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Nanoparticles (NPs) are promising drug delivery systems (DDS) for identifying and treating cancer. Active targeting

NPs can be generated by conjugation with ligands that bind overexpressed or mutant cell surface receptors on

target cells that are poorly or not even expressed on normal cells. Receptor-mediated endocytosis of the NPs

occurs and the drug is released inside the cell or in the surrounding tissue due to the bystander effect. Antibodies

are the most frequently used ligands to actively target tumor cells. In this context, antibody-based therapies have

been extensively used in HER2+ breast cancer.

antibody conjugated nanoparticles  targeted therapies  breast cancer

1. Introduction

The antibody conjugated NPs (ACNPs) approach is built on the success of nanotechnology and antibody

therapies. When compared with the development of antibody drug conjugates (ADCs), ACNPs present many

advantages, such as the delivery of the drug in a controlled manner, preservation of the chemical structure of the

drug, reduced risk of secondary metabolites (if metabolism is unpredictable), and finally, potentially reduced toxicity

. Based on these features, the membrane proteins overexpressed in tumor cells can be used to design the

antibodies that will later be implemented as the nanoparticle vector. The mechanism of action of both targeted

therapies (ADCs and ACNPs) are very similar. After binding to the target, the complexes are internalized into the

cell through receptor-mediated endocytosis , resulting in the formation of endosomes. Later, endosomes and

lysosomes are coupled to release the drug into the cytoplasm . However, the cargo of the nanoparticle can also

diffuse directly through the cellular membrane, augmenting the cellular penetration of the compound.

2. Polymeric Antibody Conjugated Nanoparticles (ACNPs) to
Improve Treatments in Breast Cancer
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Polymeric NPs appear to be the most promising drug carriers due to their nanoscale size and potential for selective

targeting and controlled drug release . NPs in the range of 100–400 nm have been widely reported to

accumulate at the tumor site through the enhanced permeability and retention (EPR) effect . This favors high

accumulation of the drug, facilitating its delivery to the site of interest by convection and diffusion processes ,

reducing, at the same time, the damage to surrounding tissues . The passive targeting is drastically

influenced by the size and surface charge of the NPs. Both features are important for the retention of the NP in the

tumor and for its circulation time.

After accumulation in the tumor region, drug efficiency can even be increased by the so-called active targeting.

Binding to overexpressed receptors on target cells  that are poorly or not even expressed on normal cells 

 affords active targeting of NPs to tumor cells. Actively targeted NPs allow the delivery of the drugs at the

desired location, avoiding normal tissues and, therefore, enhancing the therapeutic efficiency. For example, NPs

bearing the monoclonal antibody trastuzumab, which interacts with the surface protein HER2, are expected to

accumulate at sites where HER2 is overexpressed, such as in breast or gastric tumors. These particles can be

loaded with other agents such as taxanes, which synergize with trastuzumab in the treatment of breast tumors. NP

internalization occurs via receptor-mediated endocytosis . Antibodies are the most frequently used ligands to

target tumor cells . Antibody fragments, such as antigen-binding fragments (Fab) may also be conjugated to

reach higher diffusion rates and improve tumor uptake . Trastuzumab is the most widely explored monoclonal

antibody for generating novel nanomedicines for breast cancer therapy by far.

3. Conjugation Strategies for ACNP Generation

NP functionalization with antibodies or antibody fragments can be carried out mainly via the adsorption

phenomenon, covalent-nature binding, or binding by the use of adapter molecules (Figure 1). The immobilization of

antibodies into the nanoparticle surface must guarantee both the desired amount of antibodies per nanoparticle

and the proper antibody orientation . Additionally, the immobilization method must generate a stable bond and

preserve the biological activity of the antibody .
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Figure 1. Conjugation strategies for antibody conjugated nanoparticle (ACNP) generation: (A) adsorption; (B) use

of adapters; and (C) covalent binding.

3.1. Adsorption

This phenomenon is a non-covalent immobilization strategy that comprises physical adsorption and ionic binding

 (see Figure 1A). Physical adsorption occurs via weak interactions such as hydrogen bonding, electrostatic,

hydrophobic and Van der Waals attractive forces , while ionic binding occurs between the opposite charges of

the antibodies and NP surfaces . However, when compared to other methodologies such as covalent binding,

adsorption provides less stability . On the other hand, the fact that the interaction is non-covalent may allow

release of the antibody in the tumor tissue, allowing deploy of its antitumoral properties. In this regard, three

modified methodologies of functionalized PLGA NPs with trastuzumab were generated via adsorption, charged

interactions and covalent binding. The results obtained via covalent binding demonstrated its higher stability versus

charge interactions and adsorption .

3.2. Covalent Strategies

Covalent binding requires prior activation of the NPs . Commonly, covalent strategies occur via carbodiimide

chemistry, maleimide chemistry or “click chemistry”.

3.2.1. Chemistry of Carbodiimide
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The most common covalent conjugation corresponds with the binding through the primary amines of the antibodies

 (see Figure 1C), without performing any chemical modification . Previously, carboxyl groups of the NPs must

be activated by the addition of cross-linking agents, where 1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide (EDC)

is the most used . Even though it is not required, N-hydroxysuccinimide (NHS) or N-hydroxysulfosuccinimide

(sulfo-NHS) are usually added to improve the coupling efficiency .

This methodology is easy but the coupling between functional groups and crosslinkers is not selective. This

absence of control over antibody orientation into the NP surface is a primary disadvantage .

3.2.2. Maleimide Chemistry

This approach occurs through sulfhydryl groups (–SH) of antibodies (Figure 1C). Sulfhydryl groups are much less

abundant than primary amines or thiols. They are present in the side chain of cysteine . Free sulfhydryl, the de-

protonated form of thiol at physiological pH, is a better nucleophile than thiol groups . The –SH groups are

generated on the antibodies via reaction with primary amines or by reduction of native disulfide bonds of antibodies

.Furthermore, this chemical group can be easily obtained by modification of the ε-amino of lysine residues

with sulfhydryl-addition reagents. 2-Iminothiolane (Traut’s reagent) and N-succinimidyl S-acetylthioacetate (SATA)

are the most common .

The reaction of maleimide groups towards free sulfhydryls is a thousand times faster than with primary amines at

neutral pH, which improves selectivity . A stable thioether linkage is formed after alkylation reaction with

sulfhydryl groups  (see Figure 1C). The most used maleimide cross-linking reagents are the NHS/maleimide

heterobifunctional linkers, PEGylated analogues (NHS-PEG-maleimide), succinimidyl 4-(N-

maleimidomethyl)cyclohexane-1-carboxylate (SMCC) and sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1-

carboxylate (sulfo-SMCC) . NHS-PEG-maleimide has been the most extensively used crosslinker in

antibody conjugation strategies in polymeric NPs for breast cancer treatment. SMCC is water-insoluble  but

sulfo-SMCC is soluble in water due to a negatively charged sulfonate group on the NHS ring . Therefore, using

sulfo-SMCC as crosslinker, the free sulfhydryls of the antibody can be linked to the primary amines on the surface

of the NPs via maleimide chemistry . In this way, trastuzumab was attached to self-assembled chitosan-

doxorubicin NPs via thiolation of lysine residues and subsequent linking of the thiols through sulfo-SMCC

crosslinker to chitosan . These ACNPS discriminated between HER2+ and HER2− cells in their mechanism of

action. Heterobifunctional PEGylated linkers can also be used in the conjugation of thiolated antibodies to NPs

through maleimide chemistry .

3.2.3. Click Chemistry

“Click chemistry” reactions occur efficiently at room temperature, under mild and in aqueous solvents. These

reactions, which require no or minimal purification, resulted in irreversible chemical bonds with the absence of

cytotoxic byproducts .
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[3+2] Azide–alkyne cycloaddition (AAC) reactions catalyzed by copper (I) (CuAAC), strain-promoted [3+2] azide–

alkyne cycloaddition (SPAAC) reactions, typical [4+2] Diels–Alder (DA), and inverse electron demand hetero Diels–

Alder (iEDDA) reactions  configure the “click chemistry” strategy. The advantage of using azide and

alkyne groups relys on their low existence in biological systems and inertness towards the majority of functional

groups and biomolecules . Functionalization of NPs with azide or alkyne moieties goes through EDC/NHS

coupling or maleimide–thiol conjugation. In this context, NHS ester or maleimide must be present at one side of the

linker, while azide or alkyne groups must be located at the other .

Cu(I) catalysts accelerate AAC reactions . However, the toxicity associated with these catalysts holds back

their use in living systems . Thus, CuAAC reactions were used to develop a HER2 targeted ACNP for delivering

DOX to breast cancer cells . These ACNPs included a pH sensitive block polymer, poly(L-histidine). A NHS-

PEG-alkyne linker was introduced to trastuzumab to provide an alkyne group into the antibody and thus further

improve cellular uptake and toxicity for MCF7 and SKBR3 breast cancer cells. In the same way, optimum

polyethylenglycol (PEG) coverage over trastuzumab conjugated ACNPs was also prepared via CuAAC conjugation

to improve the pharmacokinetics . Of note, developments in copper-free variants of AAC were achieved by

introducing a strain-promoted azide–alkyne cycloaddition (SPAAC) reaction to overcome the CuAAC limitations 

.

The SPAAC variant introduces ring-strained alkynes (cycloalkynes) to create stable triazoles . Conjugated

PLGA–PEG NPs with Fab fragments of trastuzumab or cetuximab for the treatment of breast cancer were obtained

via SPAAC . The evaluation of these ACNPs using HER2+ breast cancer lines (HCC1954) demonstrated that

site-specific conjugation by SPAAC increased the antigen binding capacity and the conjugation efficiency .

3.3. Binding by Adapter Molecules

Non-covalent approaches by using adapter biomolecules avoid randomly oriented antibodies . The most

relevant binding strategy exploits the biotin–avidin interaction, which is based on the strong binding affinity between

biotin and a biotin-binding protein, such as avidin or its analogues  (See Figure 1B).

Biotin is a potential tumor-targeting moiety because it is a water-soluble vitamin (vitamin H), it is essential for

growth and cell signaling, and their receptors are overexpressed on a broad range of cancer cells . As an

example of this non-covalent approach, the biotin-decorated PEG-PCL NPs were co-loaded with doxorubicin and

quercetin to overcome doxorubicin-resistant breast cancer. In the same way, 7-ethyl-10-hydroxycamptothecin (SN-

38) was successfully loaded into PLGA-PEG-biotin NPs to treat breast cancer. Compared to non-biotin conjugated

NPs, these conjugated NPs increased the in vivo antitumor drug efficacy .

On the other hand, three N-acetyl glucosamine and four mannose residues constitute the oligosaccharide side

chain of the tetrameric glycoprotein avidin . Each of the four avidin monomers can bind to biotin . However,

because avidin is a basic protein with a high isoelectric point (pI) (~10.5) , both positively charged residues at

physiological pH and glycosylation may lead to nonspecific binding of avidin to other molecules . Thus, other
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forms of avidin, like streptavidin or neutravidin, are preferred . Contrary to avidin, streptavidin is not a

glycoprotein  and its pI is much lower, which prevents interactions with sugar receptors . One of the most

elegant strategies applied consisted in engineering monomeric avidin/streptavidin to monovalent biotin binding 

and nanosized poly-avidins named Avidin-Nucleic-Acid-Nano-Assemblies (ANANAS) . Notably, the ANANAS

technology along with the use of an antibody (cetuximab) to target a ligand demonstrated an in vivo therapeutic

efficacy at a dose of doxorubicin below the one clinically used .

To minimize the immunogenicity, a recombinant non-glycosylated form of avidin (neutravidin), was developed 

. Warlick et al. prepared anti-HER2-modified NPs by the use of biotin/neutravidin aptamers to efficiently bind to

and internalize in HER2-overexpressing cells. Trastuzumab was biotinylated and human serum albumin NPs were

functionalized with neutravidin via NHS-PEG-Mal heterobifunctional crosslinker conjugation. This work clearly

proved ACNPs combine specific tumor targeting with the drug delivery properties  .

Finally, the use of aptamers was extended by Powell et al. into the development of a targeted delivery of siRNA

specific to the multidrug resistance (MDR) gene of metastatic breast cancer. The use of a cholesterol, DOTAP and

PLGA or PLGA-PEG lipid-polymer hybrid liposomes nanocarrier system overcame resistances of breast cancer

cells generated against therapeutic drugs. The mechanism consists in enhancing the knockdown of the MDR gene

(P-gp) by the use of aptamer-labeled P-gp siRNA encapsulated NPs .
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