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Due to their excellent specificity for a single epitope, 
monoclonal antibodies (mAbs) present a means of influencing 
the function of cells at the molecular level. In particular they 
show great promise in the treatment of cancer because they 
can inhibit cancer cell proliferation, tumor angiogenesis, 
invasiveness and malignant spread of cancerous cells. Many 
mAbs are in various stages of testing and 11 are currently 
marketed in the US or Europe for the treatment of cancers that 
express particular antigens such as human epidermal growth 
factor receptor-2, CD20, epidermal growth factor receptor and 
vascular endothelial growth factor. Strategies to conjugate 
mAbs to toxins, radioactive isotopes and chemotherapeutic 
drugs to improve efficacy are under intense investigation 
and numerous immunoconjugates have been studied in the 
clinical setting. However, the molecules have limitations, 
and so nanomaterials (NMs), which potentially offer more 
flexibility of design and functionality in providing platforms 
for binding of multiple therapeutic agents in a single structure, 
are being examined as an alternative. Studies utilizing mAb-
targeted NMs have shown that they exhibit focused targeting, 
improved pharmacokinetics and improved “passive” drug 
delivery via leaky vasculature. Nevertheless, before they can 
be utilized to treat cancer, potential NM toxicity must be 
thoroughly investigated. Thus, rigorous testing of NM-mAb 
conjugates in both in vitro and in vivo systems is underway to 
determine how NM-mAb conjugates will interact with cells and 
tissues of the body. In this review, we discuss the broad range 
of nanomaterials that are under investigation as potential 
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Introduction

With the development of a technique to produce monoclonal 
antibodies (mAbs) in 1975, cancer cell-specific treatment became 
possible.1 Thirty five years later, mAb-mediated therapies have 
gained widespread acceptance, due in part to the successful 
development of antibody-based cancer therapies. A total of 27 
mAb therapeutics, 11 of which are cancer treatments, are mar-
keted in the US or Europe, and global sales of mAbs in 2010 were 
over $40 billion. Scientists are now able to evaluate the potential 
of mAbs as immunotherapeutic drugs, while also relating their 
physical properties, mechanisms of action, and how the char-
acteristics of target antigens determine efficacy, to improve the 
clinical value of mAb-based therapies. Toward this end, mAbs 
are being developed as targeted vehicles, combining the actions 
of mAbs with chemotherapy and radiotherapy.2-4 An extension 
of this is the study of antibody-modified nanomaterials (NMs), 
which offer the promise of selective drug delivery to tumor cells, 
including internalization and intracellular therapeutic agent 
release within targeted cells.2

Although the last 50 years has seen remarkable progress in 
the prevention, detection and treatment of cancer, the most 
common methods (i.e., radiation, surgery and chemotherapy) 
often result in serious side effects.5-7 Additional deficits of cur-
rent cancer therapies include non-specific systemic distribution,  
non-specific suppression of rapidly dividing cell types, inadequate 

platforms for the presentation of mAbs either as single 
therapeutics or in combination with other drugs and their 
advantages and limitations in specifically targeting cancer.
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cancer-targeting mAbs. Other factors that should be carefully 
considered when designing drug-antibody conjugates include the 
potential for toxicity to non-target cells and tissues, the stabil-
ity of the conjugates, both in vitro and in vivo, and retention of 
specificity and activity of mAbs after conjugation.

When conjugated to mAbs, anti-cancer drugs are most often 
coupled to either a carboxylic or amino group. The steps involved 
in conjugation of chemotherapeutic agents to mAbs often give 
rise to a neutral linkage and so the solubility of the antibody 
may decrease, resulting in aggregation and precipitation.11 Also, 
careful attention should be given to the number of drug residues 
conjugated to each mAb. Ideally, the ratio of drug residues per 
mAb should be maximized, while still retaining an acceptable 
level of activity and specificity of the mAb. This factor places a 
limit on the amount of therapeutic agent that can be bound to 
antibody. The complexity of immunoconjugate development is 
one reason mAb-targeted NM drug delivery agents are currently 
under intense investigation.12

Nanomaterials

“Nano” derives from the Greek noun nanos, meaning dwarf.13 A 
nanometer (nm) is one billionth of a meter; the width of a DNA 
molecule is approximately 2.5 nm, the width of cell membranes 
in the range of 6–10 nm, and the dimensions of proteins range 
from 1.0–20 nm. Although nature has worked on the nano-
scale for millennia, it has been only in the last several decades 
that NMs have come to play an increasingly important role in 
commercial development. Indeed, we may expect to see many 
revolutionary breakthroughs with a potential major impact on 
the overall world economy from advances in nanotechnology. 
All told, nanotechnologies are estimated to have affected $251  
billion of the global economy in 2009, and this value is estimated 
to grow to $2.4 trillion by 2015.14

The small size and corresponding large specific surface area 
of nano-sized materials confers specific properties to them.15,16 
The importance of the type of NM and its surface area becomes 
evident when considering that surface atoms or molecules play a 
dominant role in determining bulk properties; the ratio of surface 

drug concentrations at target tissues (i.e., tumors or cancerous 
cells), multi-drug resistance and a limited ability to monitor ther-
apeutic responses.5-9

Two major goals in the development of improved anti-cancer 
therapies are greater targeting selectivity and better delivery effi-
ciency.10 An ideal anti-cancer therapeutic would be one that can 
be selectively concentrated in cancer cells while exerting minimal 
effects on normal tissues.10 To achieve this, scientists are explor-
ing biological molecules such as mAbs designed to target recep-
tors on cancer cells or ligands relevant to cancer pathways that 
will facilitate delivery of cytotoxins, radioactive isotopes or che-
motherapeutic drugs. The mAbs approved by the US Food and 
Drug Administration for cancer treatment are listed in Table 1. 
The approach of conjugating bio-active anti-cancer molecules to 
mAbs has some limitations, e.g., low drug to mAb conjugation 
ratios. Increasingly, researchers are examining NMs to overcome 
some of the shortcomings of immunoconjugates.

In this review, we discuss the limitations of immunoconju-
gates as treatments for cancer, the advantages that NMs confer 
compared to immunoconjugates and the classes of NMs that 
have been used together with mAbs for targeted treatment of 
cancer. We also explain methods of functionalization for several 
types of nanomaterials with mAbs and present results from stud-
ies that have used mAbs as novel targeting agents for NMs.

Challenges to Conjugating a Drug/Toxin/Isotope  
to mAbs

A number of factors must be considered when designing meth-
ods to conjugate drugs and other therapeutic molecules to mAbs. 
The chemotherapeutic agents may be antimetabolites, alkylating 
agents, intercalating drugs or microtubule inhibiting drugs. Most 
of these agents possess complex chemical structures designed to 
act on their target so that they inhibit crucial biological func-
tions and ultimately cause cell death.11 Some of these drugs can-
not be chemically modified appropriately for conjugation with 
cancer-targeting mAbs.11 Thus, in designing drug antibody con-
jugates consideration must be given to the relationship between 
biological activity and the structure of the anti-cancer drugs and 

Table 1. Monoclonal antibodies approved by the US food and drug administration for the treatment of cancer

Year International non-proprietary name/Trade name Target Indication

1997 Rituximab/Rituxan CD20 B-cell lymphoma

1998 Trastuzumab/Herceptin HER2 Breast cancer

2001 Alemtuzumab/Campath CD52 Chronic lymphocytic leukemia

2002 Ibritumomab tiuxetan/Zevalin CD20 B-cell lymphoma

2003 Tositumomab/Bexxar CD20 B-cell lymphoma

2004 Bevacizumab/Avastin VEGF Colon, lung, breast and renal cancer

2004 Cetuximab/Erbitux EGFR Colon; lung cancer

2006 Panitumumab/Vectibix EGFR Colon cancer

2009 Ofatumumab/Arzerra CD20 Chronic lymphocytic leukemia

2011 Ipilimumab/Yervoy CTLA-4 Melanoma

Note: The immunoconjugate gemtuzumab ozogamicin (Mylotarg®) was approved by the US Food and Drug Administration in 2000 and withdrawn 
from marketing in 2010. Catumaxomab (Removab®) was approved in the European Union in 2009.
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Antibody-Nanomaterial Linkers

Factors such as attaching or encapsulating a molecule, drug 
or mAb to a NM and selection of an appropriate linker that 
facilitates attachment and release of the payload at the correct 
tissue or sub-cellular site are major determinants of potential 
NM-mediated efficacy. Therefore, the choice of linker or con-
jugation method is exceedingly important in the engineering of 

to total atoms or molecules increases exponentially with decreas-
ing particle size.17 Increased surface reactivity predicts that NMs 
exhibit greater biologic activity per given mass compared with 
larger particles. It is for this reason that NMs display significantly 
different properties when compared to the same bulk material 
and it is primarily this factor that opens up the opportunity for 
their novel utilization and application.15,18

Medical Applications of Nanomaterials

Perhaps the greatest promise that nanotechnology presents is 
in its many potential applications in the field of medicine. The 
development of nano-scale medical technologies, which have 
been designated “nanomedicines” by the National Institutes of 
Health, show extraordinary promise and have already begun to 
change the way diseases are treated or prevented.16 Advances in 
nanotechnology have provided ways to design cell-type specific 
delivery systems that can deliver therapeutic drugs and biologi-
cal molecules more effectively.19-21 Through precise engineering 
of atoms and molecules, nanomedicine promises to produce new 
molecular assemblies on the scale of individual cells and cellular 
organelles that could aid in the development of NM-based “per-
sonalized medicines” appropriate for an individual’s particular 
disease and genome.22,23

Nanomaterial-based drug delivery systems can be developed 
using a variety of different nanomaterials including organic 
nano-assemblies (e.g., polymeric nanoparticles), lipid systems 
(e.g., liposomes, emulsions), dendrimers, carbon nanostruc-
tures (e.g., nanotubes, fullerenes) and self-assembled micelles  
(Table 2), although inorganic nanostructures made of silicon, sil-
ver and gold NMs can also be used.24 Through the precise engi-
neering of atoms and molecules, nanomedicine promises to yield 
new molecular assemblies on the scale of individual cells, organ-
elles or even smaller components, providing targeted personalized 
medicines. The basis of nanoparticle (NP)-based, mAb-directed 
drug delivery is illustrated in Figure 1. The concept is that NP 
form a platform to which other biomolecules can be simultane-
ously linked while remaining minimally affected, i.e., with reten-
tion of their original biological properties.

Table 2. Types of nanomaterials utilized in the treatment of cancer, their advantages and limitations

Class of 
nanomaterial

Advantages Limitations
Materials often utilized to construct 

nanomaterial

Liposomes
Amphiphilic, generally biocompatible, 

protect drugs from degradation 
Large size, limited stability

Phosphatidylethanolamine,  
phosphatidylcholine,  

dioleoylphosphatidylethanolamine

Polymeric Easily modified, some are biodegradable
Large scale uniform production is 
difficult, some exhibit cytotoxicity

PEG, PMLA, PGA, PLGA, block copolymers

Micelles
Easily modified, generally small size, 

biocompatible
Limited stability

Polyoxyethylene, polyoxypropylene, 
phosphatidylethanolamine

Metals
Unique optical properties,  

easily functionalized

Not biodegradable, tend to agglom-
erate when exposed to physiological 

environment
Gold, silver, platinum, copper

Non-metals
Stable and resistant to environmental 

changes, some possess unique physical 
properties

Generally not biodegradable, some 
have exhibited cytotoxic effects

Silica, carbon

Figure 1. Cellular uptake of mAb conjugated nanoparticle. mAb 
conjugated nanoparticles can be recognized by receptors on the cell 
membrane. Thus the nanoconjugates are internalized and trafficked 
along intracellular retrograde transport pathways.
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Utilization of Antibody-Targeted  
Nanomaterial-Based Drug Delivery

NMs show a high drug loading efficiency while additionally being 
able to protect the therapeutic agent from premature release and 
degradation12 and, since NMs can be functionalized with mul-
tiple therapeutic agents, they may be able to circumvent multi-
drug resistance in cancers.12 Malignant cancers have an increased 
level of angiogenesis and leaky vasculature with pore sizes that 
range from 200–600 nm in diameter,33 and therefore NM-based 
drug delivery systems that preferentially accumulate in tumors 
may allow for more effective “passive” drug delivery.34 This NM 
facilitated delivery of bioactive mAbs and drugs to tumors has 
great potential due to the well-known enhanced permeability and 
retention (EPR) effect.36,37 This mechanism, due to the combina-
tion of “leaky” tumor vasculature and poor tumor drainage via 
the lymphatics, provides a distinct advantage for nanoconjugates. 
However, it should also be noted that, even within an individ-
ual, the range of tumor permeability can be highly variable and 
some cases, e.g., a large tumor with a necrotic center, may not 
exhibit an EPR effect. This may suggest that there will be roles 
for combined therapies, e.g., immunoconjugate plus nanoconju-
gate, to provide the greatest efficacy. Of course, multiple thera-
peutic approaches to cancer treatment have been the rule, and 
as nanoconjugates are tested and proven, they will be added to 
the therapeutic “arsenal” available to oncologists. Figure 2 shows 
the range of vascular types and the typical pore sizes of each and 

antibody-targeted NM-based drug delivery systems.25 In general, 
many of the linkers and conjugation techniques that are used to 
construct such systems have been adapted from those that are 
used to create immunoconjugates.25

New conjugation approaches to linking therapeutic agents to 
mAb-targeted NMs is a rapidly advancing field. However, three 
common types of linkers are most often employed, and each type 
can be categorized by their mechanism of cleavage. Hydrazone 
linkers are susceptible to an acidic pH,25-27 disulfide linkers cleave 
when exposed to a reducing environment25,28 and peptide linkers 
are cleaved in the presence of proteases.26,29 All three types of 
linkers are intended to exploit a biochemical process or internal 
environment in cancer cells. For example, mAb-targeted NM 
drug carriers that are meant to release their payloads in the lyso-
some should be designed using hydrazone linkers that respond to 
the low pH of lysosomic vesicles.25,30

Another method of conjugation that has been used for link-
ing nucleic acids such as siRNA to NMs capitalizes on the strong 
binding affinity between avidin/streptavidin and biotin. This 
type of conjugation was made possible by studies that demon-
strated that the effectiveness of siRNA mediated gene silenc-
ing is not inhibited when the sense strand is biotinylated and 
conjugated to avidin or streptavidin. In particular, Xia and col-
leagues31,32 have shown the potential of avidin/biotin linker tech-
nology by demonstrating uptake across the blood brain barrier 
of biotinylated siRNA linked to a mAb (with avidin bound to it) 
designed against the insulin receptor.

Figure 2. Possible mechanisms of nanostructure extravasation. In the case of a continuous vascular endothelial barrier, nanostructures may be 
internalized by endothelial cells, e.g., via caveolae, transported via trans-cellular transport mechanisms and escape into the extracellular space via exo-
cytosis. It is generally accepted that extravasation through tight gap junctions is limited to molecules or particles smaller than 10 nm.33,112 In the case 
of tumor vasculature, nanostructures may also escape the vasculature via transendothelial channels (TEC) and fenestrae. Molecules or particles up to 
100 nm diameter may escape the vasculature via this route.1 Where the vasculature is sinusoidal/discontinuous (e.g., liver, spleen), nanostructures and 
large molecules may readily escape the vasculature.
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encapsulating doxorubicin (DXR) (a chemotherapeutic drug) 
was evaluated in a Phase 1 clinical study.41 The stealth liposome 
utilized the IgG1 F(ab)2 fragment of the human mAb GAH, 
which positively reacts to greater than 90% of cancerous stomach 
tissues but negatively to normal tissues.41 Although no antitumor 
response was observed in patients treated with the MCC-465, 
stable disease was observed in 55% of those treated.41

Cheng et al.42 studied SIL-DXR conjugates targeted against 
the B-cell antigen CD19, via a murine IgG

1
 mAb HD37, the Fab 

fragment of the same mAb, and a Fv single chain fragment of 
HD37.42 Their results indicated that the stealth liposomes tar-
geted with the HD37 Fab fragment showed the greatest efficacy 
(2.5-fold increase) in prolonging the lifespan of mice implanted 
with tumors compared with mice treated with stealth liposomes 
loaded with DXR alone.42 SIL-DXR targeted with the whole 
and single chain Fv fragment HD37 mAbs only doubled the life 
expectancy of treated mice compared with mice administered 
SIL-DXR alone.42 The authors suggested that the Fv single chain 
mAb was cleared due to increased liver uptake, while the whole 
mAb was cleared rapidly from circulation due to Fc-mediated 
uptake in the liver and spleen.42

Several in vitro studies have utilized mAb-targeted liposomes 
(immunoliposomes). Kirpotin et al. demonstrated internalization 
of immunoliposomes bearing trastuzumab (Herceptin®), which 
targets human epidermal growth factor receptor (HER-2). Their 
results indicate that internalization was due to the specificity of 
the mAb coupled to the liposomes because control liposomes 
lacking trastuzumab showed little internalization by HER-2+ 
cells. The authors also found that immunoliposomes appeared to 
induce a high anti-proliferative effect that was superior to that of 
trastuzumab only.

A study with liposomes bearing the AR-3 mAb showed that 
these liposomes were highly effective as an anti-tumor agent and 
induced less systemic toxicity compared to the free drug alone.44 
Huwyler et al. utilized liposomes conjugated with a mAb tar-
geting the transferrin (TF) receptor to deliver chemotherapeutic 
drugs across the blood-brain barrier and into brain cancer cells.45 
Xu et al.46 utilized a similar approach by using anti-TF mAbs 
to target liposomes encapsulating plasmids containing the p53 
tumor suppressor gene to cancer cells. Delivery of these plasmids 
resulted in the sensitization of the transfected cancer cells to ion-
izing radiation.

Cetuximab (Erbitux®) immunoliposomes (ILs) for delivery of 
boron compounds as a means to administer targeted radiation 
therapy to epidermal growth factor receptor (EGFR)-positive gli-
oma cells was recently reported by Pan et al. These studies used 
immunoliposomes based primarily on cholesterol and, like sev-
eral others, have also used PEG as a stabilizing agent. The boron 
payload delivery was greatly improved as boron uptake into the 
target cells was increased 8-fold in the cetuximab-targeted treat-
ment compared with the non-targeted liposome treatment.

Polymeric Nanomaterials

Nano-sized natural and synthetic organic polymers are also 
attractive as potential drug delivery systems48-50 because 

provides a notional guide to the potential for NM mediated mAb 
and drug delivery to tumors. Thus, to design effective NP-based 
drug delivery, mechanism of escape from the vasculature (extrav-
asation) and into the target tissue is an important consideration.

Although both mAbs and NM have been available for three 
to four decades, only recently have resources to underpin studies 
in linking the technologies for the development of therapeutics 
become more available. Balanced against the advantages of NM 
noted above, e.g., protecting the therapeutic agent from degrada-
tion,12 there are disadvantages that will need to be considered 
in approaches to nanoconjugate design. The increased size of 
nanoconjugates compared with immunoconjugates renders them 
potentially more likely to be cleared by the reticulo-endothelial 
system (RES) or inhibits their extravasation and access to target 
tissues.33 Orientation of conjugated mAbs in the complex also 
affects this clearance mechanism. Thus, Fc-directed conjugation 
is a strategy that can reduce RES-mediated clearance.35 Another 
factor that will require attention in nanoconjugate design is the 
inclusion of surface chemistries that inhibit NM aggregation. 
Thus, there are multiple challenges to the development of suc-
cessful nanoconjugates and researchers are beginning to address 
these questions.

With this brief overview of the potential strengths and weak-
nesses of NM mediated mAb and drug delivery, we describe in the 
following text several common types of NMs and provide some 
examples of mAb-targeted NM-based drug delivery systems.

Liposomes

One of the most highly investigated classes of NM-based drug 
delivery carriers are liposomes.36,37 Liposomes are artificial ves-
icles composed of a phospholipid monolayer that varies in size 
from 50–1,000 nm and can be loaded with a variety of water-
soluble drugs in their inner aqueous compartment. Water insol-
uble drugs may also be incorporated if the liposome possesses a 
hydrophobic compartment (liposomes usually, but not by defi-
nition, contain a core of aqueous solution).36 Some examples of 
molecules utilized in the production of liposomes include phos-
phatidylethanolamine, phosphatidylcholine, dioleoylphosphati-
dylethanolamine and cholesterol.

Liposomes have several advantages compared with other drug 
delivery systems. Specifically, they are not usually immunogenic 
and drugs encapsulated into liposomes are protected from deg-
radation by external media.23 However, the majority of liposome 
formulations rely on non-specific “passive” targeting, making 
them less than ideal for delivering drugs that are designed to act 
on a particular tissue type. Also, liposomes have been shown to 
be toxic to cells if administered in the large concentrations that 
are often necessary when relying on passive targeting methods.38 
Furthermore, liposomes are often large (up to 1,000 nm) making 
them a poor choice for targeting peripheral tissues.39,40

However, an effective strategy is the use of mAb-targeted 
“stealth” immunoliposomes (SIL), which utilize a coating of 
poly-ethylene glycol (PEG) to facilitate circulation of liposomes 
for days as stable constructs, ultimately providing a higher 
degree of passive targeting to tumor tissue. MCC-465, a SIL 
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Nude mice with human gastric carcinoma xenografts were then 
treated with the 5-FU-loaded immunopolymer NPs. Results 
from these in vivo experiments led the investigators to conclude 
that 5-FU loaded immunopolymer NPs can increase the tumor 
inhibitory rate of 5-FU and induce apoptosis by inhibiting tumor 
angiogenesis (via the action of the anti-VEGF mAb) with fewer 
side effects compared to 5-FU treatment alone.

In 2006, Nobs et al. reported results for a construct combin-
ing trastuzumab with PLA as a NP base. A fluorescent label was 
used to facilitate tracking to effectively follow the conjugates into 
the specific tissues. A 10-fold increase of payload delivery to tar-
geted tissues versus control (irrelevant IgG-PLA) was observed.

In 2009, Kos et al. developed an immunopolymer NP by con-
jugating an anti-cytokeratin mAb to cysteine protease inhibitor 
(cystatin)-loaded poly(lactic-co-glycolic acid) (PLGA) NPs.62 
Cytokeratin is expressed on the invasive breast cancer cell line 
MCF-10A neoT, but not present on the surface of the colorectal 
cancer cell line CACO-2.62 Furthermore, binding of the anti-
cytokeratin mAb reduced the cellular secretion of plasmin, a key 
extracellular enzyme involved in cell adhesion, invasion and sig-
naling of breast tumor cells.62 Cystatin is known to inactivate 
cathepsin B, which was shown to be involved in an important 
tumor promoting factor for progression to malignant disease.62 
Results from in vitro studies indicated that the cystatin-loaded 
PLGA immunopolymer NPs specifically bound to breast cancer 
cells expressing cytokeratin, inhibited plasmin generation, were 
readily internalized, and promoted cell adhesion (preventing 
malignant spread of cancerous cells) through cystatin inhibiting 
cathepsin B.62

More recently, PLGA was used in a formulation containing 
tetraiodothyroacetic acid, which binds an integrin receptor (the 
αVβ3 sub-type) to inhibit tumor cell growth in vitro.63 This 
form did not enter cells and had higher potency and a larger 
anti-proliferative effect compared to the free inhibitor. When 
used in combination with reversitrol and cetuximab, the effects 
were additive. This is a good example of a nanostructure having 
increased potency because it is precluded from cellular uptake, a 
scenario that is opposite from many others that require cell entry 
for efficacy.

Micelles

Micelles are colloidal dispersions that generally vary in size from 
5–100 nm.23 Some of the common molecules used in the con-
struction of micelles include polyoxyethylene, polyoxypropylene 
and phosphatidyl ethanolamine (PE). The functional properties 
of micelles are based on the action of detergents or amphiphi-
lic polymers, which assemble to form nanosized structures in an 
aqueous environment that consist of a shell and core structure 
(similar to the plasma membrane of a cell). Unlike liposomes, 
micelles do not possess a hydrophilic core. Therefore, the core 
region serves as a place for the entrapment of hydrophobic drugs, 
whereas the hydrophilic shell serves to stabilize the hydrophobic 
core and allows the structure to be water-soluble, a factor that 
allows micelles to be stable in the blood and allows them to be 
administered intravenously.23,52 Hence, micelles are especially 

polymeric NM constructs may be conjugated to therapeutic 
agents by means of chemical linkers that are stable in blood, 
but labile in the acidic or enzymatic conditions typical of dis-
eased tissues such as tumors.51 Most often, polymeric NMs are 
spherical in shape and have a size distribution varying from  
1–1,000 nm.52 Depending on the properties of the polymer 
used, the means of encapsulation of therapeutic agents varies; 
for example, the majority of positively charged cationic polymers 
have been found to be useful in the encapsulation of plasmids.52 
Nucleic acids can also be captured and incorporated into the 
matrix of polymeric NMs, and they can be adsorbed or conju-
gated to the surface of polymeric NMs using certain chemical 
modifications and linkers.48,52-54

Polymers used as drug conjugates can be divided into two 
groups: natural and synthetic. Examples of natural polymers 
include chitosan and heparin.52 Among synthetic polymers, N-(2-
hydroxypropyl)-methacrylamide copolymer (HPMA), polysty-
rene-maleic anhydride copolymer, polyethylene glycol (PEG), 
poly-l-glutamic acid, (PGA), polylactic acid (PLA), poly(β-L-
malic acid) (PMLA), are some of the most widely utilized.52

Albumin, a natural protein, has been complexed with pacli-
taxel to form a polymer nanoconjugate with a particle size of 
130 nm.55 This formulation, termed ABI-007, has advanced to 
clinical studies and is used in the treatment of non-hematologic 
malignancies56 and metastatic breast cancer.53 Another approach 
used albumin with trastuzumab to target overexpressing HER-2 
breast cancer cells.57 The payload, DXR, has dose limiting side 
effects because of its non-specific actions and high toxicity in all 
fast-proliferating tissues. However, by including trastuzumab, 
tumor cell targeting appeared to be improved, suggesting that 
further study of this approach is warranted.

Wang et al.58 used a streptavidin NP derived from bacterial 
proteins and showed an increase of payload in HER-2 over-
expressing cells when treated with a NP-trastuzumab-labeled 
molecule. Both a fluorescent label (Lissamine) and a radio label 
(99mTc) were used to demonstrate cellular uptake. Interestingly, 
the results suggested that these NP do not require a stabilization 
agent because of their surface chemistry.

Results for a mAb-targeted synthetic polymer NP (immunop-
olymer NP) were reported by Fujita et al.59 These investigators 
conjugated two different mAbs (OX26, a mouse anti-TF recep-
tor mAb; 2C5, a mouse anti-nucleosome mAb) onto PLA to 
construct a dual-targeted immunopolymer NP.59 Antisense oli-
gonucleotides to vascular protein laminin-8 mRNA, a vascular 
basement membrane component that is overexpressed in some 
human brain tumors were also conjugated to the immunopoly-
mer NP. Results from in vitro and in vivo fluorescent detection 
studies showed that tumor targeting for immunopolymer NPs 
that utilized both the OX26 and 2C5 mAbs more readily accu-
mulated in target tissues, suggesting improved efficacy for tan-
dem configuration of antibodies than for single configurations 
carried by the immunopolymer NPs.59

Another study that utilized PLA immunopolymers to treat 
cancer was conducted by Huang et al. In this study, an anti-
vascular endothelial growth factor (VEGF) mAb was conjugated 
to PLA NPs loaded with the chemotherapeutic agent 5-FU.  
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with polyethylene glycol (PEG)-modified gold nanoparticles.75 
Surface functionalization of gold NMs using PEG has also been 
demonstrated to result in rapid cellular uptake and internaliza-
tion.78 However, there still remain several concerns regarding 
the use of noble-metal NMs in vivo. Primarily, researchers are 
concerned over how noble-metal NMs will be eliminated from 
the body after they’ve carried out their therapeutic role. Because 
they are not biodegradable like most liposomes and polymers, the 
long-term effect of metal NMs on cellular functions will need to 
be carefully studied.79

Melancon et al. utilized gold nanorods (GNRs) targeted to 
cancer cells using anti-HER2 trastuzumab, which selectively 
binds to cells that overexpress HER2 on their plasma mem-
brane.80 The GNRs were also functionalized with PEG to facili-
tate a greater degree of stability and circulation half-life.80 Results 
from this study demonstrated successful tumor accumulation 
of functionalized GNRs within HER2 overexpressing breast 
tumors in tumor-bearing nude mice and support the notions that 
GNRs can be used for molecular imaging or drug delivery into 
tumors.80

Gold NPs functionalized with anti-EGFR cetuximab were 
also used in a study conducted by Curley et al. The investiga-
tors treated pancreatic and colorectal cancer cells expressing 
EGFR with cetuximab functionalized gold NPs, allowing the 
nanoconjugates to be taken up by the cells. The cells were then 
treated with noninvasive shortwave radiofrequency (RF) energy. 
Exposure of cells to the RF field caused internalized gold NPs to 
produce heat that ultimately resulted in nearly 100% cell death 
in cells that had internalized the cetuximab functionalized gold 
NPs. Breast cancer cells that did not express EGFR that were 
treated with the cetuximab functionalized gold NPs showed no 
cell death when exposed to RF.

Another study utilizing gold NPs functionalized with cetux-
imab was conducted by Patra et al.82 but instead of using RF to 
induce cell death, gemcitabine (a chemotherapeutic agent) was 
also conjugated to the surface of the gold NPs. In vitro experi-
ments conducted on pancreatic cancer cells expressing variable 
amounts of EGFR and in vivo orthotopic pancreatic cancer stud-
ies were conducted. Results demonstrated that administration 
of the cetuximab targeted, gemcitabine functionalized gold NPs 
resulted in significant inhibition of pancreatic tumor cell pro-
liferation in cells highly expressing EGFR compared to cells or 
mice treated with gemcitabine alone.

Non-Metal Nanomaterials

There are several different types of non-metal NMs; those com-
posed of carbon are some of the most extensively studied. Of the 
many different “pure” carbon-based constructs that have been 
investigated, fullerenes, which consist of carbon atoms arranged 
in a spherical shape known as a truncated icosahedron, and 
carbon nanotubes (NTs) (also technically considered a type of 
fullerene), which are carbon cylinders composed of rings of car-
bon atoms, have been most frequently studied in biological sys-
tems.83,84 Addition of chemical modifications to carbon fullerenes 
and NTs allows them to be functionalized so that they can be 

attractive for the potential delivery of hydrophobic chemothera-
peutic agents that have limited efficacy due to poor solubility in 
the blood.23

Like polymeric NMs, therapeutic agents may be incorpo-
rated into micelles in two distinct ways: physical incorporation 
or through chemical covalent attachment.64,65 Due to their small 
size, micelles demonstrate spontaneous penetration into bodily 
structures with leaky vasculature (tumors and infarcts).66-69 
However, unless micelles are conjugated to a particular tar-
geting ligand, their uptake will be mediated via non-specific 
mechanisms.66

Roby et al. encapsulated the poorly soluble photosensitizing 
anti-cancer drug meso-tetraphenylporphine (TPP), an agent that 
brings about the formation of cytotoxic products when irradi-
ated with light of a suitable wavelength, into immunomicelles.70 
The immunomicelles were constructed from polyethylene  
glycol/phosphatidyl ethanolamine conjugate (PEG-PE) bearing 
the anti-nucleosome 2C5 mAb.70 In vitro experiments with the 
immunomicelle revealed that encapsulation and targeted delivery 
of TPP to cancer cells resulted in significantly improved anti-can-
cer effects of the drug under photo dynamic therapy conditions.70

Liao et al. synthesized immunomicelles conjugated with 
poly(ethylene glycol)-block-poly(ε-caprolactone) (PEG-PCL) 
that was used to attach cetuximab. These immunomicelles were 
loaded with DXR and superparamagnetic iron oxide (SPIO), 
both of which have been shown to be cytotoxic to cancer cells, as 
well as other cells of the body. Due to their hydrophobic nature, 
micelles are a good carrier for these two substances. With the 
addition of cell-specific targeting, these investigators were able to 
increase the amount of these toxic substances specifically deliv-
ered into the cancerous cells. The ability to carry drugs and MRI 
visible particles allows micelles to be used in imaging-guided 
cancer chemotherapy.72

Metal Nanomaterials

Metal NMs often exhibit surface-plasmon coupling that provides 
them with unique optical properties; thus, they may be read-
ily monitored when administered in biological systems.73,74 For 
example, Raman spectroscopy can be used to detect and track 
most noble-metal NMs in a biological system.74 Due to these spe-
cial optical properties, noble-metal NMs (gold in particular) have 
been used extensively in detecting nucleic acids and proteins. 
Oligonucleotide and siRNA-functionalized noble-metal NMs 
have also been developed for use in assays for the detection of 
biomarkers for diseases.75,76 Furthermore, noble-metal NMs have 
been extensively investigated as an alternative to liposome and 
polymer-mediated gene delivery.75,76

Metal NMs are relatively easy to prepare, in general have low 
toxicity, and they have a readily modified surface.76,77 For example, 
gold NPs that were functionalized using quaternary ammonium 
chains may have up to eight times higher transfection efficiency 
into mammalian cells compared with polymer NMs.75 Metal 
NMs can also be conjugated with polymers to improve their 
pharmacokinetic properties, e.g., half-life in the circulatory sys-
tem. Systemic delivery of plasmid DNA has been demonstrated 
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detect cancer cells in pleural effusion from lung cancer patients, 
suggesting that they may be utilized in the detection and moni-
toring of lung cancer.

Nanomaterial Photothermal Ablation

mAbs have recently been conjugated to NM that have the pro-
pensity to generate heat when excited by specifically tuned input 
energy. Carpin et al. reported use of silica-gold nanoshells that 
were conjugated with trastuzumab and effectively used to kill 
trastuzumab-sensitive and trastuzumab-resistant breast can-
cer cells by means of thermal ablation. By using heat to treat 
the target cancer cells, drug resistance is no longer a constraint. 
Nanoshell binding was confirmed using two-photon laser scan-
ning microscopy, and cells were then subjected to treatment with 
an 808-nm NIR diode laser. Cell viability assays revealed that 
both drug resistant and drug sensitive HER2+ cells were killed. 
There was a clear reduction in cell viability in the treated area, and 
adjacent cells were unaffected. These data suggest that immuno-
conjugated gold nanoshell-mediated photothermal ablation may 
provide an effective alternative for treating drug resistant forms 
of breast cancer.

In 2009, Kikumori et al. reported use of immunoliposomes 
targeted via anti-HER2 mAbs to deliver magnetite nanoparti-
cles (HMLs), which generated heat in response to an alternating 
magnetic field (AMF), to two groups of nude mice. One group of 
mice had previously received a cancer cell line that overexpressed 
HER2 at a high level. The other received a cancer cell line that 
overexpressed HER2 at a low level. The HMLs were then injected 
into the respective cancer nodules in the nude mice, and the mice 
were exposed to AMF. The HMLs were found to bind and accu-
mulate only in the HER2 high overexpression nodules, where 
an increase in temperature was observed (40°C compared with 
body temperature of 38°C). Tumor regression was observed for 
up to 10 weeks following hyperthermia treatment. Localization 
of the HML at sufficient concentration thus appears to be neces-
sary to evoke a meaningful response to this treatment regime. 
Nonetheless, both studies indicate that these novel approaches 
may pave the way for effective alternative cancer treatments that 
incorporate targeting via mAbs.

Escape from the Endosome or Lysosome  
After Cellular Uptake

Although some mAbs have been shown to be effective in allow-
ing cell-specific uptake of targeted-nanoconjugates, some che-
motherapeutic drugs may still be rendered ineffective if they are 
unable to escape the cell’s endosomes and degradation in lyso-
somes.98 Targeting of specific intracellular compartment proteins 
by mAbs99 is a strategy that may prove useful in directing drug-
loaded nanostructures away from lysosomal degradation. A novel 
approach to endosomal escape involves the modification of mAb 
targeted-NMs with cell penetrating peptides (CPPs).98 CPPs are 
class of proteins and peptides that can facilitate NM uptake and 
endosomal escape, therefore preventing the destruction of pH 
sensitive chemotherapeutic drugs in lysosomes. Over the last two 

linked to a wide variety of active molecules, including peptides, 
proteins, nucleic acids and therapeutic agents.84-87 However, car-
bon NMs are completely insoluble in most solvents and, there-
fore, must be conjugated with biological molecules and polymers 
before they can be effectively used for drug delivery applications 
in vivo.52 Also, like noble-metal NMs, carbon NMs (without spe-
cial functionalization) are generally not biodegradable and con-
sequently pose potential health concerns.88-90

Another popular type of non-metal NM is quantum dots 
(QDs). QDs are nanocrystals measuring approximately 2–10 nm 
that can be made to fluoresce when stimulated by a particular 
wavelength of light.52,79,91 Their structure consists of an inorganic 
core (the size of which determines the color/wavelength of emit-
ted light), an inorganic shell and an aqueous organic coating to 
which biomolecules such as PEG are conjugated.92 As with the 
other NMs described, QDs can also be functionalized with 
mAbs to facilitate cancer targeting; however, many QD formula-
tions include highly toxic metals such as cadmium or lead, mak-
ing them totally unsuitable as therapeutics.

Other QD variants may prove to have low toxicity and thus 
provide another class of biomedically useful NP. Nurunnabi et 
al. used QDs with PEG surface modifications to attach trastu-
zumab. These were loaded into micelles that ranged from 130–
150 nm in size. The authors reported 77.3% shrinkage in initial 
tumor size and inhibition of tumor growth compared with the 
control (saline). They also studied the QDs in nude tumor-bear-
ing mice for simultaneous tumor suppression and image therapy 
and found that the NM distributed uniformly throughout the 
entire body, including the tumors. With the natural fluorescent 
properties of the QD, they were able to obtain better images for 
diagnosis of tumors in early stages. A limitation of using fluores-
cence imaging is the shallow tissue penetration of this technol-
ogy, which limits tumor detection to those that are very close to 
the skin.

McDevitt et al. reported some of the first carbon NM-based 
chemotherapeutic drug delivery carriers. These investigators 
functionalized carbon NTs with radio-labeled chimeric anti-
CD20 rituximab or humanized anti-CD33 lintuzumab. In vitro 
experiments revealed that rituximab functionalized carbon NTs 
effectively targeted to CD20+ Daudi cells, while lintuzumab 
functionalized carbon NTs effectively targeted CD33+ HL60 
cells. Additional in vivo studies with rituximab functionalized 
carbon NTs confirmed the specificity of the nanocarriers to 
tumor cells versus normal cells.94

Ma et al. employed a nanoconjugate derived from silica-coated 
iron NPs decorated with QDs to target cancer cells expressing car-
cino-embryonic antigen (CEA), an antigen not usually expressed 
in normal adult cells, with anti-CEA mAbs. Through the combi-
nation of magnetic and fluorescent NMs, the investigators were 
able to easily monitor the distribution of the nanoconjugates 
using luminescence and application of an external magnetic field. 
In vitro testing of the mAb-targeted nanoconjugates with human 
lung adenocarcinoma SPCA-1 cells, human leukemic K562 cells 
and human embryonic lung fibroblasts MRC-5 cells confirmed 
the specificity of the nanoconjugates to CEA. Additional experi-
ments revealed that mAb-targeted nanoconjugates were able to 
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(perhaps 2–10 nm), may be more readily dispersed through the 
circulatory system and extravasated to tissues, reaching and being 
internalized by its target cells. However, the majority of studies 
have also found that small NMs tend to be more toxic.89,107,108

Further considerations include the stability of NM in vivo and 
the development of methods for more effective encapsulation or 
conjugation of mAbs, chemotherapeutic drugs, and biological 
molecules to the surface of NM. For example, the large surface 
area of NM, which accounts for their potential as drug delivery 
agents, can lead to agglomeration in vivo. In turn, the potential 
of NM to agglomerate determines the effective particle size and 
hence clearance kinetics.

Conclusions

Due to their ability to specifically bind to a particular biological 
target, mAbs present a means of influencing the function of cells 
at the molecular level. In particular, mAbs show great promise in 
the treatment of cancer because the specificity of binding allows 
them to inhibit cancer cell proliferation, tumor angiogenesis 
and malignant spread of cancerous cells. Strategies to conjugate 
antibodies to toxins, radioactive isotopes and chemotherapeu-
tic drugs to increase efficacy are under intense investigation. 
However, direct conjugation of toxins, radioactive isotopes and 
chemotherapeutic drugs to mAbs is limited to only a few mol-
ecules per antibody and may inhibit the effectiveness of both the 
chemotherapeutic agent and the antibody.

Increasingly, researchers are investigating nanomaterials to 
overcome the limitations of immunoconjugates. Some of the 
advantages of NMs include a large surface to volume ratio, which 
allows for excellent drug loading efficiency. Furthermore, in 
some cases, NMs can be designed in such a way as to protect 
the therapeutic agent from premature release and degradation. 
Additionally, since NMs can be functionalized with multiple 
therapeutic agents, they may be able to circumvent multidrug 
resistance in tumors. Finally, because solid tumors have an 
increased level of angiogenesis and leaky vasculature, mAb-tar-
geted nanoconjugates may preferentially accumulate in tumors 
allowing for more effective “passive” drug delivery.

Indeed, many mAb-targeted NM platforms have been inves-
tigated, including those derived from liposomes, micelles, poly-
mers, metals and non-metals. Results from both in vitro and 
in vivo studies have generally been promising. However, sev-
eral challenges still remain before mAb-targeted NMs can be 
effectively utilized as drug delivery platforms to treat cancer in 
humans. First, the molecular characterization of the multitude 
of different tumors must continue to be undertaken in order to 
effectively pinpoint cancer-specific targets for future mAbs. Also, 
new methods of conjugation of mAbs and chemotherapeutic 
agents to NMs must continue to be developed in order to facili-
tate coupling that maintains the potency of drug delivery system 
components and promotes the timely release of chemotherapeutic 
agents. Furthermore, there is a need for expanded investigation 
of the use of mAbs to target NMs. In fact, although there are 
nearly a dozen anti-cancer mAbs currently approved in the US 
and Europe, researchers continue to mainly focus on only a few 

decades, several proteins and peptides have been found to traverse 
the cellular membrane and endosome, delivering their cargo mol-
ecules into the cytoplasm or nucleus. One of the most widely used 
CPPs is transactivating transcriptional activator (TAT), which is 
derived from the human immunodeficiency virus type 1 (HIV-
1).100 Other CPPs include Antennapedia, a transcription factor 
of Drosophila and VP22, a herpes virus protein.101,102 Studies of 
these proteins showed that their translocation across the plasma 
membrane is mediated via short sequences within these proteins 
of fewer than 20 amino acids that are rich in basic residues.23 
Since their discovery, CPPs have been utilized for intracellular 
delivery of various cargoes, including nucleic acids and chemo-
therapeutic drugs.

Liu et al.103 co-functionalized a nanocarrier with trastuzumab 
and CPP TAT for the delivery of a radioactively labeled mor-
pholino, which is a type of antisense molecule used to specifi-
cally downregulate the expression of a particular gene. All three 
components of the nanocarrier were added using streptavidin and 
biotin technology. It should be noted that this technology is very 
useful for proof-of-principle studies. However, as streptavidin is 
highly immunogenic, it cannot be considered for therapeutic use. 
Nevertheless, evaluation of trastuzumab and TAT functional-
ized nanocarriers in vitro studies utilizing SUM190 (HER2+), 
SUM149 (HER2-) and SK-BR-3 (HER2+) cells lines confirmed 
that trastuzumab facilitated specific binding to the HER2+ tar-
get cells, TAT improves cellular delivery, and the morpholino 
provided the specific retention of the radioactivity in the target 
cell nucleus.103 Also, results indicated that the morpholino was 
able to effectively survive entrapment of the endosome and its 
mRNA-binding ability was preserved. These results suggest that 
future mAb-targeted nanoconjugates that are utilized to deliver 
siRNAs, antisense oligonucleotides or morpholinos may benefit 
from the addition of CPPs to help facilitate endosomal escape 
and effective gene regulation.103

Challenges to the Future Application  
of mAb-Targeted NMs for the Treatment of Cancer

Although many studies have shown the potential of mAb-targeted 
NMs, there are still numerous hurdles that must be overcome 
before they may be more universally implemented. Indeed, one 
of the primary concerns is the potential acute and chronic toxic 
effects that a non-biodegradable NM may cause. Further compli-
cations stem from the fact that each mAb-targeted NM and each 
configuration of a NM has unique physical and chemical proper-
ties that must be individually characterized before being used in 
medical applications. For example, in vitro and in vivo studies 
of silica nanoparticles (NP) have shown that they are relatively 
non-toxic and possess great promise as drug delivery devices, 
while studies conducted on equivalent doses of silica NWs pro-
vide evidence that both supports and refutes (depending upon 
the biological system in which they were tested) the suitability of 
NWs for drug delivery purposes.104-106 Another important point 
is the potential effects of NM size, shape, and surface proper-
ties on drug pharmacokinetic parameters such as half-life and 
clearance characteristics. It is generally accepted that small NM  
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factors such as NM size, shape, surface characteristics, solubility, 
stability and the ability to be functionalized, have on NM toxic-
ity. To achieve this, rigorous testing of NM in both in vitro and 
in vivo systems should be conducted in order to determine how 
NM will interact with cells and tissues of the body.
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products (trastuzumab, rituximab and cetuximab in particu-
lar) for the targeting of NMs.61,82,109-111 Researchers should also 
continue to focus on the development of “smart drugs” that are 
designed to bypass the known challenges that cell-specific deliv-
ery of personalized medicines present.

NMs face several challenges before they can be utilized to treat 
cancer. One of the most pressing problems lies with ascertain-
ing the potential toxic effects a NM may have on the system in 
which it is used. Therefore, the future of nanomedicine depends 
on effectively characterizing the influence of physicochemical 
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