- als H-gebouw tot een warm bad 

gemaakt waar geen U-gebouw (AvL) tegen op zou kunnen.

Bepaald geen sinecure te noemen, maar er is een leven naast promoveren. Naast vele 

andere dingen waren er reizen naar tropische en wat minder tropische oorden, frequen-

te nachtopvang met vele koffers en talloze sociale situaties die ook de afgelopen vier jaar 

voor de meest plezierige onderbrekingen hebben gezorgd. Lieve paranimfen, Abigaël en 

Rianne, wat ontzettend mooi dat ik daar deel van mocht uitmaken.

 

Na lange en zware dagen van onderzoek plegen is naar huis gaan plezierig, maar thuis 

komen het fijnste wat er is. Lieve Milan, ik mag van het meest onwaarschijnlijke geluk 

spreken dat ik met jou het merendeel van dit proefschrift heb mogen zien ontstaan. 

Dank je wel voor alle emotionele en inhoudelijke steun, jouw eindeloze geduld en de 

ruimte die je me gaf in de krapheid aan de Conradstraat.  

Mijn dankwoord eindigt met hen waarmee het allemaal begon. Vanaf mijn eerste eigen-

wijze melkweguitspraken tot aan het publiceren van mijn meest recente artikel heb ik 

altijd de steun en ondersteuning gehad van mijn familie. Pappa, Mamma, Renee en Kelly, 

het vertrouwen en de houvast door de jaren heen hebben mij de solide basis gegeven 

waarvoor woorden geen recht doen aan mijn dankbaarheid.
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graduating from pre-university education (VWO) at the Werkmancollege in Groningen, 

he chose to study Pharmacy at the University of Groningen. There he received both his 
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Nilotinib, formulated as Tasigna® with the monohydrated hydrochloride salt
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Dasatinib, formulated as Sprycel® with the monohydrated free base

O

O

O
O

N

N

NH ClH

Erlotinib, formulated as Tarceva® with the hydrochloride salt
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Gefitinib, formulated as Iressa® with the free base
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Imatinib, initially formulated as Glivec® with the mesylate salt
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Lapatinib, formulated as Tyverb® with the ditosylate salt
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Sunitinib, formulated as Sutent® with the malate salt
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N-desethyl Sunitinib, an active metabolite of sunitinib
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Sorafenib, formulated as Nexavar® with the tosylate salt
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Afatinib, formulated as Giotrif® with the dimaleate salt
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Ceritinib, formulated as Zykadia® with the free base

H
O

N

N
N

NH

NH2

Cl

F
Cl

Crizotinib, formulated as Xalkori® with the free base
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Dabrafenib, formulated as Tafinlar® with the mesylate salt
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Regorafenib, formulated as Stivarga® with the monohydrated free base
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Trametinib, formulated as Mekinist® with the dimethylsulfoxide-solvated free base

NH2

S

O

O OH

OH

NH2

Dexamphetamine, often formulated as the sulphate salt


