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1. Cancer 

 Cancer is a leading cause of morbidity and mortality worldwide. It is a group of complex 

diseases, characterized by the uncontrolled growth, invasion and sometimes, metastasis of 

abnormal cells that disrupt body tissue, metabolism, etc. and tend to spread locally or to distant 

parts of the body [1]. Unlike normal cells, cancer cells divide and grow at an uncontrolled rate. It 

starts with an error during replication, as a change in the genes of a single normal cell from any part 

of the body. Although most of these errors do not have major consequences,! if they affect an 

essential function or tend to accumulate at a high rate, the codified information in the genes is 

changed and the cell may become abnormal. Cancer is due to the accumulation of many such flaws 

in the replication process. There are over 200 different types of cancer known and over 60 different 

organs in the human body where cancer can grow [1]. 

 According to the latest worldwide cancer report (Globocan 2012), an estimated 14.1 million 

new cancer cases and 8.2 million cancer deaths occurred in 2012, compared with 12.7 million and 

7.6 million, respectively, in 2008. Prevalence estimates for 2012 show that there were 33.6 million 

people living with cancer (within 5 years of diagnosis). Amongst those, 57% (8 million) of the new 

cases, 65% (5.3 million) of the deaths and 48% (15.6 million) of the 5-year prevalent cases 

occurred in the less developed regions of the world (Figure 1).  

 

!

No. of new cancer cases  
14.1 million 

No. of new cancer cases in Less 
Developed Countries   

8 million (57%) 

No. of people living with cancer 
(within 5 years of diagnosis) 
33.6 million 

No. of people living with cancer  in Less Developed 
Countries (within 5 years of diagnosis) 
15.6 million (48%) 

   Worldwide 

No. of deaths from cancer 
8.2 million 

 
 

 

  

Figure 1. Estimated Cancer Incidence, Mortality and Prevalence in 2012 [2].!
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 Projections based on these estimations display a substantial increase to 19.3 million new 

cancer cases by the year 2025, and 21.5 million new cases and 13.2 million deaths by 2030. These 

increases can largely be attributed to the growth and aging of the global population, as well as 

reductions in childhood mortality and deaths from infectious diseases in developing countries. This 

estimation could be much larger due to the adoption of western lifestyles, such as smoking, poor 

diet, physical inactivity, and reproductive factors, in economically developing countries [2]. 

 Globocan also reported that the most commonly diagnosed cancers worldwide were lung 

(1.8 million, 13.0% of the total), breast (1.7 million, 11.9%), and colorectum (1.4 million, 9.7%). 

The most common causes of cancer death were lung (1.6 million, 19.4% of the total), liver          

(0.8 million, 9.1%), and stomach (0.7 million, 8.8%) [2].  

 Interestingly, the report also found that globally, the overall age standardized cancer 

incidence rate is almost 25% higher in men than in women, with rates of 205 per 100,000 for men 

and 165 per 100,000 for women. These incidence rates for men, however, vary substantially, with 

an almost five-fold range across the different regions of the world. For mortality, there is less 

regional variability than for incidence, with rates being 15% higher in more developed regions than 

in less developed regions in men, and 8% higher in women [2].   

 

1.1.  Cancer costs 

 “The costs of cancer pose an economic burden on both the individual and society” [3], 

regardless of the country being considered. According Harvard University, the new cases of cancer 

diagnosed worldwide in 2010 cost the global economy $290 (US) billion, and the 21.5 million new 

cancer cases anticipated to occur in 2030 are projected to cost $458 (US) billion [4]. Although data 

limitations do not allow for a worldwide comparison of the economic costs of cancer, The Cancer 

Atlas [3] has published data from selected countries and described the diverse and significant costs 

incurred for selected cancers. 

 Cancer implies three categories of cost which are often discussed in the literature: (1) direct 

costs, including both medical costs (e.g., hospitalizations and treatments) and associated non 

medical costs (e.g., transportation to hospital or physician’s office); (2) indirect costs, such as time 

spent seeking medical care or economic productivity lost due to premature death; and (3) 

intangible/psychosocial costs, such as pain, suffering, or grief. Recent research has shown that 

cancer has the most devastating economic impact of any cause of death in the world; on a global 

scale, the indirect economic burden of cancer ($895 (US) billion) is nearly 20% higher than heart 

disease ($753 (US) billion), with 83 million years of “healthy life” lost due to death and disability 

from cancer [5].  Interestingly, Mackay et al. [3] noted that cancer prevention may be the best way 

to save money for many countries, given that the costs associated with cancer continue to increase. 
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1.2.  Cancer treatment 

 Employing effective treatment is the single most important strategy to ensure optimal life 

following a cancer diagnosis, and advances in treatments have enhanced survival for many patients 

[3]. According to National Cancer Institute (NCI), although approximately one-third of all cancers 

are avoidable through lifestyle changes and early detection, and despite available information that 

could permit the early diagnosis and effective treatment of an additional one-third of cancer cases, 

millions of cancer cases worldwide still cannot currently be prevented or cured [6]. 

 Cancer treatment frequently comprises a combination of surgery, radiotherapy and 

chemotherapy. The use of each approach depends on the tumor type, the stage of the disease and 

the patient’s conditions. However, chemotherapy, either alone or in combination, is considered as 

the major strategy against localized and metastasized cancer.  

 Chemotherapy has been used for more than 70 years, since nitrogen mustard was used for 

the first time in the treatment of lymphomas [7]. Since then many new chemotherapeutic agents 

have emerged. From a general point of view, chemotherapeutic agents can be divided into 3 

categories: cytotoxic, biological and hormonal drugs. Firstly, cytotoxic agents are the traditional 

drugs that work damaging cancer cells by interfering with DNA and/or inhibiting cell division. The 

main drawback of these mechanisms is the lack of specificity, since they also damage healthy cells. 

Major types of cytotoxic agents include alkylating agents (i.e. cyclophosphamide) [8,9], 

antimetabolites (i.e. 5-fluorouracil (5-FU)) [10] and plant alkaloids (i.e. docetaxel) [11]. As 

biological agents, monoclonal antibodies and cancer vaccines can be included and could be 

considered as targeted agents [12-15]. This therapy is also known as immunotherapy since it is 

designed to boost directly or indirectly the immune system in order to fight the abnormal cells. 

Finally, hormonal drugs are considered to interfere with hormone dependent pathways which are 

related to development or growth of cells. This kind of drugs is commonly used in the treatment of 

breast and prostate cancers. Some examples of hormonal agents are tamoxifen or aromatase 

inhibitors (exemestane or anastrozole) [16-18]. Table 1 classifies the compounds available in the 

European Pharmacopeia according to their mechanism of action. 
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Table 1. Available compounds for the treatment of cancer in the European Pharmacopeia. 

 

 

THERAPEUTIC 
AGENT MECHANISM OF ACTION MOLECULES 

Alkylating 
agents 

Due to their electrophile nature, they react with 
the free electron pairs of the oxygen and 
nitrogen atoms of the purine and pyrimidine 
bases of DNA or RNA, causing difficulty to 
repair damage leading to apoptosis.  

! Nitrogen mustards: melphalan, chlorambucil 
! Oxazaphosphorenes: cyclophosphamide, ifosfamide 
! Alkyl alkane sulphonates: busulphan 
! Nitrosureas: carmustine (BCNU), lomustine (CCNU) 
! Tetrazines: dacarbazine,!mitozolomide and  temozolomide 
! Aziridines: mitomycin C, thiotepa 
! Procarbazine 
! Platine-II derivates: carboplatin, cisplatin, oxaliplatin 

Antimetabolites 

Antimetabolites are compounds that bear a 
structural similarity to naturally occurring 
substances such as vitamins, nucleosides or 
amino acids. They compete with the natural 
substrate for the active site on an essential 
enzyme or receptor. Some are incorporated 
directly into DNA or RNA. Most are phase-
specific, acting during the S-phase of the cell 
cycle. 

! Folic acid antagonists: methotrexate, permetrexed 
! Pyrimidine analogues: fluorouracil, capecitabine, 

cytarabine, gemcitabine, raltitrexed 
! Purine analogues: mercaptopurine, fludarabine, thioguanine 

Topoisomerase 
inhibitors 

Inhibition of enzymes required for release of 
topological constraints during DNA replication 
in S phase. 

! Topoisomerase I: Camptothecin, irinotecan, topotecan 
! Topoisomerase II: Anthracyclins: daunorubicine, 

doxorubicine; 
                  Epipodophyllotoxins: etoposide, etoposide 
phosphate,vespid 

! Eribulin, ixabepilon 

Antimitotics 
Interaction with cell components during cell 
replication. 

        Colchicin and taxanes (paclitaxel, docetaxel) 

Hormone 
therapeutics 

Interfering with the hormone dependant 
pathways related to development or growth of 
cells. 

! Antiandrogens: bicalutamide, cyproterone, flutamide, 
nilutamide. 

! Antiestrogens: fulvestrant, raloxifene, tamoxifen, toremifen 
! Aromatase inhibitors: anastrozol, exemestan, letrozol 
! GnRH antagonists: abarelix, gegarelix, diethylstilbestrol 
! GnRH agonists: buserelin, goserelin, leuprorelin, triptorelin 
! Analogues of somastatine: lanreotide, octreotide 
! Progestagens: medroxy-progesterone, megestrol 

Bacillus 
Calmette-

Guerin therapy 
Modification of urothelium immunity. Atenuated BCG and cytokines (aldesleukine et interferon α-2b) 

Tyrosin kinase 
inhibitors 

Inhibition of farnesyltransferases, proteine 
kinases and proteasomes. 
 

         Axitinib, crizotinib, dasatinib, erlotinib, gefitinib, imatinib, 
lapatinib, nilotinib, pazopanib, sorafenib, sunitinib, vandetanib, 
lonafarnib, ipifarnib, everolimus, temsirolimus, bortezomib 

Monoclonal 
antibodies 

Boosting directly or indirectly the immune 
system in order to fight the abnormal cells. 

         Aflibercept, alemtuzumab, bevacizumab, cetuximab, 
gemtuzumab, ozogamicin, ibritumomab, 90Y-ibritumomab, 
ipilimumab, panitumumab, trastuzumab, rituximab 

Differentiating 
agents 

 

Selectively binding and activating retinoid X 
receptor subtypes, transcription factors that 
regulate the expression of genes controlling 
cellular differentiation and proliferation. 

         Bexarotene, tretinoine 

Antiangiogenic 
agents 

Immunomodulatory, antiangiogenic, and 
antineoplastic properties by the activation of        
T-cells and natural killer (NK) cells, increased 
numbers of NKT cells, and inhibition of pro-
inflammatory cytokines (e.g., TNF-α and IL-6) 
by monocytes. 

         Arsenic trioxyde, lenalidomide, pomalidomide, thalidomide 
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1.3.  Traditional administration 

 Historically, most anticancer agents are administered intravenously [19]. This 

administration is the most direct one leading to immediate and complete bioavailability of the 

drugs. The rate of administration can be easily modified and the administration can be discontinued 

in the event of an acute toxic reaction. Furthermore, intravenous administration is preferred when 

gastrointestinal intolerance is to be expected. Up to now, i.v. chemotherapy regimens were 

designed to deliver the maximal tolerated dose (MTD) of cytotoxic agent to kill cancer cells in a 

short period of therapy followed by a period of several weeks without administration [20]. 

However, this is the most hazardous administration route because potentially high concentration of 

the drug is delivered to normal tissue [21]. It is painful, it can lead to severe side effects (especially 

hematological) and in the long term it could be associated with infection, bleeding, and venous 

thrombosis [22]. In addition, for intravenous administration, the compound requires adequate 

aqueous solubility. Since many anticancer agents lack adequate solubility and stability properties, 

cosolvents and other solubilisation techniques are often required. These pharmaceutical excipients 

may contribute substantially to the overall toxicity of the final product [23]. Furthermore, i.v. 

chemotherapy requires a hospital visit, nursing and palliative treatment in most cases [24]. 

Although the use of home-based treatment devices allows more freedom to the patients, this kind of 

administration remains very inconvenient for them. Generally, i.v. therapy has a considerable 

impact on patients’ lives. Patients show signs of discomfort, stress disorder, depression and anxiety 

due to the influence of the medication schedule on their daily life [25]. In this context, the oral 

chemotherapy is becoming a very interesting alternative to the i.v. therapy. 

 

1.4.  Oral chemotherapy 

 In the last years, there has been an increasing interest in the development of oral treatment 

regimens of anticancer drugs. Thus, there are more than 20 oral antineoplasic agents approved for 

use, and dozens more are currently in the pipeline. If we look at just the last 5 years, there have 

been 15 new oral drugs approved, indicating an approval rate of 1 new medication roughly every 4 

months. In addition, up to 35% of the agents in clinical trials are oral agents, making this an issue 

that will only grow in the future [26,27]. Table 2 shows some of the oral chemotherapeutic agents 

approved for human use. Oral therapeutic agents that target receptor tyrosine kinases (e.g., 

imatinib, sorafenib, erlotinib, sunitinib, ceritinib) or histone deacetylases (e.g., vorinostat) were 

introduced in this decade. Lenalidomide, an analogue of thalidomide, was also recently introduced. 

Lenalidomide and vorinostat have inmunomodulatory, anti-inflamamatory, and antiangiogenic 

properties. While standard chemotherapy drugs are usually administered intravenously and 
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continue to be mainstay of systemic therapy, this new and growing list of orally administered 

agents is rapidly gaining prominence. Some of these drugs, such as imatinib in chronic myeloid 

leukemia and thalidomide/lenalidomide in myeloma, have become the current standards of care for 

these diseases [28]. 

 In fact, oral route is considered as one of the most frequent and traditional ways of drug 

delivery; main advantage being greatest safety, convenience and patient compliance [29]. Oral 

administration avoids the discomfort and risks (e.g. infection) of injection, and can be conduced at 

home. This approach may enhance the patients’ cooperation and their quality of life, which is an 

important issue [30]. On the other hand, the treatment cost for the patient can be reduced due to 

avoidance of hospitalization, sterile manufacturing and trained personnel assistance. In addition, 

the oral route of administration may facilitate the use of more chronic treatment regimens [31,32], 

which can be especially important for angiogenesis inhibitors and signal transduction inhibitors 

[31,32]. For these agents, a prolonged exposure profile with less fluctuation may lead to 

pharmacodynamics advantages over intermittent intravenous administration [33,34]. In this 

context, a recent study reported that about 80% of breast cancer patients preferred an oral route of 

administration for their medication [35]. 

 On the other hand, the oral route also shows some drawbacks, including the need to asses 

and improve patient’s adherence to the treatment [36] and to develop information on the 

management of treatment-related adverse effects in outpatients [37]. Other factors such as some 

physico-chemical and stability properties of drugs, limitations in the choice of excipients and, 

principally, physiological barriers pose great challenges for the design and development of oral 

drug delivery system [19]. 
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 Table 2. Oral chemotherapeutic agents approved by the Food and Drug Administration (FDA) in 

the USA. 

Data obtained from [28]. (GSK: GlaxoSmithKline) 

Drug Brand Name FDA 
Approval 

Indication Marketing Company 

Mercaptopurine 
Purinethol 

(tablet) 
1953 Acute lymphatic leukemia Teva 

Methotrexate 
sodium 

Methotrexate 
(tablet) 

1953 
Breast, head and neck, small cell lung 
cancers, rheumatoid arthritis Dava Pharm Inc 

Busulfan 
Methotrexate 

(tablet) 
1954 

Chronic myelogenous (myeloid, myelocytic, 
granulocytic) leukemias Aspen Global 

Cyclophosphamide Cytoxan 
(tablet) 

1959 
Leukemia, cutaneous T-cell lymphoma, 
breast, lung, ovarian cancers and myeloma Baxter Healthcare 

Thioguanine Tabloid 
(tablet) 

1966 Acute nonlymphocytic leukemias GSK 

Capecitabine Xeloda 
(tablet) 

1998 
Advanced breast cancer resistant to 
paclitaxel in combination with 
anthracyclines 

Hoffman La Roche 

Temozolomide 
Temodar 
(capsule) 

1999 Newly diagnosed multiform glioblastoma Merck 

Etoposide Etoposide 
(capsule) 

2001 
Prostate cancer, Kaposi’s sarcoma, small 
cell lung cancer and lymphoma Mylan 

Imatinib mesylate 
Gleevec 
(tablet) 

2003 
Chronic myeloid leukemia and inoperable 
or metastatic malignant gastrointestinal 
tumors 

Novartis 

Erlotinib 
Tarceva 
(tablet) 2004 

Monotherapy in advanced metastatic 
NSCLC after failure of at least 1 prior 
chemotherapeutic regimen 

OSI Pharm 

Sorafenib tosylate 
Nexavar 
(tablet) 2005 Advanced renal cell carcinoma Bayer Healthcare 

Sunitinib malate 
Sutent 

(capsule) 2006 
Gastrointestinal tumor after disease 
progression or intolerance to imatinib. CPPI CV 

Vorinostat 
Zolinza 
(tablet) 

2007 Refractory cutaneous T-cell lymphoma Merck 

Pazopanib 
Votrient 
(tablet) 

2009 Advanced renal cell carcinoma (RCC) GSK 

Everolimus 
Afinitor 
(tablet) 

2009 
Advanced renal cell carcinoma after failure 
of treatment with sunitinib or sorafenib. Novartis 

Crizotinib 
Xalkori 

(capsule) 2011 
Non-small-cell lung cancer 
(NSCLC) Pfizer 

Abiraterone 
acetate 

Zytiga 
(tablet) 2011 

Metastatic castration-resistant prostate 
cancer Centocor Ortho Biotech 

Axitinib Inlyta 
(tablets) 

2012 Advanced renal cell carcinoma (RCC) Pfizer 

Regorafenib 
Stivarga 
(tablet) 

2012 Metastatic colorectal cancer (CRC) Bayer Healthcare 

Afatinib 
Gilotrif 
(tablet) 

2013 
Metastatic non-small cell lung cancer 
(NSCLC)  Boehringer Ingelheim 

Lenalidomide 
Revlimid 
(capsule) 

2013 Mantle cell lymphoma Celgene 

Ibrutinib 
Imbruvica 
(capsule) 2014 Chronic lymphocytic leukemia Pharmacyclics 

Ceritinib 
Zykadia 
(capsule) 2014 

Metastatic non-small cell lung cancer 
(NSCLC) Gilead 
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1.4.1. Challenges associated with oral chemotherapy 

 As described above, oral chemotherapy suggests a number of benefits. However, growing 

experience in administering these therapies suggests that a cautious approach is needed. Oral 

therapeutic agents interact with other prescription and non-prescription drugs as well as food, 

nutritional supplements, and herbal remedies. Some agents, such as sorafenib, should not be taken 

with food due to reduced drug absorption and bioavailability. In contrast, other agents, such as 

lapatinib, should be taken with food to increase drug absorption, reducing the cost of treatment 

accodingly. Dysphagia, nausea, and vomiting can all present barriers to the use of oral route, 

causing missed doses or precluding treatment by the oral route [38].  

 Another very important issue is the toxicity profile of many of the newer oral agents which 

differ from the more traditional agents. While this allows patients to avoid some, other equally 

frustrating adverse effects like rashes, hypertension, proteinuria, cardiac failure, and fluid retention 

have emerged in recent literature. For example, erlotinib can cause an uncomfortable rash, 

sometimes resulting in discontinuation of therapy [39]. 

 Non-adherence to the prescribed treatment is another possible drawback with in the use of 

oral agents at home or in other non-traditional settings like assisted living facilities, rehabilitation 

centers, nursing homes, and hospice [36,37]. The main reasons of non-adherence include 

misinterpretation of physician instructions, denial, forgetfulness or confusion, dosing frequency 

and side effects [40,41]. Suboptimal adherence to oral therapy can have severe consequences: it can 

impede the efficacy of the oral regimens and it can increase the toxicity of the drug, resulting in 

higher costs because of more physician visits, higher hospitalization rates and longer stays [42].  

 Patient counseling is thus extremely important, given the numerous challenges which have 

arisen with the advent of oral chemotherapy. Patients need to be counseled on the safe handling of 

their medication, as well as be informed about the agent they have been prescribed for their 

treatment. Above all, patients need assistance in understanding how to identify, manage, and report 

side effects. They must be educated in the unique adverse profiles of each chemotherapy agent and 

how to address these effects [37].  

   

1.4.2. Economic issues 

 Pharmaco-economic analyses were carried out in several clinical trials to evaluate the cost 

effectiveness of new oral treatments compared to the i.v. administration. To date, these analyses 

have been performed for different anticancer drugs including capecitabine [43], 

capecitabine/cisplatin [44], ibandronate [45, 46] and tegafur-uracil [47]. 

 Cassidy et al. [43] conducted a study in the UK that compared the cost in the National 
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Health Service of oral capecitabine versus i.v. 5-fluorouracil/leucovorin in terms of: chemotherapy 

drugs, visits for drug administration, hospital use, physician consultations for adverse events or 

treatment, ambulance trips and “societal costs”. The total cost of oral capecitabine was 

approximately £3500 while the i.v. analog cost was £8500 per patient. With these results, they 

denominated oral capecitabine as a dominant treatment strategy from an economical point of view 

since the cost savings were around £5500 per patient. The same study was carried out in the US 

considering similar parameters, and the results showed again that the life-time cost saving with the 

oral formulation was $1935 per patient [48]. 

 In Spain, a comparison of costs between the association of oral cisplatin/capecitabine and i.v. 

cisplatin/5-FU was conducted in patients with gastric cancer. Considering the treatment 

administration and the adverse event costs, the estimated annual costs of the latter were €1326 

more expensive than the oral regimen [44]. Other studies confirmed these preliminary results and 

supported the benefit of oral chemotherapy from an economical point of view [49]. 

 

1.5.  Metronomic chemotherapy 

 According to the conventional chemotherapy regimens, anticancer drugs are administered in 

cycles near or at the maximum tolerated dose (MTD), consisting in the highest survivable 

(minimum lethal) dose, and they alternate with long drug-free period to allow the patient to recover 

from adverse drug reactions [50]. This strategy is successful in controlling the disease process in a 

significant number of patients but leads to some complications. In addition, despite initial 

improvement, recurrence is a common problem in metastatic and high-risk cancers. 

 An emerging alternative strategy to conventional chemotherapy is the metronomic 

chemotherapy that involves frequent administration of chemotherapy drugs at doses below the 

MTD (1/10th-1/3rd of the MTD) and with no prolonged drug-free break. It thus achieves a sustained 

low blood level of the drug without significant toxic side effects [51]. Thus metronomic 

chemotherapy differs from standard cytotoxic chemotherapy in terms of frequency of the dose, 

pharmacokinetics, target, intent of treatment and host toxicity (Table 3) [52]. 

 The concept of using metronomic chemotherapy was first postulated by Kerbel et al. in 1991 

and was proved by two independent studies by Klement et al. and Browder et al. Kerbel suggested 

that anticancer agents may be able to target tumor vasculature because many of the endothelial 

cells that compose the wall of tumor blood vessels are immature and constantly proliferating [53]. 

Klement et al. [54] and Browder et al. [55] published two pioneering articles showing that mice 

bearing subcutaneous tumors could respond to frequent repeated low doses of chemotherapy, even 

when they displayed acquired drug resistance to the same agents given in a conventional way. 

Hanahan et al. coined the term “metronomic” which is derived from the word “metronome”, a 
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musical instrument that produces regular, metrical ticks representing fixed, regular aural pulse [56]. 

 

Table 3. Summary of differences between metronomic chemotherapy and conventional cytotoxic 

chemotherapy.  

MTD: Maximum tolerated dose. 

 

1.5.1. Mechanism of action 

 Over the years, metronomic chemotherapy has evolved from being considered an 

antiangiogenic therapy to a multi-targeted therapy [57]. Metronomic chemotherapy can directly 

target the tumour vasculature, the immune system and cancer cells on multiple levels. A summary 

of the different anticancer effects of metronomic chemotherapy is shown in Figure 2. 

 Metronomic chemotherapy exerts its anticancer activity mainly by inhibiting tumor 

angiogenesis. The metronomic protocol of drug administration has been proved to increase the 

antiangiogenic properties of some chemotherapeutic drugs in vitro significantly, such as taxanes 

[58]. The mechanisms of action of antiangiogenic activity of metronomic chemotherapy have been 

demonstrated in vivo. These include selective inhibition of proliferation and/or induction of 

apoptosis of activated endothelial cells, selective inhibition of migration of endothelial cells, 

increase in the expression of the endogenous inhibitor of angiogenesis thrombospondin-1 (THBS-

1) and sustained decrease in levels and viability of bone marrow-derived endothelial progenitor 

cells (CEPs) [59]. 

 On the other hand, there is growing evidence that anticancer immune responses may be 

crucial for the long-term control of cancer treated with chemotherapy [59]. One of the main 

 Metronomic chemotherapy Conventional chemotherapy 

Dosing frequency 
Continuous dosing, e.g., weekly, 
every other day, daily 

At defined intervals as determined by 
the recovery of bone marrow, e.g., 3 
weekly, fortnightly, weekly 

Doses used Lower than MTD Dose intense and used at MTD 

Pharmacokinetics 
Sustained plasma concentration of 
the drug 

Rise and fall of the plasma 
concentration of the drug 

Target Endothelial cells in the growing 
vasculature of the tumor 

Proliferating tumor cells 

Host toxicity 
Significantly less toxic and reduced 
need for supportive therapy 

Toxicity is a concern as doses are 
used at MTD 

Intent of treatment 
Cancer control by targeting 
angiogenesis 

Cancer eradication by inhibiting or 
killing rapidly dividing tumor cells 



CONFIDENTIAL                                                                                 CHAPTER 1: GENERAL INTRODUCTION 
 

! 33!

objectives of metronomic chemotherapy is to tilt the immunological balance from 

immunosuppression to immunostimulation. The inmunostimulatory effects of metronomic 

chemotherapy include the following: first, the induction of immunogenic cancer cell death [60]; 

second, enhancement of antigen presentation through modulation of dendritic cells [61] and 

increased immunogenicity of cancer cells [62]; third, the preferential depletion of regulatory T cells 

(TREG) [63]; fourth, the modulation of myeloid-derived suppressor cells (MDSC) [64] and finally 

the enhancement of the cytotoxic activity of immune effector cells [65]. 

 Another possible complementary mechanism of metronomic schedule involves direct effects 

on tumor initiating cells. Folkins et al. [66] demonstrated that metronomic cyclophosphamide 

significantly reduced the number of primary and secondary tumour spheres formed by glioma cells 

isolated from drug-treated tumours.  

 Finally, several studies have shown additional mechanisms of metronomic chemotherapy. 

These include targeted inhibition of hypoxia-inducible factor 1 (HIF-1α) [67] and modulation of 

clonal evolution of tumors [68]. 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

Figure 2. Mechanisms of action of metronomic chemotherapy.!
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1.5.2. Clinical experience in adults 

 An increasing number of clinical studies using metronomic therapy have been published in 

the past four years. More than 2500 patients with diverse forms of advanced, refractory, metastatic 

and/or relapsed cancer have been treated with metronomic chemotherapy alone or in combination 

with conventional chemotherapy, radiotherapy, immunotherapy, targeted agents and repositioned 

drugs (non-chemotherapeutic drugs that were not originally developed as anticancer agents) [57]. 

Table 4 cites some of these clinical studies using metronomic chemotherapy regimens alone. 

 

1.5.3. Toxicity of metronomic chemotherapy 

 Most of the clinical trials demonstrated that metronomic chemotherapy, alone or in 

combination, was well tolerated. In addition, metronomic chemotherapy may be a cost-effective 

treatment option as evaluated in various clinical trials [85]. High grade toxic effects were either 

rare or not found, being the most common ones mild nausea and/or vomiting, mild to moderate 

anemia, neutropenia, leucopenia and lymphopenia as well as low grade fatigue [86]. Overall, 

metronomic chemotherapy is associated with minimal toxicity and can provide significant clinical 

benefit and improve the quality of life of patients with advanced and/or relapsed cancer. 

 While using metronomic chemotherapy for a longer period, especially in children, some 

potential risks must be taken into consideration.!Although physiologic angiogenesis differs from  

tumor neoangiogenesis, special attention must be given to the growth and development of young 

children receiving metronomic chemotherapy.!
! Prolonged metronomic treatment may lead to cumulative toxicity doses of anticancer agents, 

which can be associated with secondary diseases.!For example, accumulation of etoposide [87] or 

temozolomide [88] can lead to secondary leukemia. !
 

 

!
!
!
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Table 4. Pure metronomic chemotherapy studies in adult patients. 

i.v.: intravenous; NSCLC: non-small-cell lung cancer; RR: Response Rate; CB: Clinical Benefit. 

 

Patient population/ 
disease setting Type of study Metronomic Protocol 

Efficacy: 
Response Rate (RR%) 

and 
Clinical Benefit (CB%) 

Ref. 

Recurrent metastatic 
breast/lung/prostate 

cancer 
Phase I Navelbine (oral, 3×/week) RR: 5% 

  CB: 20% [69] 

Advanced refractory 
NSCLC Phase II Navelbine (oral, 3×/week)   RR: 11% 

  CB: 30% [70] 

Advanced refractory 
cancer Phase I Navelbine (oral, 3×/week) RR: 5% 

  CB: 10% [71] 

Metastatic breast 
cancer in elderly 

patients 
Phase II Navelbine (oral, 3×/week)   RR: 38% 

  CB: 68% [72] 

Metastatic breast 
cancer Phase I Navelbine (oral, every 2 days), capecitabine 

(oral, daily, 2 weeks on/1 week off) 
  RR: 33% 
  CB: 63% [73] 

Advanced refractory 
gastric cancer in 
elderly patients 

Phase II Capecitabine (oral, daily, 4 weeks on/ 
1 week off) 

  RR: 21% 
  CB: 51% [74] 

Refractory/relapsing 
metastatic breast 

cancer 
Phase II Capecitabine (oral daily)  RR: 24%  

 CB: 86% [75] 

HER2-negative 
metastatic breast 

cancer 
Phase II 

Cyclophosphamide (oral, twice daily, 2 weeks 
on/1 week off), capecitabine (oral, twice daily, 

2 weeks on/1 week off) 

 RR: 44%  
 CB: 58% [76] 

Refractory/relapsing 
metastatic breast 

cancer 
Phase II 

Cyclophosphamide (oral, daily, 2 weeks 
on/1 week off), capecitabine (oral, daily,  

2 weeks on/1 week off) 

 RR: 30%  
 CB: 53% [77] 

Glioblastoma and 
recurrent grade III 

glioma 
Phase II Temozolomide (oral, daily)  RR: 11%  

 CB: 39% [78] 

Recurrent 
glioblastoma Retrospective Temozolomide (oral, daily, 1 week on/ 

1 week off) 
 RR: 11%  
 CB: 30% [79] 

Metastatic breast 
cancer Phase II Cyclophosphamide (oral, daily), capecitabine 

(oral, twice daily) 
 RR: 22%  
 CB: 57% [80] 

Metastatic castration-
resistant prostate 

cancer 
Phase II Cyclophosphamide (oral, daily), methotrexate 

(oral, 2×/week) 
 RR: 18%  
 CB: 41% [81] 

Metastatic hormone-
resistant breast 

cancer 

 
Retrospective Cyclophosphamide (oral, daily) ± methotrexate 

(oral, twice weekly) 
RR: 18%  
CB: 52% [82] 

Recurrent metastatic 
breast cancer 

 
Phase II 

Irinotecan (i.v. weekly, 3 weeks on/1 week off), 
tegafur–gimeracil–oteracil (oral, 5×/week, 

3 weeks on/1 week off) 

RR: 47%  
CB: 97% [83] 

Recurrent/metastatic  
colorectal cancer 

 
Phase II 

Irinotecan (i.v. weekly, 3 weeks on/1 week off),  
fluoropyrimidine S‑1 (oral, 5×/week, 3 weeks 

on/1 week off) 

RR: 49%  
CB: 84% [84] 
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2. Docetaxel 
 Taxanes are one of the most powerful classes of compounds among all chemotherapeutic 

drugs. Paclitaxel (PTX) and docetaxel (DTX) are the two main representatives of this family of 

anticancer agents. Docetaxel is a semisynthetic analogue of paclitaxel obtained by esterification of 

10-deacetylbaccatin III, an inactive taxane precursor extracted from a renewable resource, the 

needles of the European yew tree (Taxus baccata sp.) [89]. It was discovered by Potier and 

collaborators at the Centre National de la Recherche Scientifique (CNRS) in the 1980s as the result 

of their work on improvements to the production of paclitaxel (Taxol®) [90]. Further tests in the 

laboratory showed that docetaxel was more cytotoxic than paclitaxel and, therefore, it was 

developed by the pharmaceutical firm Rhône-Poulenc Rorer (now Sanofi-Aventis) [91]. Following 

an extensive clinical evaluation program that started in the 1990s, docetaxel received FDA and 

EMA approvals in 1995 for treatment of locally advanced or metastatic breast cancer. Thus, since 

1995, docetaxel has been extensively used in clinical oncology. 

 

 
 

Figure 3. The European yew tree (Taxus baccata sp.), also called common yew. 

 

2.1. Physicochemical characteristics 

 Docetaxel is a semisynthetic taxoid diterpenoid with an anhydrous molecular weight of 

807.88 Da and the molecular formula C43H53NO14 (Figure 2B). It appears as a white to almost-

white crystalline powder. It is highly lipophilic, practically insoluble in water (4.93 µg/ml) and 

with a melting point between 186-190 ºC [92]. The complex chemical structure consists in a        

15-member taxane ring system linked to an unusual four-member oxetan ring. The taxane is linked 

to an ester side chain attached to the C-13 position of the ring, which is essential for 

antimicrotubule and antitumor activity [93].  

 Compared with its analog paclitaxel, docetaxel presents two chemical modifications    

(Figure 4): on the C-10 position of taxane ring, docetaxel has a hydroxyl group instead of an acetyl 

group in paclitaxel and on the ester side chain attached at C-13 position, docetaxel has a tert-butyl 

moiety instead of a benzamide phenyl group in paclitaxel. Due to these structural modifications, 
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docetaxel exhibits higher water solubility (because of the loss of the acetyl group at the C-10 

position) and greater affinity for tubulin when compared to paclitaxel (due to the tert-butyl 

substitution on the ester side chain at the C-13 position) [94]. 

 

!
 

Figure 4. Structure of paclitaxel (A) and docetaxel (B) with numbering schemes. Dissimilarities are marked 

in blue (A) and red (B) (adapted from [6]). 

 

2.2.  Mechanism of action 

 Docetaxel (DTX) is classified as an anticancer agent due to its cytotoxic activity against a 

wide variety of cancer types. DTX’s mechanism of action is still not fully characterized and is thus 

still open to further elucidation. To date, the most studied target of taxanes is the microtubule.  

 Microtubules are the major components of the eukaryotic cytoskeleton. They are involved in 

cell division, migration, signalling, and intracellular trafficking and are important in cancer 

proliferation and metastasis. Microtubules are cylindrical structures formed by polymers of tubulin 

which are in dynamic equilibrium with tubulin heterodimers composed of α- and β-subunits. 

Dynamic microtubules are essential for cell division and chromosome segregation during mitosis 

[95]. 

 Taxanes are microtubule-stabilizing agents. Docetaxel binds preferentially to β-subunits of 

tubulin in the microtubules and promotes assembly of tubulin into stable microtubules while 

simultaneously inhibiting their depolymerization (Figure 5) [96,97]. The formation of stable 

microtubule bundles disrupts the normal equilibrium between polymerization and depolymerization 

B) Docetaxel 

    A) Paclitaxel 
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within the microtubule system. Docetaxel exerts its greatest influence on the microtubules of the

centrosome. Interfering with the organization of centrosomes results in inhibition of the cell cycle

in three phases (S/G2/M), resulting in mitotic arrest, inhibition of cell proliferation and, eventually,

cell death by apoptosis (Figure 6) [98,99]. This mechanism contrast with the action of other

antimicrotubule agents in clinical use, such as colchicine or vinca alkaloids, which inhibit tubulin

assembly in microtubules [98].

Apart from inhibiting the depolimerization of microtubules, docetaxel also has

antiangiogenic efficacy and induces the expression of numerous genes involved in cellular

processes [100,101].

Figure 5. Mechanism of action of docetaxel in the -subunits of the microtubules.

Although the taxanes share similar mechanisms of action, several differences exist between

docetaxel and paclitaxel [102-104]. Thus, docetaxel shows almost two-times higher binding

affinity for -tubulin than paclitaxel inhibiting microtubule depolymerization at a drug

concentration that is half (0.2 vs. 0.4 M) of that required by paclitaxel. On the othar hand,

docetaxel exhibits cytotoxic activity against cells in S phase whereas paclitaxel only acts in the

G2/M phase. Finally, docetaxel has a longer retention time in tumor cells than paclitaxel because of

greater uptake and slower efflux. Thus, docetaxel is more potent at inducing cytotoxicity than

paclitaxel.
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Fig. 6. Cell cycle. Docetaxel, as representative of cytotoxic drug, stops cell cycle in phase S, G2 or  M. 
 

2.3.  Clinical pharmacology and pharmacokinetics 

 Docetaxel exhibits a complex pharmacologic profile with high interpatient variability in 

pharmacokinetics. It has a narrow therapeutic window, as a result, docetaxel therapy may result in 

serious side effects [105]. Conventionally, docetaxel is administered intravenously which results in 

immediate and complete systemic availability. Its recommended/standard dose of 60 to 100 mg/m2 

is administered as a 1-hour infusion once every 3 weeks. The pharmacokinetic profile of docetaxel 

at such high doses follow a three-compartment model with half-lives of 4 minutes, 38 minutes and 

12 hours in the α, β and γ phase respectively up to 24 hours post infusion. The initial relatively 

rapid decline represents distribution to the peripheral compartments and elimination of the drug. 

The later phase is due, in part, to a relatively slow efflux of docetaxel from the peripheral 

compartment. The plasma clearance is 22 L/h/m2 and the volume of distribution at steady state 

(Vss) is 74 L/m2 [106,107].  

 Following intravenous administration, docetaxel is extensively bound to plasma proteins 

(more than 90%) in a concentration-independent manner, mainly to albumin, α1-acid glycoprotein 

and lipoproteins [108]. Immediately after treatment, the highest concentration of docetaxel is found 

in the liver, bile and intestines [109].  
 Up to 80% of the administered dose is eliminated by feces mostly during the first 48 hours 

post-dosing, whereas less than 10% is excreted unchanged in the urine, indicating an important 

non-renal clearance [110]. Docetaxel is mainly metabolized by the cytochrome P450 (CYP) 

isoenzymes, in particular by isoforms CYP3A4 and CYP3A5, in the liver and/or gut wall 

[111,112]. The principal biotransformation routes involve hydroxylation of the tert-butyl moiety on 
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the side chain at the C-13 position of the taxane ring to yield at least four metabolites substantially 

less active than the parent drug. Therefore, biliary excretion is the main elimination pathway for 

docetaxel and metabolites [113]. On the other hand, the oral bioavailability of the drug is very low, 

about 8% in humans [114], and highly variable [115].  

 

2.4.  Antitumor activity 

 Docetaxel is an effective treatment approved in five key cancers: breast, prostate, head and 

neck, gastric and non-small lung cancers [116]. The available commercial formulation, Taxotere® 

or its generic forms, are administered as intravenous solution with a mixture of ethanol and 

polysorbate 80 (Tween® 80) (50:50 v/v) as vehicles. Current therapeutic indications for docetaxel 

are summarised in Table 5.  
 

 

1. Breast cancer: Docetaxel is indicated for patients with locally advanced or metastasic breast 

cancer as i) a single agent after failure of prior anthracycline or alkylating chemotherapy [117-119]; 

ii) in combination with capecitabine after failure of prior anthracycline chemotherapy [120]; iii) in 

combination with doxorubicin as first-line therapy [121]. Moreover, the use of docetaxel is 

approved in combination with trastuzumab for patients with metastatic breast cancer whose tumors 

overexpress HER2 and who have not previously received chemotherapy for metastasic disease 

[122]. Besides, it is used as adjuvant treatment in patients with operable node-positive breast cancer 

in combination with docorrubicin and cyclophosphamide [123]. 
 

2. Non-small cell lung cancer (NSCLC): The use of docetaxel is approved as a single agent for 

patients with locally advanced or metastatic NSCLC after failure of prior platinum-based 

chemotherapy [124] and in combination with cisplatin for patients with unresectable, locally 

advanced or metastatic NSCLC as first-line therapy [125]. 
 

3. Prostate cancer: Docetaxel is used in combination with prednisone or prednisolone for patients 

with androgen-independent (hormone-refractory) metastatic prostate cancer [126] 
 

4. Gastric adenocarcinoma: The use of docetaxel is approved in combination with oxaliplatin 

and fluorouracil for patients with advanced gastric adenocarcinoma, including adenocarcinoma of 

the gastroesophageal junction, who have not received prior chemotherapy for advanced disease 

[127]. 
 

5. Squamous cell cancer of the head and neck (SCCHN): Docetaxel in combination with 

cisplatin and fluorouracil is indicated for the induction treatment of patients with inoperable, 

locally advanced SCCHN [128]. 
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Table 5. Approved indications for docetaxel (adapted from [105]). 

 

 Line of therapy Monotherapy or 
combination therapy 

Approved dose 
(mg/m2) 

Breast cancer    

Locally advanced or metastasic disease 
  Second line or later after 

failure on an anthracycline 

or an alkylating agent 

Monotheraphy 100 

 

  Second line or later after 

failure on an anthracycline 

agent 

Docetaxel + capetitabine 75 

 
  First line (for metastasic 

disease) 
Docetaxel + doxorubicin 75 

Metastasic HER2 positive disease   First line Docetaxel + trastuzumab 100 

Operable node-positive disease   Adjuvant treatment 
Docetaxel + doxorubicin + 

cyclophosphamide 
75 

Non-small cell lung cancer (NSCLC)  
 

 
 

Locally advanced or metastasic disease   Second line or later Monotheraphy 75 
    

Unresectable, locally advanced or 
metastasic disease   First line Docetaxel + cisplatin 75 

    
Prostate cancer    

Hormone-refractory metastatic disease  Docetaxel + prednisone or 
prednisolone 

75 

    
Gastric adenocarcinome    

Metastatic disease 
  First line (for metastatic 

disease) 
Docetaxel + oxaliplatin + 

5-FU 
75 

    
Squamous cell cancer of the head and neck 

(SCCHC) 
  

 

Inoperable locally advanced disease  
Docetaxel + cisplatin + 5-

FU 

75 

  ! !
  ! !
!

 
 In addition to these therapeutic indications, docetaxel has demonstrated antitumor activity in 

patients with endometrial [129] and ovarian cancers [130,131]. 
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2.5.  Docetaxel-related side effects and toxicity 

 An important limitation associated with docetaxel use is the unpredictable interindividual 

variation in toxicity. Docetaxel side effects may lead to therapy cessation, interruption or dose 

reduction, hence compromising treatment success. However, with effective side effect management 

in clinical practice, docetaxel can improve quality of life and prolong survival.  
 

 

1. Myelosuppression: is the most frequent dose-limiting toxicity associated with docetaxel and is 

common to all approved regimens (Table 6) [106,132]. Neutropenia is the main adverse effect 

associated with myelossuppresion and febrile neutropenia is the most clinically relevant [132]. 

Patients who develop febrile neutropenia are at increased risk of serious infection. Treatment of 

febrile neutropenia typically involves blood cultures, admission into hospital and administration of 

broad-spectrum intravenous antibiotics, and close clinical monitoring. Frequent monitoring of 

complete blood counts should be conducted on all patients receiving docetaxel. The use of primary 

prophylaxis with granulocyte-colony stimulating factor (G-CSF) is recommended in high risk 

patients. 
 

2. Hypersensitivity reactions: are a frequent complaint of patients receiving docetaxel. Acute 

hypersensitivity reactions typically occur within a few minutes following the initiation of the 

infusion of docetaxel. Symptoms include flushing, rash, back pain, dyspnea, hypoxia and fever. 

Severe hypotension, bronchospasm, generalised rash and erythema may also occur [133]. The 

occurrence of hypersensitivity reactions may be attributed, in part, to the intrinsic toxic effects of 

the pharmaceutical excipient polysorbate 80 (Tween® 80), more specifically, to its oxidation 

products, which are known to cause histamine release [134]. Premedication with antihistamines     

(H2) and corticosteroids prior to infusion can help to reduce and prevent the severity of reactions 

[135]. 
 

3. Fluid retention: is a well recognized cumulative side effect associated with docetaxel, 

characterized by edema, pleural effusions, ascites, pericardial effusions and weight gain [136]. The 

occurrence of fluid retention syndrome may be explained, in part, by the fact that polysorbate 80 

(Tween® 80) has been shown to increase membrane permeability [137]. Prophylactic medication 

with corticosteroids starting 24 hours prior and 48 hours following each docetaxel dose decreases 

the rate of this adverse effect [138]. Patients should monitor their weight during treatment to 

control these events. 
 

4.  Nail toxicity: is one of the most frequent non-haematological toxicities following 

administration of docetaxel therapy, but symptoms resolve with nail growth after treatment 
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discontinuation [139]. 
  

5. Skin toxicity: typically appears as maculopapular eruptions and desquamation generally 

localized to the extremities. Fortunately, most cases resolve weeks after the initial insult [140,141]. 
 

6.  Peripheral neuropathy: is the most common long-term side effect of docetaxel, including 

motor and sensory neuropathies. For most patients, peripheral nerve damage appears after two to 

four cycles [142]. It is reversible, dose-dependent, related to cumulative dose and predominantly 

neurosensory [143]. Major clinical symptoms include paresthesia, numbness and tingling of the 

hands and feet, with loss of reflexes. These effects are less common and less severe with docetaxel 

compared with paclitaxel therapy. In fact, grade 3 and 4 neuropathy is only observed in less than 

10% of patients receiving docetaxel treatment [142]. The mechanism of docetaxel-induced 

neurotoxicity is multifactorial. Evidence suggests that docetaxel may exert its neurotoxic effect not 

only on the microtubular system of the peripheral nerves, but also on other less obvious targets 

[144]. On the other hand, the surfactant polysorbate 80 (Tween® 80) is capable of producing 

vesicular degeneration and, thus, it may also contribute to the development of neuropathy [134]. 
 

 Other side effects are alopecia [116], gastrointestinal toxicity [145], fatigue/astenia [141], 

hepato- and cardiotoxicity [146, 147]. 

 

Table 6. Hematological and non-hematological toxicity of docetaxel (adapted from [135]). Data 

represent incidence as a percentage of patients with solid tumors treated with single-agent regimens 

containing docetaxel formulated in Tween® 80 at a dose 100 mg/m2 given every 21 days. 
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   Adverse effect Incidence (%)  
(n = 2045) 

Myelosuppression  

All 90-95 

Neutropenia (grade 4) 75 

Febrile neurtropenia 12 

Hypersensitivity reactions  

All 15 

Severe (at least grade 3) 2 

Fluid retention  

All 64 

  Severe 6.5 

Nail toxicity  

All 31 

Severe (at least grade 3) 2.5 

Skin toxicity  

All  48 

Severe (at least grade 3) 5 

Peripheral neuropathy  

All 49 

Severe (at least grade 3) 4 

 

  
!
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2.6.  Drawbacks of current taxane formulations 

 The clinical application of docetaxel is not only limited by the problems associated with its 

high toxicity, but also by its solubility and oral bioavailability [148].!!
 

 

1. Solubility: The clinical use of docetaxel is limited greatly owing to its poor aqueous solubility 

(4.93 µg/mL) [149].  Therefore, docetaxel has been formulated and commercialized with a mixture 

of ethanol and polysorbate 80 (Tween® 80) (50:50 v/v) as vehicles in order to solubilize the 

anticancer drug. Tween® 80 is a non-ionic surfactant and emulsifier derived from polyethoxylated 

sorbitan and oleic acid, which is capable of forming micelles in aqueous solution, with critical 

micellar concentrations of 0.01% (w/v) [150]. It is often used as excipient by the pharmaceutical 

industry [151]. However, it has been shown that this excipient is both biologically and 

pharmacologically active and its use as drug formulation vehicle has been implicated in clinically 

important adverse effects, including acute hypersensitivity reactions, fluid retention and peripheral 

neuropathy [134] (Section 1.5). In addition, at clinically relevant concentrations, Tween® 80 alters 

the pharmacokinetic behaviour of docetaxel [134,152]. In fact, docetaxel is highly entrapped in 

Tween® 80 micelle-like structures, which act as the principal carrier of docetaxel in the systemic 

circulation, thereby reducing the free drug fraction available for distribution to tissues, metabolism, 

and biliary excretion [152-154]. The overall resulting effect is a highly increased systemic drug 

exposure, which often contributes to toxicity reported in clinical treatment [155,156]. On the other 

hand, Tween® 80 shows incompatibility with commonly used polyvinyl chloride (PVC) 

intravenous administration sets because of its tendency to leach diethylhexyl phthalate (DEHP), 

which is highly toxic [157].  
 

2. Oral bioavailability: Another major limitation is the low and variable bioavailability of 

docetaxel after oral administration, which is, at least in part, due to its high lipophilicity as well as 

its low permeability within the gut. In fact, docetaxel is considered as a class IV compound within 

the Biopharmaceutical classification system (BCS). The permeability of this anticancer drug is 

hampered by its high affinity for the multidrug efflux transporter P-glycoprotein (P-gp), which is 

part of the ATP-binding cassette (ABC) transporters family, and the cythocrome P450 (CYP) 

enzymatic complex. Both, transporter and metabolic enzymes, are highly expressed in the epithelial 

layer of the gastrointestinal (GI) tract, which limits the permeation of the drug through the 

intestinal membrane [158,159].  
 

 Furthermore, like many other chemotherapeutic agents, the clinical success of taxanes is 

limited by the insurgency of cellular resistance, mainly mediated by expression of the MDR 

(multidrug resistant) phenotype or by microtubule alterations [160]. 
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2.7.  Alternative formulations of docetaxel in clinical development 

  Continued efforts are ongoing to develop new alternatives to circumvent the need for 

polysorbate 80 (Tween® 80) as solvent, with the aim of reducing their toxicity and the need for 

steroid premedication, while improving antitumor spectra and treatment efficacy.  

  Several strategies are in clinical progress to develop alternative formulations of docetaxel, 

including the use of analogues, conjugates, liposomes, nanoparticles, dendrimers, nanoemulsion 

and solid dispersion. Table 7 summarises these alternatives. 
 

 

1.  Analogues of docetaxel  
 

1.1.  Cabazitaxel (Jevtana®): is a novel semisynthetic analogue of docetaxel [161]. In 

preclinical studies, it has demonstrated activity in both docetaxel-sensitive and resistant cancers 

[162,163]. Cabazitaxel has recently been approved by the EMA to treat hormone refractory 

metastatic prostate cancer in men who have not responded to the first line chemotherapy containing 

docetaxel [164,165]. It has been developed by Sanofi-Aventis under the trade name of Jevtana®. 

Recent studies have revealed that the efficacy of cabazitaxel in docetaxel-resistant tumors is due to 

stronger suppression of microtubule dynamics, faster drug uptake, and better intracellular retention 

than with docetaxel [166]. In addition to its proven efficacy in prostate cancer, cabazitaxel use has 

been explored in phase I/II and phase II metastasic breast cancer studies [167,168]. 
 

1.2. Larotaxel: also know as XRP9881, is an interesting derivate of docetaxel in which the 

methyl group at the C-8 position has formed a cyclopropyl ring [169]. The focus of development of 

this analogue has been its ability to cross the blood-brain barrier, which might result from its 

poor affinity for P-gp, and its activity in both docetaxel-sensitive and resistant cell lines in 

preclinical studies [170,171].  Interestingly, this agent has shown in vivo synergy in combination 

with doxorubicin, cisplatin, vinorelbine, and trastuzumab [172]. Currently, phase III studies have 

been completed for patients with urothelial tract or bladder cancer [173] and those previously 

treated for pancreatic cancer [171]. 
 

1.3. Tesetaxel: also know as DJ-927, is an orally available taxane analogue that is in 

development as first- and second-line treatment for patients with advanced cancers. In preclinical 

studies, this microtubule-stabilizing agent was found to be more potent, showing higher 

cytotoxicity than paclitaxel and docetaxel in various tumor cells lines, and displaying higher 

intracellular concentrations in P-gp expressing tumor cell lines [174].  In december 2010, an orphan 

designation for tesetaxel (EU/3/10/829) was granted by the European Commission to Genta 

Development Ltd, United Kingdom, for the treatment of gastric cancer. 
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1.4. Ortataxel: also know as IDN5109 or BAY 59-8862, has displayed an improved toxicity 

profile as well as an enlarged spectrum of antitumor activity in a large number of human tumor 

xenografts after intravenous administration [175,176]. These results prompted researchers to 

investigate its bioavailability and cytotoxic activity after oral administration [177,178]. 

Preclinically, ortataxel has demonstrated an oral bioavailability of approximately 50%, owing to 

the inability of P-gp to recognize this analogue as substrate. Phase II clinical studies have been 

completed using ortataxel against several types of cancers, such as taxane-resistant metastasic 

breast cancer and NSCLC [179,180]. 
 

1.5. Milataxel: also know as MAC-321 or TL-139, has exhibited a similar mechanism of 

cytotoxic activity than docetaxel [181]. It is highly effective at inhibiting the growth of tumor cells 

that are resistant to paclitaxel or docetaxel when given p.o. or i.v. in vivo. The basis for this effect is 

related, at least in part, to the reduced interaction of milataxel with P-gp. Milataxel has been 

evaluated in phase II studies for platinum-refractory NSCLC and colorectal cancer [182,183]. 
 

2.  Conjugates 
 

2.1.  NKTR-105: Is a pegylated docetaxel conjugate with a glycine linker that has shown good 

preclinical activity in colon and lung cancer xenograft models. This conjugate is currently being 

evaluated in phase I clinical studies for the treatment of refractory solid tumors [184,185]. 
 

3.  Liposomes 
 

3.1.  ATI-1123: is a novel liposomal formulation of docetaxel using Azaya’s patented Protein 

Stabilized Liposomes™ (PSLTM) process. The protein used to stabilize the ATI-1123 liposome 

is human serum albumin (HSA) [186]. ATI-1123 eliminates the need for polysorbate 80 (Tween® 

80) by encapsulating docetaxel in the lipid bilayer of the liposome, thereby producing a safer, 

better tolerated formulation of docetaxel. ATI-1123 has completed phase I studies in patients with 

advanced solid malignancies who have failed previous therapies [187,188].  
 

3.2.  LE-DT: is a Liposome-Entrapped Docetaxel formulation containing no polysorbate 80 

(Tween® 80). LE-DT has been investigated in phase I study in which it was evaluated for the 

maximum tolerated dose, pharmacokinetic, antitumor effects and dose-limiting toxicity in patients 

with advanced solid tumors [189]. 
 

4.  Nanoparticles 
 

4.1. Nab®-Docetaxel: also known as ABI-008. This newly developed formulation of docetaxel 

is based on the use of nanoparticle albumin bound (nab®) technology to evade the use of 

polysorbate 80 (Tween® 80) as vehicle [190,191]. It is prepared by high-pressure homogenization 
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of docetaxel in the presence of human serum albumin at a concentration of 3-4%, similar to the 

blood concentration of albumin, resulting in a nanoparticle colloidal suspension [192]. The absence 

of polysorbate 80 (Tween® 80) eliminates the need for steroid premedication and alleviates the 

danger of leaching plasticizers from infusion bags and tubing. This nanometer-sized form of 

docetaxel has been evaluated in phase I/II studies for patients with hormone refractory prostate 

cancer and metastasic breast cancer [191]. 
 

4.2.  DTX-PNP: is a new type of polymeric nanoparticle formulation of docetaxel consisting of a 

mixture of monovalent metal salts of poly(lactic acid), amphiphilic diblock copolymers and the 

drug [193,194]. Currently, phase I studies are underway for patients with advanced solid 

malignances [195]. 
 

4.3.  BIND-014: is part of a group of ‘nanoengineered’ drugs called AccurinsTM [196]. BIND-014 

is an injectable formulation of docetaxel based on the use of PEG-PLGA copolymers with 

controlled release properties [197]. It is an active nanoformulation targeted to prostate specific 

membrane antigen (PSMA), which is abundantly expressed on the surface of cancer cells and new 

blood vessels of solid tumors. The tumor-targeting capability of these nanoparticles is obtained by 

“decorating” the shell surface with RNA A10-aptamer to bind PSMA [198]. In preclinical cancer 

models, BIND-014 has demonstrated to be up to 10-fold more effective in delivering docetaxel to 

tumors with respect to an equivalent dose of Taxotere®, with no increase in toxicity. The enhanced 

efficacy has been attributed to delayed clearance from the target site owing to preferential binding 

to the PSMA proteins, leading to internalization and subsequent intracelular drug release [199]. 

This innovative formulation has been the first targeted and controlled release polymeric 

nanoparticles for cancer chemotherapy to reach clinical development (January 2011). Currently, 

phase II clinical studies are being carried out as second-line therapy for patients with non-small-cell 

lung cancer and those with metastatic castrate-resistant prostate cancer [197].  
 

5.  Dendrimers 
 

5.1.  DepTM-DTX: is a docetaxel-dendrimer conjugate. Recent preclinical studies of DepTM-DTX 

have reported that the water solubility, circulation time and efficacy in treating breast cancer in 

animals were better than those of Taxotere® [100]. A phase I/II clinical trial has been approved to 

prove the safety and equivalency compared with Taxotere® [195]. 
 

6.  Nanoemulsion 
 

6.1.  ANX-514: is a polysorbate 80-free oil-in-water nanoemulsion formulation of docetaxel. 

ANX-514 formulation solubilizes docetaxel using oil droplets comprised of a combination of non-

toxic excipients. Docetaxel is contained within these oil droplets and can be administered 
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intravenously without using polysorbate 80 (Tween® 80) as pharmaceutical vehicle [200]. 

Preclinical results have demonstrated reduced hypersensitivity reactions without impacting 

pharmacokinetics or antitumor activity when compared to Taxotere® [201]. Phase I clinical studies 

have been completed using this novel formulation in patients with advanced solid tumors [202]. 
 

7.  Solid dispersion 
 

7.1.  ModraDoc001 capsule: is a novel oral formulation of docetaxel that contains a freeze-dried 

solid dispersion powder of docetaxel, polyvinylpyrrolidone K30 (PVP-K30), and sodium lauryl 

sulphate (SLS), in a weight ratio of 1/9/1 (w/w/w) [203]. The freeze-dried solid dispersion 

formulation is filled into hard gelatin capsules. It has shown an acceptable taste, two-year storage 

stability at room temperature, an excellent dosing accuracy, and contain neither ethanol nor 

polysorbate. Clinical studies are currently at the end of phase I and ready to progress a Phase II for 

patients with advanced solid tumors [203,204].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



!
!

!
!

 D
elivery Strategy 

A
gent 

C
om

pany 
D

evelopm
ent stage 

R
oute 

C
om

m
ents 

R
ef. 

A
nalogs 

C
abazitaxel 

(Jetvana®
)  

(N
ature of derivate:  

10-D
A

B
)  

Sanofi 
  - EM

A
-approved (2011, prostate) 

  - Phase II B
reast 

      
 

 i.v. 
- V

ehicle sim
ilar to Taxotere®

 
- Poor substrate for p-gp 
- B

B
B

 penetration 
- G

rade 3/4 neutropenia, F. neutropenia 

[161-168] 

 
Larotaxel 
(N

ature of derivate:  
10-D

A
B

) 

Sanofi 
  - Phase II N

SC
LC

 
  - Phase III bladder 
                    pancreatic 
 ! 

i.v. 
- D

ifferent toxicity profile 
- Poor substrate for P-gp 

   - B
B

B
 penetration 

- G
rade 3/4 neutropenia, neuropathy  

[169-173] 

 
Tesetaxel 
(N

ature of derivate:  
7-deoxy-9-β-duhydro-
9,10, O

-acetal taxane)              

G
enta 

 - EM
A

-orphan designation (2010, gastric) 
 - Phase II breast 
                 bladder 
                 gastric 

p.o. 
 - O

ral bioavailability: 82%
  

 - Poor substrate for P-gp 
  - G

rade 3/4 neutropenia 

[174] 

 
 

 
     

 
 

 

 
O

rtataxel 
(N

ature of derivate: 
14-β-hydroxy-D

A
B

) 

Spectrum
 

Pharm
aceuticals 

 - Phase II taxane-resistant tum
ors 

i.v. / p.o. 
 - O

ral bioavailability: 50%
  

 - Poor substrate for P-gp 
 - H

igh tolerability 
  

[175-180] 

 
M

ilataxel 
(N

ature of derivate:  
10-deacetyl-7-
propanoyl baccatin) 

Taxolog Inc. 
 - Phase II colorectal 
                  N

SC
LC

  
i.v / p.o 

  - A
ctive in preclinical m

odels of 
resistance to taxanes 
 - Poor substrate for P-gp 
 - G

rade 3/4 neutropenia 
 

[181-183] 

C
onjugates 

N
K

TR
-105 

N
ektar 

Therapeutics 
 - Phase I solid tum

ors 
i.v. 

  - D
ocetaxel bound to a four-arm

 PEG
  

  - G
ood preclinical activity 

[184,185]  

T
able 7.  Sum

m
ary of alternative form

ulations. 



 !!

!

L
iposom

es 
A

TI-1123 
A

taya 
Therapeutics 

 - Phase I solid tum
ors 

i.v. 
  - A

TI-1123 can be adm
inistered safety 

at higher doses than Taxotere®
 

  - N
eutropenia 

 

[186-188] 

 
LE-D

T 
Insys 
Therapeutics 
Inc. 

 - Phase I/II refractory solid tum
ors 

i.v. 
  - Safe, w

ell tolerated 
  - N

eutropenia 
[189] 

 
 

 
 

 
 

 
N

anoparticles 
N

ab®
-docetaxel 

C
elgene 

 - Phase I/II m
etastasic breast cancer 

                    horm
one refractory prostate cancer 

i.v. 
  - H

igh tolerability 
  - N

eutropenia, peripheral neuropathy 
[190-192] 

 
 

 
                 

 
 

 
 

D
TX

-PN
P 

Sam
yang 

Pharm
aceuticals 

 - Phase I advanced solid tum
ors 

i.v 
  - G

rade 3/4 neutropenia 
[193-195] 

 
 

 
 

 
 

 
 

B
IN

D
-014 

B
ind 

Therapeutics 
 - Phase II N

SC
LC

 
                  m

etastasic castration-resistant 
prostate cancer    

i.v. 
  - A

ccurin
T

M
 polym

er nanoparticle 
  - C

ell-specific uptake 
  - H

igh efficacy and low
 toxicity 

  - The first clinically tested targeted 
nanom

edicine for m
anagem

ent of cancer 
   

[196-199] 

D
endrim

ers 
D

ep
 T

M-D
TX

 
StarPharm

a 
 - Phase I/II advanced solid tum

ors 
i.v. 

  - D
ep

 T
M-D

TX
 can be adm

inistered 
safety at higher doses than Taxotere®

 
 

[100,195] 

N
anoem

ulsion 
A

N
X

-514 
M

ast 
Therapeutics 

 - Phase I advanced solid tum
ors 

i.v. 
  - Low

 toxicity 
   

[200-202] 

 
 

 
 

 
 

 
Solid 
dispersion 

M
odraD

oc001 
capsule 

The N
etherlands 

C
ancer Institute 

 - Phase I advanced solid tum
ors 

p.o. 
  - Safe, w

ell tolerated 
  - Low

 interindividual variability 
[203,204] 

 B
B

B
: blood brain barrier; EM

A
: European M

edicines A
gency; i.v.: intravenous; N

SC
L: non-sm

all cell lung cancer; P-gp: p-glycoprotein; p.o: per oral 
     

C
ont. T

able 7.  Sum
m

ary of alternative form
ulations. 



CONFIDENTIAL                                                                              CHAPTER 1: GENERAL INTRODUCTION 
 

 

! 51!

2.8.  Strategies to increase the oral bioavailability of docetaxel 

 As mentioned previously, the major problem for oral delivery of docetaxel is its low oral 

bioavailability, which in part is caused by the cytochrome P450 (CYP) 3A subfamily and the 

membrane transporter P-glycoprotein (P-gp) [159,205]. Thus, an effective oral formulation of 

docetaxel is promising. Indeed, a wide variety of oral docetaxel formulation strategies have 

received growing attention in recent years. However, not many of these approaches have managed 

to pass to clinical development and are mainly in the preclinical stage of development. 

 In recent years, several strategies have been proposed for the oral delivery of docetaxel 

including (i) the co-administration of compounds able to block the P-gp efflux pump and/or the 

CYP3A and (ii) formulation approaches such as the combination with cyclodextrins, conjugation 

with water soluble polymers, or the incorporation in micelles, self-nanoemulsifying drug delivery 

systems (SNEDDS), microemulsions, solid dispersions, lipid and polymeric nanoparticles. Table 8 

summarises some of these strategies. 
 

 

1. Co-administration of docetaxel with P-gp and/or CYP3A selective inhibitors 
 

 Since it became clear that P-gp and CYP3A are involved in the low oral bioavailability of 

docetaxel there has been a lot of interest in improving the oral bioavailability by co-administration 

of P-gp and/or CYP450 inhibitors. Different preclinical and clinical studies have demonstrated the 

validity of this idea based on the co-administration of the anticancer drug with P-gp inhibitors, such 

as zosuquidar/LY335979 [206], valspodar/PSC833 [207] and elacridar/GF120918 [208] or CYP3A 

inhibitors, such as ketoconazole [209], ritonavir [210,211], or both of them, such as cyclosporine A 

[114,212] and verapamil [213,214]. However, the use of drugs that inhibit these enzymes and 

transporters involve potential risks, especially in repeated administrations [215]. In order to 

minimize these side effects other inhibitors such as curcumin [216] or flavonoids [217] have been 

proposed as natural product inhibitors. These newly developed modulators have not demonstrated 

severe side effects and may therefore be better candidates for clinical use. 
 

2. Drug Delivery Systems (DDS): The drug delivery systems under research include: 
 

2.1.  Docetaxel-polymer conjugates: Natural and synthetic polymers are used widely as 

components of medical devices, for example, as rate-controlling coatings, as hydrogels or matrices 

for the topical administration of drugs, in tablets and capsules for oral administration and controlled 

release systems for drugs, peptides and proteins. However, only been during the last decade, the 

first polymer-based therapeutics have emerged as clinically accepted medicines for drug 

administration. The concept of polymer-anticancer-drug conjugates was firstly introduced by 

Helmut Ringsdorf in 1975 [218] and this work was continued by Duncan and colleagues [219] 
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designing the first synthetic polymer-drug conjugates to progress to clinical trial. In all cases, the 

clinical aims of polymer–drug conjugation are to achieve improved drug targeting to the tumor, to 

reduce drug toxicity (by limiting access to the sites of toxicity) and to overcome the mechanisms of 

drug resistance.  First generation conjugates sought to improve the therapeutic index of drugs 

already in routine clinical use (e.g., doxorubicin, camptothecin and paclitaxel), enabling easier 

formulation and patient administration. Almost all polymer–drug conjugates that have been 

clinically tested rely on increased tumor vascular permeability for tumor targeting. Many polymers 

have been proposed to conjugate with anticancer drugs, but few have progressed to in vivo or 

clinical studies. In the case of docetaxel, a drug-polymer conjugate containing PEG is under 

clinical trials, NKTR-105, as described in section 2.7. 

 Recently, great efforts have been devoted to covalent combination of docetaxel with 

biodegradable polymers to overcome minimal water solubility, poor stability and low 

bioavailability [220]. As a biodegradable polymer, low molecular weight chitosan (LMWC) shows 

higher water-solubility and lower toxicity. One of the most significant advantages of LMWC is to 

open the tight junctions between Caco-2 cells, which is a highly useful property for oral drug 

delivery [221].  Lee and coworkers covalently bound docetaxel to LMWC via a cleavable linker, 

succinic anhydride, and evaluated its antitumor efficacy and toxicity in vivo [222]. After oral 

administration, LMWC-DTX conjugate was absorbed in the small intestine and effectively 

inhibited tumor growth with an efficacy comparable to the clinically available injected form, but 

with much lower toxicity [223].   

 In addition, Khatun et al. synthesized taurocholic acid (TCA) linked heparin-docetaxel 

(HDTA) conjugates for oral delivery of docetaxel [224,225]. This ternary biomolecular conjugates 

formed self-assembly nanoparticles where docetaxel was located inside the core and TCA was 

located on the surface of nanoparticles��On the one hand, heparin could avoid the coagulation 

cascade to facilitate a higher uptake of conjugate and act as an anti-trombosis, anti-angiogenesis 

and anti-coagulant agent [226]. On the other hand, bile acid could enhance the oral absorption of 

conjugated drugs by interacting with its transporters that exist in the small intestinal membrane 

[227]. Meanwhile, the TCA can weaken high negative charges of heparin to reduce some side 

effects such as bleed or thrombocytopenia symptoms [228]. These ternary biomolecular conjugates 

were prepared at different coupling ratios between docetaxel and HTA. HDTA3 (with a coupling 

ratio of 3.0 ± 0.5) and HDTA4 (coupling ratio of 4.7 ± 0.3) were selected for further evaluation. 

The oral absorption profile demonstrated that the concentration of the conjugates in plasma was 

about 6 fold higher than heparin alone. The oral bioavailability of HDTA4 was 9.08%. In an 

antitumor effect study, optical imaging signals of HDTA4 nanoparticles were detected only in the 

tumor site 24 h after oral administration. After treatment with HDTA4, the tumor volume decreased 

to 54% within 24 days compared to that of normal saline group treatment. This result suggested the 
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improved oral absorption and effective tumor treatment of HDTA4. Further, more significant effect 

of HDTA4 was obtained in MDA-MB231 tumor bearing-mice [225]. 
 

2.2.  Docetaxel-cyclodextrin complexes: Cyclodextrins are cyclic oligosaccharides containing 

six, seven or eight (α-1,4) linked D-glucopyranose units with amphiphilic properties and a shape of 

a truncated cone or ‘bucket’ [229,230]. Cyclodextrins are named depending on the number of 

glucopyranose units. Major and industrially produced cyclodextrins are named as follows: α-

cyclodextrin possessing six units, β-cyclodextrin possessing seven units and γ-cyclodextrin 

possessing eight units. The β-cyclodextrin family is the most commonly used oligosaccharide. 

Regarding their structure, the internal structure of the molecule is a hydrophobic cavity, while the 

outer surface is hydrophilic. The central moiety is formed by the skeletal carbons, hydrogen atoms 

and glycosidic oxygen atoms of the glucose structure conferring the lipophilic characteristics [231]. 

On the other hand, the external surface is hydrophilic due to the presence of secondary hydroxyl 

groups at the wide edge of the structure and primary hydroxyl groups at the narrow edge. These 

natural cyclodextrins form total or partial inclusion complexes with active molecules [232,233]. 

 Today, cyclodextrins are considered as useful excipients widely spread in pharmaceutical 

applications. Among other reasons, cyclodextrins may be used as complexing agents and, therefore, 

stability of poorly water-soluble drugs. Thus, by the oral route, the effect of cyclodextrins may 

improve the oral bioavailability of lipophilic compounds. Cyclodextrins interact with specific 

components of the membranes but are rarely absorbed from the GI tract [234]. Additionally they 

have been reported to act as inhibitors of P-gp [235,236] and CYP450 [237]. 

 In this context, various kinds of cyclodextrin derivates have been prepared to extend the 

physicochemical properties and inclusion capacity of natural cyclodextrins as novel drug carriers of 

docetaxel. For example, Grosse and collaborators reported the effect of methyl-β-cyclodextrin 

(MEBCD) on the tumor activity of docetaxel. The authors showed that MEBCD was able to 

significantly increase the cytotoxic activity of docetaxel in three different cell lines by improving 

the permeability of the cell membrane [238]. Mazzaferro and co-workers studied the effect of 

MEBCD on the aqueous solubility of docetaxel. Their results demonstrated that the apparent 

aqueous solubility of docetaxel was increased about 5000 times, from 0.0019 mg/mL to 9.98 

mg/mL by using MEBCD [239]. Moreover, Mazzaferro et al. reported that MEBCD could be 

effective for enhancing oral delivery of docetaxel due to its non-specific inhibitory effect on P-gp 

activities [239,240]. 
 

2.3. Polymeric micelles: Over the last decade, micelles have been extensively studied as 

potential delivery systems for therapeutic compounds [241]. Polymeric micelles are spherical 

nanostructures formed by supramolecular assembly of amphiphilic copolymers in aqueous 

environments, normally as a consequence of ion pair or hydrophobic interaction. These polymers 
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have a hydrophobic portion that forms the central core of the micelle, acting as microenvironment 

for loading molecules of the same nature (e.g. docetaxel). Meanwhile, the hydrophilic ends of the 

polymers form a hydrophilic shell or corona to protect the inner structure and drugs from the liquid 

environment surrounding the micelles [242]. Depending on the delivery purpose, the size, charge, 

and the surface properties of polymeric micelles can be modulated.  

 Amphiphilic copolymers employed in drug delivery applications typically contain either a 

polyester or a poly(amino acid) derivative as the hydrophobic segment. Polyesters that are 

approved by the FDA and often used to form hydrophobic core of the micelles are biodegradable 

polylactic acid (PLA), polyglycolic acid (PGA), and poly(ɛ-caprolactone) (PCL), as well as non-

degradable copolymers of poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO) such as 

Pluronic® or poloxamer family [243]. 

 Various polymeric micellar systems have been investigated to improve the oral delivery of 

oral absorption of docetaxel. In this context, Dou and collaborators using 35 nm micelles from 

monomethylol poly(ethylene glycol)-poly(D,L-lactic acid) (MPP), D-α-tocopheryl poly(ethylene 

glycol) 1000 succinate (TPGS) and stearic acid grafted chitosan oligosaccharide (CSO-SA), were 

capable to  increase 2.5-times the oral bioavailability of docetaxel, compared with the commercial 

formulation Taxotere® [244]. 
 

2.4. Polymeric nanoparticles: Nanoparticles are colloidal systems of solid particles with sizes 

ranging from 10 to 1,000 nanometers [245]. Under this term nanocapsules and nanospheres are 

included. Nanocapsules are vesicular systems in which a drug is confined to a cavity surrounded by 

a polymer membrane, whereas nanospheres are matrix systems in which the drug physically and 

uniformly dispersed [246]. Polymeric nanoparticles offer a promising means of drug delivery of 

chemotherapeutic drugs with enhanced efficacy, reduced toxicity, controlled and long-term release 

rates, prolonged bioactivity, increased patient compliance due to less administration frequency, and 

the ability to co-deliver multiple drugs with synergistic effects at the same site [247]. Polymers 

used are biocompatible and biodegradable, either synthesized or natural, which are subject to FDA 

approval. The drug can either be dispersed in the polymeric matrix, or conjugated/attached to the 

polymer backbone. The drug release mechanism can be diffusion, polymer matrix swelling, 

polymer erosion and degradation [248]. 

 A large number of polymers including the copolymers have been employed for the 

preparation of polymeric nanoparticles. These include natural macromolecules such as gelatin, 

dextran, albumin, chitosan and alginate [249]. Regarding the synthetic biodegradable polymers, the 

most widely employed would be the followings: polylactic acid (PLA), polyglycolic acid (PGA), 

poly(lactic-co-glycolic) (PLGA), poly(ε-caprolactone) (PCL), poly-alkyl cyanoacrylate (PACA) 

[250], and poly(anhydride) or the copolymer of methyl-vinyl-ether and maleic anhydride 
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[251,252]. Additionally, suitable surface coatings (including poly(ethylene glycol), TPGS, a water-

soluble form of vitamin E derived from natural sources, polyvinyl alcohol, etc.) allow nanoparticles 

to avoid recognition by CYP3A enzymes/P-gp, which promotes oral drug delivery across 

biological membranes [253,254]. 

 Recently, a platform based on PLGA nanoparticles was proposed for the oral delivery of 

docetaxel. This platform involved a series of nanoparticles prepared by a solvent evaporation and 

extraction method and included the following types of nanocarriers: PLGA nanoparticles, PLA-

vitamin E TPGS (PLA-TPGS) nanoparticles, PLGA-montmorillonite (PLGA/MMT) nanoparticles, 

and PLA-vitamin E TPGS/ montmorillonite (PLA-TPGS/MMT) nanoparticles [255]. As an 

excellent emulsifier, TPGS is able to greatly improve the performance of nanoparticles, resulting in 

increased encapsulation efficiency and oral bioavailability by high intracellular adhesion and 

uptake [256]. On the other hand, montmorillonite is a medical clay that can minimise some of the 

secondary effects of this anticancer drug and enhance the adhesion of the resulting nanoparticles to 

the GI mucosal membrane [257]. The resulting nanoparticles displayed a typical mean size between 

200 and 250 nm, negative zeta potentials and encapsulation efficiencies close to 80%. Using MCF-

7 cells, PLA-TPGS/MMT nanoparticles was found to show a IC50 value 4-times more effective 

than Taxotere® and about 1.5-times more than nanoparticles without MMT (PLA-TPGS 

nanoparticles). In vivo, the oral administration of a single dose of PLA-TPGS/MMT nanoparticles 

could achieve almost a 3-week sustained chemotherapy in comparison with 22 hours of intravenous 

administration of Taxotere at the same dose. The oral bioavailability of docetaxel was found to 

be 3.6% for Taxotere, 78% for PLA-TPGS/MMT nanoparticles and 91% for PLA-TPGS 

nanoparticles.  

 Another example of polymeric nanoparticles as carriers for docetaxel would thiolated 

chitosan nanoparticles [258,259]. Chitosan is a nontoxic, biocompatible, and biodegradable 

polymer that is able to bind to mucus due to ionic interactions between its primary amino 

substructures and the sialic acid and sulfonic acid substructures of mucins constituting the mucus 

protective layer [260]. The mucoadhesive properties of chitosan have been shown to improve 140-

fold due to the immobilization of thiol groups on the polymer [261]. The reason for this is the 

formation of disulfide bonds between the thiolated polymer and cysteine-rich subdomains of the 

mucins [262]. Saremi and collaborators successfully encapsulated the anticancer drug in thiolated 

chitosan nanoparticles (encapsulation efficiency around 90%). The permeation study of these 

nanoparticles showed that these nanoparticles could open tight junctions of monolayer Caco-2 cells 

and increase paracellular transportation. In vivo experiments with Wistar rats showed that one oral 

dose of these nanoparticles (10 mg/kg docetaxel) released docetaxel in a sustainable way for 

216 hours in comparison with the 24 hours of docetaxel plasma levels when administered orally as 
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Taxotere. As a consequence the oral bioavailability of docetaxel increased from 6.5% for oral 

Taxotere to 69% for DTX-loaded thiolated chitosan nanoparticles. 
 

2.5. Solid lipid nanoparticles: Solid lipid nanoparticles (SLNs) are a relatively new class of 

drug carrier that have gained considerable interest over the last decade. SLNs are defined as 

submicron sized carriers (sizes range from 50 to 1,000 nanometers) composed of physiological, 

biodegradable and biocompatible lipid components, which remain in the solid state at room 

temperature. The lipids that are used to prepare SLNs include fatty acids (e.g. stearic acid, palmitic 

acid), fatty acid esters (e.g. glyceryl behenate, glyceryl monostearate), mono-, di- or tryglicerides 

(e.g. tristearin, tripalmitin, trilaurin), steroids (e.g. cholesterol) and waxes (e.g. cetyl palmitate) 

[263,264]. The advantages of these systems include high biocompatibility, non-toxicity, high 

bioavailability, controlled release, no problems with multiple routes of administration, 

manufacturing scalability and industrial adaptability [265]. The lipid core of SLNs has been 

reported to stimulate chylomicron formation and facilitate lymphatic uptake, which can bypass 

hepatic first-pass drug metabolism [266]. Moreover, SLNs generally contain lipophilic or 

hydrophilic surfactants as stabilizers, some of which have been reported to inhibit P-gp drug efflux 

[267]. To date, SLNs have been used successfully as one of the oral drug delivery systems for 

enhancing the bioavailability of lipophilic drugs, such as paclitaxel [268], lopinavir [269], 

quercetin [270] and cyclosporine A [271]. 

 Cho and coworkers encapsulated the cytotoxic agent in surface-modified SLNs. Their SLN 

system were prepared by solvent-diffusion method using biodegradable and biocompatible 

materials such as tristearin and Tween 80 or D-α-tocopherol poly(ethylene glycol) 1000 

succinate (Tween 80 and vitamin E TPGS were employed as surfactants). Tween 80-emulsified 

SLNs showed enhanced intestinal absorption, lymphatic uptake, and oral bioavailability of 

docetaxel compared with oral administration of Taxotere in rats. However, TPGS-emulsified 

SLNs induced a higher increase of the oral bioavailaity of docetaxel than Tween® 80-based SLNs. 

This fact would probably due to a higher capability of TPGS to inhibit the intestinal P-gp drug 

efflux pump than Tween® 80 [155]. On the other hand, Hu and collaborators reported the 

preparation of docetaxel loaded in lecithin nanoparticles, that offered in vitro a sustained-release 

profile for at least 72 hours. Moreover, these lecithin nanoparticles significantly increased the 

apparent permeability rate of the anticancer drug through a Caco-2 cell monolayer and the oral 

bioavailability was found to be close to 9% [272]. 
 

2.6. Self-nanoemulsifying drug delivery systems (SNEDDS): Over recent years, several 

studies on self-nanoemulsifying drug delivery systems have been performed to improve the oral 

bioavailability of lipophilic drugs [273,274]. SNEDDS are isotropic mixtures of oil, surfactant, co-
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surfactant (or solubilizer), and a drug. The basic principle of this system is its ability to form fine 

oil-in-water (o/w) emulsions with a droplet size less than 100 nm (nanoemulsions) under gentle 

agitation following dilution by aqueous phases (i.e., the digestive motility of the stomach and 

intestine provide the agitation required for self-emulsification in the gastrointestinal tract) [275]. 

The emulsion that is spontaneously formed in the GIT presents the drug in a solubilized form and 

the small size of the formed droplet provides a large interfacial surface area for drug absorption 

[276]. Several SNEDDS-base products such as Sandimmune Neoral® (cyclosporin A), Norvir® 

(ritonavir) and Fortovase® (saquinavir), have been successfully commercialized, which has 

boosted the interest in increasing the utilization of this formulation strategy [277].�
 Quan and coworkers developed a novel SNEDDS for the oral administration of docetaxel 

[278]. Capryol 90, Labrasol and Transcutol HP were selected as oil, surfactant, and co-surfactant, 

respectively, to formulate DTX-SNEDDS. Compared to orally administered Taxotere®, the oral 

bioavailability of DTX-SNEDDS in rats was 17 %, which was attributed to a multitude of factors 

including its ability to disperse itself in a very fine nanoemulsion within the GI tract, to cross 

intestinal epithelial layers, to transport the drug via lymphatic pathways, to bypass the P-

glycoprotein efflux system and the cytochrome P-450 mediated drug metabolism. Furthermore, it 

was reported that the oil and surfactants used in this SNEDDS formulation played vital roles as 

absorption enhancers and P-glycoprotein inhibitors. Notably, DTX-SNEDDS exhibited an 

augmented antitumor efficacy with a reduced toxicity profile when compared with intravenously 

administered Taxotere®. 
 

2.7.  Microemulsion: Amongst the various DDS, microemulsion is a lipid based delivery system 

that has been considered an ideal alternative for the oral delivery of poor hydrophilic drugs 

[279,280]. Microemulsion is a thermodynamically stable solution composed of at least water, oil 

and surfactants. It is administered as a soft capsule which contains the oil solution of drug and 

surfactants. It converts into an oil-in-water microemulsion in an aqueous environment, that is, in 

the stomach and small intestine [281,282]. This formulation has a great deal of advantages, such as 

ideal dissolution of hydrophobic drugs, high solubilisation potential and surfactant-induced 

permeability enhancement [283,284]. Additionally, several excipients used in these systems 

including Cremophor®, Labrasol® and Transcutol® could inhibit the efflux by P-gp [285,286], 

making the microemulsion system a promising approach for oral delivery of docetaxel. Yin and 

coworkers [287] prepared an oil-in-water microemulsion formulation of docetaxel with 

Cremophor® EL as surfactant, Transcutol® as co-surfactant and Capryol® 90 as oil phase, and 

evaluated the oral bioavailability of this formulation. The mean droplet size of the resulting 

microemulsion formulation was about 30 nm. Compared to Taxotere (0.025 µg/cm2), the 

transport of docetaxel across Caco-2 cell monolayer when formulated in the microemulsion 
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formulation significantly increased to 0.624 µg/cm2. Moreover, the oral bioavailability of the 

formulation in rats was around 34%, which was probably due to the combined effect of the 

enhancement in solubility, the inhibition of P-gp efflux system and the increased permeability.  
 

2.8.  Solid dispersion: A solid dispersion is the dispersion of one or more active ingredients in 

an inert carrier in a solid state, frequently prepared by the melting (fusion), solvent or melting-

solvent method [288]. Usually, solid dispersions are two component systems consisting of a 

hydrophilic carrier in which the drug is incorporated (dispersed) in either a crystalline or an 

amorphous state [289]. Currently, the term solid dispersion is mostly linked to an amorphous 

system (amorphous solid dispersion, ASD). ASD is defined as a distribution of active ingredients in 

molecular or amorphous form in an (amorphous) inert carrier [290,291]. The improved dissolution 

rate of a solid dispersion can be attributed to an increased solubility of the drug because of its 

amorphous state, an increased surface area available for drug dissolution because of the small size 

of the dispersed particles, and an improved wetting of the drug caused by the hydrophilic carrier. 

The latter can be further improved by incorporating a wetting agent (e.g. surfactant) in the solid 

dispersion [290,292]. As solid dispersion excipients are vital for maintaining the amorphous state 

upon storage and after dissolution, a careful selection process is needed to select the most suitable 

excipients [290]. 

 Solid dispersion formulations have successfully improved the dissolution and 

bioavailability of a number of low-soluble drugs (e.g. griseofulvin, tacrolimus, everolimus, 

ritonavir and lopinavir) [293]. In the case of docetaxel, Moes and collaborators used a Modulated 

Drug Absorption (Modra) concept by combining polyvinylpyrrolidone (PVP) K30 and sodium 

lauryl sulfate (SLS) based solid dispersions of docetaxel (ModraDoc001) with the pharmacokinetic 

booster ritonavir [115,116]. This formulation is under clinical trials, as described in section 2.7. 
 

2.9. Nanotransporter: Nassar et al. [294] developed docetaxel-loaded PLGA nanocapsules 

(NCs) and embedded them in entero-coated microparticles consisting of a blend of Eudragit® L 

and hydroxypropylmethylcellulose (HPMC). The pharmacokinetic study in rats showed that at a 

dose of 5 mg/kg, NCs in microparticles elicited a higher oral bioavailability of docetaxel compared 

with the i.v. or oral administration of Taxotere®. The distribution study suggested that NCs 

released from the microparticles could penetrate the enterocytes, bypass P-gp, circumvent gut 

metabolism and accumulate within the lymphatic system, and drugs were progressively released 

into the circulation. After incubation with WRC 256 cells for 72 h, docetaxel-loaded NCs 

embedded in microparticles exhibited increased cytotoxicity compared with blank microparticles 

and the docetaxel solution. Recently, Attili-Qadri and coworkers [295] demonstrated that this 

nanotransporter elicited a marked enhanced absorption compared with oral Taxotere® in minipigs, 

confirming the previous rat study results 
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OBJETIVES 

 
 The general objective of this project was to evaluate the capability of pegylated 

nanoparticles, based on the copolymer of methyl vinyl ether and maleic anhydride (Gantrez® AN), 

to improve the oral bioavailability of docetaxel in vivo.  

 

 

 For this purpose, this general objective was divided in the two following partial objetives. 

The former involves the design and evaluation of docetaxel-loaded pegylated nanoparticles, in 

which pegylation occurred in situ and simultaneously to the preparation of these nanocarriers. 

Then, the resulting nanoparticles were characterised and evaluated in laboratory animals. The latter 

was dedicated to the preparation and evaluation of docetaxel-loaded pegylated nanoparticles, in 

which the nanocarriers were prepared from Gantrez® AN-poly(ethylene glycol) conjugates.  These 

conjugates were firstly synthetized and characterized prior their use as material for preparing 

docetaxel-loaded nanoparticles. Again, these nanocarriers were also evaluated in laboratory 

animals.  
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Abstract 

 
Most of anticancer chemotherapeutic drugs are given intravenously. However, there is a growing 

interest in developing anticancer drugs for oral administration. In this work, we have investigated 

the potential of pegylated poly(anhydride) nanoparticles to enhance the oral bioavailability of 

docetaxel (DTX). Nanoparticles were prepared after the incubation between the three main 

components of the formulation: the copolymer of methyl vinyl ether and maleic anhydride 

(Gantrez® AN), poly(ethylene glycol) (PEG2000 or PEG6000) and docetaxel (DTX). The 

presence of a coating layer of PEG around the surface of nanoparticles was corroborated by X-ray 

photoelectron spectroscopy (XPS) analysis. The drug loading was close to 11% when nanoparticles 

were pegylated with PEG2000 and 9% when PEG6000 was used. The oral administration to mice 

of a single dose of pegylated nanoparticles provided sustained and prolonged therapeutic plasma 

levels of docetaxel for 70 h; although the relative oral bioavailability of docetaxel was influenced 

by the MW of the PEG used (24% and 32% for nanoparticles pegylated with PEG6000 and 

PEG2000, respectively). The organ distribution studies revealed that docetaxel underwent a similar 

distribution when orally administered encapsulated in nanoparticles as when intravenously as 

Taxotere®, with accumulation in the spleen, liver, lung and kidneys. This observation, with the fact 

that the clearance of docetaxel when loaded into the oral pegylated nanoparticles was found to be 

similar to that of intravenous formulation, suggest that the anticancer drug would be released at the 

epithelium surface and then absorbed to the circulation. 
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1. Introduction 

 
 Docetaxel (DTX) is a semisynthetic taxoid, analogue of paclitaxel, derived from the 

European yew tree (Taxus bacata sp.) and is one of the most effective drugs in chemotherapy [1].  

It has proven to be useful against several types of cancers such as breast, ovarian, prostate, head 

and neck, gastric and non-small lung cancers [2].  The mechanism of action of DTX, like other 

taxanes, is based on stabilization of the microtubule dynamics and thereby disruption of the cell 

cycle [2]. Because of stronger binding capability to tubulin, docetaxel shows about 2 to 4 times 

more cytotoxicity effect on tumor cells than that of paclitaxel [3]. Commercially, docetaxel 

(Taxotere® and generics) is formulated in a high concentrated aqueous solution of the non-ionic 

surfactant polyoxyethylene-20-sorbitan monooleate (polysorbate 80; Tween® 80). It has been 

shown that polysorbate 80 would induce severe side effects, including anaphylactic hipersensitivity 

reactions and fluid retention associated with docetaxel therapy [4]. In order to minimize the allergic 

reactions, patients require premedication with antihistamines (H2) and corticosteroids [5,6]. Last 

but not least, the surfactant shows incompatibility with commonly used polyvinyl chloride 

intravenous administration sets [7]. Therefore, investigation of alternative intravenous formulations 

of docetaxel is underway, and several approaches based on conjugates [8], nanoparticles [9-11], 

liposomes [12] and micelles [13] have been proposed. 

 Another possibility would be the use of the oral route. An important argument for oral 

treatment is that this route of administration enables the development of chronic regimens and other 

dosing schedules such as metronomic therapies (e.g., continuous or frequent treatment with low 

doses of antincancer drugs). This is specially important for cell cycle specific agents and 

compounds with a predominant cytostatic effect (e.g. docetaxel) [14,15]. Moreover, oral 

chemotherapy can provide an easy way for the patients to take the drug by themselves at home, 

which will reduce their medical expenses and improve their quality of life.  

 Nevertheless, docetaxel has a poor oral bioavailability of about 8% in humans [16] and 3.6% 

in rats/mice [17]. The main reasons for this low and variable oral bioavailability of DTX are related 

to a high lipophilicity and a low permeability within the gut. In fact, docetaxel has poor aqueous 

solubility (4.93 µg/ml) and upon oral administration, intestinal uptake is seriously hampered by 

drug efflux through intestinal P-glycoprotein (P-gp), and systemic exposure is further limited by 

drug metabolism via cytochrome P450 (CYP) 3A [18-20]. One of the most popular strategies to 

boost the oral bioavailability of docetaxel is the combination of an oral formulation of the taxane 

with inhibitors of both P-gp and CYP3A4. Therefore, different preclinical and clinical studies have 

demonstrated the validity of this idea based on the coadministration of the anticancer drug with 

cyclosporine A [16,21] or ritonavir [22,23]. However, the use of drugs that inhibit these enzymes 
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and transporters involve potential risks. In order to minimize these side effects other inhibitors such 

as curcumin [24] or flavonoids [25] have been proposed. 

 Another approach may be the use of pegylated poly(anhydride) nanoparticles [26-28]. In the 

recent past, poly(anhydride) nanoparticles have demonstrated a great potential for improving the 

oral bioavailability of different drugs such as atovaquone [29], 5-fluorouridine [30] or paclitaxel 

[31,32]. These nanoparticles based on the copolymer of methyl vinyl ether and maleic anhydride 

(Gantrez® AN) can be easily “decorated” with a number of ligands or compounds in an aqueous 

environment without the need of toxic reagents. Therefore, the adequate selection of the 

ligand/compound for the coating of these nanoparticles permits to influence on different 

pharmaceutical and biological aspects including the following: (i) drug loading and encapsulation 

efficiency [29,33], (ii) release profiles of the loaded drug [32], (iii) mucoadhesive/bioadhesive 

properties [30], (iv) in vivo biodistribution and targeting properties [34,35], (v) pharmacokinetics 

and oral bioavailability [31].   

 Among others, pegylation of nanoparticles would be of interest to improve the encapsulation 

of lipophilic compounds in the matrix of these delivery systems [27,36]. Similarly, the coating of 

nanoparticles with poly(ethylene glycol)s would yield nanoparticles with slippery properties that 

facilitate the passage of these carriers through the mucus layer covering and protecting the 

intestinal epithelium [37]. In addition, PEGs possess the disturbing capability on the effect of both 

the intestinal P-glycoprotein efflux pump [38] and the cytochrome P450 [39]. These activities are 

all important to promote the oral absorption of docetaxel. 

 Therefore, the aim of this work was the evaluation of these pegylated poly(anhydride) 

nanoparticles as oral carriers for docetaxel. For this purpose, pegylated nanoparticles containing 

DTX were optimised and orally administered to Balb/c mice in order to study the pharmacokinetics 

and tissue distribution of this anticancer drug. 
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2. Materials and methods  

 
2.1.   Materials 

 Docetaxel (USP 30, grade 99.0%) and paclitaxel (USP 28, grade >99.5%) were supplied by 

21CECpharm (London, UK). Poly(methyl vinyl ether-co-maleic anhydride) or poly(anhydride) 

(PMV/MA) [Gantrez® AN 119; MW 200,000] was purchased from International Specialty 

Products ISP/Ahsland Inc. (KY, USA). Taxotere® from Sanofi-Aventis was provided by the 

Pharmacy Service of University Clinic of Navarra (Pamplona, Spain). Phosphate buffered saline 

(PBS), pancreatin and glycine were obtained from Sigma Aldrich (MO, USA). Poly(ethylene 

glycol) with MW of 2000 and 6000 Da (PEG2000; PEG6000) and disodium edetate (EDTA) were 

provided by Fluka (Buchs, Switzerland). Pepsin, acetone, ethanol, t-buthylmethylether and 

acetonitrile were obtained from Merck (Darmstadt, Germany). Polysorbate 80 (Tween® 80) was 

supplied by Panreac (Barcelona, Spain). Deionised reagent water (18.2 MΩ resistivity) was 

prepared by a water purification system (Wasserlab, Pamplona, Spain). The anaesthetic isoflurane 

(Isoflo®) was from laboratories Esteve (Barcelona, Spain). All others reagents and chemicals used 

were of analytical grade.   

 

2.2.   Preparation of poly(anhydride)nanoparticles 

 Docetaxel (DTX) was encapsulated in either conventional [40] or pegylated poly(anhydride) 

nanoparticles. Pegylated nanoparticles with either PEG2000 or PEG6000 were prepared following 

the method published by Zabaleta et al. [27] with minor modifications. 

 

2.2.1.   Docetaxel-loaded pegylated poly (anhydride) nanoparticles (DTX-NP2 and DTX-NP6)  

 Briefly, either PEG2000 or PEG6000 (12.5 mg) were firstly dispersed in 3 mL acetone and 

added to a solution of 100 mg of Gantrez® AN also in 2 mL acetone. The resulting mixture was 

maintained under magnetic agitation. On the other hand, docetaxel was dissolved in 0.5 mL  

acetone and added to the polymers mixture. Then, the organic phase containing DTX, PVM/MA 

and PEG was incubated for a period of 1 hour under magnetic stirring at room temperature. 

Afterwards, nanoparticles were formed by the addition of 10 mL of ethanol and 10 mL of an 

aqueous solution containing glycine (50 mg) and disodium edetate (18 mg) and allowed to 

homogenize for 10 minutes. The organic solvents were eliminated by evaporation under reduced 

pressure (Büchi Rotavapor® R-144; Büchi, Postfach, Switzerland) and the nanoparticle suspensions 

were purified by tangential filtration in Vivaspin tubes (Vivascience Sartorius, Hannover, 

Germany; MW cut off: 300,000) at 4,000 xg for 15 min. The pellets were resuspended in water and 
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the purification step was repeated again. Finally, the formulations were frozen and freeze-dried 

(Genesis 12 EL Freeze Dryer; Virtis, PA, USA) using sucrose (5%) as cryoprotector. 

 Empty pegylated nanoparticles (NP2 and NP6) were prepared in the same way as described 

above but in absence of docetaxel and used as controls.  

 The developed formulations were named as follows: NP2, pegylated poly(anhydride) 

nanoparticles with PEG2000; NP6, pegylated poly(anhydride) nanoparticles with PEG6000;    

DTX-NP2, docetaxel-loaded pegylated poly(anhydride) nanoparticles with PEG2000; DTX-NP6, 

docetaxel-loaded pegylated poly(anhydride) nanoparticles with PEG6000. 

   

2.2.2.   Docetaxel-loaded poly(anhydride) nanoparticles (DTX-NP) 

 Ten mg of docetaxel were incubated with 100 mg Gantrez® AN under magnetic stirring at 

room temperature for 1 hour in 5 mL acetone. Then, nanoparticles were formed by the addition of 

10 mL ethanol and 10 mL of an aqueous solution containing glycine (50 mg) and disodium edetate 

(18 mg). The organic solvents were eliminated by evaporation under reduced pressure and the 

resulting nanoparticles were purified and freeze-dried as described above. 

 Empty poly(anhydride) nanoparticles (NP) were prepared in the same way but in the absence 

of docetaxel. For identification, the following abbreviations were used: NP, poly(anhydride) 

nanoparticles; DTX-NP, docetaxel-loaded poly(anhydride) nanoparticles. 

 

2.3.   Characterization of nanoparticles 
2.3.1.   Physico-chemical characterization 

 The mean hydrodynamic diameter of the nanoparticles and their zeta potential were 

determined by photon correlation spectroscopy (PCS) and electrophoretic laser Doppler 

anemometry, respectively, using a Zetamaster analyzer system (Malvern Instruments Ltd., 

Worcestershire, UK). The diameter of the nanoparticles was determined after dispersion in 

ultrapure water (1:10) and measured at 25°C by dynamic light scattering angle of 90°C. The zeta 

potential was determined as follows: 200 µL of the samples were diluted in 2 mL of a 0.1 mM KCl 

solution. The yield of the process was calculated by gravimetry as described previously [30].  

 The morphological examination of the nanoparticles was carried out by field emission 

scanning electron microscopy (FESEM) and by energy-filtered transmission electron microscopy 

(EFTEM). For FESEM analysis, nanoparticles were washed before imaging by centrifugation to 

remove the cryoprotector. For this purpose, a small amount of the freeze-dried nanoparticles was 

resuspended in ultrapure water and centrifuged at 27,000xg for 10 min. Then, the supernatants 

were rejected and the obtained pellets were mounted on copper grids. FESEM was performed using 
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a Zeiss ultra Plus electron microscopy (Carl Zeiss SMT, Oberdochen, Germany) operating between 

1 a 2 Kv from 3 mm distance.  

 EFTEM was performed in a Zeiss Libra 120 (Carl Zeiss SMT, Oberkochen, Germany) 

operating at 80 kv. For this purpose, 20 µL of a suspension of nanoparticles were deposited onto 

copper grids for 1 min and excess suspension was blotted off using filter paper. Finally, samples 

were stained with phosphotungstic acid at 2% for 15 sec. The excess of this solution was blotted off 

using filter paper and grids were air dried before observation. Images were adquired using a 

2k bottom-mount SlowScanCCD with YAG scintillator high-resolution camera (TRS-system, 

Moorenweis, Germany).   

 

2.3.2.   X-ray photoelectron spectroscopy (XPS) 

 Surface chemical composition of the nanoparticles was studied by X-ray photoelectron 

spectroscopy (XPS) in a SPECS SAGE HR 100 (SPECS, Berlin, Germany) spectrometer equipped 

with a Mg Kα (1253.6 eV) non-monochromatic source operated at 250 W. The take-off angle was 

fixed at 90º and the analysis were conducted at a pressure of ~108 mbar. The pass energy was set at 

30 and 15 eV for the general survey and the high resolution scans, respectively. The step size was 

0.5 eV for the survey spectra and 0.1 for the high-resolution spectra, respectively. Charge 

compensation was achieved with an electron flood gun in the analysis chamber. The XPS data were 

processed with casaXPS V2.3.15 software (Casa Software Ltd., Teignmouth, UK). 

 

2.3.3.   Quantification of the amounts of PEG associated with nanoparticles 

 The amounts of poly(ethylene glycol) bound to the nanoparticles were estimated as 

published elsewhere [41], with minor modifications, by quantification of the excipient in the 

supernatants collected from the purification step during the preparation of the nanoparticles. For 

this purpose, a HPLC (Agilent model 1100 series LC, Agilent, Wokingham, UK) coupled to an 

Evaporative Light Scattering Detector (ELSD) (Alltech, NY, USA) was used. Separation was 

carried out on a PL-aquagel-OH column (300 mm x 7.5 mm; particle size 5 µm) (Agilent, 

Wokingham, UK), in a gradient elution with methanol-water as mobile phase at a flow rate of 

1mL/min. ELSD conditions were set as follows: drift tube temperature was maintained at 110 ºC, 

nitrogen flow was set at 3 L/min and the gain was 1. For the quantification of PEG2000, ELSD 

conditions were modified as follows in order to achieve maximum sensitivity: the drift tube 

temperature was set at 90°C, the nitrogen flow was maintained at 3.2 L/min and the gain was set to 

2. 

 Each sample was assayed in triplicate and the results were expressed as the amount of 

poly(ethylene glycol) per mg of nanoparticle. 
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2.3.4.   Docetaxel content in nanoparticles 

 The amount of docetaxel loaded in the nanoparticles was quantified by HPLC-UV. The 

analytical apparatus was an Agilent model 1200 series LC coupled to a diode-array detector 

(Agilent) set at 228 nm. The chromatographic system was equipped with a reversed-phase 150 mm 

x 3 mm C18 Phenomenex Gemini column (particle size 5 µm; Phenomenex, CA, USA) and 

protected by a 0.5 µm precolumn filter. The mobile phase, pumped at 0.5 mL/min, was a mixture of 

phosphate buffer (0.01 M; pH 2.1) and acetonitrile (50:50 v/v). The column was placed at 30°C and 

the injection volume was 100 µL. Paclitaxel (PTX) was used as internal standard. Under these 

experimental conditions the run time was 16 min and paclitaxel and docetaxel eluted at 6.8 and 8.2 

min, respectively. For the calculations, the standard curve of docetaxel was designed over the range 

between1.25 and 320 µg/mL (r2>0.999). The limit of quantification was calculated as 60 ng/mL 

with a relative standard deviation of 4.5 %. 

  For analysis, nanoparticles were digested with acetonitrile (1:8 volume ratio). Samples were 

transferred into auto-sampler vials, capped and placed in the HPLC auto-sampler. Each sample was 

assayed in triplicate and the results were expressed as the amount of docetaxel (µg) per mg of 

nanoparticles. 

 The encapsulation efficiency (E.E) was calculated as follows: 

 
           E.E. (%) = (Qassociated/Qinitial) x 100 [Eq.1] 

 
Where Qinitial is the initial amount of DTX added and Qassociated is the amount of entrapped DTX in 

the nanoparticles, which is calculated by HPLC. 

 

2.4.   In vitro release study 

 Release experiments were conduced, under sink conditions, at 37°C using simulated gastric 

(SGF; pH 1.2; pepsin 0.32% w/v) and intestinal (SIF; pH 6.8; pancreatin 1% w/v) fluids containing 

0.5% of polysorbate 80 (Tween® 80) as solubilising agent for docetaxel. The studies were 

performed under agitation in a Vortemp 56TM Shaking incubator (Labnet International Inc., NJ, 

USA) after the dispersion of the nanoparticles in the appropriate medium. 

 For each time point, 50 µg of docetaxel formulated in nanoparticles were resuspended in 2 

mL of the corresponding simulated fluid. The concentration of the nanoparticles in the release 

medium was adjusted in order to assess sink conditions for docetaxel.  The different formulations 

were kept in the SGF for 2 hours and for 14 hours in SIF. At different time points, sample tubes 

were collected and centrifuged at 27,000xg for 20 minutes. Finally, samples were filtered and the 

amount of docetaxel released from the formulations was quantified by HPLC (calibration curves of 
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free docetaxel in supernatants obtained from SGF and SIF, r2>0.999). Release profiles were 

expressed in terms of cumulative release percentage, and plotted versus time. 

 

2.4.1.   Analysis of release data 

 Data obtained from the in vitro release experiments were treated by various conventional 

mathematical models to determine the release mechanism of the drug from the nanoparticles. Based 

on the highest regression values (r 2) for correlation coefficients for formulations, the best-fit model 

was decided. For this purpose, the following models were used: the Korsmeyer-Peppas equation 

(Eq.2), the Higuchi equation (Eq.3), and zero-order equation (Eq.4).  

 The Korsmeyer-Peppas model exponentially relates drug release with the elapsed time [42]: 

 
Mt

M∞
=KKP.t

n      [Eq.2] 
 

 
In which Mt/M∞ is the fraction of released drug at time t, KKP is a constant incorporating the 

structural and geometric characteristics of the matrix, and n is the release exponent indicating the 

drug release mechanism [42]. If “n” value is around 0.5 (the exact value depends on the geometry), 

the mechanism is Case I (Fickian) diffusion. A value between 0.5 and 0.89 indicates anomalous 

(non-Fickian) diffusion and a value of 0.89 and above indicates a Case II Transport. 

 When the release mechanism is mainly based on a Fickian diffusion, a dimensionless 

expression of the Higuchi model can be applied [43]: 

 
Mt

M∞
=KH.t

1/2      [Eq.3]!
 

 
Where Mt/M∞ is the fraction of released drug at time t, and KH is the Higuchi constant.  

 Finally, the following zero-order kinetic model was also used. This model is used for 

systems where the matrix releases the same amount of drug by unit of time [43]: 

 
Q!  = Q!   + KZ0.t       [Eq.4]  

 
 

 
Where Qt is the amount of drug dissolved in time t and Q0 is the initial amount of drug in the 

solution (most times, Q0 = 0) and KZO is the zero-order release constant. 

! The analysis was applied to the release study of docetaxel performed under simulated 

intestinal fluid, until the 60-80% of drug released. All data processing was performed using Origin 

8.0 software (OriginLab Corporation, MA, USA). 
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2.5.   Pharmacokinetic studies  

 Pharmacokinetic studies were carried out in Balb/c female mice (average weight 19-22 g) 

obtained from Harlan (Santiga, Spain). Studies were approved by the Ethical Committee for 

Animal Experimentation of the University of Navarra (protocol number E21-12) in accordance 

with the European legislation on animal experiments (86/609/EU). Before the experiment, animals 

were adaptively fed for 1 week with free access to food and drinking water (22 ± 2°C; 12-h light 

and 12-h dark cycles; relative humidity 55 ± 10%). Previous to the oral administration of the 

formulations, animals were fasted overnight to avoid the interference with the absorption, allowing 

free access to water. 

 For the pharmacokinetic study, the animals were randomly divided into five groups. The 

experimental groups were as follows: (a) DTX-NP2, (b) DTX-NP6 and (c) DTX-NP. As controls, 

one group of animals received Taxotere® intravenously and another group was treated with the 

commercial formulation orally. Each animal received the equivalent amount of docetaxel to a dose 

of 30 mg/kg body weight (bw) either orally with a blunt needle via the esophagus into the stomach 

or intravenously via tail vein as a slow infusion. All the formulations were administered dispersed 

or dissolved in either purified water (oral) or sterile saline (intravenous). All animals were observed 

for their general condition and clinical signs. 

 At established times after administration, blood was obtained from 4 animals in each group. 

EDTA was used as an anticoagulant agent. Blood volume was recovered intraperitoneally with an 

equal volume of normal saline solution preheated at body temperature. Samples were immediately 

placed on ice and centrifuged at 2,500xg for 10 minutes. Plasma was separated into clean tubes and 

kept frozen at -80ºC until HPLC analysis.  

 

2.5.1.   Determination of DTX plasma concentration by HPLC-UV 

 The amount of docetaxel was determined in plasma by HPLC-UV as described above. The 

extraction method was adapted from Zhao et al. [44]. Calibration curves were used for the 

conversion of the DTX/PTX chromatographic area to the concentration. Calibrator and quality 

control samples were prepared by adding appropriate volumes of standard docetaxel ethanolic 

solution to drug free plasma. Calibration curves were designed over the range between 100 and 

3200 ng/mL (r2>0.999). An aliquot (200 µL) of plasma was mixed with 25 µL of internal standard 

solution (paclitaxel, 10 µg/mL in ethanol). After vortex mixing, liquid–liquid extraction was 

accomplished by adding 3 mL of tert-buthylmethylether following vortex gentle agitation (10 min). 

The mixture was centrifuged for 10 min at 2,500xg, and then, the organic layer was transferred to a 

clean tube and evaporated to dryness (Thermo Savant, Barcelona, Spain). The residue was then 

dissolved in 125 µL of reconstitution solution (acetonitrile–phosphate buffer; 0.01 M; pH 2.1; 
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50:50 v/v) and transferred to auto-sampler vials, capped and placed in the HPLC auto-sampler. A 

hundred microlitre-aliquot of each sample was injected onto the HPLC column. 

 Under these experimental conditions the UV detection of docetaxel was performed at 228 

nm and the run time was 16 min. The limit of quantification was calculated to be 140 ng/mL with a 

relative standard deviation of 5.3%. Accuracy values during the same day (intraday assay) at low, 

medium and high concentrations of docetaxel were always within the acceptable limits (less than 

5%) at all concentrations tested. 

 

2.5.2.   Pharmacokinetic data analysis 

 The pharmacokinetic analysis of plasma concentration plotted against time data, obtained 

from the administration of the different docetaxel formulations, was performed based on a non-

compartmental model using WinNonlin 5.2 software (Pharsight Corporation, MO, USA). The 

following parameters were estimated: maximal plasmatic concentration (Cmax), time in which the 

maximum concentration is reached (Tmax), area under the concentration-time curve from time 0 to t 

h (AUC), mean residence time (MRT), clearance (Cl), volume of distribution (V) and half-life of 

the terminal phase (t1/2z). In addition, the relative oral bioavailability (Fr) of docetaxel was 

calculated using the ratio of dose-normalized AUC values following oral and i.v. administrations: 

 

Fr (%)=
AUCoral
AUCi.v.

 x 100     [Eq.5]!
 

         
Where AUCoral and AUCi.v.  correspond to the areas under the plasma curve for the oral and 

intravenous (Taxotere®) administrations, respectively. 

 

2.6.   Organ distribution of docetaxel 

 To study the amount of anticancer drug in different organs after administration, animals 

received docetaxel loaded in the poly(anhydride) nanoparticles orally at a dose of 30 mg/kg.  

Treatment groups were: DTX-NP, DTX-NP2 and DTX-NP6. In addition, a group of mice was 

treated intravenously with the commercial formulation, Taxotere®, at the same dose (30 mg/kg) as 

control. After administration, mice were sacrificed at different time points by cervical dislocation 

under isoflurane anesthesia (n=4 at each time point) and the following organs were harvested: liver, 

spleen, kidneys, lung, heart, stomach and intestine. In the group receiving the commercial 

formulation, animals were sacrificed at 4, 12 and 24 hours post-administration. The animals treated 

with the pegylated-poly(anhydride) nanoparticles (DTX-NP2 and DTX-NP6) were sacrificed at 8, 

24 and 72 hours post-administration. Finally, for the DTX-NP group, the animals were killed at 8 h 
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post-administration exclusively. Times points were selected based on the plasmatic curves obtained 

for the different formulations in mice. 

 Each tissue simple was kept on ice, accurately weighted in polyestirene tubes and 

homogenized in 1 ml of PBS pH 7.4 using a Mini-bead beater (BioSpect Products Inc, OK, USA). 

Later, the homogenized organs were centrifuged at 10,000xg for 10 minutes. The supernatants were 

then collected and stored at -80°C until further analysis by the HPLC assay. 

 The amount of docetaxel in each tissue was determined by liquid-liquid extraction method 

followed by reverse-phase HPLC analysis. The method for the extraction was adapted from Zhao et 

al. [44]. Standardized calibration curves were used for each organ. As internal standard, paclitaxel 

was used and the conversion of the DTX/PTX chromatographic areas to concentration was 

performed. 

 For extractions, aliquots (200 µL) of the selected tissue samples were mixed with 25 µL of 

PTX solution (10 µg/mL in ethanol) for 1 min. Then, 3 ml of t-buthylmethylether was added, and 

the resulting mixtures were vortex-mixing for 10 min. Next the mixture was centrifuged at 2,500xg 

for 10 min and the clear organic layer was transferred to a clean tube and evaporated until complete 

dryness. Finally, the residue was reconstituted with 125 µL of acetonitrile-phosphate buffer (0.01 

M; pH 2.1; 50:50 v/v) and quantified by HPLC-UV. 

  

2.7.   Statistical analysis 

 Data are expressed as the mean ± S.D of at least three experiments. The non-parametric 

Kruskal-Wallis followed by U Mann-Whitney test was used to investigate statistical differences. In 

all cases, p values less than 0.05 were considered to be statistically significant. All calculations 

were performed using GraphPad Prism 6.0 statistical software (GraphPad Software, CA, USA). 
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3. Results 

 
3.1.   Preparation and characterization of poly(anhydride) nanoparticles 

 Table 1 summarizes the main physico-chemical properties of the different poly(anhydride) 

nanoparticles. Overall, pegylation of DTX-loaded nanoparticles slightly decreased the mean size 

(220 nm for conventional and about 200 nm for pegylated nanoparticles) and the negative zeta 

potential of the resulting nanoparticles (-43 mV vs. -35 mV). Besides, the polydispersity index 

(PDI) was lower than 0.2 and the yield of the process was calculated to be between 60 and 65%. 

Empty nanoparticles displayed similar physico-chemical characteristics than the DTX-loaded ones; 

except for the yield of the process which was slightly higher than in the presence of the anticancer 

drug (between 70 and 80%). Similarly the mean size of empty nanoparticles was found to be 

slightly smaller than in the presence of docetaxel (see Table 1).  

 On the other hand, the amounts of PEG associated with the poly(anhydride) nanoparticles 

were quantified by HPLC-ELSD. The analysis revealed that the amount of PEGs associated to 

nanoparticles was significantly higher when nanoparticles were pegylated with PEG6000             

(∼55 µg/mg) than with PEG2000 (∼40 µg/mg) (p<0.05). 

 

Table 1. Physico-chemical characterization of the poly(anhydride) nanoparticles obtained. Data are 

expressed as mean ± S.D. (n=4). 

 

Formulation Size (nm) PDI Zeta Potential  
(mV) Yield (%) PEG content   

(µg/mg NP) EE (%) DTX Loading      
(µg/mg NP) 

NP 167 ± 2 0.1 -55 ± 6 79 ± 3 - - - 

DTX-NP 220 ± 2 0.1  -43 ± 1 65 ± 3 - 42 ± 4      60 ± 2 

NP2 154 ± 3 0.1 -42 ± 3 72 ± 3  36.2 ± 3.1† - - 

DTX-NP2 203 ± 4 0.1 -36 ± 4 62 ± 3   43.8 ± 6.1†  78 ± 9*†        111 ± 3*† 

NP6 157 ± 2 0.1 -45 ± 4 68 ± 1 54.1 ± 2.2 - - 

DTX-NP6 197 ± 3 0.1  -33 ± 2 60 ± 5  56.7 ± 1.9   60 ± 2*        88 ± 2* 

NP: control poly(anhydride) nanoparticles ; NP2: control poly(anhydride) nanoparticles combined with PEG2000; NP6: 
control poly(anhydride) nanoparticles combined with PEG6000; DTX-NP: docetaxel-loaded in poly(anhydride) 
nanoparticles; DTX-NP2: docetaxel-loaded in poly(anhydride) nanoparticles combined with PEG2000; DTX-NP6: 
docetaxel-loaded in poly(anhydride) nanoparticles combined with PEG6000. *p<0.05 Mann Whitney U-test DTX-NP2 
vs. DTX-NP, DTX-NP6 vs. DTX-NP; † p<0.05 Mann Whitney U-test DTX-NP2 vs. DTX-NP6, NP2 vs. NP6. 
 

 Focusing on the amount of docetaxel loaded in the nanoparticles, the addition of glycine to 

conventional nanoparticles enhanced dramatically the docetaxel loading, being 20-times higher 

than when conventional nanoparticles were prepared in absence of this amino acid (data not 
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shown). For conventional nanoparticles, docetaxel content was estimated in 60 µg DTX/mg NP. 

However, for pegylated nanoparticles (DTX-NP2 and DTX-NP6), the docetaxel payload 

significantly increased. Thus, for nanoparticles pegylated with PEG6000 the DTX content was 

around 90 µg DTX/mg NP, whereas for DTX-NP2 the drug loading was almost 2-times higher than 

for “nacked” nanoparticles (approx. 111 µg/mg NP). The encapsulation efficiency for DTX-NP2 

and DTX-NP6 nanoparticles was 60 and 78%, respectively, whereas for DTX-NP was about 42%. 

 Figure 1 shows the microphotographs obtained by field emission scanning and energy-

filtered transmission electron microscopy of the nanoparticles. In all cases, the apparent sizes of 

nanoparticles were similar to the obtained values by photon correlation spectroscopy. All the 

nanoparticles formulations displayed spherical shapes. Moreover, conventional nanoparticles 

presented a smooth or plain surface (Figure 1A) whereas pegylated ones appears to show a spongy 

and diffuse surface (Figures 1B and 1C). In addition, from EFTEM analysis (Figure 1D), pegylated 

nanoparticles appeared as spherical structures surrounded by a long and diffuse dark area. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Field emission scanning electron microscopy (FESEM) and energy-filtered transmision electron 
microscopy (EFTEM) images of the different poly(anhydride) nanoparticles loaded with docetaxel. FESEM 
image of A) DTX-NP: docetaxel-loaded in poly(anhydride) nanoparticles; B) DTX-NP6: docetaxel-loaded in 
poly(anhydride) nanoparticles combined with PEG6000; C) DTX-NP2: docetaxel-loaded in poly(anhydride) 
nanoparticles combined with PEG2000. D) EFTEM image of DTX-NP2: docetaxel-loaded in poly(anhydride) 
nanoparticles combined with PEG2000. 
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 X-ray photoelectron spectroscopy (XPS) technique quantified the elemental and averaged 

chemical composition by measuring the binding energy of electrons associated with atoms around 

5-10 nm depth inside the polymeric surface. Fittings of the C1s spectra (atomic orbital 1s of 

carbon) of the surface of the poly(anhydride) nanoparticles and its components were examined 

(Table 2). Comparing the different control nanoparticles (NP, NP2 and NP6), when PEG was 

incorporated to the formulation the content of C-O bonds progressively increased from NP (10.7%) 

to NP2 (18.8%) and NP6 (21.1%) while the proportion of C=O and C-C/C-H bonds decreased. For 

the docetaxel-loaded formulations (DTX-NP, DTX-NP2 and DTX-NP6), the addition of PEG 

induced a decrease of the signal related to the presence of C=O bonds (14.6% for DTX-NP and 

8.4% for DTX-NP6). In parallel, pegylation of nanoparticles produced an important increase on the 

percentage of C-O bond values and a decrease of the C-C/C-H intensity (Table 2).  

 

Table 2. Elemental ratio of the elements and fitting results of the C1s peak of nanoparticle 

formulations. The C-O/C-N components are shown together because they present the same position 

in the C1s spectra (around 286.5 eV) and it is not possible to resolve them individually. 

 

Formulation 
 XPS elemental ratio (%)      XPS C1s fitting ratio (%) 

C O N C = O C-O / C-N C-C / C-H 
NP 68.3 31.7 0 15.8 10.7 41.8 
NP2 67.9 32.1 0 14.4 18.8 34.8 
NP6 71.1 28.6 0 14.6 21.1 35.5 
DTX -NP  68.9 28.4 2.8 14.6 21.0 33.3 
DTX-NP2 67.0 31.0 2.0 14.2 15.5 37.3 
DTX-NP6 57.8 41.1 1.1 8.4 35.6 13.9 

NP: control poly(anhydride) nanoparticles ; NP2: control poly(anhydride) nanoparticles combined with PEG2000; NP6: 
control poly(anhydride) nanoparticles combined with PEG6000; DTX-NP: docetaxel-loaded in poly(anhydride) 
nanoparticles; DTX-NP2: docetaxel-loaded in poly(anhydride) nanoparticles combined with PEG2000; DTX-NP6: 
docetaxel-loaded in poly(anhydride) nanoparticles combined with PEG6000. 
 

 Regarding the surface elemental composition (in atomic percentage values) of the samples, 

the carbon and oxygen content was very similar in all control formulations (NP, NP2 and NP6). 

However, the nitrogen signal is only detected in loaded-DTX nanoparticles (DTX-NP, DTX-NP2 

and DTX-NP6). Thus, the nitrogen content progressively decreased when PEG was added to these 

loaded formulations while the oxygen content increased. 

  

3.2.   In vitro release study 

Figure 2 depicts the release profiles of docetaxel from the different formulations expressed as 

cumulative percentage of drug released as a function of time. In all cases, when nanoparticles were 
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incubated in SGF, no drug release was observed. In contrast, when poly(anhydride) nanoparticles 

were dispersed in the SIF, docetaxel was released. For DTX-NP2 the release pattern in SIF was 

characterized by an important burst effect of about 75% of the loaded drug in the first 30 min 

followed by a more sustained deliverance phase up to 10 hours. On the other hand, for DTX-NP 

and DTX-NP6, the release curves of docetaxel in SIF exhibited a slower discharge of docetaxel 

than DTX-NP2 followed by a more steady release up to the end of the study in which almost all of 

their cargo was extracted. In any case, 1 h after the incubation of nanoparticles in SIF, the amount 

of docetaxel released from DTX-NP6 was about 65% of the loaded drug whereas for DTX-NP, 

only 55% of the drug was released. 
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Figure 2. Docetaxel release profiles from the poly(anhydride) nanoparticles formulations after incubation in 
simulated gastric fluid (SGF) and simulated intestinal fluid (SIF) at 37°C. DTX-NP: docetaxel-loaded in 
poly(anhydride) nanoparticles; DTX-NP2: docetaxel-loaded in poly(anhydride) nanoparticles combined with PEG2000; 
DTX-NP6: docetaxel-loaded in poly(anhydride) nanoparticles combined with PEG6000. Data represented as mean ± S.D. 
(n=4). 
 

 The release profiles of DTX from nanoparticles were evaluated by fitting the in vitro data 

into various kinetic models (Table 3). For DTX-NP and DTX-NP2, the experimental data of the 

docetaxel release in SIF fitted well to the Kormeyer-Peppas equation (Eq.2) with regression 

coefficients higher than 0.98. For both nanoparticle formulations, the release exponent (n) was 

calculated to be lower than 0.5. On the contrary, for DTX-NP6, the data were adequately adjusted 

to the three models. The obtained r2 values for these models were around 0.8. In addition from the 

Korsmeyer-Peppas equation, the calculated “n” value was around 0.8, higher than those of DTX-

NP and DTX-NP2. 
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Table 3. Kinetic parameters of in vitro release profiles of DTX-loaded nanoparticles. Data are 

expressed as mean ± S.D. (n=4). 

 

Formulation 
Korsmeyer-Peppas Higuchi Zero-order 

KKP (h-n) n r2 KH (h-1/2) r2 Kz (h-1) r2 
DTX-NP 0.52 ± 0.02 0.25 ± 0.04 0.98 0.42 ± 0.03 0.865 0.23 ± 0.04 0.28 

DTX-NP2 0.79 ± 0.01 0.08 ± 0.02 0.998 0.7 ± 0.1  0.792 0.5 ± 0.2 0.242 

DTX-NP6 0.4 ± 0.1 0.8 ± 0.4 0.78 0.53 ± 0.09 0.81 0.44 ± 0.06 0.846 

DTX-NP: docetaxel-loaded in poly(anhydride) nanoparticles; DTX-NP2: docetaxel-loaded in poly(anhydride) 
nanoparticles combined with PEG2000; DTX-NP6: docetaxel-loaded in poly(anhydride) nanoparticles combined with 
PEG6000.  
 

3.3.   Pharmacokinetic studies  

 The plasma concentration-time profile of docetaxel after i.v. administration of Taxotere® 

(single dose of 30 mg/Kg) to female Balb/c mice is shown in Figure 3. The drug plasma 

concentration rapidly decreased with time in a biphasic way and data were adjusted to a non-

compartmental model. Levels of docetaxel in plasma were quantifiable till 12 hours post-

administration. The estimated AUC was 140 µg h/ml with a maximum concentration (Cmax) of    

198 µg/mL. The mean residence time (MRT) and the half-life of the terminal phase (t1/2z) were 

estimated to be 1.5 hours. The clearance (Cl) of docetaxel was 0.2 L/h/kg and the volume of 

distribution (V) of the drug was about 0.5 L/kg (Table 4). 

 

 
Figure 3. Docetaxel plasma concentration-time profile after a single intravenous dose in Balb/c mice          
(30 mg/kg) dose of the commercially available formulation Taxotere®. Data are expressed as mean ± S.D., n=4 
per time point. 

!
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 Figure 4 shows the plasma concentration versus time profiles after oral administration of 

docetaxel (single dose of 30 mg/kg) to Balb/c mice when administered as commercial Taxotere® 

or encapsulated in the different poly(anhydride) nanoparticle formulations. When commercial 

Taxotere® was administered to mice by the oral route, docetaxel plasma levels were found to be 

always below the quantification limit of the chromatographic analytical technique. On the contrary, 

when docetaxel was loaded in poly(anhydride) nanoparticles, these formulations displayed 

sustained plasma levels. In all cases, there was an initial rapid rise in the anticancer plasma levels 

for the first 2 hours, reaching the Cmax, followed by a slow decline which was prolonged for at least 

8 hours for DTX-NP, and about 70 hours for the PEG containing formulations (DTX-NP2 and 

DTX-NP6). Comparing DTX-NP2 with DTX-NP6, DTX-NP2 provided slightly higher levels of 

the anticancer drug than those determined for DTX-NP6. 
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Figure 4. Docetaxel plasma levels as a function of time after the oral administration of nanoparticle 
formulations as a single dose of 30 mg/kg bw in Balb/c mice. The inset (B) shows in more detail the section of the 
plasma curve comprised between times 0 to 8 h post-administration with indication of the maxima of both effective and 
tolerated levels for docetaxel. DTX-NP: docetaxel-loaded in poly(anhydride) nanoparticles; DTX-NP2: docetaxel-loaded 
in poly(anhydride) nanoparticles combined with PEG2000; DTX-NP6: docetaxel-loaded in poly(anhydride) nanoparticles 
combined with PEG6000. Data are expressed as mean ± S.D., n=4 per time point. 
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 Table 4 summarizes the pharmacokinetic parameters calculated with a non-compartmental 

analysis of the experimental data obtained after the administration of the different docetaxel 

formulations to mice. For DTX-NP2 and DTX-NP6, AUC values were 6.5 and 5-fold, respectively, 

higher than the AUC obtained for non-pegylated nanoparticles (DTX-NP), demonstrating a higher 

capability to promote the oral absorption of the taxane. In addition, Cmax values of docetaxel in the 

poly(anhydride) nanoparticles was between 1.3 and 2 µg/ml, being the rank order of this parameter: 

DTX-NP6 > DTX-NP2 > DTX-NP. Moreover, the Cmax was reached at 0.08 h for DTX-NP, and 

1.5-2 h for DTX-NP6 and DTX-NP2. Furthermore, the mean residence time (MRT) of the drug in 

plasma and the! half2life! of! the! terminal! phase! (t1/2z) were found to be similar for pegylated 

nanoparticles (both DTX-NP2 and DTX-NP6). Interestingly, for all the formulations and routes of 

administration tested, the clearance of docetaxel displayed similar value (about 0.2 L/h/kg). 

Nevertheless, the volumen of distribution (V) of the anticancer drug when loaded in pegylated 

nanoparticles was about 10 times higher than for DTX-NP and Taxotere® intravenously 

administered.  

 Finally, the relative oral bioavailability of docetaxel delivered in pegylated nanoparticles was 

calculated to be around 24% and 32% for DTX-NP6 and DTX-NP2, respectively. For                 

non-pegylated nanoparticles, the oral bioavailability was found to be of about 5%. 

 

Table 4. Pharmacokinetic parameters of docetaxel in female Balb/c mice for the different 

formulations tested. Dose DTX= 30 mg/kg. Data are expressed as mean ± S.D. (n=4). 
 

AUC: Area under the concentration-time curve from time 0 to t h; Cmax: Peak plasma concentration; Tmax: Time to reach 
peak plasma concentration; t1/2 z: Half-life of the terminal phase; Cl: Clearance; V: Volume of distribution; MRT: Mean 
residence time; Fr: relative oral bioavailability; DTX-NP: docetaxel-loaded in poly(anhydride) nanoparticles; DTX-NP2: 
docetaxel-loaded in poly(anhydride) nanoparticles combined with PEG2000; DTX-NP6: docetaxel-loaded in 
poly(anhydride) nanoparticles combined with PEG6000. *p<0.05 Mann-Whitney U-test DTX-NP vs. Taxotere® i.v., 
DTX-NP2 vs. Taxotere® i.v., DTX-NP6 vs. Taxotere® i.v..† p<0.05 Mann Whitney U-test DTX-NP2 vs. DTX-NP, 
DTX-NP6 vs. DTX-NP. 
 

 

Formulation Route AUC 
(µg h/ mL) 

Cmax  
(µg/ mL) 

 Tmax 
(h) 

  MRT 
  (h) 

     T ½ z 
   (h) 

 Cl 
   (L/h/kg) 

  V 
  (L/kg) 

Fr 
(%) 

Taxotere® i.v 142.6 ± 1.9 197.9 ± 37.2  0.08   1.4 ± 0.1     1.5 ± 0.1     0.2 ± 0.1   0.5 ± 0.2      100 

Taxotere® p.o      N.D   N.D N.D    N.D     N.D    N.D  N.D      N.D 

DTX-NP p.o       6.9 ± 1.6*   1.3 ± 0.4 0.8     4.2 ± 0.2*      2.2 ± 0.3*    0.2 ± 0.1     0.8 ± 0.1*       4.9 

DTX-NP2 p.o       45.9 ± 3.5*†   1.5 ± 0.3 2      43.5 ± 9.8*†      34.7 ± 9.6*†    0.2 ± 0.1       9.6 ± 0.7*†       32.2 

DTX-NP6 p.o       33.8 ± 1.2*†   2.0 ± 0.2 1.5    41.7 ± 2.3*†      34.6 ± 2.5*†    0.2 ± 0.1       8.6 ± 0.7*†       23.7 
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3.4.   Organ distribution of docetaxel  

 Organ distribution of docetaxel was evaluated in Balb/c mice after the administration of a 

single dose (30 mg/kg) either intravenously as Taxotere® or orally after encapsulation in 

nanoparticles. Figure 5 summarises the levels of the anticancer drug in the different organs (liver, 

spleen, kidneys, lung, heart, stomach and intestine) at different times after administration. For 

Taxotere® i.v. administered, the highest concentration of docetaxel 4 h post-administration was 

found in the spleen (about 31 µg DTX/g tissue) and liver (about 24 µg DTX/g tissue). Also, an 

important and similar amount of drug was quantified in the kidneys, lung and heart (about 16-18 µg 

DTX/g tissue). However, 24 hours post-administration, the remaining drug in these organs was 

dramatically decreased, and the higher concentration was again found in the spleen (about 10 µg 

DTX/g tissue) but not levels of docetaxel were found in the liver of animals. When docetaxel was 

orally administered loaded in pegylated nanoparticles (DTX-NP2 or DTX-NP6), the amount of the 

drug recovered in the different organs of animals was similar for the two formulations tested. Thus, 

the main distribution at 24 hours after administration was in spleen and liver (∼20 µg DTX/g 

tissue), followed by intestine (∼18 µg DTX/g tissue) and lung and kidneys (∼13 µg DTX /g tissue). 

As time increased, the drug amounts in tissues decreased; although, 72 hours post-administration 

significant amounts of docetaxel were still quantified in the spleen, lung and kidneys (about 5 µg 

DTX /g tissue). 
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Figure 5. Organ distribution time profiles of docetaxel in Balb/c mice after i.v. administration of Taxotere® 

(A) or oral administration of docetaxel loaded in pegylated nanoparticles with either PEG2000 (B) or 

PEG6000 (C). All mice received a single dose of 30 mg/kg. Data are expressed as mean ± S.D. (n=4). 
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 Figure 6 represents the amount of docetaxel recovered in different organs of animals 8 h 

after the administration of a single dose of the anticancer drug (30 mg/kg) formulated in 

nanoparticles or as Taxotere®. Overall, for pegylated nanoparticles (DTX-NP2 and DTX-NP6), the 

amounts of the anticancer drug found in the liver, lungs and gut 8 h post-administration were 

higher than for Taxotere®. Thus, the liver of animals treated with docetaxel orally as pegylated 

nanoparticles displayed 3-times more drug than when intravenously administered as Taxotere®. By 

contrast, 8 h post-administration, the levels of docetaxel when administered in conventional 

nanoparticles (DTX-NP) were dramatically low, close to the quantification limit of the HPLC 

technique (280 ng/mL).  

 Focusing on the differences observed amongst nanoparticles, there was no significant 

differences between DTX-NP2 and DTX-NP6 for all the organs tested.  

 

Figure 6. Comparative organ distribution of docetaxel following the oral administration of the different 

poly(anhydride) nanoparticles loaded with docetaxel and the intravenous administration of Taxotere® at 8 

hours after administration in Balb/c mice. All mice received a single dose of 30 mg/kg. Data are expressed as mean 

± S.D. (n=4). *p<0.05 Taxotere® vs. nanoparticle formulations: DTX-NP, DTX-NP2 and DTX-NP6. 
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4. Discussion 

  
 The oral bioavailability of taxanes (eg. docetaxel) is hampered by their both high lipophilic 

character and low permeability related to their affinity for the P-glycoprotein and cytochrome P450 

enzymatic complex [15,16]. In order to solve these problems and, thus, enhance the oral absorption 

of these drugs, one possible solution may be the encapsulation of these drugs into polymeric 

nanoparticles with both mucus-penetrating properties and inhibitory abilities of the efflux pump 

activity and cythocrome P450 metabolism. In this way, in a first step, these nanoparticles would be 

capable to cross the mucus layer that covers the surface of the enterocytes and, thus, conduct the 

drug till the absorptive membrane. Once there, in a second step, the carriers would release the 

cargo and, in parallel, disturb the activity of enymes and pumps involved in the presystemic 

metabolism of the loaded drug. The pegylation of nanoparticles from the copolymer of methyl 

vinyl ether and maleic anhydride yields submicronic carriers with these specific properties. In fact, 

these pegylated poly(anhydride) nanoparticles have been demonstrated their capabilities to promote 

the oral bioavailability of paclitaxel [31,32]. In the present work, our aim was to gain more insight 

about the structure and composition of these pegylated nanoparticles as well as explore their 

potential as delivery systems for docetaxel. 

 Pegylation of poly(anhydride) nanoparticles slightly decreased the mean size and the 

negative zeta potential of “naked” nanoparticles (Table 1). Furthermore, the amount of PEG 

associated to the nanoparticles was significantly higher when nanoparticles were pegylated with 

PEG6000 than with PEG2000. This result is in line with previous data reported previously by 

Zabaleta and collaborators [27] who described a high degree of pegylation by increasing the MW 

of the PEG. 

 Regarding the encapsulation of docetaxel, both glycine and EDTA were used to promote its 

loading into the resulting nanoparticles. Thus, in the absence of the amino acid and the chelating 

agent, the drug loading for “naked” nanoparticles was only of about 3 µg/mg nanoparticles, 

whereas for pegylated nanoparticles the payload of docetaxel was 20-30% lower than in the 

presence of both auxiliary substances (data not shown). The main responsible for this encapsulating 

effect would be attributed to glycine; however, the exact mechanism by which this amino acid 

induced this effect has not been yet elucidated.  

 On the other hand, the docetaxel loading was also found to be dependent on both the 

presence and MW of PEG employed for pegylation. In this way, the use of PEG2000 allowed us to 

increase almost 2-times the docetaxel payload compared to “naked” nanoparticles. These results 

agree well with previous studies with PLGA/PLA particles [45], which reported a significant 

increase of docetaxel loading in pegylated PLGA/PLA delivery systems, in comparison with the 
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conventional ones, due to the solubilising properties of PEG. In addition, PEG2000 appeared to be 

slightly superior for increasing the docetaxel entrapment in poly(anhydride) nanoparticles.  

 From the observation of pegylated nanoparticles by electronic microscopy techniques 

(Figure 1), these carriers would adopt a structure based on a solid core surrounded by a PEG 

corona. In order to study this structure, the surface of nanoparticles was examinated by XPS 

analysis (Table 2). Comparing “naked” nanoparticles (NP) with pegylated ones (NP2 and NP6), 

the percentage of C-O bonds, which are typical in the poly(ethylene glycol) structure [46], 

increased after nanoparticle pegylation. In addition, NP6 produced a slightly more intense signal of 

C-C/C-H bonds than NP2. This observation would be related to a longer C-C/C-H chain for 

PEG6000 than for PEG2000.  When docetaxel was loaded into “naked” nanoparticles (DTX-NP), 

an increase in the XPS signals related with the presence of C-N bonds was found. This fact would 

be due to the presence of both the anticancer drug and glycine [46]. Additionally the presence of 

docetaxel and glycine also cause a reduction in the percentages of C-C/C-H and C=O bonds, as 

compared with NP. For pegylated nanoparticles, the presence of PEG at the surface of 

nanoparticles would hinder the access and, thus, the binding of glycine to the surface of 

nanoparticles. In the case of DTX-NP2, this fact would be supported by the decrease of the 

nitrogen content for these nanoparticles (as compared with DTX-NP) as well as by the decrease in 

the percentage of C-N/C-O bonds that can be attributed to the substitution of glycine by PEG. 

Finally, for DTX-NP6, elemental analysis displayed a very low amount of nitrogen associated with 

a high content of oxygen. In addition, these nanoparticles showed a low percentage of C=O and C-

C/C-H bonds and a quite high content of C-N/C-O bonds. These last observations would be related 

to the presence of the PEG chains at the surface of nanoparticles and with the particular 

characteristics of XPS, which is a surface-sensitive technique [48]. To sum up, the reduction of the 

nitrogen content would be related with the presence of PEG in the samples. In addition, the 

presence of longer PEG chains would be reflected by an increase in the percentage of C-N/C-O 

bonds. Moreover, the decrease in the percentage of C=O bonds (typical for anhydride residues) 

observed for pegylated nanoparticles (mainly for those pegylated with PEG 6000) would be 

directly related to the particular characteristics of the XPS technique, which is adapted to the 

investigation of the surface properties of a given material [47]. All together would probe that 

pegylation of these poly(anhydride) nanoparticles yields a PEG coating in a “brush” conformation 

[48].  

 Docetaxel release profiles from nanoparticle formulations were evaluated after their 

incubation in two different media: simulated gastric and intestinal fluids containing Tween 80 (w/v) 

as solubilising agent. In all cases, no drug release was observed when nanoparticles were incubated 

in acid conditions. This “gastroresistant” effect has been previously described for other drugs such 

as atovaquone [29] or paclitaxel [32] when encapsulated in these poly(anhydride) nanoparticles. On 
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the contrary, under simulated intestinal pH conditions, docetaxel was rapidly released with small 

differences between “naked” and pegylated nanoparticles. Thus, pegylated nanoparticles displayed 

profiles characterized by an initial release pulse of 65-75% of the loaded drug followed by a slow 

deliverance phase of the remaining drug. For DTX-NP, the curve was characterized by an initial 

burst effect of about 40% followed by a sustained and continuous release step. Interestingly, the 

release pulse was almost immediate for DTX-NP2 formulation whereas, for nanoparticles 

pegylated with PEG6000 the burst effect only appeared after 1 h of incubation in SIF. 

 The analysis of the release data also pointed out a different behaviour between nanoparticle 

formulations. The release of docetaxel from DTX-NP and DTX-NP2, characterised by a 

Korsmeyer-Peppas exponent coefficient lower than 0.5, would be explained by a quasi-Fickian 

Higuchi diffusion mechanism [49], typical of matrix-type devices. On the contrary, the mechanism 

involved in the release of docetaxel from DTX-NP6 (with a Korsmeyer-Peppas coefficient of 0.8) 

would be a combination between diffusion and erosion. In this case, the presence of long chains of 

poly(ethylene glycol) at the surface of the nanoparticles would hamper the diffusion of the loaded 

drug. So the release of the loaded drug will be delayed until the nanoparticle matrix will start to be 

eroded/dissolved. 

 For the pharmacokinetic study in mice, a single dose of 30 mg docetaxel per kg bw was 

selected. Taxotere®, intravenously administered, presented a characteristic nonlinear profile 

(Figure 3) that has been previously reported by other authors [2,50,51] and associated with the 

effect of micellar entrapment on DTX in presence of Tween® 80 in the formulation, which could 

affect the distribution of unbound drug [52-54]. At the administered dose, the plasmatic levels of 

docetaxel diminished rapidly, and 12 hours post-administration, no levels of the drug could be 

quantified. The nonlinearity was caused mainly during the first hours after drug administration 

when the concentrations were relatively high. From this curve, the mean AUC and the half-life of 

the terminal phase (t1/2z) for docetaxel were estimated to be about 140 µg h/ mL and 1.5 hours, 

respectively. The volume of distribution (V) was 0.5 L/h and clearance (Cl) was 0.2 L/h/kg. These 

results are consistent with data published by van Tellingen et al. [51], who administered Taxotere® 

at similar dose level (33 mg docetaxel per kg bw) in female FVB mice.  

 In contrast, when commercial Taxotere® was administered orally, the drug plasma levels 

were below the quantification limit of our technique. In any case, the oral bioavailability of 

docetaxel in mice has been previously reported to be around 3.6% [17]. 

 When docetaxel was orally administered after encapsulation in pegylated 

nanoparticles, the plasma levels of the anticancer drug were high and sustained in time till 3 days. 

For “naked” nanoparticles, the docetaxel plasma concentration was initially high but decreased 

rapidly and no quantifiable levels were found 12 h after administration. More important, the 

docetaxel plasma levels provided by pegylated nanoparticles were found to be within the 
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therapeutic window, which is defined in Figure 4 as the area between the two horizontal lines 

representing the maximum tolerated (2700 ng/mL) and the minimum effective level (35 ng/mL) 

[55]. This observation is particularly interesting for an oral docetaxel treatment that would permit 

to achieve long-term drug exposure and predicted responses [56].  
 Moreover, the half-life of the drug was greatly extended from 1.5 h for intravenous 

administration to 35 h for oral administration of pegylated nanoparticles (Table 4). This may be 

due to the capability of pegylated nanoparticles to reach the surface of the enterocyte, prolonging in 

this way their residence at the site of absorption. Another important fact was that the metabolism of 

docetaxel appeared to be not affected when it was carried by nanoparticles (p<0.01). In fact, the 

clearance of docetaxel from DTX-NP and pegylated nanoparticles was similar to the value 

calculated from the i.v. administration of Taxotere®. Comparing with DTX-NP, pegylated 

nanoparticles increased the drug elimination half-life, mean residence time (MRT) and volume of 

distribution (V) (Table 4). These results would corroborate that when docetaxel is loaded into 

pegylated nanoparticles, the drug has sustained release, prolonged half-life and increased tissue 

appetency. As a consequence, the relative oral bioavailability obtained for the different pegylated 

nanoparticles were high, varying from 24 to 33% for DTX-NP6 and DTX-NP2 respectively. These 

bioavailability results are slightly higher than others reported previously using solid lipid 

nanoparticles [57] or self-nano-emulsifying drug delivery systems [58]. Nevertheless, the 

bioavailability of docetaxel in pegylated nanoparticles was lower than those reported by Feng and 

coworkers with poly(lactide)-vitamin E TPGS/montmorillonite nanoparticles (about 90%), that 

provided in SD rats docetaxel half-lives up to 120 h [59]. 

 The distribution of the orally administered docetaxel, when loaded into pegylated 

nanoparticles, appeared to be quite similar to that elicited by Taxotere® (Figures 5 and 6). Thus, 

the comparative evaluation of the drug levels in different organs was quite similar for both 

intravenous Taxotere® and pegylated nanoparticles; although this similar trend was delayed in time 

for the oral treatments. In both cases, docetaxel accumulates in liver, spleen, lungs, intestine and 

kidneys. If any, the main difference would be the decreased levels of docetaxel observed in the 

hearts of animals treated orally with pegylated nanoparticles (Figure 6).  
 All together suggest that pegylated nanoparticles, after reaching the surface of the 

enterocytes, would release the loaded docetaxel and, in parallel, disturb the effect of P-gp and 

cytochrome P450. Obviously, the possibility that these pegylated nanoparticles penetrated the 

enterocytes cannot be discarded; although their absorption through the blood and/or lymphatic 

routes would be remote. This idea would be supported by the similar elimination (clearance) and 

distribution of docetaxel in vivo from pegylated nanoparticles and intravenous Taxotere®. Another 

factor supporting this explanation would be that these pegylated nanoparticles when incubated with 

Caco-2 cells were not capable to be internalized [60]. In line with this, biodistribution studies of 
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these pegylated nanoparticles (radiolabelled with technetium-99m) demonstrated that the 

localization of these carriers after oral administration was restricted to the gut [61]. On the other 

hand, it is also important to take into account that the drug plasma levels are in line with the 

intestinal cell renewal cycle, which takes 3–5 days [62,63]. Furthermore, in an aqueous medium at 

neutral/basic pH, the anhydride residues of the polymer used to prepare our nanoparticles 

(Gantrez® AN) suffer from hydrolysis yielding carboxylic groups. Under these circumstances, the 

ionization of these –COOH groups would induce a swelling of the nanoparticle shell facilitating the 

drug release and hampering its entry into the cells. In any case, the behaviour of pegylated 

nanoparticles would be different to that proposed for PLGA nanocapsules [64] or solid lipid 

nanoparticles [57]. In these cases, these nanodevices would penetrate into the enterocytes and move 

into the circulation via the lymphatic system [64]. Probably, the lipid character of the oily core of 

these nanoparticles would favour this particular behaviour. 

 In summary, pegylated nanoparticles provide an adequate device for the oral delivery of 

docetaxel. When orally administered, these nanoparticles offered prolonged and sustained plasma 

levels of the anticancer drug for 3 days. In addition, the relative oral bioavailability was calculated 

to be up 32% and between 5 and 6-times higher than for “naked” nanoparticles.  Interestingly, the 

elimination and distribution of docetaxel in vivo from pegylated nanoparticles and intravenous 

Taxotere® was found to be similar, suggesting that these nanoparticles after reaching the surface of 

the enterocytes would remain within the gut and did not enter into the circulation.  
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Abstract 

 
 Docetaxel (DTX), a class IV drug by the Biopharmaceutical Classification System, is an 

excellent cytotoxic agent clinically efficient against a wide spectrum of human cancers. It has very 

low aqueous solubility and low intestinal permeability which limit its administration by the oral 

route. Therefore, to overcome these drawbacks and assay the oral administration of the cytotoxic 

agent, a possible strategy is the encapsulation of the drug in nanoparticles with an improved 

residence time in close contact with the epithelium of the gut mucosa. For this, nanoparticles from 

conjugates based on the copolymer of methyl vinyl ether and maleic anhydride (Gantrez® AN) and 

two different types of poly(ethylenglycol) (PEG), PEG2000 (PEG2) or methoxyPEG2000 

(mPEG2), were prepared. The Gantrez® AN-poly(ethylenglycol) conjugates were synthetised, 

characterized, and used to prepare DTX-loaded nanoparticles. Pharmacokinetic studies performed 

after the oral administration of DTX-loaded nanoparticles to mice showed sustained and prolonged 

therapeutic plasma levels of docetaxel up to 70 h. In addition, the relative oral bioavailability of 

docetaxel when loaded in nanoparticles manufactured with Gantrez® AN-mPEG2000 conjugate 

was found to be 56%. Finally, toxicity study revealed a reduced toxicity profile for nanoparticles 

fabricated with Gantrez® AN-mPEG2000 conjugate orally administered compared to Taxotere®. 
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1. Introduction 

 
 Docetaxel (DTX), is an antineoplasic agent belonging to the second generation of the taxoid 

family. This semisynthetic analogue of paclitaxel displays a broad spectrum of antitumor activity 

and it is considered one of the most potent anticancer drugs in the clinical setting [1,2]. It was first 

described in the 1980s but it was not until the mid 1990s that it was approved by the FDA and 

consequently used in clinical practice. Docetaxel is a cytotoxic agent that promotes tubulin 

assembly, stabilizes microtubules and inhibits their depolymerisation, thereby causing mitotic 

arrest in the G2/M phase of the cell cycle and, subsequently, inducing apoptosis [3]. Clinically it is 

widely employed for the treatment of breast, prostate, head and neck, gastric, and non-small 

cell lung cancers [2,4]. 

 However, the clinical application of docetaxel is limited by the poor aqueous solubility (4.93 

µg/ml), high toxicity and low bioavailability [5]. The available commercial formulation, Taxotere® 

or its generic forms, includes a high concentration of Tween® 80 and ethanol (50:50 v/v) as 

excipients for its intravenous administration [6]. Serious dose-limiting toxicities and unpredictable 

adverse reactions due to either the drug itself or the solvent system have been reported in patients 

such as hypersensitivity reactions, myelosuppression (specially neutropenia) and neurotoxicity     

[7-11], requiring the oral administration of corticosteroids and antihistamines before infusion [12]. 

On the other hand, the oral administration of docetaxel is hampered by both its high lipophilicity 

and low mucosal permeability. In fact, docetaxel is considered as a class IV compound within the 

Biopharmaceutical classification system (BCS). The permeability of this anticancer drug is 

hampered by its high affinity for the multidrug efflux transporter P-glycoprotein (P-gp) and the 

cythocrome P450 enzymatic complex. Both, transporter and metabolic enzymes, are highly 

expressed in the gastrointestinal (GI) tract limiting the permeation of the drug through the intestinal 

membrane [13,14]. 

 In order to overcome these drawbacks and improve the oral absorption (bioavailability) of 

docetaxel, a number of different strategies have been proposed. Among others, the following 

attempts can be highlighted: coadministration with P-gp selective inhibitors [15], synthesis of 

docetaxel analogues (i.e. cabazitaxel, larotaxel) [16,17] and the use of formulation approaches such 

as the combination with cyclodextrins [18], conjugation with water soluble polymers [19,20], or the 

incorporation in solid dispersions [21], self-nanoemulsifying drug delivery systems (SNEDDS) 

[22,23], microemulsions [24,25], micelles [26], lipid and polymeric nanoparticles [27-30].  
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 In this context one interesting approach may be the use of nanoparticles from conjugates 

based on the copolymer of methyl vinyl ether and maleic anhydride (Gantrez® AN). These 

nanoparticles have been proposed in the recent past as carriers for the mucosal delivery of drugs 

[31,32]. This copolymer is extremely reactive, offering the possibility to react with a large variety 

of nucleophile and functional groups such as alcohols and amines. In this work, we have selected 

the combination between Gantrez® AN and poly(ethylene glycol) to produce pegylated 

nanoparticles. In fact, the coating of these poly(anhydride) nanoparticles with PEGs would result in 

mucus-penetrating carriers capable of reaching the surface of the mucosal epithelium in which they 

would release the loaded drug [33-35].  In addition, PEGs have been identified as inhibitors of the 

intestinal P-gp efflux pump [36]. Last but not least, the oral toxicity of poly(anhydride) 

nanoparticles combined with PEGs has been evaluated in vivo confirming its oral safety [37]. 

Particularly, the investigations demonstrated that LD50 was higher than 2000 mg/kg body weight. 

 Therefore, in this study, the potential use of nanoparticles prepared from Gantrez® AN-PEG 

conjugates as carriers for the oral delivery of docetaxel was investigated. In a first step, the 

Gantrez® AN-poly(ethylenglycol) conjugates were synthesised and characterized. In a second step, 

these conjugates were used to prepare DTX-loaded nanoparticles. Finally, the pharmacokinetic 

profiles and the toxicity of DTX-loaded nanoparticles were evaluated in Balb/c mice. 
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2. Materials and methods 

 
2.1.   Materials 

 Poly(methyl vinyl ether-co-maleic anhydride) or poly(anhydride) (PMV/MA) [Gantrez® AN 

119; MW 200,000] was purchased from International Specialty Products ISP/Ahsland Inc (KY, 

USA). Docetaxel (USP 30, grade 99.0%) and paclitaxel (USP 28, grade >99.5%) were supplied by 

21CECpharm (London, UK). Taxotere®, from Sanofi-Aventis, was provided by the Pharmacy 

Service of University Clinic of Navarra (Pamplona, Spain). Phosphate buffered saline (PBS), 

pancreatin, methoxy poly(ethylene glycol) 2000 (mPEG2000) and solid iodine (≥99.8%) were 

obtained from Sigma Aldrich (MO, USA). Poly(ethylene glycol) with MW of 2000 Da (PEG2000) 

was provided by Fluka (Buchs, Switzerland). Acetone, ethanol, t-buthylmethylether, acetonitrile 

and tetrahydrofuran (THF) were obtained from Merck (Darmstadt, Germany). Polysorbate 80 

(Tween® 80) was supplied by Panreac (Barcelona, Spain). Deionised reagent water (18.2 MΩ 

resistivity) was prepared by a water purification system (Wasserlab, Pamplona, Spain). The 

anaesthetic isoflurane (Isoflo®) was from laboratories Esteve (Barcelona, Spain). All other reagents 

and chemicals used were of analytical grade and supplied from Sigma Aldrich (MO, USA) and 

Merck (Darmstadt, Germany). 

 

2.2.   Preparation of Gantrez® AN-poly(ethylenglycol) conjugates (PEG2 and mPEG2) 

 Two sets of Gantrez® AN based-conjugates with either poly(ethylene glycol) 2000  

(PEG2000) or methoxy poly(ethylene glycol) 2000 (mPEG2000) were synthetized. 

 For the preparation of Gantrez-PEG2000 conjugate (PEG2), 500 mg Gantrez® AN were 

firstly dissolved in 100 mL acetone and heated at 50ºC. Then, 25 mg PEG2000 was dissolved in 25 

mL acetone and added to the polymer solution by dripping. The mixture, heated at 50ºC, was 

stirred under magnetic stirring for 3 h. Then, the solvent was eliminated by reduced pressure 

evaporation and the residue was dried (Büchi Rotavapor® R-144; Büchi, Postfach, Switzerland). 

After collecting the solid, the powder was dispersed in 25 mL dicloromethane in order to eliminate 

the remaining free PEG2000. The mixtures were sonicated for 1 min and the supernatant was 

harvested under vacuum (all-glass filter, Merck Millipore, Darmstadt, Germany). The supernatants 

were analyzed by TLC (mobile phase dicloromethane-methanol 9:1 by volume) and developed 

with solid iodine in order to determine the presence of free PEG. The washing process of 

conjugates with dicloromethane was repeated until the TLC of the supernatant did not show any 

presence of PEG. 
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 The conjugate between mPEG2000 and Gantrez® AN (mPEG2) was prepared and purified 

in the same way as described before with the only difference that the ratio between mPEG2000 and 

Gantrez® AN was 0.20 (100 mg mPEG and 500 mg polymer). 

 

2.3.  Physico-chemical characterization of Gantrez® AN-poly(ethylenglycol) 

conjugates 

 After the synthesis, the resulting Gantrez® AN based-conjugates were characterized in order 

to confirm the binding of the ligand (PEG2000 or mPEG2000) to the polymer backbone as well as 

to estimate the molecular weight (MW) and the degree of substitution of the resulting compounds. 

 
Infrared spectroscopy (IR) 

 IR spectroscopy was carried out in a Nicolet Avatar 360FT-IR apparatus (Thermo, WI, 

USA). This technique allowed us to identify the presence of the carbonyl groups v (C=O) in order 

to put in evidence the opening of the anhydride ring in the Gantrez® AN backbone through a 

chemical interaction and the formation of a bond between the carbonyl group of the polymer and a 

hydroxyl group of the poly(ethylenglycol) (PEG2000 or mPEG2000). 

 
Nuclear magnetic resonance spectroscopy (1H-NMR) 

  1H-NMR studies were performed in an Avance 400 apparatus (Bruker, WI, USA) of 400 

MHz, using a pulse program zg30 and a waiting time pulses (D0) of 1 s. The number of 

accumulations was 64. Thus, exactly weighted amounts of the Gantrez conjugates (2 mg) were 

dissolved in 500 µL deuterated acetone. 

 The amounts of PEGs associated to the nanoparticles were calculated as described 

previously [33]. For this purpose, the integration of the signal corresponding to the methylated 

proton in the Gantrez® AN (δHa at 4.25 ppm in Figure 3A) was used as reference. For PEG2000 

and mPEG2000, the reference signals were bands produced by protons identified with δHe at 3.59 

ppm (see Figure 3B) and δHf at 3.62 ppm, respectively (see Figure 3C). The amount of the PEG 

(PEG2000 or mPEG2000) bound to the polymer backbone in the synthetised conjugates was then 

estimated using the following δHa/ δHe and δHa/ δHf ratios. 

 
HPLC with Evaporative Light Scattering Detector (HPLC-ELSD) 

 The amounts of PEG bound to the polymer were also estimated by HPLC (Agilent model 

1100 series LC, Agilent, Wokingham, UK) coupled to an Evaporative Light Scattering Detector 

(ELSD) (Alltech, NY, USA) following the procedure reported by Zabaleta et al. with minor 

modifications [38]. Separation was carried out on a PL-aquagel-OH column (300 mm x 7.5 mm; 

particle size 5 µm) (Agilent, Wokingham, UK), in a gradient elution with methanol-water as 
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mobile phase at a flow rate of 1mL/min. ELSD conditions were optimized in order to achieve 

maximum sensitivity: the drift tube temperature was set at 90 ºC, the nitrogen flow was maintained 

at 3.2 L/min and the gain was set to 2. Under these experimental conditions, retention times for 

PEG2000 and mPEG2000 were 7.1 ± 0.03 and 6.9 ± 0.08 min, respectively.  

 For calculations, an exactly weighed amount of non-purified conjugate was dissolved in 5 

mL acetone. Then, 5 mL of ethanol followed by 5 mL of an aqueous solution containing 2% (v/v) 

CaCl2 0.8% were added and the just formed suspension was centrifuged at 27,000xg for 20 min 

(Sigma 3 K30, Munich, Germany). The supernatants were collected and quantified by HPLC as 

described above. The amount of either PEG2000 or mPEG2000 bound to the poly(anhydride) 

backbone was calculated as the difference between the initial PEG added for the preparation of  the 

conjugates and the amount of PEG recovered from the supernatants. Each sample was assayed in 

triplicate and the results were expressed as the amount of poly(ethylene glycol) per mg of 

conjugate. 

 

2.4.   Preparation of DTX-loaded nanoparticles (DTX-NP-PEG2 and DTX-NP-mPEG2) 

 Briefly, 100 mg conjugate (PEG2 or mPEG2) were dissolved in 3 mL acetone. In parallel, 10 

mg DTX were dispersed in 2 mL acetone. Both phases (conjugate and docetaxel) were then mixed 

under magnetic stirring and the nanoparticles formed by the addition of 5 mL of ethanol followed 

by the addition of 5 mL of an aqueous solution containing 2% (v/v) CaCl2 0.8%. The organic 

solvents were eliminated by evaporation under reduced pressure and the resulting suspensions were 

filtered through a 0.45 µm membrane and purified by centrifugation (Sigma 3 K30, Munich, 

Germany) at 27,000xg for 20 minutes. The pellets were resuspended in water and the purification 

step was repeated again. Finally, the formulations were frozen and freeze-dried (Genesis 12EL 

Freeze Dryer; Virtis, PA, USA) using sucrose (5% w/v) as cryoprotector.  

 Empty nanoparticles (NP-PEG2 and NP-mPEG2) were prepared in the same way as 

described above but in absence of docetaxel and used as controls. 

 For the identification of the different pegylated nanoparticle formulations, the following 

abbreviations were used: NP-PEG2 (nanoparticles prepared from the conjugate between 

Gantrez®AN and PEG2000), NP-mPEG2 (nanoparticles prepared from the conjugate between 

Gantrez®AN and mPEG2000), DTX-NP-PEG2 (docetaxel-loaded nanoparticles prepared from the 

conjugate between Gantrez®AN and PEG2000) and DTX-NP-mPEG2 (docetaxel-loaded 

nanoparticles prepared from the conjugate between Gantrez®AN and mPEG2000). 
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2.5.   Characterization of DTX-loaded nanoparticles 
2.5.1.   Physico-chemical characterization 

 The size and zeta potential of the systems were determined by photon correlation 

spectroscopy (PCS) and electrophoretic laser Doppler anemometry, respectively, using a Zetaplus 

analyser system (Brookhaven Instruments Corporation, NY, USA). The nanoparticles mean 

diameter was determined after dispersion in ultrapure water and measured at 25ºC by dinamic light 

scattering angle of 90 ºC, and the surface charge was determined by dilution of 200 µL the samples 

in 2 mL of a 0.1 mM KCl solution (pH 7.4). The yield of the process was calculated by gravimetry 

as described previously [31].  

 The morphology and shape of the nanoparticles were examined and microphotographed by 

field emission scanning electron microscopy (FESEM) in a Zeiss Ultra Plus scanning electron 

microscope (Carl Zeiss SMT, Oberdochen, Germany) operating between 1 and 2 kV from 3 mm 

distance. Prior analysis and in order to enhance the quality of the images, particles were washed to 

remove the cryoprotector. For this purpose, freeze-dried nanoparticles were resuspended in 

ultrapure water and centrifuged at 27,000xg for 10 min. Then, the supernatants were rejected and 

the obtained pellets were mounted on copper grids. Finally, the pellet was shaded with a 

gold/palladium (Au/Pd) layer in a Q150R Sputter-Coater (Quorum Technologies, Ashford, UK). 

 

2.5.2.   Docetaxel content in nanoparticles 

 The amount of docetaxel loaded into nanoparticles was quantified by HPLC-UV in an 

Agilent model 1200 series LC coupled to a diode-array detector (Agilent) set at 228 nm. The 

chromatographic system was equipped with a reversed-phase 150 mm x 3 mm C18 Phenomenex 

Gemini column (particle size 5 µm; Phenomenex, CA, USA) and protected by a 0.5 µm precolumn 

filter. The mobile phase consisted of phosphate buffer (0.01 M; pH 2.1) and acetonitrile (50:50 v/v) 

eluted at 0.5 mL/min. The column was placed at 30°C and the injection volume was 100 µL. 

Paclitaxel (PTX) was used as internal standard. Under these experimental conditions the run time 

was 16 min and paclitaxel and docetaxel eluted at 6.8 and 8.2 min, respectively. For the 

calculations, the standard curve of docetaxel was designed over the range between 1.25 and 320 

µg/mL (r2>0.999). The limit of quantification was calculated as 60 ng/mL with a relative standard 

deviation of 4.5 %. 

  For analysis, nanoparticles were digested with acetonitrile (1:8 volume ratio) and assayed in 

triplicate. The results were expressed as the amount of DTX (µg) per mg of nanoparticles. 

 The encapsulation efficiency (E.E) was calculated as follows: 

 
E.E. (%) = (Qassociated/Qinitial) x 100 [Eq.1] 
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Where Qinitial is the initial amount of DTX added and Qassociated is the amount of entrapped DTX in 

the nanoparticles, which is calculated by HPLC. 

 

2.6.   In vitro release study  

 In vitro drug release experiment was carried out at 37°C using simulated gastric (SGF; pH 

1.2) and intestinal (SIF; pH 6.8) fluids containing 0.5% of polysorbate 80 (Tween® 80) as 

solubilising agent for docetaxel to maintain sink conditions.  

 Drug-release patterns were evaluated by using dialysis cassettes (Slide-A-Lyzer®, Thermo 

Scientific, MA, USA; MW cut off: 10,000). For this purpose, dyalisis cassettes were filled with a 

suspension of nanoparticles in water (containing 7.5 mg docetaxel) and placed in 300 mL of SGF at 

37ºC under magnetic stirring for two hours. After this time, the cassettes were collected and placed 

in 300 mL SIF at the same temperature. At predetermined time intervals, 1 mL samples were 

withdrawn from the receptor compartment and replaced immediately with the same volume of 

fresh simulated fluid to maintain a constant release volume. Finally, samples were filtered and the 

amount of docetaxel released from the formulations was quantified by HPLC analysis as previously 

described (calibration curves of free docetaxel in supernatants obtained from SGF and SIF, 

r2>0.999). Release profiles were expressed in terms of cumulative release percentage, and plotted 

versus time. 

 

2.6.1.   Analysis of release data 

 Data obtained from the in vitro release experiments were fitted to different mathematical 

models to determine the release mechanism of the drug from the nanoparticles. Based on the 

highest regression values (r 2) for correlation coefficients for formulations, the best-fit model was 

decided. Models used for this study were the Korsmeyer-Peppas equation (Eq.2), the Higuchi 

equation (Eq.3) and the zero-order equation (Eq.4).  

 The Korsmeyer-Peppas model exponentially relates drug release with the elapsed time [39]: 

 
Mt

M∞
=KKP.t

n      [Eq.2] 
 

 
Where Mt/M∞ is the drug release fraction at time t, KKP is a constant incorporating the structural and 

geometric characteristics of the matrix, and n is the release exponent indicating the drug release 

mechanism [38]. If “n” value is around 0.5 (the exact value depends on the geometry), the 

mechanism is Case I (Fickian) diffusion. A value between 0.5 and 0.89 indicates anomalous (non-

Fickian) diffusion and a value of 0.89 and above indicates a Case II Transport. 
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 When the release mechanism is mainly based on a Fickian diffusion, a dimensionless 

expression of the Higuchi model can be applied [40]: 

 
Mt

M∞
=KH.t

1/2      [Eq.3]!
 

 
Where Mt/M∞ is the fraction of released drug at time t, and KH is the Higuchi constant.  

 Finally, the following zero-order kinetic model was also used. This model is used for 

systems where the matrix releases the same amount of drug by unit of time [40]: 

 
Q!  = Q!   + KZ0.t       [Eq.4]  

 
 

In which Qt is the amount of drug dissolved in time t and Q0 is the initial amount of drug in the 

solution (most times, Q0 = 0) and KZO is the zero-order release constant. We have used a modified 

zero-order equation (Eq.5), where we have replaced the Qt term by Mt/M∞ (drug release fraction at 

time t) and Q0 by M0/M∞  (drug release fraction at t = 0). 

 
Mt

M∞
 = 
M0

M∞
  + KZ0.t       [Eq.5] !

 
 
! The analysis was applied to the release study of docetaxel performed under simulated 

intestinal fluid, until the 60-80% of drug released. All data processing was performed using Origin 

8.0 software (OriginLab Corporation, MA, USA). 

 

2.7.   Pharmacokinetic studies  

 Pharmacokinetic studies were performed on Balb/c female mice (average weight 19-22 g) 

obtained from Harlan (Santiga, Spain). Animal experiments were carefully reviewed and approved 

by the Ethical Committee for Animal Experimentation at the University of Navarra (Spain) 

(protocol number 169-12). Before the experiment, animals were adaptively fed for 1 week with free 

access to food and drinking water (12 h day/night cycle, temperature 22 ± 2°C, relative humidity 55 

± 10%). The mice were fasted overnight prior to the study.  

 The animals were randomly divided into treatment groups (n=16). Each time point 

corresponded to 4 animals. The experimental groups were as follows: (a) DTX-NP-PEG2 and (b) 

DTX-NP-mPEG2. Nanoparticles were dispersed in purified water and each animal received orally 

a volume (about 200 µL) of nanoparticle suspension, corresponding to a docetaxel dose of 30 mg 

drug per kg body weight (bw), with a blunt needle via the esophagus into the stomach. As controls, 

one group of animals received Taxotere® intravenously via the tail vein as a slow infusion and 
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another group was treated with the commercial formulation orally. In both cases, the anticancer 

drug was diluted with either purified water (oral) or sterile saline (intravenous) and the dose was 

again 30 mg/kg body weight. All the animals were observed for their general condition and clinical 

signs.  
 Blood samples were obtained from four animals per time point at 0, 0.08, 0.25, 0.5, 1, 2, 4, 6, 

8 and 12 h following iv administration and 0, 0.5, 1, 1.5, 3, 4, 6, 8, 12, 24, 48 and 72 h following 

oral administration. EDTA was used as an anticoagulant agent. Blood volume was recovered 

intraperitoneally with an equal volume of normal saline solution preheated at body temperature. 

The plasma was separated into clean tubes by centrifugation at 2,500xg for 10 minutes and kept 

frozen at -80ºC until HPLC analysis. 

 

2.7.1.   Determination of DTX plasma concentration by HPLC-UV 

 The amount of docetaxel was determined in plasma by HPLC-UV as described above. The 

extraction method was adapted from Zhao et al. [41]. Calibration curves were used for the 

conversion of the DTX/PTX chromatographic area to the concentration. Calibrator and quality 

control samples were prepared by adding appropriate volumes of standard docetaxel ethanolic 

solution to drug free plasma. Calibration curves were designed over the range between 100 and 

3200 ng/mL (r2>0.999). An aliquot (200 µL) of plasma was mixed with 25 µL of internal standard 

solution (paclitaxel, 10 µg/mL in ethanol). After vortex mixing, liquid–liquid extraction was 

accomplished by adding 3 mL of tert-buthylmethylether following vortex gentle agitation (10 min). 

The mixture was centrifuged for 10 min at 2,500xg, and then, the organic layer was transferred to a 

clean tube and evaporated until dry (Thermo Savant, Barcelona, Spain). Finally, the residue was 

dissolved in 125 µL of reconstitution solution (acetonitrile–phosphate buffer; 0.01 M; pH=2.1; 

50:50 v/v) and placed in the HPLC. A hundred microlitre-aliquot of each sample was injected onto 

the HPLC column. Under these experimental conditions, the UV detection of docetaxel was 

performed at 228 nm and the run time was 16 min. The limit of quantification was calculated to be 

140 ng/mL with a relative standard deviation of 5.3%.  

 

2.7.2.   Calculation of pharmacokinetic parameters 

 The pharmacokinetic analysis was performed based on a non-compartmental model using 

WinNonlin 5.2 software (Pharsight Corporation, MO, USA). The following parameters were 

estimated: maximal plasmatic concentration (Cmax), time in which the maximum concentration is 

reached (Tmax), area under the concentration-time curve from time 0 to t h (AUC), mean residence 

time (MRT), clearance (Cl), volume of distribution (V) and half-life of the terminal phase (t1/2z). 

Furthermore, the relative oral bioavailability (Fr) of docetaxel was calculated using the ratio of 
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dose-normalized AUC values following oral and i.v. administrations: 

 
!
               

 

Where AUCoral and AUCi.v.  correspond to the areas under the plasmatic curve for the oral and 

intravenous administrations, respectively. 

 

2.8.   In vivo toxicity studies 

 Toxicity studies were performed on Balb/c female mice (average weight 19-22 g) purchased 

from Harlan (Santiga, Spain). Animal experiments were carried out in compliance with the 

regulations of the responsible committee of the University of Navarra (Spain) (protocol number 

169-12) in line with the European legislation on animal experiments (86/609/EU).   

 On the day of arrival, animals were housed under standard facilities and given free access to 

food and drinking water. Housing conditions were maintained by control temperature and humidity 

and with 12-hour on-off light cycles. Animals were allowed at least 1 week to acclimate to the 

environment prior to any experiments. The mice were fasted overnight prior to the study.  

 On the day of the experiments, mice were randomly distributed into the following groups: (i) 

Control group (non-treated animals) (n=5), (ii) Taxotere® group (n=5) that received the anticancer 

drug at a weekly dose of 30 mg/kg, after dilution in sterile saline by the intravenous route via the 

tail vein of mice, (iii) the nanoparticle treatment group (n=8) that received orally, three times per 

week, a dose of 20 mg/kg as 200 µl of a suspension of DTX-NP-mPEG2 in water. To sum up, 

animals of the Taxotere® group received 3 doses of 30 mg/kg (1 dose per week), whereas the 

animals treated with the nanoparticle formulation received 9 doses of 20 mg/kg (3 doses per week). 

Figure 1 summarises the experimental design. 

 

 

 

 

 

 

 

 

 

 

Fr % =
AUCoral
AUCi.v.

!!!100!![Eq.6]!
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Figure 1. Scheme of the experimental design for the toxicity evaluation of nanoparticles. 

 

 Individual animal weights were registered on day 0 and three times per week during 35 days. 

Similarly, at these time intervals defined, mice were also observed for any clinical signs of toxicity 

including piloerection, passivity, skin reactions, gastrointestinal toxicity and peripheral neuropathy. 

Mucosal injury, which leads to gastrointestinal toxicity such as vomiting and diarrhea in clinical 

settings, was examined. Peripheral neuropathy was considered as damage to the peripheral nerves 

with clinical observations such as impaired gait, hind limb foot splay, or hind limb paralysis. 

Reactions severity was classified in following categories depending on their gravity: i) (-) absent; 

ii) (+) weak; iii) (++) moderate; and iv) (+++) strong.  

 At designated times, blood samples were extracted from the retro-orbital sinus under 

isoflurane anesthesia for haematological and biochemical analysis respectively. Heparinized 

plasma used for biochemical analysis was obtained by centrifugation at 2500 xg for 10 min. For 

hematological analysis, the following hematological parameters were analyzed: hemoglobin (HGB; 

g/L), hematocrit (HCT, %), red blood corpuscles count (RBC; 106/µL), mean corpuscular volume 

(MCV; fl), mean corpuscular hemoglobin (MCH; pg), mean corpuscular hemoglobin concentration 

(MCHC; g/dL) and white blood corpuscles count (WBC; 103/µL). The blood analysis was 

performed on a Sysmex XT1800i hematology analyzer (Roche Diagnostics Ltd., Basel, 

Switzerland). WBC differential count was performed by microscopic examination using a Nikon 

Eclipse Ci microscope (Nikon Instruments, Melville, NY, USA). The absolute neutrophil count 

(ANC; 103/µL) was obtained using the following formula: percentage of neutrophils in the 

differential count x total WBC.  

 For biochemical analyses, the levels of aspartate transaminase (AST; U/L), alanine 

transaminase (ALT; U/L), creatinine (mg/dL) and urea (mg/dL) were determined with a Hitachi 
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911™ autoanalyzer (Roche Diagnostics Ltd., Basel, Switzerland) using the protocols obtained from 

Roche for the determination of standard parameters. 

 

2.9.   Statistical analysis 

 Data are expressed as the mean ± S.D. of at least three experiments. The non parametric 

Kruskall-Wallis followed by U Mann-Whitney test was used to investigate statistical differences. 

In all cases, p<0.05 was considered to be statistically significant. All data processing was 

performed using GraphPad Prism 6.0 statistical software program (GraphPad Software, CA, USA).  
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3. Results 

 
3.1. Preparation and characterization of Gantrez® AN-poly(ethylenglycol) conjugates 

Figure 2 shows the infrared spectra of the poly(anhydride) and its conjugates with either PEG2000 

or mPEG2000 (PEG2 or mPEG2 conjugates). In the analysis of the two derivatives, a new band     

at ∼1706 cm-1 appeared in the spectra. This band would be associated with the stretching of the 

carbonyl group v (C=O). 
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Figure 2. IR spectra of Gantrez® AN and its conjugates with either PEG2000 (PEG2) or mPEG2000 

(mPEG2). Synthesis experimental conditions: PEG2000/poly(anhydride) ratio 0.05:1; 

mPEG2000/poly(anhydride) ratio 0.2:1; incubation time 3 h, 50 ºC. 

 

 Figure 3A shows the spectrum of Gantrez® AN in which five main chemical shifts appear. 

The signal “a” corresponding to the hydrogen of the CH groups was used as reference for 

quantifications. Figures 3B and 3C display the spectra for PEG2000 and mPEG2000, respectively. 

For both PEG2000 and mPEG2000 spectra, the characteristics signals for CH2 groups were 

observed: 3.59 ppm (signal “e”) for PEG2000 and 3.62 ppm (signal “f”) for mPEG2000. All of 

these shifts (“a” and “e” or “f”) appeared in the spectra of conjugates (Figures 3D and 3E).  
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Figure 3. 1H-NMR spectra of Gantrez® AN (3A), PEG2000 (3B), mPEG2000 (3C), and their respective 

conjugates: PEG2 (3D) and mPEG2 (3F) conjugate. Synthesis experimental conditions: 

PEG2000/poly(anhydride) ratio of 0.05; mPEG2000/poly(anhydride) ratio of 0.2; incubation time 3 h, 50 ºC. 

 

 From H-NMR spectra, the substitution degree (DS) and the MW of the new conjugates were 

calculated (Table 1). For PEG2, the DS was calculated to be 2.1 whereas for mPEG2, this value 

was estimated to be 7.1. As a result, and taken into account that the MW of Gantrez AN (as defined 

by the manufacturer) was 216 kDa, the resulting conjugates were calculated to be 220.6 and 230.8 

kDa, respectively (Table 1). These results were confirmed by HPLC-ELSD analysis (Table 2). In 

this case, the calculated amounts of PEG2000 and mPEG2000 bound to the poly(anhydride) 

backbone were 22 and 81 µg per mg conjugate.  
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Table 1. Estimated molecular weight (MW) and degree of substitution (% D.S.) for the different 

conjugates synthesised calculated by 1H-NMR. 

 

 

 
PEG/Poly(anhydride) 

ratio 
Conjugate 

MW (g/mol) 
D.S. 
(%) 

 
 

Pure 
poly(anhydride)       - 216,000  -  

PEG2     0.05:1 220,569 2.1  

mPEG2       0.2:1 230,774 7.1  

!

Table 2. Estimated degree of substitution (% D.S.) and amount of PEG attached for the different 

conjugates synthesised calculated by HPLC-ELSD. Data are expressed as mean ± S.D. (n=4). 
 

 
 
 
           
                 
                               
                    
 

*p<0.05 Mann Whitney U-test DTX-NP-PEG2 vs. DTX-NP-mPEG2. 
 

3.2.  Preparation and characterization of DTX-loaded nanoparticles 

 Table 3 summarizes the main physico-chemical characteristics of the different docetaxel-

loaded nanoparticles obtained from the Gantrez® AN-PEG conjugates. Nanoparticles obtained 

from the Gantrez® AN-PEG2000 conjugate displayed bigger sizes that those prepared from 

mPEG2. Thus, for DTX-NP-PEG2, the mean size was close to 420 nm while for DTX-NP-mPEG2 

the mean diameter was around 340 nm. In both cases, the polydispersity of nanoparticles was low 

with a polydispersity index (PDI) under 0.3. Similarly the yield of the preparative process was 

quite similar and around 60%. Regarding zeta potential, DTX-NP-PEG2 and DTX-NP-mPEG2 

formulations displayed negative surface charges, slightly higher for nanoparticles obtained from 

mPEG2 than from PEG2 conjugates (about -37 vs. 33 mV). Empty nanoparticles displayed similar 

physico-chemical characteristics than the DTX-loaded ones; except for the yield of the process 

which was slightly higher than in the presence of the anticancer drug (about 70%). Similarly the 

mean size of empty nanoparticles was found to be slightly smaller than in the presence of docetaxel 

(see Table 3). 

 

 

 

 
    PEG/Poly(anhydride)   

ratio 

 
D.S. 
(%) 

 
PEG attached 

(µg/mg conjugate) 
 

PEG2  0.05:1         2.2 ± 0.5* 22.1 ± 3.2* 

mPEG2    0.2:1         8.1 ± 0.9        80.5 ± 9.1 



CONFIDENTIAL: Nanoparticles from Gantrez® AN-poly(ethylenglycol) conjugates as carriers for oral delivery of 
docetaxel   

 
!

! 139!

Table 3. Physico-chemical characterization of nanoparticles based on the synthetised conjugates. 

Data are expressed as mean ± S.D. (n=4). 

 

NP-PEG2: control nanoparticles obtained from the Gantrez® AN-PEG2000 conjugate; NP-mPEG2: control nanoparticles 
obtained from the Gantrez® AN-mPEG2000 conjugate; DTX-NP-PEG2: docetaxel-loaded in nanoparticles obtained 
from the Gantrez® AN-PEG2000 conjugate; DTX-NP-mPEG2: docetaxel-loaded in nanoparticles obtained from the 
Gantrez® AN-mPEG2000 conjugate.  
 

 Finally, the amount of docetaxel encapsulated into the nanoparticles was independent of the 

conjugate used to prepare these carriers.  Thus, in both cases, the drug loading was close to 10% 

(100 µg DTX/mg NP), with an encapsulation efficiency of about 60%.  

 Figure 4 shows the morphology of nanoparticles when observed by FESEM. Both types of 

nanoparticles displayed a spherical shape with a slightly rough and irregular surface. Interestingly, 

the apparent size measured from FESEM images were found in good agreement with that 

determined by photon correlation spectroscopy. 

 

 
Figure 4. Field emission scanning electron microscopy (FESEM) images of docetaxel-loaded nanoparticles: 
A) DTX-NP-PEG2 and B) DTX-NP-mPEG2. 
 

Formulation 
 

Size (nm) 
 

PDI Zeta Potential 
(mV) Yield (%) EE(%) DTX Loading                  

(µg/mg NP) 

NP-PEG2 307 ± 9 0.1 -36 ± 2 70 ± 1 - - 

DTX-NP-PEG2  
 

415 ± 4 
      

0.2  -33 ± 2 64 ± 9 58 ± 7  94 ± 5 

NP-mPEG2 297 ± 9 0.1 -40 ± 2 68 ± 2 - - 

DTX-NP-mPEG2 
 

339 ± 7 
     

0.1  -37 ± 5 60 ± 9 61 ± 9 100 ± 6 

B"A"

200"nm"200"nm"
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3.3.   In vitro release study 

 Figure 5 shows the release profiles of docetaxel from the nanoparticle formulations 

expressed as cumulative percentage of drug released as a function of time. When nanoparticles 

were dispersed in SGF for two hours, the amount of the loaded drug released in this period of time 

was always less than 10%. In contrast, when nanoparticles were incubated in the SIF, docetaxel 

was released more rapidly. For DTX-NP-PEG2, the profile was characterised by a quick initial 

release during the first 4 hours in which more than the 50% of the loaded drug was released 

followed by a more sustained deliverance phase. For DTX-NP-mPEG2, the release profile in SIF 

appeared to be linear and constant during the first 10 hours in which close to the 80% of the loaded 

drug was released. A complete release of docetaxel was obtained for all samples at 30 hours after 

the beginning of the study.  
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Figure 5. Docetaxel release profile from the PEG-conjugate nanoparticle formulations after incubation in 
simulated gastric fluid (SGF) and simulated intestinal fluid (SIF) at 37ºC. DTX-NP-PEG2: docetaxel-loaded in 
nanoparticles obtained from the Gantrez® AN-PEG2000 conjugate; DTX-NP-mPEG2: docetaxel-loaded in nanoparticles 
obtained from the Gantrez® AN-mPEG2000 conjugate. Data represented as mean ± S.D. (n=3). 
 

 The release profiles of docetaxel from conjugate nanoparticles were fitted to different 

mathematical release models (Table 4). The experimental data were well adjusted to the 

Kormeyer-Peppas equation (Eq.2). The calculated values for the “n” exponent were higher than 0.5 

for DTX-NP-mPEG2 and lower than 0.5 for DTX-NP-PEG2. 

 In addition the release profiles were fitted to Higuchi and zero-order equations. As can be 

seen in Table 4 the release profiles of both types of nanoparticles showed high calculated 

regression coefficients (between 0.9 and 1). On the other hand, for zero-order, DTX-NP-PEG2 

showed a lower regression coefficient value (0.841) than that of DTX-NP-mPEG2. 
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Table 4. Results of fitting the release of DTX from PEG-conjugate nanoparticle formulations to 

different kinetic equations. Data are expressed as mean ± S.D. (n=3). 

DTX-NP-PEG2: docetaxel-loaded in nanoparticles obtained from the Gantrez® AN-PEG2000 conjugate; DTX-NP-

mPEG2: docetaxel-loaded in nanoparticles obtained from the Gantrez® AN-mPEG2000 conjugate. 

 
 

3.4.   Pharmacokinetic studies  

 The plasma concentration-time curve after a single intravenous administration of Taxotere® 

at 30 mg/kg is shown in Figure 6. The docetaxel plasma concentration presented a nonlinear 

profile, with detectable levels of docetaxel until 12 hours post-administration.  

 

 
Figure 6. Docetaxel plasma concentration-time profile after i.v. adminitration of Taxotere® (dose 30 mg/kg 
bw). Data are expressed as mean ± S.D., n=4 per time point. 
 

 Figure 7 represents the plasma concentration profiles of docetaxel after a single oral dose of 

30 mg/kg to female Balb/c mice when administered as commercial Taxotere® or encapsulated in 

the different poly(anhydride)-PEG conjugate nanoparticles. When commercial Taxotere® was 

administered orally, the docetaxel plasma levels were below the limit of detection of the HPLC 

Formulation 
Korsmeyer-Peppas Higuchi Zero-order 

KKP (h-n) n r2 KH (h-1/2) r2 M0/M∞ Kz (h-1) r2 
DTX-NP-PEG2 0.43 ± 0.03 0.37 ± 0.07 0.945 0.38 ± 0.02 0.919 0.22 ± 0.06 0.14 ± 0.02 0.841 

DTX-NP-mPEG2 0.18 ± 0.02 0.62 ± 0.05 0.973 0.23 ± 0.01 0.958 0.12 ± 0.02 0.07 ± 0.01 0.968 
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technique. By contrast, the oral administration of the poly(anhydride)-PEG conjugate nanoparticles 

offered high and sustained plasma levels of the anticancer drug. These plasma curves were 

characterized by an initial first phase of about 1.5-2 hours in which the docetaxel plasma levels 

increased till reaching the Cmax, followed by a phase of about 70 hours in which the amount of the 

anticancer drug in plasma was found to decrease in a slow and sustained way. 
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Figure 7. Docetaxel plasma levels after the oral administration of a single dose of 30 mg/kg bw. Animals 
received orally commercial Taxotere® and docetaxel loaded nanoparticles: DTX-NP-PEG2 and DTX-NP-
mPEG2. The inset shows in more detail the section of the plasma curve comprised between times 0 to 8 h 
post-administration with indication of the maxima of both effective and tolerated levels for docetaxel. Data 
are expressed as mean ± S.D., n=4 per time point. 
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 Table 5 summarizes the main pharmacokinetic parameters derived from the oral and 

intravenous plasma curves estimated by a non-compartmental analysis. Firstly, for the commercial 

formulation administered by means if the i.v. route, the mean value of AUC was 145 µg h/ml with 

a maximum concentration (Cmax) of 178 µg/ml. The mean residence time (MRT) and the half-life of 

the terminal phase (t1/2z) of the curve were estimated to be 1.5 h. The clearance (Cl) of docetaxel 

was 0.2 L/h/kg and the volume of distribution (V) of the drug was about 0.5 L/kg. 

 As observed in Table 5, the docetaxel Cmax for the nanoparticle formulations were found to 

be about 100-times lower than for the drug formulation administered by the i.v. route. The Tmax was 

delayed to 1.5 h for oral DTX-NP-mPEG2 formulation and to 2 h for oral DTX-NP-PEG2 

formulation. Similarly, for DTX-NP-PEG2 and DTX-NP-mPEG2, AUC values were 2.5 and 1.8-

times lower than the AUC obtained after a single intravenous administration of Taxotere®, 

respectively. In addition, for DTX-NP-mPEG2, AUC value was 1.4-fold higher than calculated for 

DTX-NP-PEG2. With these values, the relative oral bioavailability (Fr) of docetaxel was found to 

be 56% for DTX-NP-mPEG2 and 40% for DTX-NP-PEG2. 

 

Table 5. Pharmacokinetic parameters of docetaxel obtained after the i.v. and oral administration of 

the commercial Taxotere® and nanoparticles encapsulating docetaxel at a single dose of 30 mg/kg 

bw to female Balb/c mice. Data are expressed as mean ± S.D. (n=4). 
 

 AUC: Area under the concentration-time curve from time 0 to t h; Cmax: Peak plasma concentration; Tmax: Time to reach 
peak plasma concentration; t1/2 z: Half-life of the terminal phase; Cl: Clearance; V: Volume of distribution; MRT: Mean 
residence time; Fr: relative oral bioavailability. DTX-NP-PEG2: docetaxel-loaded in nanoparticles obtained from the 
Gantrez® AN-PEG2000 conjugate; DTX-NP-mPEG2: docetaxel-loaded in nanoparticles obtained from the Gantrez® 
AN-mPEG2000 conjugate. *p<0.05 Mann-Whitney U-test DTX-NP-PEG2 vs. Taxotere® i.v., DTX-NP-mPEG2 vs. 
Taxotere® i.v.;† p<0.05 Mann Whitney U-test DTX-NP-PEG2 vs. DTX-NP-mPEG2. 
 

 On the other hand, the mean residence time (MRT) of the drug in plasma and its half-life of 

the terminal phase (t1/2z) were greatly extended when administered in the nanoparticle formulations 

by the oral route. Thus, the half-life of docetaxel (t1/2z) was about 24-29 times higher when the drug 

was administered orally in the nanoparticles than when given as Taxotere® by the intravenous 

route. In the same way, the volume of distribution (V) of the anticancer drug when loaded in 

nanoparticles was significantly higher (11.2 and 14.1 L/kg for DTX-NP-PEG2 and DTX-NP-

     Formulation Route AUC 
(µg h/ mL) 

Cmax 
(µg/ mL) 

Tmax 
(h) 

MRT 
( h) 

t ½ z 
( h) 

Cl 
(L/h/kg) 

V 
(L/kg) 

Fr 
(%) 

  Taxotere® i.v 145.4 ± 4.9 177.9 ± 25.1 0.08 1.4 ± 0.1 1.5 ± 0.1 0.2 ± 0.1 0.5 ± 0.1 100 

  Taxotere® p.o N.D N.D N.D N.D N.D N.D N.D N.D 

  DTX-NP-PEG2 p.o 58.1 ± 7.8*† 1.7 ± 0.2 2 58.7 ± 7.8* 35.8 ± 9.2* 0.2 ± 0.1 11.2 ± 4.1* 40.1 

  DTX-NP-mPEG2 p.o 80.6 ± 9.8* 1.7 ± 0.1 1.5 61.1 ± 7.6* 43.1 ± 4.3* 0.2 ± 0.1 14.1 ± 2.3* 55.5 
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mPEG2) than when the drug was intravenously administered in the form of Taxotere®. On the 

contrary, the clearance of docetaxel was always similar and independent of both the formulation 

and the route of administration used. 

 

 3.5.   In vivo toxicity studies 

 In order to gain insight about the toxicity induced by docetaxel when administered orally in 

the form of nanoparticles, DTX-NP-mPEG2 was administered at a dose of 20 mg/kg three times 

per week during three consecutive weeks (9 doses). For comparisons, Taxotere® was also 

administered weekly intravenously at a dose of 30 mg/kg for three consecutive weeks (3 doses). 

For the group of mice treated intravenously with Taxotere®, the animals suffered of a significant 

weight loss during the period in which they received the drug (about 15% of their original weight) 

(Figure 8). Nevertheless, after the suppression of the treatment, the animals recovered their normal 

weight. For animals treated with DTX-NP-mPEG2 orally, their slimming was in all cases less than 

5% of their original weight (Figure 8). Significant differences were observed in the body weight of 

the animals treated with Taxotere® i.v. compared with the control mice (non-treated animals) 

(p<0.05) and with DTX-NP-mPEG2 treated group (p<0.01, data not shown).  
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Figure 8. Evolution of the body weight (bw) of animals. Bw is expressed as a percentage of the starting weight of 
individual animals. DTX-NP-mPEG2: docetaxel-loaded in nanoparticles obtained from the Gantrez® AN-mPEG2000 
conjugate. Control: group of non-treated animals. Data represented as mean ± S.D., (n=4). *p<0.05 Mann-Whitney U-test 
i.v. Taxotere®  vs. Control. 
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 Table 6 summarizes the most important signs of toxicity recorded throughout the study. For 

animals treated with either Taxotere® or DTX-NP-mPEG2, 1 animal of each group died. More 

particularly, the animals treated i.v. with Taxotere® displayed a low mobility and signs of bristly 

hair and respiratory distress (Table 6).  These clinical signs were more severe after each Taxotere® 

injection in mice. For animals treated orally with DTX-NP-mPEG2 any sign of disease stress and 

prejudice of their health status was observed (Table 6).  

 On the other hand, on day 21 after the first administration, Taxotere® treated group showed 

clinical signs of peripheral neuropathy such as impaired gait and hind limb splay (2/5); however, no 

neurotoxicity reactions appeared on the control group and the animals treated with oral 

nanoparticles. On the other hand, on day 35 after the first administration, serious 

dermatitis/necrosis (skin reactions) were noted on the tails of mice (2/5) treated i.v. with Taxotere® 

(data not shown). 

 

Table 6. Mortality rate and signs scored after i.v. administration of Taxotere® (dose 30 mg/kg bw; 

weekly) and oral administration of DTX-NP-mPEG2 (dose 20 mg/kg bw; three times per week) 

during three consecutive weeks. 

 

 
  

 
 
 
 
    
 

  

  
 After the oral administration of docetaxel-loaded in poly(anhydride)-mPEG2000 conjugate 

nanoparticles or the i.v. Taxotere®, the hematology parameters were analyzed. Figure 9 

summarizes the changes in RBC, HCT, Hb and MCHC both in the medium (day 14) and the late-

term (day 35) of the test. As observed, on day 14, mice treated with i.v. Taxotere® showed a 

marked decrease in RBC (65%), HCT (50%), Hb (65%) and MCHC (30%), compared with those 

of the basal levels (day 0). These data were correlated with mean values of RBC< 8 ^106/µl, HTC< 

40 %, Hb< 14 g/dl and MCHC< 35 g/dl [42,43] (see Table 7), which were associated with anemia. 

Although, no treatment-related changes were noted after the oral administration of DTX-NP-

mPEG2.       

TREATMENT PILOERECTION      PASSIVITY SKIN REACTIONS 
GASTROINTESTINAL 

TOXICITY 

PERIPHERAL      

NEUROPATHY 
MORTALITY 

Control - 

 

- 

 

- 

 

- 

 

- 

 

0/5 

 Taxotere®  +++ 

 

++ 

 

 +++ 

 

- 

 

 +++ 

 

1/5 

 DTX-NP-mPEG2 - 

 

- 

 

- 

 

- 

 

- 

 

1/8 

 ! Severity! of! the! signs:! (2)! no! signs;! (+)! weak;! (++)! moderate;! (+++)! strong.! DTX2NP2mPEG2:! docetaxel2loaded! in!
nanoparticles!obtained!from!the!Gantrez®!AN2mPEG2000!conjugate.!

!

!
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Figure 9. Hematological changes measured in mice through toxicity study compared with the basal levels. A) 
Red blood corpuscles count (RBC); B) Hematocrit (HCT); C) Hemoglobin (Hb); D) Mean corpuscular hemoglobin 
concentration (MCHC). DTX-NP-mPEG2: docetaxel-loaded in nanoparticles obtained from the Gantrez® AN-
mPEG2000 conjugate. Data represented as mean ± S.D. *p<0.05 Mann-Whitney U-test i.v. Taxotere®  vs. DTX-NP-
mPEG2; **p<0.01 Mann-Whitney U-test i.v. Taxotere®  vs. DTX-NP-mPEG2. † p<0.05 Mann Whitney U-test 
Taxotere®  day 0 (basal levels) vs. Taxotere® day 14. †† p<0.01 Mann Whitney U-test Taxotere®  basal levels (day 0) 
vs. Taxotere® day 14. 
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  Figure 10 represents the changes in WBC and ANC. As can be seen in Figure 10A, on day 

21 and 35, the animals treated with i.v. Taxotere® displayed a marked decrease in the WBC levels 

compared with nanoparticles group (70% vs. 40 % of the basal levels (day 0), respectively) and 

could be correlated with mean values of WBC< 3.5 ^103/µl [42,43] (see Table 7), which evidenced 

moderate leukopenia at these time points. Besides, as observed in Figure 10B, Taxotere® 

administered intravenously reduced significantly the ANC with mean values <1.0 ^103/µl [42,43], 

which implied that the mice of this group developed moderate neutropenia. By contrast, the effect 

on mice after administration of DTX-NP-mPEG2 was less severe. 

 

            

          

 

 

 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. Hematological changes in white blood cells registered in mice through toxicity study. A) White 
blood corpuscles count (WBC); B) Absolut neutrophil counts (ANC). DTX-NP-mPEG2: docetaxel-loaded in 
nanoparticles obtained from the Gantrez® AN-mPEG2000 conjugate. The dotted lines indicate the reported range of 
normal values [42,43]. Data represented as mean ± S.D. **p<0.01 Mann-Whitney U-test i.v. Taxotere®  vs. DTX-NP-
mPEG2. 
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 Other hematologic markers including mean corpuscular haemoglobin (MCH) and mean 

corpuscular volume (MCV) had no statistically significant differences among the two groups (data 

not shown). Regarding WBC differential count, no obvious differences between both treatments 

were found. 

 Finally, to assess the systemic toxicity of formulations, a number of biochemical parameters 

in serum such as AST, ALT, urea and creatinine, were also measured. Table 8 shows the 

biochemical parameters registered. The values were always within the reference ranges [44]. 

However, the AST and ALT values on day 7 showed significant differences between the 

commercial Taxotere® and DTX-NP-mPEG2 (p<0.05). 

 

Table 7. Biochemical parameters detected on day 0 (basal levels) and on day 7 and 35 after the 

first dose of i.v. Taxotere® or oral docetaxel-loaded in nanoparticles obtained from the Gantrez® 

AN-mPEG2000 conjugate. Data are expressed as mean ± S.D. (n=4).   

AST: Aspartate transaminase; ALT: Alanine transaminase; DTX-NP-mPEG2: docetaxel-loaded in nanoparticles obtained 
from the Gantrez® AN-mPEG2000 conjugate. *p<0.05 Mann-Whitney U-test i.v. Taxotere®  vs. DTX-NP-mPEG2.  
 

 

 

 

 

 

 

 

 

 

 

 

 

  0 day   7 day   35 day 

  Taxotere®  DTX-NP-mPEG2   Taxotere®  DTX-NP-mPEG2   Taxotere®  DTX-NP-mPEG2 

AST (U/L) 94.5 ± 23.4 96.3 ± 26.4 

 

154.5 ± 55.6* 71.7 ± 5.1 

 

94.8 ± 24.9 75.3 ± 23.7 

ALT (U/L) 46.1 ± 11.1 36.1 ± 2.8 

 

62.5 ± 2.6* 33.7 ± 4.7 

 

45.5 ± 11.5 43.8 ± 22.1 

Urea (mg/dl) 39.3 ± 2.6 34.1 ± 5.3 

 

33.1 ± 8.5 40.3 ± 7.5 

 

31.8 ± 8.9 36.7 ± 10.6 

Creatinine (mg/dl) 0.1 ± 0 0.1 ± 0   0.1 ± 0 0.1 ± 0   0.2 ± 0.1 0.1 ± 0 
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4. Discussion 
  

 The aim of this work was to evaluate the capabilities of nanoparticles based on pegylated 

Gantrez derivatives for oral delivery of docetaxel. In the previous chapter we have demonstrated 

that poly(anhydride) nanoparticles combined with PEG during the preparative process, were 

capable to increase the oral bioavailability of docetaxel. In the actual chapter, first, we have 

prepared and characterized two Gantrez® AN conjugates (with either PEG2000 or mPEG2000). 

Then, these new derivatives were used to prepare docetaxel-loaded nanoparticles.    

 The synthesis of Gantrez® AN-poly(ethylenglycol) conjugates (PEG2 and mPEG2) was 

performed after dissolving the copolymer of methyl vinyl ether and maleic anhydride and the PEG 

in acetone, at a temperature of 50 ºC for 3 hours, following by purification step with 

dichloromethane and a final drying step. The reaction between the carbonyl group of the Gantrez® 

AN and a hydroxyl group of the poly(ethylenglycol) was confirmed by IR analysis (Figure 2). In 

the case of Gantrez® AN, a pronounced band at 1770-1850 cm-1 appeared, which is typical for 

anhydride groups. This band was also found in the IR spectra of poly(anhydride)-PEG conjugates, 

although, this compounds displayed a new peak at 1700-1730 cm-1 (v C=O). This additional peak 

suggested that a nucleophilic substitution reaction has occurred between the copolymer and PEG, 

yielding a new ester bond [46]. The reaction between PEG and Gantrez® AN was also 

corroborated by 1H-RMN (Figure 3).  In fact, when the conjugates were analyzed, the spectra 

displayed a typical hydrogen peak at ∼3.6 ppm originating from the -CH2- groups in 

poly(ethylenglycol) and methoxy poly(ethylenglycol), evidencing the presence of grafted PEG. The 

degree of substitution of Gantrez® AN calculated by 1H-RMN was about 2.1% for PEG2 conjugate 

(21 μg of PEG2000 per mg of conjugate) and 7.1% for mPEG2 conjugate (71 μg of PEG2000 per 

mg of conjugate). Finally, HPLC-ELSD analysis confirmed the degree of substitution obtained by 
1H-RMN. 

 Nanoparticles from both Gantrez® AN-PEG2000 and Gantrez® AN-mPEG2000 

conjugates were prepared by a simple desolvation method with an ethanol:water mixture (1:1 by 

vol) in the presence of calcium chloride. The incorporation of calcium enabled us to increase the 

yield of the preparative process (data not shown). This would be directed related with the presence 

of ionic interactions between divalent metal ion (Ca2
+) and two neighbouring carboxylic groups in 

Gantrez® AN, which induces intrachain associations, promoting the cross-linking of the conjugate 

[47]. The obtained poly(anhydride)-PEG2000 conjugate nanoparticles displayed a mean size higher 

than those in which mPEG2000 was used (around 420 nm vs. 340 nm). However, the amount of 

docetaxel loaded in this nanoparticles was not dependent on the type of PEG employed for the 

conjugation and was calculated to be about 100 µg/mg nanoparticle, around 10 times the loading 

capacity of the unmodified poly(anhydride) (data not shown).  
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 For the in vitro release of docetaxel from DTX-NP-PEG2 and DTX-NP-mPEG2 

nanoparticle formulations, it is noteworthy that docetaxel was released at a considerably lower rate 

under acidic conditions (SGF). This fact can be explained by the low propensity of the 

poly(anhydride) polymer to undergo hydrolysis in an acid medium [48] preventing the swelling and 

degradation of the nanoparticles. However, when nanoparticles were incubated under neutral 

conditions (SIF) a complete release of the loaded drug was reached with small differences between 

conjugate nanoparticles. In all cases, the release pattern in SIF was characterized by a quick release 

in the first 12h followed by a continuous slow release of the remaining content. Nevertheless, 

DTX-NP-PEG2 showed initially a more rapid release rate than DTX-NP-mPEG2. Thus, after two 

hours of incubation in SIF, the amount of docetaxel released form nanoparticles was close to 50% 

for DTX-NP-PEG2 and 30% for DTX-NP-mPEG2. The fitting of these data to the Korsmeyer 

Peppas and Higuchi kinetic models (Table 4) suggests that in the release of docetaxel from DTX-

NP-PEG2 diffusion will be involved. The obtained values for the Korsmeyer-Peppas exponent 

(lower than 0.5) suggest that the release mechanism of DTX from this type of NP would be a quasi-

Fickian diffusion [49]. This is consistent with the good correlation values obtained after applying a 

diffusion model (Higuchi equation) to this release profile. On the contrary, DTX-NP-mPEG2 

followed a release controlled by diffusion and erosion mechanism (anomalous transport; 

Korsmeyer-Peppas exponent coefficient between 0.5 and 1).  

 Concerning the pharmacokinetic study, a single dose of 30 mg docetaxel per kg bw was 

selected. When Taxotere® was administered intravenously to mice, docetaxel disposition was 

nonlinear (Figure 6). This profile is characteristic of the anticancer drug, which has been widely 

described previously [3,50] and associated with the presence of Tween® 80 in the formula [51-53]. 

From the plasma curve, the PK parameters were estimated. The pharmacokinetic values obtained 

are comparable to the earlier reported by other authors [50]. On the contrary, after the oral 

administration of Taxotere®, no docetaxel plasma levels could be estimated since they were not 

detectable. So, we were unable to calculate the relative oral bioavailability (Fr) of Taxotere®. In 

any case, these values have been previously reported to be around 3.6% [54].  

 On the other hand, the oral administration of docetaxel after its encapsulation into the 

different poly(anhydride)-PEG conjugate nanoparticles offered high and prolonged in time drug 

plasma levels for at least 3 days. Another important fact was that the Cmax of both nanoparticle 

formulations were all located in the therapeutic window, which is defined as the drug concentration 

in plasma between the maximum tolerated level (2700 ng/mL) and the minimum effective level (35 

ng/mL) (Figure 7) [30,53]. Besides, when docetaxel was administered in the form of Gantrez® 

AN-PEG conjugate nanoparticles, the long persistence of the anticancer drug in plasma was 

confirmed by the increase of MRT and half-life (t1/2z) values as compared with the i.v. Taxotere®. 

These data together with the high volume of distribution (V) of the drug in the case of 
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nanoparticles (Table 4), indicated efficient oral absorption of docetaxel. In addition, these large 

values of V would be an indirect probe that docetaxel is extensively distributed to tissues of the 

animal once absorbed. Interestingly, the clearance of docetaxel when administered as conjugate 

nanoparticles orally was similar to that calculated for the Taxotere® administered intravenously. 

Most importantly, the relative oral bioavailability could be enhanced from 3.6 % for Taxotere® to 

40% for DTX-NP-PEG2 and even to 56% for DTX-NP-mPEG2. These findings could be related to 

the “slippery” properties of poly(anhydride)-PEG conjugate nanoparticles. It is possible to 

hypothesize that during the formation of nanoparticles the hydrophilic moities of conjugates would 

be oriented outside towards aqueous medium forming a hydrophilic corona-type surface, which 

would confer a “slippery” effect in the resulting nanoparticles. These surface characteristics would 

permit an easier penetration of the drug delivery system through the mucus layer of the gut and 

then, reach the surface of the enterocytes [32,33]. So, this ability of poly(anhydride)-PEG 

conjugate nanoparticles would protect them from clearance mechanisms and, therefore, extend 

their residence in close contact with the absorption site, permitting a long time for release their 

content. It is important to highlight that these “slippery” properties are directly related with the 

surface graft density of PEG on nanocarriers [55], thus, high or dense PEG-packed surface greatly 

accelerated the transport of nanoparticles through the mucus, which would explain the higher oral 

bioavailability for DTX-NP-mPEG2 (high covalent grafting) compared with DTX-NP-PEG2. In 

parallel, the presence of PEG residues in this epithelial surface would facilitate its moderate 

inhibitory capacity of the intestinal efflux pump P-gp and cytochrome P450 [13,14], minimising 

the pre-systemic metabolism of docetaxel, and thus contributing to enhance this absorption. 

 Finally, to determine the function of poly(anhydride)-PEG conjugate nanoparticles for 

reducing the toxicity of docetaxel clinical formulation, Taxotere® and DTX-NP-mPEG2 

formulations were evaluated in healthy Balb/c mice. For the evaluation, three doses for Taxotere® 

(30mg/kg/injection, the maximum tolerated dose (MTD) in mice) [56-58], and nine doses for 

conjugate nanoparticles (20mg/kg/dose) were administered to the mice to compare equitoxic doses. 

Thus, the accumulative dose for DTX-NP-mPEG2 was the same that for the commercial 

Taxotere® (90 mg/kg) and close to the mean optimal total dose of Taxotere® in mice (∼80 mg/kg) 

[59]. The mice in the Taxotere® group suffered marked weight loss of about 15% during the 

treatment period, indicating severe toxicity, whereas the mice in the DTX-NP-mPEG2 suffered 

weight loss less than 5%. Furthermore, the animals treated with Taxotere® intravenously displayed 

important signs of disease stress after each i.v. administration and clinical sings of hypersensitivity 

and peripheral neurotoxicity following the treatment period. These clinical manifestations would be 

directed related with the presence of the non-ionic surfactant polysorbate 80 (Tween® 80) as a 

solvent in Taxotere® formulation. The oxidation products and oleic acid present in Tween® 80 

may be a cause of hypersensitivity reactions including serious dermatitis/necrosis [7,60]. Moreover, 
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Tween® 80 is capable of producing vesicular degeneration, contributing to the multifactorial 

mechanism of taxane-induced peripheral neurotoxicity [7,56]. On the other hand, severe 

haematological adverse effects include anemia, leukopenia and neutropenia were observed in mice 

after the repeat i.v. administrations, whereas in the animals receiving orally DTX-NP-mPEG2, the 

treatment-related changes were less severe. These haematological adverse effects could be 

attributed to the dose-limiting myelosuppression produced by docetaxel, which is a commonly 

observed feature of antineoplasic agents that bind tubulin and is characterized by a pancytopenia, 

with the neutrophils being the most severely affected and requiring dose reductions or a delay to 

the planned treatment schedule to allow recovery of haematopoietic effects [11]. With regard to the 

biochemical parameters analysed (AST, ALT, urea and creatinine) that reflect alterations in blood 

enzymes and are used to diagnose organ diseases (liver and kidney), a significant increase in ALT 

and AST activity in the Taxotere® group were observed after the first i.v. administration, 

suggesting a liver-injury and would be related with drug-associated hepatotoxicity [61]. All of 

these results could demonstrate a good tolerance for docetaxel in nanoparticle formulation. It can 

be possibly attributed to two points. First, the absence of toxicities associated with polysorbate 80 

that may limit the ability to deliver the anticancer agent. Second, the modification of 

pharmacokinetic profile for docetaxel in DTX-NP-mPEG2 formulation, in comparison to docetaxel 

administered as Taxotere®. Following i.v. Taxotere® administrations the docetaxel accumulation 

in plasma would be much higher than the maximum tolerance level of the drug concentration. In 

fact, this is a result of the micellar entrapment of docetaxel by Tween® 80 in plasma. These 

micelles act as the principal carriers of docetaxel in systemic circulation, decreasing the free drug 

fraction. Consequently, the free drug fraction available for distribution was reduced, leading to a 

disproportionate drug accumulation in the plasma compartment which often contributes not only to 

common hematological toxicity reported in clinical treatment, but also to non-hematological 

toxicity [29,53] Instead, conjugate nanoparticles probably improve the docetaxel pharmacokinetic 

profile by reducing its peak concentrations and prolonging its half-life. This profile may help 

sustain therapeutic plasma levels of docetaxel, without the myelosuppression that is the most 

common dose-limiting toxicity for this drug. 

 In summary, poly(anhydride)-PEG conjugate nanoparticles were able to load docetaxel, 

presenting suitable characteristics for their oral administration. Pharmacokinetcis studies revealed 

the high capability of these nanocarriers to enhance the oral bioavailability of docetaxel, specially 

for DTX-NP-mPEG2 formulation which reached an oral bioavailability close to 56%. The toxicity 

assays showed various degrees of toxicities, including loss of weight, hypersensitivity reactions, 

neurotoxicity, myelosuppression and hepatotoxicity, in mice treated weekly with i.v Taxotere®, 

whereas animals treated three times per week with DTX-NP-mPEG2 formulation (equitoxic doses) 

did not show relevant signs of toxicity. 
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GENERAL DISCUSSION 
 
 Cancer is a major cause of morbidity and mortality throughout the world. According to the 

latest cancer worldwide report (Globocan 2012), an estimated 14.1 million new cancer cases and 

8.2 million cancer deaths occurred in 2012. Projections based on these estimations display a 

substantial increase to 19.3 million new cancer cases by the year 2025, and 21.5 million new cases 

and 13.2 million deaths by 2030 [1]. However, over the past few decades significant advances have 

been made in fundamental cancer biology, allowing for remarkable advances in diagnosis and 

therapy of cancer. In this regards, we now know enough to prevent at least 30% of all cancers and 

how to treat many others.  

 The global economic toll of cancer is also enormous. It has been estimated that the new 

cases of cancer diagnosed worldwide in 2010 cost global economy $290 (US) billion. As the 

number of cancer cases rises, so, does cost too. The 21.5 million new cancer cases anticipated to 

occur in 2030 are projected to cost $458 (US) billion [2]. 

 Employing effective treatment is the single most important strategy to ensure optimal life 

following a cancer diagnosis. Cancer treatment frequently comprises a combination of surgery, 

radiotherapy and chemotherapy. The use of each approach depends of the tumor type, the stage of 

the disease and the patient’s conditions [3]. Focusing on chemotherapy, the traditional standard 

regimen has been by means of the intravenous route [4]. However, in the last years, there has been 

an increasing interest in the development of oral treatment regimens of anticancer drugs.  

 

 

!!Why choose the oral route for chemotherapy? 

 Oral chemotherapy is an attractive approach for cancer treatment because of its convenience, 

safety and ease of administration, especially in chronic regimens. Oral administration avoids the 

discomfort of injection and can be conduced at home with no need of special equipment and no 

specialized staff. This approach may enhance the patients’ cooperation and their quality of life, 

which is an important issue. By receiving an oral treatment, the patient feels greater autonomy 

since he is more responsible for the treatment too. From the economical point of view, the 

treatment cost for the patient can be highly reduced due to avoidance of hospitalization, sterile 

manufacturing and trained personnel assistance [5,6].  

 Therefore, many different attempts have been going on in the past years to develop new 

dosing regimens, new drugs or improved delivery systems (drug-polymer conjugates, self-

nanoemulsifying drug delivery systems (SNEDDS), micelles or nanoparticles) with enhanced oral 

properties. In this context is where our work can be included. For this purpose, we decided to work 
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with polymeric nanoparticles based on a poly(anhydride), the copolymer of methyl vinyl ether and 

maleic anhydride, commercialised as Gantrez® AN. A decade ago, our research group employed 

for the first time these copolymers to prepare biocompatible and bioerodible nanoparticles, which 

have demonstrated an interesting capability to develop adhesive interactions with the gut mucosa 

and improve the oral bioavailability of different drugs such as paclitaxel [7,8]. In addition, these 

nanoparticles can be easily “decorated” with a number of ligands or compounds in an aqueous 

environment without the need of toxic reagents, in order to modify their distribution and/or 

bioadhesive properties within the intestinal mucosa [9,10]. 

 

 

!!Limitations to the oral administration of anticancer drugs. Is docetaxel suitable? 

 Most of the anticancer drugs belong to the class IV of the Biopharmaceutical Classification 

System, which comprises substances with both low solubility in aqueous fluids and low apparent 

permeability [11].  

 Docetaxel is a well-know BCS class IV drug. Its low and variable bioavailability after oral 

administration (about 8% in humans [12]) is, at least in part, due to its high lipophilicity [13], as 

well as its low permeability within the gut. The permeability of this anticancer drug is hampered by 

its high affinity for the multidrug efflux transporter P-gp, which is part of the ATP-binding cassette 

(ABC) transporters family, and the cythocrome P450 enzymatic complex. Both, transporter and 

metabolic enzymes, are highly expressed in the gastrointestinal (GI) tract limiting the permeation 

of the drug through the intestinal membrane [14,15]. 

 In this context, encapsulating docetaxel in polymeric nanoparticles for its oral administration 

could be an adequate strategy. First, the encapsulation in a DDS would minimise the low aqueous 

solubility of this anticancer. Second, the possibility of co-encapsulating or decorating nanoparticles 

with inhibitors of the pre-systemic metabolism may improve the possibilities for drug absorption. 

Last, but not least, polymeric nanoparticles are matrix systems that permits (in many cases) to offer 

controlled release properties that would facilitate the acceptation and the accomplishment of the 

new treatment for patients.!
 

 

!!Docetaxel vs. paclitaxel.!Why docetaxel?!

 The two most commonly used taxanes are paclitaxel and docetaxel. Paclitaxel was isolated 

from the Pacific yew (Taxus brevifolia sp.) in 1971 whereas docetaxel is a semisynthetic taxane 

analogue from the European yew (Taxus baccata sp.) identified approximately 15 years later [16].  

Docetaxel has two structural modifications compared to paclitaxel. Due to these structural 
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differences, docetaxel exhibits higher water solubility (about 10-fold more soluble than paclitaxel) 

and almost two-times higher binding affinity for tubulin when compared to paclitaxel [17]. On one 

hand, because of the greater affinity for tubulin, docetaxel is approximately twice more potent than 

paclitaxel in inhibiting microtubule depolymerization [18]. On the other hand, docetaxel and 

paclitaxel affect different stages of the cell cycle. Thus paclitaxel only target G2/M phase whereas 

docetaxel targets both S phase and G2/M phases [16,19]. Last but not least, docetaxel has a longer 

retention time in tumor cells than paclitaxel because of its greater uptake and slower efflux (around 

3-fold higher uptake and 3-fold slower efflux than paclitaxel) [20]. Thus, docetaxel is more potent 

at inducing cytotoxicity than paclitaxel. It is important to note that docetaxel is the only 

chemotherapy agent approved for use in five different cancer indications: breast, non-small cell 

lung, prostate, gastric, and head and neck [21,22]. 

 

 

!!Why did we include poly(ethylene glycols) in the formulations? 

 Pegylation is a well-established technology approved by the FDA and EMA. In our field of 

research, the combination of poly(anhydride) nanoparticles with poly(ethylene glycols) have 

demonstrated potential benefits for oral drug delivery. These excipients offer interesting properties 

such as their ability to promote the payload for lipohilic compounds in the matrix of these delivery 

systems and their capability to inhibit the intestinal P-gp effect and the cytochrome P450 activity 

[23-26]. In addition, the coating of nanoparticles with PEGs would result in slippery devices, with 

mucus-penetrating properties, capable of reaching the surface of the mucosal epithelium in which 

they would release the loaded drug [27-29]. Finally, poly(anhydride) nanoparticles combined with 

poly(ethylene glycols) have recently demonstrated their oral safety (LD50 >2000  mg/kg body 

weight) [30]. 

 

 

!!Why did we attempt the conjugate synthesis strategy? 

 Bearing in mind that the grafting of PEGs to the polymer prior to the nanoparticles formation 

would increase their quantity in the final formulation, the second step carried out in the present 

research project was to develop the conjugate strategy. In fact, when the excipient is bound to the 

polymer backbone, the final quantity in the nanoparticle is higher than in the nanoparticles formed 

from the poly(anhydride). This is an important issue because the “slippery” properties are directly 

related with the surface graft density of PEG on nanocarriers [31,32], thus, high or dense PEG-

packed surface (high covalent grafting) accelerates the transport of these nanoparticles through the 

mucus. 



CHAPTER 5: GENERAL DISCUSSION                                                                                                CONFIDENTIAL 
 

!164!

 On the other hand, this innovative methodology provides an accurate physico-chemical 

characterization of the obtained compounds and allows us to obtain highly reproducible batches. 

 

!!Could these carriers be absorbed after their oral administration? 

 Previous studies published by our research group demonstrated that poly(anhydride) 

nanoparticles perform adhesion but not internalization when incubated with Caco-2 cells [33]. In 

line with this, biodistribution studies of these nanodevices (radiolabelled with technetium-99m) 

demonstrated that they remained within the gastrointestinal tract through the time until they were 

eliminated [34]. Another factor supporting this explanation would be that the obtained drug plasma 

levels are in line with the intestinal cell renewal cycle (3-5 days) [35,36]. Thus, we think that these 

poly(anhydride) nanoparticles suffer hydrolysis under intestinal conditions yielding carboxylic 

groups and  release their content where it can be absorbed (Chapter 3).  

 

 

!! Could the oral administration of nanoparticles lead to decrease of the toxicity of the 

chemotherapeutic agents? 

 Orally administered nanoparticles can decrease the toxicity which limits anticancer drugs 

therapeutic efficacy. In particular, poly(anhydride) nanoparticles can improve the pharmacokinetic 

profiles of certain anticancer drugs by reducing their peak concentrations, prolonging their half-life 

and sustaining their exposure in tumor tissue [28,37]. This improved pharmacokinetics profiles 

could enhance tolerability, reducing side effects and toxicity. In this context, encapsulating of DTX 

in poly(anhydride) nanoparticles could be a successful strategy (Figure 1) (Chapter 4). 
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Figure 1. Docetaxel-loaded poly(anhydride) NPs strategy scheme. 
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!!What results did we obtain? 

 In the first place, we were able to load docetaxel in four different types of nanoparticles, 

which presented suitable characteristics for their oral administration. DTX-NP2, docetaxel-loaded 

in poly(anhydride) nanoparticles combined with PEG2000 displayed the highest capability to 

encapsulate the drug, reaching a drug loading close to 11% (111 µg of drug per mg nanoparticle). 

 Besides, docetaxel in vitro release profiles from nanoparticle formulations were evaluated in 

simulated gastric and intestinal fluids since the formulations are intended for the oral route. In all 

cases, docetaxel was released at a considerably lower rate when nanoparticles were incubated in 

acid conditions of the gastric fluid (SGF). However, when nanoparticles were incubated under 

neutral conditions (SIF) a complete release of the loaded drug was reached. Interestingly, the 

release profile in the intestinal fluid was dependent both on the excipient used and on the 

manufacture process. 

 After completing the in vitro studies, we proposed the in vivo studies in Balb/c female mice. 

For the pharmacokinetic studies (single dose of 30 mg/kg body weight), the relative oral 

bioavailability (Fr) of the drug encapsulated in poly(anhydride) nanoparticles increased up to 56% 

for the DTX-NP-mPEG2 conjugate nanoparticles while the traditional pegylated nanoparticles 

(DTX-NP2 and DTX-NP6) reached a Fr value of around 30%. The remarkable difference between 

the nanoparticles obtained with the same excipient but different methodology could be directly due 

to the greater amount of PEG in the formulation when this was previously grafted to the polymer 

[29]. Another aspect to be noted is that the docetaxel plasma levels provided by formulations were 

all located in the therapeutic window [36]. This observation is particularly interesting for an oral 

docetaxel treatment that would permit to achieve long-term drug exposure and predicted responses 

[37].  

 Then, for traditional pegylated nanoparticles, organ distribution was studied in mice. The 

evaluation of the docetaxel levels in organs after the oral administration of the drug loaded in the 

different pegylated nanoparticles assessed the highest amounts of anticancer agent in liver, spleen, 

lungs, intestine and kidneys. No different distribution to organs was obtained for the oral docetaxel 

encapsulated in pegylated nanoparticles compared to the intravenous commercial Taxotere®; 

although this similar trend was delayed in time for the oral treatments. In the case of nanoparticles, 

the delay in the appearance of the cytotoxic drug in the different tissues could be associated with 

the fact that the drug must be released from the delivery system prior to being distributed then, 

absorbed at the enterocytes’ surface and lastly, passed to the bloodstream (Chapter 3). 

 Finally, the toxicity of docetaxel encapsulated in DTX-NP-mPEG2 conjugate nanoparticles 

was evaluated in healthy Balb/c mice. Mice received docetaxel conjugate formulation orally three 

times per week. As a result, animals treated with DTX-NP-mPEG2 did not show relevant signs of 
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toxicity, which could demonstrate a good tolerance for docetaxel in nanoparticles (Chapter 4). 

 

 

 

 

 

FUTURE PERSPECTIVES 

The following steps could be proposed in line with the results obtained in this work: 

 

"  Evaluation of the antitumor activity of docetaxel encapsulated in poly(anhydride) 

nanoparticles against different human tumor cell lines. Study of optimization of docetaxel 

dose aiming at metronomic schedules 

 For this purpose two different strategies are suggested: a maximum tolerated dose schedule 

opposing to a metronomic-like schedule. Metronomic therapies have been proposed as an attractive 

alternative to the traditional anticancer regimens where the maximum tolerated dose is 

administered followed by several drug-free weeks in order to allow bone marrow recovery [36]. In 

fact, the idea of the metronomic therapies is to combine the cytotoxic effect of anticancer drugs 

with antiangiogenic properties. 

 Thus, due to the controlled and prolonged drug release profile that poly(anhydride) 

nanoparticles display, the attempt for metronomic scheduling could be of interest. This would 

allow the reduction of the dose with a more frequent drug administration and it would be possible 

to assay the combination with other interesting molecules that could enhance the anticancer 

efficacy. 

 

" Toxicity studies 

  Once the efficacy studies would be completed, new toxicity studies that adopt the dose and 

the posology selected should be contemplated. Lastly, the tolerance of docetaxel nanoparticles 

should be confirmed. 
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CONCLUSIONES GENERALES 
 
 El trabajo experimental recogido en esta memoria ha sido enfocado hacia la mejora de la 

biodisponibilidad oral del fármaco anticanceroso docetaxel. Los resultados obtenidos en esta tesis 

doctoral nos han permitido concluir lo siguiente: 

 

1. Docetaxel fue encapsulado de manera eficiente en nanopartículas basadas en la combinación de 

poli(anhídrido) (Gantrez® AN) y poli(etilenglicol) (PEG2000 y PEG6000) mediante un método 

simple de desplazamiento del disolvente. El contenido de docetaxel dependió del peso molecular 

del poli(etilenglicol) utilizado, siendo las formulaciones más exitosas las fabricadas con PEG2000, 

que posibilitó aumentar la capacidad de carga de las nanopartículas hasta 111 µg de docetaxel por 

miligramo. 

 

2. Los estudios farmacocinéticos llevados a cabo tras la administración oral de una dosis de           

30 mg/kg de peso corporal a ratones Balb/c de Taxotere® comercial (aprobado para su uso 

intravenoso), no revelaron niveles plasmáticos de fármaco. Por el contrario, cuando la misma dosis 

de docetaxel se incorporó en nanopartículas pegiladas, se obervaron niveles plasmáticos 

prolongados hasta tres días después de su administración, incrementando la biodisponibilidad oral 

del citotóxico hasta un 32% para la formulación que contiene PEG2000 y un 24% en el caso de la 

que contiene PEG6000. 

 

3. Los estudios de biodistribución en ratones demostraron que la encapsulación de docetaxel en 

nanopartículas pegiladas no alteró su distribución. Su principal acumulación, tanto para su 

administración intravenosa como oral, fue en hígado, bazo, pulmón, intestino y riñón. 

 

4. Los nuevos polímeros conjugados a partir del Gantrez® AN fueron satisfactoriamente 

sintetizados mediante enlace covalente a la estructura del polímero de PEG2000 o mPEG2000. El 

mayor grado de sustitución alcanzado fue 7,1% en el caso del conjugado de mPEG2000. 

 

5. Las nanopartículas fabricadas a partir de los conjugados se prepararon fácilmente mediante 

desolvatación usando calcio como agente entrecruzante. El contenido de docetaxel no dependió del 

tipo de PEG empleado en la conjugación y fue aproximadamente de 100 µg/mg en ambos casos. 

 
6. Tras la administración de docetaxel encapsulado en nanopartículas de conjugado a ratones 

Balb/c, se obtuvieron niveles plasmáticos altos y prolongados en el tiempo hasta 3 días para la 

dosis estudiada (30 mg/kg de peso corporal). La biodisponibilidad oral aumentó hasta un 56% para 
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las nanopartículas fabricadas con el conjugado de mPEG2 (DTX2NP2mPEG2) y un 40% para las 

nanopartículas del conjugado de PEG2 (DTX2NP2PEG2). 
 
7. Los estudios de toxicidad mostraron pérdida de peso, reacciones de hipersensibilidad, 

neurotoxicidad, mielosupresión y hepatotoxicidad, en ratones tratados semanalmente con 

Taxotere® intravenoso, sin embargo, los ratones a los que se les administró por vía oral 

nanopartículas de conjugado de mPEG2 (DTX2NP2mPEG2) (dosis equitóxicas) no mostraron 

signos relevantes de toxicicidad. 
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Calleja P, Huarte J, Agüeros M, Ruiz-Gatón L, Espuelas S, Irache JM. Molecular 

buckets: cyclodextrins for oral cancer therapy. Ther Deliv. 2012 Jan;3(1):43-57. 

 

Abstract: 

The oral route is preferred by patients for drug administration due to its convenience, 

resulting in improved compliance. Unfortunately, for a number of drugs (e.g., anticancer 

drugs), this route of administration remains a challenge. Oral chemotherapy may be an 

attractive option and especially appropriate for chronic treatment of cancer. However, 

this route of administration is particularly complicated for the administration of 

anticancer drugs ascribed to Class IV of the Biopharmaceutical Classification System. 

This group of compounds is characterized by low aqueous solubility and low intestinal 

permeability. This review focuses on the use of cyclodextrins alone or in combination 

with bioadhesive nanoparticles for oral delivery of drugs. The state-of-the-art 

technology and challenges in this area is also discussed. 


