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Abstract

The pitfall of all chemotherapeutics lies in drug resistance and the severe side effects experienced 

by patients. One way to reduce the off-target effects of chemotherapy on healthy tissues is to alter 

the biodistribution of drug. This can be achieved in two ways: Passive targeting utilizes shape, 

size, and surface chemistry to increase particle circulation and tumor accumulation. Active 

targeting employs either chemical moieties (e.g. peptides, sugars, aptamers, antibodies) to 

selectively bind to cell membranes or responsive elements (e.g. ultrasound, magnetism, light) to 

deliver its cargo within a local region. This article will focus on the systemic administration of 

anti-cancer agents and their ability to home to tumors and, if relevant, distant metastatic sites.
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I Introduction

With the injection of mustine into a patient suffering from non-Hodgkin’s lymphoma in 

1946 (See Timeline), the era of chemotherapy began whereby cancer could be treated by 

chemical agents [1]. Chemotherapeutics are designed to kill rapidly dividing cancer cells but 

also effect the cells of the skin, hair, gastrointestinal tract, and bone marrow. The pitfall of 

all chemotherapeutics lie in drug resistance and the severe side effects experienced by 

patients, including myelopaenia, mucositis (linked to gastrointestinal toxicity), 

cardiotoxicity, and alopecia [2].

One way to reduce the off-target effects of chemotherapy on healthy tissues is to alter the 

biodistribution of drug (see Table 1). This can be achieved in two ways: Passive targeting 

utilizes shape, size, and surface chemistry to increase particle circulation and tumor 

accumulation. Active targeting employs either chemical moieties (e.g. peptides, sugars, 

aptamers, antibodies) to selectively bind to cell membranes or responsive elements (e.g. 

ultrasound, magnetism, light) to deliver its cargo within a local region [3]. This article will 

focus on the systemic administration of anti-cancer agents and their ability to home to 

tumors and, if relevant, distant metastatic sites.

II Pharmacologic targeting

Pharmacological agents that act only on the diseased cells are ideal. Chemotherapeutics 

were initially designed to eradicate rapidly proliferating cancer cells. These agents can be 

designed to affect different aspects of the mitosis process. Alkylating agents, like mustine 

and cisplatin, covalently bind DNA and prevent DNA replication. Anti-metabolites, like 

gemcitabine and 5-fluoruoracil (5-Fu), resemble nucleobases and can be incorporated into 

the cell’s DNA, inhibiting enzymes involved in DNA synthesis or signaling DNA damage. 

Anti-microtubules, which include the family of taxanes, polymerize microtubules, arresting 

mitosis. Topoisomerase inhibitors affect DNA unwinding and result in DNA cleavage. 

Antibiotics, like the anthracyclines, intercalate within DNA.

Drug molecules can also inhibit specific receptor pathways. For example, folate inhibitors, 

such as methotrexate, were originally designed to bind the folate receptor on acute 

lymphoblastic leukemia (ALL) cells [61]. Tamoxifen competes with naturally-occurring 

estrogen for binding to the estrogen receptor to inhibit estrogen-mediated breast cancer 

growth, known as anti-hormonal therapy [14]. The tyrosine kinase inhibitor imatinib 

(Gleevec®) prevents phosphorylation of BCR-ABL in chronic myelogenous leukemia cells 

[62]. A second generation BCR-ABL tyrosine kinase inhibitor (nilotinib) was developed to 

overcome resistance to imatinib. Nevertheless, most chemotherapeutic agents affect healthy 

cells, which results in side effects that limit the dose of drug. Additionally, the dense 

structure of the tumor interstitial matrix acts as a tortuous, viscous, and steric barrier to 

diffusion of these agents [63].
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III Passive targeting

A. Enhanced Permeability and Retention (EPR) effect

Solid tumors arise due to the uncontrolled proliferation of a single cell. Solid tumors may 

exhibit a necrotic core due to nutrient transport limitations. In response, tumors elevate 

levels of vascular permeability factors such as vascular endothelial growth factor (VEGF), 

bradykinin, nitric oxide, peroxynitrite, and matrix metalloproteinases [21]. Differences in 

blood flow in tumors relative to normal tissues was first reported in the 1960s [64]. In 1984, 

the pathophysiological basis of the SMANC macromolecular drug carrier was described by 

Maeda et al. [65]. Two years later, the term enhanced permeability and retention (EPR) 

effect of macromolecules and lipids in solid tumors was coined, which is often used to 

describe passive delivery of anti-cancer drugs to tumors [66, 67]. In tumor pathology, 

angiogenesis, or new blood vessel formation, results in abnormally constructed vessels with 

large vascular fenestrae (as large as 600 nm) and impaired lymphatic drainage [68]. As a 

result, particles less than 200 nm preferentially accumulate in the tumor interstitium [69]. 

The liver (~107 nm) [70], kidney (~5 nm) [71, 72], and spleen (~110 nm) also exhibit large 

fenestrae, which allow chemotherapeutic nanoparticles accumulation and toxicity [73]. 

Additionally, phagocytosis of particles by monocytes in the liver and spleen (e.g., Kupffer 

cells in liver) also contribute to accumulation of particles in the reticuloendothelial system.

In comparison to delivery via a bolus intravenous injection, chemotherapeutics encapsulated 

within nanoparticles exhibit higher tumor accumulation and toxicity. Animal studies suggest 

that the EPR can lead to a more than 10-100-fold increase in nanoparticle accumulation 

within tumors compared with the use of free drugs [74]. Liposomal doxorubicin (DOXIL®) 

is widely used to treat ovarian cancer and Karposi’s sarcoma (more than 300,000 patients 

treated annually). Its preferential biodisribution protects patients from the cardiotoxicity of 

the unencapsulated doxorubicin [75]. Passive targeting also benefits from extended 

circulation time; Doxil utilizes a polyethylene glycol (PEG) coating to minimize protein and 

immune cell interactions. PEG brushes, between 2-5 kDa in length and 0.64-0.96 PEG 

molecular/nm2 surface density are used widely for this purpose [57].

In addition to a favorable biodistribution, nanoparticles encapsulate and protect poorly 

soluble and toxic anti-cancer agents, which can improve the therapeutic index (ratio of the 

lethal dose for 50% of the population to the minimally effective dose for 50% of the 

population, or LD50/ED50) [76]. Thus, nanoparticles can act as “Trojan horses” whereby 

they conceal a toxic agent within a benign vessel. Common features of nanoparticles that are 

exploited in targeted drug delivery are the surface-to-volume ratio, size, shape, encapsulation 

efficiency, and surface chemistry. These physicochemical parameters can affect the overall 

blood circulation kinetics, the extravasation processes and intratumoral diffusion; however, 

directly measuring the influence of each specific characteristic on the EPR is difficult.

B. Composition

Many different materials are used in the construction of nanocarriers for the purpose of 

localizing chemotherapeutics within tumors via the EPR effect (Figure 1). These materials 

include: nanogold [77], semi-conductors [78], porous silica [79], iron oxide [80], carbon 
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(nanotubes [81], graphene [82], nanodiamond [83]), lipids (liposome [84], exosome [85]), 

polymers [86], dendrimers [87], proteins (albumin, antibody) [88], cyclodextrins [89], 

carbohydrates [90], and the combination or conjugation among them (Fig. 1). Each material 

has unique structural properties. For example, polymeric nanoparticles are solid, amorphous 

matrices, liposomes are bilayer spheres encapsulating an aqueous or gas volume, and some 

inorganic structures have crystalline lattices that can adsorb or emit light; while, silicon 

nanoparticles have directional scattering [91]. How each particle is synthesized also affects 

drug loading and stability. Although each material is different, their in vivo behaviors (e.g., 

circulation time, protein interaction, immunogenicity, uptake, and distribution.) are often 

dictated by their size, shape, and charge.

C. Size

Size is perhaps the most well studied property in relation to nanoparticle transport. Several 

important in vivo functions of particles depend on particle size: circulation time, protein 

absorption, biodistribution, extravasation, immunogenicity, internalization, intracellular 

trafficking, payload delivery, and degradation (reviewed in [92, 93]). As mentioned 

previously, carriers can extravasate through gaps in the peritumoral tissue, in a size-

dependent manner. Experiments using liposomes of different mean size suggest that the 

threshold vesicle size for extravasation into tumors is 400 nm [94]. However, the 

compromised lymphatic drainage cannot properly efflux fluid or carriers, resulting in an 

elevated interstitial fluid pressure that diminishes the driving force for convective interstitial 

transport [63]. In mice xenograft models, when the kinetics of intratumoral accumulation 

were studied over 30 min, smaller macromolecules (40- to 70-kDa dextrans, 11.2 to 14.6 nm 

in diameter) penetrated 15 μm from the vessel wall; while, 2 MDa dextran (~50 nm) were 

found 5 μm from the vessel wall [95]. This accumulation was transitory as smaller 

molecules rapidly diffused back into the vascular compartment. Larger nanocarriers are 

sequestered within the tumor because they can overcome the convective force driving them 

back into circulation. Particles larger than 5–8 nm also experience hindered diffusion in 

tumor interstitium; diffusion rates are slowed by up to one order of magnitude in dorsal 

chamber tumors than in cranial window tumors [96]. Nanocarriers smaller than 5–6 nm 

undergo rapid renal clearance while 150 nm nanoparticles have greater hepatobiliary and 

reticuloendothelial clearance [73]. Particles in excess of 500 nm are rapidly taken up by 

macrophages via phagocytosis or are physically trapped in capillary beds. Passive targeting 

is dependent on size; peak drug levels often do not occur until 1 to 3 days post-injection 

[93]. Internalization of nanoparticles is also dependent on size; liposome uptake can be 

directed to one of three primary endocytic pathways: clathrin (<300 nm), caveolae (<80 nm), 

and flotillin (<100 nm) [97]. Overall, nanoparticle-based drug delivery systems with a 

defined size range of 10–100 nm are commonly used; they typically demonstrate the most 

effective tumor penetration and reduced systemic toxicity compared to free drug 

formulations [98].

D. Surface properties

In general, the longer the nanoparticle circulation time, the greater the EPR-induced 

accumulation. Clearance rates are dependent on surface properties where interactions with 

the reticuloendothelial system tend to increase with charge. Negative surface charges can 
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either increase, decrease, or have no impact on the blood clearance of nanoparticles, but 

positive charges generally have a negative effect upon exposure to plasma [99]. Stealth 

properties, such as surface modification with PEG chains or zwitterionic polymers or 

peptides [100], can disguise particles; this prevents opsonization by serum proteins and 

uptake by Kupffer cells or hepatocytes [101]. Neutral nanoparticles display the fastest 

interstitial transport, but can suffer from lack of stability or aggregation. For example, 

PEGylation can induce aggregation by reducing electrostatic repulsion.

Despite reduced blood circulation times, non-PEGylated, positively charged liposomes can 

exhibit higher concentrations in tumors vs. the surrounding tissue compared to their negative 

or neutral counterpart in vivo [102]. This preferential distribution to the tumor is attributed 

to the electrostatic interaction between the cationic vesicles and the anionic glycocalyx of 

the tumor neovasculature, with very little extravasation or very shallow interstitial diffusion. 

This phenomenon has been utilized for therapeutic purposes in preclinical models and in 

humans [103]. Neutral particles display faster interstitial transport than charged particles 

because of minimal binding with anionic glycoaminoglycans and charged collagen in tumors 

[104]. As will be discussed in section G. Smart drug delivery, pH-responsive nanoparticles 

can change from neutral to cationic based on the lower pH of the tumor extracellular space 

to take advantage of both neutral transport and cationic binding [105]. Particle surface 

charge can affect protein and cell interactions, which governs adhesion and transport.

E. Shape

Shape is another essential property of a particle and has an important role in mitigating 

cellular responses. For example, phagocytosis by macrophages, a key step in drug delivery, 

strongly depends on particle dimensions [106]. Furthermore, transport of particles in the 

body, which strongly influences their effectiveness as drug carriers, is affected by particle 

shape [107]. For example, nanorods with a length of 44 nm (aspect ratio (AR): 9) are 

transported across vessel walls 4.1 times faster and exhibit 1.7 times more penetration 

relative to nanospheres (33-35 nm) when applied in orthotropic E0771 mammary tumors in 

mice [108]. Elongated shapes may also provide benefits to internalization, as 150 nm 

(AR=3) rod-like particles exhibit higher internalization rates of HeLa cells compared to 

nanospheres [109]. Higher tumor accumulation was observed for gold nanorods and 

nanospheres relative to nonspherical shaped [108, 110, 111]. Nanocarriers can be formed in 

different shapes with rigorous control over their dimensions and aspect ratios, such as rod-

like, hammer, disc, sphere, rectangular, and elliptical [107].

Flexible nanorods have longer half-lives than do rigid nanorods, possibly owing to a unique 

alignment to flow streamlines that prevents phagocytosis [48]. Likewise, liquid phase 

liposomes have longer circulation times than gel phase liposomes. During in vitro diffusion 

studies, flexible nanorods composed of agarose exhibited greater mobility than rigid 

nanorods or spheres of similar hydrodynamic diameter due to reputation [112]. As suggested 

by Fréchet [113], a flexible, loosely coiled polymer could readily deform to pass through a 

pore. It appears that flexibility is also important because of the variability in tumor pore 

sizes.
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F. Clinical use of passive targeting

Passive targeting has demonstrated success with tumor accumulation and a reduction in side-

effects [114]. Passive targeting nanocarriers include styrene maleic anhydride-

neocarzinostatin (zinostatin/Stimalmer), liposomal doxrubicin (Myocet, Caelyx), liposomal 

daunorubicin (Daunoxome), liposomal vincristine (Onco-TCS), albumin-paclitaxel 

(Abraxane), PEG-L-asparaginase (Oncaspar), PEG-granulocyte colony-stimulating factor 

(neulasta/Pegfilgrastim), and paclitaxel-loaded PEG-PLA micelle (Genexol-PM). Current 

development of new passively targeted particles is underway. These include: Paclitaxel, and 

PLA-PEG (Genexol-PM) (phase III/IV), Camptothecin, cyclodextrin and PEG (CRLX101) 

(phase II). PEGylated liposomal vincristine (Marqibo®) exhibits a 40- to 66-fold reduction 

in clearance compared to free vincristine; liposomal vincristine has a similar maximum 

tolerated dose (MTD) but the potency of the drug is improved [6]. Other particles in clinical 

trials include: Merrimack MM-398 (irinotecan encapsulating liposome) for pancreatic 

cancer [115] and Abraxane with gemcitabine is approved for treating pancreatic cancer 

[116]. Some other particles in clinical trials such as Merrimack MM-398 (liposome loaded 

with irinotecan) for pancreatic cancer in Phase III trial [115] and Abraxane with gemcitabine 

has been approved for treating pancreatic cancer [116]. Large increases in the MTD may be 

observed when the encapsulated drug is inactive while associated with (or attached to) the 

carrier or the rate of release of the drug is slow. This is the case for N-2-hydroxypropyl 

methacrylamide copolymer–linked doxorubicin [117], albumin-bound paclitaxel, and 

methoxy-PEG-poly[D,L-lactide] taxol, which are approved by the FDA for clinical use. 

Passive targeting via the EPR effect has shown clinical utility for solid tumors however has 

significant limitations for treating metastasis, circulating tumor cells, and nonvascularized 

solid tumors.

IV. Active targeting

A. Magic bullet theory

In the early 1900s, Paul Ehrlich conceived of the “magic bullet theory” (a.k.a. magische 
Kugel in German) whereby a molecule could deliver a toxin directly to a disease-causing 

organism [118]. His proposal was later confirmed by Linus Pauling in 1940, which laid out 

the lock and key mechanism of the antibody [119]. Monoclonal antibodies (mAbs), 

developed through advances in hybridoma technology, revolutionized medicine, enabling the 

detection of proteins. Kohler and Milstein created the first monoclonal antibody for 

lymphoma by fusion of mouse myeloma and mouse spleen cells from an immunized donor 

[120]. Monoclonal antibodies against lymphoma were first used in the clinic in 1982 [121]. 

In 1997, rituximab was approved for use in cancer therapy [122]. This was followed by 

trastuzumab in 1998; Trastuzumab targets human epidermal growth factor receptor-2 

(HER2, a.k.a. receptor tyrosine-protein kinase erbB-2), which is overexpressed in 

approximately 20% of breast cancer patients [123]. Antibody drug conjugates were 

developed in the early 1970s [124-127]. Thus, the paradigm for recognizing specific cancer 

foci was born. Over the years, the repertoire of molecules used for recognition expanded to 

include nucleic acids, peptides, and carbohydrates (Fig. 2). These molecules are conjugated 

or assembled to form nanoparticles to directly deliver anti-cancer agents to cancer cells.
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B. Key cell receptors

Clinical success with rituximab and trastuzumab energized the development and clinical 

assessment of many novel antibodies that target membrane proteins in lymphomas, such as 

CD40, CD80 and CD52 (alemtuzumab), and in solid tumors, such as epidermal growth 

factor receptor (EGFR; cetuximab), epithelial cell adhesion molecule (EpCAM), 

carcinoembryonic antigen (CEA), and tumor necrosis factor (TNF) family receptors (e.g., 

TRAILR1, TRAILR2, and lymphotoxin β receptor). Targeting the overexpression of 

integrins, like integrin alpha v beta 3 (αvβ3) or β1, has also shown tumor accumulation in 

vivo. Some popular targets in the research literature – folate receptor, prostate specific 

membrane antigen (PSMA), prostate cancer lipid antigen (PCLA), mucin-1 (MUC-1), and 

transferrin receptor- have had limited success in human trials due to off-target effects and in 

vivo distribution [128-132].

Beyond targeting membrane proteins on malignant cells, the identification of molecular 

targets in the microenvironment associated with tumors, such as secreted ligands that trigger 

signaling events or present in the tumor stroma, has led to new research strategies. For 

example, the anti-VEGF-A mAb bevacizumab (Avastin®) blocks tumor growth by 

inhibiting tumor angiogenesis [32]. Glycans overexpressed in tumors, such as heparin 

sulphate, chondroitin sulphate, and hyaluronan (HA), may also serve as effective tumor 

targets [133]. Other markers in the tumor microenvironment include: fibroblast activation 

protein (FAP), tumor endothelial marker 1 (Tem1), aldosterone-producing adenoma (APA), 

vascular cell adhesion molecule 1 (VCAM-1), etc. [134-137].

C. Peptides and aptamers

Targeting peptides and aptamers are short sequences of amino acids or oligonucleotides, 

respectively, that can be used to recognize a molecule through binding. The use of peptides 

and aptamers as targeting agents has significant benefits. In general, they have lower 

immunogenicity relative to antibodies. They can be made synthetically and in bulk quantities 

for fractions of the cost of antibodies. They may have increased stability due to their small 

size and lack of a complex, 3-dimensional conformational structure. However, peptides and 

aptamers may have lower binding affinities for their targets in comparison to antibodies, 

which can increase off-target effects.

Peptides and aptamers are popular targeting moieties due to their defined sequences and 

feasibility of conjugating them to nanoparticles with a specific orientation. Popular target 

peptides include: arginine–glycine–aspartic acid (RGD) and cyclic RGD for membrane 

integrins [138], asparagine-glycine-arginine (NGR) for aminopeptidase N (APN) [139], 

LHRH antagonists (eg. Cetrorelix: Ac-D-2Nal-D-4-chloroPhe-D-3-(3′-pyridyl) Ala-Ser-

Tyr-D-Cit-Leu-Arg-Pro-D-Ala-NH2) [140]. Aptamers, first developed in 1990, are screened 

by a process called systematic evolution of ligands by exponential enrichment (or SELEX) 

to identify sequences with maximal binding efficiency [141, 142]. This process has been 

used to identify sequences to target prostate cancer, lung cancer, leukemia, and glioblastoma 

[143]. The aptamer Macugen, approved by the FDA in 2004, targets vascular endothelial 

growth factor in macular degeneration, which highlights the potential of aptamers as 

therapeutic agents.
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D. Dual targeting

One of the main challenges facing targeted drug delivery is the fact that beyond a certain 

surface ligand density a plateau in cell binding is reached. To surpass this limitation, 

research has taken lessons from viruses, where two or more receptors are engaged in binding 

interactions [144]. The human immunodeficiency virus (HIV) infects mammalian cells via 

the gp120 and gp40 anchorage of the CXCR4 and CCR5 receptors, respectively [145]. Dual-

targeting strategies to inhibit HIV demonstrated success in vitro via an adeno-associated 

virus antisense vector [146]. This selective targeting method was highlighted as an effective 

strategy to mitigate harmful off-target effects of drugs [147].

Mutivalent nanocarriers can achieve higher binding avidity than targeting one receptor alone. 

First, the homo or heterodimerization of cell surface receptors can play a pivotal role in 

oncogenic signaling [148]. Targeted therapies for breast cancer can be used to prevent 

dimerization of estrogen growth factor receptor (EGFR) receptors. The dimeric ligand, 

VEGF receptor VEGFR1–2, can bind the heterodimer[149]. Dual targeting provides a new 

anti-cancer targeting strategy and theoretical foundation for cellular adhesion [150]. 

Heterobivalent ligands constructed with cholecystokinin (CCK) and melanocortin (MSH) 

are able to crosslink multiple cell-surface receptors demonstrating 12-fold higher specificity 

for dual targeting compared with either single receptor ex vivo, which was confirmed in vivo 

[151]. Dual targeting, doxorubicin encapsulating liposomes with Ala-Pro-Arg-Pro-Gly 

(APRPG) and Gly-Asn-Gly-Arg-Gly (GNGRG) were shown to suppress tumor growth in 

colon 26 NL-17 carcinoma-bearing mice [152]. Functionalization of liposomes with dimer 

ApoE-derived peptides has shown 83% enhanced permeability of a tritiated curcumin 

derivative with respect to free drug [153]. The rational design of dual-targeted nanocarriers 

has significant benefits given that cell surface molecules naturally colocalize, potentially 

within lipid rafts or as hetero or homodimers. Dual targeting nanoparticles can target co-

receptors, similar to viruses, on white blood cells and tumor cells. However, nanoparticles 

with multiple targeting ligands may be difficult to formulate.

Conjugation of multiple targeting moieties may be conferred by thiol chemistry, click 

chemistry, and EDC/NHS chemistry. EDC/NHS can be used to covalently anchor carboxylic 

acid groups with amines; however, due to the large number of groups that can participate in 

the reaction the final orientation of the antibody is heterogeneous. Thiol chemistry can be 

used to link peptides and aptamers [154]. Copper free click chemistry may be used in 

reactions to control orientation. Nonnatural amino acids may also be introduced during 

peptide synthesis to participate in specific reactions [155].

E. Backpacking

Immune cells have the innate ability to recognize areas of inflammation and foreign matter. 

Conjugation of nanoparticles to dendritic cells could be used to deliver anti-cancer agents 

directly to tumors. Here, the patients own cells can be isolated and functionalized with drug 

encapsulating liposomes in a manner that prevents internalization. The cells are reintroduced 

intravenously and home to tumors, accumulating the drug in the process. Although the 

mechanism of how cells target the tumor remain a mystery, the ability to significantly 

increase accumulation within solid tumors demonstrates backpacking as a new targeting 
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approach [156]. Likewise, bacteria can home to tumors and in a similar capacity deliver 

nanoparticles intracellularly for nucleic acid delivery to cancer cells [157, 158]. T cells, that 

can recognize tumor antigen can be used as a cell therapy and for drug delivery purposes 

[159-161]

F. Viruses

Viruses can be genetically encoded to alter their surface chemistry in a predicable fashion, 

making them ideal vectors for targeted delivery. Virotherapy was established in the 1950s, 

where reports of cancer regression in leukemia by infection of wild type viruses [162]. 

Targeted virotherapy describes virus modification that confers greater specificity for tumor 

cells by improving infection of diseased tissues and decreasing infection of healthy tissues. 

Current clinical trials with viruses are based on nine families: Herpesviridae, Adenoviridae, 

Poxviridae, and Parvoviridae belong to DNA viruses and Paramyxoviridae, Picornaviridae, 

Rhabdoviridae, Retroviridae and Reoviridae are RNA viruses [163]. Multiple injections of 

mutant oncolytic adenovirus Delta-24 targeting the Rb pathway induced a 83.8% inhibition 

of tumor growth in nude mice [164]. Targeting of enveloped viruses from the 

Paramyxoviridae and Herpesviridae families has rapidly progressed owing to the plasticity 

of their glycoproteins and the separation of receptor-binding and membrane-fusion 

functions, which are mediated by different proteins [165]. Most first-generation oncolytic 

viruses targeted only one of these tumor specific characteristics, but most viruses that are 

currently in preclinical trials target two or more simultaneously [163]. The first oncolytic 

virus received FDA approval in 2015 [166]. The combination of virus with 

immunotherapeutics has shown benefits in clinical trials.

G. Smart drug delivery

Smart drug delivery vehicles can either autonomously or by external manipulation be tuned 

to release drug within a desired location. Autonomous systems utilize changes in the tumor 

microenvironment (Fig. 2), such as tumor pH, enzyme activity, or redox [167]. For example, 

pH-sensitive liposomes are used to deliver a polyvalent melanoma vaccine, currently in 

clinical trial (NCI-G98-1488). Additionally, light, ultrasound, and magnetic fields (Fig. 1) 

may be used to affect the localization of nanoparticles and subsequently the delivery of drug 

[167]. ThermoDox® has been widely studied in the treatment of Hepatocellular Carcinoma, 

(NCT00617981) and breast cancer (NCT00826085). Heating of the liposomal vector results 

in local delivery of doxorubicin. Magnetofection has provided a novel tool for to overcome 

fundamental limitations to gene therapy in vivo [168]. The rational design of smart 

nanocarriers can confer targeted drug delivery via autonomous or external stimuli.

H. Clinical use of active targeting

For decades, drug discovery focused on the development of anti-cancer drugs. Initially, their 

focus was on killing all rapidly dividing cells. Antibodies are now used to target specific 

receptors overexpressed on cancer cells and involved in processes that facilitate tumor 

growth. For example, antibody targeting molecules bevacizumab (Avastin), rituximab 

(Rituxan), trastuzumab (Herceptin), Alemtuzumab (Campath), Cetuximab (Erbitux), 

panitumumab (Vectibix), lpilimumab (Yervoy), Gemtuzumabozogamicin 

(Mylotarg), 90Yttrium-lbritumomab tiuxetan (α-CD20) (Zevalin), DTA-IL2 fusion protein 
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(α-CD25) (Ontak), Ozogamycin-gemtuzumab (α-CD33) (Mylotag) anti-CD20 conjugated 

to iodine-131 (Bexxar), Glembatumumab vedotin (Celldex Therapeutics) (phase II), 

Trastuzumab emtansine (Roche/Genentech/ Chugai) (phase II/III), lorvotuzumab 

mertansine(immunoGen) (phase II), SAR-3419 (Sanofi-Aventis) (phase II), Brentuximab 

vedotin (Seattle Genetics/Millennium Pharmaceuticals) (phase II/III), inotuzumab 

ozogamicin (Pfizer) (phase II) are all under clinical development or are commercially 

available [44]. These examples reflect progress in the development of chemotherapeutics 

that have improved performance.

In the past few years, novel, targeted agents have burst onto the scene. Liposomal irinotecan 

HCl: floxuridinemixture (CPX-1) has completed the Phase II clinical trial (NCT00361842) 

[169], PEG-glutaminase combined with a glutamine anti-metabolite 6-diazo-5-oxo--

norleucine (DON) has entered Phase I/II [50], PSMA-targeted liposomal docetaxel 

(BIND-014) has entered into phase II for solid tumors (NCT01812746, NCT01792479, 

NCT01300533) [51]. EC90 (keyhole-limpet hemocyanin fluorescein isothiocyanate 

conjugate) and EC 17 (folate-fluorescein isothiocyanate conjugate) vaccine (NCT00485563) 

[52] and probiotics [170] are currently under investigation.

The US oncology market has exhibited continuous growth. In 2014, US sales of oncology 

drugs (excluding hormonal therapies and vaccines) reached US$ 38.5 billion, a growth of 

~11% compared with 2010. US sales of targeted anti-cancer therapies reached $ 20.4 billion 

in 2013, an almost two-fold increase since 2009. For cancer, where the potential for 

mutation and relapse following treatment is high, there is a significant market for new drug 

delivery formulations that could be used as subsequent lines of therapy.

V Challenges

Passive and active targeting strategies achieve considerable success. They ensure minimal 

drug leakage during transit to the target, protect the drug from degradation, decrease drug 

localization in non-target tissues, increase drug accumulation in the tumor, and facilitate 

cellular internalization and intracellular trafficking [171]. However, several challenges have 

reduced their overall effectiveness; these includes: the overall heterogeneity of tumors; the 

complex microenvironment; the tortuous, uneven, or absent vascularization of tumor 

regions, and the ability of cancer cells to adapt or mutate [172]. It is therefore unlikely that a 

unilateral strategy will serve to eradicate all tumor cells. Overexpression of EGFR in 

archived samples of colorectal cancer has not been shown to be predictive of response to 

cetuximab or panitumumab, indicating that target receptor expression is only one part of the 

complex interplay between binding of the antibody to the tumor and the therapeutic response 

[173]. A lack of tumor response to antibody therapy can occur due to: (1) the mutation 

(initial or acquired) or down-regulation of the antigen or receptor expression; (2) antibody 

stability, immunogenicity and half-life; (3) antibody size and affinity; (4) receptor saturation, 

dimerization, or reorganization; (5) signaling pathway abrogation in tumor cell; (6) immune 

escape or suppression (such as natural killer cell dysfunction or through regulatory T cells) 

and complement inhibition; (7) the interception by recruited normal cells; (8) payload 

delivery. The premature or delayed release of the drug is a major problem that can impair the 

therapeutic effect of the targeted therapy. Additionally, the induction of multiple-drug 
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resistant (MDR) cancer cells can alter the bioactivity of the drug even if the drug is 

concentrated within the tumor. Approximately 30% of HER2 positive, breast cancer patients 

receiving trastuzumab suffer from resistance to Herceptin [174]. Complex, multifunctional, 

and cellular based targeting strategies may require additional synthetic steps, be 

heterogeneous, be difficult to characterize, have substantial costs, exhibit convoluted 

behavior and effects in vivo, and need to overcome regulatory hurdles. This makes 

translation to the clinic more difficult.

VI. Future Work

A. Multifunctional drug delivery vehicles

Advances in targeting, monitoring, diagnostic, and therapeutic functions have laid the 

foundation for incorporation into a single multifunctional drug delivery vehicle. The first 

examples of cell-specific targeting and imaging appeared in 1980 [175, 176]. 

Nanotheranostics are an example of this trend, which supply a targeted therapy and image-

guided intranuclear radiosensitization [177]. Magnetic, iron oxide nanoparticles are 

superparamagnetic; they are the basis of many clinically translational applications for use as 

a magnetic resonance imaging (MRI) contrast agent for diagnosis [147]. The ability to 

target, track, and deliver a therapeutic agent is now possible using different permutations of 

materials, targeting ligands, and anti-cancer drugs [178]. For example, multifunctional, pH-

sensitive nanoparticles for bimodal imaging and treatment of resistant heterogeneous tumors 

has been developed [178]. Additionally, multifunctional nanocarriers can take advantage of 

intrinsic differences of the tumor microenvironment while other particles can burst using 

external energy sources, such as ultrasound, light, and magnetism.

B. Metabolomics

Targeting using metabolomics may be a new frontier in drug delivery. Cancer cells show an 

increase in glucose uptake even in the presence of oxygen (the aerobic glycolysis-Warburg 

effect), which was first reported by Warburg in 1956 [179]. The reliance of cancer cells on 

increased glucose uptake has proven useful for tumor detection and monitoring in the clinic 

via [18F] fluorodeoxyglucose positron emission tomography (FDG-PET) imaging [180]. In 

addition, the glycolitic inhibitors 2-deoxy-d-glucose (2-DG) and 3-Bromopyruvate (3-BP) 

may increase cancer cell susceptibility to conventional therapy and reduce cell migration 

[181]. Thus, cancer cell metabolomics may be used to preferentially kill cancer cells relative 

to healthy cells [182].

C. Integrated targeting

An integrated strategy has been theorized that combines the positive attributes of multiple 

delivery technologies into a multi-faceted, harmonized approach that enhances cancer cell 

selectivity and lethality (Fig. 3). To achieve success, such a strategy would require: (1) 

minimal drug leakage during transit to the target, (2) protecting the drug from degradation, 

(3) decreased drug localization in sensitive, non-target tissues, (4) increased and 

homogeneous drug accumulation and distribution in the tumor lesion, (5) facilitated cellular 

internalization and intracellular trafficking, and (6) effective elimination of all cancer cells, 

including cancer stem cells and chemoresistant cells. Passive targeting enables nanocarriers 
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to concentrate in solid tumors but it does not enable uniform distribution of anti-cancer 

drugs in sufficient quantities as a result of physiological barriers present by the abnormal 

tumor vasculature and interstitial matrix [183]. Passive targeting also is more effective in 

tumors larger than ~4.9 mm in diameter, hindering its use for targeting small, 

unvascularized, or necrotic regions [184]. Nanoparticles entrained in the liver and spleen, 

due to the reticuloendothelial system, is a major impediment to efficient delivery. Yet, the 

use of therapeutics like Doxil does not always afford a significant improvement in survival 

compared with doxorubicin when used as a first-line therapy in breast cancer patients [15]. 

Additionally, passive targeting is not designed to address circulating cancer cells and 

metastatic lesions; although liposomal vincristine (Onco-TCS) and albumin-bound paclitaxel 

(Abraxane) have shown a survival benefit in lymphoma and advanced breast cancer, 

respectively [16, 185].

Active targeting may potentially complement these limitations. The binding of ligands to 

tumor receptors may enhance selectivity and result in receptor-mediated internalization. 

Targeting ligands and antibodies may induce mechanism-dependent toxicity that can add to 

therapeutic activity. However, it is known that overexpression of estrogen growth factor 

receptor (EGFR) in archived samples of colorectal cancer did not predict the response of 

cetuximab or panitumumab, indicating that target receptor expression is only one part of the 

complex interplay between binding of an antibody and the therapeutic response [173]. 

Therefore, blends of different technologies may yield optimal, or personalized, treatment 

strategies based on cancer type or subtype, stage, size, location, gene or enzyme expression, 

or tumor microenvironment (see Timesheet).
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Figure 1. 
Composition and assembly of drug delivery vehicles.
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Figure 2. 
The toolbox for assembling passive and targeted drug delivery systems.
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Figure 3. 
An integrated strategy is proposed that combines multiple aspects of passive and active 

targeting as a model for anti-cancer therapy.
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