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ABSTRACT 

CONVECTION-ENHANCED DELIVERY OF PLATINUM DRUGS AND 

THEIR LIPOSOMAL FORMULATIONS PLUS RADIATION THERAPY IN 

GLIOBLASTOMA TREATMENT 

By 

Minghan Shi 

Department of Nuclear Medicine and Radiobiology 

Thesis submitted to the Faculté de médecine et des sciences de la santé for the 

graduation of philisophiae doctor (Ph.D.) in sciences des radiations et imagerie 

biomédicale, Faculté de médecine et des sciences de la santé, Université de 

Sherbrooke, Sherbrooke, Québec, Canada J1H 5N4 

Glioblastoma is the most common and aggressive brain cancer in adults. The current 

standard-of-care treatment includes surgical resection, radiation therapy with 

concomitant and adjuvant temozolomide (TMZ) chemotherapy. However, the 

addition of TMZ to radiation therapy only increased the median survival time (MeST) 

by 2.5 months. This limited improvement is partially attributable to the low 

accumulation of chemotherapeutic drugs in the brain tumor due to the blood-brain 

barrier (BBB). Thus, new delivery methods such as intra-arterial, BBB disruption and 

convection-enhanced delivery (CED) have been proposed to overcome this limitation. 

Besides, timing tumor irradiation to coincide with the maximal concentration of 

platinum-DNA adducts could result in improved tumor control.  

In this study, CED of cisplatin and oxaliplatin, their respective liposomal 

formulations Lipoplatin™, Lipoxal™, and carboplatin with or without 15 Gy of 

radiation therapy has been carried out in F98 glioma bearing Fischer rats to assess 

their toxicity and MeST. The amount of platinum-DNA adducts in the tumor at 4 h 

and 24 h after CED was measured and irradiation was administered at these two 

different time periods to test the concomitant effect. In addition, four liposomal 

carboplatin formulations with different chemo-physical properties were prepared and 

their toxicity and MeST were also evaluated in this animal model. 

Among the tested platinum drugs, carboplatin and Lipoxal™ demonstrated a highest 

maximum-tolerated dose of 25 µg and 30 µg respectively. CED of carboplatin 

showed the longest MeST of 38.5 days, and increased to 54.0 days with the addition 

of 15 Gy radiation therapy. However, radiation at 4 h after CED of either oxaliplatin 

or carboplatin did not show any survival improvement when compared to radiation at 

24 h, although the quantity of platinum-DNA adducts at 4 h was higher than at 24 h 

after CED. In the four liposomal carboplatin formulations, anionic pegylated 

liposomal carboplatin showed the longest MeST of 49.5 days, due to its longer 

tumoral retention time and probably larger distribution volume in the brain. 

Keywords: Convection-enhanced delivery, platinum-based antineoplastic agents, 

Lipoplatin™, Lipoxal™, liposomal carboplatin, radiation therapy, glioblastoma.   



 

 

    

  

RÉSUMÉ 

TRAITEMENT DE GLIOBLASTOMES PAR LIVRAISON CONVECTION- 

AUGMENTÉE DE MÉDICAMENTS PLATINÉS ET LEURS 

FORMULATIONS LIPOSOMALES COMBINÉE À LA RADIOTHÉRAPIE 

Par 

Minghan Shi 

Département de médecine nucléaire et radiobiologie 

Thèse présentée à la Faculté de médecine et des sciences de la santé pour l’obtention 
du grade de philisophiae doctor (Ph.D.) en sciences des radiations et imagerie 
biomédicale, Faculté de médecine et des sciences de la santé, Université de 

Sherbrooke, Sherbrooke, Québec, Canada J1H 5N4 

 

Le glioblastome est le cancer primaire du cerveau le plus courant et agressif chez 
l’adulte. Le traitement standard comprend la résection chirurgicale, la radiothérapie et 
la chimiothérapie concomitante et adjuvante avec le témozolomide(TMZ). L'addition 
de TMZ combinée la radiothérapie a augmenté la survie médiane (MeST) de 2,5 mois. 
Cette faible amélioration est partiellement due à l'accumulation limitée de 
médicaments chimiothérapeutiques dans la tumeur cérébrale à cause de la barrière 
hémato-encéphalique (BBB). Ainsi, de nouvelles méthodes comme l’injection intra-
artérielle, la rupture osmotique de la barrière hémato-encéphalique, la livraison 
augmentée par convection (CED) ont été suggérées pour surmonter ce problème. En 
plus, l’optimisation de l’irradiation de la tumeur lorsque le maximum d’adduits 
platine-ADN est atteint pourrait aboutir à un meilleur contrôle de la tumeur. 

Dans cette étude, nous avons injecté par CED le cisplatine, l’oxaliplatine, avec leur 
formulation liposomale Lipoplatin™, Lipoxal™ ainsi que le carboplatine avec ou 
sans radiation de 15 Gy. La toxicité et le temps de MeST ont été mesurés chez des 
rats Fischer porteurs du gliome. La quantité d'adduits platine-ADN dans la tumeur a 
été mesurée 4 h et 24 h après CED. L’irradiation de la tumeur a été effectuée à ces 
deux temps pour tester l'effet concomitant. En plus, quatre formulations liposomales 
de carboplatine avec différentes propriétés chimiophysiques ont été préparées et leur 
toxicité et MeST combiné à la radiation ont également été évalués. 

Parmi les drogues de platine testées, le carboplatine et Lipoxal™ ont démontré 
respectivement la dose maximale tolérée la plus élevée, soit 25 µg et 30 µg. La MeST 
du carboplatine était la plus longue avec 38,5 jours qui a augmenté à 54,0 jours avec 
l’addition de 15 Gy de radiothérapie. Toutefois, l’irradiation à 4 h après CED 
effectuée avec l'oxaliplatine et le carboplatine n'a pas amélioré la MeST comparé à 
l’irradiation à 24 h, bien que la quantité d'adduits platine-ADN à 4 h était supérieure à 
celle mesurée à 24 h après CED. Pour les quatre formulations liposomales de 
carboplatine, celle pégylée négatif a démontré la plus longue MeST, soit 49,5 jours. 

Mots-clés: Antinéoplasique à base de platinum, Lipoplatin™, Lipoxal™, liposomale 
carboplatin, radiothérapie, glioblastome, livraison augmentée par convection.  
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INTRODUCTION 

Glioblastoma 

Glioblastoma (GBM) is the most common and aggressive primary brain cancer in 

adults (Van Meir et al., 2010). It represents 45.6% of all malignant brain tumors and 

15.4% of all brain tumors. An incidence rate of 3.19 per 100, 000 was observed in the 

United States (Ostrom et al., 2014). World Health Organization (WHO) designated 

GBM as grade IV, the most aggressive, mitotically active, necrosis-prone and rapid 

progression glioma (Louis et al., 2007). The cellular origin of glioblastoma is still 

unknown. Traditionally, this disease was believed to be induced by mutation of 

mature astrocytes (Bachoo et al., 2002). Currently, cancer stem cell theory has 

become the major one with the discovery of widely distributed lineage-restricted 

progenitor cells in forebrain and hindbrain region and neural stem cells in the dentate 

gyrus and the subventricular zone and the subsequently identified stem-like cells in 

glioblastoma (Chesler, 2012; Hadjipanayis & Van Meir, 2009a, 2009b; Ilkanizadeh et 

al., 2014). In this theory, the cancer cells are derived from the mutation of these 

progenitor cells and stem cells instead of mature astrocytes. Besides, there are 

evidences suggesting that the resistance to chemo- radiation therapy and invasiveness 

of glioblastoma are related to the stem-like cells (Bao S Wu Q, 2006; Eramo et al., 

2006; Wei et al., 2010). 

The current standard of care treatment for GBM comprises maximal surgical 

resection followed by radiotherapy at 2 Gy/d, and 5 d/week, for 6 weeks, plus 

concomitant daily TMZ at 75 mg/m
2
∙d, followed by a break of four weeks and then 

six cycles of adjuvant TMZ at 150-200 mg/m
2
∙d for 5 d every 4 weeks (Stupp et al., 

2005)(Stupp et al., 2009). However, the median survival remains only 14.6 months 

even with this treatment modality (Stupp et al., 2005). 

Examples of second line chemotherapy treatments include carmustine (BCNU), 

lomustine (CCNU), procarbazine, cisplatin, i.a. injection of carboplatin, and 

implantable Gliadel® wafers (Fortin, Desjardins, Benko, Niyonsega, & Boudrias, 
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2005; Fortin, Morin, Belzile, Mathieu, & Paré, 2014; Westphal, Ram, Riddle, Hilt, & 

Bortey, 2006). 

Platinum-based antineoplastic drugs 

Platinum-based drugs such as cisplatin, carboplatin and oxaliplatin (Figure 1) are 

widely used in cancer chemotherapy (Goodsell, 2006). For example, cisplatin was 

approved for use alone, or in combination with others agents by the US Food and 

Drug Administration (FDA) for treatment of  bladder cancer, cervical cancer, 

malignant mesothelioma, non-small cell lung cancer, ovarian cancer, squamous cell 

carcinoma of the head and neck, and testicular cancer (Forastiere et al., 1992; 

Giaccone et al., 2004; Jacobs et al., 1992; Lehmann et al., 2000; McGuire et al., 1996; 

Radiotherapy, 1999; Samson et al., 1984; Scagliotti et al., 2008; Vogelzang et al., 

2003). Carboplatin was approved for use in non-small cell lung cancer and ovarian 

cancer (Herbst, 2004; Johnson et al., 2004; Ozols et al., 2003; Sandler et al., 2006). 

Oxaliplatin was approved for use in colorectal cancer  and stage III colon cancer 

(André et al., 2009; Goldberg et al., 2004). Their liposomal formulations such as 

Lipoplatin™ (liposomal cisplatin), Lipoxal™ (liposomal oxaliplatin) also entered the 

phase I clinical trial (Stathopoulos et al., 2005; Stathopoulos, Boulikas, Kourvetaris, 

& Stathopoulos, 2006).  
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Figure 1. Molecular structure of cisplatin, carboplatin, and oxaliplatin 

History 

Cisplatin (cis-diamminedichloroplatinum(II)) was originally known as Peyrone's 

chloride, because it was first synthesized by Michel Peyrone in 1844 (Peyrone, 1844). 

It was not until 1965, that the cytostatic activity of cisplatin was first reported by 

Barnett Rosenberg and his colleagues (Rosenberg, Van Camp, & Krigas, 1965). The 

drug was quickly approved by FDA and progressed into the clinic for treating such 

different types of cancers as bladder cancer, ovarian cancer, cervical cancer, head and 

neck cancer, and non-small-cell lung cancer (Wang & Lippard, 2005). 

Cisplatin  

Cisplatin uptake and efflux 

Cisplatin enters cell plasma mainly by passive diffusion, an energy independent 

movement of a substance to across the cell membrane, since its uptake increases 

linearly with time over 60 minutes and does not saturate below 1.0 mM (Gately & 

Howell, 1993). However, a link between copper transporter (CTR1) and cisplatin 
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uptake has been demonstrated in yeast and mouse cells; mutation or deletion of the 

CTR1 gene resulted in reduced cisplatin uptake and enhanced resistance to cisplatin 

(Ishida, Lee, Thiele, & Herskowitz, 2002). Additionally, alterations in factors that 

regulate endocytosis and endocytic recycling compartments, may also be associated 

to the reduced uptake and resistance to cisplatin (Shen, Su, Liang, Pai-Panandiker, & 

Gottesman, 2004)(Liang, Mukherjee, Shen, Maxfield, & Gottesman, 2006). 

Efflux can also contribute to the resistance of cisplatin. For example copper-

transporting P-type adenosine triphosphate (ATP7A, ATP7B) is the main efflux 

pump of cisplatin (Komatsu et al., 2000; Miyashita et al., 2003). Other pumps such as 

multidrug resistance-associated protein 2 (MRP2, also known as ABCC2 and 

cMOAT (canalicular Multispecific Organic Anion Transporter)), glutathione-X 

conjugate pump may also contribute to the efflux and hence resistance to cisplatin 

(Cui et al., 1999; Ishikawa, Wright, & Ishizuka, 1994; Materna, Liedert, Thomale, & 

Lage, 2005; Taniguchi et al., 1996).  

Cisplatin aquation and formation of DNA adducts  

In the clinical situation, when cisplatin is administered in the bloodstream, the 

chloride ligands will not at first be replaced by water molecules due to the high 

chloride concentration in blood plasma (approximately 100 mM) (Figure 2) 

(Alderden, Hall, & Hambley, 2006). However, the chloride ion concentration is 

relatively lower inside cells (approximately 4–20 mM), and cisplatin will be aquated 

to form the more reactive and positively charged forms [Pt(NH3)2Cl(OH2)]
+
 and 

[Pt(NH3)2(OH2)2]
2+

. These positively-charged, aquated forms of cisplatin will react 

primarily with DNA to form platinum-DNA adducts. The guanine or adenine-N7 

position are the preferred sites for the platinum atom of cisplatin to bind  and to form 

1,2- or 1,3-intrastrand crosslinks or interstrand links to a lesser extent (Figure 

3)(Figure 6). For cisplatin, around 65% of adducts are intrastrand 1,2-d(GpG), around 

25% are intrastrand 1,2-d(ApG), 5-10% are intrastrand 1,3-d(GpNpG); a small 

number of interstrand and monodentate adducts also form (Todd & Lippard, 2009). 

All of these adducts will cause distortions of the DNA structure, and activate the 
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DNA-binding proteins to initiate DNA repair or cell death if not repaired (Jamieson 

& Lippard, 1999).  

 

 

Figure 2. Pathways to cisplatin cytotoxicity and tumor resistance to cisplatin before 

DNA binding. 

. 

. 
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Figure 3. Cisplatin-DNA adducts formation and cytotoxicity induction.  

Reprinted with permission from (Wang & Lippard, 2005). 

Recognition of platinum-DNA adducts 

The formation of Pt-adducts between DNA strands causes a distortion of the DNA 

structure including unwinding and bending. Ordinarily, several proteins such as repair 

proteins, high-mobility group (HMG) domain proteins, transcription factors lacking 

an HMG domain, and architectural proteins without an HMG domain recognize and 

bind to the DNA (Jamieson & Lippard, 1999). Cisplatin caused DNA damage signals 

are then transducted by AKT (v-akt murine thymoma viral oncogene homologue), c-

ABL (v-abl Abelson murine leukaemia viral oncogene homologue 1), p53, MAPK 

(mitogen-activated protein kinase)/JNK (c-Jun NH2-terminal kinase)/ERK 

(extracellular signal-regulated kinase) and their related pathways. These signal 

transduction pathways modulate the cisplatin cytotoxicity (Wang & Lippard, 2005). 

For example, cisplatin induced DNA damage can be activated directly by p53 or 

indirectly by ATM/ATR. Activated p53 can induce cell-cycle arrest, DNA repair or 

apoptosis. Activated ATM and ATR can further activate checkpoint kinases and 

arrest cell-cycle in G2 phase (Sorenson & Eastman, 1988).  



7 

 

    

  

Cisplatin causes cell death by apoptosis and necrosis 

Necrosis is characterized by the swelling and breakdown of the plasma membrane 

and release of cellular content due to adenosine triphosphate (ATP) depletion, while 

apoptosis is characterized by chromatin condensation, DNA fragmentation, cell 

shrinkage, and the formation of apoptotic bodies. The mode of cell death is dependent 

on the concentration of cisplatin (Figure 4). For example: a study of mouse proximal 

tubular cells showed that under high concentration of cisplatin (800 µM), these cells 

undergo necrosis; while apoptosis occurs under low concentration (8 µM) (Lieberthal, 

Triaca, & Levine, 1996). Apoptosis is the main cell death mode associated with 

cisplatin treatment and involves two pathways specifically, direct and indirect 

activation of caspases pathway. In the direct activation caspases pathway, the 

caspases process can be triggered when external cell death signals such as Fas ligand 

(FasL) are received. Then, procaspase-8 becomes activated initiator caspase, which 

further activates procaspase-3 to caspase-3 the executioner caspase. Upregulation of 

Fas and FasL proteins induced by cisplatin has been indicated (Fulda, Los, Friesen, & 

Debatin, 1998). In the indirect activation caspases pathway, p53 activated by DNA 

damage, or in the absence of survival factors, the accumulation of pro-apoptotic 

proteins which causes release of cytochrome c. Cytochrome c further forms a 

complex with apaf-1, and activates caspase-9 the initiator caspase. The initiator 

caspase in turn activates caspase-3, the executioner caspase. In both of the pathways, 

caspase-3 is a key initiator of apoptosis. Studies have shown that in caspase-3-

deficient MCF-7 cells, their apoptosis is defective in the treatment of cisplatin. 

Caspase-3 cDNA reconstructed cells restored their apoptosis activity in response to 

cisplatin treatment (Blanc et al., 2000). 
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Figure 4. Cisplatin induced cell death. TCR, transcription-coupled repair; NAD
+
, 

Nicotinamide adenine dinucleotide.  

Reprinted with permission from (Wang & Lippard, 2005) 

Tumor resistance mechanisms 

The mechanisms of tumor resistance to cisplatin can be divided into two categories:  

i. Resistance before DNA binding  

Cisplatin enters cells mainly by passive diffusion and CTR1 (Ishida et al., 2002). 

Although passive diffusion was considered the main influx pathway, CTR1 also plays 

a substantial role in cisplatin uptake (Gately & Howell, 1993). Studies have shown 

that accumulation of cisplatin inside the Ctr1
–/–

 mouse embryonic fibroblasts cells 

decreased to 35% of the wild type (Holzer, Manorek, & Howell, 2006). Unlike other 
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antineoplastic drugs, the decreased influx of cisplatin rather than increased efflux is 

the main cause of resistance (Gately & Howell, 1993). Moreover, human ovarian 

cancer cell lines exposed to cisplatin demonstrated downregulation of CTR1. This is 

because during the micropinocytosis of the cisplatin, CTR1 was also internalized 

(Holzer & Howell, 2006). 

Efflux of cisplatin is mainly via the ATPases ATP7A and ATP7B (Komatsu et al., 

2000). A negative association between ATP7A and ATP7B expression and cisplatin 

therapeutic efficiency was observed (Safaei, Holzer, Katano, Samimi, & Howell, 

2004). ATP7A transfected human ovarian carcinoma cells showed sequestration of 

cisplatin in vesicles and resistance to cisplatin (Samimi et al., 2004). Extensive 

studies have also shown that cisplatin can be inactivated by glutathione, or other 

sulphur-containing molecules in the cytoplasm, and easily exported through the 

glutathione S-conjugate export (GS-X) pump (Figure 2) (Lai, Ozols, Young, & 

Hamilton, 1989). In addition, metallothionein is also involved in the resistance of 

cisplatin (Kasahara et al., 1991). 

ii. Resistance after DNA binding.  

DNA repair pathways such as nucleotide excision repair (NER) and mismatch repair 

(MMR) play a significant role in modulating cisplatin toxicity. Several in vitro 

studies have indicated that cisplatin-DNA adducts are mainly removed by NER 

(Furuta et al., 2002; Wang, Hara, Singh, Sancar, & Lippard, 2003). Increased repair 

of cisplatin-DNA adducts is related to resistance following DNA binding (Lai, Ozols, 

Smyth, Young, & Hamilton, 1988). It also has been suggested that the clinically 

favorable results of testicular cancer treated with cisplatin derive from the tumor’s 

low capacity for the removal of cisplatin-DNA adducts be NER (Welsh et al., 2004). 

Increased tolerance to cisplatin-DNA adducts is another mechanism of cells 

resistance to cisplatin (Mamenta et al., 1994). The MMR repair system plays an 

important role in inducing apoptosis after cycles of futile repair. Low level of 

resistance to cisplatin has been observed with the loss of MMR repair system (Fink et 

al., 1996). Also, enhanced replicative bypass of DNA adducts has also be implicated 

in cisplatin resistance (Albertella, Green, Lehmann, & O’Connor, 2005; Bassett et al., 
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2002). Lastly, cisplatin resistance can be enhanced by a decrease in or loss of the 

apoptotic pathway (Figure 5) (Gadducci, Cosio, Muraca, & Genazzani, 2002). 

 

 

Figure 5. Tumor resistance to cisplatin after DNA binding  

Reprinted with permission from (Kelland, 2007). 

 

Cisplatin has a high antineoplastic efficiency, and has been applied in testicular and 

ovarian cancer treatment. However, the side effects related to cisplatin such as 

nephrotoxicity, emetogenesis, neurotoxicity and ototoxicity  as well as the cancer’s 

resistance to cisplatin (both inherent and acquired) have limited the application of 

cisplatin (Decatris, Sundar, & O’Byrne, 2004). Thus, in an attempt to reduce the 

systemic toxicity and broaden the range of treatable cancers, thousands of platinum 

analogues were synthesized and tested for anti-cancer activity. Among these 

compounds, carboplatin and oxaliplatin were approved by FDA. Additionly, 

liposomal formulations of platinum drugs such as Lipoplatin™, and Lipoxal™ were 

developed to reduce the systemic toxicity. 
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Carboplatin 

The second generation of platinum drugs was developed to reduce the toxicity of 

cisplatin, especially nephrotoxicity while retaining the antitumor efficacy of cisplatin. 

The ease of aquation of cisplatin’s chloride groups is believed to be the cause of its 

high toxicity. Thus, carboplatin was developed by replacing the chloride groups with 

1,1-cyclobutanedicarboxylate, which has a slower rate constant of aquation of (10
-8

 s
-

1
) than does cisplatin

 
(10

-5
 s

-1
) (Harrap, 1985). Regarding platinum-DNA adducts, 

carboplatin forms the same types of adducts as cisplatin (Figure 6), but the 

percentages of each are different. In carboplatin, 36% of the adducts are 1,2-(dG)2; 

around 30% are intrastrand 1,2-d(GpG); around 16% are intrastrand 1,2-d(ApG), with 

3-4%  interstrand adducts and a small number of monodentate adducts (Todd & 

Lippard, 2009). Compared to cisplatin, carboplatin exhibits a different toxicity profile, 

with myelosuppression, especially thrombocytopenia as the main dose-limiting 

toxicity. Carboplatin shows less neurotoxicity, less emetogenesis and is devoid of 

nephrotoxicity. Moreover, due to its reduced DNA binding reactivity, carboplatin can 

be administered at a much higher doses than can cisplatin, and is able to achieve a 

similar antitumor efficacy (Sweetman, 2007). It has now become one of the treatment 

options for non-small-cell lung cancer and ovarian cancer.  

Oxaliplatin 

The third generation of platinum drugs was developed to circumvent the mechanisms 

of resistance. Oxaliplatin is the most successful in overcoming the resistance 

problems of cisplatin and in reducing the toxicity. In oxaliplatin, the amine ligands 

are replaced by a single (1R,2R)-cyclohexane-1,2-diamine (R,R-dach) and as a result, 

oxaliplatin showed differences in the intrastrand crosslink DNA binding GpG (Figure 

6) (Spingler, Whittington, & Lippard, 2001). Instead of the {Pt(NH3)2}
2+

 groups on 

cisplatin and carboplatin DNA adducts, oxaliplatin adducts contain {Pt(DACH)}
2+

 

(DACH = trans-R,R-diaminocyclohexane) groups. Oxaliplatin also forms hydrogen 

bonds to the 3’ side rather than the 5’ side of the intrastrand cross-link, which has 

been postulated to be responsible for the different protein recognition and subsequent 

processing of the platinum-adducts (Sharma et al., 2007). The disparity can partly be 
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explained by their different reliance on the MMR system. Loss of MMR has been 

implicated in the resistance of cisplatin but not for oxaliplatin (Fink et al., 1996; 

Vaisman et al., 1998). Oxaliplatin’s ability to overcome cisplatin-like resistance has 

been demonstrated both in vitro and clinical studies (Hector, Bolanowska-Higdon, 

Zdanowicz, Hitt, & Pendyala, 2001; Pectasides et al., 2004). The drug has been 

approved by FDA to treat advanced or recurrent colorectal cancer and stage III colon 

cancer (André et al., 2004; Goldberg et al., 2004; Rothenberg et al., 2003). 

Oxaliplatin has also been studied in the treatment of other types of cancers (Okusaka 

et al., 2014; Raez, Kobina, & Santos, 2010). Several clinical trials have been 

conducted using either oxaliplatin as a single agent or in combination with other 

antineoplastic drugs  to treat brain tumors (Beaty et al., 2010; Fouladi et al., 2006; 

Hartmann et al., 2011). 

 

 

Figure 6.  DNA platinum adducts.   

(a) Cisplatin 1,2-d(GpG) intrastrand cross-link. (b) Cisplatin 1,3-d(GpTpG) 

intrastrand cross-link. (c) Cisplatin interstrand cross-link. (d) Oxaliplatin 1,2-d(GpG) 

intrastrand cross-link  

Reprinted with permission from (Todd & Lippard, 2009). 

Liposomal formulations 

In an attempt to reduce the side effect and increase the efficiency of platinum drugs, 

liposomal forms of platinum drugs have been developed, for example, the liposomal 

form of cisplatin: Lipoplatin™, and the liposomal form of oxaliplatin: Lipoxal™.  
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Liposomal forms of platinum have a different route of entrance into cells (Figure 7) 

(Torchilin, 2005). They fuse with the cell membrane to deliver the platinum drugs. 

They are thus unaffected by the CTR1 transporter mechanism. Resistance of platinum 

drugs prior to DNA binding is mainly related to a reduced uptake of these drugs by 

CTR1 transporter. Thus, changing the cell uptake pathway, changes the resistance 

profile.  

The cytotoxicity of Lipoplatin™ and cisplatin has been compared in vitro in non-

small cell lung cancer, renal cell carcinoma, and in normal hematopoietic cell 

precursor cell lines. The Lipoplatin™ has a superior cytotoxicity in these cancer cell 

lines, and is much less toxic to normal cells relative to cisplatin (Arienti et al., 2008). 

In vivo nephrotoxicity studies of cisplatin and Lipoplatin™ showed that Lipoplatin™ 

decreases structural and functional kidney damage in both mice and rats (Devarajan 

et al., 2004). Neurotoxicity is a common and the most severe side effect of oxaliplatin, 

which limited oxaliplatin’s application in the treatment of brain tumors (Pasetto, 

D’Andrea, Rossi, & Monfardini, 2006). Lipoxal™, the liposomal formulation of 

oxaliplatin, was developed by Regulon Inc. to reduce the toxicity of oxaliplatin. It has 

been found that when given at a dose of 100-250 mg/m
2
 by i.v. in human, no serious 

side effects were observed; side effects such as mild myelotoxicity, nausea, 

peripheral neuropathy were only observed at doses of 300-350 mg/m
2
 (Boulikas, 

Pantos, Bellis, & Christofis, 2007). Thus Lipoxal™, provides new opportunities for 

treating brain tumors. 
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Figure 7. Liposome and cell interactions 

Drug-radiation combination 

The results of combinational chemo-radiotherapy can be divided into three categories:  

i. Supra-additivity (Synergism or radiosensitization): The addition of a drug to 

radiation increases the radiation field cell killing by more than the sum of the 

two treatment modalities used separately.  

ii. Additivity: The cell killing upon addition of a drug to radiation equals to the 

sum of the two treatment modalities used separately. 

iii. Infra-additivity (Antagonism or radioprotection): The addition of a drug 

protects the cells from radiation. If it protects normal cells more than it does 

the tumor cells, this property is also desirable. 

The object of combinational chemo- radiotherapy is to increase the therapeutic index, 

which can be achieved by either a decrease in effective dose or by increasing the 

toxicity dose (Muller & Milton, 2012). A classical framework involving four 
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mechanisms defining the improvements of combinational radiation and chemotherapy 

was first proposed by Steel and his colleges in 1979 (Steel, 1979, 1988). There are 

spatial cooperation, independence cell kill, normal cell protection, and enhancement 

of tissue response. However, with the introduction of novel molecular-targeted drugs, 

a new paradigm defining five mechanisms of drug radiotherapy interaction has been 

proposed (Bentzen, Harari, & Bernier, 2007). 

i. Spatial cooperation: Different therapeutic approaches target different 

anatomical sites of the tumor, for example: local control of tumor by radiation 

therapy and systemic control of tumor by chemotherapy to achieve an 

improved therapeutic result.  

ii. Cytotoxic enhancement: This mechanism is usually achieved by molecular 

interaction between the two treatment modalities. It defines that the presence 

of one treatment enhances the antitumor effect of the other. 

iii. Biological cooperation: Employ different mechanisms to target distinct cell 

populations for local tumor control. 

iv. Temporal modulation: Cell’s reparation, redistribution to more sensitive 

stages, reoxygenation, and repopulation follow after radiation. These 

mechanisms are not active at the same time or are identical in tumor and 

normal cells. Thus, by modifying the dose of each fraction, the time interval 

between fractions and the total duration of the radiotherapy, tumor control can 

be optimized. 

v. Selective protection of normal cells: By addition of selective radiation 

protectors to normal cells prior to or during radiation therapy, radiation dosed 

can be increased to better control of the disease locally. 

Mechanism of combinational platinum based antineoplastic chemo- radiotherapy 

 

1. Radiosensitization of the hypoxic cells (Douple & Richmond, 1978; 

Richmond, Khokhar, Teicher, & Douple, 1984; Richmond & Powers, 1976; 

Stratford, Williamson, & Adams, 1980).  
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2. Platinum drugs interfere with the DNA repair mechanism of sub lethal DNA 

damage induced by radiation (Dritschilo, Piro, & Kelman, 1979). Cisplatin 

may fix radiation-induced DNA damage due to its capacity for scavenging 

free radicals, which reduce the platinum moiety from Pt(II) to Pt (I) and 

stabilize otherwise repairable sub-lethal DNA damage (Dewit, 1987). 

3. Radiation enhances the uptake and binding of platinum drugs to DNA (L. X. 

Yang, Douple, & Wang, 1995). Formation of toxic platinum adducts is 

augmented in the presence of free radicals induced by radiation. Another 

study also showed that very low energy electron can cleave the Pt-Cl bond of 

cisplatin leading to its activated intermediate (Kopyra, Koenig-Lehmann, Bald, 

& Illenberger, 2009). 

4. Direct radiation sensitization by platinum drugs. 

Radiation exerts its cytotoxic effect mainly by attacking the DNA through 

direct action, which ionizes and excites the DNA and indirect action, which 

ejects via ionization of the surrounding medium,  ions and electrons that form 

free radicals; these latter further interact with DNA to cause damage (Hall, 

1988). The majority of secondary electrons from primary ionization events in 

liquid water have energies below 100 eV with the most probable energy at 

around 9-10 eV (Pimblott & LaVerne, 2007). Upon incorporation of a 

platinum drug into DNA, radiation induced cell death can be directly 

enhanced. Sanche and co-workers have demonstrated increased base damage 

by hydrated electrons and increased yields of SSBs and DSBs  when  dry, 

plasmid DNA  containing chemically bounding platinum drugs are irradiated 

with 10 eV electrons (Behmand, Wagner, Sanche, & Hunting, 2014; Rezaee, 

Hunting, & Sanche, 2013; Zheng, Hunting, Ayotte, & Sanche, 2008). For 

plasmids containing ~ 3000 bp, platination at a level of two platinum DNA 

adducts per plasmid, were sufficient to enhance DSB yields significantly by 

10 eV irradiation; by factors of  2.5, 3.1 and 2.4 for cisplatin, carboplatin, and 

oxaliplatin respectively. Since the dose response curves for DSB by low 

energy electrons in platinated DNA is linear, it was suggested that the 

induction of DSB is a single-hit procedure, which means in the presence of 
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platinum, a single LEE is sufficient to induce a DSB. The DNA bonds are 

broken through core-excited resonance around 10 eV electrons energy and 

shape resonances near zero eV. The actual mechanism of DSB formation by a 

single LEE of ~ 10 eV in unmodified DNA is not established yet, but in the 

presence of platinum, an electron having caused a break on one strand can be 

more easily recaptured in the opposite side of the DNA to form a second 

transient negative ion causing bond dissociation (Li, Cloutier, Sanche, & 

Wagner, 2011). It has also been proposed that after an initial strand break, the 

conversion of supercoiled to circular DNA causes a mechanical stress at the 

weak platinated site, which may lead to a second bond break (Rezaee, 

Hunting, et al., 2013). A more recent study from the Sanche group  proposed 

another mechanism (Figure 8) to explain DSB formation in platinated DNA 

by a single electron of near zero eV energy, by, a process that is completely 

absent in unmodified DNA. When such an electron is captured by the 

cisplatin to form a transient negative ion, the  wave function of the excess 

electron extends with equal magnitude over the dissociative σ* orbitals that lie 

along the two Pt-G bonds that bind cisplatin to the DNA (Figure 8a). The Pt-

G bonds start to elongate with equal momentum which persists even after 

electron transfer onto the Pt site, to cause two simultaneous bond breaks 

(Figure 8b), i.e., (NH3)2PtG2 + e
-
 → [(NH3)2PtG2]

-*
 → [(NH3)2Pt]

-
 + 2G

•
. 

After dissociation, hydrogen abstraction from an adjacent deoxyribose by a 

guanine radical (Figure 8b) causes dissociation of nearby C-O bonds which 

lead DSB (Figure 8c) (Bao, Chen, & Zheng, 2014). 
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Figure 8. Schematic description of a possible mechanism of DSB formation in the 

presence of cisplatin induced by a single low energy electron.  

Reprinted with permission from (Bao et al., 2014). 

The radiosensitization properties of platinum drugs were also demonstrated by 

Tippayamontri T. in vitro and in vivo (T Tippayamontri & Kotb, 2013; Thititip 

Tippayamontri, Kotb, Paquette, & Sanche, 2012, 2014). Her studies as well as M. 

Rezaee’s  also demonstrated that the higher DNA bound platinum when irradiation 

was performed, the higher combinational radiation effect could be taken out (Rezaee, 

Hunting, et al., 2013).  

 

Barriers in the brain 

The blood-brain barrier is a highly selective permeability barrier that protects the 

brain from harmful chemicals by separating the brain from circulating blood. It is 
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composed of endothelial cells of a blood vessel and their tight junctions, astrocytes, 

and pericytes (Figure 9). The endothelial cells form a continuous layer connected by 

tight junctions and lacking any fenestrations. Astrocytic “feet” surrounds > 95% of 

the endothelium (Pardridge, 1991).  Pericytes that can contract to regulate the blood 

flow, are capable of the phagocytosis of cell debris, and regulate the permeability of 

blood-brain barrier (BBB) (Pardridge, 1991).  Besides these structural components, 

transporters for efflux of toxic metabolites also serve to protect the brain. For 

example, the p-glycoprotein (Pgp) efflux pump exports some toxic drug efflux 

(Figure 9) (Abbott, Rönnbäck, & Hansson, 2006; Bart et al., 2000; De Boer & 

Breimer, 1994; Régina et al., 2001). Nutritional substances can also pass through the 

BBB via specific transporters. The functions of BBB fall into three categories (H. 

Engelhard & Valyi-Nagy, 2006): 

i. The BBB limits the free exchange of even small molecules to protect the brain 

and provide the brain and central nervous system (CNS) with an optimal 

environment. This is because even common species such as potassium, 

glycine, and glutamate are toxic for the brain at usual serum concentrations. 

Fluctuations in the ionic composition of the extracellular milieu of the brain 

can also disturb the synaptic and axonal signaling (Cserr & Bundgaard, 1984). 

ii. Transport by energy-dependent transporters of specific essential substances. 

For example, glucose transporter 1 (GLUT1) that transports glucose; amino 

acid carriers such as L-type amino acid transporter 1 (LAT1); nucleoside and 

nucleobase transporters. 

iii. Efflux transport of toxic substances from the CNS to the blood, and 

metabolize certain substances from the blood. Na
+
-dependent transporters 

such as excitatory amino acid transporters 1-3 (EAAT1-3) are specialized for 

moving solutes out of the brain.  

However, the BBB is absent in the circumventricular organs (median eminence, 

pituitary, lamina terminalis, subfornical organ, pineal glands, area postrema). 
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Figure 9. The composition of the BBB. 

The BBB is formed by the tight junctions of the endothelial cells, astrocytic 

perivascular endfeet, pericytes. a. Some of the transporters on the BBB. GLUT1, 

glucose transporter 1; LAT1 L-type amino acid transporter 1; Pgp, P-glycoprotein; 

EAAT1–3, excitatory amino acid transporters 1–3  

Reprinted with permission from (Abbott et al., 2006). 

An additional interface between the CNS and circulatory system is the blood-

cerebrospinal fluid (CSF) barrier. It has 1/5000
th

 the surface coverage of the BBB and 

only exists at the choroid plexus and the subarachnoid space. The choroid plexus 

epithelial cells also connect to each other with tight junction, which as well plays a 

role in maintaining a regulated and stable environment for the brain (Lee, Dallas, 

Hong, & Bendayan, 2001).  

The ependymal lining is another barrier in the brain, also called the brain-CSF barrier. 

It resembles the renal tubular epithelium.  
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The capillary endothelium within brain tumor is different from that within the normal 

brain. Thus, the barrier within brain tumor is called the blood-tumor barrier. Light 

and electron microscopic studies of the structure of the barrier show that gaps exist in 

the basal lamina and that there was no astrocytic feet (H. Engelhard, 2000). The study 

of Blanchette et al showed that the permeability of the blood-tumor barrier is also 

related to the size of molecules (Blanchette, Tremblay, Lepage, & Fortin, 2014). 

Claudins and occludin are tight junction proteins. Alterations in these proteins have 

also been indicated in the blood-tumor barrier (DeVries, Montagne, Dijkstra, & van 

der Valk, 2004). Therefore, the BBB permeability is affected by tumor cells by two 

ways: 

i. Directly through mechanical interference of the BBB and infiltration of the 

tumor cells to the BBB. 

ii. Indirect mechanism through “permeability factors” such as vascular 

endothelial growth factor (VEGF), degradation products of cell membrane 

phospholipids, prostaglandin E, thromboxane B2, urokinase, matrix 

metalloproteinases, cathepsin B (H. Engelhard, 2000; Risau, 1994).  

Convection enhanced delivery (CED) 

The effectiveness of chemotherapy can be limited due to low levels of drug 

accumulation in a brain tumor, even in the presence of a compromised BBB such as 

that encountered in brain tumors. The interstitial fluid pressures can be more than 50 

mmHg in peritumoral areas, while they are only 2 mmHg in a normal brain. Such 

high pressure differences reduce the diffusion of drugs into tumoral area (Muldoon et 

al., 2007). Moreover, due to the infiltrative growth pattern of GBM and its use of 

existing brain vasculatures, the BBB can be intact in the infiltrative area of GBM 

(Muldoon et al., 2007). Thus, drug accumulation in a brain tumor is significantly 

limited.  

Different routes of drug delivery have been assessed in an attempt to increase the 

brain tumor accumulation.  In a study by Charest G, et al., the drug tumoral uptake of 

various platinum compounds, in different forms and via different delivery routes: 
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intravenous (i.v.), intra-arterial (i.a.) and i.a. with BBB disruption (BBBD) were 

compared (Charest, Sanche, Fortin, Mathieu, & Paquette, 2013). The authors 

concluded that i.a. with BBBD resulted in higher tumoral uptake than did i.a., and i.a. 

allowed higher tumoral uptake than did i.v.. Alternative route of delivery use local 

administration of drugs directly to the tumor to overcome the limitations of systemic 

administration where brain tumor accumulation is dependent on the permeability of 

BBB and blood flow. Such routes of delivery include microinfusion, polymer 

delivery systems, and CED, among others (Bobo et al., 1994; Guerin, Olivi, Weingart, 

Lawson, & Brem, 2004; Kroin & Penn, 1982; Morrison & Dedrick, 1986; Raza et al., 

2005).  

In traditional local drug administration via techniques such as microinfusion and 

polymer delivery systems, drug distribution into tissue depends entirely upon 

diffusion, which means the drug distributes from high to low concentration. Thus, the 

drug distribution in tissue exhibits its highest concentration at the point of injection 

and decreases exponentially outward the injection point. The diffusion of these 

techniques is based on two parameters, concentration gradient and diffusivity of the 

compound. However, these techniques severely limit the distribution of many high 

molecular weight compounds such as neurophic factors, antibodies, growth factors, 

enzymes, pharmaceutical vectors (Allard, Passirani, & Benoit, 2009; R K Jain, 1989).  

In contrast, the distribution of large and small molecules can be enhanced when using 

convection positive pressure to supplement simple diffusion (Bobo et al., 1994). CED 

is defined as a direct and continuous injection of a therapeutic fluid agent utilizing 

positive pressure to achieve the delivery of a drug throughout a clinically significant 

volume of solid tissue (Bobo et al., 1994). The distribution of drugs within tissue 

interstitial spaces is achieved via two principle mechanisms: pressure gradient and 

diffusion gradient. Because CED is mainly dependent of pressure gradient, the 

distribution of drug by CED is less dependent of molecular weight and higher drug 

concentrations over greater distances with more abrupt cut-off (i.e., more uniform 

drug distributions) are obtainable 

The ideal CED procedure for tumor treatment should meet the following criteria: 
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i. Minimize the backflow of infusate along the catheter shaft. 

ii. Maximize coverage of the tumor with the therapeutic agent while minimizing 

coverage of normal tissue. 

iii. Minimize the infusion time while avoiding tissue damage from high infusion 

pressures, since longer infusion times will expose the patient to higher 

chances of infection and discomfort.   

To meet the above mentioned criteria, various strategies have been employed.  

i. Catheter design: different catheter design have been proposed to reduce the 

reflux of the infusate back from the catheter and to increase the convection 

volume (Figure 10) (Debinski & Tatter, 2009). 

 

Figure 10. Schema of different design of catheters for CED. OPC: One port catheter; 

SDC: Stepped-design catheter; MPC: Multiple ports catheter; HFC: Hollow fiber 

catheter; BTC: Balloon-tipped catheter  

a. One port catheter: OPC is the simplest catheter for CED, it consists of 

a cannula with one port at the end of the tip. This catheter has been 

well studied in gel and widely used in animal studies (Degen, 
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Walbridge, Vortmeyer, Oldfield, & Lonser, 2003; Lonser et al., 2002; 

Morrison, Chen, Chadwick, Lonser, & Oldfield, 1999). The 

computational study of catheter size and reflux from Morrison and his 

colleagues showed that reflux decreased as the diameter of the needle 

decreased (Morrison et al., 1999). Experimental demonstrations of this 

principal in gel and in rats were also carried out, similar results were 

obtained (Chen, Lonser, Morrison, Governale, & Oldfield, 1999; 

Krauze, Saito, et al., 2005). Wider needles induced higher tissue 

resistivity, and lowered the resistance pathway in the shaft of the 

needle. Thus, to prevent reflux within this catheter, 30 Ga or less was 

usually chosen with a flow rate of only 0.5 µl/min (Biston et al., 2004; 

Rousseau et al., 2007). 

b. Stepped-design catheter: M. T. Krauze and his colleagues designed a 

stepped cannula to reduce the reflux. In their first model, a silica tube 

with a diameter similar to 32 gauge needle was glued inside a 27-

gauge needle to create the simple step-design cannula. The design was 

later refined with 4 steps instead of 2 steps (Krauze, Forsayeth, Yin, & 

Bankiewicz, 2009). Compared to a simple 32 gauge needle, the step-

design cannula was able to increase the reflux-free flow rate from 5 

µl/min to 50 µl/min in agarose gel. Similar results were obtained in rat 

brain with no reflux observed below 50 µl/min with the step-design 

cannula, whereas a maximum flow rate of 0.5 µl/min was observed 

with 32 gauge needle (Degen et al., 2003; Krauze, Saito, et al., 2005; 

Morrison et al., 1999).   

c. Multiple ports catheter: Another important catheter design of is the 

multiple pores design, which has five pores of 0.2 mm diameter  on 

opposite sides of the catheter tip (Linninger, Somayaji, Mekarski, & 

Zhang, 2008). Using computational method, Linninger and his 

colleagues were able to predict the drug distribution from the multiple 

pores design in the caudate nucleus, and to show that this design 

increased the volume of distribution by 26% as well as decreasing the 
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tissue stress in the vicinity of the infusion point. However, an 

experimental study with this type of catheter in gel has shown that the 

infusate can only be released from the proximal pores leaving the rest 

of the pores useless (Raghavan et al., 2006). 

d. Hollow fiber catheter: The hollow fiber catheter has millions of 

nanoscale pores (450 nm) along the catheter. It was designed to 

increase the surface area of direct attachment to the nearby tissues and 

to produce a greater volume of distribution (Seunguk et al., 2007). 

Seunguk and his colleagues designed this catheter with a 3 mm long 

hollow fiber, and they compared the distribution of dye infused with 

this catheter to that from a one port catheter in brain tissue. The 

distribution volume of dye with the HFC catheter was 2.7 times that 

obtained with OPC. However, for human applications, longer catheters 

will be required, and the physical characteristics of the drug 

distribution they produce may change. Thus, further studies are 

required. 

e. Balloon-tipped catheter: In clinical settings, tumor resection is usually 

performed before the administration of chemotherapy. A cavity is left, 

which makes the administration of a chemotherapeutic agent by CED 

complex. Reflux is predicted with traditional catheters and so a 

balloon-tipped catheter was designed, which has an inflatable balloon 

attached to the tip of the catheter. The inflatable balloon will fill the 

resection cavity and thus reduce reflux (Olson, Zhang, Dillehay, & 

Stubbs, 2008)(Tatter et al., 2003). 

ii. Rate of infusion: The rate of infusion can affect the volume of distribution and 

the possibility of reflux. When the rate of infusion is low, the volume of 

distribution will be small; when the rate of infusion is too high, reflux could 

become significant and the damage to the tissue due to direct high flow 

pressure can also be induced (Chen et al., 1999)(Krauze, Saito, et al., 2005).  

a. Reflux: The rate of infusion should be between 0.5 µl/min to 5 µl/min 

to create convection (Bobo et al., 1994; Morrison, Laske, Bobo, 
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Oldfield, & Dedrick, 1994). However, 5 µl/min is high enough to 

cause tissue damage induced by flow pressure. Moreover the infusion 

rate of 4 µl/min used in cat brain and described in Bobo’s study is not 

suitable for use in rat brain where the gray matter has increased 

resistance; back flow was observed and the drug unable to infuse. 

Consequently, the rate of infusion should be adjusted according to the 

animal model and the tumor type (Kroll, Pagel, Muldoon, Roman-

Goldstein, & Neuwelt, 1996). In rodent studies, 0.5 µl/min is usually 

chosen to prevent reflux and avoid direct tissue damage (Biston et al., 

2004; Rousseau et al., 2007). With the help of a reflux free catheter, 

the reflux free infusion rate can be increased to 5 µl/min (Krauze, 

Saito, et al., 2005). 

b. Distribution volume: In a human study, at a fixed infusion rate, the 

smaller the needle, the greater the distribution volume, due to the 

higher velocity in the tip of the small needle than the bigger one 

(Linninger et al., 2008). 

iii. Infusion volume: The infusion volume and the distribution volume are 

linearly related linear relationship, as has been studied in different species 

(Bobo et al., 1994; Croteau et al., 2005; Dickinson et al., 2008; Prabhu et al., 

1998; Sampson, Brady, et al., 2007; Sampson, Raghavan, et al., 2007; 

Sandberg, Edgar, & Souweidane, 2002). 

iv. Brain topography: Gray matter is mainly composed of neuronal somas, 

neuropil, and glial cells. Diffusion in the gray matter is almost the same in all 

directions, thus, gray matter has low conductivity and diffusion within it is 

considered isotropic (Kroll et al., 1996). White matter mainly consists of glial 

cells and axons. These axons are nerve fibers that transport signals from one 

part of the brain to another, or to the spinal cord. The diffusion in the white 

matter is preferentially along the direction of these fibers. Thus, white matter 

has high conductivity while drug diffusion  is considered as highly anisotropic 

(Bobo et al., 1994; Laske, Morrison, et al., 1997; Lonser et al., 2002). In the 

tumor, the structure differs from that of gray or white matter. Typically, 
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density in the brain tumor varies, the structure is usually disorganized, and the 

interstitial fluid pressure is higher in intracranial tumors than in normal brain 

(Vavra et al., 2004). MRI was used to monitor the distribution of liposomes 

loaded with Gadolinium in rat C6 glioma and 9L-2 glioma models. In the 

heterogeneous C6 glioma, the liposomes were irregularly diffused to the 

periphery of the tumor. The liposomes were infused to the more homogenous 

9L-2 glioma, the whole tumor was covered by liposomes. Thus, the 

distribution of infusate in the brain tumor depends on the texture and 

organization of the tumor (Mamot et al., 2004; Saito et al., 2004). 

v. The properties of infusate: diffusivity of the infusate is also dependent on the 

physicochemical properties of the infusate (Raghavan et al., 2006). This is 

described in detail in the section “CED of liposomal drugs”. 

Computational prediction of distribution: In clinical setting, the tumor size, location, 

and tumor tissue texture are highly individual and vary from patient to patient. 

Interstitial fluid pressure (IFP) in tumor is higher than normal brain tissue. (Rakesh K. 

Jain, Tong, & Munn, 2007) Thus and as with radiotherapy planning before the 

radiotherapy treatment, personalized planning of attainable CED distributions should 

be made before the start of any CED treatment as.  For this purpose, BrainLAB AG 

(Feldkirchen, Germany) developed iPlan
®

 Flow software for planning the catheter 

placement and predicted distribution of the infusate. The software has been approved 

by FDA. The phase III PRECISE trial of CED of  IL13-PE38QQR has failed 

(Sandeep Kunwar et al., 2010). Further study of the cause of failure showed that the 

coverage of the 2-cm penumbra area was only 20.1% on average when generated on 

iPlan
®
 Flow software. These findings strengthened the application of planning 

software before the CED treatment (Sampson et al., 2010). 
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CED of platinum-drugs 

CED of cisplatin, carboplatin, and oxaliplatin in glioma bearing rats were studied by 

various groups (Barth et al., 2011; Biston et al., 2004; Degen et al., 2003; Rousseau et 

al., 2007, 2010; Rousseau, Barth, Moeschberger, & Elleaume, 2009; Tange, Kondo, 

et al., 2009; W. Yang et al., 2011, 2014). A table listing the previous publications on 

the CED of platinum-drugs to treat glioma has been created ( 

 

 

 

Table 1). However, due to differences in study design, tumor model and inconsistent 

doses of infusion, the effectiveness of these drugs delivered by CED is not clear. 

Moreover, the effectiveness of CED of these drugs cannot be compared to other 

routes of delivery. 

 

 

 

 

Table 1. Preclinical studies of CED of platinum-drugs 

Reference and animal 

model 

Drug Infused platinum 

drug dose 

MeST 

(Degen et al., 2003) 

Fischer rats 9L 

gliosarcoma 

Carboplatin Control 18 d  

40 µg 75% 120 d, 25% 19 d 

(Biston et al., 2004) 

Fischer rats F98 glioma 

Cisplatin Control 26 d 

3 µg 37 d 

78.8 keV 15 Gy 48 d 

+78.8 keV 15 Gy 206 d 

(Rousseau et al., 2007) 

Fischer rats F98 glioma 

Carboplatin Control 30 d 

20 µg  45 d  

40 µg  32 d  

100 µg  26 d  

40 µg (small tumor) 33 d  

6 MV 8 Gy * 3 42 d  

+ 6 MV 8 Gy * 3 79 d  

80 keV 8 Gy * 3 51 d  

+ 80 keV 8 Gy * 3 60 d  

(Rousseau et al., 2009) 

Fischer rats F98 glioma 

Carboplatin  Control 24 d 

72 µg Alzet 82 d 

78.8 keV 15 Gy 39 d 

Dextrose + 78.8 keV 31 d 
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15 Gy 

72 µg Alzet 30 d 

78.8 keV 15 Gy 45 d 

+ 78.8 keV 15 Gy 195 d 

(Tange, Kondo, et al., 

2009) 

Fischer rats 9 L 

gliosarcoma 

 

Carboplatin Control 26 d 

5 µg Alzet 29 d 

30 µg Alzet 32 d 

151 µg Alzet 37 d, 42 d, 3 rats >100 

d 

Oxaliplatin 67 µg  Alzet 32 d 

(Kondo et al., 2009) 

Fischer rats 9L 

gliosarcoma 

Carboplatin Control 29 d 

20 µg 35 d 

40 µg 60 d 

(Tange, Miyazaki, et al., 

2009) 

Fischer rats 9 L 

gliosarcoma 

Carboplatin Control 30.5 d 

16.8 µg Alzet 33 d 

168 µg Alzet 60 d 

(Rousseau et al., 2010) 

Fischer rats F98 Glioma 

Cisplatin Control 25 d 

6 µg 32 d 

6 MV 15 Gy 37 d 

+ 6 MV 15 Gy 48 d 

78.8 keV 15 Gy 45 d 

+ 78.8 keV 15 Gy 56 d 

(W. Yang et al., 2011) 

(Barth et al., 2011) 

Fischer rats F98 glioma 

Carboplatin Control 23 d 

6 MV 5 Gy *3 32 d  

20 µg CED 46 d  

+ 6 MV 5 Gy *3 58 d  

84 µg Alzet 59 d  

+ 6 MV 5 Gy *3 (big 

tumor) 

78 d  

20 µg CED (big 

tumor) 

34 d  

6 MV 5 Gy *3 (big 

tumor) 

29 d  

(W. Yang et al., 2014) 

Fischer rats F98 glioma 

Carboplatin Control 25 d 

6 MV 7.5 Gy * 2 30 d  

20 μg 43 d  

+ 6 MV 7.5 Gy * 2 (6 

h later) 

48 d  

+ 6 MV 7.5 Gy * 2 54.5 d  

+ 6 MV 7.5 Gy * 2 

(small tumor) 

49 d  

84 μg Alzet + 6 MV 

7.5 Gy * 2 (small 

tumor) 

62 d  

(N. U. Barua et al., Carboplatin d1 0.79 mg 1 mo.: improved 
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2013) 

Human Diffuse intrinsic 

pontine glioma (DIPG) 

d2 0.81 mg 

d3 0.80 mg 

d8 1.61 mg 

d9 2.56 mg 

alertness, interaction, 

left arm function. 

Evidence of worsening 

axial stability. Follow-

up T2-weighted MRI 

revealed areas of 

increased signal 

change throughout the 

volume of infusate 

distribution. 

Died 2 month later. 

(Neil U Barua et al., 

2014) 

Human Recurrent GBM 

Carboplatin d1 5 mg 

d2 5 mg 

d3 stopped after 2 h 

4 wks later 

6.7 mg/d for 3 d 

Died 8 months after 

CED  

Alzet: ALZET
®
 Osmotic Pumps 

CED of liposomal drugs 

Liposomes are double lipid membranes enclosed vesicles ranging in size from 20 

nanometers to a few micrometers (Martin & Heath, 1990). Liposomes have an 

aqueous core into which drugs can be loaded. Liposome provides many advantages 

over free drugs. 

i. Their size, charge and other surface properties can be easily modified (Torchilin, 

2005). Liposomal formulations can thus reduce drugs-cell interactions and hence 

increase the distribution volume and reduce the toxicity. They can further 

increase retention time. It has been hypothesized that the longer survival 

observed with liposome encapsulation is due to increased retention times that 

slow the release of the drug from the tumor site. 

ii. Peptides, antibodies, and targeting molecules can be attached to the liposome, 

enabling them  to deliver a drug to designated targets (Peer et al., 2007). 

iii. Liposomes can protect drugs from degradation. When delivered by CED, 

liposomal formulations are retained within the tumor site for longer times 

compared to free drugs (Saito, Krauze, Noble, Drummond, et al., 2006). The area 

under the concentration-time curve is increased, and longer survival time could 

also be observed. 
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iv. With the co-encapsulation of a contrast agent, liposomes can serve as a tracer for 

the infusate (Foley, Nishimura, Neeves, Schaffer, & Olbricht, 2012; Krauze, 

Forsayeth, Park, & Bankiewicz, 2006; Krauze et al., 2009; Krauze, Mcknight, et 

al., 2005; Mackay, Deen, & Szoka, 2005; Mamot et al., 2004; Saito et al., 2005).  

v. Reduction of toxic side effects. Liposomal formulations of cisplatin and 

oxaliplatin were shown to have lower systemic toxicity when delivered by i.v. 

injection, due to their longer systemic circulation time (Boulikas et al., 2007; 

Boulikas, 2004). Lower toxicity from these liposomal drugs were observed in a 

brain tumor model, when delivered by the i.a. route (Charest, Sanche, Fortin, 

Mathieu, & Paquette, 2011).  

Thus, liposomes, (as well as other nanocarriers) were chosen as cargo loaders in 

CED procedures. When applying liposomes to CED, several points should be 

considered.  

i. Physical size of liposomes: CED is a process where the infusate infiltrates into 

cell interstices and into the perivascular space. The coverage of the infusate 

should ideally encompass the whole tumor. To that purpose, the size of the 

liposomes should not greatly exceed the size of the above mentioned spaces. The 

diameter of extracellular spaces within the adult rat neocortex was assessed to be 

in the range 35 nm to 64 nm (Thorne & Nicholson, 2006). Thus in principle, the 

diameter of liposomes should be smaller. A more practical study by J. A. Mackay 

and his colleagues, analyzed the distribution of different size liposomes in the rat 

brain (Mackay et al., 2005). Liposomes of diameters, 40 nm, 80 nm and 200 nm 

were prepared and infused in the rat brain. No difference in penetration distance 

was observed for the 40 and 80 nm liposomes, while 200 nm liposomes were 

found to penetrate less than the 80 nm liposomes. A threshold for effective 

penetration was thus observed at diameters between 80 nm and 200 nm in that 

study. The authors suggested that the ideal diameter of liposome for CED should 

be less than 100 nm. The difference between the theoretical diameter and that 

determined experimentally may relate to deformability of liposomes, whereby 80 
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nm diameter liposomes may penetrate in spaces smaller than their own size, in a 

manner similar to erythrocytes.  

ii. Surface properties: the diffusion volume of the infusate by CED can be affected 

by the surface properties of the liposomes. 

a. Charge: The surface of the cell is negatively charged due to the negatively 

charged lipids within the bi-layer membrane (Pekker & Shneider, 2014). 

Therefore theoretically, to penetrate in this negatively charged 

environment, liposomes should be either neutral or negatively charged, 

rather than positively charged, to prevent unspecific binding. In the study 

of J. A. Mackay and colleagues, 80 nm of neutral, 10% mol/mol negative, 

and 10% mol/mol cationic liposomes were tested for their penetration. 

Liposomes with 10% mol/mol positively charged liposomes  showed a 

significantly reduced  penetration radius at 50% area under the curve 

(AUC) from 0.79 mm for neutral liposome and 0.74 mm for anionic 

liposome to 0.19 mm (Mackay et al., 2005). A 50-fold increase of binding 

constant for cationic liposomes compared to neutral liposomes was the 

cause of the different diffusion volume. Similar results were obtained in 

2006 by R. Saito and his colleagues (Saito, Krauze, Noble, Tamas, et al., 

2006). In their study, DiIC18 or DiOC18 fluorescence was used to 

visualize the distribution of neutral, 10% mol/mol anionic, and 10% 

mol/mol cationic liposomes. Cationic liposomes demonstrated a 

significant decreased diffusion volume. 

b. Steric coating: In the study by J. A. Mackay and his colleagues, neutral 

liposomes have a diffusion radius at 50% area under the curve (AUC) of 

0.49 mm. When they were coated by 10% mol/mol PEG, the radius at 50% 

AUC increased to 0.79 mm (P = 0.014) (Mackay et al., 2005). In the 

study by R. Saito and his colleagues, 10% mol/mol cationic liposomes 

decreased diffusion volume, but when they were sterically coated by 10% 

mol/mol PEG, to reduce the affinity, the diffusion volume retuned to a 

level similar to that of neutral and anionic liposomes (Saito, Krauze, 

Noble, Tamas, et al., 2006). 
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Objectives of this study  

Overall aim 

To improve the survival of F98 glioma bearing Fisher rats by using CED of 

platinum-based antineoplastic drugs and their liposomal formulations and by  

optimizing the time of radiation after CED to attain the best synergistic effect. All 

studies were performed in vitro with the F98 rat glioma cells, and in vivo with the 

Fisher rat model. 

Specific aims 

1) Optimize the procedure of CED to minimize the reflux and confirm 

the distribution volume of the infusate. 

2) Determine the maximum tolerated dose and survival of F98 glioma 

bearing Fisher rats treated by CED of platinum drugs. 

3) Compare the tumoral uptake of platinum drugs as well as rat survival 

after CED, i.v., i.a., and i.a. + BBBD delivery of platinum drugs.  

4) Optimize the effectiveness of concomitant chemoradiation by 

delivering the radiation at such a time that the amount of platinum-

DNA adducts is highest. 

5) Optimize the liposomal formulation of carboplatin for CED and study 

their antitumor efficiency in F98 glioma bearing Fisher rats.  
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MATERIALS AND METHODS 

Optimization of CED procedure by delivering of colorant in Wistar rats 

A variety of techniques were used to minimize the reflux of the infusate and increase 

the distribution volume in the brain. In general, a burr hole was made with a dental 

drill at 3 mm lateral, 1 mm anterior of the bregma. Infusion was performed with a 15 

µl Hamilton gastight syringe with 33 Ga needle (Hamilton Company, Reno, NV) at 6 

mm deep into the brain. After CED procedure, intra-cardic infusion of 60 ml of 4% 

PFA was performed to evacuate the blood. Then, brain was removed and sliced 

through the injection point in a brain matrix. Specifically, for i) two µl of red colorant 

(Allura Red AC and Erythrosine) was infused immediately after the needle was 

inserted 6 mm deep into the left hemisphere. Immediately after the infusion, needle 

was withdrawn in 1 min. ii) Two µl of green colorant (Tartrazine and Brilliant Blue 

FCF) was infused after 5 min of waiting time in the right hemisphere. After 5 min of 

waiting time, needle was withdrawn in 2 min. iii) Bone wax was applied on the burr 

hole after making the burr hole, and 2 µl or 10 µl of green colorant was infused after 

5 min of waiting time in the right hemisphere; 5 min of waiting time, needle was 

withdrawn in 6 min.  

Verification of the optimized CED procedure 

A burr hole was made with a dental drill at 3 mm lateral, 1 mm anterior of the bregma. 

Bone wax was applied on the burr hole. Infusion was performed with a 15 µl 

Hamilton gastight syringe with 33 Ga needle at 6 mm deep into the brain. After 5 min 

of waiting time, 10 µl of green colorant was infused in the right hemisphere at an 

infusion rate of 0.5 µl/min. Again after 5 min of waiting time, needle was withdrawn 

in 6 min.  
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RESULTS 

 

Figure 11 Determination of the optimal procedure to deliver colorant by CED in 

Wistar rats.  

A) Two µl of red colorant was infused by CED in the left hemisphere. No waiting 

time was given before and after the infusion. Needle was withdrawn in 1 min. Reflux 

was observed starting at 0.3 µl. Two µl of green colorant was infused by CED in the 

right hemisphere. Five min of waiting time was allowed before and after the infusion. 

Needle was withdrawn in 2 min. Reflux was observed starting at 0.25 µl. A drop of 

colorant came out when the needle was fully withdrawn. B) Reflux of green colorant 

seen on the surface of the skull. C) Ten µl of green colorant was infused by CED in 

the right hemisphere; two µl of green colorant was infused in the left hemisphere. 

Five min of waiting time was allowed before and after the infusion. Needle was 

withdrawn in 6 min. and bone wax was applied on the burr hole to increase the 

convection intracranial pressure. No reflux was observed in both 10 µl and 2 µl 

infusion volume. D) No reflux was observed when 10 µl of green colorant was 

infused. 
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Figure 12 Validation of CED of 10 µl green colorant at the predetermined procedure.  

No reflux was observed in (A) and (B), and reflux was observed in (C) only after 4 µl 

of infusion. All of the images showed well distribution of the green colorant with this 

procedure. 
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Article 1 

 

In this chapter, we report our preliminary study regarding the MTD, survival 

study of cisplatin, carboplatin and Lipoplatin™ with or without radiation in F98 

glioma bearing Fischer rats.  

This work is presented in the following article, entitled: “Convection-

enhancement delivery of platinum-based drugs and Lipoplatin™ to optimize the 

concomitant effect with radiotherapy in F98 glioma rat model”, by Minghan Shi, 

David Fortin, Léon Sanche and Benoit Paquette. 

This article is published in Investigational New Drugs, 2015, 33:555-563. 
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Résumé 

Le pronostic pour les patients atteints de glioblastome demeure défavorable avec les 

traitements actuels. Bien que les médicaments à base de platine sont parfois offerts à 

la rechute, leur efficacité dans ce cadre est encore contestée. Dans cette étude, nous 

utilisons une livraison augmentée par convection (CED) pour livrer les médicaments 

à base de platine (cisplatine, carboplatine, et Lipoplatin™ - formulation liposomale 

de cisplatine) directement dans la tumeur de rats atteints de gliome F98 qui ont 

ensuite été traitée avec un rayonnement γ (15 Gy). La procédure de CED a augmenté 

par des facteurs variant entre 17 et 111, la concentration de ces médicaments à base 

de platine dans la tumeur du cerveau par rapport à  intra-veineuse (i.v.), et entre 9 à 

34, par rapport à l'administration intra-artérielle (i.a.). En outre, la CED a conduit à 

une meilleure tolérance systémique aux médicaments de platine par rapport à 

l’injection i.a.. Parmi les médicaments testés, le carboplatine a montré la plus haute 

dose maximale tolérée (MTD). Le traitement par le carboplatine a entraîné le meilleur 

temps médian de survie (38,5 jours), qui a été encore augmentée par l'addition de 

radiothérapie (54,0 jours). Bien que le produit du platine liée à l'ADN étaient plus 

élevés à 4 h après CED de 24 h pour le groupe de carboplatine, la combinaison avec 

la radiothérapie a entraîné une amélioration de survie médiane similaire. Cependant, 

moins de toxicité a été observée chez les animaux irradiés 24 h après la 

chimiothérapie à base de CED. En conclusion, la CED a augmenté l'accumulation de 

médicaments de platine dans la tumeur, réduit la toxicité, et a donné lieu à un temps 

médiane de survie plus élevé. Le meilleur traitement a été obtenu chez les animaux 

traités avec le carboplatine et irradié 24 h plus tard. 

 

Mots-clés: la livraison augmentée par convection, Lipoplatin™, glioblastome, la 

chimiothérapie à base de platine, la radiothérapie, les voies d'administration de 

médicaments 
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Abstract 

The prognosis for patients with glioblastoma remains poor with current treatments. 

Although platinum based drugs are sometimes offered at relapse, their efficacy in this 

setting is still disputed. In this study, we use convection-enhanced delivery (CED) to 

deliver the platinum-based drugs (cisplatin, carboplatin, and Lipoplatin™ 
- liposomal 

formulation of cisplatin) directly into the tumor of F98 glioma-bearing rats that were 

subsequently treated with γ  radiation (15 Gy). CED increased by factors varying 

between 17 and 111, the concentration of these platinum-based drugs in the brain 

tumor compared to intra-venous (i.v.) administration, and by 9- to 34-fold, when 

compared to intra-arterial (i.a.) administration. Furthermore, CED resulted in a better 

systemic tolerance to platinum drugs compared to their i.a. injection. Among the 

drugs tested, carboplatin showed the highest maximum tolerated dose (MTD). 

Treatment with carboplatin resulted in the best median survival time (38.5 days), 

which was further increased by the addition of radiotherapy (54.0 days). Although the 

DNA-bound platinum adduct were higher at 4 h after CED than 24 h for carboplatin 

group, combination with radiotherapy led to similar improvement of MeST. However, 

less toxicity was observed in animals irradiated 24 h after CED-based chemotherapy. 

In conclusion, CED increased the accumulation of platinum drugs in tumor, reduced 

the toxicity, and resulted in a higher median survival time. The best treatment was 

obtained in animals treated with carboplatin and irradiated 24 h later.  

 

Keywords: Convection-enhanced delivery, Lipoplatin™, glioblastoma, platinum-

based chemotherapy, radiation therapy, routes of drug administration 
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Introduction 

Glioblastoma (GBM) is the most aggressive primary brain tumor in adults. The 

prognosis of patients with glioblastomas remains dismal. A substantial number of 

clinical trials involving platinum-based antineoplastic drugs (cisplatin, carboplatin) 

for glioma have been carried out [1–6]. Whereas cisplatin showed no or limited 

improvements in patients with glioblastoma [1, 2], carboplatin, especially delivered 

via an intra-arterial route, has demonstrated the drug’s efficacy to improve median 

survival [3–6]. However, toxicities associated with the systemic administration of 

platinum-based antineoplastic agents were consistently observed. For example, the 

notorious nephrotoxicity, gastrointestinal toxicity were associated with cisplatin [7], 

while carboplatin treatments to myelosuppression and ototoxicity [8].  

 The low anti-tumor efficacy and high systemic toxicity of platinum-based 

antineoplastic drugs may be due to one simple reason: the non-optimal administration 

of platinum-based antineoplastic drugs. The blood-brain barrier limits 

macromolecular and polar molecules, like these platinum-based antineoplastic drugs, 

from entering the tumor sites, resulting in low anti-tumor activity [9]. Therefore, to 

overcome these limitations, convection-enhanced delivery (CED) was developed by 

Dr. R. Hunt Bobo in 1994 [10]. CED allows the delivery of chemotherapy drugs at a 

high concentration, directly into the tumor and thus reduces systemic toxicity [11]. 

In the last decade, the teams of Elleaume and Barth have innovatively and 

extensively studied convection-enhanced delivery (CED) of cisplatin and carboplatin 

in glioma bearing animals. They reported an improvement of median survival time 

(MeST) or even cure of glioma bearing rats when combined with radiation therapy 

[12–17]. Additionally, a phase I clinical trial showed that it was safe and feasible to 

deliver carboplatin by CED to treat glioblastoma [18]. However, due to the large 

diversity of the techniques, animal models, and/or drug dosages used in different 

studies [12, 13, 19, 20], it is unclear if the CED of one particular platinum-based 

antineoplastic agent is better than the others. Moreover, it is paramount to evaluate 

the liposomal formulations of platinum drugs and compare their performance to that 

of free platinum drugs, particularly since it has been reported that liposomal 

chemotherapy drugs delivered by CED have longer retention times in the tumor area, 
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and can further extend survival [21]. Huo T. et al have studied the toxicity of 

Lipoplatin™ delivered by CED in non-tumor bearing rat brain. Acute neurotoxicity 

with haemorrhage was observed [22]. They also showed an acute neurotoxicity with 

cisplatin. However, at a tolerated dose, a significant increase of survival or even cure 

in F98 glioma-bearing Fisher rats were observed when treated with cisplatin [12, 15]. 

These results suggest that the direct injection by CED of platinum drug in brain tumor 

can optimize the treatment by reducing toxicity to healthy brain and increasing the 

anti-tumor effect.  

Because of its inherent delivery mechanistic, CED evidently bears the risks of 

neurotoxicity from direct injection into the brain, when compared to other delivery 

strategies. Furthermore, depending on the infusion volume, nature of the drugs, and 

infusion rate, an injected drug may not always be able to reach the infiltrative 

peripheral area of glioma [23]. Thus, the survival times of glioma bearing rats treated 

with platinum drugs delivered by different administration routes should also be 

compared. In addition, platinum-based antineoplastic drugs have long been 

considered as radiosensitizers. Our previous in vitro and in vivo studies showed that 

the amount of DNA-platinum adducts varies over time, and can be associated with 

the efficiency of chemo-radiation therapy, with the highest yields of DNA-platinum 

adducts conferring the greatest concomitant effect [24, 25]. Consequently, survival 

was also investigated by irradiation at different times after CED. In the present study, 

we thereby evaluated the efficacy CED using cisplatin, carboplatin, or Lipoplatin™, 

with the addition of radiotherapy. The optimal time between injection of the drug and 

irradiation of the tumor that lead to best anti-tumoral effect was also determined.  We 

also compared these results with previous experiments done with i.v., i.a., or BBBD 

delivery of the same agents in F98 glioma-bearing rats.  

 

Methods and Materials 

Chemicals 

Cisplatin and carboplatin were obtained from Hospira (Saint-Laurent, QC). 

Lipoplatin™ (liposomal formulation of cisplatin) was generously provided by Dr. 

Teni Boulikas, (Regulon Inc, Athens, Greece).  
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Cell lines and animal model 

F98 rat glioblastoma cells were used as their infiltrative and radioresistent properties 

are similar to the pattern of human glioblastoma [26]. These cells are also syngeneic 

with Fischer rats. The cell line F98 was purchased from American type culture 

collection (ATCC) and tested negative for the Rat antibody production (RAP) test by 

Charles River Laboratories. Male Fischer rats and Lewis rats weighing from 210 to 

225 g were purchased from Charles River Laboratories International, Inc. 

(Wilmington, MA). The experimental protocol was approved by the institutional 

ethical committee and complied with the regulations of the Canadian Council on 

Animal Care (protocol # 329-13B). 

 

F98 glioblastoma cells implantation in Fischer rats 

The implantation method has been described by Mathieu et al [27]. Briefly, five 

microliter Dulbecco's Modified Eagle Medium (DMEM) without fetal bovine serum 

(FBS) containing 10,000 F98 cells were prepared and implanted into the right caudate 

nucleus (1 mm anterior, 3 mm right of the bregma, and 6 mm deep) of the brain in 5 

min.  

 

CED procedure 

CED was performed 10 days after implantation of F98 cells, at the same injection 

point using a 33 Ga Hamilton syringe (Hamilton Company, Reno, NV). Before 

infusion, the burr was filled with bone wax, and the needle was inserted to a depth of 

6.5 mm, retained there 5 min and then, withdrawn to 6 mm, where drugs were infused 

at an infusion rate of 0.5 µl   µl/min for 20 min. After infusion, the needle was left for 

5 min and then withdrawn during 6 min. This procedure reduced backflow and 

increased convection volume.  

 

Radiotherapy with Gamma Knife 

Depending on the treatment group, either 4 h or 24 h after CED, rats were 

anesthetized and mounted on a home-made frame [28] and treated with 15 Gy of 
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radiation from a Gamma Knife PERFEXION (Elekta Instruments AB, Norcross, 

GA). The Gamma Knife was chosen because of its high precision to irradiate tumors 

implanted in rats. Only a single dose of radiation was delivered to rats with the 

Gamma Knife because it is easier to evaluate the concomitant effect of chemotherapy 

and radiation with a single dose as well as to compare our previous results [29, 30] 

with those reported in the present study.  

 

Drug distribution volume 

CED of a green colorant (10 µl) containing tartrazine and Brilliant Blue FCF was 

performed into the normal brains of Lewis rats to model the distribution of agents 

introduced by CED into healthy tissue. The Lewis rats were used only to optimize the 

CED procedure. Brains were sliced through the injection point, 2 mm before and after 

the injection point and photos were taken. (Fig. 1) The Rat brain and the colorant 

distribution was reconstructed using FIJI software [31].  

 

Maximum tolerated dose 

The maximum tolerated dose (MTD) of cisplatin, carboplatin, and Lipoplatin™ were 

determined via through a traditional 3 + 3 design [32]. Rats were followed for 10 

days after CED, during which observation time, those animals unable to feed or 

groom, or lethargic, were considered to exhibit drug toxicity.  

 

Tissue platinum concentration and DNA-platinum adducts quantification 

Due to the lower survival benefits and similar antitumor mechanism of cisplatin 

relative to carboplatin, only carboplatin was chosen for quantification of DNA-

platinum adducts. It was administered by CED at 10 days after implantation of the 

F98 cells. After periods of 4 h, 24 h, or 48 h, rats were euthanized, their brains were 

extracted, and a 2 mm slice at the injection point was cut by a brain matrix. The 

tumor area and normal brain tissue beside the tumor area were cut and weighed. To 

determine the total platinum concentration in tissue, the tissues were digested as 

described in the section “Drug distribution volume” and platinum quantified by ICP-

MS. The concentration of drug was calculated in µg platinum per g tissue. For DNA-
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platinum adducts quantification, DNA were extracted by the phenol/chloroform 

method [33] and quantified by spectrophotometry. The concentration of drug was 

calculated in ng platinum per µg DNA. 

 

Survival study 

Treatment groups were planned as follows: control (CED of 5% dextrose), 

radiotherapy alone (CED of 5% dextrose plus radiotherapy), chemotherapy alone 

(CED of cisplatin, carboplatin, Lipoplatin™), chemotherapy plus radiotherapy (CED 

of cisplatin, carboplatin, Lipoplatin™ plus radiotherapy). At least 8 rats per group 

were used. The rats’ weight, mobility, coordination, and grooming were monitored 

and assessed on a daily basis. The rats were euthanized when the rats lost more than 

30% of their initial weight or one of the monitored indices reached a score of 1/10. 

After anesthesia, 4% paraformaldehyde (PFA) was infused through intra cardiac. 

Craniotomy was performed to remove the brain that was kept for hematoxylin and 

eosin (H&E) staining.  

 

Statistical analysis 

Two-way ANOVA was used to assess the differences in the amount of DNA-bound 

platinum in different tissues at different time post-CED. Survival study was analyzed 

by Kaplan–Meier survival curves and the significance between groups was analyzed 

by log rank test with GraphPad prism 6, (GraphPad Software, Inc., San Diego, CA). 

A P-value under 0.05 was considered as statistically significant. Outliers of the 

survival data were analyzed using box plots with fences [34], with the following 

calculation: lower inner fence: Q1 - 1.5*IQ, upper inner fence: Q3 + 1.5*IQ (Q1, Q3 

are 25th and 75th percentiles, IQ is interquartile range, equals to (Q3 - Q1)). Data 

smaller than the lower inner fence or larger than the upper inner fence were defined 

as outliers and were removed. 

 

Results 

Validation of CED procedure 
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The CED procedure was optimized and validated using a green colorant as the 

infusate to assess volume distribution within the brain parenchyma. Different infusion 

protocols were compared with respect to diffusion volume and level of backflow. 

Once determined, the optimal infusion protocol, described in the method section, was 

used throughout this study. Distribution of the green colorant into the brain under 

these conditions is shown in (Fig. 1a and b). The green color was uniformly 

distributed around the caudate nucleus area. The distribution volume of 37.7 mm3 

was calculated assuming that the distribution is an ellipsoid with semi-axes lengths a, 

b, and c measured as 1.5 mm, 2 mm, and 3 mm. Mathieu et al [27] have previously 

shown that tumor volume is 15.9 ± 7.0 mm3 at 10 days after inoculation. Thus, the 

distribution volume of the drug is expected to sufficiently cover that of tumor. This 

has been further confirmed by comparing the green color distribution slice (Fig. 1b) 

to H&E slices of brain tumor (Fig. 1c).  

 

Fig. 1 Distribution of green colorant after injection by CED in rat brain. (a) Side view 

and upper view of 3D reconstruction of rat brain and green colorant (red arrow and 

red dot indicate injection point). (b) Distribution of green colorant from the injection 

site 30 min after CED. (c) H&E staining of brain tumor 10 days after inoculation of 

F98 cells.  
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Maximum tolerated dose (MTD) and tumor uptake  

Due to the steep dose-response curve of chemotherapy and the aggressive 

growth pattern of glioblastoma, to achieve a maximum anti-tumor effect, it is 

necessary to employ the highest dose of chemotherapy drugs that avoids intolerable 

toxicity [35]. Thus, MTDs of these drugs administered by CED were evaluated in the 

F98 glioma bearing Fischer rats through a dose escalation protocol. Initial doses were 

chosen with reference to the existing literature [13, 19]. Signs of lethargy, groom or 

feeding cessation, were considered as evidence of intolerable toxicity.  

 

Table 1. MTD of platinum-based agents  

Drugs
a
 MTD 

Cisplatin 7.5 µg 

Lipoplatin
TM

 7.5 µg 

Carboplatin 25 µg 
a
Drugs (10 µL) were administered by CED 

 

As expected, cisplatin showed the highest toxicity (i.e., the lowest MTD) 

(Table 1). However, the toxicity was not reduced by incorporating cisplatin into 

liposomes (Lipoplatin™). Regarding carboplatin, this non-encapsulated drug was 

better tolerated than cisplatin and Lipoplatin™. The neuropathologic evaluation 

showed that Lipoplatin™ induced focal hemorrhage, necrosis, and loss of glial cells 

only in the needle track. (Fig. S3). Similar changes were observed in carboplatin 

treated brains (Fig. S4).  
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Fig. S3 Neuropathologic changes associated with CED of cisplatin or Lipoplatin™ 

(a, b) 19 days after CED of 7.5 µg cisplatin. vacuolization, loss of glial cells. (c-e) 4 

days after CED of 10 µg Lipoplatin™. Focal hemorrhage in the needle track, no 

hemorrhage was observed other than the needle track, necrosis, and vacuolization. (f) 

20 days after CED of 10 µg Lipoplatin™. Focal hemorrhage at tumor peripheral area. 

(g) 16 days after CED of 7.5 µg Lipoplatin™. Focal hemorrhage at the tumor 

peripheral area, vacuolization. 

 



49 

 

    

  

 

Fig. S4 Neuropathologic changes associated with CED of carboplatin. (a, b) 3 days 

after CED of 50 µg carboplatin. Necrosis, vacuolization, loss of glial cells, and focal 

hemorrhage at the needle track. (c-e) 29 days after CED of 25 µg carboplatin. Focal 

hemorrhage and vacuolization were observed. 

 

The concentration of platinum-drugs in the F98 tumor was then determined at 

their respective MTD. CED increased by 17 to 202 times the concentration of these 

platinum-based drugs in brain tumor compared to the concentrations produced via i.v. 

injection, and by 3.6- to 59-fold when compared to the i.a. introduction (Table 2).  

  

Table 2. Tumor uptake of platinum-based drugs  

Drugs Tumor uptake (µg Pt/ g tissue) 

CED i.v.
29

  i.a.
b 29

 i.a. + BBBD
c 29

 

Cisplatin 9.34 ± 5.33 0.45 ± 0.19 1.03 ± 0.24 -- 

Lipoplatin™ 5.56 ± 0.75 0.32 ± 0.03 0.47 ± 0.26 1.55 ± 0.62 

Carboplatin 16.1 ± 2.00 0.15 ± 0.04 0.47 ± 0.24 0.99 ± 0.62 

Concentration of platinum drugs was determined 24 h after their injection by the different 

routes in F98 glioma bearing rats. 

 

MeST of F98 glioma bearing rats after CED administration of platinum drugs 

The MeST was measured in Fischer rats bearing the F98 glioma tumor that were 

treated either with chemotherapy alone or in combination with radiotherapy (Table 3, 

Supplementary material Fig. S1). For the groups receiving chemotherapy alone, CED 
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administrations of all the drugs tested at their respective MTD significantly improve 

the median survival time, relative to the control group.  

 

Table 3. Median survival time of F98 glioma bearing Fischer rats  

Treatment
a
 MST

d
 

(days) 

MeST
e
 

(days) 

Range 

(days) 

P value
f
 

5% Dextrose 22.9 ± 2.1 23.5 19-25  

5% Dextrose + 15 Gy
b
 31.8 ± 5.2 30.0 26-35 P=0.0002 

7.5 µg Cisplatin
c
 36.1 ± 6.6 35.5 25-46 P<0.0001 

7.5 µg Cisplatin + 15 Gy 39.3 ± 4.5 39.0 32-45 P=0.0002 

7.5 µg
 
Lipoplatin™ 27.0 ± 2.0 26.5 25-31 P=0.0004 

25 µg Carboplatin 40.9 ± 6.0 38.5 31-47 P<0.0001 

25 µg Carboplatin + 15 Gy 53.1 ± 9.6 54.0 39-65 P<0.0001 
a
Injection volume = 10 µL.  

b
Radiotherapy was delivered 24 h after chemotherapy. 

c
Drugs were tested at their respective MTD.  

d
Mean Survival Time 

e
Median Survival Time 

f
Compared to 5% Dextrose 

 

 

Fig. S1 Kaplan-Meier survival curve of platinum-based drugs delivered by CED with 

and without 15 Gy of radiation in treating glioma-bearing Fischer rats. 

 

Cisplatin was the most neurotoxic among the drugs tested. Nevertheless, when 

injected by CED at its MTD, cisplatin largely improved the MeST of the Fischer rats 

(35.5 days compared to 23.5 days for the control group). Its therapeutic effect was 

however mostly lost following its incorporation in a liposomal formulation 

(Lipoplatin™) which led to a MeST only 3 days better than the control group.  

Among the drugs tested, carboplatin led to the best improvement in the MeST 

for treated animals, which was 15 days longer than the control group. 
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The MeST was then assessed in animals treated with the platinum drugs plus 

radiation (15 Gy) delivered 24 h post-CED. The effectiveness of Lipoplatin™ plus 

radiation was not assayed because this drug when injected alone, caused only a slight 

increase in the MeST of the animals. Treatment with cisplatin plus radiation, resulted 

in modest improvement of the median survival time, 3.5 days longer than the animal 

groups treated with chemotherapy alone. On the other hand, the addition of radiation 

therapy to carboplatin resulted in a MeST of 54 days, 15.5 days longer than the 

interval observed in the group of animals treated only with carboplatin. 

 

Median survival time and neurotoxicity measured at 4 and 24 h between CED 

and radiotherapy 

The amount of platinum bound to DNA during radiotherapy can greatly affect the 

effectiveness of anti-cancer treatment [36]. This was assessed by measuring the 

accumulation of platinum bound to DNA in tumor and normal brain tissue at 4, 24 

and 48 h post-CED for carboplatin. First, we determined the total amount of platinum 

in the entire tumor, and found that the highest levels for each drug were observed at 4 

h post-CED after which, levels gradually decreased (Fig. 2a). Regarding the normal 

brain tissue, the amount of platinum bound to DNA was smaller and varied much less 

with time (Fig. 2b). 
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Fig. 2 Accumulation of carboplatin in F98 tumor. (a) Kinetic of carboplatin uptake 

after CED in F98 glioma bearing Fischer rats. (b) Quantification of carboplatin bound 

to DNA of F98 tumor and normal brain measured after CED administration. All data 

points are the average of three measurements. 

 

Based on this kinetic study, it was decided to compare median survival times 

when irradiating the brain tumor at 4 and 24 h after CED, which correspond to a 

maximal and lower binding of platinum drugs to DNA, respectively (Table 4). 

However, no significant difference in survival was found for carboplatin group (Table 

4).  

 

Table 4. Survival time and acute toxicity of F98 glioma bearing Fischer rats treated 

with radiotherapy at 4 h or 24 h after CED of platinum-based drugs. 

 dextrose 

+ GK 4 h 

dextrose + 

GK 24 h 

carboplatin 

+ GK 4 h 

carboplatin 

+ GK 24 h 

MeST (days) 30.5 30.0 54.5 54.0 

Number of rats tested 8 8 11 8 

Number of rats manifesting 

symptoms of toxicity 

0 0 4 3 
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Number of rats euthanized 

due to intolerable toxicity 

0 0 3 0 

 

It is noteworthy that a larger number of rats treated with carboplatin showed 

symptoms of acute toxicity when radiotherapy was performed at 4 h after CED 

(Table 4). For the group receiving radiotherapy at 4 h after CED of carboplatin, 4 rats 

manifested symptoms of toxicity, and 3 of them had to be euthanized due to 

intolerable toxicity (such as unable to feed or groom, or lethargic). A delay of 24 h 

between carboplatin injection by CED and tumor irradiation reduced the toxicity. 

Only 3 rats manifested symptoms of toxicity and no rat was euthanized for excessive 

toxicity.  

 

Discussion 

CED drug administration to treat glioma bearing animals has been previously studied 

for some platinum-based antineoplastic drugs [12–17, 19, 20]. However, those studies 

were performed using various CED parameters in different animal model settings, 

and neglected to study any liposomal formulations of the platinum drugs. Therefore, 

it is difficult to compare the relative effectiveness of all platinum compounds 

delivered by CED across different studies. In the present study, cisplatin, carboplatin, 

and Lipoplatin™ were administered by CED in F98 glioma bearing Fischer rats. 

Here, the MeST of the animals after treatment was used to assess the therapeutic 

efficacy and to compare the effectiveness of CED with results previously reported 

with i.v., i.a. and i.a. plus BBBD delivery.  

The toxicity of these drugs was assessed by determining their MTD. The 

lowest MTD (highest toxicity) was obtained with cisplatin, a result in accordance 

with previous studies that also reported its important toxicity in the F98 glioma rat 

model [30]. Nevertheless, when employed at its MTD, cisplatin injected by CED was 

well tolerated by the Fischer rats. More importantly, the second best MeST was 

obtained when cisplatin was combined to radiotherapy. Lipoplatin™, a liposomal 

formation, was specifically designed to reduce the toxicity of cisplatin [37]. Studies 

in the rat model after i.v. injection, confirmed the advantage of this liposomal 
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formulation in reduce the toxicity of cisplatin [37]. This encouraging pre-clinical 

result led to a phase I study treating different cancer types with Lipoplatin™, those 

studies also demonstrated the reduced toxicity of Lipoplatin™ [38]. In our animal 

model of GBM, CED injection directly into the tumor did not demonstrate this 

benefit of Lipoplatin™ since similar MTD were measured for cisplatin and 

Lipoplatin™. On the other hand, Huo T. et al have shown the neurotoxicity of 

Lipoplatin™ when delivered in non-tumor bearing rat brain [22]. In their study, acute 

hemorrhage in the brain was found outside the needle track. In our study, the toxicity 

was assessed in animals bearing tumor and toxicities such as focal hemorrhage and 

necrosis were observed but were limited to the injection site (Fig. S3). Moreover, the 

anticancer efficiency of Lipoplatin™ was lower than cisplatin as a shorter MeST was 

found. These results contrast with those obtained with these two drugs when they 

were injected either by i.v. or i.a. in the same GBM model, as part of another study by 

our group (Table 5, Fig. S2) [29]. A MeST of 17 days was measured in the group 

treated with cisplatin injected i.v., whereas it was only 13 days when an i.a. infusion 

was used. An important toxicity was suspected, as the non-treated group survived 

longer (MeST of 23.5 days). This severe toxicity of cisplatin was diminished by the 

use of its liposomal formulation Lipoplatin™ resulting in a MeST of 24 days for i.v. 

that was further improved to 30 days by i.a. injection (Table 5). In our previous 

studies, we had already observed that carboplatin was well tolerated in the F98 

Fischer rat models when administered either by i.v. or i.a. [29]. This trend continued 

with CED, as its MTD was 3.3-fold higher (less toxic) than that was measured for 

cisplatin. Furthermore, a longer MeST was measured in the treated animals with 

carboplatin, and the best concomitant effect was obtained by combining this platinum 

drug with radiotherapy. This important anti-tumor effects of carboplatin are in 

agreement with those reported in the same animal model by Rousseau et al [13]. Our 

median survival times of rats treated with carboplatin were generally shorter than 

those reported by the teams of Elleaume and Barth. For example, MeST of 45 days 

and 43 days were obtained respectively by Rousseau J. et al [13] and Yang W. et al 

[20], while only 38.5 days was observed in our study when treated with carboplatin. 

The differences may be due to the following reasons. 1) The experimental design for 
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the implantation of cancer cells is different (i.e., we implanted 10, 000 cells and 

started CED at day 10, while in the teams of Elleaume and Barth have implanted 

1,000 cells, with CED usually starting at day 13). 2) The doses of the drugs 

administered were different (i.e., in the study of Rousseau J. et al [13], 20 µg of 

carboplatin was injected (MeST of 55 days), whereas we used 25 µg of carboplatin 

(MeST of 38.5 days)). Their study also showed that 40 µg of carboplatin lead to a 

shorter MeST of 32 days. This suggests that the optimal dose of carboplatin still 

needs to be determined. 3) The end points used to determine the survival of the 

animals are different and subjective. This could lead to a different evaluation of the 

survival time. Nevertheless, their studies and ours lead to the same conclusion that 

CED of carboplatin was efficient to treat glioma bearing Fischer rats. Taken together, 

these results support the view that CED significantly improves the treatment of GBM 

by reducing the systemic toxicity of platinum-based drugs and by increasing their 

anticancer efficacy, relative to results obtained following i.v and i.a. injections. The 

liposomal formulations of cisplatin, which reduced their toxicity when injected by i.v. 

and i.a do not appears useful for the CED procedure. Direct injection of these drugs 

into tumor minimises the unnecessary exposure of normal tissue to these agents. 

Higher efficiency of CED delivered treatments is due to consequent higher tumor 

uptake of platinum drugs. 

 

Table 5. Survival time of F98 glioma bearing Fischer rats treated with platinum-

based drugs through different administration routes 

Drugs 
Median survival time (days) 

CED i.v.
33

  i.a.
b 33

 i.a. + BBBD
c 33

 

5% 

Dextrose 

23.5 22.5 

(P=0.7679)
a
 

22.0 

(P=0.2323) 

27.0 

(P=0.0272) 

5% 

Dextrose + 

15 Gy 

30.0 30.0 (P=0.5355) 36.5 

(P=0.0825) 

36.0 

(P=0.0030) 

Cisplatin 35.5 17.0 (P<0.0001) 13.0 

(P<0.0001) 

-- 

Cisplatin + 

15 Gy 

39.0 -- -- -- 

Lipoplatin
TM

 26.5 24.0 (P=0.0022) 30.0 

(P=0.2310) 

29.0 

(P=0.0979) 

Lipoplatin
TM

 -- 29.0 36.0 33.5 
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+ 15 Gy 

Carboplatin 38.5 23.5 (P<0.0001) 29.5 

(P=0.0011) 

33.5 

(P=0.0078) 

Carboplatin 

+ 15 Gy 

54.0 31.0 (P<0.0001) 46.0 

(P=0.1254) 

36.0 

(P=0.0158) 

a. P values were calculated by comparing to the same treatment but by CED routes of 

delivery. 

b. i.a. delivery through the right carotid artery 

c. BBBD is achieved by infusing of 25% mannitol before i.a. injection of platinum-

based drugs 

 

 

Fig. S2 Kaplan-Meier survival curve of platinum-based drugs delivered by CED and 

compared to other routes of administration in treating glioma bearing Fischer rats 

 

The major anti-tumor effect of platinum-based drugs is associated with the 

production of DNA damage by forming DNA-platinum adducts [39]. A concomitant 

effect is obtained when a tumor is treated with a platinum drug and radiotherapy [24]. 

This radiosensitizing effect was indeed associated with the formation of a larger 

number of DNA single- and double- strand breaks [40] and potentially, other 

damages. It is therefore expected that optimization of the anti-cancer treatment would 

be obtained when the tumor is irradiated at the post-injection time corresponding to 

the maximum accumulation of platinum drugs in the DNA. This hypothesis has been 
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validated in mice bearing HCT116 colorectal tumor. The best tumor growth delay 

was measured when radiotherapy was delivered at the post-injection time 

corresponding to the greatest amount of platinum bound to DNA [25]. On the other 

hand, when drugs are injected by CED in the F98 tumor of rats, the amount of 

carboplatin bound to DNA of the tumor varied less with time. A slow decrease in the 

amount of carboplatin bound to tumor DNA was found between 4 h and 24 h after 

drugs administration. Consequently, their radiosensitizing effects were less affected 

by the post-administration time and similar median survival times were measured, 

and it was easier to reach the concomitance effect with radiotherapy. On the other 

hand, the concomitant effect of platinum drugs with radiation has resulted in less 

neurotoxicity when radiotherapy was performed 24 h after drugs administration. We 

hypothesize that this reduction of neurotoxicity was caused by the lower amount of 

DNA-bound platinum in normal brain tissue found at 24 h post-injection compared to 

4 h post-injection. It is also interesting to note that the amount of carboplatin bound to 

DNA decreased more rapidly with time in normal brain tissues. Therefore, the 

observed lower level of neurotoxicity could be linked to a reduction in the level of 

damage induced by the concomitant treatment of normal brain tissue. Alternatively, 

the CED procedure obviously involves injecting directly in the tumor a certain 

volume of the drug solution thereby increasing volume in the extracellular space, and 

potentially triggering intracranial hypertension; acute cerebral edema caused by 

radiotherapy may be more important after an interval of 4 h than at 24 h. Thus, 

although the amount of DNA-platinum adducts was higher at 4 h after CED, we 

found it was preferable to perform radiotherapy at least 24 h after CED procedure.  

Interestingly, it appears that at 48 h, DNA bound carboplatin increased from at 24 h. 

However, there is no significant difference and carboplatin in the tumor center could 

diffuses to the normal tissue, which could make the normal tissue have a relatively 

stable concentration at 48 h compared to 24 h. 

In humans, tumor sizes are usually much larger than in the rat model used 

here; the CED diffusion volume may not encompass the entire tumor, but rather be 

limited to a smaller volume close to the infusion point. Multiple CED injections 

might be required to reach the periphery and the infiltrative area of tumor. Other 
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factors such as the safety and feasibility of treating the peritumoral area of the brain 

[41], the entry points for catheter placement [42] should be considered. 

 

 

Conclusion 

CED increased the accumulation of platinum drugs in the tumors, reduced the 

toxicity, and resulted in a higher median survival time. The best treatment was 

obtained in animals treated with carboplatin and irradiated 24 h later. Lipoplatin™ 

does not show superior antitumor effect over free platinum drugs when delivered by 

CED in F98 glioma bearing rats.  

 

Supplementary Material 

Supplementary material is available online at Investigational New drugs. 
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ARTICLE 2 

In this chapter, we report our study regarding the MTD, survival study of 

oxaliplatin and Lipoxal™ with or without radiation in F98 glioma bearing Fischer 

rats.  

This work is presented in the following article, entitled: “Convection-

enhancement delivery of liposomal formulation of oxaliplatin shows less toxicity than 

oxaliplatin yet maintains a similar median survival time in F98 glioma-bearing rat 

model”, by Minghan Shi, David Fortin, Benoit Paquette and Léon Sanche. 

This article is published in Investigational New Drugs, 2016. 
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Résumé 

L'efficacité de la chimiothérapie pour le traitement d’une tumeur au cerveau est 

limitée par la faible accumulation de médicaments dans la tumeur après injection i.v.. 

L'administration de médicaments directement dans la tumeur cérébrale par livraison 

augmentée par convection (CED) permet d’atteindre la dose thérapeutique; toutefois, 

la neurotoxicité demeure une préoccupation. Pour surmonter ces limitations, la 

formulation liposomale de l'oxaliplatine, Lipoxal™, a été administrée par CED dans 

une tumeur F98 gliome implanté dans le cerveau du rat Fischer. La dose maximale 

tolérée (MTD) de Lipoxal™ était trois fois supérieure à celle mesurée pour 

l'oxaliplatine, bien que son volume de distribution dans le cerveau a été 

significativement plus grande. Ces résultats confirment que l'encapsulation de 

l'oxaliplatine dans cette formulation liposomale peut abaisser sa neurotoxicité. 

D'autre part, le potentiel anti-cancer du Lipoxal™ n'a pas été compromise. La survie 

médiane (MeST) des rats portant la tumeur F98 traités avec Lipoxal™ ou oxaliplatine 

et administrés par CED était 31 jours pour les deux médicaments, lorsqu'ils sont 

testés à leur MTD respectives, ce qui représente une amélioration de 7,5 jours 

comparativement aux animaux non traités. Lorsque combiné avec la radiothérapie (15 

Gy), le MeST pour l'oxaliplatine et Lipoxal™ a encore été améliorée de 4,0 et 3,0 

jours respectivement. Cependant, l'optimisation de la synchronisation entre CED et la 

radiothérapie peut fournir des avantages supplémentaires. Bien que la radiothérapie 

effectuée 4 ou 24 h post-CED a conduit à la même MeST, les animaux traités à 24 h 

post-CED présentaient beaucoup moins de neurotoxicité. En conclusion, le CED peut 

améliorer significativement le MeST des rats portant d’une tumeur au cerveau 

lorsqu’utilisé seul ou en combinaison avec la radiothérapie. La formulation 

liposomale de l'oxaliplatine, le Lipoxal™, réduit la neurotoxicité tout en maintenant 

son efficacité antitumorale. 

 

 

Mots-clés: La livraison augmentée par convection, Les rats Fischer, Glioblastome,  

Lipoxal ™, Oxaliplatine, La radiothérapie 
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Abstract  

The efficiency of chemotherapy for treating brain tumor is limited by the low 

accumulation of the drugs in tumor after i.v. injection. Direct drug delivery to brain 

tumor by convection-enhanced delivery (CED) can allow a therapeutic dose to be 

reached; however, neurotoxicity remains a concern. To overcome these limitations, 

the liposomal formulation of oxaliplatin, Lipoxal™, was delivered by CED to F98 

glioma implanted in Fischer rat brain. The maximum tolerated dose (MTD) of 

Lipoxal™ was three times higher than measured for oxaliplatin, although its 

distribution volume in brain was significantly larger. These results confirm that 

encapsulation of oxaliplatin in this liposomal formulation can lower its neurotoxicity. 

On the other hand, the anti-cancer potential of Lipoxal™ was not compromised. The 

median survival time (MeST) of F98 glioma-bearing rats treated with Lipoxal™ or 

oxaliplatin delivered by CED was 31 days for both drugs, when tested at the 

respective MTD, which is 7.5 days longer than for untreated animals. When 

combined with radiotherapy (15 Gy), the MeST was further improved by 4.0 and 3.0 

days for oxaliplatin and Lipoxal™, respectively. However, optimization of the timing 

between CED and radiotherapy may provide further benefit. Although radiotherapy 

delivery 4 and 24 h post-CED led to the same MeST, animals treated at 24 h post-

CED presented with significantly less neurotoxicity. In conclusion, CED can 

significantly improve the MeST of rats bearing a brain tumor when used alone or in 

combination with radiotherapy. The liposomal formulation of oxaliplatin, Lipoxal™, 

reduces the neurotoxicity while maintaining its antitumor efficiency. 

 

Keywords: Convection-enhanced delivery, Fischer rats, Glioblastoma, Lipoxal™, 

Oxaliplatin, Radiation therapy 
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Introduction 

Oxaliplatin belongs to a third generation of platinum derivatives. It was developed to 

reduce the toxicity of parental platinum drugs, while maintaining or increasing the 

same antitumor efficiency. It has become one of the first line chemotherapy drugs for 

advance colorectal cancer and it is also being studied in the treatment of other types 

of cancers [1–3]. Several clinical trials have been carried out either using oxaliplatin 

as a single agent or combined with other antineoplastic drugs in the treatment of 

primary brain tumors [4–6]. However, either limited antitumor activities were 

observed or an insufficient number of patients were recruited to further support its 

use in clinic [4–6]. Studies were discontinued due to the dismal results of clinical 

trials. Our previous pre-clinical study also showed that intravenous injection (i.v.) of 

oxaliplatin does not increase the median survival time of F98 glioma-bearing rats [7]. 

This may be due to the presence of the blood-brain barrier (BBB) and impaired 

central nervous system (CNS) delivery, limiting drugs from accumulating in brain 

tumors [8]. In the same study, different platinum drugs were tested with different 

injection routes. Interestingly, higher tumoral accumulation of a drug correlated to the 

route of infusion, and was associated with the median survival time of glioma-bearing 

Fisher rats [7].  

In that respect, convection-enhanced delivery (CED) is a particularly relevant 

strategy, since it allows delivery of high dose of antineoplastic agents directly in the 

tumor volume and maximize its residence for prolonged time [9]. As the platinum 

drugs are cell cycle specific agents, this approach allows for an increase of both the 

concentration and time of exposition, the 2 parameters involved in the area under the 

curve. The teams of Elleaume and Barth have extensively studied the antitumor 

efficiency of cisplatin and carboplatin delivered by CED with and without 

radiotherapy [10–15]; a significant increase in median survival time or even cure of 

the tumor were observed [10–15]. Therefore, it seems appropriate to evaluate the 

antitumor activity of oxaliplatin by this delivery method, despite its potential 

neurotoxicity [16].  

Faced with the possibility that direct tumoral injection of oxaliplatin could 

lead to a worsen neurotoxicity profile, we intended to circumvent this risk by also 
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testing Lipoxal™, the liposomal formulation of oxaliplatin. This formulation was 

developed by Regulon Inc to reduce the toxicity of oxaliplatin. It was found safe 

within a range of dose of 100-250 mg/m
2
 by i.v. in human. Indeed, side effects such 

as mild myelotoxicity, nausea, peripheral neuropathy were only observed at doses of 

300-350 mg/m
2
 [17]. 

Patients with glioblastomas have long benefited from post-operative 

radiotherapy [18]. It remains one of the main components of current glioblastoma 

treatment along with temozolomide chemotherapy [19]. We have recently studied the 

synergy between platinum-derivatives and radiation in glioblastoma cells, human 

colorectal cancer cells and in vivo colorectal tumor bearing nude mice [20–22]. The 

amount of platinum-DNA adducts has a positive correlation to the enhancement of 

the DNA damage by radiation [23]. At the time when the amount of platinum bound 

to the DNA of cancer cells is highest, optimal synergy is obtained between platinum-

drugs and radiotherapy. Therefore, time-based radiotherapy studies of oxaliplatin and 

Lipoxal™ in F98 glioma-bearing rats were also performed with the goal of 

maximizing results of platinum-based chemo-radiation treatment. 

  

Methods and Materials 

Chemicals 

Oxaliplatin was purchased from Sanofi-Aventis (Laval, QC). Lipoxal™ (liposomal 

formulation of oxaliplatin) was generously provided by Dr. Teni Boulikas of Regulon 

Inc, (Athens, Greece).  

 

Cell lines and animal model 

The rat glioblastoma cell line F98 was purchased from American Type Culture 

Collection (ATCC). Male Fischer rats weighing 210 to 225 g were purchased from 

Charles River Laboratories International Inc (Wilmington, MA). The experimental 

animal protocol was approved by the institutional ethical committee and complied 

with the regulations of the Canadian Council on Animal Care (protocol # 329-13B). 
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F98 glioma cell implantation in Fischer rats 

The detailed implantation method has been described elsewhere [24]. Briefly, 5 µl of 

10 000 F98 cells in Dulbecco's Modified Eagle Medium (DMEM) without fetal 

bovine serum (FBS) were injected to a target site corresponding to 1 mm anterior and 

3 mm right of the bregma, to a depth of 6 mm over 5 min.  

 

CED procedure 

Ten days after the implantation of F98 cells, CED procedure was performed with a 33 

Ga Hamilton syringe (Hamilton Company, Reno, NV). Oxaliplatin and Lipoxal™ 

infusions were initiated at the same position as the F98 cell implantation, and done at 

a rate of 0.5 µl/min for 20 min [25]. Before and after infusion, the needle was 

maintained in a stationary position for 5 min and finally slowly withdrawn during 6 

min. This step was performed to reduce the backflow and increase the convection 

volume by maintaining the interstitial pressure. 

 

Maximum tolerated dose (MTD) 

The MTD of oxaliplatin and Lipoxal™ were determined via a traditional 3 + 3 design 

[26].  After CED of platinum drugs, the rats were followed for 10 days; those who 

were unable to feed or groom, presented lethargy or weight loss by more than 30 % 

were considered to exhibit severe drug toxicity. 

 

Drug distribution volume 

Distributions of oxaliplatin and Lipoxal™ in the brain of implanted F98 Fischer rats 

were measured. To that end, the brains were extracted 30 min after CED and then 

sliced using a brain matrix. A 2 mm slice at the injection point was cut into several 

sections. Five sections representing proximal and distal to the target site were chosen 

and digested in a 1:1 mixture of 70 % HNO3 and 30 % H2O2 and their platinum 

content analyzed by inductively coupled plasma mass spectrometry (ICP-MS) 

(ELAN DRC-II, PerkinElmer, Woodbridge, ON). The distribution study was 

triplicated and average of the concentration in each section was mapped back into the 

slide.  
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Assessment of animal survival  

Treatment groups were planned as follows: control (CED of 10 µl 5 % dextrose), 

radiotherapy alone (CED of 10 µl 5 % dextrose plus 15 Gy radiotherapy), 

chemotherapy alone (CED of 10 µl of 1 µg/µl oxaliplatin or 3 µg/µl Lipoxal™) and 

chemotherapy plus radiotherapy (CED of 1 µg/µl oxaliplatin plus 15 Gy radiotherapy 

or 3 µg/µl Lipoxal™ plus 15 Gy radiotherapy) (Fig. S1). Eight rats were included per 

group. The rats were monitored and assessed on a daily basis by the following 

criteria: weight, mobility, coordination, feeding and grooming. When an animal 

presented a loss of more than 30 % of its initial weight or one of the monitored 

indices reached a score of 1/10, it was euthanized. 

 

Fig. S1 Experimental plan for survival studies:  Ten µl of a 1 µg/µl oxaliplatin or 10 

µl of a 3 µg/µl Lipoxal™ were injected via CED. Radiotherapy was performed either 

at 4 or 24 h after CED.  

Tissue platinum concentration and platinum-DNA adduct quantification 

Ten days after F98 cell implantation, 10 µl of 1 µg/µl oxaliplatin or 3 µg/µl 

Lipoxal™ was infused by CED. Four h, 24 h, or 48 h later (3 rats/group), rats were 

anesthetized and 4 % paraformaldehyde was infused by intra-cardiac to evacuate the 

blood. Brains were extracted and a 2 mm thick slice at the injection point was cut 

using a rat brain matrix. The tumor area and the normal brain around tumor were 

collected and weighed. To determine the total platinum concentration, tissues were 

digested and platinum were quantified as described in the section “Drug distribution 

volume”. The tissue platinum concentration was expressed as µg platinum per g 

tissue. For platinum-DNA adduct quantification, DNA were extracted by the 

phenol/chloroform method and quantified by spectrophotometry, whereas platinum 
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was quantified by ICP-MS [27]. The amount of platinum-DNA adducts were 

expressed as ng platinum per µg DNA. 

 

Radiation treatment with a Gamma Knife 

Either 4 or 24 h after CED, rats were treated with 15 Gy of radiation using a Gamma 

Knife PERFEXION (Elekta Instruments AB, Norcross, GA), as described previously 

[25].  

 

Statistical analysis 

Difference of the amount of platinum-DNA adducts at different times post-CED were 

assessed by two-way ANOVA. Survival data were plotted by Kaplan–Meier survival 

curves and the median survival time between groups were analyzed by log-rank test 

with GraphPad prism 6, (GraphPad Software Inc, San Diego, CA). A p value < 0.05 

was considered as statistically significant.  

 

Results 

Determination of MTD and neurotoxicology induced by platinum drugs 

The toxicological profile of oxaliplatin can be significantly improved when it is 

shielded by liposome (Lipoxal™). As measured after delivery by CED, rats can 

tolerate a dose 3-times higher for Lipoxal™ than oxaliplatin. The MTD of Lipoxal™ 

was 30 µg, while the same signs of neurotoxity was observed after injecting 10 µg of 

oxaliplatin. When 30 µg of oxaliplatin was tested, unacceptable neurotoxicity was 

observed. One rat showed weakness in his left front paw and another had general 

touch hypersensitization for one day after the treatment. General signs such as 

reduced frequency of grooming, reduced feeding were also observed. On the third 

day, the rats had lost 12.4 % of initial weight. They were euthanized and their brains 

were extracted.  

Histological analysis of rat’s brain treated at 30 µg of oxaliplatin showed a 

massive edema in the parenchyma, necrosis, vacuolization and focal hemorrhage 

(Fig. 1a); while a less severe and local edema, necrosis and hemorrhage were 

observed at the dose of 10 µg (Fig. 1b-d). 
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On the other hand, when animals were treated with Lipoxal™ at the same 

dose of 30 µg, only mild signs of toxicity such as reduced feeding were induced. A 

milder decrease of weight (4.0 %, p = 0.0045) was recorded at day 3. Histological 

analyses of brains treated with Lipoxal™ showed a necrosis and focal hemorrhage 

but only in the center of the tumor (Fig. 1e), and less edema was observed in the 

normal tissue surrounding the tumor than what was induced by the same dose of 

oxaliplatin (Fig. 1f). Interestingly, less glial cells were presented in normal tissue in 

both the oxaliplatin and Lipoxal™ animals treated at their respective MTD compared 

to untreated rats (Fig. 1d, f).  

 

Fig. 1 Neuropathologic changes upon injection of oxaliplatin or Lipoxal™ by CED. 

Three days after CED of 30 µg oxaliplatin, necrosis, massive edema, and heamorrage 

were observed (a). Three days after CED of 10 µg oxaliplatin, only local edema and 

heamorrage were detected (b). Using a higher magnification (c), focal hemorrhage, 

necrosis can be observed in the tumor site, while loss of glial cells was found in 

normal tissue near the tumor (d). Three days after CED of 30 µg Lipoxal™, focal 

heamorrage, necrosis were detected in the tumor site (e), while in normal tissue near 

the tumor, loss of glial cells was observed (f). 
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Volume of drug distribution  

We determined whether the incorporation of oxaliplatin in a liposomal formulation 

altered its distribution when injected in glioma-bearing rats at their respective MTD. 

Concentrations of these drugs were determined by ICP-MS analysis and their 

distribution was mapped onto the brain slice (oxaliplatin, Fig. 2a; Lipoxal™, Fig. 2b). 

As expected, the drug concentrations were higher at the injection point. Most 

importantly, by comparing H&E brain tumor slices (Fig. 2c) with the drug 

distribution maps (Fig. 2a, b), we found that the distributions of both drugs were 

sufficient to cover the tumor area. On the other hand, drug diffusion in the 

contralateral hemispheres was limited since the concentration of oxaliplatin and 

Lipoxal™ were respectively 84 and 289 times lower (Table S1). 

 

Fig. 2 Distribution of oxaliplatin or Lipoxal™ in the rat brain bearing F98 tumor at 

30 min after injection. Ten µl of 1 µg/µl oxaliplatin (a) or of 3 µg/µl Lipoxal™ (b) 

were infused by CED. H&E staining of brain tumor at 10 days after implantation (c). 

(Reprint permission was obtained for Fig. 2 c). 
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Table S1. Distribution of oxaliplatin or Lipoxal™ in the rat brain bearing F98 tumor 

at 30 min after injection 

Area Oxaliplatin (μg Pt/ g tissue) Lipoxal™ (μg Pt/ g tissue) p value 

Tumor center 91.4 ± 37.0
a
 109.0 ± 30.9 p = 0.5626 

Contralateral area 1.1 ± 1.8 0.4 ± 0.4 p = 0.5428 

Top left area 3.0 ± 2.9 34.0 ± 48.7 p = 0.3318 

Left to tumor center 20.3 ± 16.8 38.3 ± 6.1 p = 0.1557 

Right to tumor center 34.8 ± 17.2 149.0 ± 96.8 p = 0.1144 
a
 standard deviation 

 

In tumor samples corresponding to the injection site, only 1.9 times more 

Lipoxal™ that oxaliplatin was measured, although the amount of injected Lipoxal™ 

corresponding to its MTD was 3 times higher (Table 1). Conversely, in the farthest 

area to the brain tumor, the concentration of Lipoxal™ was 11.5 times more 

important than measured in brain injected with oxaliplatin (Lipoxal™ = 34. 0 µg/g 

tissue; oxaliplatin = 3.0 µg/g tissue) (Fig. 2a, b; Table S1). These results support that 

the distribution volume of Lipoxal™ was much larger than the one of oxaliplatin. 

Median survival time (MeST) of glioma-bearing rats 

 

Table 1. Tumor uptake and median survival time after drug administration by CED 

or i.v. 

Drugs 
Median survival time (days)  Tumor uptake (µg Pt/ g tissue)

b
 

CED i.v.
c
 CED i.v.

 c
 

5 % Dextrose 23.5  22.5    

Oxaliplatin 31.0 (p = 0.0002
a
)  22.0 (p = 0.4813)  14.6 ± 0.8 0.31 ± 0.18 

Lipoxal™ 31.0 (p = 0.0002)  24.0 (p = 0.1634)  27.2 ± 2.7 0.14 ± 0.04 
a
 p values were calculated by comparison to their own control. There is no significant 

difference in survival for the two dextrose delivery routes (p = 0.7679).  
b
 Concentration of platinum drugs was determined 24 h after the injection 

c
 Reference #7, Charest et al 2013. 

 

Oxaliplatin delivered by CED increased the MeST of F98 glioma-bearing rats 

by 7.5 days (p = 0.0002) to 31 days, when compared to rats treated with CED of 

dextrose (Fig. 3a and Table S2). The same MeST was obtained with Lipoxal™, 

supporting that the liposomal formulation did not hamper the overall antitumor effect 

(Fig. 3a and Table S2). When oxaliplatin and Lipoxal™ were combined to 

radiotherapy (15 Gy), the MeST increased by 4 and 3 days respectively (Fig. 3b, c).  
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Kinetic of platinum-DNA adducts and optimized time for radiotherapy 

 

Fig. 3 Kaplan-Meier survival curve of F98 glioma bearing rats treated with 

oxaliplatin or Lipoxal™ with or without radiation and acute toxicity. Oxaliplatin and 

Lipoxal™
  

delivered by CED increased the MeST of F98 glioma bearing rats by 7.5 

days (p = 0.0002) (a). After a radiation dose (15 Gy), the MeST was increased by 4 

days with of oxaliplatin (b) and by 3 days with Lipoxal™ (c). MeST with 

radiotherapy performed at 4 or 24 h after oxaliplatin treatment (d). MeST and acute 

toxicity of F98 glioma bearing Fischer rats treated with radiotherapy at 4 or 24 h after 

CED of platinum-based drugs (e). 

  



75 

 

    

  

Table S2. Median survival time of F98 glioma bearing Fischer rats  

Treatment
a
 MeST (days) Range (days) p value

d
 

5 % Dextrose 23.5 19-25  

5 % Dextrose + 15 Gy
b
 30.0 26-35 p = 0.0002 

10 µg Oxaliplatin 31.0 25-35 p = 0.0002 

10 µg Oxaliplatin + 15 Gy 35.0 32-44 p < 0.0001 

30 µg Lipoxal™ 31.0 28-41 p = 0.0002 

30 µg Lipoxal™ + 15 Gy 34.0 31-46 p = 0.0002 
a 
Injection volume = 10 µl.  

b 
Radiotherapy was delivered 24 h after chemotherapy. 

c 
Drugs were tested at their respective MTD.  

d 
Compared to 5% Dextrose 

 

After CED infusion, the quantity of oxaliplatin and Lipoxal™ in tumor and in 

surrounding normal tissue decreased from 4 to 48 h post-injection (Fig. 4a, b). 

Lipoxal™ shown higher tumoral and normal tissue uptake than oxaliplatin did when 

tested at their respective MTD. The quantity of DNA-bound oxaliplatin in tumor and 

surrounding normal tissue decreased gradually from 4 to 48 h (p < 0.05) (Fig. 4c). 

Conversely, the quantity of DNA-bound Lipoxal™, after an initial decrease between 

4 and 24 h, was followed by a second maximal observed at 48 h post-CED, but only 

in tumor (p < 0.05) (Fig. 4d). At 4 and 48 h after CED, the quantity of Lipoxal™ 

bound to DNA was significantly more important than measured with oxaliplatin. 
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Fig. 4 Quantification of oxaliplatin and Lipoxal™ in F98 tumor and normal tissue. 

Kinetics of oxaliplatin and Lipoxal™ accumulation in tumor (a) and normal tissue 

surrounding the tumor (b) after CED in F98 glioma bearing rats. Quantification of 

DNA-bound oxaliplatin (c) and Lipoxal™ (d) in F98 tumor and normal brain 

measured at different times after CED. All data points are the average of at least three 

measurements. 

 

Based on the significant decrease of DNA-bound oxaliplatin at 24 h relative to 

4 h after CED, impact on the survival of rats irradiated at these time points was 

determined. Although MeST increased by 2 days when radiotherapy was 

administered 4 h after CED compared to 24 h, this difference was not found to be 

significant (p > 0.05) (Fig. 3d, e). Interestingly, animals irradiated 4 h after CED 

presented more signs of toxicities than those irradiated 24 h after CED of oxaliplatin 

(Fig. 3e). Indeed, in the early irradiated group (4 h), rats lost an average 14.7% of 

their weight. In this group of 8 animals, 3 rats showed hypersensitivity and 1 rat had 
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an eye dirt due to reduced grooming. In the late radiotherapy group (24 h post CED), 

no signs of toxicities were observed, except for a 4% reduction in body weight. 

 

Discussion 

Distribution of drugs delivered by CED depends on the nature of drugs and their 

interactions with the brain extracellular environment [28]. Addition of the polymer 

polyethylene glycol (PEG) on the surface of liposomes is expected to reduce the 

binding of liposomes to cells, thus allowing for a greater distribution volume, slow 

release of the loaded drugs, all the while further reducing acute toxicity [29][30]. The 

expected benefits of pegylated liposomes were confirmed in our study since, at the 

same 30 µg of dose, less toxicity related symptoms were observed in rats treated with 

Lipoxal™ than those treated with oxaliplatin. Our results also support that higher 

concentration of Lipoxal™ was distributed outside the tumor volume. Indeed, the 

concentration of Lipoxal™ in the upper left part of brain tissue was more than 11 

times higher than the one of oxaliplatin, although the infusion dose of Lipoxal™ was 

only 3 times that of oxaliplatin. Although it is distributed in a larger volume, the 

MTD of Lipoxal™ was better than that of oxaliplatin. These results corroborate with 

those obtained in other studies, where these drugs were delivered by i.v. [7, 17]. In 

human, the MTD of oxaliplatin was estimated at 200 mg/m
2
 or less, while that of 

Lipoxal™ at 300 mg/m
2
 [31, 32]. It was suggested that pegylated liposomes allow a 

stealthing from macrophages and immune cells in blood circulation increasing the 

circulation time, and reducing the systemic toxicity of the drug [32]. 

The MeST and tumor uptake of oxaliplatin and Lipoxal™ delivered by CED 

were compared with our previously published data on i.v. delivery of these platinium  

drugs using the same animal model in Table 1 [7]. CED of oxaliplatin significantly 

increased the MeST of F98 glioma-bearing rats by 7.5 days, while i.v. administration 

of this same agent did not. This was explained by the drug delivery issue across the 

BBB, resulting to a 47 times higher accumulation of oxaliplatin in the tumor area 

when injected by CED (Table 1). Similarly to oxaliplatin, Lipoxal™ delivered by i.v. 

did not improve the MeST, and tumoral uptake was low [7]; while Lipoxal™ CED 
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allowed to increase by 200-fold its concentration in tumor and increased the MeST by 

7 days. 

Although encouraging, those results are not as good as those we reported with 

carboplatin or cisplatin CED, or those reported by the teams of Elleaume and Barth 

[10–15, 25]. However, due to the differential binding of DNA damage-recognition 

proteins on the DNA platinum adducts and differential replicative bypass [33], 

oxaliplatin do not express the cross-resistance to cisplatin in cisplatin resistant L1210 

subline in vitro and in vivo [34]. Thus, even though it appears less effective in this 

specific glioma model, it remains another viable option for patients with glioma. On 

the other hand, the liposomal formulation of oxaliplatin (Lipoxal™) seems more 

promising than the one of cisplatin (Lipoplatin™). While Lipoxal™ was less toxic 

and shown a similar to antitumor potential than oxaliplatin, the liposomal formulation 

of Lipoplatin™ has hampered the therapeutic effect of cisplatin without reducing its 

toxicity to normal brain tissue [25].  

Several in vitro and in vivo studies have been carried out regarding 

radiosensitization by platinum drugs [20–23, 35]. In particular, Tippayamontri et al 

found that tumor growth retardation was more significant when drug and radiation 

were combined at the time of maximum amount of platinum-DNA adducts formation 

in the cancer cells [22, 35]. For example, tumoral platinum-DNA adducts in 

colorectal tumor bearing mice was highest 48 h after i.v. delivery of oxaliplatin. 

Tumor irradiation at this time point after chemotherapy has resulted in the best anti-

tumor response [22]. Time necessary to reach five-times the initial tumor volume 

(5Td) was 39 days, while that at 24 h post-chemotherapy, when the amount of 

tumoral platinum-DNA adducts was the lowest, was only 23 days [22]. In the present 

study, tumoral platinum-DNA adducts significantly decreased from 4 to 24 h after 

CED delivery of oxaliplatin. Radiotherapy performed at 4 h after CED delivery of 

oxaliplatin slightly increased the MeST compared to radiation performed at 24 h 

after, a difference that did not reach significance. Moreover, the 4 h radiotherapy 

group sustained more toxicity than the 24 h treatment group. This higher toxicity 

could be due to either the higher concomitant effect of CED chemotherapy and 
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radiotherapy or simply because the combined radiation-CED induced edema was 

more prominent at 4 h after than 24 h after radiotherapy.  

The tumor platinum-DNA adducts for Lipoxal™ decreased from 4 to 24 h 

after CED but interestingly bounced back at 48 h after CED. Lipoxal™ interacts with 

cells through two main pathways: fusion and endocytosis [36]. The liposome 

formulation of Lipoxal™ contains 1,2-dipalmitoyl-sn-glycero-3-phosphatidylglycerol 

(DPPG), a fusogenic lipid. It can fuse liposomes to the cell membrane, and directly 

release oxaliplatin to the cytoplasm. This can happen as early as 5 minutes after 

incubation, as shown in a fluorescent-labeled Lipoxal™ study in MCF-7 breast 

cancer cells [36]. This can explain why the 4 h Lipoxal™ group exhibited a high 

amount of platinum-DNA adducts. Subsequently, it is expected that the DNA repair 

system removes the platinum-DNA adducts reducing the level of oxaliplatin bound to 

DNA, as we observed in the 24 h group. On the other hand, Lipoxal™ can also enter 

the cell by endocytosis. The Lipoxal™ is engulfed by the cell membrane and 

processed to endosomes and lysosomes, then released oxalipaltin into the cytoplasm. 

This process takes 4-24 h, thus possibly explaining this biphasic uptake pattern [36]. 

Indeed, after its release in the cytoplasm, oxalipaltin then presumably enters the 

nucleus and causes a second, delayed increase in the amount of platinum-DNA 

adducts at 48 h. The combination of these 2 mechanisms could thereby explain the bi-

phasic increase in the amount of platinum-DNA adducts. 

In conclusions, CED of oxaliplatin or its liposomal formulation Lipoxal™ led 

to higher tumoral accumulation of these drugs than obtained after i.v. delivery, and 

resulted in an increase of the median survival time of F98 glioma-bearing Fisher rats. 

The liposomal encapsulation of oxaliplatin reduced its toxic, while maintaining its 

antitumor potential. 
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ARTICLE 3 

In this chapter, we report our study regarding the MTD, survival study of CED of 

four liposomal formulations of carboplatin with different physicochemical properties 

in F98 glioma bearing Fischer rats.  

This work is presented in the following article, entitled: “Convection-enhanced 

delivery of liposomal formulation of carboplatin significantly increased median 

survival of F98 glioma bearing rats”, by Minghan Shi, Malathi Anantha, Mohamed 

Wehbe, Marcel B. Bally, David Fortin, Benoit Paquette and Léon Sanche. 

This article was submitted to the Nanomedicine: Nanotechnology, Biology and 

Medicine, 2016. 
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Résumé 

L'efficacité des médicaments de chimiothérapie pour traiter le glioblastome est 

entravée par la présence de la barrière hémato-encéphalique (BHE). Livraison 

augmentée par convection (CED) des agents de chimiothérapie fournit un nouvel 

itinéraire pour éviter cette barrière par perfusion tumorale directe. Pour augmenter le 

temps d'exposition du médicament à la tumeur et pour réduire la neuro-toxicité, 

quatre formulations liposomales de carboplatine avec différentes propriétés physico-

chimiques ont été préparés et testés in vitro sur les cellules de gliome F98 et in vivo 

chez des rats Fischer portant F98 gliome. Les liposomes cationiques (L1 et L2) 

étaient plus cytotoxique in vitro et plus toxique chez les animaux, montrant dose 

maximale tolérée (MTD) inférieure, mais étaient moins actifs que le carboplatine 

libre soutenu par la réduction de la survie médian (MeST). En revanche, la 

formulation liposomique anionique pégylée de carboplatine (L4) a montré une 

cytotoxicité réduite in vitro, une MTD augmentée in vivo, et l'augmentation du temps 

de rétention du carboplatine dans le tissu tumoral. Plus important encore, cette 

formulation a réalisé une meilleure MeST que carboplatine libre. 

Mots-clés: La livraison augmentée par convection, liposome, carboplatine, 

glioblastome 
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Abstract 

The efficacy of chemotherapy drugs to treat glioblastoma is hampered by the 

presence of the blood-brain barrier (BBB). Convection-enhanced delivery (CED) of 

chemotherapy agents provides a new route to avoid this barrier by direct tumoral 

infusion. To increase the drug exposure time to tumor and reduce the neuro-toxicity, 

four liposomal carboplatin formulations with different physicochemical properties 

were prepared and tested in vitro on the F98 glioma cells and in vivo in Fischer rats 

bearing F98 glioma. The cationic liposomes (L1 and L2) were more cytotoxic in vitro 

and more toxic in the animals, showing lower maximum-tolerated dose (MTD), but 

were less active than free carboplatin as supported by shorter median survival time 

(MeST). In contrast, anionic pegylated liposomal carboplatin formulation (L4) 

showed reduced in vitro cytotoxicity, increased in vivo MTD, and increased 

carboplatin retention time in the tumor tissue. Most importantly, this formulation 

achieved a better MeST than free carboplatin.  

Key words: Convection-enhanced delivery, liposome, carboplatin, glioblastoma 
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Introduction 

The efficacy of chemotherapeutic drugs for glioblastoma (GBM) is hampered by the 

existance of the blood-brain barrier (BBB).
1
 Systemic delivery with BBB 

disruption
1,2 

and local chemotherapy
3
 are two strategies under investigation and used 

in the clinc to bypass or circumvent the blood-brain barrier. In recent years, 

convection-enhanced delivery (CED)
4
 of chemotherapy drugs for malignant glioma 

treatment has attracted considerable attention.
5–8

 CED of nanoliposomal irinotecan 

has been shown to offer better survival time than vascular delivery of the same drug 

in an intracranial GBM xenografts athymic mice model.
9
 Our research group 

compared CED to other routes of delivery (i.v., i.a., or i.a. plus blood-brain barrier 

disruption) using platinum compounds and showed that CED of free platinum-based 

drugs increased platinum uptake within the tumor and concomitantly improved the 

median survival time of the F98 glioma-bearing Fischer rats.
10,11

 Other groups
12–19 

have also performed animal studies using platinum-based drugs administered by CED 

for  treatment of F98 glioma bearing Fischer rat model. Amongst the platinum tested 

(carboplatin, cisplatin and oxaliplatin), carboplatin was found to produce the lowest 

tissue toxicity while providing the best survival benefits. Additionally, platinum drug 

induced DNA damage under low energy electron radiation was greatest when using 

carboplatin compared to cisplatin, suggesting that carboplatin was the better 

radiosensitzer.
20

 On the basis of these data it can be concluded that carboplatin is the 

best candidate among approved platinum drugs for treatment of brain tumors. 

Further, a protocol of Phase I clinical trial of carboplatin delivered by CED has been 

proposed
21

 and the feasibility of CED delivery of carboplatin has been 

demonstrated.
22

 

Although, it is established that CED increases the uptake of carboplatin in tumor 

tissue, the concentration of free carboplatin in the tumor decreased rapidly: from an 

initial injection concentration of 600 µg/g tissue to 10 µg/g tissue in 24-48 hours.
10

 It 

is reasonable to suggest that an appropriately designed liposomal formulation could 

engender longer retention time in the tumor site and this, in turn, could lead to 

increased survival compared to the free drug.
23–25

 However it is not well understood 
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how liposome size, charge, composition effects distribution volumes (Vd) of the 

infusate.
26–31

 To further investigate how the physicochemical properties of the 

liposomal formulation of carboplatin  influences treatment by CED, four liposomal 

formulations of carboplatin representing different properties were prepared: 1) 

cationic liposomes without pegylation; although they may have limited Vd due to the 

interaction of the positive charge of the liposome to the negatively charged cell 

surface,
32

 this derived formulation showed efficient cellular internalization into F98 

glioma cells;
33

 2) cationic liposomes with pegylation; PEG was added to reduce the 

liposome-cells interaction and potentially increase the Vd;
29,34

 3) anionic liposomes 

without pegylation;
35

 this formulation was designed after we had observed significant 

toxicity of positive charged liposomes, in an attempt to overcome it; 4) anionic 

liposomes with pegylation; once again, this formulation served the purpose of further 

reducing the non-specific interaction between liposomes and extra-cellular space.
29

 In 

the present study, we assessed the in vitro toxicities, in vivo maximum-tolerated dose 

(MTD) and anti-tumor efficacy of these 4 formulations.  

 

Materials and Methods 

Chemicals 

Carboplatin was purchased from (Hospira, Montréal, QC, Canada) and (Hande Tech 

Development Co., Houston, TX, USA). 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 

(DPPC), Cholesterol (Chol), 3ß-[N-(N',N'-dimethylaminoethane)-

carbamoyl]cholesterol hydrochloride (DC-Chol), 1,2-dipalmitoyl-sn-glycero-3-

phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (PEG2000 PE),  1,2-

Distearoyl-sn-Glycero-3-Phosphocholine (DSPC), and 1,2-Distearoyl-sn-Glycero-3- 

[Phospho-rac-(1-glycerol)] (Sodium Salt) (DSPG) were obtained from (Avanti Polar 

Lipids, Inc, Alabaster, AL, USA). N-2-hydroxyethylpiperazine-N-2-ethane-sulphonic 

acid (HEPES), sucrose, G-50 SephadexTM and general chemicals were purchased 

from (Sigma Chemical Company, St. Louis, MI, USA). 
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Preparation of liposomal carboplatin 

Cationic non-pegylated, cationic pegylated, and anionic pegylated liposomal 

formulations of carboplatin were prepared by the reverse phase evaporation 

method36. Briefly, DPPC : DC-Chol (1 : 1 mol) (for cationic non-pegylated 

liposomal carboplatin) or DPPC : DC-Chol/Chol : PEG2000 PE (10 : 11 : 1 mol) (for 

cationic/anionic pegylated liposomal carboplatin) were co-dissolved in chloroform : 

isopropyl ether (1: 1 vol) solvent. Then, 2 mL of carboplatin (10 mg/mL) was added 

and sonicated for 5 min. The organic solvent was removed under reduced pressure for 

15 min by a rotary evaporator. Rotary evaporation was continued for 1 h at which 

time unencapsulated carboplatin was removed by PD-10 desalting column containing 

8.3 mL of Sephadex™ G-25 Medium, (GE Healthcare Bio-Sciences Corp, 

Piscataway, NJ, USA). Anionic nonpegylated liposomal carboplatin was prepared by 

dissolving DSPC : DSPG : Chol (7 : 2 : 1 mol) in chloroform : methanol : water (50 : 

10 : 1 vol). Lipids were then dried under a stream of nitrogen gas to form a thin film. 

Subsequently, the lipid film subjected to low vacuum to remove any residual solvent. 

Lipid films were then hydrated by vortexing in the presence of hot (70 
o
C) SH buffer 

(300 mM Sucrose, 20 mM HEPES pH 7.5) containing carboplatin (100 mM). The 

resulting lipid-buffer suspension was then extruded 10 times through stacked 100 nm 

and 80 nm polycarbonate filters at 70 
o
C (Northern Lipids Inc., Vancouver, BC, 

Canada). The external buffer was then exchanged with SH buffer at room temperature 

by a G-50 Sepadex™ column. The concentration of carboplatin was determined by 

Thermo Scientific XSERIES 2 inductively coupled plasma mass spectrometry (ICP-

MS) (Thermo Fisher Scientific Inc., Ottawa, ON, Canada). 

 

Characterization of liposomal carboplatin 

The size and appearance of liposomes containing carboplatin were characterized by a 

Hitachi H-7500 transmission electron spectroscope (TEM) operating at 80 kV. 

Samples were negative stained by mixing liposomal carboplatin with ammonium 

heptamolybdate and 2% of uranyl acetate. The zeta-potential was analyzed by 

zetasizer nano ZS (Malvern Instruments Ltd., Worcestershire, UK). Phospholipids 
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were quantified by Choline oxidase-DAOS method following the protocol of Wako 

Phospholipids C, (Wako Diagnostics Wako Chemicals USA, Inc., Richmond, VA, 

USA). 

 

Cells lines and animal model 

F98 rat glioblastoma cells were purchased from American type culture collection, 

Manassas, VA, USA. Male CD Fischer rats of 210-225 g were purchased from 

Charles River Laboratories International, Inc., Saint-Constant, QC, Canada.  

 

Cytotoxicity study of carboplatin and its liposomal formulations in F98 cells 

Cytotoxicity was assessed using a clonogenic assay as described elsewhere.
37,38

 

Briefly, 400 cells were plated in 6-well plate, and 24 h later different concentrations 

of carboplatin or its liposomal formulations were added. After an additional 24 h, the 

drug-containing media was removed, the cells were washed, and new DMEM 

medium was added. Seven days later the colonies were stained and counted. 

 

F98 cells inoculation in CD Fischer rat brains 

Inoculation method has been described previously by Mathieu et al.
39

 Briefly, the 

rat’s head was mounted on a stereotactic frame. An incision was made in the middle 

of the head and the bregma was exposed.  A burr hole was performed by a dental drill 

3 mm right, 1 mm anterior of the bregma. Five mL of DMEM without FBS 

containing 10,000 cells was injected 6 mm deep into the burr hole over 5 min at a 

constant flow. Then the needle was slowly withdrawn over 1 min and the burr was 

sealed by bone wax. Finally, incision was sutured and smeared with antibiotic cream. 

 

 

 



91 

 

    

  

CED procedure 

The CED procedure has been described previously.10 Briefly, CED of liposome or 

liposomal carboplatin was initiated 10 days after tumor cell inoculation. Ten µL of 

drug was delivered in 20 mins at their respective dose by a Hamilton syringe 

connected to a 33 Ga needle at the same injection point as the inoculation procedure 

using a constant microinfusion pump (World Precision Instruments, Sarasota, FL, 

USA).  

 

MTD of liposomal carboplatin 

The MTD of liposomal carboplatin was evaluated in F98 glioma bearing rats 10 days 

post inoculation by the traditional 3 + 3 design.
40

 Rats were followed 10 days after 

CED. Rats unable to feed or groom, or lethargic were considered to be moribund and 

were euthanized. 

 

Survival study 

CED treatments groups, each including at least 8 rats, were planned as follows: 

control (5% dextrose), chemotherapy alone (liposomal carboplatin). The animals 

were monitored and scored on grooming, mobility, coordination, and weight on a 

daily basis. They were euthanized under CO2 when one of the monitored indexes 

reached a score of 1 out of 10 or when they lost > 30% of their initial weight. To do 

so, they were anesthetized, and 4% paraformaldehyde (PFA) was infused 

intracardiacally, after which the brain was removed and kept for hematoxylin and 

eosin (H&E) staining. The experimental protocols for this study were approved by 

the institutional ethical committee and conformed to regulations of the Canadian 

Council on Animal Care (protocol # 329-13B). 
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Tumor uptake of carboplatin (free and liposomal carboplatin) 

Carboplatin or anionic pegylated liposomal carboplatin was delivered at MTD by 

CED. Animals (n=3) were euthanized at 3 timepoints after CED (4, 24 and 48 hours). 

Blood was evacuated by intra-cardiac infusion of 4% PFA. Afterwards, the brain was 

extracted. One millimeter before and after the injection point, the brain was sliced in 

a brain matrix. Tumor and normal tissue around the tumor were extracted, weighed, 

and digested in aqua regia. The concentrations of platinum were analyzed by ICP-

MS. 

 

Statistical analysis 

 Survival times were analyzed by Kaplan-Meier curves and comparisons between 

treatment groups was calculated from rank test with GraphPad prism 6 (GraphPad 

Software, Inc., San Diego, California, USA). A P-value < 0.05 was considered as 

statistically significant. 

 

Results 

Table 1 formulations of liposomal carboplatin or empty liposome preparations. 

ID Chemical Lipids 

molar 

ratio 

Loaded 

agent 

Properties Zeta 

potential 

(mV) 

Method Size (nm) 

L1 DPPC: 

DC-Chol 

1:1 carboplatin cationic 52.1 ± 

8.84 

REV 60.3±21.1 

L1’ DPPC: 

DC-Chol 

1:1 -- cationic 55.9 ± 

9.38 

REV 57.4±16.1 

L1’’ DPPC: 

DC-Chol 

1:1 -- cationic 38.9 ± 

12.9 

Hydration 77.7±21.0 

L2 DPPC: 

DC-

Chol: 

PEG2000 

PE 

10:11:1 carboplatin cationic + 

PEG 

45.1 ± 

12.6 

REV 71.3±17.8 

L3 DSPC: 

DSPG: 

Chol 

7:2:1 carboplatin anionic -48.0 ± 

15.0  

Hydration 72.7±24.3 
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L3’ DSPC: 

DSPG: 

Chol 

7:2:1 -- anionic -47.3 ± 

14.6 

Hydration 83.6±17.2 

L4 DPPC: 

Chol: 

PEG2000 

PE 

10:11:1 carboplatin anionic + 

PEG 

-35.8 ± 

5.43 

REV 85.6±19.9 

L4’ DPPC: 

Chol: 

PEG2000 

PE 

10:11:1 -- anionic + 

PEG 

-33.0 ± 

6.27 

REV 77.4±24.3 

PEG: pegylated liposomes 

REV: reverse-phase evaporation method 

Hydration: Hydration method 

 

 

Characterization of liposomal carboplatin 

As mentioned before, 4 types of liposomal carboplatin were prepared in this study 

and are detailed in Table 1. Liposome images were captured under TEM with 

negative stain (Figure 1). Unilaminar liposomes with sizes of less than 100 nm were 

observed and measured from these images (Table 1).  

 

Figure 1 TEM image of negative stained uni-laminar liposomes. Scale bar = 100 nm. 

Toxicity study of control liposomes and liposomal carboplatin in vitro 

In vitro studies were performed with clonogenic assays of F98 glioma cells. The 

cationic (prepared with the cationic lipid DC-Chol) non-pegylated liposomal 

carboplatin (L1) showed high toxicity in F98 cells with an IC50 of 0.168 µM 

carboplatin (1.97 µM total lipid), which is 76 times more toxic than free carboplatin 

(IC50 = 12.7 µM). (Table 2, Figure 2) However, control cationic non-pegylated 
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liposomes (L1’) alone were also highly toxic to F98 cells, with an IC50 of 8.75 µM 

total lipid. This would be equivalent to the lipid concentration required to achieve a 

0.745 µM concentration of carboplatin for the formulated product. To confirm that 

toxicity was not a consequence of the preparation method (e.g. REV methodologies 

could have residual solvents retained in the sample), the hydration method was 

employed to prepare the same liposomes (L1’’). Similar results were obtained, with 

an IC50 of 7.64 µM total lipid lipids (equivalent to a carboplatin concentration of 

0.651 µM if loaded).  Although the total lipid IC50 determined for the non-pegylated 

liposomal carboplatin is about 4-lower than the control liposomes prepared without 

carboplatin, it needs to be recognized that the cationic non-pegylated liposome 

contributes to the cytotoxicity observed against to the F98 cells.  

Table 2 Survival time of F98 glioma bearing Fischer rats treated with carboplatin or 

different liposomal formulation of carboplatin. 

   In vitro study  In vivo study 

ID Drugs Properties 
IC50 carboplatin 

lipid (µM) 

 MTD 

(µg) 
MeST (d) Range 

 Dextrose  -- --  -- 23.5 19-25 

 Carboplatin  12.7 --  25 38.5  31-47 

L1 
Liposomal 

carboplatin  
cationic 0.168 1.97 

 
10 35.0 31-42 

L1’ 
Hollow 

liposomes  
cationic -- 8.75 

 
--   22.5 

b
 22-23 

L1’’ 
Hollow 

liposomes  
cationic -- 7.64 

 
-- --  

L2 
Liposomal 

carboplatin  

cationic + 

PEG 
0.0892 1.05 

 
18 

a
 29.0 25-32 

L3 
Liposomal 

carboplatin  
anionic 3.59 18.3 

 38.7 
a
 

31.0 28-34 

L3’ 
Hollow 

liposomes  
anionic -- >509 

 
-- --  

L4 
Liposomal 

carboplatin  

anionic + 

PEG 
28.0 24.6 

 
50  

49.5 

(P=0.0335) 
31-71 

L4’ 
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Figure 2 Dose response curve of F98 cells for free carboplatin and liposomal 

carboplatin at 24 h incubation time showing that A) cationic non-pegylated (IC50 = 

0.168) and pegylated (IC50 = 0.0892) liposomal carboplatin are much more toxic 

than free carboplatin (IC50 = 12.7 µM). B) anionic non-pegylated liposomal 

carboplatin (IC50 = 3.59 µM) is more toxic than free carboplatin (IC50 = 12.7 µM), 

but anionic pegylated liposomal carboplatin (IC50 = 28.0 µM) is less toxic than free 

carboplatin (IC50 = 12.7 µM). Empty cationic non-pegylated liposomes preapred by 

REV (IC50 = 0.745 µM equivalent carboplatin) and Hydration method (IC50 = 0.651 

µM equivalent carboplatin)  both demonstrated high toxicity as shown in A. 

The second cationic (DC-Chol) formulation was prepared with the addition of ~5 

mol% DSPE-PEG2000 (L2). This cationic pegylated liposome exhibited a slightly 

lower positive charge (see Table 1) because of the use of the anionic DSPE-

PEG2000. However, the presence of the PEG-modified lipid did not affect the 
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toxicity of this formulation significantly. The carboplatin IC50 of this formulation 

was 0.0892 while the total lipid IC50 was 1.05 µM. 

Another formulation prepared without DC-Chol was prepared wherein DC-Chol was 

replaced by Cholesterol to remove the positive charge of the liposomes (L4, Table 1). 

DSPE-PEG2000 was still included, therefore, this formulation exhibited a negative 

Zeta potential. The toxicity of liposomes was reduced with removal of the positive 

charge. The total lipid IC50 was approximately 33 µM when this formulation was 

prepared in the absence of carboplatin (L4’) and 25 µM when prepared to encapsulate 

carboplatin (L4), representing a 4- to 15-reduction in lipid mediated toxicity when 

compared to formulations prepared with DC-Chol. Interestingly, the carboplatin IC50 

for this formulation (L4) was >150-fold higher (28 µM vs. 0.168 µM).    

The last formulation tested (L3) was prepared with 20 mol% DSPG, an anionic lipid 

that is known to be a suitable replacement for PEG-modified lipids in terms of 

reducing surface-surface association leading to lipsome aggregation and/or liposome-

cell interactions. The IC50 of this formulation prepared without carboplatin (L3’) was 

more than 500 µM total lipids. The IC50 of this liposomal formulation with 

encapsulated carboplatin was 3.59 µM carboplatin and 18.3 µM total lipid. In terms 

of carboplatin cytotoxicity L3’ was about 2-fold less effective than free carboplatin 

(IC50 = 12.7 µM). 

 

Survival study of liposomal carboplatin in F98 glioma bearing rats 

Dose range finding studies were completed to establish the MTDs of the 4 liposomal 

carboplatin formulations. The DSPG containing liposomal carboplatin (L3) and the 

pegylated liposomal carboplatin (L4) exhibited MTD of >38.7 (the maximum feasible 

dose of this formulation) and 50 µg, respectively. These doses were higher than that 

of free carboplatin which gave an MTD of 25 µg when administered by CED. The 

MTDs of cationic non-pegylated (L1) (≥18 µg) and pegylated (L2) (10 µg) liposomal 

carboplatins were lower than free carboplatin, rendering these formulations less 

interesting.  
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The survival study was performed at the defined maximum tolerated (or maximum 

feasible) dose of the different liposomal carboplatin formulations (Fig 3) The survival 

times of cationic non-pegylated liposomal carboplatin (L1) and cationic pegylated 

liposomal carboplatin (L2) were 35 days and 29 days, respectively. These outcomes 

were similar or shorter than what could be achieved when free carboplatin (MeST of 

38.5 days) was administered by CED. The anionic pegylated liposomal carboplatin 

(L4) group presented the longest median survival time (49.5 days) which is 

significantly better than what could be achieved with free carboplatin (P = 0.0335). 

However, the anionic non-pegylated liposomes (L3) exhibited a MeST of 31 days 

which was less than what could be achieved with free carboplatin. It should be noted 

that L3 was the only carboplatin formulation that was not dosed at its MTD, instead 

the 38.7 µg dose was the maximum feasible dose of this formulation.  
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 Figure 3 Kaplan-Meier survival curve of F98 glioma bearing rats treated with CED 

of different carboplatin formulations. Cationic liposomal carboplatins showed 

improved median survival times (35 days for nonpegylated, 29 days for pegylated) 

when compared to control (23.5 days), but shorter or equivalent survival time when 

compared to free carboplatin (38.5 days). Anionic pegylated liposomal carboplatin 

offered the best median survival time (49.5 days) and showed a better median 

survival time than free carboplatin (P = 0.03). 
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Tumor carboplatin levels  

Tumor levels of carboplatin were determined (see Methods) following CED of of free 

carboplatin and anionic pegylated liposomal carboplatin (L4); the liposomal 

formulation which achieved the best therapeutic outcomes in the F98 model. 

Carboplatin was quantified by ICP-MS and tissues were collected at 4, 24 and 48h 

after CED. The results, summarized in Figure 4, Indicate that the area under the time-

carboplatin concentration curve (AUC4-48h) of achieved following CED of the anionic 

pegylated liposomal carboplatin (L4) was 33145 µg∙h/g tissue. This was 42-fold 

greater than what was achieved with free carboplatin which exhibited a carboplatin 

AUC4-48h of 789 µg∙h/g tissue (Figure 4). It should be noted at the carboplatin dose 

(µg per injection) of anionic liposomal carboplatin (L4) was 2-fold greater than free 

carboplatin due to the increased MTD of L4. This translated in a favorable 

pharmacokinetic profile for this formulation, congruent with the clinical results 

obtained in the F98-Fischer model used in this study. 
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Figure 4 Tumoral retention of anionic pegylated liposomal carboplatin (L4) and free 

carboplatin over a period of 48 h. The AUC is much larger for anionic pegylated 

liposomal carboplatin (AUC = 33145 µg∙h/g tissue) than free carboplatin (AUC = 789 

µg∙h/g tissue) 
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Discussion 

The efficacy of chemotherapy drug treatments for glioblastoma is hampered by the 

presence of the BBB.
1
 We

10
 and others

12–19
 have treated animals bearing glioblastoma 

by CED, with a focus on platinum-based drugs. Among the tested platinum drugs, 

carboplatin appears to be best tolerated and effected that greatest therapeutic benefit 

when using orthotopic glioblastoma models. One shortcoming of carboplatin 

delivered via CED is the rapid clearing of the drug from the extracellular 

compartement. In this context, liposomal formulations of drugs given by CED have 

emerged as an approach to enhance tissue retention
23

 and reduced toxicity.41 Here we 

choose to determine how liposomal lipid composition influenced carboplatin 

retention time in the site of tumor grow as well as the therapeutic effects of 

carboplatin when given by CED.  

The physicochemical properties of liposomes, such as size, charge, lipid composition, 

and surface properties, influence their ability to retain drug, to bind cell populations 

and to diffuse through tissue.
42

 For this reason liposomes with different properties 

were prepared, including: (i) a cationic non-pegylated formulation (L1), (ii) a cationic 

pegylated formulation (L2), (iii) a anionic non-pegylated formulation (L3), and (iv) a 

anionic pegylated formulation (L4). All formulations exhibited comparable sizes (60-

85nm mean diameter as determined by direct measurement form TEM images (see 

Table 1 and Figure 1), which permits liposomes to distribute in the 34-64 nm 

interstitial space of normal rat brain.
42

 

Cationic non-pegylated liposomal carboplatin (L1) was selected based on our 

previous studies, which showed efficient internalization of this formulation in F98 

cells.
33

 In vitro cytotoxicity studies indicated that this formulation was toxic. The 

carboplatin IC50 was  0.168 µM (see Table 2 and Figure 2), but we also established 

using that an L1 formulation prepared without carboplatin (L1’) that the lipid 

composition itself was toxic exhibiting a total lipid IC50 of 7-8 µM. Other studies 

have demonstrated that cationic liposomes can be toxic.
43,44

 By replacing DC-

cholesterol (the cationic lipid) with cholesterol (neutral), the toxicity of formulation 
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was substantially reduced which confirmed that the cationic lipid was a contributing 

factor causing the liposome’s toxicity. 

In animal studies, the MTDs of cationic liposomal carboplatins (L1 and L2) were 

lower than free carboplatin (see Table 2). This is likely a reflection of the in vitro 

results shown in Figure 2 which demonstrated that the cationic formulations were 

significantly more toxic. Our results are consistent with previous animal studie45 that 

have shown that cationic liposomes were more toxic when injected intra-cerebrally. 

Higher cellular association and toxicity of the cationic liposomes were also 

demonstrated in vitro by our group.
33

 In contrast, the two anionic liposomal 

carboplatin formulations demonstrated higher MTDs than free carboplatin (Table 2). 

The MTD study and the in vitro cytotoxicity studies confirmed that a higher toxicity 

(lower MTD) was observed when using cationic liposomes and lower toxicity (higher 

MTD) was observed when using anionic liposomes. Further incorporation of PEG 

modified lipids did not have a remarkable impact on the cationic liposome mediated 

cellular toxicity. 

When assessing the therapeutic activity of the various formulations administered at 

their MTD it was clear that the cationic non-pegylated liposomal carboplatin (L1) 

was less efficacious then free carboplatin (Figure 3), even though the in vitro data 

suggested that it was 75-fold more potent than free carboplatin. Although L1 

exhibited more activity in vitro it can be suggested that its activity following CED is 

limited by its low diffusion volume.
 29

 This is likely due to the non-specific binding 

of the cationic liposomes to negatively charged cells and/or matrix proteins. Some 

studies have shown that pegylation reduces the non-specific binding
46

 thereby 

overcoming the poor diffusion due to the positively charged lipids.
30

 This was, 

however, not the case in our studies. The survival time achieved with cationic 

pegylated liposomal carboplatin (L2) was not improved comparing to the cationic 

non-pegylated liposomal carboplatin (L1). This result is consistent with another 

study
29

 which demonstrated that pegylation can reduce non-specific binding but the 

existence of positive charges on the liposomes still reduced the distribution radius 

significantly. We can suggest on the basis of our in vitro data that the cationic 
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pegylated liposomal carboplatin (L2) still interacted with the F98 cells in culture. It is 

possible that the amount of PEG modified lipid use in these cationic formulations (~5 

mol%) was not sufficient to shied that cationic charge or to prevent charge-charge 

interactions that would contribute to cell or tissue binding.    

Anionic pegylated liposomal carboplatin (L3 and L4) were tolerated better than free 

carboplatin or the cationic formulations (see Table 2) when given by CED. One of 

these formulations (L3) also enhanced survival time in the F98 orthotopic model 

significantly when compared to free carboplatin (see Figure 3). We suggest that the 

activity of the anionic formulations will be influenced by longer retention times, 

better diffusion through the tissue at the injection site and by the rate of carboplatin 

release from liposome. We have shown here that the retention time of anionic 

pegylated liposomal carboplatin was longer than free carboplatin in the tumor site 

(see Figure 4). In particular, the half-life of the anionic pegylated liposomal 

carboplatin formulation in tumor following CED was >48 hours. The half-life of free 

carboplatin was only 2 hours. 

Although difficult to measure in models which rely on CED administration of 

liposomal formulations, the rate of drug release from the liposome will be a critical 

determinant of efficacy. In other models it has been established that the rate of drug 

release from liposome is dependent on lipid composition of lipid, method of drug 

encapsulation and additional factors such as the presence of PEG on the inner leaflet 

of the liposomal bilayer.
47

 Our anionic pegylated liposomal carboplatin (L4) should 

have a transition temperature of ~ 41 
o
C.

48
 At this temperature or higher the loaded 

carboplatin will be release at a faster rate than below 40 
o
C. It should be noted that 

the body temperature of a mouse is similar to humans at 37 
o
C, therefore we can 

anticipate that L4 would exhibit reduced rates of carboplatin release. Overall, cationic 

liposomal carboplatin formulations were more potent in in vitro cytotoxicity assays 

but due to their limited diffusion ability, these formulations are less efficacious than 

free carboplatin. The anionic pegylated liposomal carboplatin formulations are less 

toxic but for one formulation longer retention time and better diffusion ability likely 

work in concert to engender significant increases in survival time when administered. 
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DISCUSSION 

The scope of this thesis 

The efficiency of chemotherapeutic drugs for glioblastoma treatment has been 

hampered by the existence of blood-brain barrier (Fortin et al., 2005). Several 

strategies were used to pass through or to bypass the blood-brain barrier and so 

increase the dose delivered to the tumor tissue.  These strategies include i.a., i.a. + 

BBBD, CED, microinfusion, polymer delivery systems, Intranasal etc (Drapeau & 

Fortin, 2015; Talegaonkar & Mishra, 2004). Accumulation of platinum drugs in 

tumor cells as well as the mean survival times of brain tumor bearing rats were 

improved with i.a. and i.a. + BBBD compared to i.v. injection (Charest et al., 2013). 

Thus, to further increase survival by this principle, we employed CED to deliver 

platinum drugs and so increase the tumoral uptake and survival of F98 glioma 

bearing rats. Additionally, we studied the timing of radiation relative to drug delivery, 

to assess the optimal concomitant effect of chemoradiotherapy.  

The articles presented in this thesis first evaluated the MTD of different platinum-

drugs (cisplatin, oxaliplatin, carboplatin, Lipoplatin™, Lipoxal™) when delivered by 

CED. Survival studies were then performed at each platinum drug’s  respective MTD. 

This is because for antineoplastic drugs like the platinum-based drugs, the higher the 

dose infusion, the better the tumor control regardless of the side effects (Hryniuk, 

1988). The tumoral uptakes of the platinum drugs as well as the MeSTs of rats treated 

by CED of these drugs, were then compared to  treatment with the same drugs  

administered via i.v., i.a., and i.a. + BBBD.  

In other experiments, the number of platinum-DNA adducts was quantified as a 

function of time after CED. The effect of varying the time delay between drug 

administration and radiation treatment was also then investigated, to determine 

whether concomitant chemoradiation effects were modulated by the concentration of 

platinum adducts at the time of irradiation 
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In terms of MeST, carboplatin appeared to be the most successful of the drugs tested 

and for this reason various chemo-physical properties of liposomal formulation of 

carboplatin were tested in an attempt to optimize the delivery of the drug. Their in 

vitro cytotoxicity, in vivo survival and in vivo tumoral retention time were obtained to 

study the relationship between these variables.  

Optimization of the CED procedure 

To optimize the CED procedure, the rate of infusion, the needle size, the needle shape, 

the infusion volume, and other factors were considered. The rate of infusion has been 

well studied by other groups who have demonstrated that 0.5 µl/min is the maximum 

rate of infusion that can be used in rat’s brain with a 32 Gauge one port catheter 

(OPC) (Degen et al., 2003; Lonser et al., 2002; Morrison et al., 1999). Thus, this rate 

of infusion was primarily chosen to test. Since the reflux is positively correlated to 

the size of the needle, the smallest available metal needle (33 Gauge) was chosen 

(Chen et al., 1999; Krauze, Saito, et al., 2005; Morrison et al., 1999). Two infusion 

volumes were tested, 2 µl and 10 µl. As is seen in the (Figure 11), the distribution 

volume of 2 µl of green colorant was smaller than that obtained with 10 µl. The 10 µl 

infusion volume is more appropriate, since it successfully encompassed the tumor 

regions and associated infiltrative areas. However, reflux was frequently observed 

with this volume. Chemical meningitis can be caused if chemotherapeutic drugs are 

injected and reflux is not well controlled (Lidar et al., 2004). We found that the 

addition of a 5 min waiting time before and after the infusion, slowly withdrawing the 

needle at 1 mm/min, and filling the burr hole with bone wax, are keys in preventing 

significant reflux. The addition of waiting time also helps the tissue to equilibrate to 

its original state before and after the insertion of the needle. Slow withdrawal 

prevents the infusate coming back along the track left by the needle. Filling the burr 

hole with bone wax increases intracranial pressure (ICP) which helps the convection 

process and reduces the reflux (Tanner, Holtmannspötter, & Goldbrunner, 2007). 

With these modifications, reflux was minimized while the distribution volume was 

sufficient to cover both the tumor area and the normal tissue around the tumor, which 

is the most frequent area for tumor recurrence (Figure 12)  
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MTD and survival of F98 glioma bearing Fisher rats treated with CED of 

platinum-drugs and comparison with other routes of administration 

The in vivo toxicity of these platinum-drugs was assessed by determining their MTD. 

The lowest MTD (highest toxicity) was obtained with cisplatin (7.5 μg), which 

corroborates results from previous studies reporting the important toxicity of cisplatin 

in the F98 glioma rat model by other routes of delivery (Charest et al., 2011). In that 

study, 3 mg of cisplatin, 3 mg of oxaliplatin, or 5 mg of carboplatin were injected by 

i.a. in the right carotid artery. Rats treated with 3 mg of cisplatin showed high toxicity 

and had to be euthanized at an average of 3 days after treatment. Nevertheless, when 

cisplatin was injected by CED at its MTD, the MeST obtained with cisplatin (35.5 d) 

was second only to carboplatin (38.5 d) among the tested platinum drugs. 

Lipoplatin™, is the liposomal formulation of cisplatin and is specifically designed to 

reduce the toxicity of cisplatin by decreasing the cisplatin release time and increasing 

the circulation time in the blood stream by evading immune surveillance thanks to 

their PEG coating (Boulikas, 2004, 2007). Studies in the rat model after i.v. injection, 

confirmed the advantage of this liposomal formulation in reducing the toxicity of 

cisplatin (Boulikas, 2004). This encouraging pre-clinical result led to a phase I study 

treating different cancer types with Lipoplatin™, which also demonstrated a reduced 

toxicity of Lipoplatin™. At a dose of 125 mg/m
2
, only grade I and II gastrointestinal 

(GI) tract toxicity and hematological toxicities were observed, and no nephrotoxicity. 

The latter is one of the main toxicities that limit the use at higher dose of cisplatin to 

maximize its antitumor efficiency was observed (Stathopoulos et al., 2005).  

However, in one study of CED of Lipoplatin™, the toxicity was intolerable, and 

acute hemorrhage observed (Table 2) (Huo et al., 2012). In our animal model of 

malignant glioma, Lipoplatin™ at 7.5 µg was well tolerated and no significant 

hemorrhaging was seen in pathological examinations; only some minor focal 

hemorrhage in the needle track was observed. Truly, however, Lipoplatin™ delivered 

by CED did not demonstrate reduced toxicity since similar MTD at 7.5 μg were 

measured for cisplatin and Lipoplatin™. Moreover, the anticancer efficiency of 

Lipoplatin™ (MeST = 26.5 d) was lower than that of cisplatin (MeST = 35.5 d). This 
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Lipoplatin™ was designed for i.v. delivery. It is shelled with PEG but its size (110 

nm) is large for CED delivery, which could hinder its volume of distribution and 

further limited its anticancer efficiency (Boulikas, 2007). Besides, the exact 

formulation of this Lipoplatin™ is not known to public, other factors such as the 

surface charge, the drug’s stability could also been involved. These results are in 

contrast with those obtained when these two drugs were delivered by either i.v. or i.a. 

in the same GBM model, which was part of another, earlier study from our group 

(Article 1 Table 5, Fig. S2) (Charest et al., 2013). A MeST of 17 days was obtained in 

the group treated with cisplatin injected i.v., whereas it was only 13 days when an i.a. 

infusion was used. This result was attributable to an important toxicity, as the non-

treated group survived longer (MeST of 23.5 days). This severe toxicity of cisplatin 

was diminished by the use of its liposomal formulation Lipoplatin™ resulting in a 

MeST of 24 days for i.v. which was further improved to 30 days by i.a. injection 

(Article 1 Table 5).   

On the other hand, the toxicity of CED for the liposomal formulation of oxaliplatin, 

Lipoxal™, was significantly reduced as measured with a MTD 3-fold higher than that 

for free oxaliplatin. This is consistent with a previous phase I study which reported a 

lower toxicity for Lipoxal™, relative to oxaliplatin in different gastrointestinal 

cancers (Stathopoulos et al., 2006). MeSTs were, however, similar for both platinum 

drugs administered at their MTD, and remained similar whether radiation was added 

or not. When comparing CED delivery to i.v. delivery, CED of oxaliplatin or 

Lipoxal™ significantly increased survival (both p = 0.0002) when comparing to 

control, while i.v. delivery of these drugs did not (p = 0.4813 or p = 0.1634 

respectively). This is not surprising, because the tumoral uptake of oxaliplatin 

delivered by CED was 14.619 ± 0.777 μg Pt/g tissue, while that of i.v. delivery was 

only 0.31 ± 0.18 μg Pt/g tissue; the tumoral uptake of Lipoxal™
 
delivered by CED 

was 27.218 ± 2.701 μg Pt/g tissue in contrast to 0.135 ± 0.039 μg Pt/g tissue when 

delivered by i.v.. That is between 47 to 194 fold increases in tumoral accumulation 

via CED delivery rather than by i.v. delivery. When comparing CED delivery to i.a. 

delivery, CED of oxaliplatin increased the MeST by 7.5 days relative to control (p = 
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0.0002), while i.a. delivery of oxaliplatin did not. However, there is no significant 

difference in survival between CED and i.a. or i.a. + BBBD delivery (p = 0.2063 or p 

= 0.2479 respectively). This could be because liposomal oxaliplatin increased the 

tumoral uptake when delivered by i.a. or i.a. + BBBD. Delivery of Lipoxal™ via i.a. 

or i.a. + BBBD increased tumoral uptake from 0.135 ± 0.039 μg Pt/g tissue to 0.608 ± 

0.337 μg Pt/g tissue for i.a. delivery and 3.061 ± 0.642 μg Pt/g tissue for i.a. + BBBD 

delivery (Charest et al., 2013). A major advantage  of CED over all the intravascular 

delivery approaches (i.v., i.a., or i.a. + BBBD injection) is that the injection dose for 

CED is much lower (by 100-300 fold) which means less systemic drug is available to  

accumulate in healthy tissue, theoretically leading to fewer or less severe side effects. 

Table 2. Toxicities of CED of platinum drugs in preclinical studies 

Reference and 

animal model 

Drug Infused platinum drug 

concentration/volume 

Outcome 

(Degen et al., 

2003) 

 

Fischer rats 

striatum 

Carboplatin 4 µg Non-toxic 

40 µg Non-toxic 

400 µg Toxic 

(Strege et al., 

2004) 

Cynomolgus 

monkey brain 

stem 

Carboplatin 0.025 mg/kg Non-toxic 

0.075 mg/kg lethargy ataxia at 

wk 4 

0.25 mg/kg lethargy ataxia at 

wk 2 

0.75 mg/kg Rapidly 

progressive 

neurotoxicity 

(May, Guarnieri, 

Carson, 

Bachani, & 

Jallo, 2004) 

Cynomolgus 

monkey brain 

stem 

Carboplatin ≈ 0.25 mg/kg Ototoxicity 

(Mardor et al., 

2005) 

Sprague-Dawley 

rats striatum 

Carboplatin 68 µg Necrosis 

(Tange, Kondo, 

et al., 2009) 

Fischer rats 

Carboplatin 30 µg Non-toxic 

150 µg Non-toxic 

200 µg Toxic 
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striatum 

Alzet 

288 µg Toxic 

Oxaliplatin 100 µg Toxic 

108-130 µg Toxic 

(Thomale et al., 

2009) 

Fischer rats 

brain stem  

Alzet 

Carboplatin 84 µg, 1 cathether Non-toxic 

84 µg, 2 cathether Neurological 

dificits persists 

after 5-6 d 

84 µg, 3 cathether Neurological 

dificits persists 

after 5-6 d 

(White et al., 

2012) 

Wistar rats 

striatum 

Carboplatin 0.075 µg Non-toxic 

0.75 µg Non-toxic 

1.5 µg Non-toxic 

2.25 µg Non-toxic 

(Huo et al., 

2012) 

Fischer rats 

striatum 

Lipoplatin™ 0.45 µg Non-toxic 

0.9 µg Non-toxic 

1.8 µg Acute 

neurotoxicity 

hemorrhage 

2.7 µg Acute 

neurotoxicity 

hemorrhage 

CHEMS 

liposomal 

cisplatin 

4.8 µg minimal 

histopathologic 

abnormalities 
7.2 µg 

9.6 µg 

(N. U. Barua et 

al., 2013) 

Human Diffuse 

intrinsic pontine 

glioma (DIPG) 

Carboplatin d1 0.79 mg 

d2 0.81 mg 

d3 0.80 mg 

d8 1.61 mg 

d9 2.56 mg 

Non-toxicity 

(Neil U Barua et 

al., 2014) 

Human 

Recurrent GBM 

Carboplatin d1 5 mg 

d2 5 mg 

d3 stopped after 2 h 

4 wks later 

6.7 mg/d for 3 d 

Seizure 2 h after 

CED at day 3  

(Arshad et al., 

2015) 

Wistar rats 

striatum 

Lactic acid-

glycolic acid 

copolymer 

(PLGA) 

carboplatin  

10 µg Non-toxic 

(Arshad et al., 

2015) 

Large white pigs 

striatum 

360-720 µg Non-toxic 
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Carboplatin was designed to reduce the toxicity of cisplatin. It has been shown to 

have fewer side effects and has a similar antitumor efficiency to cisplatin (Wang & 

Lippard, 2005). In our previous studies, we also observed that carboplatin was 

already well tolerated in the F98 Fischer rat models when administered either by i.v. 

or i.a. (Charest et al., 2013). This trend continued with CED, as its MTD was 2.5 to 

3.3-fold higher (i.e., less toxic) than those measured for cisplatin, Lipoplatin™, and 

oxaliplatin. It has a similar MTD as Lipoxal™. Many other toxicity studies of 

carboplatin have also demonstrated similar results, 40 µg in one study, an even higher 

MTD with the ALZET osmotic pump infusion (Table 2) (Degen et al., 2003; Tange, 

Kondo, et al., 2009; Thomale et al., 2009). Furthermore, our data showed that the 

longest MeST (38.5 days) among the tested platinum-drugs was measured in animals 

treated with carboplatin, and the best concomitant effect was obtained by combining 

this platinum drug with radiotherapy (54 days). These important anti-tumor effects of 

carboplatin are consistent with those reported in the same animal model by Rousseau 

et al (Rousseau et al., 2007). When compared to carboplatin delivered through i.v., 

i.a., or i.a. + BBBD, carboplatin delivered by CED increased MeST by 5 to 15 days. 

We also observed a positive correlation between the MeST of carboplatin and the 

amount of tumoral uptake of this drug thereby hinting at a relation between delivery 

and efficacy. The tumor uptake of carboplatin delivered by i.v., i.a., i.a. + BBBD, or 

CED are 0.145 ± 0.035, 0.469 ± 0.241, 0.987 ± 0.621, 16.104 ± 1.997 μg Pt/g tissue, 

respectively, while the corresponding MeST are 23.5, 29.5, 33.5, 38.5 days 

respectively.  

Taken together, these results support the view that CED has the potential to 

significantly improves the treatment of GBM by reducing the systemic toxicity of 

platinum-based drugs and increasing their anticancer efficacy, relative to results 

obtained with i.v., i.a., or i.a. + BBBD delivery. Direct injection of these drugs into or 

around the tumor minimizes the unnecessary exposure of normal tissue to these 

agents. The higher efficiency of CED delivered treatments is due to a consequent 

higher tumor uptake of the platinum drugs. 
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Optimization of the concomitant chemo-radiation treatment 

The major anti-tumor effect of platinum-based drugs is associated with the 

production of DNA damage by forming platinum-DNA adducts (Kelland, 2007). A 

concomitant effect is obtained when a tumor is treated with a platinum drug and 

radiotherapy (Thititip Tippayamontri et al., 2012). This radiosensitizing effect was 

associated with the formation of a larger number of DNA single- and double- strand 

breaksand potentially, other lesions under irradiation (Kouass Sahbani, Rezaee, 

Cloutier, Sanche, & Hunting, 2014; Rezaee, Sanche, & Hunting, 2013). It is therefore 

expected that, optimization of the anti-cancer treatment would be obtained when the 

tumor is irradiated at the post-injection time corresponding to the maximum 

accumulation of platinum drugs in the DNA.  

This hypothesis has been supported in a mice bearing HCT116 colorectal tumor 

model. The longest tumor growth delay was obtained when radiotherapy was 

delivered at the post-injection time corresponding to the greatest amount of platinum-

DNA adducts (T Tippayamontri & Kotb, 2013). In our study, when drugs are injected 

by CED in the F98 tumor of rats, the amount of oxaliplatin and carboplatin bound to 

DNA of the tumor varied little with time. A slow decrease in the amount of 

carboplatin bound to tumor DNA was found between 4 h and 24 h after 

administration of the drugs (P > 0.05). As a result, the radiosensitizing effects for 

carboplatin were less affected by the post-administration time and similar MeSTs 

were measured. Radiation at 4 h or 24 h post-chemotherapy all increased the MeST 

by15.5 days compared to carboplatin treatment alone. The decline in the amount of 

platinum-DNA adducts with time was slightly more pronounced for oxaliplatin (P < 

0.05). However, similar MeSTs were also measured in groups of radiation treated at 4 

h and 24 h post-chemotherapy. Indeed, the MeST increased by 6 days and 4 days 

respectively. Although radiation at 4 h post-chemotherapy was delivered in the 

presence of significantly higher platinum-DNA adducts and increased MeST by 2 

days compared to radiation at 24 h post-chemotherapy, this was not a significant 

difference (P = 0.7921). Even so, we did find concomitant effect with radiotherapy, 

as it produced an improvement in MeSTs in all treated groups. The mechanisms 
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underlying the radiosensitization effect of platinum drugs are fairly complicated. 

Besides the direct radiation sensitization by platinum drugs towards increased 

damage, many other mechanisms are thought to be involved in the drugs’ 

radiosensitization effects. These mechanisms include  radiosensitization to the 

hypoxic cells, interference of platinum drugs with the DNA repair mechanisms of sub 

lethal DNA damage induced by radiation, enhanced uptake and binding of platinum 

drugs to DNA, increased formation of toxic platinum adducts in the presence of free 

radicals induced by radiation, and cell cycle disruption (Douple & Richmond, 1978; 

Dritschilo et al., 1979; Richmond et al., 1984; Richmond & Powers, 1976; Stratford 

et al., 1980; L. X. Yang et al., 1995). Therefore, although the direct radiation 

sensitization by platinum drugs could be further enhanced with a higher amount of 

platinum-DNA adducts, it is only one of the many relevant mechanisms and may not 

be determinant in the overall survival of the glioma bearing rats. 

On the other hand, neurotoxicity from the concomitant effect of platinum drugs with 

radiation was reduced when radiotherapy was performed 24 h after drugs 

administration. We hypothesize that this reduction in neurotoxicity was caused by the 

lower amount of DNA-bound platinum in normal brain tissue that is found at 24 h 

post-injection relative to 4 h post-injection. It is also interesting to note that the 

amount of oxaliplatin and carboplatin bound to DNA decreased more rapidly with 

time in normal brain tissues. Therefore, the observed lower levels of neurotoxicity 

could be linked to a differential reduction in the level of damage induced by the 

concomitant treatment of normal brain tissue. Alternatively, the CED procedure 

obviously involves injecting directly into the tumor a certain volume of the drug 

solution, thereby increasing volume in the extracellular space, and potentially 

triggering intracranial hypertension; acute cerebral edema caused by radiotherapy 

may be more important after an interval of 4 h than at 24 h. Thus, although the 

amount of platinum-DNA adducts was higher at 4 h after CED, we found it was 

preferable to perform radiotherapy at least 24 h after CED procedure. Indeed, the 

innocuity was improved whereas no loss of treatment efficacy was observed. 
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In addition, we found that among the free platinum drugs, cisplatin, oxaliplatin, 

carboplatin, the MeST increased most significantly for carboplatin when radiation 

therapy was added. The MeST increased 15.5 days for the carboplatin group, 4 days 

for oxaliplatin, and 3.5 days for the cisplatin group when radiation therapy was added 

24 h after chemotherapy. This result is somewhat consistent with the results obtained 

by Rezaee M. et al (Rezaee, Hunting, et al., 2013). In that study, solid films 

supercoiled plasmid DNA bound to either cisplatin, oxaliplatin, or carboplatin were 

irradiated with 10-eV elections. In the presence of 2 platinum-DNA adducts per 

3199-bp DNA, carboplatin increased the yield of DSB by 3.1 fold, while cisplatin and 

oxaliplatin only increased by factors of 2.5 and 2.4 fold respectively.  The authors 

thus indicated that carboplatin should be considered a better radiosensitizer than 

cisplatin and oxaliplatin.  

Liposomal formulations of carboplatin 

Among the studied drugs (i.e., cisplatin, oxaliplatin, carboplatin, Lipoplatin™ and 

Lipoxal™) the CED of carboplatin provided the longest MeST in F98 glioma bearing 

rats. However, the concentration of carboplatin in the tumor region decreased 

dramatically after infusion, the half-life of carboplatin in tumor tissue being only 2 h. 

If one could increase the retention time of carboplatin in tumor tissue, the antitumor 

efficacy could be significantly increased. Saito and his co-workers have studied the 

pharmacokinetics and survival of free and liposomal topotecan, and observed 

significantly higher tissue retention for the liposomal form (t1/2 = 1.5 days) vs. free 

topotecan (t1/2 = 0.1 days). When delivered by CED, free topotecan did not increase 

the survival relative to controls in U87MG tumor bearing rats. In contrast liposomal 

topotecan significantly increased survival in this same model with six rats presenting 

a cure over a total of seven tested rats. In the U251MG tumor model, the liposomal 

topotecan also significantly increased the survival with one of six rats presenting a 

cure (Saito, Krauze, Noble, Drummond, et al., 2006). Thus, we also believe that it is 

reasonable to evaluate the antitumor efficacy of liposomal carboplatin in F98 glioma 

bearing Fisher rats compared to free carboplatin. 
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The four liposomal formulations that we designed and tested were chosen based on 

their unique physiochemical properties. We thereby tested a cationic liposomal 

carboplatin, a cationic pegylated liposomal carboplatin, an anionic liposomal 

carboplatin, and an anionic pegylated liposomal carboplatin.  

As expected, anionic pegylated liposomal carboplatin showed a much higher MTD 

(Article 3 Table 2) and longer MeST than free carboplatin (Article 3 Figure 3), which 

may occur via three mechanisms: larger distribution volume, longer retention time, 

and an appropriate rate of carboplatin release from liposome.  

First, the negatively charged liposomes are able to distribute over a larger area in the 

extracellular space due to their weak binding to the negatively charged cell surfaces 

as compared to the positively charged liposomes. It has been confirmed by another 

study that the optimum distribution is observed when the charge of the liposome is 

between -20 to -50 mV (Saito, Krauze, Noble, Tamas, et al., 2006). Our anionic 

pegylated liposomal carboplatin has a charge of -35.8 ± 5.43 mV, which is indeed in 

this optimal range. 

Second, the retention time of anionic pegylated liposomal carboplatin was longer than 

free carboplatin in the tumor site (Article 3 Figure 4). The AUC of anionic pegylated 

liposomal carboplatin increased by a 42-fold factor compared to free carboplatin.  

Third, an appropriate drug release speed, the rate of drug release speed from liposome 

is related to the phase transition temperature which depends on the composition of 

lipids and pegylation status. Our anionic pegylated liposomal carboplatin has a 

transition temperature of higher than 41 
o
C (Hashizaki et al., 2003). At this 

temperature, the loaded carboplatin will not be readily released in physiological 

conditions. Rather, the liposomes act as reservoirs which continue to slowly release 

the carboplatin while remaining resident in the tissue. The anionic non-pegylated 

liposomal carboplatin has the same formulation as the liposomal topotecan which was 

demonstrated to produce a greatly increased median overall survival relative to 

control (no treatment control, 20 days, at a dose level of 0.5 mg/mL, 29.5 days and 1 

mg/mL, 33 days) (Grahn et al., 2009). Our anionic non-pegylated liposomal 

carboplatin (31 days) also demonstrated an improved MeST relative to control (23.5 
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days), but no improvement beyond free carboplatin (38.5 days), thus once again 

favoring the pegylated anionic liposomal formulation (49.5 days). 

Overall, positively charged liposomal carboplatin were more toxic but due to their 

limited diffusion ability, their median survival were not better than free carboplatin; 

anionic pegylated liposomal carboplatin is less toxic but longer retention time and 

better diffusion ability produced the best survival results in the F98 Fischer glioma 

model. 

Lactic acid-glycolic acid copolymer (PLGA) has been designed by Arshard A. et al to 

encapsulate carboplatin to increase tissue half-life in CED delivery in an attempt to 

increase the survival of glioblastoma patients (Arshad et al., 2015). In that study, 

these carboplatin PLGA nanoparticles were able to enhance the antitumor efficiency 

and were less toxic to normal neurons in vitro. Additionally, this formulation 

exhibited a longer tissue retention time than does free carboplatin, enabling the 

release of carboplatin over a longer period of time. During 24 h to 48 h, carboplatin 

PLGA nanoparticle delivered almost twice the percentage of platinum in the tissue 

than did free carboplatin. However, in vivo antitumor efficiency studies, such as a 

survival study in tumor bearing animals, has not yet been carried out with this new 

formulation.  

Clinical prospect 

Based on the successful preclinical studies on CED of carboplatin in animal bearing 

glioma, a protocol for phase I clinical trials of the CED of carboplatin, evaluating its 

safety, tolerability, and MTD, has been proposed (White, Bienemann, Taylor, et al., 

2012). The study rationale, study design, research objectives, patient selection criteria, 

treatment intervention, patient monitoring, and study end-points were described in 

detail. In addition to the safety, tolerability and MTD, the efficacy of CED 

carboplatin in treating GBM, catheter placement and its relationship to distribution, 

and visualization of infusate distribution with different MR sequences will also be 

evaluated in this study.  
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CED is a strategy which allows a bypass of the BBB, and directly delivers 

antineoplatic drugs to the tumor site. Its advantages over systemic deliveries have led 

in the last two decades to several clinical trials of CED of various therapeutic agents. 

The tested drugs include targeted toxins, chemotherapeutic drugs, and targeted 

radioisotopes (Table 3). Phase I studies determine the safety dosage range and 

toxicity of these drugs by CED. These toxicities can be divided into two main 

categories:  

1. Local toxicities:  

a. Neurological toxicity is the most common and severe toxicity. Its 

symptoms include cerebral edema, hemiparesis, headache, aphasia, 

seizure, and memory loss among others, and entirely related to the 

localization of the infusion. 

b. Local infection due to the placement of the infusion catheter and to 

long infusion times is also a common event. 

2. Systemic toxicities are usually transitory and mild. They include 

hematological changes and liver enzyme perturbations such as elevated AST, 

ALT, CRP, fatigue, and so on. 

Among the toxicities encountered, the neurological toxicities are the most severe and 

common toxicity, while systemic toxicities are usually rare and transitory.  

In phase II studies, survival is tested in larger groups and safety is further evaluated 

(Bogdahn et al., 2011; Carpentier et al., 2010; Weaver & Laske, 2003). In the study 

of Weaver et al, Tf-CRM107 was evaluated in 44 recurrent AA/GBM patients 

(Weaver & Laske, 2003). It was delivered through two stereotactically placed 

catheters in two treatment sessions, each lasted 4 to 5 days, with an interval of 4 to 10 

weeks. The drug was a human transferrin (Tf) conjugated to a diphtheria toxin. The 

Tf targets the receptors on the surface of tumor cells and eliminate the tumor cells. 

Thirty-four patients completed the treatment and 12 of them responded to the 

treatment completely or partially. A phase III study is warranted based on this 

promising phase II study.  
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Anti-tumor vaccines represent another strategy to treat brain tumor. 

Oligodeoxynucleotides containing unmethylated CpG dinucleotides (CpG-ODN) are 

immunostimulator. They kill tumor cells through activating the immunosystem. 

However, a phase II study with one treatment session of CED of CpG-ODN in 

treating recurrent GBM showed only 3 responses in 31 patients, and seizure occurred 

in 10 of the 31 treated patients (Carpentier et al., 2010). 

In a phase IIb study, CED of transforming growth factor 2 (TGF-β2) inhibitor 

trabedersen (AP 12009) has been evaluated in 145 recurrent/refractory AA/GBM 

patients (Bogdahn et al., 2011). The patients received up to 11 treatment cycles. Each 

cycle included 14 days, with 7 days of trabedersen infusion and 7 days of saline 

infusion. In the AA subgroup, comparing to TMZ or procarbazine/CCNU/vincristine 

(PCV), trabedersen increased the MeST from 21.7 weeks to 39.1 weeks. In GBM 

patients, the 3 arms showed similar MeST with no survival improvement. 

Phase III clinical trials are staged to confirm the effectiveness of a treatment in a large 

number of patients and compare its performance to that of the current standard 

treatment.  Until now, only two phase III clinical trials of CED have been performed. 

The first one was carried out in 2000, which studied CED of herpes simplex virus 

thymidine kinase (HSV-tk) combined with systemic delivery of ganciclovir (GCV) in 

248 GBM patients (Rainov, 2000). The rational was to use a retrovirus (RV) to 

transfect the HSV-tk gene of the tumor cells which can then phosphate GCV to its 

activated tumoricidal form. In this study, HSV-tk vector-producing cells were infused 

immediately after tumor resection, 14 days later GCV was infused systemically. The 

authors compared the survival with surgery plus radiation to that of surgery plus 

radiation plus CED of HSV-tk and systemic GCV. However, the MeST of the two 

groups showed no significant difference (50.7 wks vs. 52.1 wks); neither was there a 

difference in the time of tumor progression. The main reason for the failure of this 

study was probably due to the low rate of transfection of HSV-tk gene to the tumor 

cells and low distribution of vector-producing cells in the tumor site. Once again, the 

delivery issue had not been properly addressed in the design of this study. 
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The second randomized phase III clinical trial of CED based treatment, also known as 

the PRECISE trial, studied the CED delivery of IL 13-PE38QQR vs Gliadel wafers in 

recurrent glioblastoma (Sandeep Kunwar et al., 2010). A total of 296 patients were 

recruited, and were randomized into two groups: CED of IL 13-PE38QQR or Gliadel 

wafers. IL 13-PE38QQR was administered continuously over 4 days after tumor 

resection. Survival and quality of life were evaluated. Overall, the MeST of patients 

receiving CED of IL 13-PE38QQR was 36.4 weeks vs 35.3 weeks from the time of 

randomization for the Gliadel wafers group (P = 0.476). For the quality of life, 

similar adverse effect profiles were observed, except that CED of IL 13-PE38QQR 

had higher pulmonary embolism rate of 8% compared to 1% in the Gliadel wafers 

group. The reason of the failure was further studied by the same team (Sampson et al., 

2010). 

They used iPlan
®
 Flow software from BrainLAB AG to predict the distribution 

volume of the infusate with the available catheter placement position data. They 

authors found that only half of the catheter placements met the insertion criteria, and 

only 20.1% of penumbra around the tumor cavity was covered. Thus, for further CED 

clinical trials, obtaining MRI image data, planning the catheter placement, and 

predicting the distribution volume with software should be done in a thorough and 

standardized fashion, much in the way as we routinely do to plan for radiation 

therapy. 

Another theoretical issue with CED in treating glioma is that there is a possibility that 

CED could increase the chance of invasion of glioma cells. One study on chemokine 

(C-X-C motif) ligand 12 (CXCL12) and chemokine (C-X-C motif) receptor 4 

(CXCR4) showed that glioma cells that express CXCR4 can be attracted by CXCL12 

along the interstitial flow. Thus, novel therapeutic methods such as CED which 

increase the interstitial flow to deliver chemotherapeutic drugs, could enhance the 

invasion of glioma cells (Munson, Bellamkonda, & Swartz, 2013). This could be 

another reason for the failure of the clinical trials. 

Thus, for future clinical trials, increasing the antitumor efficacy, minimizing the local 

toxicity by planning the distribution volume by software, multiple catheters 
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implantation, multiple sets of infusions, infusion rate of no more than 10 µL/min per 

catheter, and selecting negatively- or neutrally-charged antitumor drugs might be 

keys to successfully treat glioblastoma by CED. 
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Table 3 CED in clinical trials 

Reference 

Therapeutic agent 

Trial phase 

Patient diagnosis (n) Treatment 

responders 

(n/total 

patients) 

MeST Drug-related adverse events (rate) 

(Laske, Youle, & 

Oldfield, 1997) 

Tf-CRM107 

(TransMID)  

I/II 

GBM (9) 

Anaplastic 

astrocytoma (AA) (5) 

Anaplastic 

oligodendroglioma 

(AO) (1) 

9/15 74 wks (responders) 

36 wks (non-responders) 

Transit elevation of Alanine transaminase 

(ALT), aspartate transaminase (AST) (14/15), 

mild hypoalbuminemia (12/15), seizures (4/15), 

local toxicity (3/15) 

(Weaver & Laske, 

2003) 

Tf-CRM107 

(TransMID) 

II 

Recurrent AA/GBM 

(44) 

12/34 37 wks Symptomatic progressive cerebral edema (8/34), 

seizure (3/34) 

(Wersäll et al., 

1997) 

EMD 55900 (mAb 

425, Merck) 

I 

Primary and recurrent 

AA/GBM (8) 

0/8 Not reported Clinical and radiological signs of an intense, 

local, inflammatory reaction (3/8), memory 

impair (3/8), nephropathy (1/8), infection (1/8) 

(Klatzmann et al., 

1998) 

HSV-1-tk GCV 

I/II 

Recurrent GBM (12) 4/12 29.4 wks Neurological changes (4/12), infection (3/12) 

 

(Rainov, 2000) 

HSV-1-tk GCV 

III 

Newly diagnosed 

GBM (248) 

Not 

reported 

Sx + RT + HSV-1-tk 

GCV 52.1 wks vs. Sx + 

RT 50.7 wks 

Neurological  

 

(Voges et al., 2003) GBM (8) 2/8 28.1 ± 3.0 wks  Elevated ALT (37.5%), AST (25%), fever 
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LIPO-HSV-1-tk 

GCV 

I/II 

(25%), leukocytosis (25%), C-reactive protein 

(CRP) (25%), transient worsening of motor 

aphasia (25%), lactate dehydrogenase (LDH) 

(12.5%) 

(Rand et al., 2000) 

IL-4 PE38KDEL 

(NBI-3001) 

I 

GBM (9) 6/9 Report of one complete 

responder alive 77.1 wks 

post-infusion; other 

outcomes not reported 

Late intractable ICP requiring surgery (44%), 

early intractable ICP requiring surgery (33%), 

communicating hydrocephalus (22%) 

(F. Weber et al., 

2001) 

(F. W. Weber et al., 

2003) 

IL-4 PE38KDEL 

(NBI-3001) 

I 

GBM (25)  

AA (6) 

17/24 35.1 wks/ 24.9 wks GBM Overall drug-related Grade 3 or higher toxicity 

(39%) 

(Patel et al., 2005) 
131

I-chTNT-1/B 

mAb (Cotara) 

I/II 

Recurrent GBM (37) 

primary GBM (8)  

AA (6) 

1/12 37.9 wks Cerebral edema (16%), hemiparesis (14%), 

headache (14%), convulsions (6%), aphasia 

(6%), weakness (6%), lethargy (6%), fatigue 

(6%), nausea (4%), alopecia (4%), simple partial 

seizures (4%), facial palsy (4%), confusion 

(4%), short-term memory loss (2%) 

(Sampson et al., 

2006) 

I
131

-Ch81C6  

Recurrent GBM (10) 3/10 30.3 wks  

(Boiardi et al., 

2005) 

Mitoxantrone 

I 

Recurrent malignant 

glioma (MG) (12) 

Not 

reported 

Not reported Procedure problem (3/12), infection (1/12) 

 

(Lidar et al., 2004) GBM (13) 11/15 32.1 wks Chemical meningitis (40%), neurological 
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Paclitaxel 

I/II 

AA/AO (1)  

Mixed astro-oligo (1) 

deterioration due to peritumoral edema and 

necrosis (20%) 

(Pöpperl et al., 

2005)  

(Tanner et al., 

2007) 

Paclitaxel 

I 

Recurrent GBM (8) 0/8 42.9 wks Temporary worsening of (pre-existing) 

neurological symptoms (5/8), poor wound 

healing due to a leakage of paclitaxel through 

one of the burr holes (2/8), neurological 

deterioration due to markedly increased peri-

focal oedema, which could be adequately treated 

with steroids (2/8) 

(Sampson et al., 

2003) 

TP-38 

I 

GBM (16) 

AA (1) 

AO (1) 

Gliosarcoma (1) 

Metastasis (1) 

2/15 (w/o, 

residual 

pre-

treatment 

tumor) 

w, residual 

pre-treatment tumor 18.7 

wks 

w/o, residual 

pre-treatment tumor 32.9 

wks 

Hemiparesis (15%), headache (15%), speech 

impairment (15%), hemianopsia (10%), seizures 

(5%), fatigue (5%) 

(Sampson et al., 

2008) 

TP-38 

I 

Recurrent or 

progressive 

malignant primary or 

metastatic brain 

tumors (22)  

2/15 28 wks Headache (7/15), hemiparesis (3/15), speech 

(3/15), constitutional (3/15), ocular/visual 

(2/15), seizure (1/15) 

(S Kunwar, 2003) 

IL13-PE38QQR, 

Group 1 

I 

Grade 3 or 4 glioma 

(15) 

4/15 7-117 wks (no MeST 

reported) 

Overall drug-related Grade 2 or higher toxicity 

(47%) 

(S Kunwar, 2003) 

IL13-PE38QQR, 

Group 2 

I 

Grade 3 or 4 glioma 

(21) 

10/15 45 wks Overall drug-related Grade 2 or higher toxicity 

(87%) 

(S Kunwar, 2003) Grade 3 or 4 glioma Not 10 ± 30 wks Overall drug-related Grade 2 or higher toxicity 
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IL13-PE38QQR, 

Group 3 

I 

(10) reported (50%) 

(Sandeep Kunwar et 

al., 2006) 

(Sandeep Kunwar et 

al., 2007) 

IL13- PE38QQR 

I 

MG (5) 

GBM (46) 

Not 

reported 

42.7 wks Headache (41 %), sensory disturbance (25 %), 

aphasia/speech disorder (18 %), asthenia 

(16 %), convulsion (14 %), hemiparesis (14 %), 

facial paresis (12 %), gait disorder (12 %), 

upper motor neuron lesion (10 %), nausea 

(8 %), pyrexia (8 %), memory impairment (8 %) 

(Vogelbaum et al., 

2007) 

IL13- PE38QQR 

I 

GBM (22) 

anaplastic mixed 

oligoastrocytoma (1) 

Not 

reported 

11/22 (50%) patients 

remain alive after a 

median follow-up period 

of 44 wks. 5 - 113 wks 

(Survival), 5 - 78 wks 

(progression-free 

survival) 

Fatigue, gait disturbance, nystagmus, and 

confusion (>1/22), seizure (1/22), aphasia and 

confusion (1/22) 

 

(Sandeep Kunwar et 

al., 2010) 

IL13- PE38QQR 

III 

Recurrent GBM 

(296) 

Not 

reported 

36.4 wks IL13- 

PE38QQR vs. 35.5 wks 

Gliadel wafer 

Aphasia (1.2 %), hemiparesis (0.8 %), deep vein 

thrombosis (DVT) (0.5 %), monoparesis 

(0.5 %), headache (0.4 %), hemiplegia (0.3 %), 

gait disturbance (0.3 %), brain edema (0.3 %), 

coordination abnormal (0.3 %), mental status 

changes (0.3 %) 

(Carpentier et al., 

2006) 

CpG-ODN 

I 

Recurrent GBM (24) 2/24 30.9 wks Reversible grade 3 lymphopenia (7/24), fever 

(5/24), neurological worsening (4/24) 

(Carpentier et al., 

2010) 

CpG-ODN 

Recurrent GBM (31) 3/31 28 wks Transient neurological worsening (22/31), 

lymphopenia (15/31), seizures (10/31), mild 

fever (9/31) 
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II  

(Hau et al., 2007) 

TGF-β2 inhibitor 

Trabedersen (AP 

12009) 

I/II 

AA (5)  

GBM (19) 

24 146.6 wks AA 

44.0 wks GBM 

Serious adverse events (18/24), grade I adverse 

events (13/24), grade II adverse events (13/24), 

grade III adverse events (2/24) 

(Bogdahn et al., 

2011) 

Trabedersen (AP 

12009) 

IIb 

Recurrent/ refractory 

GBM, AA (145) 

Not 

reported 

39.1 wks 10 µM 

trabedersen vs. 

35.2 wks 80 µM 

trabedersen vs. 

21.7 wks TMZ or PCV 

Nervous system disorders (59-66%), 

hemiparesis (22-27%), brain edema (20-27%), 

increased ICP (14-20%), injury poisoning, and 

procedural complications (16 – 17 %), general 

disorders and administration site conditions (6 - 

24%), aphasia (10-15%), neurological symptom 

(8-17%), investigations (8-15%), convulsion (8-

12%), headache (10%), infections and 

infestations brain abscess (7 - 12%), Karnofsky 

scale worsened (8-10%), psychiatric disorders 

(6-12%), brain compression (7-10%), depressed 

level of consciousness (4-12%), blood and 

lymphatic system disorders (5 - 8%) 

Tf-CRM107: human transferrin (Tf) conjugated to a diphtheria toxin that contains a point mutation (CRM107)  

EMD 55900: Anti-EGFR mAb 

HSV-tk GCV: in vivo retrovirus (RV)-mediated transduction of glioblastoma cells with the herpes simplex virus thymidine kinase 

(HSV-tk) gene and subsequent systemic treatment with ganciclovir (GCV) 

IL-4 PE38KDEL: A chimeric protein composed of circularly permuted IL-4 and a truncated form of Pseudomonas exotoxin (PE) 

131
I-Ch81C6: Human–murine anti-tenascin chimeric mAb linked to 

131
I 
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TP-38: A recombinant chimeric protein composed of transforming growth factor (TGF)-α and a mutated form of the Pseudomonas 

exotoxin termed PE-38 

IL13-PE38QQR: a recombinant protein consisting of human IL13 and a truncated form of Pseudomonas exotoxin A lacking the 

binding domain 

CpG-ODN: Oligodeoxynucleotides containing CpG motifs. 

 

  



130 

 

    

  

BIBLIOGRAPHY 

Abbott, N. J., Rönnbäck, L., & Hansson, E. (2006). Astrocyte-endothelial interactions 

at the blood-brain barrier. Nature reviews. Neuroscience, 7(1), 41–53. 

Albertella, M. R., Green, C. M., Lehmann, A. R., & O’Connor, M. J. (2005). A role 

for polymerase η in the cellular tolerance to cisplatin-induced damage. Cancer 

Research, 65(21), 9799–9806. 

Alderden, R., Hall, M., & Hambley, T. (2006). The discovery and development of 

cisplatin. Journal of chemical …, 83(5), 728–734. 

Allard, E., Passirani, C., & Benoit, J.-P. (2009). Convection-enhanced delivery of 

nanocarriers for the treatment of brain tumors. Biomaterials, 30(12), 2302–2318. 

André, T., Boni, C., Mounedji-Boudiaf, L., Navarro, M., Tabernero, J., Hickish, 

T., … de Gramont, A. (2004). Oxaliplatin, fluorouracil, and leucovorin as 

adjuvant treatment for colon cancer. The New England journal of medicine, 

350(23), 2343–2351. 

André, T., Boni, C., Navarro, M., Tabernero, J., Hickish, T., Topham, C., … de 

Gramont, A. (2009). Improved overall survival with oxaliplatin, fluorouracil, 

and leucovorin as adjuvant treatment in stage II or III colon cancer in the 

MOSAIC trial. Journal of clinical oncology : official journal of the American 

Society of Clinical Oncology, 27(19), 3109–3116. 

Arienti, C., Tesei, A., Ravaioli, A., Ratta, M., Carloni, S., Mangianti, S., … Zoli, W. 

(2008). Activity of lipoplatin in tumor and in normal cells in vitro. Anti-cancer 

drugs, 19(10), 983–90. 

Arshad, A., Yang, B., Bienemann, A. S., Barua, N. U., Wyatt, M. J., Woolley, M., … 

Gill, S. S. (2015). Convection-Enhanced Delivery of Carboplatin PLGA 

Nanoparticles for the Treatment of Glioblastoma. Plos One, 10(7), e0132266. 

Bachoo, R. M., Maher, E. A., Ligon, K. L., Sharpless, N. E., Chan, S. S., You, M. 

J., … Depinho, R. A. (2002). Epidermal growth factor receptor and Ink4a / Arf : 

Convergent mechanisms governing terminal differentiation and transformation 

along the neural stem cell to astrocyte axis. Cancer cell, 1(April), 269–277. 

Bao S Wu Q, M. R. E. H. Y. S. Q. H. A. B. D. M. W. B. D. D. R. J. N. (2006). 

Glioma stem cells promote radioresistance by preferential activation of the DNA 

damage response. Nature, 444, 756–760. 

Bao, Q., Chen, Y., & Zheng, Y. (2014). Cisplatin Radiosensitization of DNA 

Irradiated with 2-20 eV Electrons : Role of Transient Anions. The Journal of 

Physical Chemistry C, 118, 15516–15524. 

Bart, J., Groen, H. J. M., Hendrikse, N. H., Van der Graaf, W. T. a, Vaalburg, W., & 

De Vries, E. G. E. (2000). The blood-brain barrier and oncology: New insights 

into function and modulation. Cancer Treatment Reviews, 26(6), 449–462. 



131 

 

    

  

Barth, R. F., Yang, W., Huo, T., Riley, K. J., Binns, P. J., Grecula, J. C., … Elleaume, 

H. (2011). Comparison of intracerebral delivery of carboplatin and photon 

irradiation with an optimized regimen for boron neutron capture therapy of the 

F98 rat glioma. Applied radiation and isotopes : including data, instrumentation 

and methods for use in agriculture, industry and medicine, 69(12), 1813–6. 

Barua, N. U., Hopkins, K., Woolley, M., O’Sullivan, S., Harrison, R., Edwards, R. 

J., … Gill, S. S. (2014). A novel implantable catheter system with 

transcutaneous port for intermittent convection-enhanced delivery of carboplatin 

for recurrent glioblastoma. Drug delivery, 7544, 1–7. 

Barua, N. U., Lowis, S. P., Woolley, M., O’Sullivan, S., Harrison, R., & Gill, S. S. 

(2013). Robot-guided convection-enhanced delivery of carboplatin for advanced 

brainstem glioma. Acta Neurochirurgica, 155(8), 1459–1465. 

Bassett, E., Vaisman, A., Tropea, K. a., McCall, C. M., Masutani, C., Hanaoka, F., & 

Chaney, S. G. (2002). Frameshifts and deletions during in vitro translesion 

synthesis past Pt-DNA adducts by DNA polymerases β and η. DNA Repair, 

1(12), 1003–1016. 

Beaty, O., Berg, S., Blaney, S., Malogolowkin, M., Krailo, M., Knight, R., … 

Adamson, P. C. (2010). A phase II trial and pharmacokinetic study of oxaliplatin 

in children with refractory solid tumors: a Children’s Oncology Group study. 

Pediatric blood & cancer, 55(3), 440–445. 

Behmand, B., Wagner, J. R., Sanche, L., & Hunting, D. J. (2014). Cisplatin 

intrastrand adducts sensitize DNA to base damage by hydrated electrons. The 

journal of physical chemistry. B, 118(18), 4803–8. 

Bentzen, S. M., Harari, P. M., & Bernier, J. (2007). Exploitable mechanisms for 

combining drugs with radiation: concepts, achievements and future directions. 

Nature clinical practice. Oncology, 4(3), 172–180. 

Biston, M.-C., Joubert, A., Adam, J.-F., Elleaume, H., Bohic, S., Charvet, A.-M., … 

Balosso, J. (2004). Cure of Fisher Rats Bearing Radioresistant F98 Glioma 

Treated with cis-Platinum and Irradiated with Monochromatic Synchrotron X-

Rays. Cancer Research, 64(7), 2317–2323. 

Blanc, C., Blanc, C., Deveraux, Q. L., Deveraux, Q. L., Krajewski, S., Krajewski, 

S., … Marti,  a. (2000). Caspase-3 is essential for procaspase-9 processing and 

cisplatin- induced apoptosis of MCF-7 breast cancer cells. Cancer Res., 60(16), 

4386–4390. 

Blanchette, M., Tremblay, L., Lepage, M., & Fortin, D. (2014). Impact of drug size 

on brain tumor and brain parenchyma delivery after a blood-brain barrier 

disruption. Journal of cerebral blood flow and metabolism : official journal of 

the International Society of Cerebral Blood Flow and Metabolism, 34(5), 820–6. 

Bobo, R. H., Laske, D. W., Akbasak, A., Morrison, P. F., Dedrick, R. L., & Oldfield, 

E. H. (1994). Convection-enhanced delivery of macromolecules in the brain. 

Proceedings of the National Academy of Sciences of the United States of 



132 

 

    

  

America, 91(6), 2076–2080. 

Bogdahn, U., Hau, P., Stockhammer, G., Venkataramana, N. K., Mahapatra,  a K., 

Suri, A., … Trabedersen Glioma Study, G. (2011). Targeted therapy for high-

grade glioma with the TGF-beta2 inhibitor trabedersen: results of a randomized 

and controlled phase IIb study. Neuro Oncol, 13(1), 42–132. 

Boiardi, A., Eoli, M., Salmaggi, A., Lamperti, E., Botturi, A., Solari, A., … Silvani, 

A. (2005). Local drug delivery in recurrent malignant gliomas. Neurological 

sciences : official journal of the Italian Neurological Society and of the Italian 

Society of Clinical Neurophysiology, 26 Suppl 1, S37–9. 

Boulikas, T. (2004). Low toxicity and anticancer activity of a novel liposomal 

cisplatin (Lipoplatin) in mouse xenografts. Oncology reports, 12(1), 3–12. 

Boulikas, T. (2007). Molecular mechanisms of cisplatin and its liposomally 

encapsulated form , Lipoplatin 
TM

 . Lipoplatin 
TM

 as a chemotherapy and 

antiangiogenesis drug. Cancer Therapy, 5, 349–376. 

Boulikas, T., Pantos, A., Bellis, E., & Christofis, P. (2007). Designing platinum 

compounds in cancer : structures and mechanisms. Cancer Therapy, 5, 537–583. 

Carpentier, A., Laigle-Donadey, F., Zohar, S., Capelle, L., Behin, A., Tibi, A., … 

Carpentier, A. F. (2006). Phase 1 trial of a CpG oligodeoxynucleotide for 

patients with recurrent glioblastoma. Neuro-oncology, 8(1), 60–66. 

Carpentier, A., Metellus, P., Ursu, R., Zohar, S., Lafitte, F., Barrié, M., … Carpentier, 

A. F. (2010). Intracerebral administration of CpG oligonucleotide for patients 

with recurrent glioblastoma: A phase II study. Neuro-Oncology, 12(4), 401–408. 

Charest, G., Sanche, L., Fortin, D., Mathieu, D., & Paquette, B. (2011). Glioblastoma 

Treatment : Bypassing the Toxicity of Platinum Compounds by Using 

Liposomal Formulation and Increasing Treatment Efficiency with Concomitant 

Radiotherapy. International journal of oncology biology physics, 84(1), 244–249. 

Charest, G., Sanche, L., Fortin, D., Mathieu, D., & Paquette, B. (2013). Optimization 

of the route of platinum drugs administration to optimize the concomitant 

treatment with radiotherapy for glioblastoma implanted in the Fischer rat brain. 

Journal of Neuro-Oncology, 115(3), 365–373. 

Chen, M. Y., Lonser, R. R., Morrison, P. F., Governale, L. S., & Oldfield, E. H. 

(1999). Variables affecting convection-enhanced delivery to the striatum: a 

systematic examination of rate of infusion, cannula size, infusate concentration, 

and tissue-cannula sealing time. Journal of neurosurgery, 90(2), 315–320. 

Chesler, D. a. (2012). The potential origin of glioblastoma initiating cells. Frontiers 

in Bioscience, S4(3), 190. 

Croteau, D., Walbridge, S., Morrison, P. F., Butman, J. a, Vortmeyer, A. O., Johnson, 

D., … Lonser, R. R. (2005). Real-time in vivo imaging of the convective 

distribution of a low-molecular-weight tracer. Journal of neurosurgery, 102(1), 

90–97. 



133 

 

    

  

Cserr, H. F., & Bundgaard, M. (1984). Blood-brain interfaces in vertebrates: a 

comparative approach. The American journal of physiology, 246(3 Pt 2), R277–

R288. 

Cui, Y., König, J., Buchholz, J. K., Spring, H., Leier, I., & Keppler, D. (1999). Drug 

resistance and ATP-dependent conjugate transport mediated by the apical 

multidrug resistance protein, MRP2, permanently expressed in human and 

canine cells. Molecular pharmacology, 55(5), 929–37. 

De Boer,  a G., & Breimer, D. D. (1994). The blood-brain barrier: clinical 

implications for drug delivery to the brain. Journal of the Royal College of 

Physicians of London, 28(6), 502–506. 

Debinski, W., & Tatter, S. B. (2009). Convection-enhanced delivery for the treatment 

of brain tumors. Expert review of neurotherapeutics, 9(10), 1519–27. 

Decatris, M. P., Sundar, S., & O’Byrne, K. J. (2004). Platinum-based chemotherapy 

in metastatic breast cancer: current status. Cancer treatment reviews, 30(1), 53–

81. 

Degen, J. W., Walbridge, S., Vortmeyer, A. O., Oldfield, E. H., & Lonser, R. R. 

(2003). Safety and efficacy of convection-enhanced delivery of gemcitabine or 

carboplatin in a malignant glioma model in rats. Journal of neurosurgery, 99(5), 

893–8. 

Devarajan, P., Tarabishi, R., Mishra, J., Ma, Q., Kourvetaris, A., Vougiouka, M., & 

Boulikas, T. (2004). Low renal toxicity of lipoplatin compared to cisplatin in 

animals. Anticancer research, 24(4), 2193–200. 

DeVries, H. E., Montagne, L., Dijkstra, C. D., & van der Valk, P. (2004). Molecular 

and cellular biology of the blood–brain barrier and its characteristics in brain 

tumors. In F. Ali-Osman (Ed.), Contemporary Cancer Research: Brain Tumors 

(pp. 157–174). New Jersey: Humana Press. 

Dewit, L. (1987). Combined treatment of radiation and cisdiamminedichloroplatinum 

(II): a review of experimental and clinical data. International Journal of 

Radiation Oncology* Biology* …, 13(September 1986), 403–426. 

Dickinson, P. J., LeCouteur, R. a, Higgins, R. J., Bringas, J. R., Roberts, B., Larson, 

R. F., … Bankiewicz, K. S. (2008). Canine model of convection-enhanced 

delivery of liposomes containing CPT-11 monitored with real-time magnetic 

resonance imaging: laboratory investigation. Journal of neurosurgery, 108(5), 

989–98. 

Douple, E. B., & Richmond, R. C. (1978). Platinum complexes as radiosensitizers of 

hypoxic mammalian cells. The British journal of cancer. Supplement, 3, 98–102. 

Drapeau, A., & Fortin, D. (2015). Chemotherapy Delivery Strategies to the Central 

Nervous System: neither Optional nor Superfluous. Current cancer drug targets. 

Dritschilo,  a, Piro,  a J., & Kelman,  a D. (1979). The effect of cis-platinum on the 

repair of radiation damage in plateau phase Chinese hamster (V-79) cells. 



134 

 

    

  

International journal of radiation oncology, biology, physics, 5(8), 1345–1349. 

Eramo, A., Ricci-Vitiani, L., Zeuner, A., Pallini, R., Lotti, F., Sette, G., … De Maria, 

R. (2006). Chemotherapy resistance of glioblastoma stem cells. Cell Death and 

Differentiation, 13(7), 1238–1241. 

Fink, D., Nebel, S., Aebi, S., Zheng, H., Cenni, B., Nehmé, A., … Howell, S. B. 

(1996). The role of DNA mismatch repair in platinum drug resistance. Cancer 

Research, 56(21), 4881–4886. 

Foley, C. P., Nishimura, N., Neeves, K. B., Schaffer, C. B., & Olbricht, W. L. (2012). 

Real-time imaging of perivascular transport of nanoparticles during convection-

enhanced delivery in the rat cortex. Annals of biomedical engineering, 40(2), 

292–303. 

Forastiere, A. a., Metch, B., Schuller, D. E., Ensley, J. F., Hutchins, L. F., Triozzi, 

P., … Von Hoff, D. D. (1992). Randomized comparison of cisplatin plus 

fluorouracil and carboplatin plus fluorouracil versus methotrexate in advanced 

squamous-cell carcinoma of the head and neck: A southwest oncology group 

study. Journal of Clinical Oncology, 10(8), 1245–1251. 

Fortin, D., Desjardins, A., Benko, A., Niyonsega, T., & Boudrias, M. (2005). 

Enhanced chemotherapy delivery by intraarterial infusion and blood-brain 

barrier disruption in malignant brain tumors: the Sherbrooke experience. Cancer, 

103(12), 2606–2615. 

Fortin, D., Morin, P.-A., Belzile, F., Mathieu, D., & Paré, F.-M. (2014). Intra-arterial 

carboplatin as a salvage strategy in the treatment of recurrent glioblastoma 

multiforme. Journal of neuro-oncology, 119(2), 397–403. 

Fouladi, M., Blaney, S. M., Poussaint, T. Y., Freeman, B. B., McLendon, R., Fuller, 

C., … Gajjar, A. (2006). Phase II study of oxaliplatin in children with recurrent 

or refractory medulloblastoma, supratentorial primitive neuroectodermal tumors, 

and atypical teratoid rhabdoid tumors: a pediatric brain tumor consortium study. 

Cancer, 107(9), 2291–2297. 

Fulda, S., Los, M., Friesen, C., & Debatin, K. M. (1998). Chemosensitivity of solid 

tumor cells in vitro is related to activation of the CD95 system. International 

Journal of Cancer, 76(1), 105–114. 

Furuta, T., Ueda, T., Aune, G., Sarasin, A., Kraemer, K. H., & Pommier, Y. (2002). 

Transcription-coupled nucleotide excision repair as a determinant of cisplatin 

sensitivity of human cells. Cancer research, 62(17), 4899–902. 

Gadducci,  a., Cosio, S., Muraca, S., & Genazzani,  a. R. (2002). Molecular 

mechanisms of apoptosis and chemosensitivity to platinum and paclitaxel in 

ovarian cancer: Biological data and clinical implications. European Journal of 

Gynaecological Oncology, 23(5), 390–396. 

Gately, D. P., & Howell, S. B. (1993). Cellular accumulation of the anticancer agent 

cisplatin: a review. British journal of cancer, 67(6), 1171–6. 



135 

 

    

  

Giaccone, G., Herbst, R. S., Manegold, C., Scagliotti, G., Rosell, R., Miller, V., … 

Johnson, D. H. (2004). Gefitinib in combination with gemcitabine and cisplatin 

in advanced non-small-cell lung cancer: a phase III trial--INTACT 1. Journal of 

Clinical Oncology, 22(5), 777–784. 

Goldberg, R. M., Sargent, D. J., Morton, R. F., Fuchs, C. S., Ramanathan, R. K., 

Williamson, S. K., … Alberts, S. R. (2004). A randomized controlled trial of 

fluorouracil plus leucovorin, irinotecan, and oxaliplatin combinations in patients 

with previously untreated metastatic colorectal cancer. Journal of Clinical 

Oncology, 22(1), 23–30. 

Goodsell, D. S. (2006). The Molecular Perspective: Cisplatin. Stem cells, 24, 514–

515. 

Grahn, A. Y., Bankiewicz, K. S., Dugich-Djordjevic, M., Bringas, J. R., Hadaczek, P., 

Johnson, G. a, … Luz, M. (2009). Non-PEGylated liposomes for convection-

enhanced delivery of topotecan and gadodiamide in malignant glioma: initial 

experience. Journal of neuro-oncology, 95(2), 185–97. 

Guerin, C., Olivi, A., Weingart, J. D., Lawson, H. C., & Brem, H. (2004). Recent 

advances in brain tumor therapy: local intracerebral drug delivery by polymers. 

Investigational new drugs, 22(1), 27–37. 

H. Engelhard, H. (2000). Brain tumors and the blood-brain barrier. In M. Bernstein & 

M. Berger (Eds.), Neuro-Oncology: The Essentials (Vol. 5, pp. 49–53). New 

York: Thieme. 

H. Engelhard, H., & Valyi-Nagy, T. (2006). Biology of the Blood-Brain and “Blood-

Brain Tumor” Barrier. In H. B. Newton (Ed.), Handbook of Brain Tumor 

Chemotherapy (1st ed.). New York: Elsevier Inc. 

Hadjipanayis, C. G., & Van Meir, E. G. (2009a). Brain cancer propagating cells: 

biology, genetics and targeted therapies. Trends in Molecular Medicine, 15(11), 

519–530. 

Hadjipanayis, C. G., & Van Meir, E. G. (2009b). Tumor initiating cells in malignant 

gliomas: Biology and implications for therapy. Journal of Molecular Medicine, 

87(4), 363–374. 

Hall, E. J. (1988). Radiobiology for the radiologists (7th ed.). Philadelphia: 

LIPPINCOTT WILLIAMS & WILKINS. 

Harrap, K. R. (1985). Preclinical studies identifying carboplatin as a viable cisplatin 

alternative. Cancer treatment reviews, 12 Suppl A, 21–33. 

Hartmann, C., Weinel, P., Schmid, H., Grigull, L., Sander, A., Linderkamp, C., … 

Reinhardt, D. (2011). Oxaliplatin, irinotecan, and gemcitabine: a novel 

combination in the therapy of progressed, relapsed, or refractory tumors in 

children. Journal of pediatric hematology/oncology, 33(5), 344–9. 

Hashizaki, K., Taguchi, H., Itoh, C., Sakai, H., Abe, M., Saito, Y., & Ogawa, N. 

(2003). Effects of poly(ethylene glycol) (PEG) chain length of PEG-lipid on the 



136 

 

    

  

permeability of liposomal bilayer membranes. Chemical & pharmaceutical 

bulletin, 51(7), 815–20. 

Hau, P., Jachimczak, P., Schlingensiepen, R., Schulmeyer, F., Jauch, T., Steinbrecher, 

A., … Schlingensiepen, K.-H. (2007). Inhibition of TGF-beta2 with AP 12009 

in recurrent malignant gliomas: from preclinical to phase I/II studies. 

Oligonucleotides, 17(2), 201–212. 

Hector, S., Bolanowska-Higdon, W., Zdanowicz, J., Hitt, S., & Pendyala, L. (2001). 

In vitro studies on the mechanisms of oxaliplatin resistance. Cancer 

Chemotherapy and Pharmacology, 48(5), 398–406. 

Herbst, R. (2004). Gefitinib in Combination With Paclitaxel and Carboplatin in 

Advanced Non-Small-Cell Lung Cancer: A Phase III Trial--INTACT 2. Journal 

Of Clinical Oncology, 22(5), 785–794. 

Holzer, A. K., & Howell, S. B. (2006). The internalization and degradation of human 

copper transporter 1 following cisplatin exposure. Cancer Research, 66(22), 

10944–10952. 

Holzer, A. K., Manorek, G. H., & Howell, S. B. (2006). Contribution of the major 

copper influx transporter CTR1 to the cellular accumulation of cisplatin, 

carboplatin, and oxaliplatin. Molecular pharmacology, 70(4), 1390–4. 

Hryniuk, W. M. (1988). More is better. Journal of clinical oncology, 6(9), 1365–1367. 

Huo, T., Barth, R. F., Yang, W., Nakkula, R. J., Koynova, R., Tenchov, B., … Lee, R. 

J. (2012). Preparation, Biodistribution and Neurotoxicity of Liposomal Cisplatin 

following Convection Enhanced Delivery in Normal and F98 Glioma Bearing 

Rats. PloS one, 7(11), e48752. 

Ilkanizadeh, S., Lau, J., Huang, M., Foster, D. J., Wong, R., Frantz, A., … Persson, A. 

I. (2014). Glial progenitors as targets for transformation in Glioma. Advances 

in Cancer Research (Vol. 121). 

Ishida, S., Lee, J., Thiele, D. J., & Herskowitz, I. (2002). Uptake of the anticancer 

drug cisplatin mediated by the copper transporter Ctr1 in yeast and mammals. 

Proceedings of the National Academy of Sciences of the United States of 

America, 99(22), 14298–14302. 

Ishikawa, T., Wright, C. D., & Ishizuka, H. (1994). GS-X pump is functionally 

overexpressed in cis-diamminedichloroplatinum (II)-resistant human leukemia 

HL-60 cells and down-regulated by cell differentiation. The Journal of 

biological chemistry, 269(46), 29085–29093. 

Jacobs, C., Lyman, G., Velez-García, E., Sridhar, K. S., Knight, W., Hochster, H., … 

Schacter, L. (1992). A phase III randomized study comparing cisplatin and 

fluorouracil as single agents and in combination for advanced squamous cell 

carcinoma of the head and neck. Journal of clinical oncology : official journal of 

the American Society of Clinical Oncology, 10(2), 257–263. 

Jain, R. K. (1989). Delivery of novel therapeutic agents in tumors: physiological 



137 

 

    

  

barriers and strategies. Journal of the National Cancer Institute, 81(8), 570–6. 

Jain, R. K., Tong, R. T., & Munn, L. L. (2007). Effect of vascular normalization by 

antiangiogenic therapy on interstitial hypertension, peritumor edema, and 

lymphatic metastasis: Insights from a mathematical model. Cancer Research, 

67(6), 2729–2735. 

Jamieson, E. R., & Lippard, S. J. (1999). Structure, Recognition, and Processing of 

Cisplatin-DNA Adducts. Chemical reviews, 99(9), 2467–98. 

Johnson, D. H., Fehrenbacher, L., Novotny, W. F., Herbst, R. S., Nemunaitis, J. J., 

Jablons, D. M., … Kabbinavar, F. (2004). Randomized phase II trial comparing 

bevacizumab plus carboplatin and paclitaxel with carboplatin and paclitaxel 

alone in previously untreated locally advanced or metastatic non-small-cell lung 

cancer. Journal of clinical oncology : official journal of the American Society of 

Clinical Oncology, 22(11), 2184–2191. 

Kasahara, K., Fujiwara, Y., Nishio, K., Ohmori, T., Sugimoto, Y., Komiya, K., … 

Saijo, N. (1991). Metallothionein content correlates with the sensitivity of 

human small cell lung cancer cell lines to cisplatin. Cancer research, 51(12), 

3237–42. 

Kelland, L. (2007). The resurgence of platinum-based cancer chemotherapy. Nat Rev 

Cancer, 7, 573–584. 

Klatzmann, D., Ry, C. a V. a L. É., Bensimon, G., Marro, B., Boyer, O., Mokhtari, 

K., … Glioblastoma, F. O. R. (1998). A Phase I/II Study of Herpes Simplex 

Virus Type 1 Thymidine Kinase “Suicide” Gene Therapy for Recurrent 

Glioblastoma. Human Gene Therapy, 9, 2595–2604. 

Komatsu, M., Sumizawa, T., Mutoh, M., Chen, Z. S., Terada, K., Furukawa, T., … 

Akiyama, S. (2000). Copper-transporting P-type adenosine triphosphatase 

(ATP7B) is associated with cisplatin resistance. Cancer research, 60(5), 1312–6. 

Kondo, A., Goldman, S., Lulla, R. R., Mania-Farnell, B., Vanin, E. F., Sredni, S. 

T., … Tomita, T. (2009). Longitudinal assessment of regional directed delivery 

in a rodent malignant glioma model. Journal of neurosurgery. Pediatrics, 4(6), 

592–598. 

Kopyra, J., Koenig-Lehmann, C., Bald, I., & Illenberger, E. (2009). A Single Slow 

Electron Triggers the Loss of Both Chlorine Atoms from the Anticancer Drug 

Cisplatin: Implications for Chemoradiation Therapy. Angewandte Chemie 

International Edition, 48(42), 7904–7907. 

Kouass Sahbani, S., Rezaee, M., Cloutier, P., Sanche, L., & Hunting, D. J. (2014). 

Non-DSB clustered DNA lesions induced by ionizing radiation are largely 

responsible for the loss of plasmid DNA functionality in the presence of 

cisplatin. Chemico-Biological Interactions, 217, 9–18. 

Krauze, M. T., Forsayeth, J., Park, J. W., & Bankiewicz, K. S. (2006). Real-time 

imaging and quantification of brain delivery of liposomes. Pharmaceutical 



138 

 

    

  

research, 23(11), 2493–504. 

Krauze, M. T., Forsayeth, J., Yin, D., & Bankiewicz, K. S. (2009). Convection-

enhanced delivery of liposomes to primate brain. In Methods in enzymology (1st 

ed., Vol. 465, pp. 349–62). Elsevier Inc. 

Krauze, M. T., Mcknight, T. R., Yamashita, Y., Bringas, J., Noble, C. O., Saito, 

R., … Bankiewicz, K. S. (2005). Real-time visualization and characterization of 

liposomal delivery into the monkey brain by magnetic resonance imaging. Brain 

research. Brain research protocols, 16(1-3), 20–6. 

Krauze, M. T., Saito, R., Noble, C., Tamas, M., Bringas, J., Park, J. W., … 

Bankiewicz, K. (2005). Reflux-free cannula for convection-enhanced high-speed 

delivery of therapeutic agents. Journal of neurosurgery, 103(5), 923–9. 

Kroin, J., & Penn, R. (1982). Intracerebral chemotherapy: chronic microinfusion of 

cisplatin. Neurosurgery, 10(3), 349–354. 

Kroll, R. a, Pagel, M. a, Muldoon, L. L., Roman-Goldstein, S., & Neuwelt, E. a. 

(1996). Increasing volume of distribution to the brain with interstitial infusion: 

dose, rather than convection, might be the most important factor. Neurosurgery, 

38(4), 746–52; 

Kunwar, S. (2003). Convection enhanced delivery of IL13-PE38QQR for treatment of 

recurrent malignant glioma: presentation of interim findings from ongoing 

phase 1 studies. Acta neurochirurgica. Supplement (Vol. 88). 

Kunwar, S., Chang, S. M., Prados, M. D., Berger, M. S., Sampson, J. H., Croteau, D. 

J., … Puri, R. K. (2006). Safety of intraparenchymal convection- enhanced 

delivery of cintredekin besudotox in early-phase studies. Neurosurgical focus, 

20(3), E15. 

Kunwar, S., Chang, S., Westphal, M., Vogelbaum, M., Sampson, J., Barnett, G., … 

Puri, R. K. (2010). Phase III randomized trial of CED of IL13-PE38QQR vs 

Gliadel wafers for recurrent glioblastoma. Neuro-Oncology, 12(8), 871–881. 

Kunwar, S., Prados, M. D., Chang, S. M., Berger, M. S., Lang, F. F., Piepmeier, J. 

M., … Puri, R. K. (2007). Direct intracerebral delivery of cintredekin besudotox 

(IL13-PE38QQR) in recurrent malignant glioma: A report by the cintredekin 

besudotox intraparenchymal study group. Journal of Clinical Oncology, 25(7), 

837–844. 

Lai, G. M., Ozols, R. F., Smyth, J. F., Young, R. C., & Hamilton, T. C. (1988). 

Enhanced DNA repair and resistance to cisplatin in human ovarian cancer. 

Biochemical pharmacology, 37(24), 4597–600. 

Lai, G. M., Ozols, R. F., Young, R. C., & Hamilton, T. C. (1989). Effect of 

glutathione on DNA repair in cisplatin-resistant human ovarian cancer cell lines. 

Journal of the National Cancer Institute, 81(7), 535–9. 

Laske, D. W., Morrison, P. F., Lieberman, D. M., Corthesy, M. E., Reynolds, J. C., 

Stewart-Henney, P. a, … Oldfield, E. H. (1997). Chronic interstitial infusion of 



139 

 

    

  

protein to primate brain: determination of drug distribution and clearance with 

single-photon emission computerized tomography imaging. Journal of 

neurosurgery, 87(4), 586–594. 

Laske, D. W., Youle, R. J., & Oldfield, E. H. (1997). Tumor regression with regional 

distribution of the targeted toxin TF-CRM107 in patients with malignant brain 

tumors. Nature medicine, 3(12), 1362–1368. 

Lee, G., Dallas, S., Hong, M., & Bendayan, R. (2001). Drug transporters in the 

central nervous system: brain barriers and brain parenchyma considerations. 

Pharmacological reviews, 53(4), 569–96. 

Lehmann, J., Retz, M., Wiemers, C., Beck, J., Thüroff, J., Weining, C., … Stöckle, M. 

(2000). Gemcitabine and cisplatin versus methotrexate, vinblastine, doxorubicin, 

and cisplatin in advanced or metastatic bladder cancer: results of a large, 

randomized, multinational, multicenter, phase III study. Journal of Clinical 

Oncology, 23(22), 4963–4974. 

Li, Z., Cloutier, P., Sanche, L., & Wagner, J. R. (2011). Low-energy electron-induced 

damage in a trinucleotide containing 5-bromouracil. The journal of physical 

chemistry. B, 115(46), 13668–73. 

Liang, X. J., Mukherjee, S., Shen, D. W., Maxfield, F. R., & Gottesman, M. M. 

(2006). Endocytic recycling compartments altered in cisplatin-resistant cancer 

cells. Cancer Research, 66(4), 2346–2353. 

Lidar, Z., Mardor, Y., Jonas, T., Pfeffer, R., Faibel, M., Nass, D., … Ram, Z. (2004). 

Convection-enhanced delivery of paclitaxel for the treatment of recurrent 

malignant glioma: a phase I/II clinical study. Journal of neurosurgery, 100(3), 

472–479. 

Lieberthal, W., Triaca, V., & Levine, J. (1996). Mechanisms of death induced by 

cisplatin in proximal tubular epithelial cells: apoptosis vs. necrosis. The 

American journal of physiology, 270(4 Pt 2), F700–8. 

Linninger, A. a., Somayaji, M. R., Mekarski, M., & Zhang, L. (2008). Prediction of 

convection-enhanced drug delivery to the human brain. Journal of Theoretical 

Biology, 250(1), 125–138. 

Lonser, R. R., Walbridge, S., Garmestani, K., Butman, J. a, Walters, H. a, Vortmeyer, 

A. O., … Oldfield, E. H. (2002). Successful and safe perfusion of the primate 

brainstem: in vivo magnetic resonance imaging of macromolecular distribution 

during infusion. Journal of neurosurgery, 97(4), 905–913. 

Louis, D. N., Ohgaki, H., Wiestler, O. D., Cavenee, W. K., Burger, P. C., Jouvet, 

A., … Kleihues, P. (2007). The 2007 WHO classification of tumours of the 

central nervous system. Acta neuropathologica, 114(2), 97–109. 

Mackay, J. A., Deen, D. F., & Szoka, F. C. (2005). Distribution in brain of liposomes 

after convection enhanced delivery ; modulation by particle charge , particle 

diameter , and presence of steric coating. Brain research, 1035, 139–153. 



140 

 

    

  

Mamenta, E. L., Poma, E. E., Kaufmann, W. K., Delmastro, D. A., Grady, H. L., & 

Chaney, S. G. (1994). Enhanced replicative bypass of platinum-DNA adducts in 

cisplatin-resistant human ovarian carcinoma cell lines. Cancer research, 54(13), 

3500–5. 

Mamot, C., Nguyen, J. B., Pourdehnad, M., Hadaczek, P., Saito, R., Bringas, J. R., … 

Bankiewicz, K. S. (2004). Extensive distribution of liposomes in rodent brains 

and brain tumors following convection-enhanced delivery. Journal of neuro-

oncology, 68(1), 1–9. 

Mardor, Y., Rahav, O., Zauberman, Y., Lidar, Z., Ocherashvilli, A., Daniels, D., … 

Ram, Z. (2005). Convection-enhanced drug delivery: increased efficacy and 

magnetic resonance image monitoring. Cancer research, 65(15), 6858–63. 

Martin, F. J., & Heath, T. D. (1990). Covalent attachment of proteins to liposomes. In 

R. R. C. New (Ed.), Liposomes: A Practical Approach (1st ed., p. 1). New York: 

Oxford University Press, USA. 

Materna, V., Liedert, B., Thomale, J., & Lage, H. (2005). Protection of platinum-

DNA adduct formation and reversal of cisplatin resistance by anti-MRP2 

hammerhead ribozymes in human cancer cells. International Journal of Cancer, 

115(3), 393–402. 

May, B. J., Guarnieri, M., Carson, B. S., Bachani, A., & Jallo, G. I. (2004). Long-

term effects of carboplatin brainstem infusions on hearing thresholds in monkeys. 

Archives of otolaryngology--head & neck surgery, 130(12), 1411–1415. 

McGuire, W. P., Hoskins, W. J., Brady, M. F., Kucera, P. R., Partridge, E. E., Look, 

K. Y., … Davidson, M. (1996). Cyclophosphamide and cisplatin compared with 

paclitaxel and cisplatin in patients with stage III and stage IV ovarian cancer. N 

Engl.J Med, 334(1), 1–6. 

Miyashita, H., Nitta, Y., Mori, S., Kanzaki, A., Nakayama, K., Terada, K., … 

Takebayashi, Y. (2003). Expression of copper-transporting P-type adenosine 

triphosphatase (ATP7B) as a chemoresistance marker in human oral squamous 

cell carcinoma treated with cisplatin. Oral oncology, 39(2), 157–62. 

Morrison, P. F., Chen, M. Y., Chadwick, R. S., Lonser, R. R., & Oldfield, E. H. 

(1999). Focal delivery during direct infusion to brain: role of flow rate, catheter 

diameter, and tissue mechanics. The American journal of physiology, 277(4 Pt 2), 

R1218–R1229. 

Morrison, P. F., & Dedrick, R. L. (1986). Transport of cisplatin in rat brain following 

microinfusion: an analysis. Journal of pharmaceutical sciences, 75(2), 120–8. 

Morrison, P. F., Laske, D. W., Bobo, H., Oldfield, E. H., & Dedrick, R. L. (1994). 

High-flow microinfusion: tissue penetration and pharmacodynamics. The 

American journal of physiology, 266(1 Pt 2), R292–R305. 

Muldoon, L. L., Soussain, C., Jahnke, K., Johanson, C., Siegal, T., Smith, Q. R., … 

Neuwelt, E. a. (2007). Chemotherapy delivery issues in central nervous system 



141 

 

    

  

malignancy: a reality check. Journal of clinical oncology : official journal of the 

American Society of Clinical Oncology, 25(16), 2295–305. 

Muller, P. Y., & Milton, M. N. (2012). The determination and interpretation of the 

therapeutic index in drug development. Nature Reviews Drug Discovery, 11(10), 

751–761. 

Munson, J. M., Bellamkonda, R. V., & Swartz, M. a. (2013). Interstitial flow in a 3d 

microenvironment increases glioma invasion by a cxcr4-dependent mechanism. 

Cancer Research, 73(5), 1536–1546. 

Okusaka, T., Ikeda, M., Fukutomi, A., Ioka, T., Furuse, J., Ohkawa, S., … Boku, N. 

(2014). Phase II study of FOLFIRINOX for chemotherapy-naïve Japanese 

patients with metastatic pancreatic cancer. Cancer science, 105(10), 1321–6. 

Olson, J. J., Zhang, Z., Dillehay, D., & Stubbs, J. (2008). Assessment of a balloon-

tipped catheter modified for intracerebral convection-enhanced delivery. Journal 

of neuro-oncology, 89(2), 159–68. 

Ostrom, Q. T., Gittleman, H., Liao, P., Rouse, C., Chen, Y., Dowling, J., … 

Barnholtz-Sloan, J. (2014). CBTRUS Statistical Report: Primary Brain and 

Central Nervous System Tumors Diagnosed in the United States in 2007–2011. 

Neuro Oncol, 14(suppl 5(February), 1–57. 

Ozols, R. F., Bundy, B. N., Greer, B. E., Fowler, J. M., Clarke-Pearson, D., Burger, R. 

a, … Baergen, R. (2003). Phase III trial of carboplatin and paclitaxel compared 

with cisplatin and paclitaxel in patients with optimally resected stage III ovarian 

cancer: A Gynecologic Oncology Group study. Journal of Clinical Oncology, 

21(17), 3194–3200 ST  – Phase III trial of carboplatin and. 

Pardridge, W. M. (1991). Advances in cell biology of blood-brain barrier transport. 

Seminars in cell biology, 2(6), 419–426. 

Pasetto, L. M., D’Andrea, M. R., Rossi, E., & Monfardini, S. (2006). Oxaliplatin-

related neurotoxicity: how and why? Critical reviews in oncology/hematology, 

59(2), 159–168. 

Patel, S. J., Shapiro, W. R., Laske, D. W., Jensen, R. L., Asher, A. L., Wessels, B. 

W., … Shan, J. S. (2005). Safety and feasibility of convection-enhanced delivery 

of Cotara for the treatment of malignant glioma: Initial experience in 51 patients. 

Neurosurgery, 56(6), 1243–1252. 

Pectasides, D., Pectasides, M., Farmakis, D., Gaglia, A., Koumarianou, A., Nikolaou, 

M., … Raptis, S. a. (2004). Oxaliplatin plus high-dose leucovorin and 5-

fluorouracil (FOLFOX 4) in platinum-resistant and taxane-pretreated ovarian 

cancer: A phase II study. Gynecologic Oncology, 95(1), 165–172. 

Peer, D., Karp, J. M., Hong, S., Farokhzad, O. C., Margalit, R., & Langer, R. (2007). 

Nanocarriers as an emerging platform for cancer therapy. Nature 

nanotechnology, 2(12), 751–760. 

Pekker, M., & Shneider, M. (2014). The surface charge of a cell lipid membrane. 



142 

 

    

  

arXiv. 

Peyrone, M. (1844). Ueber die Einwirkung des Ammoniaks auf Platinchlorür. Ann. 

Chem. Pharm., 51(1), 1–29. 

Pimblott, S. M., & LaVerne, J. a. (2007). Production of low-energy electrons by 

ionizing radiation. Radiation Physics and Chemistry, 76(8-9), 1244–1247. 

Pöpperl, G., Goldbrunner, R., Gildehaus, F. J., Kreth, F. W., Tanner, P., 

Holtmannspötter, M., … Tatsch, K. (2005). O-(2-[18F]fluoroethyl)-L-tyrosine 

PET for monitoring the effects of convection-enhanced delivery of paclitaxel in 

patients with recurrent glioblastoma. European Journal of Nuclear Medicine and 

Molecular Imaging, 32(9), 1018–1025. 

Prabhu, S. S., Broaddus, W. C., Gillies, G. T., Loudon, W. G., Chen, Z. J., & Smith, 

B. (1998). Distribution of macromolecular dyes in brain using positive pressure 

infusion: A model for direct controlled delivery of therapeutic agents. Surgical 

Neurology, 50(4), 367–375. 

Radiotherapy, C. C. (1999). Concurrent Cisplatin-Based Radiotherapy and 

Chemotherapy for Locally Advanced Cervical Cancer. New England Journal of 

Medicine, 341(9), 708–708. 

Raez, L. E., Kobina, S., & Santos, E. S. (2010). Oxaliplatin in first-line therapy for 

advanced non-small-cell lung cancer. Clinical lung cancer, 11(1), 18–24. 

Raghavan, R., Brady, M. L., Rodríguez-Ponce, M. I., Hartlep, A., Pedain, C., & 

Sampson, J. H. (2006). Convection-enhanced delivery of therapeutics for brain 

disease, and its optimization. Neurosurgical focus, 20(4), E12. 

Rainov, N. G. (2000). A phase III clinical evaluation of herpes simplex virus type 1 

thymidine kinase and ganciclovir gene therapy as an adjuvant to surgical 

resection and radiation in adults with previously untreated glioblastoma 

multiforme. Human gene therapy, 11(17), 2389–2401. 

Rand, R. W., Kreitman, R. J., Patronas, N., Varricchio, F., Pastan, I., & Puri, R. K. 

(2000). Intratumoral administration of recombinant circularly permuted 

interleukin-4-Pseudomonas exotoxin in patients with high-grade glioma. 

Clinical Cancer Research, 6(6), 2157–2165. 

Raza, S. M., Pradilla, G., Legnani, F. G., Thai, Q. A., Olivi, A., Weingart, J. D., & 

Brem, H. (2005). Local delivery of antineoplastic agents by controlled-release 

polymers for the treatment of malignant brain tumours. Expert opinion on 

biological therapy, 5(4), 477–94. 

Régina, A., Demeule, M., Laplante, A., Jodoin, J., Dagenais, C., Berthelet, F., … 

Béliveau, R. (2001). Multidrug resistance in brain tumors: Roles of the blood-

brain barrier. Cancer and Metastasis Reviews, 20(1-2), 13–25. 

Rezaee, M., Hunting, D. J., & Sanche, L. (2013). New insights into the mechanism 

underlying the synergistic action of ionizing radiation with platinum 

chemotherapeutic drugs: the role of low-energy electrons. International journal 



143 

 

    

  

of radiation oncology, biology, physics, 87(4), 847–853. 

Rezaee, M., Sanche, L., & Hunting, D. J. (2013). Cisplatin enhances the formation of 

DNA single- and double-strand breaks by hydrated electrons and hydroxyl 

radicals. Radiation research, 179(3), 323–331. 

Richmond, R. C., Khokhar,  a R., Teicher, B. a, & Douple, E. B. (1984). Toxic 

variability and radiation sensitization by Pt(II) analogs in Salmonella 

typhimurium cells. Radiation research, 99(3), 609–626. 

Richmond, R. C., & Powers, E. L. (1976). Radiation sensitization of bacterial spores 

by cis-dichlorodiammineplatinum(II). Radiation research, 68(2), 251–257. 

Risau, W. (1994). Molecular biology of blood-brain barrier ontogenesis and function. 

Acta neurochirurgica. Supplementum, 60, 109–112. 

Rosenberg, B., Van Camp, L., & Krigas, T. (1965). Inhibition of Cell Division in 

Escherichia coli by Electrolysis Products from a Platinum Electrode. Nature, 

205(4972), 698–699. 

Rothenberg, M. L., Oza, A. M., Bigelow, R. H., Berlin, J. D., Marshall, J. L., 

Ramanathan, R. K., … Haller, D. G. (2003). Superiority of oxaliplatin and 

fluorouracil-leucovorin compared with either therapy alone in patients with 

progressive colorectal cancer after irinotecan and fluorouracil-leucovorin: 

Interim results of a phase III trial. Journal of Clinical Oncology, 21(11), 2059–

2069. 

Rousseau, J., Barth, R. F., Fernandez, M., Adam, J.-F., Balosso, J., Estève, F., & 

Elleaume, H. (2010). Efficacy of intracerebral delivery of cisplatin in 

combination with photon irradiation for treatment of brain tumors. Journal of 

neuro-oncology, 98(3), 287–95. 

Rousseau, J., Barth, R. F., Moeschberger, M. L., & Elleaume, H. (2009). Efficacy of 

intracerebral delivery of Carboplatin in combination with photon irradiation for 

treatment of F98 glioma-bearing rats. International journal of radiation 

oncology, biology, physics, 73(2), 530–6. 

Rousseau, J., Boudou, C., Barth, R. F., Balosso, J., Estève, F., & Elleaume, H. (2007). 

Enhanced survival and cure of F98 glioma-bearing rats following intracerebral 

delivery of carboplatin in combination with photon irradiation. Clinical cancer 

research, 13(17), 5195–5201. 

Safaei, R., Holzer, A. K., Katano, K., Samimi, G., & Howell, S. B. (2004). The role 

of copper transporters in the development of resistance to Pt drugs. Journal of 

Inorganic Biochemistry, 98(10 SPEC. ISS.), 1607–1613. 

Saito, R., Bringas, J. R., McKnight, T. R., Wendland, M. F., Mamot, C., Drummond, 

D. C., … Bankiewicz, K. S. (2004). Distribution of liposomes into brain and rat 

brain tumor models by convection-enhanced delivery monitored with magnetic 

resonance imaging. Cancer research, 64(7), 2572–2579. 

Saito, R., Krauze, M. T., Bringas, J. R., Noble, C., McKnight, T. R., Jackson, P., … 



144 

 

    

  

Bankiewicz, K. S. (2005). Gadolinium-loaded liposomes allow for real-time 

magnetic resonance imaging of convection-enhanced delivery in the primate 

brain. Experimental neurology, 196(2), 381–9. 

Saito, R., Krauze, M. T., Noble, C. O., Drummond, D. C., Kirpotin, D. B., Berger, M. 

S., … Bankiewicz, K. S. (2006). Convection-enhanced delivery of Ls-TPT 

enables an effective, continuous, low-dose chemotherapy against malignant 

glioma xenograft model. Neuro-oncology, 8(3), 205–214. 

Saito, R., Krauze, M. T., Noble, C. O., Tamas, M., Drummond, D. C., Kirpotin, D. 

B., … Bankiewicz, K. S. (2006). Tissue affinity of the infusate affects the 

distribution volume during convection-enhanced delivery into rodent brains: 

implications for local drug delivery. Journal of neuroscience methods, 154(1-2), 

225–32. 

Samimi, G., Safaei, R., Katano, K., Holzer, A. K., Rochdi, M., Tomioka, M., … 

Howell, S. B. (2004). Increased expression of the copper efflux transporter 

ATP7A mediates resistance to cisplatin, carboplatin, and oxaliplatin in ovarian 

cancer cells. Clinical Cancer Research, 10(14), 4661–4669. 

Sampson, J. H., Akabani, G., Archer, G. E., Berger, M. S., Coleman, R. E., Friedman, 

A. H., … Bigner, D. D. (2008). Intracerebral infusion of an EGFR-targeted toxin 

in recurrent malignant brain tumors. Neuro-oncology, 10(3), 320–329. 

Sampson, J. H., Akabani, G., Archer, G. E., Bigner, D. D., Berger, M. S., Friedman, 

A. H., … Pastan, I. (2003). Progress report of a Phase I study of the intracerebral 

microinfusion of a recombinant chimeric protein composed of transforming 

growth factor (TGF)-α and a mutated form of the Pseudomonas exotoxin termed 

PE-38 (TP-38) for the treatment of malignant brain. Journal of Neuro-Oncology, 

65(1), 27–35. 

Sampson, J. H., Akabani, G., Friedman, A. H., Bigner, D., Kunwar, S., Berger, M. S., 

& Bankiewicz, K. S. (2006). Comparison of intratumoral bolus injection and 

convection-enhanced delivery of radiolabeled antitenascin monoclonal 

antibodies. Neurosurgical focus, 20(4), E14. 

Sampson, J. H., Archer, G., Pedain, C., Wembacher-Schröder, E., Westphal, M., 

Kunwar, S., … Puri, R. K. (2010). Poor drug distribution as a possible 

explanation for the results of the PRECISE trial. Journal of neurosurgery, 

113(2), 301–309. 

Sampson, J. H., Brady, M. L., Petry, N. a., Croteau, D., Friedman, A. H., Friedman, 

H. S., … Pedain, C. (2007). Intracerebral infusate distribution by convection-

enhanced delivery in humans with malignant gliomas: Descriptive effects of 

target anatomy and catheter positioning. Neurosurgery, 60(2 SUPPL.1), 89–99. 

Sampson, J. H., Raghavan, R., Provenzale, J. M., Croteau, D., Reardon, D. a., 

Coleman, R. E., … Pedain, C. (2007). Induction of hyperintense signal on T2-

weighted MR images correlates with infusion distribution from intracerebral 

convection-enhanced delivery of a tumor-targeted cytotoxin. American Journal 



145 

 

    

  

of Roentgenology, 188(3), 703–708. 

Samson, M. K., Rivkin, S. E., Jones, S. E., Costanzi, J. J., LoBuglio,  a F., Stephens, 

R. L., … Cummings, G. D. (1984). Dose-response and dose-survival advantage 

for high versus low-dose cisplatin combined with vinblastine and bleomycin in 

disseminated testicular cancer. A Southwest Oncology Group study. Cancer, 

53(5), 1029–1035. 

Sandberg, D., Edgar, M., & Souweidane, M. (2002). Convection-enhanced delivery 

into the rat brainstem. Journal of neurosurgery, 96, 885–891. 

Sandler, A., Gray, R., Perry, M. C., Brahmer, J., Schiller, J. H., Dowlati, A., … 

Johnson, D. H. (2006). Paclitaxel-carboplatin alone or with bevacizumab for 

non-small-cell lung cancer. The New England journal of medicine, 355(24), 

2542–2550. 

Scagliotti, G. V, Parikh, P., von Pawel, J., Biesma, B., Vansteenkiste, J., Manegold, 

C., … Gandara, D. (2008). Phase III study comparing cisplatin plus gemcitabine 

with cisplatin plus pemetrexed in chemotherapy-naive patients with advanced-

stage non-small-cell lung cancer. J Clin Oncol, 26(21), 3543–3551. 

Seunguk, O., Odland, R., Wilson, S. R., Kroeger, K. M., Liu, C., Lowenstein, P. 

R., … Ohlfest, J. R. (2007). Improved distribution of small molecules and viral 

vectors in the murine brain using a hollow fiber catheter. Journal of 

neurosurgery, 107(3), 568–577. 

Sharma, S., Gong, P., Temple, B., Bhattacharyya, D., Dokholyan, N. V., & Chaney, S. 

G. (2007). Molecular Dynamic Simulations of Cisplatin- and Oxaliplatin-d(GG) 

Intrastand Cross-links Reveal Differences in their Conformational Dynamics. 

Journal of Molecular Biology, 373(5), 1123–1140. 

Shen, D.-W., Su,  a, Liang, X.-J., Pai-Panandiker,  a, & Gottesman, M. M. (2004). 

Reduced expression of small GTPases and hypermethylation of the folate 

binding protein gene in cisplatin-resistant cells. British journal of cancer, 91(2), 

270–276. 

Sorenson, C. M., & Eastman, A. (1988). Influence of cis-Diamminedichloroplatinum 

(II) on DNA Synthesis and Cell Cycle Progression in Excision Repair Proficient 

and Deficient Chinese Hamster Ovary Cells. Cancer research, 48, 6703–6707. 

Spingler, B., Whittington, D. a., & Lippard, S. J. (2001). 2.4 A crystal structure of an 

oxaliplatin 1,2-d(GpG) intrastrand Cross-link in a DNA dodecamer duplex. 

Inorganic Chemistry, 40(22), 5596–5602. 

Stathopoulos, G. P., Boulikas, T., Kourvetaris, A., & Stathopoulos, J. (2006). 

Liposomal oxaliplatin in the treatment of advanced cancer: a phase I study. 

Anticancer research, 26(2B), 1489–93. 

Stathopoulos, G. P., Boulikas, T., Vougiouka, M., Deliconstantinos, G., Rigatos, S., 

Darli, E., … Stathopoulos, J. G. (2005). Pharmacokinetics and adverse reactions 

of a new liposomal cisplatin (Lipoplatin): phase I study. Oncology reports, 13(4), 



146 

 

    

  

589–95. 

Steel, G. G. (1979). Terminology in the description of drug-radiation interactions. 

International journal of radiation oncology, biology, physics, 5(8), 1145–1150. 

Steel, G. G. (1988). The search for therapeutic gain in the combination of 

radiotherapy and chemotherapy. Radiotherapy and oncology : journal of the 

European Society for Therapeutic Radiology and Oncology, 11(1), 31–53. 

Stratford, I. J., Williamson, C., & Adams, G. E. (1980). Combination studies with 

misonidazole and a cis-platinum complex: cytotoxicity and radiosensitization in 

vitro. British journal of cancer, 41(4), 517–522. 

Strege, R. J., Liu, Y. J., Kiely, A., Johnson, R. M., Gillis, E. M., Storm, P., … 

Guarnieri, M. (2004). Toxicity and cerebrospinal fluid levels of carboplatin 

chronically infused into the brainstem of a primate. Journal of Neuro-Oncology, 

67(3), 327–334. 

Stupp, R., Hegi, M. E., Mason, W. P., van den Bent, M. J., Taphoorn, M. J., Janzer, R. 

C., … Mirimanoff, R. O. (2009). Effects of radiotherapy with concomitant and 

adjuvant temozolomide versus radiotherapy alone on survival in glioblastoma in 

a randomised phase III study: 5-year analysis of the EORTC-NCIC trial. The 

Lancet Oncology, 10(5), 459–466. 

Stupp, R., Mason, W. P., van den Bent, M. J., Weller, M., Fisher, B., Taphoorn, M. J. 

B., … Mirimanoff, R. O. (2005). Radiotherapy plus concomitant and adjuvant 

temozolomide for glioblastoma. The New England journal of medicine, 352(10), 

987–996. 

Sweetman, S. C. (2007). Martindale: The complete drug reference (35th ed.). London. 

Talegaonkar, S., & Mishra, P. R. (2004). Intranasal delivery : An approach to bypass 

the blood brain barrier. Indian J Pharmacol |, 36(3), 140–147. 

Tange, Y., Kondo, A., Egorin, M. J., Mania-Farnell, B., Daneriallis, G. M., Nakazaki, 

H., … Tomita, T. (2009). Interstitial continuous infusion therapy in a malignant 

glioma model in rats. Child’s nervous system : ChNS : official journal of the 

International Society for Pediatric Neurosurgery, 25(6), 655–662. 

Tange, Y., Miyazaki, M., Iwata, J., Aiko, Y., Sakamoto, S., & Mori, K. (2009). Novel 

antitumor effect of carboplatin delivered by intracerebral microinfusion in a rat 

malignant glioma model. Neurologia medico-chirurgica, 49(12), 572–579. 

Taniguchi, K., Wada, M., Kohno, K., Nakamura, T., Kawabe, T., Kawakami, M., … 

Kuwano, M. (1996). A human canalicular multispecific organic anion 

transporter (cMOAT) gene is overexpressed in cisplatin-resistant human cancer 

cell lines with decreased drug accumulation. Cancer Research, 56(18), 4124–

4129. 

Tanner, P. G., Holtmannspötter, M., & Goldbrunner, R. (2007). Effects of drug efflux 

on convection-enhanced paclitaxel delivery to malignant gliomas: technical note. 

Neurosurgery, 61(4), E880–2. 



147 

 

    

  

Tatter, S. B., Shaw, E. G., Rosenblum, M. L., Karvelis, K. C., Kleinberg, L., 

Weingart, J., … Grossman, S. a. (2003). An inflatable balloon catheter and 

liquid 125I radiation source (GliaSite Radiation Therapy System) for treatment 

of recurrent malignant glioma: multicenter safety and feasibility trial. Journal of 

neurosurgery, 99(2), 297–303. 

Thomale, U. W., Tyler, B., Renard, V. M., Dorfman, B., Guarnieri, M., Haberl, H. E., 

& Jallo, G. I. (2009). Local chemotherapy in the rat brainstem with multiple 

catheters: A feasibility study. Child’s Nervous System, 25(1), 21–28. 

Thorne, R. G., & Nicholson, C. (2006). In vivo diffusion analysis with quantum dots 

and dextrans predicts the width of brain extracellular space. Proceedings of the 

National Academy of Sciences of the United States of America, 103(14), 5567–

5572. 

Tippayamontri, T., & Kotb, R. (2013). Efficacy of Cisplatin and Lipoplatin
TM

 in 

Combined Treatment with Radiation of a Colorectal Tumor in Nude Mouse. 

Anticancer Research, 33(8), 3005–3014. 

Tippayamontri, T., Kotb, R., Paquette, B., & Sanche, L. (2012). Synergism in 

concomitant chemoradiotherapy of cisplatin and oxaliplatin and their liposomal 

formulation in the human colorectal cancer HCT116 model. Anticancer research, 

32(10), 4395–4404. 

Tippayamontri, T., Kotb, R., Paquette, B., & Sanche, L. (2014). New therapeutic 

possibilities of combined treatment of radiotherapy with oxaliplatin and its 

liposomal formulations (LipoxalTM) in colorectal cancer using nude mouse 

xenograft. Anticancer research, 5312, 5303–5312. 

Todd, R. C., & Lippard, S. J. (2009). Inhibition of transcription by platinum 

antitumor compounds. Metallomics : integrated biometal science, 1(4), 280–91. 

Torchilin, V. P. (2005). Recent advances with liposomes as pharmaceutical carriers. 

Nature reviews. Drug discovery, 4(February), 145–60. 

Vaisman, A., Varchenko, M., Umar, A., Kunkel, T. A., Risinger, J. I., Barrett, J. 

C., … Chaney, S. G. (1998). The role of hMLH1, hMSH3, and hMSH6 defects 

in cisplatin and oxaliplatin resistance: Correlation with replicative bypass of 

platinum-DNA adducts. Cancer Research, 58(16), 3579–3585. 

Van Meir, E. G., Hadjipanayis, C. G., Norden, A. D., Shu, H.-K., Wen, P. Y., & 

Olson, J. J. (2010). Exciting new advances in neuro-oncology: the avenue to a 

cure for malignant glioma. CA: a cancer journal for clinicians, 60(3), 166–93. 

Vavra, M., Ali, M. J., Kang, E. W.-Y., Navalitloha, Y., Ebert, A., Allen, C. V, & 

Groothuis, D. R. (2004). Comparative pharmacokinetics of 14C-sucrose in RG-2 

rat gliomas after intravenous and convection-enhanced delivery. Neuro-oncology, 

6(2), 104–112. 

Vogelbaum, M. a, Vogelbaum, M. a, D, P., D, P., Tumor, B., Tumor, B., … Carolina, 

N. (2007). Convection-enhanced delivery of cintredekin besudotox (interleukin-



148 

 

    

  

13-PE38QQR) followed by radiation therapy with and without temozolomide in 

newly diagnosed malignant gliomas: phase 1 study of final safety results. 

Neurosurgery, 61(5), 1031–1038. 

Vogelzang, N. J., Rusthoven, J. J., Symanowski, J., Denham, C., Kaukel, E., Ruffie, 

P., … Paoletti, P. (2003). Phase III study of pemetrexed in combination with 

cisplatin versus cisplatin alone in patients with malignant pleural mesothelioma. 

Journal of Clinical Oncology, 21(14), 2636–2644. 

Voges, J., Reszka, R., Gossmann, A., Dittmar, C., Richter, R., Garlip, G., … Jacobs, 

A. H. (2003). Imaging-guided convection-enhanced delivery and gene therapy of 

glioblastoma. Annals of Neurology, 54(4), 479–487. 

Wang, D., Hara, R., Singh, G., Sancar, A., & Lippard, S. J. (2003). Nucleotide 

excision repair from site-specifically platinum-modified nucleosomes. 

Biochemistry, 42(22), 6747–53. 

Wang, D., & Lippard, S. J. (2005). Cellular processing of platinum anticancer drugs. 

Nature reviews. Drug discovery, 4(4), 307–20. 

Weaver, M., & Laske, D. W. (2003). Transferrin receptor ligand-targeted toxin 

conjugate (Tf-CRM107) therapy of malignant gliomas. Journal of Neuro-

Oncology, 65(1), 3–13. 

Weber, F., Asher, A. L., Bucholz, R., Berger, M., Prados, M., Bruce, J., … Puri, R. K. 

(2001). Safety, Tolerability and Tumor Response of IL4-toxin (NBI-3001) in 

Patients with Recurrent Malignant Glioma. Neurosurgery, 49(2), 525. 

Weber, F. W., Floeth, F., Asher, A., Bucholz, R., Berger, M., Prados, M., … Puri, R. 

K. (2003). Local convection enhanced delivery of IL4-Pseudomonas exotoxin 

(NBI-3001) for treatment of patients with recurrent malignant glioma. Acta 

neurochirurgica. Supplement, 88, 93–103. 

Wei, J., Barr, J., Kong, L.-Y., Wang, Y., Wu, A., Sharma, A. K., … Heimberger, A. 

B. (2010). Glioblastoma cancer-initiating cells inhibit T-cell proliferation and 

effector responses by the signal transducers and activators of transcription 3 

pathway. Molecular cancer therapeutics, 9(1), 67–78. 

Welsh, C., Day, R., McGurk, C., Masters, J. R. W., Wood, R. D., & Köberle, B. 

(2004). Reduced levels of XPA, ERCC1 and XPF DNA repair proteins in testis 

tumor cell lines. International journal of cancer. Journal international du 

cancer, 110(3), 352–61. 

Wersäll, P., Ohlsson, I., Biberfeld, P., Collins, V., von Krusenstjerna, S., Larsson, 

S., … Boethius, J. (1997). Intratumoral infusion of the monoclonal antibody, 

mAb 425, against the epidermal-growth-factor receptor in patients with 

advanced malignant glioma. Cancer Immunol Immunother, 44(3), 157–164. 

Westphal, M., Ram, Z., Riddle, V., Hilt, D., & Bortey, E. (2006). Gliadel wafer in 

initial surgery for malignant glioma: long-term follow-up of a multicenter 

controlled trial. Acta neurochirurgica, 148(3), 269–75; discussion 275. 



149 

 

    

  

White, E., Bienemann, A., Pugh, J., Castrique, E., Wyatt, M., Taylor, H., … Gill, S. 

(2012). An evaluation of the safety and feasibility of convection-enhanced 

delivery of carboplatin into the white matter as a potential treatment for high-

grade glioma. Journal of neuro-oncology, 108(1), 77–88. 

Yang, L. X., Douple, E. B., & Wang, H. J. (1995). Irradiation enhances cellular 

uptake of carboplatin. International journal of radiation oncology, biology, 

physics, 33(3), 641–646. 

Yang, W., Barth, R. F., Huo, T., Nakkula, R. J., Weldon, M., Gupta, N., … Grecula, J. 

C. (2014). Radiation therapy combined with intracerebral administration of 

carboplatin for the treatment of brain tumors. Radiation oncology (London, 

England), 9, 25. 

Yang, W., Huo, T., Barth, R. F., Gupta, N., Weldon, M., Grecula, J. C., … Elleaume, 

H. (2011). Convection enhanced delivery of carboplatin in combination with 

radiotherapy for the treatment of brain tumors. Journal of neuro-oncology, 

101(3), 379–90. 

Zheng, Y., Hunting, D., Ayotte, P., & Sanche, L. (2008). Role of Secondary Low-

Energy Electrons in the Concomitant Chemoradiation Therapy of Cancer. 

Physical Review Letters, 100(19), 1–4. 

 

  



150 

 

    

  

ANNEX 

List of publications: 

1. Shi M, Fortin D, Paquette B, Sanche L. Convection-enhancement delivery of 

liposomal formulation of oxaliplatin shows less toxicity than oxaliplatin yet 

maintains a similar median survival time in F98 glioma-bearing rat model. Invest 

New Drugs. 2016: 0–7. doi: 10.1007/s10637-016-0340-0 

2. Shi M, Fortin D, Sanche L, Paquette B. Convection-enhancement delivery of 

platinum-based drugs and Lipoplatin™ to optimize the concomitant effect with 

radiotherapy in F98 glioma rat model. Invest New Drugs. 2015;33(3):555-563. 

  



151 

 

    

  

List of communications: 

1. The 61th Annual Meeting of the Radiation Research Society, September 19-22, 

2015 Weston, Florida. Minghan Shi, Thititip Thippayamontri, Louis Gendron, 

Brigitte Guérin, Léon Sanche, Benoit Paquette. 

2. 15
th

 International Congress of Radiation Research, May 25-29, 2015, Kyoto, 

Japan. Filamentation of Powerful Femtosecond Laser Pulses as a New Source of 

High Dose Rate Radiation for the Synthesis of Gold Nanoparticles. Hakim 

Belmouaddine, Minghan Shi, Ridthee Meesat, Léon Sanche and Daniel Houde. 

3. Congrès Annuel de l‘Association de Neurochirurgie du Québec, Nov. 7-8 2014, 

Montréal, Canada. Convection-enhanced delivery of platinum-based drugs: 

chemotherapy plus time-optimized radiotherapy in F98 glioma-bearing Fischer 

rats. Minghan Shi, Léon Sanche, David Fortin, and Benoit Paquette. 

4. The 60th Annual Meeting of the Radiation Research Society, September 21-24, 

2014 Las Vegas, Nevada. Convection-enhanced delivery of platinum-based 

drugs: chemotherapy plus time-optimized radiotherapy in F98 glioma-bearing 

Fischer rats. Minghan Shi, David Fortin, Benoit Paquette and Léon Sanche. 

5. Le 25ème Forum des Sciences Biologiques et de Biotechnologie, March 24 2014 

Kantaoui Sousse, Tunisa. Carboplatin-based chemotherapy by convection-

enhanced delivery plus radiotherapy in glioma treatment. Minghan Shi, Sahbani 

Saloua, Brigitte Guérin, David Fortin, Benoit Paquette and Léon Sanche. 

6. 5e Journée Scientifique du Centre des Neurosciences de Sherbrooke, Dec. 12th 

2013, Sherbrooke, Canada. Convection-enhanced delivery of 

carboplatin/liposomal carboplatin plus radiation for glioblastoma treatment. 

Minghan Shi, Brigitte Guérin, David Fortin, Benoit Paquette and Léon Sanche. 

7. Journée de Scientifique of the Faculté de médecine et des sciences de la santé, 

May 28th 2013, Sherbrooke, Canada. Liposomal carboplatin preparation, 

characterization and its accumulation in F98 glioma cells. Minghan Shi, Brigitte 

Guérin, David Fortin, Benoit Paquette and Léon Sanche. 


