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Abstract

Receptor-mediated drug delivery presents an opportunity to enhance therapeutic efficiency by
accumulating drug within the tissue of interest and reducing undesired, off-target effects. In
cancer, receptor overexpression is a platform for binding and inhibiting pathways that shape
biodistribution, toxicity, cell binding and uptake, and therapeutic function. This review will
identify tumor-targeted drug delivery vehicles and receptors that show promise for clinical
translation based on quantitative in vitro and in vivo data. The authors describe the rationale

to engineer a targeted drug delivery vehicle based on the ligand, chemical conjugation method,
and type of drug delivery vehicle. Recent advances in multivalent targeting and ligand organization
on tumor accumulation are discussed. Revolutionizing receptor-mediated drug delivery may be
leveraged in the therapeutic delivery of chemotherapy, gene editing tools, and epigenetic drugs.
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Introduction

Receptor-mediated targeting is a well-established method to enhance drug delivery vehicle
(DDV) accumulation within specific tissues.[X] Much emphasis, over the past few decades,
has focused on the therapeutic potential of treating both solid tumors and circulating tumor
cells (CTCs).[2] Targeted DDVs demonstrated enhanced tumor internalization, diagnostic
imaging, and prolonged survival in vivo relative to non-targeted DDVs.[3] Essentially,
through ligand-based labeling approaches, DDVs can be ideally “addressed” to their

desired destination with a high degree of precision. Thus, by taking advantage of receptor
overexpression, unique binding motifs, and receptor patterning on the cell surface, DDVs
can be functionalized with ligands that preferentially bind to receptors on the desired cells.[4]
This occurs by way of “active” targeting in which ligand conjugated particles are bound

and internalized by cancer cells at an accelerated rate due to the ligand-receptor interactions
at the cell surface. By utilizing pathologically relevant receptor targets, DDVs administered
systemically have a higher affinity for diseased tissue and a low affinity for surrounding
healthy tissue, relative to non-targeted DDVSs. In this way, receptor-mediated drug delivery
alters the biodistribution of the drug by increasing accumulation in the site of interest.

This is clinically important as reaching a therapeutic dosage locally and reducing systemic
toxicity can be life-threatening or life-saving events for cancer patients.

The design of targeted DDVs can be optimized by altering the size, shape, material, ligand,
and ligand orientation. For systemic delivery, spherical DDVs less than 200 nm in diameter
are standard, which is balanced by the trade off between surface area and volume ratio.
DDVs are prepared from biomaterials based on the size, hydrophobicity, and ideal release
of the drug. There are a diverse range of ligand candidates for DDV functionalization,
including monoclonal antibodies (mAbs), peptides, oligosaccharides, small molecules, and
aptamers.[5] These ligands can be tethered to vehicles or conjugated directly to drugs by
covalent (typically thiol or amide-based reactions, or “click” chemistry) or noncovalent
attachment; the type of reaction is often based on the material of the DDV.[®] Multi-targeted
and patterned DDVs improved cancer cell binding and the overall therapeutic benefit in
vivo. The ideal DDV platform may be rationally designed by evaluating the drug, release
mechanism, mode of delivery into the body, and target cells.

Utilizing these approaches, targeted DDVs were successfully translated from the research
setting into clinical use, or are currently in preclinical trials.[’] Liposomal based DDVs
were approved for use in cancer therapy, treating fungal diseases, analgesics, photodynamic
therapy, and viral vaccines.[8] Specifically, FDA approved liposomal drug formulations,
such as Mepact, Maribo, and Epaxal were proven to be effective for the treatment of
nonmetastatic osteosarcoma, acute lymphoblastic leukemia, and hepatitis A, respectively.
[9] Many targeted DDV in clinical use are utilized for the treatment of multiple cancer
types, as there is often broad overlap in malignant receptor overexpression across various
carcinogenic tissues (Figure 1). The widely successful drug Pembrolizumab (Keytruda), a
humanized 1gG4 isotype mAb that targets the programmed cell death (PD-1) receptor of
lymphocytes, is recommended by the FDA for the treatment of gastric cancer, melanoma,
non-small cell lung cancer, squamous cell carcinoma of the head and neck, and urothelial
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carcinoma.[1%] Receptor-targeted mAb-drug conjugates demonstrated promise to enhance
chemotherapeutic efficacy.[!1] Receptor-targeted DDV have great promise as cancer
therapeutics but, at the same time, exhibited limitations in their overall impact.

Physiological challenges remain that limit widespread adoption of targeted DDVs and
clinical translation. These challenges primarily pertain to immunogenic response, off-target
toxicity, and nanocarrier instability in vivo. From a pharmaceutical stand point, the synthesis
of targeted DDVs can be logistically challenging to scale up to industrial production

levels, as well as expensive in terms of materials. Despite these present challenges,

the development of clinically translatable targeted DDVs remains a substantial sector of
research, as the curative potential is significant. Due to their high degree of customizability
in both physiochemical composition and structure, as well as disease-specific ligand moiety,
targeted DDVs have extended the ability to circumvent classical problems of chemotherapy
treatment, such as multiple drug resistance and toxicity to healthy tissues.[*2] DDVs

alone can effect, or impede, the occurrence of physiological events via receptor-mediated
pathways, such as hindering cancer proliferation, angiogenesis, and metastasis.[23]

In this review, we analyze the therapeutic effectiveness of previously developed receptor-
mediated DDV platforms to demonstrate the rational design used to develop targeted DDVs.
We then report on some of the most promising receptors or membrane-bound molecules
used to recognize different cancers and suggest how these targeting approaches might

be improved. We highlight the use of specific DDVs and their unique characteristics,
including ligand surface patterning and ligand density optimization. Future directions toward
developing novel DDVs to improve the clinical prognosis of cancer are discussed.

2. DDV Selection

DDVs are developed specifically for their ability to aid in the delivery of the cargo (Figure
2). Lipid-based DDVs recapitulate the structure of the native cell membrane, are relatively
inert, and can easily be customized for a diverse range of applications. Polymeric vehicles
are often selected for their capacity to control the release of cargo. Despite their differences,
the size and shape of nanocarriers are critical for cellular uptake and biodistribution, while
composition impacts biocompatibility, drug loading, and clearance (Table 1).

2.1. Lipid-Based DDVs

Liposomes, micelles, lipid nano-emulsions (LNESs), and solid lipid nanoparticles (SLNSs) are
comprised predominantly of lipids, which self-assemble based on hydrophobic fatty acid
tails and hydrophilic, electrostatically charged head groups. Lipids are the main component
of the cell membrane, and are considered to be biocompatible and biodegradable. Lipid
headgroups can easily be customized to alter their physiochemical properties or to provide
chemical functionality. In addition, the hydrophabicity of the fatty acid chain (saturation and
length) can alter particle stability and therefore drug retention and release.

Liposomes may be easily loaded with polar and nonpolar drugs, because of their lipid
bilayer and aqueous core. This makes liposomes an ideal choice for chemotherapeutics,
such as doxorubicin, and nucleic acids. Liposomes are spherical vesicles that range in
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size from 20 to 200 nm in diameter and may have one or more concentric lipid bilayers.

[14] They are primarily composed of lipids with diacyl chains. Targeted liposomes are
typically less than 200 nm in diameter and unilamellar (having one bilayer) as this permits
systemic circulation and increases the drug payload.[”?! Liposomes can be functionalized by
conjugating targeting ligands to chemically reactive lipids before or after DDV synthesis.
Further, the mechanical properties of liposomes significantly affect their in vitro and in

vivo behavior. It was recently shown that neutral, zwitterionic liposomes encapsulating
calcium-alginate hydrogels with different cross-linking densities gave rise to liposomes with
varying Young’s moduli. The in vitro cellular uptake of liposomes in both cancerous and
noncancerous cells, as well as their in vivo tumor accumulation in an orthotopic breast
cancer model, inversely correlated with the Young’s modulus of the liposomal formulation.
This was determined to be due to differences in the endocytic pathway of liposomes with
different moduli. Low-modulus liposomes were able to quickly and efficiently fuse with

the cell membrane while high-modulus liposomes were endocytosed by the more energy
consuming clathrin-mediated pathway.[2°]

Micelles are composed of amphiphilic macromolecule copolymers, in which the hydrophilic
head group faces outward and the single acyl chain comprises the inner core.[16] The
micelle core is hydrophobic, making it well suited to accommodate moderately hydrophobic
drug molecules, such as paclitaxel. Micelles are smaller than liposomes, typically 10-100
nm in diameter.[17] Targeted micelles were developed for delivering hydrophobic drugs to
physiologically inaccessible tissues, such as the brain.[18] Additionally, micelle formulations
were optimized for long circulation and targeted delivery in vivo.[18:17.19] Currently, there
are a number of polymeric micelle formulations for chemotherapeutic delivery in clinical
trials.[20]

Lipid nano-emulsions (LNES) are oil-in-water emulsions, typically composed of the same
lipids as liposomes and micelles, though their structural organization differs. LNEs have a
single lipid layer shell that envelops a hydrophobic, lipid core and are approximately 20-200
nm in diameter.[21] The lipid core may be solid or liquid at physiological temperature.

LNEs are better suited to encapsulate nonpolar drugs such as poly-methoxyflavones (PMFs).
[22] | NEs are used to target cancer cells by modification of the lipid head groups with
receptor-specific ligands.

Solid lipid nanoparticles (SLNs) are particles composed of lipids that have a low melting
temperature. They are ideal carriers for hydrophobic drugs and nucleic acids. SLNs
enhanced uptake and therapeutic delivery within the liver.[23] Phase I clinical trials
conducted by Alnylam’s drug ALN-VSPO2 demonstrated their ability to deliver sSiRNA

to the liver and provide a therapeutic benefit.[23] Patients with advanced solid liver tumors
and metastatic lesions received a total of 140 doses of lipid nanoparticle encapsulating small
interfering RNA (siRNA) to inhibit the expression of vascular endothelial growth factor
(VEGF). Inhibition of disease progression with minimal side effects was achieved in 54.9%
of patients, in which disease stability was noted for at least 2 months after treatment.[2]
Thus, ALN-VSPO2 was touted as a well-tolerated therapeutic with antitumor activity.
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In addition to synthetic lipid DDVs, DDVs may be derived from cell membranes.[23]
These DDVs utilize cell membrane lipids, proteins, and sugars to impart stealth or specific
cell properties (e.g., leukocyte). It was shown that leukocyte mimetic vehicles effectively
targeted sites of inflammation caused by disease or cancer.[26] Red blood cell membranes
were used to cloak encapsulated drug and increase circulation time.[27] Though immune
responses are often minimized when utilizing biologically derived mimetic vehicles, there
are other challenges which have limited their success and hindered clinical translation.
Limited cell membrane sources, complexity of isolation processes, as well as issues
concerning quality control and safety, have impeded their implementation as DDVs in the
clinic.[28]

Inorganic Nanoparticle Based Systems

DDVs comprised of inorganic materials range in size (0.8-200 nm) and shape (nanospheres,
nanoshells, and nanorods).[2%] In some instances, inorganic DDVs exhibit multiple functions,
such as exothermic reactors and contrasts agents that are useful in medicine. For example,
gold nanoparticles (AuNPs), also referred to as gold nanoconjugates, that can be synthesized
in a range of shapes and sizes,[3% are easily modified on the surface with ligands to target
cells or drug,[32] and are useful in photothermal therapy[32] and imaging.[31.33] Due to their
advantageous chemical properties, they are ideal DDV for chemotherapeutics.[332.:34]

AuNPs were developed for dual delivery of doxorubicin and bleomycin in vitro.[3%]
Antibodies against pancreatic cancer specific receptor overexpression, such as cetuximab,
panitumumab, or trastuzumab, can be conjugated to AuNPs to stop proliferation of cancer
cells or to identify tumors.[32¢] Functionalization of AuNPs with specific ligands can

be achieved via electrostatic and and chemical reactions. Due to their adsorption and
scattering of electromagnetic radiation, AUNPs can be utilized for photothermal therapy
(nanophotothermolysis) or radio frequency ablation, treatments typically administered when
surgical resection is unlikely to be successful, has failed, or there are no clinical alternatives.
[36] Targeted AuNPs have also been utilized for in vivo imaging, as they have favorable
tissue penetration and optical contrast properties, compared to conventional dyes.[37] In vivo,
PEGylated AuNPs can circulate for a half-life of up to 48 h.[38] However, the adoption

of AuNPs for drug delivery systems is limited by toxic side effects in vivo, such as the

generation of reactive oxygen species (ROS), apoptosis, necrosis, and mitochondrial toxicity.
[39]

Similarly, iron oxide nanoparticles (IONPs) are used in a range of applications. IONPs were
first developed in the late 1980s as contrast agents for MRI.[40] However, more recently,

a series of methods for modifying the IONP surface with polymers was reported. Jain et

al. developed a two-step conjugation protocol using oleic acid and a PEG oxide block
copolymer (PEG-polypropylene oxide) to improve biocompatibility and enable drug and
ligand conjugation.[41] Apart from IONPs, silicon oxide nanoparticles (SONPs) represent
another potential DDV in which the oxide groups can readily be functionalized for targeted
delivery.[291 SONPs are known to have good biocompatibility, low cost, and manufacturing
controllability, in addition to being generally recognized as safe by the FDA, thereby
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improving their translation in the clinic.[42] To date, SONPs to target cancer cells are
synthesized by conjugating a range of small molecules, peptides, or full proteins.[34¢:43]

2.4. Organic Nanoparticle-Based Systems (Polymers)

Organic platforms have been extensively studied since their development in the 1960s.

[44] More recently, there has been a large effort to develop and optimize drug-carrying
hydrogel nanoparticles for cancer treatment. Hydrogels are polymer networks capable

of absorbing large concentrations of water or biological fluid.[43] Hydrogel-based drug
delivery nanoparticles are commonly composed of poly-lactic-co-glycolic (PLGA), alginate,
chitosan, or hyaluronic acid. Surface functionalization for targeted delivery of these
materials is typically achieved via “click” chemistry, electrostatic adsorption, or covalent
attachment.[46]

PLGA is a well-established FDA-approved polymer known for its biodegradability. The
ratio of lactic to glycolic acid is tuned to control the degradation of the DDV and the
release of drug. PLGA-based systems were developed for prolonged delivery of estradiol,
rifampicin, piroxicam, indomethacin, ibuprofen, lidocaine, cyclosporine A, and paclitaxel,
to name a few.[4”] PLGA NPs allow sustained release of drug payloads significantly longer

than their lipid-based drug delivery counterparts, on the order of weeks compared to days.
[48]

Alginate, an anionic polysaccharide derived from seaweed, undergoes coacervation with
calcium ions to form a gel. When calcium ions are released, the hydrogel falls apart and drug
is released.[49] Doxorubicin-loaded alginate DDVs with surface functionalization showed
promise in their targeted delivery to liver cancer.[5% Alginate-based particles have shown
versatility in a diverse range of therapeutic applications, such as oral drug administration,®1]
controlled gastrointestinal release for optimal drug absorption,[52] and as drug excipients.[>3]

Chitosan, a hydrophilic linear polysaccharide, is processed from the exoskeletons of
crustaceans. Chitosan is widely utilized due to its biocompatibility, biodegradability, and
low toxicity.[54] Drugs may be loaded into chitosan hydrogels via permeation, entrapment,
or covalent bonding, which provides unique drug release profiles compared to lipid-based
particles. Hybrid formulations incorporating both alginate and chitosan have demonstrated
unique benefits over other encapsulation systems, such as: extended shelf life, enhanced
entrapment efficiency, and sustained linear release of peptide in vitro.[5%] Hybrid alginate-
chitosan formulations were developed for the prolonged delivery of doxorubicin and
paclitaxel.[56]

Polymeric vehicles are the DDV of choice for controlling drug release over long periods
of time. Consideration of degradation products must be taken as PLGA degrades into
acidic byproducts which can lower the pH, resulting in inflammation or loss of activity of
therapeutic proteins. These factors impede the translation of polymer-based drug delivery
into the clinic.
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2.5. Smart Nanoparticles

“Smart” or stimuli-responsive nanoparticles are able to sense and react to a given
environment.l57] These polymer-based DDVs are designed to be responsive to changes

in pH, temperature, re-dox reaction, or light.[81 Thus, “smart” particles are capable of
releasing drug payloads by external or physiological cues based on their engineered
sensitivity.[5%] These parameters can be incorporated into particle design, varying the particle
permeability (or swelling) at different pH values or temperatures, for instance.[89] Typically,
these particles are composed of polypeptides or block copolymer chains that self-assemble
in aqueous solution. Smart nanoparticles were developed for the delivery of doxorubicin,
paclitaxel, and cisplatin.[81] However, a number of challenges hinder the clinical translation
of stimuli-responsive polymers, most important of which are the potential toxicity and
accumulation within the body.[62]

Selection of the most appropriate material for a given drug delivery application is a critical
design decision. When formulating nanoparticles, the ability to encapsulate efficiently,
release in the desired location, and achieve the desired function are important. However,

the synthesis of the desired DDV can also be critical to both the therapeutic outcome and
ability to translate to the clinic. Costly methods that have low drug encapsulation or many
processing steps can limit the potential of a DDV candidate. In addition, the choice of

DDV material can be dependent on the target location, route of administration, and desired
timeline of delivery. Typically, targeted DDVs are taken up by the cells of interest quickly to
avoid uptake by the reticuloendothelial system (RES). Thus, all targeted DDVs, despite their
benefits and limitations, are dependent on having strong cell adhesion with receptors on the
cancer cell.

3. Common Tumor Targets for Receptor-Mediated Drug Delivery

Recognition of the target cancer cell by a cell surface receptor is a desirable method to
deliver a therapeutic drug selectively to cancer cells (Table 2). Receptor-mediated DDVs
increase accumulation within tumors and reduce tumor growth relative to non-targeted
controls. Targeting limits the off-target cytotoxicity of chemotherapeutics by reducing drug
concentrations in healthy tissue, while increasing concentrations in the tumor compared to
the free drug (Figure 3A). Further, due to the selective receptor-mediated targeting of DDV,
a lower concentration (IC50) of the chemotherapeutic agent is required to treat tumors
(Table 3). The receptors which have demonstrated promise as therapeutic targets in a wide
range of cancer types are epidermal growth factor receptor (EGFR), interleukin, folate, and
integrin a,B3. These are highly expressed in lung, breast, colon, ovarian, and brain cancers
and serve as physiological targets for therapeutic delivery.

3.1. Epidermal Growth Factor Receptor

EGFR is a 170 kDa transmembrane glycoprotein responsible for binding to EGF ligands

and subsequent initiation of intracellular signaling pathways which regulate pathways
responsible for cell proliferation, apoptosis, and migration.[63] Overexpression of EGFR

is observed in aggressive head and neck, colon, renal, glioma, breast, nonsmall cell lung, and
ovarian tumors.[64] Competitive binding of mAbs against EGFR demonstrated decreased cell
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proliferation by effectively blocking ligand dependent signaling of EGFR.[®4] In vitro studies
by Mamot et al. tested the therapeutic efficacy of methotrexate (MTX)-encapsulating EGFR-
mAD targeted liposomes in MDA-MB-468 human breast cancer, U-87 human glioblastoma,
and A-431 epidermoid cancer cell lines.[65] EGFR mAb-targeted delivery of MTX induced
more than 20-fold higher cytotoxicity than non-targeted MTX-liposomes in MDA-MB-468
cells.

Acharya et al. formulated rapamycin (Rapa) encapsulating PLGA functionalized with mAbs
to target EGFR on breast cancer MCF-7 cells.[86] Analysis using flow cytometry revealed

a 13-fold increase of cell internalization of EGFR mAb labeled nanoparticles versus
unconjugated nanoparticles, and 50 times higher internalization than that of free Rapa.[%6] A
25% decrease in MCF-7 viability was noted when treated with EGFR-Rapa-NPs compared
to treatment with unconjugated Rapa-NPs; a 10% decrease was observed compared to
treatment with free Rapa.[8¢] Thus, targeted DDVs increased drug internalization and cancer
cell death relative to non-targeted DDVs and free drug.

Work done by Patra et al. sought to deliver the poorly bioavailable and highly toxic
chemotherapeutic gemcitabine (Gem) to pancreatic adenocarcinoma models in vitro and

in vivo.[87] AuNPs conjugated with anti-EGFR mAb C225 and gemcitabine (Au-C225-Gem)
were tested against mAb drug conjugate C225-Gem and nonspecifically labeled Au-1gG-
Gem. In mice bearing pancreatic AsPC-1/luciferase tumors, treatment with Au-C225-Gem
resulted in a significant decrease in tumor volume (~80%) compared to treatment with free
drug. This reduction in tumor volume occurred at lower dosage levels of Gem (2 mg kg™2).
(671 Thus, when drug is successfully targeted in a receptor-mediated fashion, lower levels of
drug can be used to achieve the same antitumor effect.

EGFR mAb functionalized, pH-sensitive immunoliposomes (PSLs) were synthesized by
Kim et al. for delivery of Gem to nonsmall cell lung cancer (NSCLC) in vivo.[68]

After a series of eight injections, mice treated with EGFR-targeted PSL-Gem DDVs had
significantly greater reduction in NSCLC A549 tumor volume (two to threefold) than

mice treated with nonfunctionalized PSL-Gem DDVs or free Gem. Immunohistological
analysis of proliferating cell nuclear antigen (PCNA) revealed a significant increase in
tumor inhibition and decrease in apoptotic index, amongst mice treated with EGFR-targeted
PSL-Gem relative to nonfunctionalized PSL-Gem or free Gem.

Recently, the administration of EGFR-targeted DDVs were limited by inherent or acquired
resistance to anti-EGFR therapies in color rectal,[69 lung,[7% and head and neck cancers.[7]
These resistances arise through tumor-specific mutations to genes encoding EGFR receptors,
resulting in an inability to inhibit the activation and subsequent downstream signaling
pathways associated with oncogenesis.[71]

3.2. Interleukin Receptors

Due to their overexpression in cancerous tissues, interleukin receptors are ideal targets for
developing novel DDVs. Among these interleukin receptors, IL-3, -4, -6, -11, -13, and -16
were examined as targets for receptor-mediated DDVs to improve the prognosis of cancer.
The ligand-receptor complex undergoes receptor-mediated cell internalization to allow the
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cargo to be selectively delivered to the target cells. In this manner, the interleukin receptors
in healthy cells function to regulate cell growth and proliferation, angiogenesis, and the
immune system response. However, in tumor cells, overexpression of interleukin receptors
can contribute to the malignant progression and apoptosis resistance of various cancer types.
Therefore, not only do interleukin receptors make attractive targets for drug delivery, but
they themselves can be targeted by pharmaceutical antagonists or agonists.

The IL-6 receptor, which is upregulated in ovarian cancer cells (RMG-1 and OVISE) with
poor prognosis, was targeted with tocilizumab, an anti-1L-6 mAb.[72] In vitro, treatment
with tocilizumab inhibited cancer invasion and proliferation,[72] making it a desirable
candidate for therapeutic development. Conversely, RNA/DNA aptamers for the IL-6
receptor were used to deliver 5-fluorouracil (5-FU) for targeted chemotherapy.[”3] Unlike the
pharmaceutical antagonist/agonist, these IL-6 aptamers did not interfere with IL-6 signaling
pathways, but were still internalized by receptor-mediated endocytosis along with their
cargo molecules.[73.74] However, while the aptamer-mediated delivery of 5-FU decreased
the proliferation of BaF3 hiL-6R cells by ~25%, the 5-FU modified aptamer had decreased
affinity (Kq = 151 = 3 nm) in comparison with the unmodified aptamer (Kg =21+ 3
nm).[73] Consequently, such a system may be improved upon by conjugating the aptamer

to a drug loaded nanocarrier to function as a targeted DDV for myeloma or hepatocellular
carcinoma.[74.75]

The IL-4 receptor is known to be overexpressed in glioblastomas,[78] pancreatic, [’ ovarian,
(78] Jung,[79] renal,[80] breast,[82] and colorectal cancers.[82] |L-4 causes the direct inhibition
of cancer in vitro.l77=791 |nitial strategies to suppress tumor growth by targeting the 1L-4
receptor sought to develop chimeric proteins composed of a circularly permuted IL-4

and a mutated form of a bacterial toxin (Pseudomonas exotoxin).[77:78.80.810.83] \\yy et al.
developed AP peptide (CRKRLDRN)-conjugated pH-responsive doxorubicin filled micelles
to target the 1L-4 receptor.[818] Here, the combination of IL-4 receptor targeting and pH-
mediated drug release resulted in a 40.4% or 13.4% reduction of breast cancer tumor (MDA-
MB-231 xenograft) weight compared to treatment with free drug or non-targeted micelles,
respectively.[818] The AP peptide could also be used to target IL-4 receptors overexpressed
on glioma,[7®] colorectal cancer,[82] or lung cancer cells.[7%"] Consequently, Yang et al.
(2012) synthesized AP1 (CRKRLDRNC)-conjugated liposomes while Sun et al. synthesized
similarly conjugated AP1 polymeric nanoparticles to target doxorubicin to glioblastomas.[®]
Both Yang et al. and Chi et al. conjugated AP1 to liposomes for delivering doxorubicin to
murine colorectal cancer IL-4 receptor positive cells (CT26-IL4R) and human squamous
non-small cell lung cancer (H226), respectively.[79:82] |n these in vivo studies, tumor uptake
of liposomes was enhanced with the use of the peptide specific ligand to IL-4R (Figure 3C)
and tumor volume was significantly decreased in IL-4R peptide conjugated liposomes as
compared to unconjugated liposomes.[790.82]

Another viable interleukin targeting candidate is the 1L-3 receptor, which is overexpressed
on chronic myelogenous leukemia (CML) and acute myeloid leukemia blast.[84] Bellavia et
al. engineered human embryonic kidney (HEK293T) cells to produce exosomes expressing
IL-3 and lysosome-associated membrane protein 2 (LAMP2) fusion protein (IL3-Lamp2b).
[84b] The engineered exosomes were loaded with Imatinib (IM) and able to target and reduce
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the size of IM-sensitive LAMAB84 tumor xenografts in vivo.[84] Further, these exosomes
reduced the tumor volume of IM-resistant K562 xenografts by delivering functional

siRNA against the breakpoint cluster region-Abelson (Bcr-Abl) oncoprotein,[840.85] thereby
overcoming pharmacological resistance common in CML.[8¢]

The IL-13 receptor represents a viable target for head and neck cancers. Madhankumar

et al. synthesized IL-13-targeted DDVs for the delivery of doxorubicin to glioblastoma
multiforme tissue in vitro and to glioma tumors in vivo.[871 In a glioma mouse model,
subjects treated with I1L-13 labeled liposomes grew tumors more than five times smaller
than that of mice treated with non-targeted liposomes. Wang et al. improved upon this
targeting scheme by substituting the complete IL-13 protein for a more stable and easily
synthesized 32-amino acid peptide (IP) with high affinity for the IL-13 receptor.[88], |P
conjugated mesoporous silica nanoparticles loaded with doxorubicin were internalized by
human glioma U251 cells, but not human astrocyte cells in vitro. Shortly following this
study, a smaller nine-amino acid peptide (CGEMGWVRC; Pep-1) with high affinity for
the alpha-2 subunit on the IL-13 receptor was isolated from a phage display library.[8%]
Wang et al. then demonstrated that a Pep-1 conjugated polymeric nanoparticle had improved
accumulation and penetration into C6 tumor spheroids in vitro and significantly increased
delivery to the brain and glioma region in vivo.[*0]

IL-16-targeted approaches for drug delivery have been adopted for the delivery of docetaxel
to glioblastomas in vivo. Gao et al. reported that the addition of a secondary receptor with
the IL-16 targeting peptide improved the prognosis of glioblastoma in rodents.[91] Targeting
neurovascular cells with the arginine-glycine-aspartic acid (RGD) integrin-binding motif
and glioma C6 cells with the IL-16 peptide, resulted in a twofold increase in survivability
compared to a 1.5-fold increase for each single targeting approach, relative to saline
controls.

Lastly, human trials for IL-11 receptor-mediated drug targeting were investigated for the
treatment of prostate, lung, and bone cancers.[92] Targeting the IL-11 receptor showed

a significant reduction in the size of tumors in rodents and, in nonhuman primates and
humans, had a favorable pharmacokinetics profile and tumor specific internalization.[92¢]
However, phase | clinical trials are necessary to examine the efficacy of 1L-11 targeting in
the treatment of cancer.

Interleukin receptor-mediated drug delivery is limited by the redundancy of shared activity,
meaning that the inhibition of one type of interleukin can be compensated for by signaling
from other interleukins.[%3] The inhibition of interleukins can also lead to an impaired host
immune response due to the imbalance of immune-regulatory cytokines.[93]

Receptor

The folate receptor (FR), also known as folic acid or vitamin Bg receptor, is a cysteine-rich
cell-surface glycoprotein that has three characterized subtypes: FRa, FRS, and FR .[94]

In healthy tissues, the folate receptor functions to bind and internalize folic acid (FA),
which is necessary for the synthesis of nucleic acids and DNA repair.[94] More specifically,
FRa is known to be overexpressed in multiple cancer types, including: breast, lung,
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colon, mesothelioma, ovarian, and renal carcinomas.[®4l Early in vitro models by Lee et

al. and Leamon et al. indicated the promise of folic acid—functionalized particles or drug-
conjugates in directing chemotherapeutics to various tumor cell lines.[9] Further work was
done to exploit FR-mediated drug delivery of adriamycin,[%6] paclitaxel,[97] doxorubicin,

[98] methotrexate,[%9] docetaxel, and cisplatin.[19%] Lee et al. formulated folate conjugated,
self-organizing doxorubicin-loaded nanoparticles, which had significant anticancer efficacy
in vivo. Tumor volume was reduced by 50% when treated with folate functionalized
nanoparticles compared to free doxorubicin, over the course of 18 days in a tumor xenograft
model.[291] Improved nuclear delivery of doxorubicin was achieved via folate-functionalized
liposomes (FTLs).[102]

Delivery of folate-targeted DDVs encapsulating docetaxel (DC) and cisplatin (CIS) (FA-
LCN-DC) were formulated by Thapa et al. for in vivo targeting of MDA-MB-231 human
breast cancer tumor bearing mice.[109] These nanoparticles induced a significant reduction
of 42.8%, 23.7%, and 11.9% in tumor volume and increased survivability compared

to free docetaxel, cisplatin, or the dual cocktail, respectively (Figure 4, yellow).[100a]
Intracellular apoptotic markers, such as caspase-3 and poly ADP ribose polymerase, were
also elevated in mice treated with FA-LCN-DC, indicating upregulation of cell-mediated
death. Alternatively, proliferation and angiogenesis markers, Ki-67 and CD31, respectively,
were significantly lower in FA-LCN-DC treated mice.

Further in vivo work by Kukowska et al. with folate conjugated fifth generation
polyamidoamine (PAMAM) dendritic polymers coupled to methotrexate (G5-FI-FA-MTX)
demonstrated enhanced antitumor efficacy.[9%] Severe combined immunodeficient female
mice (SCID) bearing human KB tumor xenografts were treated with G5-FI-FA-MTX and
various levels of free MTX. The survival rate of mice treated with G5-FA-MTX was
approximately 30 days longer than those treated with free MTX.

Although many papers utilize folate receptors as a target, the use of folate clinically is
limited due to expression on many normal tissues. This reduces the ability to selectively
target in humans and results in less of an advantage relative to non-targeting DDV than
observed in animal studies. A significant challenge in the field of targeted drug delivery
is the design of animal studies that mimic the therapeutic benefit and toxicity profile in
humans.

Integrin Receptor ay B3

Integrins are a family of proteins that mediate cell attachment through binding to
extracellular matrix (ECM) proteins to anchor cells within tissue.[193] Further, integrin
receptors play a pivotal role in regulating cell functions responsible for the progression
and metastasis of solid tumors.[194] The RGD motif, a cell binding peptide sequence
identified from fibronectin, was discovered over 30 years ago and remains a highly
explored therapeutic target.[105] Exploitation of this RGD recognition system for cell
targeting and internalization is widely implemented in targeted delivery of paclitaxel,[106]
doxorubicin,[3.107] and camptothecin.[43] Synthetic constructs of the RGD domain have
enabled therapeutic and diagnostic targeting to cancer cells.

Adv Ther (Weinh). Author manuscript; available in PMC 2024 May 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Large etal.

Page 12

Arap et al. identified two synthetic integrin peptide ligands COCRGDCFC (RGD-4C)
and CNGRC from phage homing studies in tumors. Functionalized nanoparticles and
drug-ligand conjugates for the delivery of doxorubicin were evaluated in mice bearing
MDA-MB-435 tumors.[3] In vivo data demonstrated a reduction of tumor mass by 50%
on average, as well as improved survival of mice treated with RGD-4C targeted DDVs
compared to those treated with free doxorubicin.

RGD combined with residues p-tyrosine and lysine in a cyclic conformation c(RGDyK)
was conjugated to paclitaxel loaded micelles for delivery to glioblastomas in vivo.[108] A
glioblastoma U87MG mouse model, positive for a, 83, was utilized for testing efficacy

of c(RGDyK)-targeted, paclitaxel encapsulating micelles. Results demonstrated that these
c(RGDyK)-targeted micelles accumulated within the tumor tissue, resulting in the greatest
inhibition (*50%) of tumor growth and survival compared to nonfunctionalized micelles
encapsulating paclitaxel (Figure 4, blue).

Babu et al. developed PLGA-chitosan-based nanoparticles functionalized with RGD for the
delivery of paclitaxel or cisplatin in cell lines which are known to overexpress the integrin
ayB receptor: A549, H1299, and H1975 lung cancer cells.[196] RGD-targeted DDVs were
internalized significantly more than non-targeted particles or free paclitaxel in A549 and
H1975 cells. Western blot analysis performed on samples with and without preincubation
of excess RGD peptide, revealed inhibition of apoptotic integrin ayBs signaling (cleaved
apoptotic protein, C-PARP, and caspase 9 levels) to be specifically modulated by RGD
binding. Integrin-targeted therapeutics have demonstrated efficacy in the treatment of lung
cancer and breast cancer in in vitro and in vivo models. A limitation to integrin-targeted
therapeutics is the severity of side effects caused by integrin antagonists, such as the
development of progressive multifocal leukoencephalopathy.[109]

4. Receptors Targets for Inhibiting Metastasis

Therapeutics designed to address the prevention and progression of metastatic cancer are in
demand. Metastatic cancers account for 90% of all cancer-related deaths and are a leading
cause of death worldwide.[*10] Survival at 5 years post diagnosis is 23%, representing a
76% decrease in survival compared to patients with nonmetastatic breast cancer.[13] The
“metastatic cascade” of cancer involves the following steps: 1) local invasion of surrounding
tissues, 2) migration into nearby blood vessels and subsequent systemic circulation, 3)
invasion into other organ systems, and 4) development of micro, and eventually macro,
metastases.[111] Receptors, as well as signaling ligands, involved in processes of cell
migration, attachment, and proliferation represent favorable targets for therapeutics.

4.1. Cluster of Differentiation (CD) Receptors

The family of cluster of differentiation (CD) receptors is a diverse set of immunoregulatory
cell surface markers commonly found on cancer stem cells (CSCs). CSCs are a
subpopulation of cancer cells which initiate tumor development and possess unique
characteristics of self-renewal, quiescence, and overexpression of adenosine triphosphate-
binding cassette (ABC) transporters. These features often lead to unfavorable cancer
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outcomes, such as drug resistance, tumor reoccurrence, and metastasis.[12] The CSC
population within solid tumors varies widely (0.03-42%) depending on cancer type.[113]

CD receptors, 14, 22, 36, 44, and 133 have been noted as promising delivery targets to
inhibit tumor metastasis and improve survivability (Figure 4, purple).[*14] Inhibition of
metastasis is achieved through a signaling blockade of CD receptors. CD36, also referred
to as platelet glycol protein 4, is a fatty acid receptor which is noted to be “essential”

in signaling metastatic progression.[115] A study by Pascual et al. demonstrated that by
blocking these receptors with anti-CD36 neutralizing antibodies, lymph node metastasis was
decreased by 80-90% and full remission was achieved in 15% of mice in an oral cancer
model.[115] Similarly, models of CD44 blockade demonstrated inhibition of metastasis

in vivo,[116] while targeting by Eliaz et al. indicated a marked increase in cancer cell-
specific cytotoxicity from CD44 receptor-mediated drug delivery.[117] Hylauronic acid
(HA)-conjugated liposomes encapsulating doxorubicin, targeting the CD44 receptor, were
tested at various concentrations of doxorubicin (0.01, 0.1, 1, 10 g mL™1) in high and

low CD44 expressing B16F10 murine melanoma cells and CV-1 kidney cells, respectively.
Resulting data indicated a 4.4-fold increase in potency of HA-targeted DDVs compared to
administration of free drug, in B16F10 cells.

CD44-targeted mAb-conjugated particles were targeted to hepatocellular carcinoma (HCC)
cells for the delivery of doxorubicin.[118] Clinically, the long-term survival of HCC is
notably low, due in part to late diagnosis and accelerated metastasis.[}19 Further approaches
to target CD44 were implemented by Wei et al. in drug resistant MDA-MB-231/F breast
cancer tumor cells, human pancreatic cancer cell line MIA PaCa-2, and MCF-7 human
breast cancer cell spheroids.[120] In drug resistant cells, cholesterol-HA nanogels (CHA-
nanogels) encapsulating etoposide or curcumin had 4.2 and 2.1-fold enhancement in
cytotoxicity over free drug, respectively. Comparatively, CHA-nanogel formulations with
salinomycin (SAL) and curcumin (CUR) demonstrated a 3.4 and 7.8-fold enhancement in
cytotoxicity compared to their respective HA-drug conjugates, HA-SAL and HA-CUR.

Work done by Hu et al. demonstrated the in vitro efficacy of doxorubicin and/or
cyclopamine encapsulated HA-cystamine-PLGA on high and low CD44 expressing breast
cancer cell lines MCF-7 and MDA-MB-231, respectively.[1144] |n vitro data noted

that treatment with combined doxorubicin and cyclopamine encapsulating, HA-targeted
nanoparticles resulted in nearly the complete elimination of CSC populations compared to
treatment with free doxorubicin or cyclopamine alone. An MCF-7 human breast cancer
xenograft model was adapted by Zhong et al. for the evaluation of CD44-targeted paclitaxel
loaded micelles.l!21] Biodistribution, in terms of the ratio of uptake in tumor-to-normal
tissue, of HA-functionalized particles were significantly higher than that of free Taxol. A
significant inhibition of tumor progression was noted in vivo after 30 days of treatment with
HA-targeted DDVs compared to the control or free Taxol.

CD133-targeted, aptamer conjugated nanoparticles encapsulating salinomycin, demonstrated
antitumor efficacy in mice bearing drug resistant Saos-2 osteosarcoma xenograft tumors.
The RNA aptamer A15 was chosen for its ability to selectively bind to CD133 and mediate
internalization after binding.[122]1 PEGylated PLGA nanoparticles loaded with salinomycin
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and functionalized with aptamer A15 (Ap-SAL-NP) significantly reduced tumor weight, by
~15% and ~50%, compared to nonfunctionalized SAL-NP or free SAL, respectively.[123]

4.2. Chemokine Receptors

Chemokine receptors are promising therapeutic targets as they are frequently overexpressed
on cancer tumors and regulate immune cell processes, angiogenesis, and embryogenesis.[124]
The chemokine receptor type 4 (CXCR4) is a G protein coupled receptor (GPCR) with
seven trans-membrane domains and binds to the ligand CXCL12. CXCR4 is noted to play

a critical role in breast cancer metastasis to the lung, bones, and distant lymph nodes by
mobilizing cancer cells along chemokine gradients.[125] Further, CXCR4 surface density and
organization was demonstrated to play a role in cellular adhesion and subsequent metastatic
progression.[126]

Guo et al. demonstrated the importance of receptor surface density on the efficacy of
CXCR4-targeted therapeutics. Metastatic breast cancer cell lines HCC1500 (highly invasive)
and MDA-MB-175VII (noninvasive) expressed a 10 and 2.5-fold increase in CXCR4
MRNA expression, respectively, compared to noncancerous MCF10A epithelial cells. Both
metastatic cell lines also exhibited a 20-fold increase in surface expression of CXCR4

over MCF10A cells. Based upon these trends of heightened CXCR4 expression, liposomes
encapsulating doxorubicin and functionalized with the CXCR4 mAb were synthesized and
evaluated for effectiveness in binding and subsequent cellular uptake, release of doxorubicin,
and impact on cell viability. Liposomes with CXCR4 mAb surface conjugation of 1720
molecules per zm? demonstrated significantly increased uptake in MDA-MB-175VII and
HCC1500 cells, compared to the treatment with IgG control liposomes. HCC1500 and
MDA-MB-175VII cell viability was reduced to 11% and 53%, respectively, when treated
with 50 g mL~1 doxorubicin loaded aCXCR4-Dox-LPs, representing a significant decrease
compared to cells treated with non-targeting liposomes.

Further work from Guo et al. demonstrated the synergistic effects and anticancer efficacy

of using CXCR4 targeting liposomes for the delivery of siRNA in triple negative breast
cancer cell (TNBC) lines MDA-MB-436 and MDA-MB-231 and metastatic breast cancer
cell lines MDA-MB-175V11 and HCC1500.113] pH-responsive liposomes conjugated with
CXCR4 mAbs were prepared for gene delivery. Lipocalin-2 (Lcn2) was demonstrated

to induce the epithelial to mesenchymal transition (EMT) and to be upregulated in a

wide range of cancers: breast, ovarian, thyroid, pancreatic, and colon.[227] Accordingly,
knockdown of Lcn2 resulted in decreased cancer migration and invasion in vitro, as well as
reduced tumor growth and metastasis in vivo.[128] Both MDA-MB-436 and MDA-MB-231
exhibited overexpression of surface CXCR4 and significantly high levels of Lcn2, 2.8-fold
higher, respectively, than in MCF10A cells. Delivery of siRNA via aCXCR4-Lcn2-pH to
metastatic breast cancer cells resulted in a significant knockdown of gene expression, up to
84% in MDA-MB-231 cells followed by 78% in MDA-MB-436 cells, outperforming both
the commercially available siRNA transfection reagent Lcn2-LIPO and non-pH-sensitive
aCXCR4-Lcn2-LPs. Cell migration was also significantly halted. MDA-MB-436 and MDA.-
MB-231 cells treated with aCXCR4-Lcn2-pH exhibited a reduction in migration of 88% and
92%, respectively, compared to non-treated cells.
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Chittasupho et al. adapted a similar approach, utilizing the CXCR4/CXCL12 axis for
targeting of human breast cells with doxorubicin loaded ligand conjugated dendrimers.[1252]
Low molecular weight linear peptide analogues of FC131 ((cyclo)(D-Tyr-Arg-Arg-L-3- (2-
naphthyl)alanine-Gly)), a potent CXCR4 antagonist,[12%] were synthesized and conjugated to
the surface of polyamidoamine (PAMAM) dendritic polymer (LLCF131-D4). Doxorubicin
was loaded into particles (LLCF131-DOX-D4) and tested in BT-549-Luc and T47D cells

at concentrations of 0.25-1 mg mL~1 for 2 h of treatment. A significant reduction in the
migration index and viability of cells treated with 0.5 mg mL~! LLCF131-DOX-D4 was
observed compared to controls.

CXCR4 is a regulator of proliferation and angiogenesis of both healthy and cancerous cells.
The inhibition of chemokine signaling can negatively impact the function of normal immune
and epithelial cells.[13%] Allosteric effects caused by molecules that act as both CXCR
activators and inhibitors may initiate cross talk within the CXCL-CXCR signaling axis.
Taken together, these effects may cause unanticipated effects which can limit therapeutic
efficacy.[130] Detailed research to elucidate mechanisms of CXCL-CXCR cross talk is
necessary to aid in the development of safe and effective chemokine inhibitors for
therapeutic use.[130]

4.3. Estrogen Receptor

Estrogen receptors (ERs) are a type of nuclear receptor which bind to hormone estrogen
(estradiol) that act as transcription factors to regulate cell proliferation.[131] The ER

plays an important role in the development and maintenance of sexual and reproductive
function, as well as initiating and regulating morphogenesis of lung, mammary gland, and
prostate development.[132] Further, as the ER is overexpressed in 50-80% of all breast
cancers,[133] it represents an ideal target for receptor-mediated drug delivery. Some of

the earliest examples of targeted delivery mediated by the ER was to conjugate the 5
Estradiol, or estrogen analogs (tamoxifen), to the following cytotoxic molecules: porphyrins,
[134] enediynes, [135] Taxol,[13¢] mitomycin C,[371 nitrosourea,[138] geldanamycin,[139]
mustine,[249] ellipticine,[141] chlorambucil,[242] and 2-crotonyloxymethyl-(4R,5R,6R)-4,5,6-
trihydroxy-2-cyclohexenone.[143] However, the ER-binding affinities of these conjugates
was compromised due to the modification of the hormone. For example, conjugation of
estradiol or tamoxifen to porphyrins resulted in a lower binding affinity to the ER (half
maximal effective concentration, EC50, of 274 and 2.2 nm for the estradiol and tamoxifen
porphyrin conjugates vs. 1 and 0.0075 nm for free estradiol and tamoxifen, respectively).
[1342,134b] et despite this, researchers demonstrated that the ER-porphyrin conjugates were
selectively taken up by ER-positive cells and exposure to red light induced cell death in
vitro.[1340.134c] Reddy et al. reported on the development of a S-Estradiol conjugated stealth
liposomes to deliver anticancer genes to breast cancer cells.[244] ER-targeting liposomes
containing the B-Gal gene were incubated with ER-positive (MCF-7), ER-negative (MDA-
MB-231), and control (human cervical carcinoma, Chinese hamster ovary, and murine
sarcoma L-27) cells. Only MCF-7 cells were observed to have g-Gal activity, thereby
demonstrating the high specificity for ER-positive cell internalization. The incorporation

of the apoptosis inducing p53 gene within these S-Estradiol conjugated liposomes resulted
in induced cell death in a target-specific manner in vitro. Similarly, the conjugation of an
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estrogen analog, tamoxifen, to AuNPs resulted in a 2.7-fold increase in potency toward
MCF-7 cells in vitro relative to treatment with free tamoxifen.[14%] Researchers have
synthesized ER targeting estrone-conjugated liposomes and single walled carbon nanotubes
to deliver doxorubicin,[14¢] gelatin NPs to deliver noscapine,[*47] and chitosan NPs to deliver
paclitaxel for breast cancer.[148] Rai et al. reported that these targeted liposomes had more
than tenfold higher accumulation in the breast and uterus and lower concentrations in the
heart compared with both free doxorubicin and non-conjugated liposomes.[146a] However,
this liposome formulation also resulted in significant accumulation in the liver and spleen.

To overcome this limitation, Paliwal et al. synthesized ER-targeted, stealth liposomes.

[[146b] These ER-targeted stealth liposomes were taken up significantly less by the
reticuloendothelial system and resulted in a significant reduction in tumor volume compared
to both free doxorubicin and non-targeting, stealth liposomes.[1460.146¢] | astly, an additional
modification of this formulation to be pH-sensitive and only release the chemotherapeutic in
the presence of the acidic tumor microenvironment, resulted in a further reduction in tumor
volume, while maintaining a desirable biodistribution profile.[246d] Similarly, Yang et al.
synthesized ER-targeted, pH-sensitive, polymeric DDVs that significantly reduced the tumor
volume compared to non-targeting DDVs.[148]

Intracellular Adhesion Molecule-1 (ICAM-1)

ICAM-1 is a transmembrane glycoprotein found on endothelial and immune cells that

is involved in immune cell recruitment to sites of inflammation.[2491 Upon stimulation

with inflammatory cytokines such as tumor necrosis factor alpha (TNF-a), interleukin

14 (IL1-p), and lipopolysaccharide (LPS), endothelial cells upregulate ICAM-1 on the

cell surface to aide in the firm adhesion and extravasation of leukocytes through the
inflamed endothelium into diseased tissue by transcellular and paracellular pathways.[150]
Certain nanomaterials and cells that bind ICAM-1 cause it to form clusters in the cell
membrane, inducing an intracellular signaling cascade that disrupts vascular junction and
enhances endothelial permeability on inflamed endothelium.[250:151] Many types of tumors
exist in a state of chronic inflammation, resulting in the overexpression of ICAM-1 on
tumor-associated vasculature. Additionally, some types of cancer constitutively overexpress
ICAM-1 compared to the normal tissue from which they are derived.[52] Guo et al. has
shown that ICAM-1 is significantly overexpressed on TNBC tissue and cell lines using
histology and flow cytometry, respectively. Conjugation of ICAM-1 mAbs to casein-coated
IONPs enhanced their TNBC cell uptake (2.4-fold to fourfold) and TNBC tumor targeting
(Figure 3D) compared to 1gG conjugated IONPS, which correlated well to the ICAM-1
expression on each cell line. ICAM-1-targeted IONP TNBC uptake was more pronounced
than the enhanced uptake of HER2-targeted IONPs in a HER2-overexpressing breast cancer
cell line.[152b]

The therapeutic potential of ICAM-1 was demonstrated in a later study through the
synthesis of ICAM-1-targeted immunoliposomes for the treatment of TNBC. Guo et

al. synthesized Ph-sensitive liposomes conjugated with ICAM-1 mAb and demonstrated
that these liposomes achieved 3.5-fold higher cellular uptake in the TNBC cell line
MDA-MB-231 over untargeted 1gG immunoliposomes. Incubating these ICAM-1-targeted
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liposomes encapsulating anti-angiogenic Lcn2 siRNA achieved efficient knockdown of
VEGF production in TNBC cells, which in turn led to reduced migration and proliferation of
HUVEC and HMVEC cells cultured in TNBC conditioned media.[153]

A study performed by Fakhari et al. in which PLGA nanoparticles were synthesized with
varying surface densities of cLABL peptide, a high affinity cyclic peptide derived from the
native ICAM-1 ligand lymphocyte function-associated antigen 1 (LFA-1). DDV uptake was
evaluated on cells from a lung cancer cell line A549 after stimulation with TNF-a for 24

h to increase ICAM-1 expression. The results of this study indicated that optimal binding
occurred not at the highest possible surface densities, but rather intermediate to lower
peptide densities (12 000-24 000 peptides £m~2), indicating that there exists an optimal
peptide ligand surface density. Multivalent interactions with target receptors increased ligand
binding.[1%4]

While receptor overexpression is a common consideration for the design of targeted DDVs,
the precise relationship between the cell receptor surface density and DDV ligand density
on enhancing cellular uptake is poorly understood. A recent study by Guo et al. showed that
the difference in adhesion force between atomic force microscopy (AFM) tips conjugated
with ICAM-1 mAb on live TNBC and nonneoplastic breast cells is a better predictor of a
receptor’s potential as a therapeutic target for DDVs than PCR or flow cytometric analysis
of the target receptor expression. The receptor expression determined by PCR and flow
cytometric analysis indicated that ICAM-1 expression was 13.9 and 44.6 times higher

on the TNBC cell line MDA-MB-231 than the nonneoplastic breast cell line MCF10A,
respectively. This receptor expression contrasts with the relative adhesion force of the two
cell lines, which indicated that MDA-MD-231 cells resulted in a 1.7-fold higher adhesion
force over MCF10A cells. When an orthotopic TNBC tumor model was used to evaluate
the effective targeting of ICAM-1-targeted liposomes, it was found that 48 h after injection
ICAM-1-targeted liposomes achieved 1.6-fold higher tumor accumulation than control 1gG
liposomes, which corresponded closely to the relative adhesion force. This relationship was
validated by correlating the relative binding force of ICAM-1 and EGFR on MDA-MB-231
and MCF10A cells to in vivo accumulation of liposomes targeted to each receptor. It was
found that there exists a linear relationship between the relative binding force of mAb
functionalized AFM tips with their specific receptor and the relative accumulation of the
corresponding liposome in vivo.[5%] Targeting ICAM-1 can be an effective strategy not only
to enhance cellular internalization in cancer cells that overexpress the receptor, but also to
enhance the accumulation of targeted DDVSs in the tumor.

Park et al. synthesized a cross-linked urethane acrylate nonionomer (UAN) nanoparticle
conjugated with the ICAM-1 binding domain of LFA-1 (1d-UANs). The UAN nanoparticles
contained a hydrophobic core region and displayed nickel-nitriloacetic acid (NTA)
functionalized PEG on their surface, which enabled efficient binding of the His tagged |
domain of LFA-1 to the surface of the nanoparticle. LFA-1 was engineered to be stable

in its high affinity conformation for both human and murine ICAM-1 in Escherichia col.
The 1d-UANS accumulated in tissue that received a local LPS injection threefold greater
than non-targeted controls. In an in vivo tumor model, mice were subcutaneously injected
with the cervical cancer cell line HeLa and human embryonic kidney cell line 293T,
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which are ICAM-1 positive and ICAM-1 negative tumor phenotypes, respectively. Mice
were intravenously injected with Id-UANs and NTA-UANSs, resulting in a 5.1-and 2.1-fold
increase in accumulation of 1d-UANSs over NTA-UANS in the respective tumors. Ex vivo
flow cytometric analysis showed greater internalization of 1d-UANS in tumor-associated
cells than in other organs.[152a]

5. Receptor Targets for Drug Resistant Tumors

5.1.

Resistance to cancer treatment accounts for 90% of treatment failure, resulting in poor
prognosis in patients with metastatic cancer.[*56] Intrinsic dysfunctions in intracellular
apoptosis signaling are typically associated with the development of multiple drug
resistance (MDR).[156] The overexpression of adenosine triphosphate-binding cassette
(ABC) transporters was implicated in the pathogenesis of MDR.[1571 ABC transporters
efflux toxic drugs released in the cytoplasm, rendering them ineffective cytotoxic agents.
[156] Thus, when first line chemotherapeutics lose their effectiveness, there are few treatment
options remaining. As MDR is a persistent problem in the clinic, recent research has
focused on the development of receptor-targeted therapeutics that can bypass the molecular
mechanisms of MDR and effectively treat resistant cancers. Targeted drug delivery offers a
promising alternative to classic delivery techniques and a potential avenue for the evasion of
drug resistance mechanisms.

Prostate-Specific Membrane Antigens and Androgen Receptors

Prostate-specific membrane antigen (PSMA) is widely used as a receptor target against
prostate cancer due to its overexpression in many prostate cancer cells.[158] Prostate cancer
accounts for 19% of new cancer cases annually, making it the highest percentage of new
cases reported amongst men.[159] A range of PSMA targeting agents, such as aptamers,[159]
antibodies,[114d] and peptides, 1691 were developed and conjugated to drug molecules and
carriers to improve their targeting specificity to prostate cancer cells.[161] For instance,
Lupold et al. developed two RNA aptamers (A9 and A10) that bind to PSMA positive
prostate cancer cells.['62] Amongst these, the A10 aptamer was conjugated to polymeric
nanoparticles and micelles for the delivery of traditional chemotherapeutics and siRNA for
MDR prostate cancer cells. Farokhzad et al. synthesized A10 conjugated PLGA DDVs to
deliver docetaxel to LNCaP prostate cancer cells in vitro and in vivo.[%@l In vivo, 100% of
the mice survived when treated with the PSMA-targeted DDV's compared to 14% of the
mice treated with free docetaxel (Figure 4, red).

The androgen receptor (AR) is located on the nuclear membrane, also widely referred

to as nuclear receptor subfamily 3, group C, member 4 (NR3C4); it primarily binds
testosterone and dihydrotestosterone. The AR is regarded as a “master regulator of genes”
in castrate-resistant prostate cancer (CRPC) and acts as a transcription factor to regulate
cancer genes for tumor growth.[263] In fact, AR signaling was demonstrated to be directly
involved in prostate cancer progression. Binding of intracellular androgens to the ligand
binding domain, promotes nuclear localization and subsequent expression of target genes.
[164] Unlike many cancer-related receptor targets, androgen signaling occurs intracellularly
at the cytosolic and nuclear levels, making it a more challenging target to effectively impact.

Adv Ther (Weinh). Author manuscript; available in PMC 2024 May 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Large etal.

Page 19

Yet, their conjugates (steroidal ligands) can readily diffuse though the cell membrane and
result in either cytosolic or nuclear delivery of drug conjugates or carriers.[165] Utilizing this
approach, Mishra et al. synthesized AR-targeted DDVs by conjugating testosterone to 5-FU
bearing liposomes.[266] These liposomes had high specificity to AR expressing tissues with
a sustained release profile of 24 h. As an alternative to traditional chemotherapeutics, Yang
et al. encapsulated ARHP8 siRNA in A10-conjugated PLGA DDVs.[183] Silencing the AR
resulted in rapid prostate-specific antigen decline and tumor regression in 2 weeks in vivo, in
both castration-resistant (22RV1) and androgen-responsive (LAPC-4 and LNCaP) prostate
cancer cells.

Mutations in the AR binding domains can lead to castration- and chemotherapy-resistant
prostate cancer cells, and is a major contributing factor to high morbidity of prostate cancer.
[167] Dreaden demonstrated that anti-androgen-conjugated AuNPs lead to an increased
pharmacological potency when treating treatment-resistant prostate cancers.[1671 Success in
targeted delivery to androgen receptors and PSMA is limited by resistance to AR-targeted
therapies.[168] As previously mentioned, AR can be a physiologically challenging target, as
it is a nuclear membrane receptor. Thus, targeting requires intracellular delivery of inhibitory
ligand and cargo, presenting unique demands for material and vehicle design.

5.2. Transferrin Receptors

The transferrin receptor (Tfr) is a membrane-associated glyco-protein responsible for
mediating iron acquisition via binding of the iron-bound transferrin plasma protein and
subsequent receptor-mediated endocytosis.[16% Cellular uptake and storage of iron are
critical to functions of iron proteins involved in oxygen transfer, metabolic processes,

and DNA synthesis.[169] Tfr also represents a viable target for bypassing MDR. In

a study conducted by Gao et al., a biodegradable pH-sensitive micellar doxorubicin

DDV was devised with the surface conjugation of a modified seven peptide transferrin
receptor ligand (7pep; amino-acid sequence: HAI'YPRH).[1701 Doxorubicin encapsulating
micelles composed of 7pep conjugated 1,2-distearoyl-sn-glycero-3-phosphoethanolamine
and polyethylene glycol-2000 (DSPE-PEGyqqg) were used in nude mice bearing drug-
resistant MCF-7 xenografts (MCF-7/Adr) which overexpress Tfr.[170] Micelles were
evaluated for internalization and therapeutic effect at formulations of varying 7pep
modification (10%, 30%, 50%, 60% 7pep). Micelles with 60% Pep7 modification
demonstrated statistically higher rates of internalization and were endocytosed via caveolae-
mediated mechanisms. Compared to control micelles, 60% Pep7 modified micelles were
internalized by tumor tissue 2.1-fold greater in vivo and significantly reduced MCF-7 cell
viability in vitro.[1701 Unfortunately, off target accumulation (heart, lung, and kidney) was
found to be elevated in 7peptargeted micelles as compared to non-peptide conjugated HD
micelles.

Ferris et al. synthesized Tfr-targeting, mesoporous silica nanoparticles (MSN) for the
delivery of camptothecin (CPT) to determine uptake in pancreatic and pre-metastatic
breast cancer cell lines, PANC-1 and BT-549, respectively. Analysis of cell cytotoxicity
demonstrated that cell death was induced at a lower level of CPT in Tfr-targeted DDVs
compared to non-targeted MSNs in PANC-1 cells.[43]
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Tavano et al. developed transferrin (Tf) conjugated niosomes for the delivery of doxorubicin
to MCF-7 and MDA-MB-231 breast cancer cells.[171] Niosomes composed of modified
pluronic L64 surfactant (L64-0x) and cholesterol (chol), were synthesized with and without
surface conjugation of Tf. L64-0x/Chol-D-Tf niosomes induced significantly higher cell
death, as is noted in the reduction of cell viability at 48—-96 h post treatment compared to
cells treated with free doxorubicin.

Kobayashi developed a doxorubicin encapsulating DDV functionalized with a transferrin
peptide to target SBC-3 and SBC-3/ADM small cell lung cancer cells.[172] As
overexpression of P-glycoprotein (Pgp) is known to be implicated in the development of
MDR, due to its role in mediating drug efflux,[172] DDVs that bypass this route of delivery
may overcome MDR. Formulations of hydrogenated egg phosphatidylcholine (HEPC),

egg phosphatidylcholine (EPC), 1,2-Dipalmitoyl-sn-glycero-3-phosphatidylethanolamine-
N-[3-(2-pyridyldithio) propionate] (PDP-PE), and cholesterol (CHOL) were functionalized
with ~20-40 Tf molecules per liposome. These particles demonstrated a significant benefit
over non-targeted DDVSs in terms of degree of internalization, doxorubicin release within
cancerous cells, and enhanced cytotoxicity.

Liu et al. developed targeted DDVs using dihydroartemisinin (DHA) and functionalized
with Tf for internalization via the Tfr.[173] DHA is studied as a viable alternative for
chemotherapy. The nanodrug (DHA-GO-Tf) was designed to induce cytotoxicity upon
internalization via the generation of ROS induced by DHA, enhanced by the degradation of
Tf during lysosomal endocytosis. Murine mammary cancer cells (EMTG6) were utilized for
in vitro testing of DHA-GO-Tf in which the DDVs demonstrated increased cellular uptake
and a resulting significant decrease in cell viability over non-targeted DDVs. Ultimately
DHA-GO-Tf killed up to 3x the cells as GO-DHA or GO-Tf DDV formulations.[173] An
EMT6 xenograft model was adapted to evaluate the anticancer efficacy of DHA-GO-Tf
DDVs in vivo. Xenograft bearing mice treated with intravenous injection of DHA-GO-Tf
exhibited approximately ~85% smaller tumor volumes than mice treated with DHA alone
after 30 days. Survival studies within the same time frame revealed a 100% survival rate for
EMT6 bearing mice treated with DHA-GO-Tf, compared to 50% survival when treated with
DHA alone. These studies demonstrated the influence of synergistic treatment regimens and
importance of target-based therapeutics.

Tfr-targeted drug delivery may enhance delivery of chemotherapeutics to surgically
inaccessible tumors, however, limitations in clinical translation remain. The largest
limitation is the high expression of Tfr in noncancerous cells, such as endocrine pancreas,
liver, and brain endothelial cells.[174] This leads to internalization of Tf labeled DDVs into
healthy cells and subsequent reduction in targeted antitumor efficacy.

The human epidermal growth factor receptor-2 (HER2) is a transmembrane glyco-protein
of 185 kDa, with an intracellular tyrosine kinase domain.[17581 HER2 is known to
be overexpressed in gastric (6—35%), lung (8—-25%), breast and ovarian (25-30%)
carcinomas.[175] High expression levels of HER2 are correlated with poor prognosis.[176]
Immunotherapy-based tumor targeting with the anti-HER2 humanized mAb trastuzumab
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(Herceptin) has demonstrated therapeutic promise.[2758] Further, HER2-targeting may evade
mechanisms of chemotherapy resistance.

A study by Wartlick et al. examined the effects of human serum albumin (HSA)
nanoparticles modified with Herceptin on malignant breast carcinoma cell lines BT474
and SK-BR-3 (HER?2 positive). Herceptin labeled NPs were internalized up to threefold
higher in SK-BR-3 cells, compared to unlabeled HSA NPs. The formulation devised by
Wartlick et al. was then further adapted to incorporate the loading of doxorubicin.[177]
Herceptin-conjugated, doxorubicin-carrying HSA NPs developed by Anhorn et al. induced
a greater than two and fivefold decrease in SK-BR-3 cell viability compared to cells treated
with control Dox-NP-1gG and or NP-Herceptin formulations, respectively.[178]

Similarly, polyetheylenimine (PEI) and PLGA Herceptin bearing NPs (HER-PPNSs) were
developed by Yu et al. for delivery to HER2-overexpressing human breast cancer

cell lines BT474 and SK-BR-3, as well as a HER2-negative MCF-7 cell line.[17]
Herceptin was conjugated to paclitaxel encapsulating PEI/PLGA particles (PPNSs) via
electrostatic attachment (eHER-PPN) or chemical conjugation (c(HER-PPN). eHER-PPNs
were formulated at differing ratios of PPN to Herceptin and evaluated for HER2 binding
efficiency; the optimal formulation was found to be 1:1. Cellular uptake and paclitaxel
release were significantly greater in eHER-PPNs compared to cHER-PPNs in BT474 cells.
Cell viability was significantly decreased in targeted eHER-PPNs compared to cHER-PPNs
in vitro.[1791 Further, BT474 cells treated with eHER-PPNs exhibited greater in vitro cell
toxicity compared to those treated with a physical mixture of Herceptin and PPNs (pHER-
NNPs) over the course of 72 h. This result suggests the increase in cytotoxicity of eHER-
PPNs can be attributed specifically to HER2 receptor-mediated internalization of paclitaxel
loaded particles, and is not a result of PPN and Herceptin cytotoxic superposition. Further
support of this finding can be noted in the significant decrease in cell viability induced

by eHER-PPNSs versus blank PPNs (bPPNs) in cells treated with 100 and 200 g mL™1 of
nanoparticles.

Eloy et al. investigated the dual delivery of paclitaxel (PTX) and Rapa via anti-HER2
labeled immunoliposomes (ILs).[289] Particles were composed of soy phosphatidylcholine
(SPC), DSPE-PEGyqq0, and cholesterol (Chol), and loaded with chemotherapeutics in the
following ratio: SPC:Chol:DSPE-PEG2000:Rapa:PTX (10:2:0.5:1:0.33). The incorporation
of SPC and Chol in the formulation of lipid-based vehicles was attributed to their
biocompatibility and similarity to cell membrane composition, both of which allow for

the particles to be efficiently internalized.[18%] In vitro, triple negative 4T1 and HER2
positive SK-BR-3 breast cancer cells were utilized for in vitro and in vivo studies.

Analysis by flow cytometry demonstrated a twofold higher uptake of ILs by SK-BR-3

cells compared to unlabeled liposomes. In vivo HER2-targeted ILs demonstrated significant
cytotoxicity in tumor bearing mice. SK-BR-3 tumors were significantly reduced by over
50% throughout the course of 20 days of treatment, compared to liposomes lacking anti-
HER2 functionalization or free PTX/Rapa.

Zahmatkeshan et al. examined the effect of varying ligand densities on delivery vehicles
anticancer efficacy in human breast carcinoma cells lines SK-BR-3 and MDA-MB-231.
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Liposomes decorated with different concentrations of Anti-HER2/Neu (AHNP) peptide with
a three glycine amino acid spacer (sequence: FCDG-FYACYADV) were tested in an in

vivo mouse model for impact on tumor uptake, cell cytotoxicity, tumor growth, and tissue
biodistribution.[181] Peptides were conjugated at levels of 25, 50, 100, and 200 molecules per
vehicle and incubated with HER2-overexpressing cell lines. Tumor volume was significantly
reduced in vehicles bearing 25 and 50 ligands per vehicle and completely eradicated in
vehicles with 100 and 200 ligands, as compared to the negative control and Doxil mimic.
[181] Syrvival outcomes for mice treated with AHNP liposomes of 100 and 200 peptides
conjugated per vehicle were both sustained at a prodigious 100% over the course of 100
days post tumor inoculation.[*81] Liposomes with 25 and 50 peptides per vehicle, however,
demonstrated much lower rates of survival during the same time period.

Ringhieri et al. investigated the effects of conjugating the peptide KCCYSL (peptide P6.1)
in various multimeric forms (monomer, dimer, and tetramer) to target HER2 overexpressing
cells BT-474 and low HER2 expressing MDA-MB-231 cells. Using solid-phase synthesis
and click chemistry procedures, Ringhieri et al. were able to maintain control over ligand
orientation and density during attachment. Liposomes functionalized with P6.1 tetramers
(tetrameric Lipo-T6) bound to BT-474 and MDA-MB-231 cells at nearly double the rate

of nonfunctionalized liposomes (Lipo-NT), monomer (monomeric Lipo-M6), and dimer
(dimeric Lipo-D6) functionalized liposomes at equal dosing concentrations (0.005, 0.01,
0.015, and 0.02 mm nanoparticles).[1758 Internalization of Lipo-T6 and anti-HER2-FITC
labeled mAb (Herceptin) at 0.004 mm was found to be nearly equal after 60 and 90 min of
incubation, demonstrating that the KCCY SL peptide is an equally effective targeting moiety
and a potential therapeutic for patients who have grown resistant to herceptin treatment.[1752]

Le et al. evaluated the efficacy of docetaxel (Doc) loaded PLGA-poly(lactic acid) (PLA)
nanoparticles functionalized with the single chain anti-HER2 mAb (scFv).[182] To test their
NP formulations (scFv-Doc-NP), 3D tumor spheriods of BT-474 and HCT-116 cells were
utilized, as spheroids may be more physiologically relevant models in vitro compared to 2D
cultures which lack the spatial organization and diffusion limitations innate to 3D culture.
Cellular uptake and central-tumor necrosis development was studied in mature BT-474 and
HCT-116 spheroids. BT-474 tumor spheroids exhibited enhanced uptake in samples treated
with 100 1g of scFv-Doc-NPs compared to the minimally expressing HER-2 HCT-116
spheroids. Spheriods were treated with 100 g of Doc-loaded NPs for 5 days and evaluated
for size and necrotic core development. Treatment with scFv-Doc-NPs resulted in greater
tumor reduction as well as development of a larger necrotic center compared to treatment
with nonfunctionalized Doc-NPs in BT-474 spheroids. The opposite effect was observed in
HCT-116 spheriods, suggesting that the effect of mAb functionalization is highly dependent
on the density of target receptor present on a tissue’s surface.

You et al. formulated HER2-targeted NPs capable of pH-sensitive doxorubicin release

and thermal ablation of HER2 overexpressing (SK-BR-3) and minimally expressing
(MCF-7) breast cancer cells.[32°] AUNPs were embedded in pH-responsive dithiolated
dimethylaminoethyl methacrylate (dT-DMAEMA; 30 dT-DMAEMA/70 HEMA, mol/mol)
and functionalized with Herceptin (117 molecules per nanoparticle) and PEG (HPG-
Dox-30D70H). Flow cytometry analysis revealed a 5.4-fold increase in HPG-Dox-30D70H
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binding of SK-BR-3 cells relative to MCF-7 cells. Further, SK-BR-3 cells treated with
HPG-Dox-30D70H demonstrated a significant reduction in viability when treated with laser
irradiation, compared to cells treated with Dox-30D70H formulation with or without laser
treatment. As anticipated, no significant impact on cell viability was noted in MCF-7.

These “multifunctional” drug nanocarriers represent a site-specific and synergistic method to
effectively target HER2 positive breast cancer.

Because HER? lacks a natural ligand, the identification and synthesis of a high-affinity
ligand with in vivo stability, is a significant challenge.[183] As with other receptor-targeted
drugs, resistance to anti-HER?2 therapy is a limiting factor of clinical progress.[184] SK-BR-3
overexpression of HER2 is approximately 200-fold higher than the overexpression of other

cancer receptors, which is not necessarily representative of HER2 expressing patient tumors.
[152b]

6. DDV Optimization

6.1.

A number of techniques were developed to optimize target efficacy, improve ligand binding,
and enhance cellular uptake of targeted drug delivery systems. Surface patterning of ligands
on delivery vehicles in spatially distinct orientations has shown to enhance cell uptake and
reduce nonspecific uptake in healthy tissues.[185] Spacing, density, and ligand orientation are
arguably the most influential factors when it comes to functionalizing the surface of a DDV.
Further, modeling and simulation-based approaches for vehicle design have proven to be
useful and cost-effective tools for predicting optimal vehicle design and potential success in
vivo.

Ligand Surface Patterning

The addition of ligands in precise patterns, density dependent arrays or clusters are viable
techniques for enhancing vehicle binding and internalization to specific cells (Figure
5A). It was demonstrated that optimizing ligand density can have a dramatic effect on
cellular uptake.[186] Moradi et al. synthesized folate-conjugated ovalbumin (OVA) coated
polystyrene nanoparticles of varying folate density, targeted to bind folate receptors on
Calu-3 cells (human airway endothelial cells). Here, higher folate densities on OVA
nanoparticles (13.2 mol folate: 1 mol OVA) resulted in enhanced cellular internalization
compared to OVA nanoparticles with less folate bound (1.5 mol folate: mol OVA).
Ligand density may also affect the pathway by which a nanoparticle is internalized.

OVA nanoparticles with higher ligand densities are internalized via caveolae-mediated
endocytosis, while particles with lower ligand concentration are typically endocytosed via
clathrin-mediated processes (Figure 5B).[187]

Other studies have demonstrated that ligand clustering can play an important role in
influencing the binding affinity for a target receptor.[185] Poon et al. utilized self-assembling
linear dendritic polymers (LDPs) to control the conjugation of folate in “patchy clusters”

at varying distances apart, ultimately improving the nanoparticle’s binding affinity.[185]

In vitro, formulations of micelles with varying percentages of functionalized LDP (1-16
molecules of folate per dendrimer) were evaluated for binding efficiency and cellular

uptake in folate receptor overexpressing KB cancer cells (HeLa). Patchy micelles formulated
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with 20% folate conjugated LDP and 60% nonfunctionalized LDP exhibited the highest
internalization in vitro. The 20%F-60%mix formulation also had the highest binding affinity
of the eight formulations tested, as noted by the relatively high dissociation constant and
relatively low EC50 values. In vivo, mice bearing KB tumors treated with 20%F-60%mix
micelles had significantly higher accumulation within tumors relative to other micelle
formulations tested. Through precise control over ligand spacing and density, patchy,

ligand clustered micelles represent a novel DDV for surface patterning to enhance targeting
efficacy. Adapting this technology for the delivery of therapeutic cargo may have a positive
impact on drug efficacy, as well as minimize off-target cytotoxicity.

Liu et al. demonstrated that the peptide surface density on a liposome can be optimized to
alter gene regulation of neoplastic cells and to reduce cell migration in vitro and metastasis
in vivo.[288] The peptide DV1 binds with high affinity to chemokine receptor CXCR4,
which is overexpressed on TNBC tissue and cell lines. This was confirmed by observing the
exchange between DV1 and fluorescent CXCR4 specific mAbs on CXCR4 overexpressing
cells. The potential of this peptide to form multivalent interactions with CXCR4 receptors
clustered in lipid rafts was assessed by coating AFM tips with DV1 or CXCR4 mAbs

and evaluating the relative binding force of each tip between neoplastic TNBC cells and
nonneoplastic breast cells with low CXCR4 expression. While no significant difference in
adhesion force was observed for the CXCR4 mAD tip, the DV1 tip bound 120% stronger to
TNBC cell lines MDA-MB-231 and MDA-MB-436 compared to the nonneoplastic cell line
MCF10A, indicating the ability of DV1 to form specific, multivalent interactions compared
to its mAD counterpart. Liposomes were functionalized at different surface densities of
DV1 ranging from 9000 peptides zm~2 to 74 000 peptides um=2 using copper-free click
chemistry. It was found that the liposome formulation with an intermediate surface density
of 24 000 peptides zm=2 (24k) resulted in the greatest cell uptake in TNBC cells and were
able to inhibit TNBC cell migration by 84% compared to 83% by CXCR4 mAb, while

the 74 000 peptides zm~2 liposome only inhibited metastasis by 48%. The 24k formulation
also demonstrated efficacy in vivo, where it prevented metastasis from a tail vein injection
of MDA-MB-231-Luc cells for 31 days without any toxicity while LY2510924, a CXCR4
antagonists in clinical trials, did not show inhibition of metastasis. Weekly injections of the
24k formulation also prevented spontaneous metastasis from a primary tumor model for over
27 days. The mechanism by which this liposomal formulation acts is by downregulating
p-115 RhoGEF and p85-PI3K, both proteins that are implicated in metastasis, in a DV1
density-dependent manner, where the 24k formulation results in the greatest downregulation
of these proteins.[188]

Dual Target Ligand Patterning and Asymmetric Patterning

Another form of surface modification to enhance cellular internalization is by conjugating
multiple targeted ligands to one vehicle, either homogeneously mixed or asymmetrically
(Figure 6).118 By exploiting multiple receptor-mediated binding interactions, dual
functionalized drug carriers are more effective than their single ligand-conjugated
counterparts. Dual-targeted nanoparticles functionalized with folate and RGD, resulted

in a synergistic increase in cellular uptake and tumor accumulation in vivo.[328] A dual
ligand approach was also utilized in the treatment of prostate cancer. Guo et al. conjugated
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cRGDyK and antiprostate specific membrane antigen (anti-PSMA) mAb ligands to pH-
responsive liposomes encapsulating paclitaxel.[190 These vehicles were internalized more
frequently than control particles, and subsequently induced greater paclitaxel toxicity within
22Rv1 cells (prostate carcinoma cell line).

Dual targeted liposomes, such as those developed by Gao et al., Belhadj et al., Zhang et

al., and Ke et al., were shown to improve in vivo survivability compared to free drug or
single targeted liposomes (Figure 4, light green, orange, and green).[*%1] For example, Gao
et al. functionalized liposomes with folate and Tf ligands for delivery of doxorubicin to
gliomas.[291a] Folate and Tf were chosen for their ability to target tumors and penetrate the
blood brain barrier (BBB), respectively. These dual targeting liposomes enabled significantly
higher accumulation of doxorubicin compared to nonfunctionalized liposomes (Figure 3F).
C6 glioma-bearing rats were evaluated for liposomal accumulation in tumors and off target
organs, body-weight, and long-term survival in vivo. Dual targeting liposome treated rats
weighed more and lived up to 6 days longer than rats treated with free doxorubicin.

Tissue specific uptake was also noted, as functionalized dual targeting liposomes were
preferentially internalized by the brain compared to the heart at 2 and 24 h after IV injection.
Dual targeting liposomes exhibited limited toxicity in the heart, whereas free doxorubicin
initiated inflammatory responses in heart tissue.

Kelly et al. synthesized a series of synthetic urea-based ligands with affinity for HSA and
PSMA for targeted radiotherapy (TRT) of prostate cancer.[192] Side effects can become
quite severe for patients receiving multiple rounds of a-emitters or S-emitters, thus the
need for improved targeting technologies for these therapeutics is of clinical importance.
As previously mentioned, PSMA is overexpressed in certain types of prostate cancer and

a commonly utilized target for drug delivery. Human serum albumin (HSA) is highly
abundant within the blood and has a long physiological half-life. Thus a ligand which
possesses moderate affinity to HSA and high affinity to PSMA, may prolong vehicle
circulation and enhance tumor targeting, respectively. A series of eight radiopharmaceutical
candidates labeled with radioactive lodine (1311) were screened for in vivo efficacy. In mice
bearing human prostate cancer LNCaP xenografts, the dual targeting, RPS-027 formulation
demonstrated the most promising biodistribution. Internalization of RPS-027 by tumor
tissue compared to kidneys was fourfold to 20-fold higher relative to other RPS targeting
formulations tested. The synthetic dual-targeting peptide ligands developed by Kelly et al.
hold promise for advancing radiotherapy tissue specificity, as well as limiting off target side
effects.

A hydrogel-based delivery system functionalized with estrone and RGD peptide ligands
(Et-peptide-Taxol hydrogel) was devised for paclitaxel delivery to breast carcinoma via
EGFR and ay/3; integrin receptor-mediated endocytosis.[193] At concentrations of 50 and
100 nm, Et-peptide-Taxol hydrogel DDVs developed by Shu et al. induced greater cell
toxicity in ER-positive MCF-7 human breast cancer cells than Taxol alone. In vivo, the
Et-peptide-Taxol hydrogel was found to selectively accumulate in tumor tissue and bladder
in MCF7 tumor bearing mice. Full renal clearance was achieved by 48 h, at which time
Et-peptide-Taxol hydrogel particles were still highly retained within tumor tissue.[193]

Adv Ther (Weinh). Author manuscript; available in PMC 2024 May 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Large etal.

Page 26

Bae et al. utilized dual-ligand targeting in order to formulate chemotherapeutic
encapsulating DDVs for targeting multiple tumor types using a single vehicle. HSA
nanoparticles were functionalized with Tf and tumor necrosis factor related apoptosis-
inducing ligand (TRAIL) for targeted delivery of doxorubicin to HCT 116, MCF-7, and
CAPAN-1, human colon, breast, and pancreatic cancer cells, respectively. TRAIL/Tf/Dox
HAS-NPs demonstrated enhanced accumulation within HCT116 tumor xenografts in mice
over 32 h post systemic injection (Figure 3B). In vitro, TRAIL/Dox HSA-NPs induced up
to a 92% reduction in cell viability demonstrating their ability to synergistically induce cell
cytotoxicity in CAPAN-1 cells.[194]

Zong et al. developed liposomes dual-functionalized with T7 and TAT peptide ligands to
target Tfr as well as enhance penetration of gliomas. TAT, the trans-activating peptide of the
human immunodeficiency virus type 1, also known as a cell penetrating peptide (CPP), is
crucial to viral replication due to its receptor-independent mechanism of internalization.[19]
TAT is not limited by Kinetics of receptor saturation and is able to transport cargo with high
efficiency.[19%] Functionalized DSPE-PEG liposomes encapsulating doxorubicin were tested
in vitro for impact on cellular uptake and viability in C6 (rat brain glioma cells) and bEnd.3
(murine brain cells) cocultures. In vitro studies, demonstrated significantly higher uptake

of T7-TAT labeled liposomes over liposomes labeled with only TAT or T7 alone in cells
cultured independently and in the BBB model coculture. C6 tumor spheroids were utilized
to provide a physiologically relevant in vitro model, in which TAT-T7-Lip were internalized
significantly more and penetrated to greater tumor depths (up to 200 x#m) compared to non-
targeted liposomes. In vivo studies of doxorubicin plasma concentration over time as well
as doxorubicin release within the brain, glioma, and heart were also conducted. TAT-T7-Lip
was taken up significantly more in the brain and glioma, but significantly less in heart tissue,
compared with free doxorubicin, Dox-TAT-Lip, or Dox-T7-Lip (Figure 3G).[19°]

Optimizing ligand density and patterning of DDVs has shown great promise in in vivo
studies. However, engineering multi-targeted DDVs is greatly hindered by the time and cost
of synthesizing and testing of various formulations, as there is often no other method than
trial-and-error. Further efforts to develop and validate high throughput screening models

or simulations for predicting ligand—-receptor binding interactions could provide a more
cost-effective avenue for screening potential ligand densities and/or surface patterns.

6.3. Modeling-Based Approaches for Vehicle Targeting Optimization

More recently, computer-based modeling has emerged as a powerful tool for simulating
processes in vitro and in vivo to cost-effectively screen and optimize systems. A dissipative
particle dynamic simulation (DPDS) model of dual-ligand targeting was investigated by
Xia et al. This predicted the binding affinity of random surface distributions of ligands.

[196] Within the model, parameters of particle engulfment degree and length mismatch
between ligands were studied in randomly patterned and Janus nanoparticles. The surface
of a Janus nanoparticle possesses two or more distinct physical properties, allowing for
different surface chemistries to occur on the same particle. This technique allows for precise
spatial control over ligand conjugation to achieve asymmetrical functionalization. Typically,
and as was the case with particles modeled by Xia et al., Janus particles are partitioned
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into two respective hemispheres for asymmetrical ligand conjugation. Simulation derived
data revealed that dual ligand surface patterning increased engulfment degree of randomly
patterned particles regardless of ligand length. The controlled arrangement of dual ligands
on Janus particles exhibited a clear benefit over randomly patterned particles, as they
were capable of achieving complete engulfment within 40% less time (reduction of 34.8
18). Length mismatches between ligands were demonstrated to make the engulfment of
nanoparticles energetically less favorable due to hydrophobic or electrostatic interactions.
This phenomenon was observed as binding of particles with varying ligand lengths had
comparatively low generation of free energy compared to particles with uniform ligand
length.

Studies by Liu et al. developed a computational method based on Metropolis Monte

Carlo and the weighed histogram analysis method (WHAM) to evaluate binding free
energy landscapes of mADb functionalized spherical DDVs to the surface of endothelial
cells.[197] Their investigation into the DDV targeting of lung endothelial cells in vivo and
DDV-endothelial cell interaction using AFM rendered a highly accurate and experimentally
validated computational model. Their model accurately predicted the critical threshold of
DDV mAb density for competent binding to ICAM-1 glycoproteins on lung endothelial
cells, providing a tool for predicting optimal DDV ligand density. Adhering to optimal
density of ligands on functionalized DDVs ensures effective binding to the surface target,
as well as avoidance of ligand-initiated immune response.[*97] Adapting this computational
model for the prediction of other tissue specific DDV-receptor interactions could be an
excellent tool for the rational design and evaluation of potential in vivo effectiveness of new
targeted DDVs.

Further Monte Carlo algorithm—based simulations were utilized in systematic studies to
predict ideal design parameters of spherical vehicles.[198] These modeling based approaches
to determine optimal ligand density and spacing in pattern formation have served as
excellent predictive tools for success in vitro and in vivo.[1%9] Adaptation of Monte

Carlo and DPDS-based models for targeted drug delivery highlights the impact of surface
patterning on receptor-mediated cell binding, uptake efficiency, and off target uptake. These
models provide a customizable and cost-effective technology for high throughput screening
of nanoparticle optimization.

Ligand Modifications for Enhanced Uptake

DDV surfaces are engineered for long-circulation, penetration, and targeting capabilities.
The addition of polyethylene glycol (PEG) to coat nanoparticles has improved stealth
capabilities of DDVs. A successful example being the clinically translated Doxil (PEGylated
formulation of doxorubicin). Nearly two decades ago, PEG coated nanoparticles were
identified as a new technology for evading phagocytic uptake, increasing circulation half-
life and decreasing protein adsorption.[290] Particles coated in PEG were coined “stealth”
particles for their ability to circulate within the body undetected by the immune system for
longer periods than non-PEG coated NPs. PEG can also play an important role in serving

as an anchoring point for various ligand conjugation chemistries. However, humans can
produce antibodies against PEGylated molecules or DDVs, which limits their use.
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Elias et al. investigated the impact of the ligand density on a particle’s surface, receptor
density on tissue of interest, and nanoparticle size (hydrodynamic diameter) on cell targeting
efficacy.[186] In vitro studies focused on determining an optimum ligand density for

the targeting of superparamagnetic iron oxide (SP1O) particles used to enhance contrast
resolution for magnetic resonance (MR) imaging. High levels of SPIO are required to

reach detectable MR contrast, though few studies had examined the effect of varying ligand
density on the targeting efficiency of these particles. SPI1O particles were functionalized
with varying densities of HER2 affibody or folate ligands (6.4-35.8 affibodies per molecule
SPI0) and evaluated for cellular internalization and subsequent T2 relaxation time. The
effect of tissue receptor density appeared to be minimal as optimal ligand densities of 11.5
and 23 (ligands per SP10) were observed in both cell lines, despite differences in receptor
expression levels. Particles functionalized with 23 molecules affibody per SP10 particle
demonstrated the highest uptake efficiency in HER2 overexpressing T6-17 cells. Folic acid
conjugated particles (FA)-SPIO and HER2/neu homology derived small HER2-receptor
binding peptide (AHNP) conjugated particles exhibited optimal T2 relaxation time and
significant improvement in MR contrast at distinctly different levels of ligand conjugation:
133 and 20.6 molecules ligand per SP10O particle, respectively. Nanoparticle hydrodynamic
diameter was also evaluated by comparing the uptake of 26 and 50 nm SP10s with

varying densities of HER2 conjugated. No significant difference in internalization was found
between the differently sized particles when corresponding ligand densities were tested. This
study demonstrated the importance of the ligand surface density on DDVs, regardless of
vehicle diameter.

Ligand Conjugation Techniques for Enhanced Delivery

The use of platforms for ligand attachment has enhanced precision and diversity of ligand
conjugation techniques. Click chemistry, a type of bioconjugation, has proven to be a
useful tool in ligand attachment to nanoparticles.[201] The term “click chemistry” was
coined by Dr. Sharpless in 1998, referring to the development of “powerful, selective,
and modular ‘blocks’ that work reliably in both small- and large-scale applications.”
Click chemistry reactions “must be modular, wide in scope, give very high yields,
generate only inoffensive byproducts.”[202] This class of reactions permit the conjugation
of specific biocompatible ligands, used for molecular probing or surface modification,
rapidly and with high selectivity.[202] This technology is utilized for a diverse array of
applications, including DNA sequencing, chemical synthesis, in situ probing and biosensing,
and profiling enzymatic activity.[293] Bioconjugation via click chemistry is a useful tool
for stereo specifically adjoining ligands to nanocarriers, also known as vehicle surface
functionalization. Copper (1) catalyzed azide—alkyne (CuCAA) reactions are utilized for
surface functionalization of nanoparticles.[204]

Bio-orthogonal copper-free click chemistry has demonstrated efficacy as an in vivo probe
and as a platform for chemotherapeutic functionalization.[295] Photo-reactive click chemistry
methods, such as radical mediated thiolene click chemistry, are useful in conjugating
targeting ligands to nanocarriers.[206] A variety of easy to use click chemistry conjugation
kits are now commercially available, such as the “click iT” series by ThermoFisher for

the detection of cell apoptosis, proliferation, or RNA production via the conjugation of
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fluorescent probes. These kits are popular methods for quick, reliable, and reproducible
bioconjugation.

Ligand conjugation through the use of sugars is another way in which DDVs are
functionalized. Sugar-conjugation of triazole ligands to platinum and palladium compounds
was performed by Yano et al. and evaluated for antitumor efficacy.[207] Further, the
conjugation of ligands to the surface of DDVs can also be achieved through using simple
chemical reactions. Carbodiimide (EDC) and A-hydroxysuccinimide (NHS) cross-link
chemistry are utilized to tether peptide ligands to vehicles through the synthesis of a stable
amide bond but often do not permit control of molecule orientation on the DDV surface.[208]

Another contemporary method of bioconjugation utilizes noncovalent attachment of
histidine-modified peptides to lipid-based particles mediated by metal chelation-ligand
reactions.[209] Interactions between nitrilotriacetic acid (NTA)-nickel and poly(histidine) are
used to conjugate peptides to liposomes and for chromatographic protein purification; these
interactions endure in serum and are safe in vivo.[209.210]

Residue-specific protein modifications have recently emerged as another highly specific
bio-orthogonal method of ligand-conjugation for live cell imaging and therapeutic
functionalization.[?11] For example, mAb conjugation to cytotoxic therapeutics can be
achieved by reacting the thiol side chain of genetically engineered antibodies with modified
cysteine residues with maleimides.[211] This type of reaction quickly and efficiently yields
stereospecific bioconjugated products.

Further conjugation methods utilizing thiol interactions include the site-specific addition
and subsequent coupling of sulphuryl-modified molecules.[212] The disulfide linker is redox-
responsive. When exposed to the reductive intracellular environment, the disulfide bond is
cleaved by interaction with glutathione (thiol-disulfide exchange), releasing therapeutic pay
load.[212] Glutathione-responsive DDVs have demonstrated anticancer efficacy in in vitro
and in vivo applications.[213]

Conclusions

Herein, we have discussed the rationale design of parameters for receptor-mediated, targeted
DDVs, as well as commonly exploited receptor targets for the treatment of a diverse

array of cancers. Receptors implicated in pathways dealing with metastasis and MDR

were also evaluated for their therapeutic potential to halt or evade these processes. We

have highlighted the ability of targeted therapeutics to overcome challenges associated with
classic chemotherapeutic administration, such as nonspecific cytotoxicity, rapid clearance
by the renal system, and resistance. As further research uncovers new biomarkers to more
accurately classify cancer by phenotype and progression, receptor-mediated drug delivery
may be engineered to generate next-generation therapeutics.

As the treatment of cancer remains a prominent and challenging clinical problem, the
innovative design of new therapeutics is of paramount importance. Exploiting physiological
biomarkers and receptor colocalization to enhance therapeutic efficacy is a novel strategy
to combat cancer more effectively. However, to investigate the necessary number of
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permutations to fully characterize and identify the optimal cancer targeting DDV with
multiple binding ligands, variable ligand clustering, and different conjugation densities,
high-throughput screening (HTS) approaches must be developed. The pharmaceutical
industry employs a screening approach using microarrays,[214] and complex microfluidic
devices,[21%] to identify lead drug candidates, whilst minimizing the high cost of in vivo
experiments. Therefore, to lower cost and time required to characterize novel multifaceted
DDVs, research may be implemented to perform HTS during the development phase to
find the most efficient DDVs. There has been notable work to address this need, such

as HTS of barcoded nanoparticles in vivo.[216] However, there still exists a large gap in
methodology and technology necessary to accurately adapt HTS approaches to the design of
DDVs. Targeted drug delivery has shown promise in the treatment of diverse cancer types,
demonstrating its versatility, customizability, and competency as a therapeutic platform and
necessitates continued innovation and study.
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Figure 1.
Common receptor overexpression associated with each different types of cancer.
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Figure 2.
Drug loading in liposome, micelles, inorganic, and organic DDV. Refer to Table 2 for

specific citations.
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Figure 3.
Representative state-of-the-art examples of biodistribution for targeted DDVs in the

literature. A) Typical biodistribution profile of free drug has limited drug concentration
in tumors and high concentrations in the heart, liver, and kidneys. B) Dual targeting
polymeric NP increases doxorubicin concentrations in xenografted colon cancer tumors.
Reproduced with permission.[194] Copyright 2012, Elsevier. C) Doxorubicin loaded
ILARPep-1 conjugated liposomes are delivered to the tumor in higher contentions than
unconjugated controls. Reproduced with permission.[790] Copyright 2015, Elsevier. D) Anti-
ICAML1 conjugated NPs are taken up by TNBC more than unconjugated iron oxide NPs.
Reproduced with permission.[1520] Copyright 2014, The Authors. E) Nucleolin targeting
AS1411-conjugated polydopamine coated DDVs to target breast cancer reduce docetaxel
concentrations in the liver, while increasing the amount of drug delivered to the tumor.
Reproduced under the terms of the CC BY-NC license.[220] Copyright 2016, Ivyspring
International Publisher. F) By targeting the transferrin and folate receptors, dual targeting
liposomes traverse the blood—brain barrier and are selectivity taken up in the tumor.
Reproduced with permission.[1918] Copyright 2013, Elsevier. G) TAT and T7 conjugated
liposomes increase drug concentrations in a glioma, while remaining relatively low in
the brain and unchanged in the heart. Reproduced with permission.[195] Copyright 2014,
Elsevier.
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Figure 4.

Kaplan—Meier survivability analysis of recently published DDVs shows that receptor-
mediated drug delivery improves in vivo survivability compared to saline and free drug:
blue,[198] red, 58] light green,[1910] orange, [191¢] green,[191d] yellow,[100a] pyrple,[114c]
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Figureb.
Receptor-mediated DDV can be optimized to improve receptor binding and cellular

endocytosis by controlling the ligand density. DDVs with low (light blue) or high (dark
blue) ligand density have lower receptor binding affinity compared to those with moderate
(blue) ligand density. Further, low ligand density DDVs are typically internalized via
clathrin-mediated endocytosis, while those with high ligand conjugation are endocytosed
via caveolae-mediated endocytosis.
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Figure®6.
Dual, asymmetric, and clustered ligand conjugation systems can be tailored to exploit to

increase receptor-mediated endocytosis for cells expressing different colocalized receptors
(green and blue), distinct clusters of multiple receptors (green and yellow), or clustering of
the same receptors (blue), respectively.
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Table 1.

Positives and negatives of the different types of DDVs

DDV Positives Negatives
Synthetic Liposomes/Micelles  Biocompatible Smallest size 10nm
Biodegradable Short drug release (days)
Tailored chemical functionality Limited shelf life

Variable drug release kinetics
Polar/Nonpolar drug loading
Tunable mechanical properties
Self-assembly

Long-circulating

Bio-derived Liposomes/Micelles  Increased circulation Limited cell membrane sources
Decreased immune response Complex isolation
Self-assembly Quality control
Inorganic Nanoparticles Range of particle diameters Generation of reactive oxygen species
Photothermal therapy Apoptosis & necrosis
Imaging contrast agent Mitochondrial toxicity
Custom shapes Nonbiodegradable

Hydrophobic, electrostatic, and chemical functionalization

Long shelf life

Organic Nanoparticles High water content Possible inflammatory response
“Click” chemistry, hydrophobic, electrostatic, or covalent Inactivation of encapsulated proteins
attachment
Tailored drug release (days to years) Accumulation of byproducts

Long shelf life
pH, temp, re-dox, light responsive

Synthesis via self assembly, emulsions, precipitation, or other
methods.
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Table 2.

Page 47

Receptors commonly overexpressed in different types of cancer and previously DDVs developed to exploit
this to targeted delivery (blue text, “smart” pH-responsive DDVS)

Receptor Ligand Target Cancer DDV Drug cargo
Transferrin TR ligand (7pep) Breast Micelle Doxor ubicin [170]
Transferrin Breast Iron oxide Dihydroartemisinin [173]
Niosome Doxorubicinf74]
Liposome Doxorubicinl72]
Glioma Micelle Paclitaxell8]
Transferrin + TRAIL Colon HSA Doxorubicin(94
Transferrin + Folate Glioma Liposome Doxorubicinf191al
T7 peptide + TAT Glioma Liposome Doxorubicin[%]
TfR mAb Glioma Liposome Daunomycin [2°]
Folate Folic acid Lung Liposome Doxorubicin(t2]
Cervical Organic Methotrexatel®]
Organic Docetaxel[1000]
Folate Cervical Micelle Doxor ubicin [%]
Micelle Paclitaxel(®7]
Liposome Doxorubicin(9%l
Conjugate Doxorubicin(98b]
Breast Micelle Paclitaxell7]
Liquid crystal Docetaxel & Cisplatin(100]
Organic Doxorubicin(9al
Carcinoma Micelle Fluorophore[183]
Folate + RGD Carcinoma Graphene oxide Thermal(32al
Folate + Asp8 Breast Metastasis ~ Liposome Doxorubicin[191d]
Folate + Transferrin Glioma Liposome Doxorubicin[191a]
avB3integrin  RGD Endothelial Micelle Doxorubicinf107]
Glioma Micelle Paclitaxel[208]
Lung Organic Paclitaxel[106]
Melanoma Conjugate Doxorubicint3!
Breast Silica Camptothecint*?]
RGD + pHA Glioma Liposome Doxorubicinl191b]
RGD + Estrone Breast Organic Paclitaxell19]
RGD + YPSMA-1 mAb Prostate Micelle Paclitaxel [190
RGD + Folate Carcinoma Graphene oxide Thermal(32al
PSMA A10 PSMA Apt Prostate PLGA Cisplatin(158]
PLGA Docetaxel(217]
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Receptor Ligand Target Cancer DDV Drug cargo
PLGA shRNAI2]
YPSMA-1 mAb + RGD Prostate Micelle Paclitaxel [190]
anti-PSMA + anti-CD14 mAb Prostate PAMAM Fluorophorel14d]
HER2 Trastuzumab Breast DMAEMA/HEMA  Docetaxel[320]
Conjugate Maytansinoid[t1al
Liposome paclitaxel & rapamycin[180]
gelatin + HSA Trastuzumab[177]
HSA Doxorubicinf78]
PEI/PLGA Paclitaxel(17°]
anti-HER2 scFv Breast PLGA Docetaxel(182]
neu peptide (FCDGFYACYADV) Breast Liposome Doxorubicinl181]
KCCYSL (P6.1 peptide) Breast Liposome Gadolinium[175a]
Estrogen Estrone Breast Liposome Doxor ubicin [1462-d]
Gelatin Noscapinel471
Chitosan Paclitaxel (48]
Estrone + RGD Breast Organic Paclitaxell193]
17p-Estradiol Breast Carbon nanotube Doxorubicin[146el
Liposome pCMV-beta-gallt44]
Tamoxifen Breast Gold Tamoxifen [14]
CXCR4 LFC131 peptide Lung Chitosan Docetaxel(218]
Breast PAMAM Doxorubicint25
anti-CXCR4 mAb Breast Liposome Doxorubicin[125b]
Peptide R Lung Liposome Doxorubicin[24]
ICAM1 anti-ICAM1 mAb Breast Iron oxide N/Al152b]
Liposome Lcn2 siRNAILS3]
LFA-1 Cervical Urethane Paclitaxell52a]
Androgen Testosterone Prostate Liposome 5-FUI166]
a- & B-Bicalutamide Prostate Gold a- & B-Bicalutamidel167]
CD CD14) anti-CD14 mAb + anti-PSMA  Prostate PAMAM Fluorophorel14dl
CD22) anti-CD22 mAb Lymphoma Organic Cyclophosphamide & Bortezomib
[114c]
CD44) Hyaluronic acid Breast Micelle Paclitaxel[*21]
Organic Doxorubicin(114al
Melanoma Liposome Doxorubicin(17]
CD133. Aptamer Bone Organic Salinomycin[123]
EGFR anti-EGFR Breast Liposome Doxorubicin, epirubicin, &
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Receptor Ligand Target Cancer DDV Drug cargo
Lung Liposome Gemcitabine!®!
EGF Oral Inorganic Thermall32]
Cetuximab Pancreatic Inorganic Gemcitabinel67]
IL 1L4) AP1 peptide Colon Liposome Doxorubicin[82]
Glioma Organic Doxorubicinl76b]
1L4) Pep-1 Lung Liposome Doxorubicinl79b]
IL13) I1L13 Glioma Organic Docetaxell4]
TNF TRAIL + Transferrin Colon HSA Doxorubicinl194]
Glycyrrhetinic  glycyrrhetinic acid Liver Organic Doxorubicinl5
VEGF anti-VEGF mAb Pancreatic Conjugate Gemcitabinel219]
AR7 + T7 peptide Glioma Liposome Doxorubicin & Vincristine[191c]
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Table 3.

Receptor-mediated DDVs increase the drug potency (IC50) of chemotherapeutic: Doxorubicin (Dox),

Salinomycin (Sal), Maytansinoid (May), Vinorelbine (Vin), a- & B-Bicalutamide (a- B-Bic), Noscapine

(Nos).
Receptor Ligand Target DDV Drug cargo 1C50
Targeted Control Drug  Units Fold difference
Transferrin Transferrin Liposome  Dox[172] 17.69 >>100 59.08 3.34
Folate Folate Micelle Dox[9€] 0.068 0.43 0.047  pg/mL  0.69
Conjugate  Dox[980] 5.6 9.8 >>10 uM 1.79
Organic Dox[%%al 3.25 95.97 >>100 uM 30.77
avB3integrin  RGD Micelle Pacl108] 27.54 69.18 61.66 nM 2.24
RGD + Estrone Organic Paclt93] 14.4 385 nM 2.67
RGD + YPSMAL Micelle Paclt90] 55.05 70.56 66.28 ng/mL 1.20
PSMA A10 PSMA Apt Organic Cislts8l 0.03 0.13 2.4 M 80
HER2 Trastuzumab Organic Docl32b] 0.26 2.6 uM 10
Conjugate  Mayl112] 0.24 1 nM 4.17
Estrogen Estrone Liposome  Dox!146b] 10 16 35 pg/mL  3.50
Liposome  Doxl146d] 0.8 3.3 0.15 uM 0.19
Gelatin Nosl[47] 21.2 321 43.3 umol/L  2.04
Organic Pacl148] 0.15 0.75 1.26 pg/mL  8.40
17B-Estradiol Organic Dox[146e] 0.9 15 2.3 pg/mL  2.56
Organic Doxl[1258] 210.4 1422 28.5 pg/mL 0.14
CXCR4 anti-CXCR4 Liposome  DoxI125b] 7.2 50 3.6 pg/mL  0.50
Peptide R Liposome  Dox[124] 0.2 0.46 0.31 pg/mL  1.55
ICAM1 LFA-1 Organic Paclt52al 1 375 63 uM 63
Androgen a- & B-Bicalutamide Inorganic  a- B- 0.0016 33 uM 20625
Bicl167]
CD CD44) Hyaluronic acid ~ Micelle Paclt2il 0.93 1.63 pg/mL  1.75
CD133) Apt Organic Sallt23] 2.18 10.72 5.07 pg/mL  2.33
EGFR anti-EGFR Liposome  Dox, 11 0.8 pg/mL  0.73
Vinl6stl 0.3 12 0.3 pg/mL 1
IL 1L4) AP1 Pep Organic Dox[76bl 48.68 114.8 1943 ng/mL  3.99
Glycyrrhetinic  glycyrrhetinic acid Organic DoxI50a 70.3 95.3 ng/mL  1.36
Organic Dox[500] 79 47 ng/mL  0.59
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