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1. Introduction 

Advances in biotcchnology and medicine have providcd an opportunity for the 
development of a number of carrier systems for tumor-targeted delivery of anticancer 
drugs and genes. Tumors are an uncontrolled mass of proliferations of a single malig- 
nant cell arising from mutations, which are either inherited or caused by environmental 
factors ( I ) .  Tn order to reach the tumor cells, systemically administered drugs have to 
overcome a number of obstacles, which may include rapid metabolism and clearance of 
drugs from the body, physiological barriers in transportation of the drugs from the site 
of administration to the tumor cells, drug resistance, and toxicity of the anticancer drugs 
to normal cells (2-4). The high interstitial pressure and absence of lymphatic drainage 
were also reported to cause problems in distribution of the drug in the solid tumor (5). 

Most of the solid tumors have increased levels of vascular permeability factors (VPF) 
(6), vascular endothelial growth factor (VEGF) (7), bradykinin (8), nitric oxide (NO) 
(91, and peroxy nitrite, which enhance the permeability of the tumor vasculature. These 
VEGFs secreted from the blood vessels promote angiogenesis, a complex process that 
involves endothelial-cell division and migration, and selective degradation of vascular 
basement membrane and extracellular matrix (ECM) (10). The blood capillaries of the 
tumor become dense, disorganized, and tortuous. The resulting vasculature in the tu- 
mor was found to be heterogeneous leading to a nonuniform distribution of the drug. 
Based on the permeability studies by Jain and co-workers (11,12), soljd tumors were 
found to have a well-vascularized pcriphery, an intermediate semi-necrotic region, and 
a central necrotic region. The vascular permeability was found to vary from one tumor 
to the other, within the tumor in terms of both temporal and spatial distribution, and 
during tumor growth and regression (13). Thus, the microenvironment of the tumor 
was found to play an important role in the delivery of drugs to the cancer cells. An 
improper supply of oxygen and nutrients was also observed owing to lack of normal 
vasculature. The hypoxia and production of lactic acid lead to acidic conditions within 
the tumor mass (14). 

Dvorak et al. (1.5-17) suggested a pathway, which is interconnected by vesiculovacuolar 
organelles (VVO). These structures are comprised of 12-20 vesicles or vacuoles that 
are interconnected with each other and with the endothelial cell by means of fcnestrae 
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that open and close by diaphragms. The size of the VVOs was found to be in the range 
of 50 nm to 415 nm in diameter (18). The VVOs provide a pathway for the transporta- 
tion of plasma proteins into tissues. In case of tumor cells the increase in secretion of 
VEGF, VPF, and other cytokines (1 9,2O) was found to enhance the number of VVOs 
and fenestrae that in turn increase the permeability of tumor vasculature. 

Targeting of drugs to the tumor can be achieved either by passive or active mecha- 
nisms. Specialized polymeric or colloidal carriers with target-specific ligands, such as 
antibodies, attached to their surface are used for active targeting. Passive tumor deliv- 
ery of macromolecules and colloidal particles carrying drugs is achieved primarily by 
the enhanced permeability of the tumor vasculature and lack of lymphatic drainage. 
These processes are together termed as the "enhanced permeability and retention (EPR) 
effect." Using macromolecular conjugates of anticancer drugs, Maeda et al. (21-23) 
were the first to describe the EPR effect of solid tumor. The EPR effect for passive 
targeting to tumor was later extended to nanoparticles, liposomes, and other colloidal 
carriers (24). For the EPR effect, the carrier systems used are not target specific and act 
only to transport the drug to the site of action. In this chapter, we will limit our discus- 
sion to the colloidal carrier systems used for passive targeting. These include poly- 
meric conjugates, nanoparticles, liposomes, and micellar systems (Table 1). 

2. Polymeric Conjugates 

Polymeric conjugated systems are most widely used for the delivery of anticancer 
agents. Low-molecular-weight drugs penetrate readily through the cellular membrane 
and cause cytotoxic effects to healthy tissues (25). In order to overcome this limitation, 
the drug is conjugated with a polymeric carrier. There was a significant inhibition of 
pinocytotic uptake when macromolecular conjugates of the drug were used as com- 
pared to the free drug (26). The polymer-drug conjugates were found to accumulate 
passively in solid tumors by the EPR effect. The polymer conjugates are also used to 
enhance the solubility and half-life of the drug in the systemic circulation. Finally, 
multidrug resistance (MDR) can be overcome by using the conjugated systems as the 
macromolecular drugs enter the cells through a different pathway as compared to the 
small-molecule drugs (27). 

The polymeric carriers used for delivery of anticancer drugs are broadly divided into 
synthetic and natural systems. The synthetic polymers are nonimmunogenic, but many 
do not degrade in the biological environment. These include poly(N-[2-hydroxypropyll- 
methacrylamide) (HPMA), poly(styrene-co-maleic anhydride), poly(diviny1ether-co- 
maleic anhydride) (DIVEMA), and poly(ethy1ene glycol) (PEG). Natural biodegradable 
polymers include poly(amino acids) and proteins, hyaluronic acid, dextran, and 
chitosan are the ones used most often for the preparation of polymer-drug conjugates. 

2.1. HPMA Conjugates 
HPMA is a biocompatible, synthetic polymer, which is used systemically to deliver 

anticancer drugs to tumor tissue. The polymer is synthesized in such a way that any drug 
containing an aliphatic amino group can be conjugated by aminolysis reaction (28). 
Low-molecular-weight anticancer agents penetrate readily through the cellular mem- 
brane, but the HPMA copolymer conjugates are too big and enter the cell by nonspecific 
endocytotic uptake. This decreases the toxicity of the drug to the normal tissues and 
increases the targeting of the drug to the tumor by increasing the plasma residence time. 
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Table 1 
Classification of Carriers Used in Tumor-Targeted Drug Delivery 

Carrier System Components 

Polymer conjugates N-(2-hydroxypropy1)-Methacrylamide 
Styrene-Maliec Anhydride- 
Neocarzinostatin (SMANCS) 
Poly(ethy1ene glycol) (PEG) 
Poly(~-glutamic acid) 
Hyaluronic acid 
Dextran 
Chitosan 

Polymeric nanoparticles Poly(~,~.-lactide-co-glycolide) 
Polyalkylcyanoakrylates 
Chitosan 
Gelatin 

Liposomes and related systems Conventional liposomes 
Lipoplexes 
Stcalth liposomes 
Niosomes 

Polymeric micelles Poly(ethy1ene glycol) or poly 
(ethylene oxide) block co polymers 
Thermoresponsive micelles 

In addition, the biocompatibility and low immunogenicity of the HPMA copolymers 
makes it more useful as carriers of anticancer agents (29). Table 2 gives the list of 
HPMA copolymer-drug conjugates that have entered Phase I/II clinical trials (30-33). 

When anticancer drugs are conjugated with HPMA copolymer through a 
glycylphenylalanylglycl (GFLG) oligopeptide spacer, the drug release occurs by hy- 
drolytic degradation of the spacer in an acidic environment. These types of polymer 
conjugates are particularly attractive for tumor targeting, owing to low pH around the 
tumor (pH -6.5), and were found to be more effective than those containing nonde- 
gradable GG spacer. The antitumor activity of doxorubicin conjugates was evaluated 
in mice containing EL-4T lymphoma. Free doxorubicin and free polymer precursor 
were also given along with the 0.15 M sodium chloride as controls. When compared to 
the free drug, the doxorubicin-polymer conjugates were found to have a greater reduc- 
tion in tumor volume and an increase in survival t h e  of more than 80 d in 40% of the 
treated animals (34). HPMA-doxorubicin conjugate, called PKl, is currently under 
Phase IT clinical trial in the United Kingdom. The Phase I clinical trial results showed 
that the circulation time of the drug conjugates increased when compared to the free 
doxorubicin. Reduced toxicity and increased antitumor activity in refractory tumors 
was also observed with the conjugates (30). These polymer conjugates were found to 
decrease the elimination rate and increase the tumor residence time of the drug. When 
injected intravenously into rats bearing Walker sarcoma, daunomycin-HPMA conju- 
gate was found to be four times more concentrated in the tumor than the free drug (35). 
Duncan et al. (36) evaluated the activity of HPMA-GFLG-daunornycin conjugates in 
mice bearing L1210 leukemia. Results showed that the polymer conjugates containing 
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Table 2 
HPMA Copolymer Drug Conjugates Under Clinical Trial 

Polymer-drug conjugate Reference 

biodegradable GFLG linkage had a significant increase in the mcan survival time rela- 
tive to the free drug. In addition, HPMA has been conjugated with cisplatin and 
glendamycin (33,37). 

HPMA copolymer containing a degradable tetrapeptide GFLG was also used to 
deliver anticancer agents to multidrug resistant cells that expressed P-glycoprotcin (P- 
gp) (38). In order to examine the efficacy of the conjugated drug in resistant cells, inter- 
nalization of the HPMA copolymer-doxorubicin conjugates was compared in both 
sensitive and resistant cells ol' ovarian carcinoma cell line (A2780). Upon measurement 
of the intracellular fluorescence signal, the results showed that there was an increase in 
the concentration of the polymer-bound doxorubicin in resistant cells as compared to 
the free drug. HPMA copolymer bearing GFLG was also used as carrier for anticancer 
agents likc cathepsin B (39) and elliciptine (40). The anticancer activity of these poly- 
mer drug conjugates was evaluated in mice bearing B16F10 melanoma. The results 
indicate an increased tumor accumulation of the drug (4.2-fold) and decreased cytotox- 
icity to healthy tissues. HPMA-GFLG copolymcr conjugates of mesochlorin e, 
monoethylenediamine wcre used in the treatment of ovarian cancer (41). 

2.2. Poly(Styrene-Co-Maleic Anhydride) Conjugated 
With Neocarzinostatin (SMA NCS) 

Neocarzinostatin (NCS) is an anticancer drug consisting of two components-a pro- 
tein component (apo-NCS) and a nonprotein component (NCS-chr)-that causes breaks 
in double-stranded DNA, leading to cell death (42). NCS consists of 1 12 amino acids 
with two disulfide bridges and a prosthetic chromophore (43,44). NCS is conjugated 
with styrene-co-maleic anhydride copolymer resulting in a total molecular mass of 
15,000 Daltons. This further binds to albumin in the plasma resulting in a macromol- 
ecule of 83,000 Daltons. The macromolecular conjugate was found to achieve increased 
concentrations of the drug in tumor mass as compared with free NCS (4.5). In addition, 
the blood circulation time in mice increased from 2 min with the free drug to 18 min 
with the macromolecular conjugate. Tt was observed that prolonged circulation of the 
drug resulted in an increased concentration of the drug in tumor tissues. Compared to 
the free drug, an eightfold increase in concentration of NCS was observed upon intra- 
venous administration of the drug conjugate (23,46). 

Konno et al. (47) treated primary hepatoma patients with SMANCS. Of the 44 pa- 
tients treated, 95% of them showed a decrcasc in tumor volume. The mean survival 
time increased to 18 mo in the polymer conjugate-treated group as compared with 3.7 
mo for the control group. Nine patients showed 40-99570 decrease in tumor mass over a 
period of 1-5 mo. Tn a similar study, the same authors also treated 24 patients with 
tumors other than primary hepatoma (48). Of those patients who could be evaluated, 
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regression in tumor growth was observed in six (of nine) with metastatic liver cancer, 
one (of three) unresectable gall bladder, and in all four with lung adenocarcinoma. In 
both trials, fever was the most common side effect observed. In addition, abdominal 
pain (in 20% cases) and moderate leukocytosis (in 65% cases) were also observed. No 
adverse cffects were observed in lung, heart, or the brain. 

NCS was also conjugated with DTVEMA in order to decrease the toxicity and 
achieve higher tumor concentrations. Hirano et al. (49) prepared conjugates of doxoru- 
bicin using DIVEMA by reacting amino group of thc drug with anhydride group of the 
copolymer. When these conjugatcs werc injected into mice bearing an intraperitoneal 
tumor, a significant increase in survival time (up to 60 d) was observed when compared 
with the free drug (less than 21 d). 

2.3. Poly(Ethy1ene Glycol) Conjugates 

Poly(ethy1ene glycol) (PEG) has a general structure of HO-(CH2CH20),-CH,CH,- 
OH. The polymer has a polyether backbone that is chemically inert and terminal hy- 
droxyl groups that can be activated for conjugation with different types of drugs. The 
high aqueous solubility, lack of toxicity, and ability to decrease immunogenicity makes 
PEG a very attractive carrier polymer for anticancer agents (50). Paclitaxel is one of 
the most widely used anticancer drugs. The in vivo activity, solubility, and stability of 
paclitaxel are improved by linking the drug covalently to monomethoxy-PEG. The 
PEG derivatives of paclitaxel were found to have significant antitumor activity in mice 
bearing HA-29 (colon), A549 (lung), and SKOV3 (ovarian) tumors. Upon administra- 
tion of the conjugates in vivo in mice, the total body clearance and uptake by liver and 
spleen were reduced (51,52). PEG conjugation with carnptothecin was found to enhance 
the toxicity of the drug in both sensitive and drug resistant human ovarian carcinoma 
cells. Compared to the nonbiotinylated conjugate, the biotinylated PEG-camptothecin 
conjugate was found to further enhancc thc activity of the drug. The increase in toxicity 
by as much as 60 times i n  sensitive cells and 30 times in resislant cells was attributed to 
increased uptake of these conjugates by sodium-dependent multivitamin transporter 
(53). The presence of amino acid or peptide spacer was found to increase the stability 
of the PEG conjugates against alkaline degradation. Thc tripeptide spacer glycil-L-valil- 
I.-phenylalanine was found to be more active than the phenylalanine and tryptophan 
derivatives. This resulted in decreased toxicity of the drug to healthy cells (54). 

Various proteins and enzyme conjugates that act as anticancer agents are also pre- 
pared using PEG. L-Asparginase is an enzyme that converts amino acid I>-aspargine to 
L-aspartic acid. It acts as an anticancer agent by depleting the essential amino acid L- 

asparginc in tumor cells. Conjugation of this enzyme with PEG was found to prevent 
the proteolytic degradation and enhance the activity (55). Tn a clinical study conducted 
in 3 1 patients with acute lymphoblastic leukemia (ALL), conjugation of L-asparginase 
with PEG was found to increase the plasma half-life from 20 h to 357 h. Absence of 
hematological toxicity and reduced hypersensitivity were also observed (56). In another 
clinical trial with 2 1 patients having non-Hodgkin's lymphoma (NHL), severe nausea 
and vomiting were observed in 50% of the cases. However, the absence of hematologi- 
cal toxicity makes the PEG-L-asparginase conjugate very useful in combination therapy 
(57). Similarly, PEG conjugates of argininc deaminase are used in the treatment of 
hepatoma (MH134), colon carcinoma (colon 26), sarcoma (S 180), and melanoma (B 16) 
(58). Xanthine oxidase (XO)  was found to exhibit anticancer activity by generating 
cytotoxic oxygen radicals. The use of XO was limited owing to its high binding capac- 
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ity to blood vessels, which results in vascular damage. Conjugation of XO with PEG 
was found to decrease toxicity and enhance the anticancer activity (59). 

2.4. Poly(~-Glutamic Acid) Conjugates 

Poly(~-glutamic acid) was widely used to decrease the toxicity and enhance the an- 
titumor activity of the anticancer agents (60). Singer et al. (61) used the poly(~-glutamic 
acid) in order to improve the solubility and anticancer activity of camptothecin. The 
polymer was conjugated with the drug through y-carboxylic acid side chain. The conju- 
gations of the drug to the polymer, with and without glycine linker, were evaluated and 
found to have similar antitumor activity against B-16 melanoma. An increase in the 
molecular weight of the polymer was found to increase the antitumor activity owing to 
increased residence time in the tumor and decreased renal clearance. When the activity 
of conjugated camptothecin was evaluated against athymic mice bearing human lung 
cancer tumors NCI-H460, a threefold decrease in the tumor volume was found relative 
to the control. The biodegradable conjugate of poly(~-glutamic acid) and paclitaxel, 
prepared under similar conditions, is under Phase-I1 clinical trials in the United States. 
Biodistribution studies carried out in mice bearing BIA melanoma and OCA-1 ovarian 
tumors show greater accumulation of the paclitaxel-polymer conjugate as compared 
with the free drug. 

2.5. Hyaluronic Acid Conjugates 

Hyaluronic acid (HA) is a nonsulfated glycosaminoglycan that is abundant in syn- 
ovial fluid and ECM (62). HA conjugated with polymeric carriers and anticancer drugs 
is used to target tumor cells expressing HA receptor. Prestwich and co-workers (63) 
prepared N-(Zhydroxypropyl) methacrylamide (HPMA)-HA conjugates for the deliv- 
ery of the anticancer drug doxorubicin. The results of the in vitro cell-culture experi- 
ments show that the HPMA-HA-doxorubicin conjugates have greater cytotoxicity than 
HPMA-doxorubicin conjugates against HBL-100 (human breast cancer), SKOV-3 
(ovarian cancer), and HCT-116 (colon cancer) cell lines expressing the HA receptor. 
This was attributed to a more efficient receptor-mediated uptake of the macromolecu- 
lar drug by the tumor cells as compared to nonspecific uptake of HPMA-doxorubicin 
conjugates. Similar results were obtained using HA-paclitaxel conjugates with selec- 
tive toxicity against tumor cells (breast, colon, and ovarian) expressing HA receptors 
and minimal toxicity against mouse fibroblast cell line, which does not express HA 
receptor (64). 

2.6. Dextran Conjugates 

Dextran is a biodegradable polysaccharide widely used as a carrier of anticancer 
agents. Okuno et al. (65) prepared carboxymethyldextran-camptothecin conjugate with 
a triglycine spacer. When injected intravenously into rats bearing Walker sarcoma-256 
tumor, the conjugate was found to have increased blood circulation, resulting in an 
increased accumulation of the drug in the tumor. These conjugates were used to treat 
mammary carcinoma (MX-I), lung carcinoma (LX-I), gastric (St-4), and colorectal 
(HT-29) tumors, which are refractory to camptothecin. Carboxymethyldextran conju- 
gates with cisplatin are used in the treatment of human osteogenic sarcoma and human 
ovarian carcinoma in athymic mice and embryonic carcinoma in Balblc mice (66). 
Bernstein et al. (67) showed that doxorubicin can be conjugated with oxidized dextran, 
thus producing greater antitumor activity than the free drug. 
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2.7. Chitosan Conjugates 

Chitosan is a biodegradable co-polymer of N-acetyl-o-glucosamine and D-glu- 
cosamine linked together by a ( 1 4 )  glycosidic linkage. Chitosan, obtained by alka- 
line deacetylation of chitin, is usually greater than 70% deacetylated and has a 
molecular weight in the range of 50,000 to 2 million Daltons (68). Sato et al. (69) 
synthesized N-succinyl chitosan and glycol chitosan conjugates of mitomycin C. They 
also evaluated the antitumor activity of these drug-polymer conjugates in vivo against 
P388 leukemia and sarcoma 180. The drug conjugates of glycol-chitosan were found to 
have a significant increase in the survival time against P388 leukemia. Tn case of sar- 
coma 1 80 inoculated subcutaneously, the drug conjugates of N-succinyl chitosan were 
found to have greater tumor-growth suppression. When compared with the free drug, 
both the polymer conjugates were found to exhibit increased capacity for suppression 
of tumor growth. 

2.8. Other Polymeric Conjugates 

The potential use of aspartic acid polymers and pyrrolo [2, 1-c] [ l ,  41 benzodiaz- 
epine-(PBD) polyamide conjugates as carriers of anticancer agents were evaluated in 
human cancer cell lines (70,71). Ferrocene-containing anti-neoplastic agents that are 
covalently bound to aspartic-acid polymers were tested for their cytotoxicity against 
EMT-6 cancer cell lines. The PBD dimers were found to be more effective against 
colon, melanoma, renal, and breast cancer cell lines. In both the cases, an increase in 
the activity was observed with an increase in the chain length of the polymer. 

3. Polymeric Nanoparticles 

Nanoparticles are colloidal systems of submicron size (4 pm). They may be classi- 
fied as either nanospheres, in which the drug is dispersed throughout the system, or as 
nanocapsules, in which the drug is entrapped in a cavity surrounded by a polymer 
layer. Sometimes the drug may be also be adsorbed to the surface of the nanoparticles 
(72,73). Because of their small size, nanoparticles extravasate into the tumor cells and 
are used as carriers for the delivery of anticancer agents. This increases the efficiency 
of drug targeting and reduces the cytotoxicity of the drug in healthy tissues. From the 
histological examinations, it was proved that the nanoparticles first reach the extravas- 
cular compartments and are then taken up by tumor cells by endocytosis (74). 

Polymeric nanoparticles can be prepared either by emulsion polymerization with 
monomers or by solvent precipitation of formed polymers. Emulsion polymerization is 
done in organic solutions of the monomers and the formed polymeric nanoparticles are 
precipitated in the presence of aqueous surfactant solutions with controlled stirring. 
This method does not involve high temperatures and can be used for encapsulation of 
heat-sensitive compounds. The solvent precipitation method involves gradual addition 
of a nonsolvent to the polymer solution under controlled stirring conditions in order to 
precipitate the nanoparticles. 

The polymer used for nanoparticle preparation should be biocompatible and biode- 
gradable, as accumulation of nonmetabolizable materials in vivo results in toxicity. 
The conventional nanoparticles, like many other colloidal systems, are engulfed pre- 
dominantly by the cells of the reticuloendothelial system (RES) upon systemic admin- 
istration. Surface modification of the conventional nanoparticles with PEG and other 
water-soluble polymers can result in long-circulating nanoparticles. The hydrophilic 
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nature of these surface-modified particles reduces their binding capacity to proteins 
(opsonins), resulting in reduced uptake by the RES. 

3.1. Poly(o, L-Lactide-Co-Glycolide) (PLGA) Nanoparticles 
PLGA is a biocompatible and biodegradable polymer, which is used for the encap- 

sulation of lipophilic drugs. The polymeric nanoparticles are used for sustained release 
of paclitaxel, doxorubicin, and cisplatin. Yoo et al. (75) prepared polymeric nanoparticles 
by conjugating the hydroxyl group of doxorubicin with carboxyl group of PLGA. The 
nanoparticles containing conjugated doxorubicin were found to exhibit sustained drug 
release. The in vitro studies using HepG2 cell line and in vivo antitumor activity showed 
that doxorubicin conjugated with PLGA nanoparticles has greater antitumor activity 
than free doxorubicin. Feng et al. (76) prepared PLGA-poly(~-lactic acid) (PLAj 
nanoparticles, which can act as carrier for administration of paclitaxel, a highly hydro- 
phobic anticancer drug. In addition, PLGA-mPEC nanoparticles are used as carriers of 
cisplatin (77). The nanoparticles were prepared by the double-emulsion method. The in 
vitro studies showed that the rate of degradation and the rate of release increased with 
increase in mPEG content. The in vivo studies conducted in BALBIC mice showed an 
increase in the circulation time of cisplatin-containing PLGA-mPEG nanoparticles. 
Biodegradable nanoparticles of PLA were prepared by emulsification-diffusion tcch- 
nique using propylene carbonate. A significant decrease in the size of the nanoparticles 
was observed when stabilizing agents, like poloxamers, are used in the concentration 
range of 0.5-5% (wlv). PH of the external phase, internal phase to external phase vol- 
ume ratio, and stirring speed were found to influence the particle size. These biode- 
gradable nanoparticles were found to have potential for drug targeting to solid tumors (78). 

PLGA nanoparticles were also prepared to encapsulate plasmid DNA for the deliv- 
ery of gene constructs to the tumors. Sustained release of DNA from the nanoparticles 
with high encapsulation efficiency was obtained. DNA is highly negatively charged 
and hydrophilic, hence it is combined with a cationic agent, such as dimethyldioctyla- 
mmonium bromide (DDAB), and encapsulated in PLGA (79). Cohen et al. (80) pre- 
pared PLGA nanoparticles that can protect the plasmid DNA from nuclcase 
degradation. The DNA associated with the nanoparticles was found to be potent for a 
longer period of time than the liposomal DNA. However, the cell culture studies using 
NTH-3T3 cells showed that the transfection efficiency of DNA delivcred in thesc par- 
ticles was lower than with liposomes. Maruyama et al. (81) prepared graft co-polymers 
of poly(~-lysine) and PLA as carriers of DNA. PLA nanoparticles are negatively 
charged owing to the terminal carboxyl group. Association of the PLA with poly(~- 
lysine) resulted in positively charged particles, which could bind to the negatively 
charged DNA. The nanoparticles of the graft copolyrncr wcrc obtained by solvent 
evaporation method or diafilteration method in which the nanoparticles are obtained by 
dialysis followed by centrifugation. The size of  the nanoparticles and the adsorption 
capacity of DNA to the nanopartjcles were found to vary with the concentration of the 
graft copolymer. 

3.2. Poly(Alky1cyanoacrylates) Nanoparticles 
Poly(alkylcyanoacry1ates) are biodegradable polymers that are widely used for the 

delivery of anticancer drugs. One of the major advantages of using poly(alky1cyano- 
acrylates) is the ease of polymerization, because the monomers do not require any energy 
for polymerization (82). The most widely used poly(alkylcyanoacry1ates) are poly- 
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(butylcyanoacrylate) (PBCA), poly(hexylcyanoacry1ate) (PHCA), poly(isohexy1cyano- 
acrylate) (PIHCA), poly(isobutylcyanoacry1ate) (PIBCA) and poly(methy1cyano- 
acrylate) (PMCA). The molecular weight of these polymers, the residence time of the 
polymer in the plasma, as well as biodegradation kinetics depends on the alkyl chain 
length (83). This was further proved by the experiments of Couvreur et al. (82) that the 
heavier polymer (PHCA) would be cleared more slowly than the lighter one (PIBCA). 
It was also observed that a large proportion of the nanoparticles were taken up by the 
Kupffer cells in the liver. However, in the presence of a lung tumor, these nanoparticles 
are localized preferentially in the lung tissue as compared with the liver. The increase 
in efficiency of the anticancer drugs loaded in the polymeric nanoparticles was 
explained by Brasseur et al. (84) conducted experiments that showed slow release of 
the drug from the nanoparticles that resulted in an increase in the bioavailability and 
cytotoxic activity of the drug at the tumor site. 

Soma et al. (85) prepared doxorubicin-loaded PIBCA nanoparticles for tumor-tar- 
geted delivery. An increase in antitumor activity and a decrease in clearance were ob- 
served for the doxorubicin nanoparticles. There was also a decrease in the concentration 
of the drug in the heart, indicating a reduction in the cardiotoxic effects of the drug. 
Similar effects were observed by Verdun et al. (86) using doxorubicin-loaded PIHCA 
nanoparticles. Thc biodistribution of the free and bound dactinomycin to polymethyl 
(PMN), polyethyl (PEN), and polybutyl cyanoacrylate nanoparticles was compared by 
Couvreur et al. (82) It was observed that PRN significantly increased the concentra- 
tions of the drug in liver (64-fold), spleen (44-fold), and lungs (4.7-fold) when com- 
pared to the free drug. It was also found that dactinomycin-loaded PMN nanoparticles 
resulted in a significant reduction in tumor volume against S250 sarcoma in rats. Simi- 
lar experiments conducted using vinblastine-loaded nanoparticles showed that there 
was an increased accumulation in the spleen (21 -fold) followed by lungs (fourfold) and 
liver (I .7-fold). Simeonova et al. (87) prepared PBCA nanoparticles associated with 
anticancer drug vinblastine. Intraperitoneal injection of these nanoparticles into mice 
resulted in a significant reduction in leucopenia caused by vinblastine. 

PTHCA nanoparticles were also used to overcome MDR, which is the main cause of 
failure in systemic cancer therapy. In order to overcome the problem of low drug accu- 
mulation, Cuvier et al. (88) evaluated the effect of nanoparticles loaded with doxorubi- 
cin in five different MDR cell lines. An increase in the cytotoxicity of the cells was 
explained by an increase in drug concentration and an enhancement of contact time 
with the tumor cells. The nanoparticlcs of doxorubicin were tested in the C6 rat glio- 
blastoma cell lines with varying degrees of resistance (89). It appeared that the reversal 
of resistance by the doxorubicin nanoparticles depended on the nature of the resistance. 

The half-life and distribution of the nanoparticles was altered by coating them with 
surfactants like polysorbate 80, poloxamer, and poloxamine (90-93). The surfactants 
were found to induce steric repulsion, which reduced the uptake of these nanoparticles 
by the mononuclear phagocytc system (MPS). Surface coating of the nanoparticles 
with polysorbate 80 (TweenB 80) significantly altered the biodistribution of the drug. 
Doxorubicin concentration decreased in the heart, whereas there was a 60-fold increase 
in the brain with the use of nanoparticles. The author concluded that these nanoparticles 
could be used for delivery of drugs to the tumors in the brain. When compared to 
liposomes, poly(alky1cyanoacrylatc) nanoparticles coated with poloxamine were found 
to deliver the anticancer drug mitoxantrone more efficiently resulting in a greater 
reduction in tumor growth in mice bearing B I A melanoma. 
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Poly(alky1cyanoacrylate) nanoparticles were also used to deliver antisense 
oligonucelotides to the tumor cells (94). These nanoparticles increased the 
bioavailability of the nucleotides by preventing their degradation by nucleases. The 
cyanoacrylates are negatively charged so they are combined with a cationic polymer 
(e.g., diethylaminoethyl dextran) or cationic detergent (e.g., hexadecyltrimethylammo- 
nium bromide [CTAB]), which facilitates the binding of the oligonucleotides by elec- 
trostatic interactions. From the in vitro studies using Vero, U937, and HBLl OOrasl cell 
lines, the uptake of the oligonucleotide nanoparticles was found to be 50-fold higher 
with the nanoparticles than from the oligonucleotides solution (95). The in vivo studies 
conducted in OF1 mice showed that there was an increase in the biological half-life of 
the nanoparticle-delivered oligonucleotides. The nanoparticles were distributed preferen- 
tially in the liver after systemic administration and this significantly limits their use as 
colloidal carriers (96,97). Schwab et al. (98) used oligonucleotides adsorbed to 
poly(alkylcyanoacry1ate) nanoparticles to inhibit tumor cells resulting from Ha-ras 
mediated mutations in nude mice. In mice implanted with HBLlOOrasl cells, tumor- 
growth inhibition was achieved at the oligonucleotide concentrations that were approx 
100-fold less than when free oligonucleotide were used. 

Kattan et al. (99) conducted clinical studies of doxorubicin-loaded PlHCA 
nanoparticles in 21 patients with refractory solid tumors. Doppler-echocardiography 
showed complete absence of cardiotoxicity in patients receiving the nanoparticle for- 
mulations. However, both dose-limiting granulocytopenia as well as allergic reactions 
were observed when the drug was given by a 10-min intravenous infusion. Although 
the doxorubicin PIHCA nanoparticles had a higher therapeutic effect according to the 
authors as compared with the free drug, the effects could not be confirmed owing to the 
small number of patients and low cumulative dose. 

3.3. Chitosan Nanoparticles 
The positively charged chitosan nanoparticles were used as colloidal carriers of 

doxorubicin. The encapsulated efficiency of the cationic anticancer drug was improved 
by conjugating it with dextran sulfate prior to encapsulation in chitosan microspheres. 
The in vitro studies using human melanoma A375 cells and C26 murine colorectal 
carcinoma cells indicated that doxorubicin nanoparticles had cytotoxic activity equiva- 
lent to that of free doxorubicin (100). Mitra et al. (101) prepared chitosan nanoparticles 
incorporated with dextran-doxorubicin conjugate. The in vivo antitumor activity of the 
dextran-conjugated doxorubicin nanoparticles was evaluated in BALBIC mice im- 
planted with J774A.l macrophage tumor cells. The results showed that the animals 
treated with nanoparticle formulation had an increased survival time and greater tumor 
regression as compared with the free drug. 

Chitosan nanoparticles are also used for the delivery of DNA to the tumor cells. 
Kabbaj et al. (102) prepared Mycnhacterium pheli DNA-incorporated chitosan 
nanoparticles for inhibition of cancerous-cell division. The nanoparticles prevented 
degradation of DNA by nucleases resulting in a 20-fold increase in the transfection 
efficiency as compared with that of naked DNA. Mao et al. (103) prepared chitosan- 
DNA nanoparticles of 100-250 nm diameter by the complex coacervation process. On 
conjugation with transferrin and KNOB protein (cloned from adenovirus-fiber pro- 
tein), the nanoparticles were reported to have significantly higher transfection effi- 
ciency in HEK293 (fourfold) and HeLa cells (130-fold). The distribution profile of the 
nanoparticles in vivo was obtained following iv injection of the nanoparticle suspen- 
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sion through the tail vein of AKRIJ mice. A significant fraction of the administered 
dose of the nanoparticles was taken up by the liver and the kidneys. PEG surface modi- 
fication of these nanoparticles was found to enhance their circulation time. 

3.4. Gelatin Nanoparticles 

Gelatin is a biocompatible and biodegradable polymer obtained by hydrolysis of 
collagen. It is a polyampholite, which gels below 3540°C. Because there are many 
different Bloom strengths of gelatin available, a wide range of nanoparticles can be 
made by salt-induced complex coacervation (104). Troung-Le et al. (105,106) pre- 
pared DNA-containing gelatin nanoparticles by the complex coecervation process. The 
cellular uptake of these nanoparticles was enhanced by conjugation with transfeuin, 
and incorporation of calcium or chloroquine, The transfection efficiency of the DNA- 
gelatin nanoparticles in 9HTEo cells (human tracheal epithelial cells) was proved by 
expression of the cystic fibrosis transport regulator (CFTR) protein in more than 50% 
of the cells. Intramuscular injection of these nanoparticles into mice indicates that trans- 
fection efficiency was higher with the nanoparticles as compared to DNA-complexed 
with lipofectamine. Coester et al. (107) prepared avidin-conjugated gelatin nanoparticles 
by the desolvation method as carriers of biotinylated antisense drug derivatives. 
Additionally, Kaul et al. (108,109) prepared 250-400 nm PEG-modified gelatin 
nanoparticles by solvent-displacement method for encapsulation and delivery of hy- 
drophilic macromolecules (e.g., DNA) to solid tumors. The in vitro studies using BT- 
20 cells (human breastcancer cell line) show that these nanoparticles can be used as 
carriers for gene delivery. 

3.5. Other Polymeric Nanoparticles 
Sharma et al. (110) prepared paclitaxel-containing poly(vinylpyrro1idine) (PVP) 

nanoparticles by reverse micro-emulsion method. The in vivo anti-tumor activity of 
these nanoparticles was evaluated in C57Bllh mice bearing murine melanoma 
(B 16FlO). When compared to the free paclitaxel, these nanoparticles had increased 
survival time and regression in tumor volume. Kim et al. (11 I )  prepared methoxyPEG 
and poly(~-caprolactone) (MePEGIPCL) nanoparticles loaded with the anticancer drug 
paclitaxel. The size of the optimized nanoparticles was less than 100 nm and had a 
paclitaxel load of 20%. The in vivo studies conducted in ICR mice showed that the 
polymer used had very low toxicity. The authors concluded that these nanoparticles 
have significant potential as carriers of anticancer drugs. 

Additionally, poly(y-benzyl-L-glutamatejIPE0 (PBLGIPEO) block copolymer 
nanoparticles were prepared for targeting of the anticancer drug doxorubicin (112). 
The drug release from the PBLGIPEO nanoparticles was dependent on the molecular 
weight of the hydrophobic component of the block copolymer. The circulation time of 
the adriamycin nanoparticles was found to be threefold higher than that of the free 
drug. Potineni et al. (113) recently developed poly(ethy1ene oxide) (PE0)-modified 
poly(p-amino ester) nanoparticles (1 00-1 50 nm in diameter) for encapsulation of hy- 
drophobic anticancer drugs like paclitaxel. The cell-uptake studies using PBO-modi- 
fied poly(P-amino ester) nanoparticles encapsulated with tluorescent dye 
(rhodamine-123) indicate that the particles were taken up by the tumor cells (BT-20) 
by nonspecific endocytosis, Being pH-sensitive, the poly(p-amino ester) nanoparticles 
are expected to spontaneously release the encapsulated payload in the low pH environ- 
ment of the tumor or the endosomellysosome complex. Thunemann et al. (114) devel- 
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oped retinoic acid and poly(ethy1ene imine) nanoparticles using different molecular 
weight of the polymer. The size of the nanoparticles was found to decrease with 
increasing molecular weight of PET. 

4. Liposomes and Related Systems 

4.1. Conventional Liposomes 
First described by Bangham et al. (115)' liposomes are phospholipid vesicles com- 

posed of a bilayered lipid membrane. These vesicles are extensively used as drug car- 
riers because of their ability to carry hydrophilic drugs in their aqueous compartment 
and lipophilic drugs in the bilayered membrane. Depcnding on the method of prepara- 
tion and the lipids used the size of the liposomes range from 0.05 to 5.0 pm (116). 
Liposomes used for drug-delivery applications are usually made from natural lipids 
such as phosphatidylcholine, phosphatidylglycerol, and cholesterol. 

There are three major types of liposomes. The multi-lamellar vesicles (MLV) con- 
sist of several concentric bilayers of phospholipids. MLV range in size from 1.0-5.0 
pm and are prepared by hydrating the lipid film with an aqueous solution. MLV can 
encapsulate up to 5% efficiency of the hydrophilic drug and up to 10% efficiency of the 
hydrophobic drug (117). The small unilamellar vesicles (SUV) range from 30 to 50 nm 
and could not be used for encapsulation of hydrophilic drugs because of low encapsu- 
lation efficiency (-1%) (118). The large unilamellar vesicles (LUV) range from 50 to 
100 nm and are used to encapsulate hydrophilic drugs. Drugs are incorporated into 
liposomcs by encapsulation, partitioning, or reverse loading (1 16). 

Liposomes have been used as carriers of a number of anticancer drugs. The drug- 
carrying vesicles reach the tumor tissue through the leaky vasculature and are retained 
in the interstitial space by passive targeting mechanism. The colloidal drug-carrying 
vesicles are recognized as foreign particles by MPS and are trapped by the cells of the 
RES (1 19). Hcnce, these liposomes can be used to target tumors present in liver, spleen, 
and the bone marrow. The liposomes of different compositions and the results of their 
therapeutic activity in various animal tumor models are presented in Table 3 (120-130). 

Liposome formulations composed of distearoylphosphatidylcholine and cholesterol 
have unique advantages over those containing egg phosphatidylcholines because they 
are more resistant to leakage of entrapped drug. This is owing to the presence of lipids, 
whose phase-transition temperature is much higher than the physiological temperature 
(131). Daunorubicin encapsulated in liposomes, now marketed as DaunoXomem, was 
the first drug to enter into clinical trials. The liposomal formulation is composed of 
distcaroylphosphatidylcholine and cholesterol i n  a 2: 1 molar ratio. In one study, com- 
parison of daunorubicin associated with the lipid bilayer and the citrate salt of the drug 
entrapped in the aqueous core, showed that the core-containing drug had higher stabil- 
ity, better biodistribution profile, and was more effective than the drug associated with 
the bilayers (132). 

In the preclinical studies conductcd in mice bearing P1798 lymphosarcoma, it was 
found that DaunoXomeB resulted in greater mean survival time (18.5 d) than free 
daunorubicin ( 1  3 d) at a dose of 30 mglkg (133). Money-Kyrle et al. (134) conducted 
Phase TITI trials in 25 patients with advanced AIDS-associated Kaposi's sarcoma (KS). 
Tn this study, it was found that DaunoXomem, given at 40 mg/m2 dose, resulted in a 
partial response of 40%. Tn another study with patients who had not received previous 
treatment, a 57% responsc rate was observed (135). When compared to the free 
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Table 3 
Therapeutic Efficacy of the Conventional Liposome-Associated Anticancer Drugs 
in Animal Tumor Models 

Drug Liposonies Tumor Host ~ o s c  Results Reference 

Actinomycin PC:C:PA 
D 7:2: 1 

PC:C:SA 
18:4:5 

Adriamycin PC:PS:C 
1034: 1 

Cisplatin DSPC:DPPC 
C 
7: 1 

Daunomycin PC:C:PA 
7:2: 1 

Methotrexatc PC:C:SA 
3.25:2.25:2 

AKK-A 
ascites 1 x 10" 
cells 

Ridgcway 
osteosarcoma 
P3XX ip 
1 x 1 O5 cells 

1,ewis lung sc 
I x lO"e1ls 

Ehrlich 
ascitcs %c 

2 x l0"clls 

56456 
lymphoma iv 
1O"ells 
Sarcoma I K O  
<c 5 x 10" 
cells 

L1210 iv lo5 
cells 

~ 1 2 1 0  ip 105 
cells 

P-1798 

AKR 
mice 

AKR 
mice 
BD/F 
mice 

CDIF, 
mice 

ICR 
mice 

BALBIc 
mice 

MMRl 
mice 

B-tiOIF, 
mice 

DBA12 
mice 

CDIF I 
lyrnphosarcoma mice 
L1210 sc B6D2/F1 
0.5-20 x 10h mice 
cells 
Hepatoma C3H 
129 ip 106 mice 
cells 

'P I .0 w 
from d 2-6 

Iv 0.8 rnglkg 
kg on d 1 
Tp 4 nigl kg 
o n d  I 

Iv 4 mglkg 
on d 8, 
10,12 
Ip 1.25 
mgkg on 
d 7, 8, 9 

iv 6 mgkg 
on d 3,7,  
10,24 
IV 0.7- 1.2 
mglkg on, 

d 7 
followed by 
I hr 
hyperthcrmi 
Iv 5-80 mgl 
kg on d 1 

Ip or iv 25- 
50 m g k g  on 
d l 
Ip 1 mglkg 
on d 10-13 

Iv 3 rnglkg 
ond  1 , 2 , 3  

Iv or Ip 2-3 
mglkg on 
d 1 

Prolonged 
survival 
compared with 
drug 

Less effective 
than drug 
As effective as 

drug and less 
cardiotoxic 

As effcctive as 
drug 

Reduction in 
tumor weight 
compared to 
control 

Increase in mean 
survival time 

Delay in tumor 
growth 

Increase in mean 
surviv;d time at 

high doses 
As effective as 
free drug 

Reduction in 
tumor weight 
Delay in tumor 
growth 

Iv treatment was 
ineffective, ip 
treatment 
increases the 
mean survival 
time 

C, cholesterol; DCP, d~cctylphosphate; DSPC. distcrt~ylphosphatidylcholine; PC, pliospha~idylcholine; PA, 
phosphatidic acid: PS, phwphatidylserine; SA, stcroylamine; ip, intraperitoneal; iv, intravencous; sc, subcuta- 
neous. 
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daunorubicin, DaunoXomeB was also found to result in a 35-fold increase in the area 
under the curve (AUC) in plasma concentration vs time profile. Although these studies 
showed an absence of cardiotoxicity with DaunoXome, moderate myelosuppression 
was observed. 

Gill et al. (136) conducted a Phase I11 trial in 232 patients with AIDS-related KS and 
compared the therapeutic efficacy of DaunoXome (40 mg/m2) with a standard ABV 
regimen of doxorubicin (10 mg/m2), bleomycin (15 U), and vincristine (1 mg). A 25% 
response rate (3 complete and 26 partial of 116 treated) was observed for DaunoXome 
and 28 % (1 complete and 30 partial of 11 1 treated) with ABV. No significant differ- 
ence in the response rates and survival times were observed in the treatments. A higher 
incidence of alopecia and neuropathy were observed in patients treated with ABV and 
grade 4 neutropenia was observed in patients treated with DaunoXome. The aforemen- 
tioned preclinical and clinical studies indicate the efficacy of DaunoXome, which is 
now approved for treatment of KS in HIV-positive patients in several countries, in- 
cluding the United States. 

To investigate the effect of cationic charge on tumor targeting potential, Campbell et 
al. (137) prepared liposomes using 1 ,  2-dioleoyl-3-trimethylammonium propane 
(DOTAP), a cationic lipid, for the delivery of paclitaxel, a poorly soluble anticancer 
drug. The cationic lipid was combined with varying ratios of dimyristylphospha- 
tidylcholine (DMPC), dipalmitoylphosphatidylcholine (DPPC), and distearoylphospha- 
tidylcholine (DSPC). It was observed that the stability of the formulations increased 
with an increase in the concentration of DOTAP, reaching a maximum when the lipid 
concentration was 30-50 mol%. 

Liposomes-encapsulated drugs can also be used in the treatment of MDR tumors. 
The drug resistance is caused mainly by efflux of drugs in tumor cells by the P-gp 
pump. Rahman and co-workers (138,139) prepared doxorubicin-entrapped liposomes 
containing cardiolipin, which interacts with the P-gp pump and prevents the drug efflux. 
The major disadvantage of the formulation was that the phagocytes of the RES recog- 
nize cardiolipin and clear the vesicles from blood circulation in a relatively short period 
of time. 

Even though the small-sized liposomes have the advantage of longer circulation 
than large ones, they are not capable of carrying large quantities of the drug (140). The 
large multilamellar liposomes have the problem of aggregation in the lungs (141). In 
addition, these conventional liposomes are internalized rapidly by the macrophage- 
rich RES and cleared from the systemic circulation (1 42,143). In order to overcome the 
rapid clearance problem, specialized liposomes like the PEG-coated, long-circulating, 
and cationic liposomes are being used to achieve better passive targeting to the tumor 
tissues. 

4.2. Lipoplexes 

Lipoplexes are cationic lipid-DNA complexes that are most widely used in gene 
delivery to tumor cells. They are formed by electrostatic interaction between the posi- 
tively charged lipid and negatively charged DNA (144). Lipofectin and other cationic 
lipids are under clinical trials. Lipofectin is a cationic lipid composed of 1 : 1 (w/w) 
ratio of N-[l -(2,3-dioleyloxy) propyll-N,N,N-trimethylammonium chloride (DOTMA) 
and dioleylphosphatidylethanolarnine (DOPE). Other cationic lipids commonly used 
are 2,3-dioleyloxy-N-[2-(sperminecarboxamido)ethyl-N,N-dimethyl-l-propanami- 
nium trifluoroacetate (DOSPA), dioctamido-decylamidoglycyl spermine (DOGS), 1,2- 
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dimyristyloxypropyl-3-dimethylhydroxyethyl ammonium bromide (DMRTE), 1,2- 
(dioleoyl-3-trimethylammonium) propane (DOTAP), dimethyl dioctadecylarnmonium 
bromide (DDAB), and 30-(N,N-dimethylaminoethane)carbamoyl cholesterol (DC- 
chol) (145-148). 

Reimer et al. (149) prepared cationic liposomes using dioleoyldimethylammonium 
chloride and dioleoylphosphatidylethanolamine in a 1: 1 ratio in order to deliver 
chloramphenicol acetyl transferase (CAT) gene to tumor cells. Upon ip administration 
of these liposomal formulations to a murine model bearing B 16B 16 tumor, a highly 
variable gene expression was observed ranging from 100 mU/g to 2000 mU/g tumor. 
Small tumors did show much higher transfection efficiency relative to larger tumors. In 
order to minimize the toxic effects of lipoplexes in the systemic circulation, intratumo- 
ral delivery has been suggested (150). 

4.3. Long-Circulating (Stealthm) Liposomes 
Modification of conventional liposomes by hydrophilic polymers, like PEG, en- 

hances the repulsive interactions between the colloidal particles and prevents 
opsonization by the macrophages of the RES. This results in long circulating lipo- 
somes, also called StealthB liposomes (151), sterically stabilized liposomes (152), or 
cryptosomes (153). The mechanism of long circulation of the polymer-coated lipo- 
somes was explained by Torchillin and co-workers (154-156). The authors suggested 
that the coated polymer is in constant motion and exists as a cloud above the liposome 
surface, thus protecting the liposome from opsonization and recognition by RES cells. 
The high hydrophilicity, flexibility, and low immunogenicity were found to make 
PEG most acceptable for surface modification of the liposomes (157-159). Other 
synthetic polymers that can serve as protective coating on liposomes include 
poly(acry1amide) and poly(N-vinyl pyrrolidine) (160,161). These long circulating li- 
posomes were found to deliver anticancer drugs to tumor tissues by passive targeting 
due to the EPR effect. 

The accumulation of long-circulating liposomes in tumors was studied by Ning et 
al. (162) by injecting fluorescently labeled, long-circulating liposomes into rats with 
dorsal skin-flap window chambers and having mammary adenocarcinoma. Long-cir- 
culating liposomes made from egg phosphatidylcholine:cholesterol:disteroylphospha- 
tidylethanolamine-PEG 2000: N-(6-tetramethylrhodamine-thiocarbamoyl) 1, 
2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (TRITC-DHPE, a fluorescent 
label) in a weight ratio of 60:33:5:2 were used in the study. Within 90 min after injec- 
tion, the long-circulating liposomes accumulated at three- to fourfold greater concen- 
tration than the conventional liposomes in the tumor mass. In addition, after 90 min, 
about 60% of the long-circulating liposomes were found to remain in systemic circula- 
tion, as compared with only 20% of the conventional liposomes. 

Vincristine is an anticancer drug that acts by binding to the microtubules (163). 
Conventional liposomal formulations of the vincristine were found to be no more ef- 
fective than the free drug (0.9 mgkg). At higher doses, the liposomal formulation was 
found to be toxic owing to the high lipid content (164). Tn order to enhance the tumor 
targeting and anticancer activity of the drug, vincristine was encapsulated in PEG- 
coated liposomes. In vivo studies of the drug entrapped long-circulating liposomes 
containing methoxyPEG-disteroylphosphatidylethanolamine, hydrogenated soybean 
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phosphatidylcholine, and cholesterol in a weight ratio of 5:56:39 were conducted in 
various tumor models (165-167). The results in Table 4 show an increased mean sur- 
vival time in leukemia models and reduction in tumor growth in colon carcinoma and 
mammary carcinoma models. 

Doxorubicin, an anthracycline antineoplastic drug, is most widely used in the treat- 
ment of many different forms of human cancers. The clinical use of this drug is limited 
by a dose-dependent cardiotoxicity, myclosuppression, and stomatitis. The early stud- 
ies using the conventional liposomes containing doxorubicin showed the problems of 
drug targeting to the tumor tissue and rapid clearance by RES. These drawbacks can be 
overcome by using long-circulating liposomes. 

Doxilm is the long-circulating liposomal formulation of doxorubicin marketed by 
Liposome Technology, Inc. (Menlo Park, CA). The lipid bilayer of Doxil is made of 
hydrogenated soybean phosphatidylcholine, cholesterol, and PEG (molecular-weight 
1900-2000)-modified disteroylphosphatidylethanolamine in a weight ratio of 56:5:39. 
The formulation has doxorubicin at a concentration of 2 mg/mL and the lipids at 16 
mg/mL (168). The published results of preclinical studies conducted in animals show 
the effectiveness of Doxil over free doxorubicin (169-171). The results, summarized 
in Table 5, prove that Doxil has longer circulation time and greater inhibition of tumor 
growth than free doxorubicin. 

Clinical trials of the Doxil formulation were conducted in patients with different 
types of cancer. In a Phase I11 clinical trial of patients with AIDS-related KS, Doxil 
was comparcd with a combination therapy of doxorubicin, bleomycin, and vincristine 
(ABV) (172). The drugs were administered every 14 d in 6 cycles. There was no sig- 
nificant difference in the survival times of the patients. However, a higher incidence of 
alopecia, nausea, and vomiting was observed in patients treated with ABV regimen as 
compared with Doxil. The reduction in toxicity was found to be a major advantage of 
Doxil over the conventional ABV regimen. 

Lyass et al. (1 73) conducted clinical trials of Doxil in breast-cancer patients who 
were previously treated with doxorubicin at a dose of less than 400 mg/m2. The results 
indicate a high incidence of mucositis and palmar-plantar erythrodysaesthesia. No sig- 
nificant cardiotoxicity was observed in these trials, except for the occurrence of con- 
gestive heart failure in one patient who had prior mitoxantrone and radiotherapy. Partial 
response (five patients) and complete response (two patients) was observed in patients 
who were present in different treatment groups. Tn all the preclinical and clinical trials 
of Doxil, a high incidence of stomatitis was observed. Stomatitis is also a dose-limiting 
toxicity of continuous doxorubicin infusion. 

The sterically stabilized liposomes are also used to encapsulate other anticancer 
drugs including cisplatin. SPI-077, a liposomal formulation of cisplatin, with a lipid 
composition hydrogenated soybean phosphatidylcholinc: cholcstcrol: PEG (2000)- 
modified disteroylphosphatidylcthanolamine in a weight ratio 51 :5:44 is currently in 
clinical trials. The prcclinical studies indicate inhibition of tumor growth in colon C26 
carcinoma and Lewis lung carcinoma models when compared with the delayed tumor 
growth observed in the treatment with cisplatin and carboplatin (l74,17.5). 

Long-circulating liposome combined with local hyperthermia is used to maximize 
tumor targeting of the anticancer drugs (1 76). The combination enhances the cytotoxic 
effccts of thc drug against tumor cells. Liposomes with the aforementioned properties 
were prepared by using DPPC, DSPC, distearylphosphatidylethanolamine- 
monomethoxypolyethylene glycol succinimidyl succinate of molecular weight 2000 





Table 5 
Therapeutic Efficacy of Doxorubicin-Encapsulated in Long-Circulating Liposomes (Doxilm) in Athymic Mice 
Xenografted With Human Tumors 

Tumor Dose Results Reference 

Human ovarian 6 mgkg on Inhibition of tumor growth with 15 (1 69) 
carcinoma HEY day 1, 8 and out of 18 treated mice being tumor- 
sc or iv 15 iv or ip free when compared with 5 out of 18 in 

case of free adriamycin 
Pancreatic 3 mgikg on Inhibition of tumor growth and more (1 70) 

adenocarcinoma d l , 8 ,  15,22, effective than free adriamycin (7120 
AsPC-I sc and 29 iv Vs 1/20). The doxorubicin could be 

detected in the tumor long after 
treatment (168 h) when compared with 
free adriamycin (24 h). 

Prostatic 6 mgikg on More effective than free adriamycin 
carcinoma PC-3 

(171) 
d 1, 8, 15, in inhibiting tumor growth 
and 22 iv 

ip, intraperitoneal; iv, intravenous; sc, subcutaneous. 
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(DSPE-PEG-Osu 2000), and cholesterol. The activity of the thermosensitive liposomes 
with entrapped doxorubicin was studied in mice bearing colon 26 tumor. When com- 
pared to conventional thermosensitive liposomes, the long-circulating thermosensitive 
liposomes resulted in 2-2.5 times higher drug levels in the tumor tissue upon applica- 
tion of heat (42°C). 

Tumor targeting is also enhanced by combining the unique properties of long-circu- 
lation and pH sensitivity. Slepushkin et al. (177) have prepared sterically stabilized, 
pH-sensitive liposomes using cholesteryl hemisuccinate (CHEMS), DOPE, and PEG- 
derivatized phosphatidylethanolamine (PEG-PE). The pharmacokinetics of the 13'In- 
labeled liposomes was studied by injecting them iv in rats. The sterically stabilized, 
pH-sensitive liposomes were found to have enhanced tumor accumulation (1 00-fold) 
and longer circulation time (t,,, = 11.1 h) when compared with the pH-sensitive lipo- 
somes, which are rapidly cleared within the first 30 min. 

4.4. Niosomes 
Niosomes are nonionic surfactant vesicles (NSV) formed by hydration of a single 

alkyl chain nonionic surfactant with cholesterol or a steroid (178). These vesicles are 
considered to be an alternative to liposomes and are capable of entrapping water-soluble 
drugs, altering their distribution and metabolic stability. Niosomes are used to encap- 
sulate a wide range of anticancer drugs such as doxorubicin, vincristine, methotrexate, 
pentoxyfiline, and 5-fluorouracil(5-FU). 

Uchegbu et al. (179) prepared doxorubicin-loaded niosomes using sorbitan 
monostearate (SpanB 60), cholesterol and choleth-24 (24 oxyethylene cholesteryl ether) 
in a weight ratio of 45:45: 10. The niosomal formulation, at doxorubicin dose of 5 mg/ 
kg and 10 mg/kg, was injected iv into female NMRT mice bearing subcutaneously (sc) 
implanted MAC15A tumor. The results showed an increase in the area under the plasma 
concentration-time curve (sixfold) and tumor level-time curve (50%) as compared to 
the control doxorubicin administered as an aqueous solution. However, an increase in 
drug metabolites was observed in the liver with no significant difference in drug con- 
centration in the heart. 

Parthasarathi et al. (180) prepared niosomal encapsulated vincristine using nonionic 
surfactant (Spano 40) and cholesterol in a 1: I ratio. The antitumor activity was evaluated 
by injecting the formulation containing 0.5 mglkg and 1.0 mgkg of vincristine into 
BALBIc mice bearing Sarcoma-180 and Ehrlich ascites. The results indicate 110% in- 
crease in life span of the animals receiving the niosomal formulation relative to the con- 
trol. Diarrhea, severe weight loss, and muscular weakness, which are characteristic of 
vincristine, were not observed in animals receiving the niosomal formulation of the drug. 

Hao et al. (181) evaluated the encapsulation efficiency of niosomes prepared by 
evaporation sonication method using different kinds of Spans (20, 40, 60, and 80). 
Span 60 was found to have the highest encapsulation efficiency. This study also showed 
that the encapsulated formulation provided prolonged release of colchicine and 5-FU 
over a 24-h period. Niosomes were also found to alter the metabolic profile of methotr- 
exate by prcventing the rapid formation of 7-hydroxy methotrexate. 

5. Micellar Systems 

Micelles are defined as colloidal dispersions with a size ranging from 5 to 50 nm. 
Micelles are made from amphipathic polymer molecules that have hydrophilic and 
hydrophobic regions or segments (182). At a low concentration, these compounds exist 
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as single molecules or unirners. As the concentration in aqueous solution increases, the 
amphipathic polymer chains aggregate to form three-dimensional (3D) structures or 
micelles. The concentration of the polymer at which the micelles are formed is known 
as the critical micelle concentration (CMC). Polymeric micelles may be formed from 
diblock, triblock, or graft copolymers (183-185). In aqueous systems, these micelles 
consist of an inner hydrophobic core and an outer hydrnphilic shell. An increase in the 
length hydrophobic segment was found to be associated with a decrease in the CMC 
value (186). Hydrophobic anticancer drugs can be entrapped into the core of the mi- 
celle and can result in an improvement in the solubility and bioavailability of these 
drugs. For drug-delivery applications, it is important that the CMC value of the poly- 
meric molecules is low enough so as to preserve the micellar structure even under high 
dilutions, such as after systemic administration. For this reason, amphiphilic-block 
copolymers that form micellar structures at low concentrations are used for drug-deliv- 
ery applications. 

Drug delivery to the tumor tissue using micellar carriers is achieved by passive tar- 
geting based on the EPR effect. Passive targeting followed by an increase in tempera- 
ture, acidic conditions, or ultrasound may also enhance the release of anticancer drugs 
at the tumor site (182). One of the major advantages of micellar delivery systems is the 
prcsence of the hydrophobic core that can entrap and retain hydrophobic drugs. In 
addition, relative to liposomes and nanoparticles, micellar carriers usually have much 
smaller diameter and thus provide a far more efficient tumor uptake. When compared 
to the frec drug, an increase in circulation time was achieved by using the polymeric 
micelles. The increased circulation time allows for the drug to accumulate in target 
tissue. In contrast to many surface-active agents, polymer micelles are preferred as 
carriers of anticancer drugs owing to their high loading capacity and long circulating 
properties (187,188). Howcver, the circulation time of micellar structures is usually 
shorter than that of long-circulating liposomes. This is because rnicelles are smaller 
than long-circulating liposomes and are eliminated at a faster rate. Micellar systems 
also reduce the toxicity and enhance the antitumor activity of the drugs (189). 

5.1. Poly(Ethy1ene Glycol) Block Copolymer Micelles 

PEG and PEO are water-soluble polymers used as hydrophilic blocks in the prepara- 
tion of diblock and triblock copolymers. The block copolymers are synthesized by 
anionic polymerization or by ring-opening polymerization. The outer shell of the block 
copolymers is formed by the hydrophilic polymers (PEG or PEO) and the inner core is 
formed by the hydrophobic polymers such as poly(~-aspartic acid) (PAsp), poly((31- 
benzyl I.-aspartate) (PBLA), Poly(y-benzyl-L-glutamate) (PBLG), poly(~-lactic acid) 
(PLA), poly(propy1ene oxide) (PPO), and distearoylphosphatidylethanolamine (DSPE) 
(Table 6). The hydrophilic nature of the outer shell prevents the interaction of the mi- 
celles with the MPS and, thus increases the circulation time after systemic administration. 

PEG or PEO is a nonionic homopolymer of ethylene oxide that is distinguished 
based on the molecular weight (i.e., <20,000 Dalcons are PEG). The total molecular 
weight of these polymers depends on the average number of oxyethylene groups present 
in the molecule. The chemical composition and structures the polymers PEG and PEO 
are the same except for the presence of an extra hydroxyl group in PEG. Hence PEG 
and PEO are discussed together. 
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Table 6 
Some Examples of Block Copolymers of Poly(Ethylene Glycol) 
or Poly(Ethylene Oxide) Using for Tumor-Targeted Drug Delivery 

Block Copolymer Reference 

Poly(ethy1ene gl yco1)-pol y(~-aspartic acid) (190) 
Poly(ethy1ene glycol)-pol y(P-benzyl L-aspartate) (19.2) 
Poly(ethy1ene glycol)-poly(~,~-lactic-co-glycolic acid) (209) 
Methoxypoly(ethy1ene gl ycol)-poly(o,~-lactide) (210) 
Poly(ethy1ene g1ycd)-phosphatidyl ethanola~nine (2 14) 
Poly(ethy1ene oxide)-poly(aspartic acid) (197) 
Poly(ethy1ene oxide)-poly((3-benzyl L-aspartate) (200) 
Poly(ethy1ene oxide)-poly(y-benzyl glutamate) (2 13) 
Poly(ethy1ene oxide)-poly(propy1ene oxide) (203) 

PEG-Poly(~-Aspartic Acid) or  PEO-Poly(~-Aspartic Acid) 

Yokoyama et al. (190-193) prepared polymeric micelles from PEG-poly(~-aspartic 
acid) (PEG-PAsp) block copolymer. The anticancer drug doxorubicin was incorpo- 
rated into the micelles by chemical conjugation and physical entrapment. Physical en- 
trapment of the drug resulted in the formation of a doxorubicin dimer, which 
contributed to the stability and slow release of the drug. The incorporation of the drug 
in the micelles also resulted in an increase in the maximum tolerated dose. This caused 
a significant regression in tumor volume upon systemic administration. The antitumor 
activity was evaluated in mice bearing different solid tumors (C26, P388, C38, M 5076, 
MKN-45, and MX-I). A significant reduction in weight loss and regression in tumor 
volume were observed in all of the tumor models. Tt was also observed that the physi- 
cally entrapped drug contributed positively towards the antitumor activity as compared 
to the covalently attached drug. The increased half-life of the doxorubicin and the small 
size of the micelles (50 nm) were found to further increase the potential of these sys- 
tems as carriers of anticancer drugs. Cisplatin-containing micelles of PEG-PAsp block 
copolymer were prepared by ligand-substitution reaction. The size of the micelles (20- 
100 nm) was found to increase with an increase in size of PAsp segment. These mi- 
celles were found to be highly stable upon dilution (194). When compared to the free 
cisplatin, the micelles were found to have an increased antitumor activity and reduced 
nephrotoxic acitivity in nude mice bearing MKN45, a human gastric cancer xenograft 
tumor (195). 

Nakanishi et al. (1 96) prepared a rnicellar carrier NK911, which is a block copoly- 
mer of PEG-PAsp. The conjugated doxorubicin was found to increase the hydropho- 
bicity of the core and the entrapped doxorubicin contributed to the anticancer activity. 
High-performance liquid chromatography (HPLC) analysis of the doxorubicin concen- 
trations in the plasma and tumor tissue, after systemic administration, showed that there 
was a significant enhancement of antitumor activity with the NK911 micelles (40 nm). 
The authors concluded that these micelles were passively targeted to the tumor mass by 
the EPR effect. The antitumor activity of the doxorubicin-loaded NK911 and free doxo- 
rubicin was also determined by the in vivo experiments conducted on CDFl mice in- 
oculated with four sc tumors (C26, M5076, Lu-24, MX-I ) and one intravenous tumor 
(P388). The results of the in vivo experiments given in Table 7 and Table 8, show that 
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Table 7 
Antitumor Activity of NK911 and Doxorubicin in Murine Tumor Models 

Mouse colon 26 
-- 

Mouse M5076 
Dose (mglkg) carcinoma 

NK911 DOX 
TIC (%)L' TIC (%) 

sarcoma Mouse P388 leukemia 
NK? I 1 DOX ~ ~ 9 1 1  DOX 
TIC (%)" TIC ( %  TLS (%I)(. ILS (%) 

- - 

19.2 379 199 
30.5 263  390 290 
35.4 54.1 203 73 
34.4 72.5 68 5 8 

aTIC (%) - (Tumor volume of treated mouse I Tumor volume of control mouse) x 100 on d 13. 
bTIC (9%) - (Tumor volume of treated mouse I Tumor volume of control mouse) x 100 on d 14. 
'TLS (%) - Increased life span: [(mean survival time of trcated mice / mean survival time of control 
mice)-I] x 100 on d 60. 
Adapted from ref. 196. 

doxorubicin in NK911 micelles provides better antitumor activity as compared with 
the free drug. The micellar systems presently are undergoing clinical trials in Japan. 

Yokoyama and co-workers (1 97,198) developed doxorubicin-conjugated PEO-PAsp 
micelles and also entrapped additional doxorubicin by physical means. Any unconju- 
gated doxorubicin remaining in the micelles was removed by dialysis and a known 
amount of the drug was entrapped. Micelles prepared by this method were found to 
have 100 times lower in vitro cytotoxic activity than the free doxorubicin against 
P3X8D1 cells. It was also observed that PEO-PAsp rnicelles resulted in increased sur- 
vival time and reduced cytotoxicity when given intraperitoneally to mice bearing P388 
leukemia. 

Yokoyama et al. (192) evaluated the potential of PEG-poly((3-benzyl L-aspartate) 
(PEG-PBLA) block copolymer micelles and its derivatives as carriers of an investiga- 
tional anticancer drug KRN 5500. The polymers were synthesized by ring-opening 
polymerization and were formed by partial hydrolysis and cetyl ester substitution of 
the P-benzyl L-aspartate units. KRN 5500 was incorporated by dialysis, followed by 
sonication, which resulted in drug-containing micelles (7 1 nrn in diameter), Kataoka et 
al. (1 99) prepared doxorubicin-loaded micelles of PEG-PBLA by the emulsion method 
to enhance the stability of the drug and provide sustained release. The dimer deriva- 
tives of doxorubicin thus formed enhanced the stability and sustained release. The 
accelerated release of doxorubicin at pH 5.0 showed that the micelles were pH-sensi- 
tive and would be beneficial for tumor-targeting, because the pH around the tumor is 
much lower than the systemic circulation. Intravenous injection of these micelles into 
mice with C26 tumor indicated higher anticancer activity and long circulation as com- 
pared with free doxorubicin. 

Micelles of PEO-PBLA have also been used as carriers of anticancer drugs (200-202). 
These micelles provide an opportunity for drug targeting and decrease toxicity. For 
instance, in the case of doxorubicin-loaded PEO-PBLA micelles (approx 40 nm in 
diameter), entrapment of the drug was found to enhance the stability of the drug. 
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Table 8 
Anti-Tumor Activity of NKW 1 and Doxorubic Against Subcutaneously 
lmslanted Tumors 

Human Lu-24 lung cancer Human M X -  1 breast cancer 

Dose (mgkg) NK911 DOX NK9 1 1 DOX 
TIC (%'o)C" TIC (%) TIC (%) TIC (%) 

. 

18.0 23.5 - 30.7 - 

14.4 35.5 28.3 42.2 48.3 
11.5 54.7 48.1 67.6 63.1 

"TIC (%) - (Tumor volume of treated mouse I Tumor volume of control mouse) x 100 on d 14. 
Adapted from ref. 796. 

5.1.3. PEO-PPO-PEO Triblock Copolymers (Pluronic@ or Poloxamers) 
The PEO-PPO-PEO triblock copolymers are commercially available as Pluronicsm 

or poloxamers from BASF Corporation (Parsipanny, NJ). The PPO segment forms the 
inner hydrophobic core and the two PEO chains forms the outer hydrophilic shell (203). 
There are more than 30 different types of PEO-PPO-PEO triblock copolymers available 
with varying PPO and PEO chain lengths. The CMC of these copolymers also depends 
on the chemical composition. These triblock copolymers form micelles that are highly 
hydrophilic and escape the RES, which results in long circulation time. Hence these 
polymeric micelles were used to increase the efficiency of anticancer drugs like 
camptothecin (187) and doxorubicin (204). However, a decrease in efficiency of the 
Pluronic systems was observed at concentrations above the CMC (44-46). Drug release 
from the micelles was enhanced by the application of ultrasound at the tumor site (205). 

It was also observed that the Pluronic micelles could be used to deliver anticancer 
agents to MDR tumors. The Pluronic effects on the drug resistance mechanisms in- 
clude inhibition of drug efflux transporters and glutathionelglutathione S-transferase 
detoxification system. These energy-dependent mechanisms were inhibited by ATP 
depletion induced by Pluronic block copolymer (206,207). Batrakova et al. (208) evalu- 
ated the anticancer activity of Pluronic L-61, P-85, and F-108 micelles carrying 
epirubicin (EPI) and doxorubicin (DOX) in animals bearing murine leukemia (P388) 
and daunorubicin-sensitive (Sp210) and resistant (Sp2101DNRI) myeloma tumors grown 
sc. This study has shown that the Pluronic micelles are associated with a greater than 
150% increase in survival time between treatment and control groups. The formula- 
tions EPIlP85 and DOXIL61 were found to inhibit tumor growth in more than 90% of 
the animals and complete disappearance of tumor growth in 33-50% of animals bear- 
ing Sp210 tumors. An increase in the therapeutic activity of the micellar drug was ob- 
served with an increase in the hydrophobicity of the copolymer as a result of increasing 
the PPO segment length. 

5.1.4. Miscellaneous Diblock Copolymers of PEG and PEO 
Yoo et al. (209) prepared biodegradable polymeric micelles from the diblock co- 

polymer of PEG and PLGA. Doxorubicin was incorporated into the micelles by conju- 
gating the amino group of the drug with the hydroxyl group of PLGA. The micelles 
containing conjugated doxorubicin were found to exhibit sustained release to a greater 
extent than the micelles with entrapped drug. The cytotoxic activity of the micelles 
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against HepG2 cells was found to be greater than the free drug. Micelles of the diblock 
copolymer of methoxyPEG and poly(~,~-lactide) (MPEG-PLA) are used as carriers of 
the anticancer drug paclitaxel(210). The diblock copolymer is formed by ring-opening 
polymerization of the monomers. The antitumor activity of the micelles was tested in 
vitro in different cell lines (OVCAR-3, MCF7, Hs578T, SKMES, and HT-29) 
(2 11,212). The biodistribution studics of paclitaxel in mice bearing B 16 melanoma 
showed that the concentration of miccllar paclitaxel is two to three times higher than 
the free drug in tissues, including liver, spleen, kidneys, lungs, heart, and tumor. Micel- 
lar paclitaxel administered in mice bearing SKOV-3 tumor (human ovarian cancer) 
and P388 leukemia showed a significantly enhanced activity than did the free drug. 

Doxorubicin-loaded polymeric micelles of PEO-PBLG were prepared by dialysis 
and ultrafiltration (diafiltration) method. The size of the rnicelles formed was found to 
increase with an increase in PBLG contcnt (20 nm to 70 nm). The release rate of the 
drug was reduced with an increase in PBLG chain length and the amount of incorpo- 
rated doxorubicin (21.3). 

5.7.5. PEG- Diacyllipids 

PEG-phosphatidylethanolamine conjugates are used to prepare highly stable mi- 
celles, which can act as carriers for the dclivery of different hydrophobic anticancer 
drugs (21 4-216). The phosphatidylethanolamine used is highly hydrophobic owing to 
the prcscnce of two long-chain fatty acyl groups and PEG is highly hydrophilic. These 
PEG-lipid conjugates can form a micellar system that are very stable and have a very 
low CMC value in the molar range. PEG of varying chain lengths was used to 
prepare micelles 7-35 nm in diameter. An increasc in the circulation time and selective 
tumor accumulation was observed upon iv administration of the micellar system into 
mice bearing sc Lewis lung carcinoma and ELA lymphoma (21 7). Weissig et al. (21 6)  
have compared the biodistribution of the PEG-distearoylphosphatidylethanolamine 
(PEG-DSPE) micelles with PEG-modified liposomes using mice bearing subcutane- 
ous Lewis lung carcinoma. It was observed that the micelles containing the model 
protein, soybean trypsin inhibitor, accumulated in the tumor to a greater extent than the 
long-circulating liposomes. This could be explained by the fact that the cut-off size of 
the vascular pores i n  Lewis lung carcinoma is small and permits micelles (5-50 nm) 
more efficiently than long-circulating liposomes (>lo0 nm) by passive targeting. 

5.2. Thermoresponsive Micelles 
Block copolymers of poly(N-isopropylacrylamide) (NIPAAm) are used in the prepa- 

ration of therrnoresponsive micelles along with poly(~,r,-lactide) (218), polystyrene 
(219), poly(polybutylmethacrylate) (220), poly(dimethylacrylarnide) (221), and 
alkylterminated PIPAAm (222). NIPAAm is a water-soluble polymer, which under- 
goes a phase-transition from hydrated to dehydrated state (cloud point) with a slight 
change in solution temperature in the range of 35"-38°C. Diblock copolymers of 
PIPAAm, obtained by ring-opening polymerization, were used in the preparation of 
thermoresponsive micelles, which act as carriers of anticancer drugs. The anticancer 
drug doxorobicin was incorporated into the micelles by the dialysis method. The swol- 
len core formed owing to the presence of water was found to increase the doxorubicin- 
loading capacity (221). Passive targeting by the EPR effect followed by an increase in 
temperature at the tumor site would enhance the release of the drug from the micelles. 
These micelles were associated with a reduction in the cytotoxicity and an increase in 
therapeutic efficiency of the anticancer drugs. 
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5.3. Other Polymeric Micelles 
Miwa et al. (223) synthesized N-lauryl-carboxymethyl-chitosan (LCC), which is 

used as a carrier of the anticancer drug paclitaxel. Chitosan, a hydrophilic polymer of 
n-glucosamine, cannot form micelles and so LCC was synthesized by attaching lauryl 
groups to the primary amino groups of n-glucosamine in carboxymethyl chitosan. An 
increase in the solubility of paclitaxel was observed upon incorporation in the micellar 
structure. The in vitro studies against KB cells indicate an increase in the anticancer 
activity of the entrapped paclitaxel relative to the free drug. 

6. Conclusions 

Passive targeting of anticancer drugs to solid tumors using colloidal-carriers sys- 
tems provides a unique opportunity to develop a newer generation of safer drugs. Pre- 
clinical and clinical results presented in this chapter show that the different types of 
colloidal carriers can improve the therapeutic benefits of anticancer drugs when di- 
rected to its intended target. A very promising observation in colloidal delivery of anti- 
cancer agents is the opportunity to overcome MDR as the transport of the macromolecules 
or particulate carrier into the cells bypasses the P-gp efflux pump present in the cell 
membrane. Riocompatibility of the carrier system is the most important issue that needs 
to be considered in developing these systems for tumor targeting. 
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