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Abstract

Despite the exceptional progress in breast cancer pathogenesis, prognosis, diagnosis, and treatment strategies, it
remains a prominent cause of female mortality worldwide. Additionally, although chemotherapies are effective,
they are associated with critical limitations, most notably their lack of specificity resulting in systemic toxicity
and the eventual development of multi-drug resistance (MDR) cancer cells. Liposomes have proven to be an
invaluable drug delivery system but of the multitudes of liposomal systems developed every year only a few
have been approved for clinical use, none of which employ active targeting. In this review, we summarize the
most recent strategies in development for actively targeted liposomal drug delivery systems for surface,
transmembrane and internal cell receptors, enzymes, direct cell targeting and dual-targeting of breast cancer and

breast cancer-associated cells, e.g., cancer stem cells, cells associated with the tumor microenvironment, etc.

Keywords: Liposomes, breast cancer, anti-cancer agents, targeted drug delivery, surface functionalization,

receptor-targeted drug delivery



1. Introduction

Cancer continues to be a complex, ubiquitous, and significant cause of mortality in humans. In 2021 the
GLOBOCAN 2020 report, which serves to provide an analysis of the worldwide cancer burden, noted that the
most diagnosed cancer in females shifted from lung to breast cancer with approximately 2.3 million cases and
over 680,000 deaths recorded in 185 countries [1]. Although the incidence rate for breast cancer varies widely
depending on race, ethnicity, socio-economic, location, and several other risk factors (such as reproductive,
genetic, dietary, lifestyle-related, and environmental factors) [2—4], global trends over the last 25 years indicate a
significant and continual increase in breast cancer incidence and mortality worldwide [5]. Breast cancer is
caused by the malignant growth of cells in either the ductal or lobular epithelium of the breast. The classification
of breast cancer, and its many subtypes and variants, is a multifaceted and contentious topic. However, a
simplified categorization can be described as involving either lobular or ductal carcinomas which can present as
either non-invasive or invasive (Figure 1). In non-invasive breast cancer, wherein the affected cells remain
bound within the duct or lobule they originated from (i.e., in situ), two forms are most commonly seen; ductal
carcinoma in situ (DCIS) (90% of non-invasive cases) and lobular carcinoma in situ (LCIS) [6]. Notably, these
in situ forms are relatively curable and stand in stark contrast with their invasive counterparts. Invasive breast
cancer, wherein the affected cells break away from the ductal or lobular walls and access the fatty and
connective tissue surrounding the breast, includes; ductal carcinoma (80% of invasive cases) and comprises
medullary, mucinous, tubular, and papillary ductal carcinomas; lobular carcinoma; inflammatory breast cancer;
and Paget’s disease of the nipple and breast [7]. This last category also includes rare tumors such as the
phyllodes tumor, which originates from the connective tissue of the breast, and breast carcinoma with
neuroendocrine differentiation [8].

Great progress in etiology, clinical assessment, and molecular characterization has established several
molecular subtypes of the above-mentioned ductal and lobular carcinomas [9]. The most well-known of which
involves the presence (+) or absence (-) of three hormonal receptors, namely the estrogen receptor (ER),
progesterone receptor (PR), and the human epidermal growth factor-2 receptor (HER2), are used as markers of
subtypes related to prognosis and are major determinants in treatment decision making [4,10]. The subtypes
include Luminal A (ER+ and/or PR+, HER2-) which constitutes the majority of diagnosed breast cancer
incidences, Luminal B (ER+ and/or PR+, HER2+), and basal-like (ER—, PR—, HER2-) [11]. Extensive gene
expression profiling has identified Luminal A, Luminal B, HER2-enriched, claudin-low and basal-like, as the 5
most common intrinsic molecular subtypes of breast cancer [12,13]. This progress has also led to the discovery
of the two most notable genes in breast cancer, BRCAI and 2, the mutations of which are associated with a
lifetime risk of 70 and 60%, respectively, of developing breast cancer [6,14]. Notably, the basal-like subtype
(ER—, PR—, HER2-) is commonly referred to as triple-negative breast cancer (TNBC) and constitutes roughly 15
- 20% of diagnosed breast cancers and is distinguished by its invasiveness, poor differentiation, large tumor size

and aggressive clinical progression [10,15,16].
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Figure 1. (A) Schematic representation of the ductal and lobular epithelium of the breast, and (B) a simplified

classification of breast cancer types.

Concurrently with our improved understanding of breast cancer pathogenesis, research regarding drug
development, targeting, and delivery has advanced over the years. Treatment strategies for breast cancer are
currently determined by; tumor size, proliferation, grade, molecular subtype, stage of progression, and lymph
node involvement. For a detailed description of the diagnosis, treatment, and follow-up regimes for breast cancer
the authors recommend Moo et al. 2018 [17]. In brief, treatment options include surgery, chemotherapy,
endocrine therapy, radiation therapy, and immunotherapy, with recurrence rates highest amongst patients
presenting basal-like and Luminal B subtypes than Luminal A [18]. Cytotoxic chemotherapy can be used as a
neoadjuvant and/or adjuvant treatment with surgery with the most commonly used drugs being anthracyclines
(e.g., doxorubicin (DOX) and epirubicin), taxanes (e.g. docetaxel and paclitaxel (PTX)), platinum-based
compounds (e.g., cisplatin, carboplatin, and lobaplatin), gemcitabine and fluorouracil [19]. Due to the presence
of hormone receptors, breast cancer can also be treated with targeted endocrine therapy drugs used in tandem
with chemotherapy, e.g., tamoxifen, fulvestrant, letrozole [20-22]. Lastly, immunotherapy refers to the
application of monoclonal antibodies (mAbs), adoptive cell transfer, cytokines, and vaccines in cancer treatment.
In the case of breast cancer, this treatment is focused on mAbs and applies mainly to HER2+ breast cancers [23].

Chemotherapy is the treatment of choice for breast cancer but is associated with several limitations. Firstly,
the most notable, is its lack of specificity resulting in systemic toxicity causing many well-documented short-
and long-term side effects [24,25]. The overuse of chemotherapy, defined as the provision of neo- or adjuvant
chemotherapies in situations where the specific treatment regime is not necessarily required or recommended, is
also of growing concern with severe financial, physical, and psychological implications for patients [26,27].
Lastly, chemotherapy is associated with multidrug resistance (MDR) resulting in unresponsive, refractory, and
recurrent cancers. MDR is linked to refractory or resistant cancers and involves the overexpression of specific
ATP-binding cassette transporters which expel therapeutic agents before they can affect the cell. This is referred
to as the tumor cells becoming resistant and involves not only the drug that is initially applied but also unrelated

drugs with similar structures and mechanisms of action. This deficiency of an effective drug dose leads to the
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impairment of cell death mechanisms and the inhibition of certain apoptotic pathways, enhanced DNA repair,
epigenetic alterations, deregulation of microRNAs, the progression of tumor microenvironment (TME)
complexity, intratumoral heterogeneity, and cancer stem cell plasticity [28—30]. The most recognized MDR
transporter is P-glycoprotein (P-gp) which resides in the plasma wall of tumoral cells and is overexpressed in 40
- 50% of breast cancer patients [31]. Other MDR proteins such as multidrug resistance-associated proteins 1 and
2, breast cancer resistance protein (BCRP), and certain cell signaling pathways have also been related to
chemoresistance [7]. Notably, P-gp effluxes many chemotherapeutic drugs including PTX, docetaxel,
vincristine, etoposide, and DOX. DOX is a non-selective anthracycline antineoplastic antibiotic used for early
and advanced stage breast cancer. The cytotoxic mechanism of action for anthracyclines is due to two
phenomena; firstly, the drug intercalates between the base pairs of DNA disrupting the function of the enzyme
topoisomerase II inhibiting the formation of the DNA double helix thus halting replication and RNA
transcription; and secondly, by triggering apoptosis due to the production of radicals and reactive oxygen species
(ROS) able to damage the cell membrane, organelles and DNA [32-34]. Unfortunately, although anthracyclines
are amongst the most clinically effective chemotherapeutic agents they are strongly correlated with MDR and
cardiotoxicity [35,36]. Another hurdle in chemotherapeutic treatment is the metastatic progression of cancer cells
to distant organs such as the lymph nodes, bones, lungs, liver, and brain. Metastatic breast cancer is a significant
cause of concern as not only do 30 - 40% of patients develop metastatic tumors, but patients are also far more
likely to succumb to the metastatic tumors than the primary tumor [37,38]. Thus, due to the currently incurable
status of metastatic breast cancer with our current treatment strategies, it is considered a chronic disease [39].

To address these significant issues with chemotherapy, nano-based colloidal drug delivery systems such as
lipid nanocapsules, dendrimers, micelles, and liposomes have become a research hotspot [40]. These delivery
systems can be fine-tuned to have drugs dissolved, adsorbed, covalently bound, encapsulated, and embedded
within the system, as well as incorporating functionalized peptides, antibodies, proteins, aptamers, ligands, and
antigens that exploit the cell surface, intracellular and tumoral environment to target cancer. These advancements
not only improve the pharmacokinetics of the drugs but also impede drug degradation, boost safety, provide
sustained release, improve solubility, and reduce side effects and drug wastage [41-45]. The first nanomedicines
approved by the FDA (US) and EMA (EU), polyethylene glycol (PEG) enrobed liposomal DOX
(Doxil®/Caelyx®) and albumin-bound PTX (Abraxane®), were not selective towards specific biological targets
but rather exploited the enhanced permeability and retention (EPR) effect and are considered the first generation

of nanomedicine [46,47]. Of particular interest are the liposomal drug delivery systems.

Liposomes, first introduced in 1965, are rounded vesicles composed of either single or multiple lipid
bilayers with an aqueous center [48—50]. These vesicles can spontaneously form when amphiphilic lipids, such
as phospholipids, are dispersed in water and closely resemble our cellular membranes [51,52]. This similarity
serves as an immense advantage for drug delivery in terms of biocompatibility and biodegradation. Another
advantage of liposomes is their ability to encapsulate hydrophilic, lipophilic, and amphiphilic compounds within

their aqueous center and/or lipid bilayers (Figure 2) [53,54].
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Notably, the specific lipid composition chosen to produce the liposomes can be easily modified and
influences several factors including the method of preparation, bilayer fluidity, as well as surface charge and
hydration [29,55]. The most commonly used lipids are phospholipids, which can be of natural or synthetic origin
[56], wherein the addition of organic molecules to the phosphate head group can create a variety of phospholipid
species such as phosphatidylethanolamine, phosphatidylserine, phosphatidylglycerol (PG), and
phosphatidylcholine (PC) [57]. Liposomes consisting of only phospholipids, however, have a greatly reduced
shelf-life and a limited ability to protect encapsulated drugs due to high permeability leading to drug leakage. To
combat this, sterols are required to modulate membrane rigidity and stability [58,59]. Cholesterol is the most
commonly used sterol and its insertion can result in major changes regarding liposome fluidity, penetrability, and
stability [57,60,61]. Naturally, when encapsulating drugs, liposomes also serve as protective drug delivery
systems which enhance the stability of the encapsulated compounds by protecting them from environmental,
enzymatic, and chemical changes, and providing a shield against pH, temperature, and ion fluctuations [62].
Other components, such as vitamin E (or a derivative such as d-a-tocopheryl polyethylene glycol 1000 succinate
(TPGS)) and polymers (such as chitosan and PEG) can also be incorporated into liposomal membranes to
improve stability, shelf-life, and biodistribution [63]. Taking all these properties into consideration, liposomes
present several distinct advantages as a drug delivery system including; the ability to self-assemble; load
hydrophilic, hydrophobic, and amphiphilic compounds; improve solubility; impart protection to the encapsulated
drugs; provide biocompatibility and low toxicity at relative levels; to biodegrade, and to induce low
immunogenicity [64—68]. Advancements in the engineering of liposomes, including the ability to respond to
light, pH, temperature, redox, enzyme, ultrasound, and magnetic external stimuli, as well as their active site-
specific functionalization (e.g., conjugation of mAbs to liposomes, referred to as immunoliposomes), have

greatly increased the specificity and thus reduced the toxicity of the encapsulated compound by enabling



controllable drug release and multi-drug encapsulation resulting in clinically favorable biodistribution profiles

and reduced non-specific uptake [69—73].

Currently, only four liposome-based treatments are clinically proven for use as breast cancer therapies and

have been approved for use: Doxil®/Caelyx®, Myocet liposomal (formerly Myocet®), Lipodox® and Lipusu®

(Table 1).

Table 1. Liposome-based therapies for breast cancer currently in clinical use.

Product Active agent Approval Indication Description of Composition  References
name year liposome
Doxil® (US)/ DOX HCI1 2003, USA; Metastatic PEGylated HSPC, [74-76]
Caelyx ® breast cancer stealth CHOL,
(EU) e liposomes,
DSPE-PEG
80 — 90 nm (2000)
Myocet DOX 2000, EU; HER2+ Non- EPC, CHOL [77-79]
liposomal metastatic PEGylated,
“Fast Track”
breast cancer
150 - 250 nm
status, USA
Lipodox® » DOX HC1 2012, USA®  Breast cancer PEGylated DSPC, [80]
stealth CHOL,
liposomes, DSPE-PEG
(2000)
~100 nm
Lipusu® PTX 2003, China HER2- Non- Not available [81,82]
metastatic PEGylated,
breast cancer
~400 nm

¥ Not to be confused with Lipo-Dox. Lipodox® is manufactured by Sun Pharmaceuticals Industries Ltd. (India) and has been approved by
the FDA as a generic equivalent of Doxil® since 2013. Lipo-Dox is manufactured by TTY Biopharm (Taiwan) [83].

® Substitute during drug shortage [84].

CHOL: cholesterol; DOX: doxorubicin; DSPE-PEG (2000): 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene
glycol)-2000]; EPC: egg yolk phosphatidylcoline; HCI: hydrochloride; HSPC: hydrogenated soybean phosphatidylcholine;

Doxil®/Caelyx® (trade name depending on the country) is a PEGylated nanoliposomal drug delivery

system that encapsulates DOX HCI for the primary treatment of AIDS-related Kaposi’s sarcoma, multiple

myeloma, treatment-resistant or refractory ovarian cancer, and metastatic breast cancer, and was the first

chemotherapeutic nanosystem used clinically. The liposomal formulation, and its PEGylation, are considered
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revolutionary as they reduced the level of free DOX in the blood without limiting its anticancer effect, whilst
simultaneously increasing the circulation time of the chemotherapeutic agent [85]. Myocet, on the other hand, is
a non-PEGylated liposomal drug delivery system encapsulating DOX and has been used in the EU as a
polytherapy treatment (in combination with cyclophosphamide) for metastatic breast cancer since 2000. In the
US, “Fast Track” expedited status has been granted to Myocet as a starting treatment for HER2+ metastatic
breast cancer [64]. Interestingly, this approval of Myocet was due to its ability to reduce drug-related
cardiotoxicity rather than enhance antitumor efficacy [86]. Lipodox®, another PEGylated DOX HCI
encapsulating liposomal formulation, was used as a substitute in 2012 during a critical shortage of Doxil® in the
USA [87] and has since been considered a generic equivalent. Lastly is Lipusu®, a non-PEGylated liposomal
system encapsulating PTX. PTX, a chemotherapeutic derived from the Pacific Yew tree, is often administered in
the Kolliphor-EL solubilized form of Taxol® for the treatment of ovarian and breast cancers [88]. To combat
Kolliphor-EL related toxicity, various nano-based drug carriers have been developed including polymeric
micelles (Genexol®, Nanoxel®, and Paclical®), polymeric albumin-bound nanoparticles (Abraxane®), and
liposomes (Lipusu®) [89]. Notably, although Lipusu® has been approved in China for HER2-metastatic breast
cancer [81,82], its composition information is not publicly available. Also of note is DaunoXome®, a heat-
activated liposome encapsulating daunorubicin [90,91], which has been investigated for the treatment of

metastatic breast cancer but has not yet been clinically approved [92].

Notably, none of the liposomes mentioned in Table 1 make use of an active targeting system relying
instead on their size for preferential accumulation in the interstitial spaces of tumors through passive
accumulation or ‘passive targeting’ via the EPR effect [93,94]. The misnomer ‘passive targeting’ is used to
describe the accumulation of particles, e.g., macromolecules, proteins, soluble particles, nanoparticles, etc., in
tumoral interstitial spaces due to the hyperpermeable neo vasculature of these diseased tissues [95]. This
permeable neo vasculature arises due to fast growing tumors exceeding the oxygen supply needed by the cells,
causing tissue anoxia, and the consequent release of growth factors, e.g., vascular endothelial growth factor
(VEGF), triggering rapid, dysregulated angiogenesis culminating in leaky neo vasculature and impaired
lymphatic drainage. Consequently, particles < 400 nm in size circulating in the blood tend to accumulate in these
tumoral interstitial spaces and inflamed tissues. However, research has shown that the ‘passive targeting’ effect
is largely absent in nascent tumors and non-vascularized diseased tissues and only evident in some solid tumors
larger than 4.6 mm in diameter with tumor vessel pore size being highly dependent on tumor type and status
[93,94].

Upon intravenous administration of non-PEGylated liposomal formulations, such as Myocet or Lipusu®,
the nanocarrier travels through the vascular system of the body with eventual elimination and clearance by the
renal and mononuclear phagocytic systems (MPS) (also referred to as the reticuloendothelial system (RES))
[96,97]. Liposomes and nanoparticles in general, approximately 8 nm in size, undergo minimal catabolism and
are instead flushed through the kidneys and eliminated, whilst those larger than 8 nm are cleared by the MPS in a
process referred to as opsonization [97]. Here, serum proteins (i.e., opsonins) accumulate on the surface of
nanoparticle liposomes priming and targeting the nanocarriers for detection and phagocytosis [98]. This process
can be negated by coating the nanocarrier in an inert polymer (e.g., PEG) leading to a ‘shielding’ effect on the

nanoparticle’s surface causing repulsive interactions between the particle and the blood components. This effect



is referred to as ‘stealth’ [99,100]. Stealth hinders MPS clearance mechanisms resulting in improved vascular
circulation time and pharmacokinetic properties of PEGylated delivery systems thus Doxil®/Caelyx® has an

approximate ~100-fold greater clearance half-life than free DOX [39,85,101].

2. Targeted nanoliposomes for breast cancer treatment

Actively-targeted liposomal drug delivery systems are a hugely promising concept, as it provides the
advantage of specifically targeting cancer cells. This accurate targeting has many benefits, including; (i)
selective cancer cell internalization and release of the therapeutic drug which results in less side effects in
healthy tissues and mitigates the risk of MDR, (ii) the ability to across blood-brain barrier (BBB), and (iii) the
ability to identify, image, and treat metastatic, relapsed and/or breast-cancer associated cells [102]. Both
preclinical and clinical studies have demonstrated interest in using targeted nanomedicines as solid-tumor
treatment.

However, although the concept of developing targeted cancer therapy seems straightforward, in practice
active targeting is exceedingly challenging. In addition to requiring the presence of viable targets, liposomes
must be grafted with specific targeting moieties for optimum affinity without obscuring the needed stealth
aspects. Commonly, the surface of liposomes is chemically modified with various reactive groups to
functionalize it (i.e., covalently or non-covalently) with a large variety of targeting agents. Six main chemical
functionalization strategies are generally used (Figure 3), including, (a) imines-crosslinked using
glutaraldehyde, (b and c) amide-crosslinked from primary amine and free or p-nitrophenylcarbonyl-activated
carboxylic acid, respectively, (d) disulfide-crosslinked using thiol and pyridyldithiol groups, (e) thiol-maleimide

click chemistry reactions, and (f) hydrazone-crosslinked from aldehyde and hydrazine groups [103,104].
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Figure 3. Six main chemical strategies (a — f) for liposomal surface functionalization. Stars represent targeting

ligands. Reprinted from [105].

Of these, the thiol-maleimide click chemistry reaction is one of the most popular methods with extensive

literature available [106] showing the conjugation (with or without anchored PEG) between nanoparticles and



antibodies, antibody fragments, peptides, aptamers, vitamins, etc. Alternative methods for liposomal surface
functionalization includes adsorption or interpolation via electrostatic or hydrophobic interactions [105,107].
Targeting ligands, such as small molecules, mAbs, peptides, or aptamers, which can either directly bind to
a target on or within the breast cancer or breast cancer-associated cell (e.g., a cell surface receptor or intracellular
enzyme comparatively unique and abundant to the targeted cell) or be targeted to the nearby area of the tumor
(e.g., acidic pH associated with the TME). Early drug-targeting studies focused on the use of whole mAbs,
which are generally large, Y-shaped IgG antibodies consisting of two identical subunits of heavy and light
protein chains joined by disulfide bonds. Although the whole mAbs possessed high affinity and specificity for
their targets, they were also plagued with issues of poor permeability (due to their large size), immunogenicity,
and high cost. Thus, it is now recognized that antibody fragments (e.g., fragment antigen-binding (Fab) units and
single-chain variable fragments (scFv)) (Figure 4) possess reduced immunogenicity and improved
pharmacokinetic profiles [94,108]. Fab fragments consist of the variable and constant regions of the heavy and
light protein chains which include the paratope region, i.e., the region that recognizes and binds to targets, but

lacks the tail region of the antibody, i.e., the fragment crystallizable region (Fc region).
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Figure 4. Schematic representations of (A) the general structure of an antibody and (B) some of the engineered

antibody fragments currently in development.

Fab fragments can also be modified for easier immobilization with the addition of a thiol group and are
then referred to as Fab’ fragments. Antibody Fv fragments, such as scFv fragments, are even smaller units as
they consist of only the variable paratope region of the antibody. Another popular targeting ligand moieties are
peptides due to their relatively simple and low cost preparation methods, and their powerful capacity to avoid
non-specific binding, and opsonization [109,110]. It should be noted, however, that peptides are prone to
proteolysis. Small molecules, such as sorafenib, have good permeability, and are easy and cheap to manufacture
and synthesize but suffer from a lack of specificity. Lastly, aptamers are single-stranded DNA, RNA, or peptide
sequences with incredible affinity and specificity towards targeted small molecules, proteins, viruses, or cells
[111-113]. Compared to antibodies, aptamers are smaller, more stable, and are easier to manufacture and modify

with markedly improved antigen recognition and specificity but are rapidly cleared and degraded [113].
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In this manuscript, liposomal drug delivery developments employing the targeting of surface,
transmembrane and internal cell receptors, enzymes, and dual-targeting of breast cancer and breast cancer-
associated cells are presented in Table 2. Details regarding size, composition, etc. of each liposomal system
discussed in this review is presented in Table 3. Moreover, the major hurdles regarding the targeted delivery

approach to  breast cancer are identified and future considerations are  highlighted.
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Table 2. Targets and targeting moieties used in the design of targeted liposomal drug carriers for the treatment of breast cancer with associated in vitro and in vivo cell lines.

Target type Target Targeting entity Application + Cell line used - Cell line used References
CELL SURFACE RECEPTORS
. HCC1500, MDA-MB-175VII, MDA-
Chemokine Rc CXCR4 CXCL12/SDF-1 MBC, TNBC MB-436, MDA-MB-231, 4T1 MCEF-10A, MCF-7 [114-117]
. Breast cancer,
Cell surface Antinuclear mAb 2C5 Juminal, MDR. BT-20, MCF-7, MDA-MB-231, SK- [118-121]
nucleosomes Abs BR-3, 4T1
TNBC
Anti-EphA2 scFv,
Eph Re EphA2 TNBC,MBC ~ B1-349 MDA-MB-231, SUM-149PT, MCF-7/50.5 [122-124]
. EMT-6
YSA peptide
MDA-MB-231, MCF-7, MCF-
Folate Re FRa Folate, FA MBC, MDR, 7/ADR*, SK-BR-3, T-47D, 4T1, BRI B, BICFR S0, I, [125-133]
TNBC 1929
TUBO
ICAM-1 ICAM-1 ICAM-1 Ab TNBC MDA-MB-231 MCF-10A [134]
LDL Rc-related Angiopeptide 5 )
i LRP1 LEP e Breast cancer MT-3 [135,136]
F3 pentide Breast cancer MDA-MB-231, Hs578T, MDA-MB- T-47D, MCF-7, MCF-7-
Nucleolin Nucleolin peptide, ’ 435S », MDA-MB-231-derived CSCs, derived CSCs, MCF-10A, [137-143]

AS1411 aptamer

TNBC, MDR

MCF-7/ADR

CHO
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P-gp

Somatostatin receptor

Sigma Rec

TfR

uPA

Biotin

CD44 Rc

HER Rc

HER Rc

P'gp’ VM
channels

Somatostatin
receptor-2

Sigma-1 Rc,
Sigma-2 Rc

TfR1

uPAR

SMVT

CD44

HER1

HER2

TPGS

Octreotide,
somatostatin
analogs

Haloperidol,
SV119

Transferrin

PAI-2

Biotin

HA

CET, anti-HER1

aptamers

Trastuzumab,
HER2 Fab’

fragments, VHH,
affibodies, tumor-

MDR

Breast cancer,
MBC, TNBC

Breast cancer

Breast cancer,
luminal

TNBC, MBC

MDA-MB-435S », MCF-7, MCF-

7/ADR ¥

MDA-MB-231, MDA-MB-436, MCF-
7, MDA-MB-435S ®, MCF-12A

MCEF-7

MCEF-7

MDA-MB-231

TRANSMEMBRANE RECEPTORS

Breast cancer,
Luminal

MBC, TNBC,
Luminal

TNBC

Breast cancer,
luminal

MCF-7, 4T1

MDA-MB-231, MDA-MB-231-
derived CSCs, MCF-7 CSCs, 4T1

SK-BR-3, MDA-MB-468, MDA-MB-

231, BT-20

SK-BR-3, HCC1954, BT-474,

MTSV1-7, MCF-7/Her18, TUBO

HeLa, KB, HepG2, BEAS-2B,
CHO

MCEF-7

™
(o)}
=
Xe)
[\
o

MCEF-7, A549

MCEF-7, MDA-MB-453

MDA-MB-231, MDA-MB-
453, MDA-MB-468, MCF-
10A, MCF-7, MCF-12A,
Calu-6, A549, cE2

[144-146]

[147-149]

[150,151]

[152,153]

[154-156]

[157-159]

[160-165]

[166-168]

[169-189]
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Integrin Rc

LHRH Rc

MUC1

NRP1

Estrogen Rc

MMP

Phospholipases

avpB3, avpl,
avBl, avps,
VM channels

LHRH Rc

Tumor-
associated-
MUC1

NRP1

ERa

MMP-2,
MMP-9

sPLA2

targeting peptides

RGD, RsGD,
cRGD fibronectin-
mimetic peptide-
amphiphile PR_b

Gonadorelin

hCTMO1, MUC1
antigenic peptide,
MUCI aptamer

A7TRC peptide,
PTD-3, TAT-PTD

El, E2,E3

Chlorotoxin
peptide, EGCG

sPLA,-triggered
release

Breast cancer,
luminal A, CSCs,
TNBC

Breast cancer

Breast cancer,
TNBC, Luminal

Breast cancer,
TNBC

MCEF-7/ADR ¥, MDA-MB-435S ),
MDA-MB-468, HCC1806, MDA-MB-
231, MDA-MB-231-derived CSCs,
4T1

MCF-7

MDA-MB-435, MCF-7, 4T1

MDA-MB-231, 4T1

INTERNAL CELL RECEPTORS

Luminal, ER+

MCF-7, T-47D, ZR-75-1

ENZYMES
MBC, breast MDA-MB-231, 4T1
cancer
MBC, TNBC MT-39

MCF-7, MCF-10A

SK-OV-3

MCF-10A, C33a, HepG2

MCEF-7, SUIT-2

MDA-MB-231, HCC-1954

[190-197]

[198,199]

[200-203]

[204,205]

[206-211]

[212,213]

[214]

Cell line inclusion criteria: Breast cell lines included which expressed (i.e., +) the target and cell lines that did not express (i.e., -) the target according to the referenced literature. Cell lines that expressed the target but
did not originate from breast tissue were not included. Negative controls not originating from mammary tissue are indicated in red, and rodent cell lines are underlined. It should be noted, that some articles indicated
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that the negative control cell lines used did express the targeted moiety but at ‘non-high expression’ levels. ¥ Contaminated/misidentified cell line; renamed NCI/ADR-RES, possibly derived from OVCAR-8 [215]. ¥
Problematic cell line, derived from melanocytes [216]. © Problematic cell line, contaminated with LS-174T cells.

Abbreviations: Abs: antibodies; anti-EphA2 scFv: anti-erythropoietin-producing hepatocellular single-chain variable fragment; CD44: cluster of differentiation 44; CET: cetuximab; CSCs: cancer stem cells; CXCR4:
C-X-C chemokine receptor type 4; CXCL12/SDF-1: CXCR4 receptor ligand; E1, E2, E3: estrone, estradiol, estriol; EGCG: epigallocatechin gallate; Eph: erythropoietin-producing hepatocellular receptor; EphA2:
erythropoietin-producing hepatocellular receptor A2; ER+: expression of estrogen receptor; ERa: estrogen receptor a; FA: folic acid; Fab’: fragment antigen-binding with the addition of a thiol group; FRa: folate
receptor o; HA: hyaluronic acid; hCTMOI1: humanized anti-mucin 1 monoclonal antibodies; HER: human epidermal receptor; ICAM-1: intracellular adhesion molecule-1; LHRH: luteinizing hormone-releasing
hormone; LRP1: low density lipoprotein receptor-related protein 1; MBC: metastatic breast cancer; MDR: multidrug resistant; MMP: matrix metalloproteinases; MUC1: mucin 1; NRP1: neuropilin 1; PAI-2:
plasminogen activator inhibitor-2; P-gp: p-glycoprotein; Rc: receptor; RGD: arginylglycylaspartic acid, Arg-Gly-Asp; sPLA2: secretory phospholipase A2; SVMT: sodium-dependent multivitamin transporter; TfR:
transferrin receptor; TNBC: triple negative breast cancer; TPGS: D-a-tocopheryl polyethylene glycol 1000 succinate; uPA: urokinase-type plasminogen activator; uPAR: urokinase-type plasminogen activator receptor;
VHH: variable domain of the heavy chain antibody; VM: vascular mimicry.
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2.1 Cell surface receptors
2.1.1 C-X-C chemokine receptor type 4

C-X-C chemokine receptor type 4 (CXCR4) is abundant in numerous tissues where they bind to G protein-
coupled receptors to direct cell movement, traffic in developing embryos and specific adult tissues such as the
extension of neurites and axons in neurons, and are involved in tumor metastasis and invasion [217]. CXCR4 is
expressed on the plasma membrane of most cells, including hematopoietic and endothelial cells, neurons, stem
cells, and cancer cells, and has been associated with hematological malignancies and poor prognosis in solid
tumors such as breast cancer [218,219]. Recent advances have demonstrated the critical role that the CXCR4
receptor and its ligand CXCL12, or stromal cell-derived factor 1 (SDF-1) [220], play in breast cancer metastasis;
as CXCL12 is a chemoattractant, when it’s concentrated within a tissue it draws CXCR4+ tumor cells to the
location thus establishing a secondary metastatic site. It is thus no surprise that breast cancer metastasis occurs in
tissues with high levels of CXCL12, i.e., the lungs, bones, and lymph nodes [221].

Using CXCR4-targeted, pH-responsive liposomes encapsulated with lipocalin 2 (Lcn2) small interfering
RNA (siRNA), Guo et al. investigated the ability of the liposomal system to specifically inhibit cell migration of
metastatic breast cancer [114]. In this approach, the team used receptor inhibition as well as the silencing of
Lcn2, an upregulated protein in many human epithelial cancers associated with the epithelial-to-mesenchymal
transition (EMT). The combination of CXCR4 coupling and Lcn2 silencing significantly reduced the migration
of TNBC cells. In another example, Liu et al. demonstrated that different densities of a CXCR4 binding peptide
(DV1) functionalized on liposomes, not only influenced the in vitro uptake of the nanocarrier but could also, via
cell surface signaling, caused cell migration to cease in TNBC due to the down-regulation of cell-motility
proteins [115]. The team demonstrated that the most favorable binding density of the DV1 peptide was

24k molecules pm=2 (Figure 5) and, when mice were treated with these optimally targeted liposomes, five out of

six mice demonstrated no metastases over 27 days.
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Figure 5. Example of CXCR4 liposomal targeting of breast cancer. Illustration of a 2D CXCR4 binding peptide
(DV1) array for 3D liposomal peptide density. Reprinted with permission from [114]. Copyright 2018 Springer

Nature Limited.
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As CXCR4 is associated with enhanced immunosuppression within the TME, Lu et al. [116] designed a
CXCR4 targeting liposome to enhance the therapeutic efficacy of the CXCR4 antagonist, AMD3100. AMD3100
is currently the only CXCR4 antagonist and was approved by the FDA in 2008 for non-Hodgkin’s lymphoma
and multiple myeloma patients. In the team’s unique design, AMD3100 was encapsulated in the liposome as
well as coated onto the surface thus acting as a targeting moiety and treatment system by inhibiting CXCR4
activation both extracellularly (via the coating interaction) and intracellularly (via payload delivery). The
AMD3100-functionalized and loaded system led to the reprogramming and remodeling of the immune and
stromal TME. Zhang et al. developed a peptide-directed liposomal drug delivery system that combined both
chemotherapy and photothermal therapy for the treatment of breast cancer [117]. The novel peptide, p12
(QGSRRRNTVDDWISRRRALC), was conjugated to PEGylated liposomes containing both DOX and
indocyanine green (ICG), a commonly used photothermal sensitive molecule. The team demonstrated that the
targeting p12 peptide helped route the liposomal system to preferentially accumulate in the tumor sites thus
reducing DOX-associated side effects, i.e., cardiotoxicity and tumor metastasis. Moreover, the ICG molecule
enabled the precise and controllable release of DOX upon activation at > 41 °C in the targeted zone.

Notably, although the CXCL12/CXCR4 biological axis is a promising pathway for cancer treatment, as
demonstrated by the approval of AMD3100 for clinical use, the exact regulatory mechanisms of the axis and its
antagonists are not fully understood. Furthermore, prolonged administration of CXCR4 antagonists has been
associated with adverse cell mobilization effects (e.g., leukocytosis, thrombocytopenia, spleen enlargement, etc.)

due to the ubiquitous presence of CXCR4 in the heart, spleen, liver, kidneys, etc. [222].

2.1.2 Cell surface nucleosomes

As cells undergo apoptosis or necrosis, the nuclear content of the cell is exposed to the extracellular milieu
prompting the production of antinuclear antibodies which recognize these nuclear components and as such are
considered biomarkers of systemic immune disorders. Several groups of antinuclear antibodies have been
identified and associated with specific pathologies, for example, anti-double-stranded DNA antinuclear
antibodies are considered a biomarker and a pre-clinical indicator of systemic lupus erythematosus [223].
Extractable nuclear antigens, a group of antinuclear antibodies named for their ability to be extracted from the
cell nucleus with saline, recognize ribonucleoproteins and non-histone proteins (e.g., Smith (Sm),
ribonucleoprotein, scleroderma 70 (Scl-70), etc.). These antigens have been used as biomarkers for cancer [224];
particularly for breast cancer where they are considered an aid in early diagnosis [225].

Over the course of several years, Torchilin and colleagues have developed an antinuclear antibody mAb
specific for tumor-associated cell surface nucleosomes, referred to as 2C5 (mAb 2C5), which can recognize
various types of tumors. The team developed mAb 2C5-targeted Doxil® liposomes to target and induce
anticancer effects on several cell lines [118,119], and demonstrated a 3 to 8-fold increase in the binding and
internalization, with significantly higher toxicity including those resistant to DOX. Following their in vitro
success, the group studied mAb 2C5-targeted liposomes in vivo [120]. Using '''In-labeled liposomes and whole-
body y-scintigraphic imaging, the group showed the enhanced accumulation of mAb 2C5—targeted liposomes in
tumors and significantly superior anticancer activity in the subcutaneous murine tumors of 4T1 nude mice
models. In 2021, Narayanaswamy and Torchilin combined two chemotherapeutics, PTX and salinomycin, to

simultaneously target and treat breast cancer cells and cancer stem cells (CSCs) to prevent cancer growth and
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metastases [121]. As of 2022, however, no clinical trials for the mAb 2C5 has been registered on

clinical.trials.gov and the team have started exploring the use of a different drug carrier (micelles, dendrimers).

2.1.3 Erythropoietin-producing hepatocellular carcinoma (Eph) receptors

Membrane-bound erythropoietin-producing hepatocellular carcinoma (Eph) receptors are a large family of
tyrosine kinase receptors, that play critical roles in cell-cell interactions, proliferation, differentiation, signaling,
migration, and tissue morphogenesis, as well as in many pathological processes [226]. Of the 14 known Eph
receptors, Eph class A2 (EphA2) receptors have the strongest links to cancer and have been detected in brain,
bladder, breast, lung, skin, ovarian, and prostate cancers [227]. Specifically, EphA2 is involved in the
proliferation, angiogenesis, drug resistance, progression, migration, and metastasis of breast cancer [228]. The
development of EphA2 targeting systems is especially intriguing as highly aggressive breast cancer tumors with
no ERa expression have shown consistently higher expression of EphA2 [228]. Thus, several research groups
have developed EphA2-targeting agents.

One such group developed an EphA2-targeted nanoliposomal drug carrier loaded with docetaxel, named
MM-310, for the treatment of assorted tumor types including TNBC [122], and have completed phase I clinical
trials to determine the safety of the treatment strategy in humans (NCT03076372) [229]. As of 2022, no
additional results from this trial has been published. The same team explored the combination of a chemo and
immunotherapeutic strategy wherein the checkpoint inhibitors anti—-programmed cell death receptor
1/programmed cell death ligand 1 and anti-T-lymphocyte-associated protein 4-antibodies, which are linked to
tumor resistance and recurrence due to the low intratumoral presence of T cells, were combined with docetaxel
which is known to increase the levels of T cells in TNBC [230]. In the TNBC tumor model, the combination of
EphA2-functionalized docetaxel and anti- programmed cell death receptor 1-loaded liposomes showed a 60%
response rate resistant to rechallenge and large immunomodulatory response. Stealth liposomes encapsulating
DOX have also been conjugated with the homing peptide YSAYPDSVPMMSK and investigated both in vitro
and in vivo [124]. Interestingly, the YSAYPDSVPMMSK-modified liposomes facilitated the efficacy of DOX
by inducing cancer cell apoptosis, inhibiting tumor growth and CD31 expression, as well as diminishing the

capacity of the tumoral cells to undergo angiogenesis and metastasis.

2.1.4 Folate receptor

Reduced folates are key components in the metabolism of amino acids and the synthesis of DNA/RNA, and
are thus required for normal cell survival. Folate receptors are glycoprotein vitamin receptors with four known
isoforms (a, B, y, and J) differentially expressed in several tissues [231]. Due to the high demand for folate in
DNA repair during carcinogenesis, folate receptor-a is often overexpressed in tumors and has thus become a
biomarker and therapeutic target for brain, lung, colorectal, ovarian, and breast cancers [232,233].

Folate-coated long circulating pH-sensitive liposomes have been thoroughly researched for the treatment of
metastatic, MDR, and TNBC. An interesting example of folate receptor-targeted liposomes involves the work of
Gazzano et al. who used DOX conjugated to NO-releasing groups to overcome P-gp drug efflux transporters in
MDR breast cancer [132]. Folate was inserted onto the surface of the liposomes and upon uptake localized
towards both the nucleus and the mitochondria where the DOX induced DNA damage, cell cycle arrest, and

triggered mitochondria-dependent apoptosis. The team’s liposomal system reduced the growth of P-gp and folate
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receptor-expressing breast cancer tumors in mice whereas DOX and Caelyx® failed. Most encouragingly,
however, was that primary tumoral cells and cells derived from the exposed tumors remained responsive to the
treatment over several treatment cycles. Another example is the work of Deng et al., who sought to exploit the
use of matrix metalloproteinases (MMPs), specifically MMP-2, to cleave PEG chains over time from folate-
functionalized and DOX-encapsulating liposomes to serve as a chemotherapy-induced ‘tumor vaccine’ [133].
Normally, this approach is challenging as chemotherapy induces immunogenic cell death, poor T cell activation
and the general immunosuppressive environment of the TME, the team’s approach was to target both 4T1 breast
cancer cells and tumor promoting tumor-associated macrophages (M2-TAMs) via the folate receptor causing an
enhanced immune response coupled with the elimination of M2-TAM whilst simultaneously using cytosine-
phosphate-guanine therapy to improve T cell response. The team’s combination therapy also considerably
inhibited lung metastasis and the growth of metastasized nodes in the breast cancer models. Notably, because
folates are so ubiquitous in cellular mechanisms, folate receptor targeting with a folate-functionalized
nanocarrier can be impeded by circulating folates (i.e., due to the patient’s diet) and, due to high expression of

folate receptors in normal kidney tissues, persistant accumulation of nanocarriers is not uncommon.

2.1.5 Intercellular adhesion molecule-1

Intercellular adhesion molecule-1 (ICAM-1) is a cell surface receptor widely associated with cell adhesion
and the recruitment of leukocytes to inflammation sites [234]. More recently, ICAM-1 has been linked to
tumorigenesis via its promotion of tumor-immune cell adhesion and communication leading to more aggressive
and invasive tumor phenotypes [235,236]. Although the specific mechanism of this communication and cell
signaling pathways have not been fully defined, the interaction between ICAM-1 and mucin 1 (MUCI) causing
the activation of the MAPK/ERK signaling cascade leading to migration in the surrounding tumoral cells has
been implicated [237-239]. Thus, due to this interplay between the glycoprotein receptor and tumor metastasis
and aggression, ICAM-1 has been investigated as a prognostic marker [235,240].

For example, Guo et al. developed a pH-sensitive liposomal drug delivery system to target and treat TNBC
via anti-ICAM-1 Ab-functionalization and Lcn2 siRNA encapsulation [134] (Figure 6). Lcen2 levels have been
linked to breast cancer status and poor prognosis due to their affiliation with inducing EMT in breast cancer
cells. In their study, ICAM-1-targeted liposomes bound significantly stronger to MDA-MB-231 cells as
compared to the non-neoplastic MCF-10A cells, whilst efficient knockdown of Lnc2 by the siRNA
encapsulation led to a reduction in VEGF production mitigating angiogenesis in both in vitro and in vivo TNBC

models.
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Figure 6. Example of ICAM-1 liposomal targeting for breast cancer. (A) Schematic of the Lnc2-encapsulating
ICAM-1-functionalized liposomes (ICAM-1-Lnc2-LP). (B) Relative Lnc2 protein levels in MDA-MB-231 cells
after Lnc2 gene knockdown by the ICAM-1-Lnc2-LPs, accompanied by VEGF concentration in the conditioned

media (CM) collected from the knockdown MDA-MB-231 cells. Adapted from [134].

2.1.6 Lipoprotein receptor-related protein-1

The low-density receptor-related protein 1 (LRP1) (also referred to as apolipoprotein E receptor (APOER)
or CD91) is a cell signaling receptor expressed on several cell types, including astrocytes and neurons,
fibroblasts and smooth muscle cells, hepatocytes, macrophages, and carcinogenic cells. LRP1 is part of the LDL
family of receptors which recognize a huge variety of ligands, including various proteases, matrix proteins,
protease/inhibitor complexes, growth factors, and intracellular proteins [241], and as such is involved in several
varied biological processes such as cell migration, the degradation of proteases, the activation of lysosomal
enzymes, lipoprotein metabolism, the entry of viruses and bacterial toxins into cells, etc. Recently, LRP1 has
also been reported to play key roles in tumorigenesis and tumor progression [242,243], with its discovery on the
leading edge of breast cancer cells implying its involvement in cytoskeletal organization and cell-matrix
interactions for protrusive structures used for cell migration [244].

To improve drug transport through the BBB, Orthman et al. prepared 19-mer angiopeptide (also referred to
as angiopep-2 or ANG1005)-functionalized fluid or rigid membrane liposomes as a means to target LRP1 in
both subcutaneously implanted breast cancer cells and intracerebrally implanted brain tumors in mice [135].

Fluid, ligand-bearing liposomes proved to have higher cellular uptake and were able to significantly reduce
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tumor volume, and brain metastasis, with a reduced drug toxicity effect. The group observed that ligand-
modified liposomes had better endocytosis-induced cellular uptake but, more interestingly, that the presence of a
receptor-ligand modification did not affect the intracellular transport (transcytosis) of the drugs; rather, the
fluidity of the liposomes played a greater role in the dissemination of the drug throughout the cell.

In a continual effort to decrease side effects and boost the use of already established anticancer drugs, the
same group used the drug oxaliplatin, a highly potent neurotoxic chemotherapeutic rarely used to treat breast
cancer metastasis to the brain as it cannot cross the BBB, to treat primary breast cancer tumors and its brain
metastasis [136]. LRP1-functionalized oxaliplatin-loaded liposomes were introduced in vitro MDCK cells and
demonstrated a 12-fold higher uptake and 2.25-fold greater transcytosis than non-targeted liposomes. For in vivo
experiments, both subcutaneous and intracerebral tumors were prepared with MT-3 cancer cells and treated with
various iterations of oxaliplatin liposomes. Although the oxaliplatin-loaded liposomes with a fluid membrane
caused significantly greater inhibition of both the subcutaneous and intracerebral MT-3 tumors than the free
oxaliplatin, the LRP1-targeted liposome variations showed no superior effects in vivo. Furthermore, it should be
noted that the MT-3 cell line is known to be contaminated with LS-174T colon adenocarcinoma cells (see Table

2).

2.1.7 Nucleolin

Nucleolin is a major protein component of the nucleolus and is involved in a cell’s regulation of
transcription, proliferation, and growth [245]. Whilst approximately 90% of nucleolin is found in the nucleolus,
the protein is detectable on the cell surface and in the cytoplasm of various cancer cells [246]. Once at the cell
surface, the protein is involved in shuttling molecules between the nucleus, cytosol, and the cell surface, and has
been implicated in mechanisms involving leukocyte trafficking and inflammation, cell adhesion and
differentiation, as well as angiogenesis and tumor development [247-249]. Nucleolin overexpression on the cell
membrane is linked to tumor progression, metastasis, and drug resistance of various cancers [246,250,251], and
has been found to interact with tumor-promoting proteins and receptors such as VEGF and HER2 [252,251].

Moura et al. assessed the ability of a nucleolin tumor-homing F3  peptide
(KDEPQRRSARLSAKPAPPKPEPKPKKAPAKK) to target two different cell populations, namely endothelial
and cancer cells from angiogenic blood vessels, functionalized on a PEG stabilized pH-sensitive liposome
containing DOX [137]. The team identified the nucleolin receptor in the neovascularization of 30 tumor samples
of patients diagnosed with invasive breast cancer but not in mature blood vessels or the mammary ducts. Cells
with positive staining for the nucleolin receptor were harvested and, after incubation with both F3-functionalized
and non-targeted liposomes, were able to bind and internalize the functionalized nanocarrier. F3-targeted
liposomes also demonstrated a 9.7 to 17-fold greater accumulation in nucleolin receptor overexpressing breast
cancer cell lines (MDA-MB-231 and Hs578T) and a 10.4-fold increased accumulation in an angiogenic blood
vessel cell line (HMEC-1) overexpressing the nucleolin receptor as compared with low-level expression (T47D
and MCF-7) breast cancer cell lines. It should be noted, however, that although the group designated their use of
the MDA-MB-435S as a breast cancer cell line, the origin of these cells has been disputed and related to
melanoma instead [216]. The F3-targeted liposomes also improved the cytotoxicity of DOX by 177- and 162-
fold towards breast cancer and endothelial cells, respectively, relative to generic non-targeted pH-sensitive

liposomes. The same team explored the use of the F3 peptide-targeted liposomes to identify a common receptor
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for both CSCs and certain non-stem cancer cell lines (from which CSCs are thought to originate via EMT) [138].
Their results demonstrated a clear link between nucleolin expression and the stem cell-like phenotype often seen
in TNBC. Furthermore, a synergistic relationship between the dual-loaded drugs, DOX and C6-ceramide, was
shown to increase cellular toxicity against CSCs, non-stem cancer cells, and tumoral angiogenic blood vessels.
Subsequently, the team has further developed and applied the F3-liposome targeted system to target various
other cancers, the tumor microenvironment, and other CSCs [253-256]. AS1411 is a nucleolin-targeting, anti-
proliferative DNA aptamer developed in the late 1990s [257] which has undergone phase I and II clinical trials
(NCT01034410, NCT00881244, NCT00740441, NCT00512083) for the treatment of advanced solid tumors,
acute myeloid leukemia, and renal cell carcinoma. Naturally, the AS1411 aptamer has also been employed as a
nuclear-targeted liposomal drug delivery system enabling the intranuclear release of anticancer drugs for various
cancers, including breast cancer. In 2013, Xing et al. showed that increased cellular internalization and
cytotoxicity of MCF-7 tumors in athymic nude mice could be achieved with AS1411-functionalized liposomes
[139]. To address the need for treatment and targeting strategies for MDR, Liao et al. prepared AS1411-
functionalized liposomes loaded with DOX and the bubble-generating agent ammonium bicarbonate to target
DOX-resistant breast cancer cells (MCF-7/ADR) (Figure 7) [140]. Molecular dynamic simulation studies
indicated that the contact between the non-targeted liposomes and the nucleolin receptors was not favorable,
whilst the G-quadruplex structure of the AS1411-nucleolin complex was spontaneous and exceptionally stable
as demonstrated by the large negative binding energy. In vivo studies in MCF-7/ADR tumor-bearing, nude mice
demonstrated AS1411-functionalized liposomes had greater cellular internalization concentrations of DOX in
tumor tissue than free DOX or PEGylated liposomes and were able to greatly decrease tumor growth and reduce
systemic effects such as cardiotoxicity. Similarly, Li et al. designed DOX-loaded liposomes which circumvented
the MDR P-gp action by utilizing AS1411 targeting to directly deliver DOX into the cell nuclei thus having
AS1411 serve as an intracellular targeting system [141]. Treatment systems with and without combination
chemotherapeutics have also been developed using AS1411 aptamer-functionalized liposomes for breast cancer

treatment [142,143].
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Figure 7. Example of nucleolin liposomal targeting in breast cancer. Schematic showing the structure of an
AS1411-functionalized liposome and its binding to nucleolin on the cell surface, followed by receptor-mediated
endocytosis, and intracellular DOX accumulation. DOX release is activated by the formation of CO, bubbles via

the reduction of encapsulated ammonium bicarbonate by heat. Adapted and reprinted with permission from

[140]. Copyright 2015 Elsevier.

2.1.8 P-glycoprotein

P-gp is a cell surface ATP-dependent efflux pump responsible for the elimination of various substances in
the cell. In normal tissue, P-gp is expressed on the apical membranes of hepatocytes, enterocytes, and brain
endothelial cells where they recognize a variety of substrates and serve to limit the absorption of harmful
substances, including toxins and drugs, into the liver, kidneys, and intestine as well as limiting penetration across
the BBB of orally administered drugs [258]. As such, P-gp overexpression is infamously known to lower the
intracellular concentrations of several anticancer agents to sub-therapeutic levels and has been described as one
of the main mechanisms of MDR [259,260].

Many P-gp modulators and inhibitors, e.g., TPGS, have been developed for use alongside nanocarriers.
TPGS is formed by an esterification reaction between vitamin E and PEG and, due specifically to the vitamin E
component, possesses enhanced cellular internalization abilities via membrane receptors [261,262]. TPGS has
also been shown to cause the extravasation of electrons from the mitochondrial respiratory complex II resulting
in the generation of ROS [261]. Not surprisingly, TPGS has been used in the development of targeted liposomes

in combination with both conventional chemotherapeutics and other compounds for breast cancer treatment. For
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example, Han et al. loaded PTX, a known substrate of P-gp, into TPGS-functionalized liposomes to assess
whether the nanocarrier could produce a controlled, long-term release of PTX [145]. In MCF-7/ADR cells, the
uptake of TPGS-functionalized PTX-loaded liposomes was increased 3.56-fold at 2 h and 5.75-fold at 4 h as
compared to non-targeted PTX-loaded liposomes at similar times. Further analysis also confirmed an inhibitory
effect on the P-gp pumps and an accompanying cytotoxic effect on the cells. Li et al. attempted to reverse MDR
by developing a synergistic TPGS-functionalized docetaxel-loaded liposomal system for breast cancer [146].
The TPGS-functionalized liposomes demonstrated enhanced intracellular accumulation and cytotoxicity in wild-
type MCF-7 and drug-resistant MCF-7 breast cancer cells whilst simultaneously inhibiting the function of the P-
gp pump. Another interesting application of TPGS-functionalized liposomes relates to the phenomenon of
vascular mimicry (VM) channels. For instance, Shi et al. encapsulated sunitinib (a targeted chemotherapeutic for
tyrosine kinase receptors) and vinorelbine within TPGS-coated liposomes to treat invasive breast cancer and its
associated VM channels [144]. The team demonstrated in both in vitro MCF-7 and in vivo MDA-MB-435S
models that TPGS-functionalized liposomes had enhanced internalization and accumulation within the
mitochondria of VM neovascular cells. Once there, the dual-loaded chemotherapeutics induced cell death via the
upregulation of caspase 9 and caspase 3 and downregulated several proteins associated with VM channel
formation, e.g., EphA2, MMP-9, vascular endothelial (VE)-cadherin, and hypoxia-inducible factor 1-alpha (HIF-
la). It should be noted, however, that whilst the team did observe increased cellular uptake with the TPGS-
functionalized liposomes in vivo, they partially credited this phenomenon to the liposomes being of favorable
size for long-term circulation. Furthermore, there is some debate regarding the tissue origin of the MDA-MB-

435S cell line.

2.1.9 Somatostatin receptor

Somatostatin receptors are G protein-coupled receptors most commonly expressed by the pancreas,
cerebrum, kidneys, jejunum, colon, and liver. Five receptor subtypes, termed somatostatin receptors 1 - 5, along
with their ligands, somatostatin, somatostatin analogs, and octreotide, are currently known [263]. All five
receptors are to some extent involved in the regulation of cell division, secretion, proliferation, and apoptosis.
Somatostatin receptor-2 is found almost exclusively at the plasma membrane of central and myenteric neurons,
neuroendocrine cells of the gastric antrum, anterior pituitary pancreatic islets, and tumors, such as breast cancer
[264,265]. Bharti et al. used the synthetic somatostatin analog 2 targeting agent diacerein, a drug used to treat
swelling and pain in the joints, loaded in liposome nanocarriers for the treatment of TNBC [147]. The targeted
system showed improved circulation times as compared to non-targeted controls and was able to suppress the IL-
6/IL-6R/STAT3/MAPK/Akt signaling pathways involved in cancer development and growth, as well as
suppressing angiogenesis and cancer cell invasion. Similarly, octreotide-modified liposomes loaded with both
daunorubicin and dihydroartemisinin, a poorly water-soluble drug used to treat malaria, were evaluated for their
ability to treat breast cancer [148]. In vitro results showed good cellular uptake of the octreotide-functionalized
liposomes with the combinatorial treatment enhancing the cytotoxicity, and blocking tumor cell wound healing
and migration. In vivo experiments performed on MDA-MB-435S xenograft mice showed prolonged circulation
times leading to enhanced accumulation of the targeted liposomes at the tumor sites, and thus an excellent

overall antitumor efficacy and no obvious side effects (Figure 8).
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Figure 8. Example of somatostatin receptor liposomal targeting in breast cancer. (A) Schematic representation
of octreotide (OCT)-modified liposomes dual-loaded with daunorubicin and dihydroartemisinin. (B) Increased
accumulation of the OCT-modified liposomes loaded with a dye (DiR) and dihydroartemisinin in MDA-MB-
435S xenograft tumors in mice after intravenous administration. Adapted and reprinted with permission from

[148]. Copyright 2018 Elsevier.

Gote & Pal also engineered an octreotide-functionalized PEGylated liposomal system but encapsulated
Lcn2 siRNAs for the selective targeting and treatment of metastatic and TNBC [149]. In vitro uptake and
intracellular studies indicated a higher uptake at 6 h in both MCF-7 and MDA-MB-231 cells accompanied by the
silencing of the Lnc2 mRNA (55 — 60%).

2.1.10 Sigma receptor

Although discovered over four decades ago, sigma receptors remain largely obscure and poorly understood.
Sigma receptors are membrane-bound proteins, originally thought to be related to the opioid receptor family but
are now recognized as distinct proteins found in the plasma, endoplasmic reticulum, and mitochondrial
membranes of the brain, kidneys, and liver [266,267]. Two receptor subtypes, sigma-1 and sigma-2 receptors
have been discovered and linked to critical roles in the nervous system with steroid hormones (especially
progesterone), sphingolipid-derived amines, and haloperidol (an antipsychotic medication) identified as ligands

[268].
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Both sigma-1 and sigma-2 receptors are overexpressed in cancer cells, including breast cancer, and have
been implicated as possible drug delivery targets [269,270], however few of these strategies have involved
liposomes. Mukherjee et al. modified haloperidol-linked lipids with cationic lipid-DNA complexes to
specifically target the sigma-1 receptors of breast cancer cells [150]. Haloperidol was conjugated to the distal
end of PEG and incorporated into cationic liposomes known for their ability to deliver genes intracellularly. The
resulting haloperidol-functionalized lipoplexes produced a 10-fold greater reporter gene expression in MCF-7
cells than in control lipoplexes. The Mukherjee et al. study demonstrated for the first time that haloperidol-
functionalized delivery systems could be used to deliver genes in breast cancer cells via overexpressed sigma
receptors thus introducing a new class of therapeutics for cancer treatment [271]. More recent work regarding
sigma receptor targeting was the development of SV119; a synthetically engineered small molecule able to bind
exclusively to sigma-2 receptors with high affinity and specificity. Zhang et al. explored the potential of using
SV119 conjugated to liposomes as a targeting ligand and apoptosis-inducing peptide for several cancer cell lines,
including prostate, lung, and breast cancers [151]. Their results demonstrated that the incorporation of the
peptide on the PEGylated liposome significantly increased cellular uptake in all the cancer cell lines but not
normal cells. As expected, the SV119-functionalized DOX-encapsulating liposomes demonstrated increased

cytotoxicity as compared to non-targeted and unloaded liposomes.

2.1.11 Transferrin receptor

Iron is an essential component of cancer cell proliferation making its receptor, the transferrin receptor
(TfR), an attractive avenue for targeted drug delivery. TfR is a membrane glycoprotein with two isoforms, TfR1
and TfR2. TfR1, also known as CD71, cell surface receptor expressed at low levels in normal tissues while TfR2
is largely restricted to hepatocytes [272]. TfR1 has been correlated with cancer proliferation, migration, invasion,
apoptosis, and metastasis [273] and is abundantly expressed in liver, breast, lung, and colon cancer cells [274].

Gandhi et al. formulated transferrin-functionalized epirubicin-HCI liposomes able to target breast cancer
cells with improved in vitro uptake and excellent safety and distribution profiles capable of minimizing the
cardiotoxicity normally associated with the chemotherapeutic [152]. Similarly, Fu et al. developed a transferrin-
functionalized co-loaded liposomal delivery system to deliver both sorafenib and DOX for an enhanced
antitumor effect [153]. Sorafenib, a hydrophobic drug loaded in the phospholipid bilayer of the liposome carrier,
inhibited tumor cell proliferation and blocked angiogenesis. In vitro experiments verified that transferrin-
functionalized liposomes demonstrated the highest uptake and that the combination of the two drugs inhibited

tumor growth more effectively than the monotherapy controls.

2.1.12 Urokinase plasminogen activator receptor

The plasminogen activator system is an extracellular enzymatic cascade system consisting of the urokinase-
type plasminogen activator (uPA), its receptor (UPAR), and plasminogen activator inhibitors-1 and -2 (PAI-1 and
PAI-2, also referred to as serpinEl or B2). Once the ligand uPA binds to its receptor uPAR, it activates the
conversion of plasminogen to plasmin which is an essential component of the proteolytic cascade needed for
normal tissue reorganization such as the remodeling of the extracellular matrix (ECM) and cell surface, wound
healing, and mammary gland involution [275]. Unfortunately, this same system is usurped by tumor cells for

migration to secondary locations. Although several protease systems have been implicated in this process, the
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uPA system has been identified as a central player implicated in tumor progression, metastasis, angiogenesis,
cancer cell adhesion, migration, and EMT [276]. As such, the system’s components are considered a diagnostic
biomarker for several malignancies and cancers, including TNBC where its elevation is correlated to poor
clinical outcomes, more aggressive primary tumors, metastasis, and recurrence [277].

An excellent example of uPAR used as an active targeting agent includes the work of Belfiore et al. who
encapsulated N-alkylisatin, a potent microtubule destabilizing agent capable of evading P-gp drug efflux in
cancer cell lines, in PAI-2-functionalized liposomes. Previous work by the group confirmed that uPA could be
efficiently and specifically inhibited by PAI-2 as well as rapidly internalized [155,156]. In their recent work, the
authors showed that the in vitro uptake of PAI-2-functionalized liposomes was greater in the uPA/uPAR
overexpressing MDA-MB-231 than in the relatively lower expressing MCF-7 cells [154]. Further in vivo testing
determined that a maximum of 0.5% of the initial injected dose of PAI-2-functionalized N-alkylisatin-loaded
liposomes was detectable within primary tumors compared to the 0.02% for non-targeted N-alkylisatin-loaded
liposomes (Figure 9). It is interesting to note, however, that Doxil® (a non-targeted liposome) typically has a

1% or less accumulation rate in primary tumors.

Plasma Tumor Kidneys
= "T1 iy 5" - N-Al b - Al
E = MRA Pl E e Pieod P2 5 - Mol PALT
2K - 2 e E v
he4 =
E Ew 'E ¥
e JE1 :' -
Ty rr—— 1 4 -
(A L] L1} Tl [ X! i i =] &e 1 ik L]
Time (k) Tirma (k) Tima (k)
Liver Splesn Lungs
k2 S "
- P
2 g g - P P
3 i. g«
- =
o
gw E - g i1
s s D] L, | - Bk
* = M-AJ PAL] " = A PRk *
1] v ey L @ — = —
an ! L1 0@ B 1 L b [ &) 1 % -
Time (h Time (h) Tima (h]

Figure 9. Example of uPAR liposomal targeting in breast cancer. Biodistribution and pharmacokinetics of the
radiolabeled N-alkylisatin-loaded liposomes (N-Al) and plasminogen activator inhibitor-2 (PAI-2)-
functionalized N-alkylisatin-loaded liposomes (N-AI PAI-2) over time. Measurements were taken in the plasma,
primary tumor, kidneys, liver, spleen, and lungs of mice after one intravenous bolus injection. Note that 0.5% of
the dose of PAI-2-functionalized liposomes was observed in the primary tumor soon after injection. Adapted

from [154].

2.2 Transmembrane receptors

2.2.1 Biotin receptor
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Biotin is an essential vitamin required for carbohydrate, amino acid, and lipid metabolism. At extracellular
concentrations exceeding 25 uM, biotin passively diffuses across cell membranes but carrier-mediated uptake
via biotin receptors and sodium-dependent multivitamin transporters (SMVTs) predominates below 5 uM [278].
SMVTs are found in the absorptive tissues of biotin, for example, the intestinal mucosa, kidneys, liver, brain,
lung, heart, skeletal muscles, and placenta, and serves to translocate vitamins and other essential cofactors [279].
Some evidence suggests that biotin receptors and SMVTs are correlated with cancer, including breast cancer
[280], and can be used to target cancer for diagnostic and therapeutic use [281].

To investigate if ligand orientation and density affect the uptake of targeted liposomal systems into breast
cancer cells, Lu et al. strayed from the more tradition single branched ligand design of targeting systems and
instead developed liposomes with double-branched biotin with varying densities [157]. Here, the team showed in
both their in vitro uptake and in vivo biodistribution experiments, that double-branched biotin modified
liposomes exhibited a significantly improved ability to target SMVT-expressing breast cancer. Additionally, the

similarly targeted PTX-loaded liposomes exhibited better therapeutic effects, indicating that increasing the
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density of the targeting ligand on the surface of liposomes could significantly improve targeting ability. The
group expanded upon their work by investigating the effects of increasing the number of branched ligands on the

liposomes, e.g., tri- and tetra-branched biotin [158] (Figure 10).

Figure 10. Example of biotin receptor liposomal targeting using tri-branched biotin-functionalized PTX-loaded
liposomes to show that ligand density and spatial orientation affects the uptake of liposomal systems into breast

cancer cells. Reprinted with permission from [158]. Copyright 2020 Elsevier.

Here cellular uptake and cytotoxicity assays indicated that the PTX-loaded tri-branched liposomes
possessed the strongest internalization and anti-proliferative activity. Moreover, imaging of 4T1 tumor-bearing
mice demonstrated the same results in vivo, indicating that the density and spatial distance of biotin residues
influence the affinity between the targeted liposomes and the SMVT receptors. Biotin has also been used for the
dual targeting of breast cancer by Huang et al. [159] who designed a liposomal system to simultaneously target
both biotin and glucose on a double-branched surface functionalized attachment and showed the improved

uptake of the drug carrier both in vitro and in vivo when compared to mono-targeting ligand-modified liposomes.

2.2.2 Cluster of differentiation 44
The cluster of differentiation 44 (CD44) is a ubiquitously expressed transmembrane glycoprotein found

throughout the human body and is a multifunctional receptor with diverse roles in cell proliferation, aggregation,
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migration, hematopoiesis, hyaluronic metabolism, and lymphocyte response. This diversity in function has been
linked to the many distinct CD44 variants found in specific cells including endothelial and epithelial cells,
fibroblasts, keratinocytes, and leucocytes [282]. Moreover, CD44 has been linked to tumor growth, migration,
invasion, angiogenesis, and bone metastasis and is overexpressed in various cancer types including TNBC
[283,284]. The ECM plays an essential role in tissue growth, function, and disease, and thus its major component
hyaluronic acid (HA) plays a similarly important role in cellular interactions and physiological functions [285].
As HA is the principal ligand of CD44, unsurprisingly, the CD44-HA signaling pathway has been linked to
tumorigenesis, antiangiogenic and anti-inflammatory responses [286,287]. In addition to HA, CD44 also
interacts with several other ECM proteins, including MMPs, fibronectin, collagens, osteopontin, as well as
several growth factors, cytokines, and chemokines

Over the years, many HA-conjugated liposomes for targeted breast cancer therapy have been designed. An
interesting example includes the work of Lv et al. who loaded lysolipid-containing thermosensitive liposomes,
which are stable at 37 °C but deteriorate when exposed to mild hyperthermia (42 °C), with marimastat, a
synthetic inhibitor of collagenases, gelatinases, and MMPs [160]. The use of hyperthermia is a well-established
method to improve the accumulation of targeted entities in tumors and has been shown to improve blood
perfusion and increase the pore size between endothelial cells of tumor microvessels thus enhancing the
extravasation of the nanoparticles into the interstitial spaces of the tumoral tissue [288]. The marimastat-loaded
thermosensitive liposomes were combined with an HA-PTX prodrug to form hybrid nanoparticles for the
targeting and treatment of the TME and breast cancer cells. Once the hybrid nanoparticles were injected
intravenously in 4T1 tumor-bearing mouse models, HA-PTX and marimastat release were triggered by the
application of hyperthermia at the tumor site, whereafter the marimastat interacted with the TME and the
released HA-PTX entered the cells via CD44-HA coupling. The team reported that the hybrid nanoparticles
promoted deep tumor penetration and accumulation and significantly inhibited tumor growth and angiogenesis
by 10-fold with complete metastatic suppression. Another example by Han et al. used HA to dual target breast
cancer cells and CSCs with gemcitabine-loaded liposomes [161]. For many years the prevailing theory of cancer
initiation and progression has been that cancer arises from genetic mutations that build up over several divisions
in normal somatic cells. This theory is now considered overly simplistic as the concept of CSCs as key

contributors to therapy failure has gained considerable recognition [289]. The team’s liposomes targeted breast
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cancer cells and CSCs, reduced the systemic toxicity of the loaded chemotherapeutic, and improved the cellular

uptake of gemcitabine into CSCs. Jiang et al. [162] showcased the unique versatility of liposomes by engineering

a “nanodepot” with a liposomal core surrounded by a crosslinked gelatinous shell for the delivery of tumor

necrosis factor-related apoptosis-inducing ligand (TRAIL) and DOX (Figure 11).

Figure 11. [llustration of the TRAIL/DOX-Gelipo design, showing the HA crosslinked outer shell encapsulating

DOX and TRAIL, and the proposed multistage delivery of TRAIL to the cell surface and DOX to the nucleus as
an example of CD44 liposomal targeting of breast cancer. Reprinted with permission from [162]. Copyright

2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

In this strategy, DOX was loaded into the aqueous core of the liposomes whilst TRAIL, which acts on cell
death receptors, was confined to the outer shell of the crosslinked HA shell. The targeting and subsequent
anticancer effect of the DOX-liposomes depended on the degradation of the HA shell by hyaluronidases,
concentrated within the TME, causing the release of TRAIL and thus liposome internalization. In an excellent
study, Yang et al. demonstrated the biological and molecular basis for the ability of chitosan to target CD44 and
showed that the receptor is overexpressed in breast CSC, 3D mammospheres, and patient TNBC tissue samples
[164]. The team synthesized chitosan and %Zr-labelled gambogic acid-loaded liposomes able to bind to the
active site of CD44 on TNBC CSCs, accumulate in tumors of xenograft-bearing mice with good radiochemical
stability, and show excellent antitumor efficacy in vivo. In a similar multifunctional approach, Ding et al.
conjugated chitosan oligosaccharide liposomes containing the photosensitizer HPPH and the hypoxia-activated
prodrug TH302 to enable simultaneous CD44 targeting, imaging, and photodynamic and hypoxia-activated
therapy of TNBC [163]. Photodynamic therapy is based on the use of photosensitizers triggered by specific light
wavelengths to produce ROS which induces cytotoxicity. The effectiveness of chemotherapy and photodynamic
therapy is often limited due to the prevalence of hypoxia in solid tumors, however, in this study the team used
the hypoxic environment created by the photodynamic therapy to activate the hypoxia-activated prodrug TH302
to produce a synergistic anticancer effect in vitro and in vivo. Specifically, the group demonstrated that the
combination of using HPPH- and TH302-loaded liposomes functionalized with the CD44 targeting chitosan
oligosaccharides had a significantly enhanced effect on reducing tumor growth as compared to monotherapies or
non-targeted liposomes. The group also showed that the chitosan oligosaccharides-functionalized dual-loaded
liposomes demonstrated more necrosis and severe morphology changes in the tumors. Lastly, Guo et al.
developed a liposomal drug delivery system loaded with anti-interleukin 6 receptor (IL6R) antibodies to target
the TME of CD44+ breast cancer cells in TNBC and luminal breast cancer mouse models [165]. The binding of
IL6 to its receptor (IL6R) regulates the expression of VEGF and MMPs, the activation of which promotes the
metastatic ability of tumoral cells. The team’s liposomal system blocked IL6R signaling in cancer cells and
macrophages, thus suppressing the stemness and angiogenesis of 4T1 tumor-bearing mouse models. Even more
interestingly, the treatment had an inhibitory effect on the lung metastatic potential of the breast cancer stem

cells.
2.2.3 Human epidermal growth factor receptors 1 and 2

The transmembrane epidermal growth factor receptor family are tyrosine kinase receptors encompassing

the human epidermal growth factor receptors 1 to 4 (HER1 - 4, also known as ErbB1 - 4). As the name suggests,
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most of the epidermal growth factor receptors are linked to the epidermal growth factor family of extracellular
proteins and are involved in cell growth, differentiation, organ development, and the repair of healthy cells and
tissues [290]. The exception is HER?2 for, although it plays an integral role in several signaling pathways, its
endogenous ligand is currently unknown. Both HER1 and HER2 are frequently overexpressed in cancer cells
and induce erroneous development, unrestricted proliferation, decreased apoptosis, drug resistance, and
increased metastasis and angiogenesis in several cancers including breast cancer [291,292].

In mammary tissue, HER1 is essential for ductal morphogenesis but its overexpression has been correlated
to several breast cancer subtypes, including TNBC, and its presence is correlated to worse clinical outcomes
[291]. HER1 therapy (or anti-epidermal growth factor receptor therapy) includes the use of mAbs which bind to
the extracellular domain of HERI1 to inhibit ligand binding and block downstream receptor signaling. These
mAbs include; panitumumab originally developed to treat metastatic colorectal cancer but has recently been
studied as a combination neoadjuvant therapy for TNBC; zalutumumab for the treatment of squamous cell
carcinoma of the head and neck; and cetuximab (CET) [293].

CET is a chimeric (mouse/human) mAb able to target HER1 and produce anticancer effects by impeding
the binding of epidermal growth factors thus causing an interruption to cell proliferation, angiogenesis, and
metastasis [294]. Not surprisingly, targeted drug delivery systems using CET have been thoroughly pursued by
HERI1-expressing breast cancer cells. For example, Dorjsuren et al. developed CET-functionalized thermo-
sensitive liposomes, encapsulating both DOX and citric acid-covered iron oxide magnetic nanoparticles for pH-
sensitive chemotherapy release and near-infrared (NIR)-triggered photothermal therapy [166]. The team
observed that after 2 h the uptake of CET-coated liposomes was considerably higher compared to uncoated
liposomes in both the HER1+ SKBR-3 breast cancer cell line and the low HER1 expressing MCF-7 cell line.
This uptake was correlated to reduced breast cancer cell viability in vitro and increased tumor temperatures in
vivo sufficient for a therapeutic effect whilst remaining biocompatible and safe. Although multiple whole mAb
CET-coated nanoparticle drug delivery systems have been investigated their use poses several disadvantages as
previously mentioned. To overcome these drawbacks antibody fragments, such as Fab’ and scFv, have been
developed. Su et al. investigated an intriguing use for such fragments by developing a pre-targeting system that
prepared cells for the conditional uptake of nanocarriers specifically functionalized with PEG [167]. In their
study, the team combined an anti-PEG Fab’ fragment with an anti-HER1 Fv fragment and named it a PEG-
engager. This PEG-engager is designed to bind to the HER1 on TNBC cells but remains inert on the receptor
until it interacts with a specific PEGylated liposomal DOX nanocarrier after which it quickly triggers
internalization (Figure 12A). The PEG-engager pre-targeting system significantly increased the internalization,
retention, and antitumor activity of the PEGylated liposomal DOX in human TNBC xenografts in mice whilst
reducing off-target system effects.

Aptamers are another excellent targeting system for anti-HERI therapy. Kim et al. developed theranostic
liposomes, containing CdSe/ZnS quantum dots for tumor bio-imaging and siRNA molecules for TNBC
treatment, coupled with a commercially available anti-HER1 aptamer [168]. The aptamer-targeted liposomes
delivered the siRNA directly into the cytoplasm of the target cells, while the untargeted siRNA were found at the
marginal edge of the outer leaflet of the plasma membrane, demonstrating the efficiency of the targeting
approach. Tumor-bearing mice treated with the HER 1-targeted nanocarrier demonstrated a greater accumulation

in the tumors than in mice treated with the untargeted nanocarrier.
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In normal tissue HER2 aids in breast cell growth, division, and repair. In the 20% of breast cancer tumors
which overexpress the receptor, it is a major driver of uncontrolled cell growth and is associated with metastasis
and a poor prognosis [295,296]. The first recombinant humanized mAb, trastuzumab (tradename Herceptin®),
was approved in 1998 for HER2+ targeted breast cancer therapy and was followed by pertuzumab (tradenames
Omnitarg and Perjeta®) which was approved in 2012 for first-line and neoadjuvant treatment of metastatic
HER2+ breast cancer [297,298]. Both of these mAbs act by binding to the extracellular region of the HER2
receptor to block downstream signaling which induces the internalization of the antibody-receptor complex and
causes cell growth and proliferation inhibition. Unfortunately, both de novo and acquired resistance to this
treatment occurs in ~70% of HER2+ breast cancers with tumors restarting their growth within 1 year thus
emphasizing the need for new HER2+ treatments [299].

One method to combat trastuzumab resistance has been to encapsulate docetaxel in TPGS liposomes
conjugated with trastuzumab to enable a more direct, sustained, and targeted chemotherapy [170]. The efficacy
of trastuzumab-functionalized docetaxel encapsulating liposomes was compared to the antibody-drug conjugate
trastuzumab-emtansine (T-DM1, Kadcyla™) in 3D spheroids and xenografted mice [184]. T-DM1 is composed
of trastuzumab and the anti-microtubule chemotherapeutic agent emtansine (also known as DM1) and, although
originally designed for the treatment of drug-resistant HER2+ breast cancer, was approved in 2013 as a HER2-
targeted treatment for metastatic breast cancer. Interestingly, the trastuzumab and TPGS-conjugated liposomes
resulted in better treatment efficacy as compared with all other treatments, both in vitro and in vivo, but did not
demonstrate enhanced tumor biodistribution. This discrepancy was hypothesized to be due to the trastuzumab
and TPGS-conjugated liposomes improving cellular internalization rather than improving tumoral targeting.
Another approach to overcome trastuzumab resistance has been to combine the targeting mAb with novel cancer
treatment strategies. For example, simvastatin, a drug used to decrease the risk of heart problems by lowering
elevated lipids levels, was encapsulated within trastuzumab-functionalized liposomes for targeting HER2+ breast
cancer cells [178]. Here, Matusewicz et al. demonstrated that simvastatin disorganized the lipid-rich membrane
rafts that HER?2 is attached to thus disturbing HER2-dependent signaling pathways. In 2019, the group further
tested their system with trastuzumab-functionalized simvastatin-loaded stealth liposomes to determine whether
the system could effectively treat TNBC [183]. In vitro experiments conducted with MDA-MB-231 cells
demonstrated an increase in membrane disorganization and an inhibition of the phosphoinositide 3-
kinase/protein kinase B (PI3K/Akt) pathway involved in the cell cycle, and in vivo experiments indicated
effective antitumor results.

In regards to clinical development another liposomal system that made use of trastuzumab, named MM-
302, was of great clinical interest. MM-302 is a trastuzumab-conjugated PEGylated liposomal DOX developed
to treat HER2+ metastatic breast cancer (NCT01304797, NCT02213744, NCT02735798) by Merrimack
Pharmaceuticals, and was designed to deliver DOX to cells whilst sparing healthy cardiomyocytes [300].
Unfortunately, although phase I studies [301-303] indicated that MM-302 had an acceptable safety profile and
was well tolerated, the randomized phase II/III trial (referred to as HERMIONE) in HER2+ metastatic breast
cancer patients previously treated with pertuzumab, trastuzumab, and T-DM1 failed to show satisfactory clinical

results [304].
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HER?2 Fab’ fragments have also been conjugated to pH-sensitive PEGylated liposomes [177]. In this study,
the HER2 Fab’ fragment targeting on the liposomal carrier enhanced its efficiency to HCC1954 cells 10-fold as
compared to non-targeted liposomes. As previously noted, engineered antibody fragments (Fab’, scFv, and Fv)
have demonstrated improved penetration of tumors, as compared to the much larger mAbs. One such fragment,
referred to as the nanobody, comprises the variable domain of the heavy chain antibodies (VHH) and has
become an intriguing area of interest as they are highly stable with sub-nanomolar target affinity. Nikkhoi et al.
demonstrated the use of VHH-PEG-liposomes as targeting moieties specific to several extracellular regions on
the HER2 receptors of breast cancer [180,181]. The group developed and compared four non-overlapping
monoclonal VHHs for their ability to target HER2 in vitro as compared to VHH-decorated nanocarriers coated at
a similar density. The tetra-specific VHHs showed improved targeting, binding affinity, and intracellular drug
release. Similarly, Alavizadeh et al. investigated whether small proteins that mimic mAbs, referred to as
affibodies, with anti-HER?2 targeting conjugated to cisplatin PEGylated liposomes could efficiently enhance the
therapeutic effectiveness of the targeted liposome [174]. The team showed an increased intracellular
accumulation of cisplatin which caused cell death at much lower concentrations using their targeted affibody-
liposome system (referred to as affisomes). Equally promising, the affisome-treated HER2+ TUBO tumor mouse

models showed improved therapeutic efficiency and an extended survival time.

Research into HER2-targeting aptamers and peptides has also emerged. Moosavian et al. developed an
RNA aptamer (TSA14) able to bind to external HER2-associated proteins specifically on the TUBO cell line
[189]. In vitro experiments with the TSA14-functionalized PEGylated DOX-loaded liposomes indicated that the
targeting system improved cellular uptake leading to improved cytotoxicity of the TUBO cell line. Similarly,
DOX accumulated within the TUBO breast tumors in mice at a significantly higher rate when introduced via
targeted liposomes than in non-targeted. Kim et al. engineered a YCDGFYACY-MDYV peptide-targeted DOX-
encapsulating liposomal system highly specific to HER2+ breast tumor cells [186]. To increase HER2+ tumor
cell selectivity the group optimized peptide density and linker length with methodical in vitro uptake and in vivo
tumor accumulation studies. Their research demonstrated that ~1% peptide density was optimal to enhance the in
vitro HER2+ cellular uptake whilst only a 0.5% peptide density was sufficient in vivo. Another interesting
strategy for receptor targeting was the approach of Quinn et al., who purposefully conferred the HER?2 receptor
onto the surface of TNBC MDA-MB-231 cells via the fusion of HER2+ extracellular vesicles extracted from
HER2 overexpressing BT-474 cells to convert TNBC cells to an anti-HER?2 treatable phenotype [188] (Figure
12B). The team demonstrated that MDA-MB-231 cells normally harbored approximately 4 x 10* HER2

receptors but that an additional 5.9 x 10* HER2 receptors could be conferred, and maintained for 24 hours, after
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Figure 12. Example of HER1 and HER? liposomal targeting in breast cancer. (A) Schematic of the the PEG
engager approach which relies on (1) PEG engagers (anti-PEG Fab’ fragment with an anti-HER1 Fv fragment)
binding to target receptors, (2) PEG engagers remaining inert on the cell surface until contact with (3) PEGylated
liposomal DOX nanocarriers which triggers internalization. Reprinted with permission from [167]. Copyright
2017 Springer Nature Limited. (B) Illustration showing how HER?2 receptors would be conferred onto the
surface of TNBC cells via the fusion of HER2+ extracellular vesicles. This is followed by the treatment of the

cells with anti-HER2 Ab-conjugated liposomes. Reprinted from [188].

2.2.4 Integrin receptors

Integrin receptors are comprised of a- and B-subunits from which an array of unique isoforms can be built,
e.g., the integrin alpha V and beta 3 (avPB3) receptor. Roughly 24 distinct isoforms of the transmembrane
receptor are responsible for the signal transduction of several pathways related to cell attachment, survival,
differentiation, intracellular organization, and motility. Due to this abundance of isoforms and universality of
function the dysregulation of several integrin receptors, e.g., avp3, avpl and avp6, have been connected to the
initiation and progression of cancer, including stages of vasculature invasion, promotion of circulating tumor
cells, metastatic niche preparation and colonization, and the development of drug resistance [305,306]. Thus for
decades, liposomes have been functionalized to target various cancer-related integrin receptors using arginyl
glycyl aspartic acid (also referred to as Arg-Gly-Asp or RGD) [307]. This targeting strategy has been applied in
multiple ways to various cancer types and has most recently been applied to targeting breast CSCs. Vakhshiteh
et al. conjugated cyclic RGD (cRGD) to PEGylated liposomes encapsulating miR-34a, a dysregulated
microRNA associated with tumor suppression found in several cancers, to target TNBC and CSCs [195]. The
team found that the cRGD-functionalized miR-34a-encapsulating liposomes internalized into breast cancer cells
at a 1.8-fold higher rate than untargeted liposomes, inhibited cell growth and migration, and caused a significant
decrease in the CD44*/CD24~°" cancer stem cell-like population thus impeding the invasion of the cells. Other
RGD targeting systems have also been developed to address the issue of breast cancer metastasis to the bone.
Zhao et al. synthesized bone-targeting glutamic oligopeptide-RGD peptides for the delivery of PTX to bone
metastases [197]. The glutamic and RGD-conjugated liposomes showed superior targeting towards MDA-MB-
231 cells both in vitro and in vivo, and the glutamic-RGD peptides acted as a vector to enhance the drug delivery
to bone metastasis.

Another interesting use of integrin targeting has been for VM channels wherein CSCs transdifferentiate into

endothelial-like cells and induce neovascularization in highly aggressive tumors without the presence of
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endothelial cells [308]. VM channels mediate the early growth and metastasis of cancer cells and are thus
associated with invasive and drug-resistant breast cancers. Unfortunately, VM channels are common in breast
cancer and their presence is associated with a poor prognosis [309]. To promote the destruction of these channels
and thus curb metastasis, Fu et al. developed two RGD-functionalized liposome types to encapsulate either
daunorubicin or emodin (an active component of several plants used in traditional Chinese medicine) [196]. Both
of the RGD-targeted liposome types accumulated in sufficient amounts at the tumor site to produce a cytotoxic
effect on the cancer cells as well as inhibit and destroy the formation of VM channels. The team also
demonstrated that the specific combination of the two RGD-modified liposomes, i.e., the use of both the
daunorubicin and the emodin liposomes, caused the downregulation of MMP-2, VE-cadherin, transforming

growth factor beta 1 (TGF-B1) and HIF-1a proteins associated with metastasis.

2.2.5 Luteinizing hormone-releasing hormone receptor

The luteinizing hormone-releasing hormone (LHRH) receptor (sometimes referred to as the gonadotropin-
releasing hormone receptor, GnRHR) is a major regulator in reproduction. As the name suggested, the LHRH
receptor responds to the binding of the gonadotropin-releasing hormone to stimulate the release of luteinizing
hormone (LH), gonadotropins, and follicle-stimulating hormone (FSH), which brings about gametogenesis, germ
cell proliferation and the production of sex steroids [310]. LHRH receptor has been demonstrated to be largely
absent in healthy visceral organs but highly expressed in the cell membranes of several reproductive solid
tumors, including breast, endometrial, ovarian, and prostate cancers [311]. Analogs of LHRH, such as
gonadorelin, have also been used as targeting ligands for drug carriers to facilitate internalization.

Mitoxantrone is a chemotherapeutic agent used to treat advanced-stage prostate cancer associated with
severe side effects including myelosuppression and cardiotoxicity. In an attempt to improve the drug’s efficacy,
diversify its uses, and prevent these adverse effects, He et al. developed gonadorelin-functionalized liposomes by
co-incubating the micelles of DSPE-PEG-peptide with pre-formed liposomes [198]. Cellular uptake studies
indicated that the gonadorelin-functionalized liposomes had better uptake into targeted cells than non-targeted
liposomes thus the group expanded upon their work by co-loading the gonadorelin-functionalized liposomes
with both magnetic iron oxide nanoparticles (for T2-weighted MRI imaging) and mitoxantrone for cancer
therapy [199]. The uptake of the gonadorelin-functionalized liposomes was higher in LHRH receptor
overexpressing cells (MCF-7) than in cells with negligible expression of the receptor (SK-OV-3 cells).
Correspondingly, mitoxantrone accumulation increased within the MCF-7 cells demonstrating the ability of the
liposomes to deliver their chemotherapeutic cargo within only the targeted cells. When the gonadorelin-
functionalized mitoxantrone-loaded liposomes were applied to MCF-7 tumor-bearing mice, tumor reduction only
became evident after two weeks and the group attributed this to the passive accumulation of the system within
the tissues via the EPR effect with the liposomes serving as a depot for sustained release of mitoxantrone over
time. Whilst the biodistribution studies indicated a reduced toxicity as compared to free mitoxantrone, MRI
imaging at 2 h post-injection showed a decrease of T2 signal in the tumors exposed to either targeted or

untargeted liposomes indicating a washout of the signal at this time.

2.2.6 Mucin 1
In healthy tissue, the transmembrane glycoprotein MUCT is expressed in the luminal epithelial cells of the

esophagus, duodenum, stomach, pancreas, lungs, prostate, mammary glands, and uterus where it provides
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protection and anti-adhesion properties to underlying epithelia by creating a physical barrier of negatively
charged sugar branches preventing bacterial colonization [312]. Tumor-associated-MUCI1 arises when MUC1
becomes aberrantly glycosylated and cells undergo a loss of polarity, causing the redistribution of the
glycoprotein on the cell surface and cytoplasm which contributes to cancer metabolism, proliferation,
angiogenesis, invasion, chemoresistance and metastasis [313].

Al-Ahmady et al. developed a MUCI targeted delivery vector by conjugating humanized anti-MUC1 mAbs
(hCTMOL1) to temperature-sensitive liposomes to augment the accumulation of the targeted liposomes and to
trigger the release of the encapsulated DOX using mild hyperthermia [200]. Although a two-fold increase of the
targeted thermosensitive liposome was observed in the tumoral cells, only a moderate improvement in tumor
growth inhibition and animal survival was noted and was attributed to insufficient bioavailable drug
concentrations of a single injection. MUCI1-functionalized PEGylated liposomes, dual-loaded with ICG and
DOX, have also been studied as a targeted theranostic system using multispectral optoacoustic tomography in
fast-growing (4T1) and slow-growing (HT-29, human colorectal adenocarcinoma) MUCI1 positive cell line
tumor models [201]. After an intravenous injection both the targeted and untargeted liposomes accumulated in
the tumor tissue but, interestingly, the targeted liposomes were observed to accumulate more rapidly along the
periphery of tumors whilst the untargeted liposomes accumulated at the center of the tumors at later times

(Figure 13A).
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Figure 13. Examples of MUC1 liposomal targeting of breast cancer. (A) In vivo multispectral optoacoustic
tomography imaging of 4T1 murine breast tumor models after intravenous injections of either the non-targeted
or targeted liposomes. Although both non-targeted and targeted liposomes accumulated in the tumors over time,
the targeted liposomes accumulated more quickly and along the periphery of the tumors (rather than penetrating
at the center). Adapted and reprinted with permission from [201]. Copyright 2015 Elsevier. (B) In vitro cellular
uptake of h-MUCI gold nanocage liposomes (h-MCU1 AuNG-Lip) in MCF-7 (MUCI positive cells) over time.
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The use of fluorescent-modified MUCI1 aptamers as multifunctional targeting and imaging sensors has
recently been explored. In an excellent example, Chuang et al. modified MUCI1 aptamers with two FRET
fluorophores (FITC-MUCI aptamer and Cy3-DNA) to develop a multifunctional liposomal system [202]. The
targeted liposomal system showed enhanced internalization into the MCF-7 cells where the FRET fluorophores

acted as molecular beacons to signal the optimal time for photothermal application. Gold nanocages
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encapsulated within the liposomes converted the NIR into localized heat triggering the ammonium bicarbonate
to form CO, bubbles, causing the carriers to release DOX. Using both in vitro and in vivo models, the group
demonstrated that whilst the FRET imaging technique did allow for real-time dynamic in vitro monitoring of the
liposomal system as it accumulated in the endosomes/lysosomes near the nucleus, due to the rapid attenuation of
light the FRET signal was weak in deep tissues thus the approach could only be used for superficial tumors
(Figure 13B).

Notably, a therapeutic peptide vaccine, ONT-10, combining the MUCI1 antigen (M40Tn6) and a novel
synthetic toll-like receptor 4 agonists (PET Lipid A) with a liposomal carrier is under development for the
generation of a targeted response to several solid tumors. Phase I clinical studies (NCT01556789,
NCT02270372) demonstrated the vaccine was well-tolerated with a promising immune response [314,315] and
was followed up by a phase Ib study (NCT01978964) in combination with varlilumab (an anti-CD27 agonistic
antibody) in advanced ovarian and breast cancers, and a phase III study (NCT00409188) on non-small cell lung

cancers where no significant difference in survival was found [271].

2.2.7 Neuropilin 1

Neuropilin 1 (NRP1) is a transmembrane glycoprotein co-receptor for certain isoforms of semaphorins,
VEGF, and TGF-f [316]. As its wide array of ligands suggests, NRP1 is involved in angiogenesis,
cardiovascular development, cell migration, neuronal guidance, immunity, EMT, and chemoresistance [317]. As
such, the expression of NRP1 has been extensively studied in various cancers, including breast cancer, and has
been identified as a possible drug delivery target.

Cao et al. functionalized a modified version of the A7R peptide (ATWLPPR, herein known as the cysteine
modified version A7RC), a known ligand of NRP1, to PTX-loaded liposomes to attempt the targeted inhibition
of tumor growth and angiogenesis in vivo [204]. The team showed that A7RC-functionalized liposomes had
good in vitro and in vivo uptake in NRP+ cells (MDA-MB-231) accompanied by a strong cytotoxic effect.

Cell-penetrating peptides (CPPs) are small, positively charged peptides consisting of 5 - 30 amino acids
characterized by their ability to penetrate cell membranes and translocate into cells. Since the discovery of the
first cell-penetrating proteins, e.g., trans-activator of transcription (TAT) and penetratin, numerous CPPs have
been developed and used as a means to improve drug efficacy [318]. CPPs cannot specifically target cells or
receptors, relying instead on entering cells either by direct penetration, endocytosis-mediated entry, or through
transitory inverted micelles [318]. Kadonosono et al. examined the ability of two CPPs, PTD-3 and TAT-PTD,
to bind to NRP1 receptors and accumulate in tumors [205]. To prove the specificity of the targeting system, the
group pretreated cells with NRP1 neutralizing antibodies or iRGD, a tumor-homing peptide with an affinity for

NRP1, to demonstrate the reduction in uptake is related to the ability of the CPPs to bind to NRP1.

2.3 Internal cell receptors

2.3.1 Estrogen receptors
A large proportion of breast cancers overexpress ERs and are dependent on intact estrogen signaling. ERs
are part of the nuclear hormone receptor superfamily, consisting of G protein-coupled ERs, extra-nuclear ERs,

and nuclear ERs, with three known endogenous ligands; estrone (E1), estradiol (E2) and estriol (E3). Nuclear
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ERs mediate the internalization and multidirectional effects of the estrogen analogs into the cell nucleus whilst
extra-nuclear ERs are situated in the plasma membrane. G protein-coupled ERs can be found in both the plasma
membrane and cytoplasm and are strongly associated with drug resistance, metastasis, and extracellular
remodeling in cancer [319-321]. Two ER subtypes have been identified, ERa and Erp, with ERa found mainly
on the mammary glands and uterus and associated with the proliferation of ER+ breast cancer, whilst Erf is
principally found in the prostate [322,323]. Consequently, only ERa is used as a target in breast cancer. Due to
endocrine therapy, ER+ breast cancer generally has a good prognosis but is also partially responsible for the
occurrence of patient relapse [324].

Needless to say, both E1 and E2-targeted liposomes have been extensively researched and developed.
Cationic liposomes incorporating E2 in their structure have been used to protect and deliver antisense
oligonucleotides against mRNA encoding ERa and f for chemosensitization of cells for enhanced treatment
effectivity [325]. El-targeted liposomes for the intracellular delivery of therapeutic agents have also been
developed using stimuli-responsive liposomes, including pH-triggered liposomes [206] and ultrasound-triggered
liposomes [210]. pH-triggered DOX liposomes were able to translocate the chemotherapeutic agent to the cell
nuclei and were more cytotoxic to ER+ breast cancer. El-fragments conjugated to liposomes as targeting
moieties were utilized by the group of Han et al. who developed an ER-targeting, PEGylated, and PTX-loaded
liposome drug delivery system [211]. The El-targeted long-acting PTX liposomes demonstrated an inhibitory
effect in vitro on ER+ MCF-7 cells which was 12-times lower than the IC50 value of PTX-loaded PEGylated
liposomes with no targeting system. In vivo studies indicated that the accumulation of the El-targeted long-
acting liposomes in some of the more common areas of nanoparticle accumulation, such as the kidneys, spleen,
liver, and the tumor site within 1 h of administration and peaking at 12 h (Figure 14A). The El-targeted
liposomal system also showed an excellent ability to slow tumor growth in vivo as compared to PTX-loaded
PEGylated liposomes with no targeting.

As previously mentioned, tamoxifen is an ER antagonist and is used as both a treatment and a chemo-
preventative for ER+ and metastatic breast cancer [324]. Tamoxifen itself has a weak affinity for ERs and acts as
a prodrug converted to functional metabolites which outcompete and displace estrogen and E2 to strongly
binding to ERs causing the inhibition of tumor cell growth [326]. Thus, to determine if a breast cancer patient is
suitable for treatment with tamoxifen, the patient must be both ER+ and have ERa present on the tumoral cells.
ER- breast cancer cells still have ER expression but are classified as negative due to the relatively low
expression of ERa as compared to other ER+ types but up to 10% of ER- classified breast cancers have some
sensitivity for tamoxifen treatment [327]. Although tamoxifen is widely used in breast cancer treatment, 20 -
30% of tumors are resistant [328] with long-term use strongly associated with endometrial and liver cancers.
Side effects with tamoxifen are dose and concentration-dependent thus low dosing is the preferred treatment
regime. This was demonstrated by Jain et al. who synthesized liposomes with tamoxifen loaded in the outer lipid
bilayer with DOX entrapped in the aqueous compartment to target ER+ cells [207]. Internalization studies
confirmed that the DOX from the non-targeted liposomal formulations accumulated in the cytosol and was not
taken up as significantly in the cell’s nucleus as compared to the targeted formulations. The team of Wang et al.
(2016) sought to further improve the targeting and uptake ability of tamoxifen-targeted liposomes by combining
the ER antagonist with the pentapeptide QLPVM onto DOX-loaded stealth liposomes for luminal A breast
cancer therapy [208]. The team demonstrated that the QLPVM peptide, a relatively weak CPP consisting of no
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positively charged side chain amino acids, enhanced the uptake of the liposomal system in MCF-7 cells whilst
not damaging the cellular membranes. QLPVM also increased the cytotoxicity of tamoxifen and DOX by
translocating the drugs quickly through the cell membrane and to the nucleus. The targeted liposome exhibited
excellent antitumor activity with improved accumulation and cellular internalization in vivo.

Wang et al. (2019) used the high surface area-to-volume ratio of nanoparticles to develop a synergistic
targeted liposome carrier system (referred to as SELS) functionalized with both anti-ER antibodies (to target
ER+ breast cancer cells) and an immune targeting ‘self-peptide’ recognized by macrophages to reduce the
phagocytic clearance of the nanocarrier [209]. This self-peptide moiety is related to the transmembrane
glycoprotein CD47; an important tumor biomarker that acts as a shield for cancer cells against the MPS. Its
action is linked to the binding of signal-regulatory protein alpha (SIRPa) to the critical segment of CD47, acting
as ‘don’t eat me’ signals to the MPS thus avoiding elimination. Interestingly, cellular uptake studies in MCF-7
demonstrated a 2.4 times greater fluorescence intensity of DOX with the self-peptide and ER targeting than ER-
only targeting even though the two liposome formulations both targeted ER. This anomaly was attributed to

density differences in the targeting ligands (Figure 14B).
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Figure 14. Examples of estrogen receptor liposomal targeting for breast cancer. (A) Imaging of MCF-7 tumor-
bearing mice and organs after a tail vein injection of either non-targeted or E1-functionalized DiR-encapsulated
long-circulating liposomes (ES-SSL-DiR). Accumulation of the ES-SSL-DIR liposomes could be seen in the
liver, spleen, kidneys and the tumor site within 1 h of administration peaking at 12 h. Adapted and reprinted with
permission from [211]. Copyright 2019 Dovepress. (B) Schematic of the synthesis and internalization process of
the DOX-encapsulating synergistic targeted liposome carrier system (SELS DOX). Reprinted with permission
from [209]. Copyright 2019 Royal Society of Chemistry

2.3.2 Progesterone receptors
PRs are expressed in approximately 75% of ER+ breast cancers. However as up to 30% of advanced staged

tumors lose their PR expression [329], the vast majority of targeted treatment has been developed for ERs [330].

PRs are located on the surface and in the nuclear membrane of cells, much like ERs, and their activity is
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triggered by the hormone progesterone. Two nuclear receptor isoforms, PR-A and PR-B, have been identified
and tumors expressing either respond to endocrine treatment [331,332]. Unlike the nuclear PRs, which mediate
their effects via genomic mechanisms, membrane PRs (mPRs) mediate physiological functions in the immune
system, neuroendocrine tissues, liver, and reproductive systems, as well as in breast and ovarian cancer.
Subtypes include mPRa, mPRpB, mPRy, mPR§, and mPRe but only mPRa and mPR& are found in breast tissue
[333]. Notably, PR and mPRa expression are not synonymous, for example, TNBC is associated with low PR
but high mPRa expression levels [333]. It has also been demonstrated that progesterone can impede TNBC cell
growth and brain metastasis via the progesterone/mPRa pathway suggesting that progesterone could be a viable
treatment strategy. Whilst a few compounds have been developed to specifically target PRs for breast cancer
treatment, e.g., mifepristone, telapristone, and onapristone, no new agents have been reported since 1990 [334].
The required PR expression levels needed for this type of targeting are unknown, however, tumors with low ER+
cells (1 - 10%) do not respond to endocrine therapies, and those with PR+ cells > 10% may benefit from
progestin (synthetic progesterone) therapy [335]. Whether or not PRs and ER+ tumors could be co-targeted

remains unknown and evidence has linked PRs to endocrine-resistant tumors [336].

2.4 Enzymes

2.4.1 Matrix metalloproteinases

MMPs are a family of enzymes whose catalytic activity relies on zinc to function. MMPs facilitate
angiogenesis and wound healing via their ability to break down and remodel almost every component of the
ECM in normal tissues, and their dysregulation has been implicated in cardiovascular diseases, inflammatory
disorders, and cancer [337]. Each type of MMP is distinct and can recognize and cleave specific amino acid
sequences, which is used to classify the MMPs depending on the ECM component it degrades, e.g., the
collagenases (MMP-1, MMP-8, MMP-13), the membrane-types (MMP-14, MMP-15, MMP-16, MMP-17,
MMP-24 MMP-25), the gelatinases (MMP-2, MMP-9), etc. [338,339]. The gelatinases have been proven to
possess tumorigenic activity due to their profound participation in tumor growth, migration, invasion, and
metastasis [340]. Although elevated levels of MMP in primary and metastatic tumors have been associated with
increased differentiation, recurrence, invasion, lymph node, and brain metastases leading to worse prognosis and
patient outcomes, these enzymes have also been recognized as potent biomarkers and targets for controlled
release drug delivery systems [341,342].

MMPs have been used as both tumoral and tumor microenvironment targets and are often utilized to trigger
the release of drugs from specifically formulated liposomes. Qin et al. functionalized the surface of liposomes
with chlorotoxin (a peptide derived from scorpion venom and a known ligand for MMP-2 previously used for
targeting brain tumors) to target MMP-2s expressed in metastatic breast cancer [212]. The chlorotoxin-
functionalized liposomes had increased cellular uptake in the murine metastatic 4T1 cell line as compared to
non-targeted liposomes, and demonstrated enhanced cytotoxicity, antitumor, and antimetastatic effects in tumor-
bearing mice with low systemic toxicity. In an example of using high concentrations of MMPs as an internal
targeting system, Ramadass et al. designed a novel liposomal co-delivery system by co-loading epigallocatechin
gallate (EGCG) (an MMP inhibitor) with the chemotherapeutic agent PTX [213]. Their combinatorial system

outperformed the individual drug-loaded liposomes in all measured parameters, including invasion assays,

42



MMP-2 and -9 inhibition, cytotoxicity, and caspase-3 activity thus demonstrating the system's ability to promote

apoptosis and inhibit cell invasion.

2.4.2 Secretory phospholipase A>

Phospholipases are a diverse group of enzymes with over 30 isoforms all involved in the cleaving of
phospholipids [343] and are divided into several classes depending on their catalytic mechanism, evolutionary
relationships, structure, and localization (whether extracellular or intracellular). Of these isoforms, secretory
phospholipase A> (sPLA2) has been associated with several inflammatory pathologies and atherosclerosis, as
well as promoting the tumor proliferation of prostate, pancreatic, and breast cancers [344-346]. sPLA; is also
known to have a strong preference for cleaving negatively charged phospholipid head groups such as
phosphatidylserine [347] and lipid bilayers over free lipids making it an excellent candidate as a target for
liposomal drug delivery. Consequently, sPLAs-responsive liposomes in which sPLA; activity provides a
controlled and localized drug release have been developed.

Oxaliplatin is a potent platinum-based inhibitor of DNA synthesis and is currently used as an anticancer
treatment of colorectal cancer but has shown some activity in metastatic and TNBC patients with prior exposure
to anthracyclines and/or taxanes in phase II clinical trials [348-352]. In an attempt to reduce the myelotoxicity,
peripheral neuropathy, and gastrointestinal toxicities commonly associated with this chemotherapeutic,
PEGylated oxaliplatin-loaded liposomes have been extensively studied. A phase I clinical trial for the first
cisplatin-encapsulating liposomal formulation with a sPLAs-trigger, LiPlaCis®, was performed in advanced
and/or refractory solid tumors including prostate, skin, and metastatic breast cancer (NCT01861496). In 2009
trials were halted due to safety issues requiring reformulation [353], after which the efficacy, dosage, and
tolerability of LiPlaCis® continued to be assessed pre-clinically and in phase I/II clinical trials in advanced solid
tumors such as head and neck, skin, colorectal, gastric, and breast cancers [214,354-356]. @strem et al.
developed a liposomal delivery system optimized for sSPLA,-triggered drug release by adjusting the fluidity and
cholesterol level in the liposomes (Figure 15A) [214]. Unfortunately, although the in vitro studies showed
enzyme-specific release of the encapsulated oxaliplatin, when the formulation was injected intravenously into
SPLAs-releasing MT-3 tumor-bearing mice the experiment had to be prematurely halted due to severe systemic
toxicity (Figure 15B). The team cautioned that several outbred mouse stocks are known to have active sPLA»
genes causing abnormally high serum sPLA; levels and similar findings have been noted for cancer patients, thus
causing the premature activation of the liposomes in circulation. More recently, an mRNA-based LiPlaCis® drug
response predictor for heavily pretreated-platin metastatic breast cancer is scheduled to undergo randomized
phase II trials after the phase I clinical trial [357] showed promising efficacy in metastatic breast cancer patients

(NCTO01861496).
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Figure 15. Examples of sPLA; liposomal targeting in breast cancer. (A) Schematic of the proposed mechanism

of action of SPLA»; oxaliplatin-encapsulating liposomes extravasates from the fenestrated capillaries of tumors
where elevated levels of sPLA; cause the release of the drug in a localized area. (B) Although the in vivo
treatment of sPLA»-sensitive oxaliplatin-encapsulating liposomes showed an improvement in the survival of
nude mice bearing MT-3 xenograft tumors, the skin of the mice exhibited subcutaneous bleeding, and liver
sections showed multiple areas of necrosis in hepatocytes, vacuolar degeneration and an acute inflammatory
reaction with an accumulation of granulocytes (black arrows). Reprinted with permission from [214]. Copyright

2017 Elsevier.

2.5 Dual targeting

Tumoral tissue is exceptionally heterogeneous and dynamic and is known to undergo both micro and macro
spatio-temporal changes. An example of this phenomenon is the ever-changing presence or absence of targetable
cell-surface biomarkers. As drug delivery platforms have progressed towards systems able to improve the
effectiveness and reduce the side effects of chemotherapy, so too has the understanding that our mono-targeted
nanocarriers are simply not sufficient. Thus, it has become apparent that the development of multi-functional and
multi-targeted drug delivery systems must be designed to target several receptors and ligands on breast cancer
and its associated cells, as well as the TME.

Cationic liposomes that are dual-functionalized with TPGS and HA for the delivery of the chemosensitizing
agent lonidamine and PTX were developed by Assanhou et al. to treat MDR breast and lung cancers [358]. The
developed HA-functionalized cationic liposomes incorporated synthetic positively charged 1,5-dioctadecyl-N-
histidyl-1-glutamate (HG2C;s) lipids which facilitated the endo-lysosomal escape of liposomes after
internalization whilst the TPGS aided in mitochondrial delivery. The team demonstrated that once internalized,
the liposomes disrupted mitochondrial function and ATP production and resensitized the xenograft MCF-7/MDR
tumors to PTX. Although surgical excision of primary tumors is a common treatment strategy for several
cancers, postsurgical metastasis is a known risk. To help combat this, Jyotsana et al. developed dual E-selectin

and TRAIL-functionalized liposomes to inhibit metastasis in mouse models similar to clinical representations of

44



TNBC [359]. The group demonstrated that minimally administrated co-functionalized E-selectin and TRAIL
liposomes could target and inhibit metastasis in TNBC mouse models after tumor resection.

A major factor in chemotherapeutic resistance are EMT-associated genes, such as the cytoskeleton gene
twinfilin 1 (TWFI) gene which has been reported to be involved in cell migration, cancer progression, and drug
sensitivity [360]. Du et al. developed a novel brain-seeking breast carcinoma cell peptide (BRBP1) able to target
the TWFI-overexpressing triple-negative MDA-MB-231BR (or 231-BR) cell line. The peptide, BRBP1-TAT-
KLA, is composed of i) the MDA-MB-231BR-targeting peptide BRBPI, ii) the pro-apoptotic KLA (acetyl-
(KLAKLAK)2-NH2) peptide to target mitochondria and disrupt their membranes [361], and iii) the CPP TAT
for enhanced cell penetration [362]. As MDA-MB-231BR cells are resistant to PTX, the team used the BRBP1-
TAT-KLA-functionalized liposomes, dual-loaded with PTX and an siRNA to intefere with TWFI gene
expression, to resensitize the cells to PTX (Figure 16). In vitro results indicated that the targeted liposomes
could penetrate through a BBB-transwell model resulting in efficient cellular uptake in the MDA-MB-231BR
cells. Subsequent siRNA delivery caused TWF1 gene suppression and enhanced PTX cytotoxicity in the PTX-
resistant cells. In vivo results showed the inhibition of tumor growth in subcutaneous MDA-MB-231BR-
xenograft tumors after intravenous injections of the liposomes, and excellent reduction and inhibition of MDA-
MB-231BR-brain metastatic micro- and macro-lesions over three weeks. Currently, however, the exact target

and mechanism of the BRBP1-peptide is unknown.
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Figure 16. Example of a dual-ligand liposomal system targeting both MDA-MB-231BR cells and their
mitochondria via BRBP1-TAT-KLA-functionalized liposomes. The illustration demonstrates how the targeted
liposomes are expected to bypass through the blood-brain barrier (BBB) to accumulate in brain metastatic breast
cancer tumors to delivery EMT-associated TWFI gene therapy. Reprinted with permission from [362].

Copyright 2021 American Chemical Society.

A feature of tumor metabolism distinguishing it from normal cells is the increased uptake and use of

glucose for energy production in aerobic conditions, known as the Warburg effect [363], accompanied by
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increased proliferation and rapid depletion of glucose in the microenvironment. To circumvent this depletion
several cancer types, including breast cancer cells, have been demonstrated to mitigate this reduced availability
by using the highly abundant monosaccharide D-fructose. Thus, not surprisingly, a hexose transport (GLUT)
known to be able to transport fructose, GLUTs, is overexpressed in breast cancer cells. Pu et al. identified
GLUTs as a potential biomarker for breast cancer and developed a dual-targeted GLUTs and integrin o.fs-
functionalized liposome for targeting TNBC [364]. For the targeting ligand, the team used an innovative Y-
shaped structure wherein RGD and fructose were attached to the branches, and cholesterol was used on the distal
end as the anchor into the lipid material. The system proved to be highly efficient for internalization,
accumulation in tumor sites, and cytotoxicity likely due to the dual recognition by GLUTs and a3 causing rapid
endocytosis in MDA-MB-231 and 4T1 cells. Similarly, Yang et al. designed a dual-targeted PTX-loaded
liposomal system using glutamic hexapeptide and folic acid (Glus-FA)-coated liposomes for targeting breast
cancer metastasis in bone [365]. This strategy performed well both in vitro and in vivo as it enhanced PTX
cytotoxicity by enabling high binding affinity and efficiency towards both the tumoral cells using FA and
hydroxyapatite via Glus. The team of Doolittle et al. investigated the use of a dual ligand system to target both P-
selectin (CDAEWVDYVS peptide) and a,f3 integrin (¢CRGD) with peptide-functionalized liposomes to target the
development of metastasis in aggressive tumors [366]. As a case study, the team used two TNBC mouse models
with either MDA-MB-231 or 4T1 cells and demonstrated that their dual ligand system outperformed single-
ligand systems by identifying and targeting several different metastatic sites in the same animal with 22% of the

total injected volume accumulating in the metastatic sites 2 h postinjection (Figure 17).
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Figure 17. Example of a dual-ligand liposomal system targeting both P-selectin via the CDAEWVDVS peptide
and the avp3 integrin receptor via the cRGD peptide in metastatic breast cancer. Bioluminescence imaging (BLI)
showed mice before and after resection of the primary tumor and in vivo fluorescence molecular tomography
imaging showed the spread and location of the metastatic cells visualized using the dual-targeted liposomes.

Adapted and reprinted with permission from [366]. Copyright 2015 American Chemical Society.

In a similar trend to Doolittle et al., the team of Covarraubias et al. used a two-ligand system to target
HERI and o.f; integrin to address the issue of variable micrometastatic regions in tumors [367]. The team
showed that the targeting of both HER1 and o.f3 integrin was needed to reliably target breast cancer metastasis
in mouse models and, using advanced imaging techniques, could visualize the evolution and growth of the
metastasis as it spread. Doubtless due to this targeting excellency, DOX treatment enabled complete inhibition of

primary and metastatic site growth resulting in high survival rates of the mouse models.

Some lesser known receptors have also been used for the dual targeting of liposomes in breast cancer. For
example, amino acid transporter BO,+ (ATBO,+) and L-type amino acid transporter 1 (LAT1) are both, as their
names suggest, plasma membrane transporters responsible for providing cells with essential and cationic amino
acids. ATBO,+ is a broad-spectrum amino acid transporter able to pump against a high concentration of all the
essential amino acids, except glutamate and aspartate, whilst LAT1 transports only cationic amino acids [368].
Notably, these transporters are overexpressed in glioma, pancreatic, prostate, and breast cancers [369]. This
overexpression is not universal in all breast cancers types; for example, ATBO0,+ is expressed more in ER+ breast
cancers such as MCF-7 (LAT1+) and T-47D (LATI1-) than in ER- breast cancers such as MDA-MB-231
(LAT1+). Thus, dual targeting of both amino acid transporters has been explored as promising targets. Wang et
al. designed glutamate, lysine, and tyrosine-functionalized liposomes to target LAT1 and ATBO,+ in breast
cancer cells both in vitro and in vivo [370]. The enhanced targeting showed superior cellular uptake, tumor site
accumulation, and cytotoxicity compared to Onivyde®, an irinotecan-loaded liposomal medication used to treat
non-small lung cancer and metastatic pancreatic lung cancer, or single-targeted liposomes.

Another lesser known receptor for breast cancer targeting is the globular head of the complement
component receptor (gC1qR). The gC1gR is a multifunctional and multicompartmental protein and, due to its
simultaneous discovery by three different laboratories, is known also known as hyaluronan-binding protein 1
(HABP1), p33, and p32 [371,372]. Notably, the gC1qR is not only a cell surface receptor but is also an
intracellular and secreted protein, and is able to bind a large variety of plasma and cellular molecules [373]. The
gC1qR is normally expressed in all tissues, from the heart to the thalamus, and is involved in the function of the
mitochondria, the regulation of dendritic cells and the cell cycle, as well as immunological functions such as
bacterial and parasitic interactions, inflammation, etc. When overexpressed, the gC1gR has been associated with
adenocarcinomas including thyroid, colon, pancreatic, gastric, esophageal, lung, and breast adenocarcinomas
[374], as well as cancer-associated fibroblasts and TAMs. Thus, gC1qR has been identified as a possible tumor
biomarker due to its involvement in cancer progression and metastasis [371]. D’ Avanzo et al. made use of the
LinTT1 (AKRGARSTA) peptide, functionalized to DOX and sorafenib-loaded liposomes, to target TNBC cells
[375]. The LinTT1 peptide is able to bind to both the gC1qR and to NRP1, via the cleavage of the peptide by
uPa exposing the C-end moiety (AKRGAR), leading to improved penetration of the LinTTI-functionalized
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liposomes. In the team’s study, the LinTT1-functionalized DOX/sorafenib-loaded liposomes showed enhanced
therapeutic activity in 2D and 3D cell models of TNBC (MDA-MB-231). Interestingly, the LinTTI-
functionalized liposomes were not wholly taken into the M2 macrophages but were partly internalized and partly

associated to the cell surface of the macrophages.

Regarding the ideal selection of complementary targeting for drug delivery, Guo et al. sought to identify
and select the optimal target combinations for TNBC and designed a targeted DOX-loaded liposomal system
[376]. The team used an exhaustive methodology to identify ICAM-1 and HER1 as the most suitable candidates
for TNBC targeting amongst a selection of 68 cancer targets in three human TNBC cell lines. Dual targeting
liposomes were engineered with the precise ratio and organization of ICAM-1 and HER1-specific ligands to the
cell surface of TNBC. In vitro studies demonstrated that the group’s targeting system had far superior binding,
internalization, and antitumor efficacy and activity in breast cancer and lung metastatic in vivo models.

Whilst the targeting of breast cancer cells, primary tumors, and metastatic sites are worthwhile avenues to
pursue, in recent years the targeting of cancer-associated cells, CSCs, and the TME have also been explored. For
example, Kim et al. designed DOX-loaded liposomes dual-functionalized with MUC-1 and CD44 aptamers to
target both breast cancer cells and CSCs [377]. The targeted design was effective against in vitro 3D-cultured
cells and athymic nude mice with metastatic breast cancer tumors showing enhanced cytotoxicity and inhibitory
activity. In another example, Koren et al. developed a multistage targeting system whereby the pH-triggered
PEGylated liposomes shielded the TAT and mAb 2CS5 targeting until an acidic environment, i.e., the tumor site,
was encountered and enabled mAb 2CS5 to target and TAT to encourage penetration into MCF-7 and 4T1 cells to
deliver the DOX cargo [378]. To simultaneously target cancer-associated fibroblasts and overcome the BBB,
both great challenges in metastatic cancer treatment, Li et al. designed PTX-loaded liposomes with pH-sensitive
FA and dNP2, a CPP able to penetrate through the BBB, for the targeting and treatment of primary breast cancer
tumors, its associated TME, and brain metastasis [379]. The liposomal system was able to infiltrate the BBB and,
due to the acid-cleavable FA and the subsequent release of PTX, was able to target the folate receptors on

cancer-associated fibroblasts leading to decreased tumor activity.
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Table 3. Details of the cited targeted nanoliposomal systems for the treatment of breast cancer. Dynamic Light Scattering (DLS) results for size (nm) and charge/zeta potential
(mV) at 25 °C and 7.4 pH were used as far as possible.

Target type Targeting entity Reference Composition and molar ratio Size (nm) Charge (mV)

CELL SURFACE RECEPTORS

DOPC, DODAP, N-dod-PE

CXCR4 CXCLI12/SDF-1 [114] 65305 132 +4 54+14
DOPC, DSPE-PEG (2000)-DBCO 94.4 + 0.6 to -17.21 £1.26 to
CXCR4 CXCLI2/SDE-1 [115] 93:6 1001207  -6.03+0.88
CXCR4 CXCLI12/SDF-1 [116] DOPA. DOPC, CHOL 100668  -10+3.3
CXCR4 CXCL12/SDF-1 [117] ?SI:)I?SC(;_(I:HOL’ DSPE-PEG 105+ 0.6 17.8
Cell surface nucleosome mADb 2C5 [119,120,120] I;gf:)C?)gI;IOL DSPE-mPEG (2000), DTPA-PE 90 to 120 -25to -23
Cell surface nucleosome mAb 2C5 [121] DIOIHE; DIHEE, BIEC, LLLHC, DNl s 170 to 220 -13 to -20
Eph Rc Anti-EphA2 scFv [122] CHOL, ESM, mPEG-DSG 110+ 10 Negative
. EPC, CHOL, NHS- DSPE-PEG (2000)-ligand
Eph Rc YSA peptide [124] 25:1.28:4 37-1.87 87.04 £ 0.80 1.73 £0.35
DSPC, CHOL, mPEG-DSPE
Folate Rc Folate [132] 757:18.9:5.4 205+2.2 -13.6 0.9
Folate Rc Folate [133] fgg’sc_jfzoh DSPE-PEG (1000), MAL-ligand-DSPE-PEG (2000) 34 5, ¢ g 931038
ICAM-1 ICAM-1 Ab [134] ISDSOIP OC 5 DODAP, DSPE-PEG-COOH 114 £ 51 -14.8 £0.3
Angiopeptide LRP1 PC, CHOL, DCP, OPP, DOPE 5
LRP1 ligand [135] 50:30:10:20:20 103
Angiopeptide LRP1 PC, CHOL, DCP, OPP, DOPE
LRPI ligand [136] 50:30:10:20:20 173£2
. . DOPE, CHEMS, HSPC, CHOL, DSPE-PEG, DSPE-PEG-MAL
Nucleolin F3 peptide [137] 4:2:2:2:0.18:0.12 170 £ 12
Nucleolin F3 peptide [138] 4DSI;Ef(():IéH§MS’ DSPC, CHOL, DSPE-PEG (2000) ~ 150 Neutral
Nucleolin AS1411 aptamer [139] HSPC, CHOL, DSPE-mPEG (2000) 210 £20 -15+£5
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Nucleolin

Nucleolin

P-gp, VM channels
P-gp, VM channels
P-gp, VM channels
Somatostatin receptor-2
Somatostatin receptor-2
Somatostatin receptor-2
Sigma Rc

Sigma Rc

TfR1

TfR1

uPAR

Biotin
CD44
CD44

CD44
CD44

AS1411 aptamer

AS1411 aptamer

TPGS

TPGS

TPGS

Somatostatin analogs

Octreotide
Octreotide
Haloperidol
SV119
Transferrin
Transferrin

PAI-2

Biotin
HA
HA

HA
HA

[140]
[141]
[144]
[145]
[146]
[147]
[148]
[149]
[150]
[151]
[152]
[153]

[154]

[157,159]
[160]
[161]

[162]
[163]

2:1:0.16

DPPC, CHOL, DSPE-PEG (2000)

60:40:5

EPC, DPPC, CHOL

7:3:10

EPC, CHOL, TPGS

65:30:5

DSPC, DOPE, TPGS

13:3:5

CHOL, DSPC, DSPE-mPEG (2000), TPGS

EPC, CHOL, DSPE-PEG (2000), DSPE-PEG (2000)-ligand, DHA
60:40:2:3:20

DDAB, DSPE-PEG (2000)-ligand, DSPE-PEG (2000)-COOH,
CHOL, TPGS

DODEAC, CHOL, DSPE-PEG-MAL

1:1:0.05

SPC, CHOL, ligand-PEG-DOA

7:3:0.5:0.05

SPC, CHOL, DSPG, DSPE-mPEG (2000)

60:30:8:2

HSPC, CHOL, DSPG, DSPE-PEG (2000)

60:30:8:2

SPC, DSPE-mPEG (2000), CHOL, N-alkylisatin

TRANSMEMBRANE RECEPTORS

SPC, CHOL

62:33:6

DPPC, 1-StePc, DSPE-PEG (2000)

86:10:4

EPC, DOPE, CHOL

3:1:1

EPC, CHOL

5:1

LPC, CHOL, HPPH, drug, chitosan, oleic acid

172.2+43.9

128.6

104.23 £3.32

~ 230

140.0 £ 6.0

129.0 £10.3

~ 100

95.3 t0 256.6

89.2 t0 97.6

133.2+2.12

133.2+2.12

141.1+5.0

~110

90.30 £+ 1.40

212 £ 15

~ 76
128.7+75.0

-7.8+33

-6.1

0.24 £ 0.04

~17

0.196 £ 0.08

-132+2.1

1.84+0.54

7.2t011.3

-2.0to -3.1

-22.86 £ 1.6

-22.86 + 1.6

-4.66 £ 0.52

-2t0-3

-4.37+£1.72

-19.0+£3.9

~26
2997+35
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CD44
CD44
HERI
HERI
HERI
HER2
HER2
HER2
HER2

HER2

HER2

HER2
HER2

HER2

HER2

Integrin Re

Integrin Rc

Integrin Re

HA

HA

CET

CET

Anti-HER1 aptamer
HER?2 Fab’ fragments
HER?2 Fab’ fragments
Trastuzumab

HER2 Fab’ fragments
HER2 Fab’ fragments
Trastuzumab
Trastuzumab
YCDGFYACY-MDV
peptide

Anti-HER2 Ab
TSA14 aptamer

cRGD

RsGD

RGD

[164]
[165]
[166]
[167]
[168]
[174]
[177]
[178]
[180]

[181]

[183]

[184]
[186]

[188]

[189]

[195]

[196]

[197]

20:2:2:6:3

EDC, NHS, oleic acid

10:1:1

DOPC, DOPE, CHOL

1:1:1

DSPE-mPEG-COOH, NHS, EDC

1:1:1

DSPE-PEG (2000), CHOL

65:5

DMKE, CHOL, DSPE-mPEG (2000)

46:46:4

HSPC, CHOL, DSPE-mPEG (2000)

56.5:38.5:5

DPPC, CHOL, DSPE-PEG, MAL-PEG-Glu,Csg

5:5:0.03:0.03

HSPC, DSPC, DSPE-PEG, CHOL

6.9:1.6:0.5:0.5

DPPC, CHOL, DSPE-PEG, MAL-DSPE-PEG

1.36:1.36:0.28:0.1

HSPC, CHOL, DSPE-PEG and MAL- DSPE-PEG
56.3:38.4:4.2:1.

SPC, DSPC, CHOL, DSPE-PEG, DSPE-PEG-MAL, MAL-PEG-

GhIzC 18

4.37:1:0.3:0.3:0.05:0.63
PC, CHOL, PG, drug, MAL-PEG

50:19:15:1.7:1

DSPC, CHOL, DSPE-mPEG (2000)
DSPC, CHOL, DSPE-PEG (2000)-MAL

70:25:5

HSPC, DSPE-mPEG (2000), MAL- DSPE-PEG (2000), CHOL,

a-tocopherol

56.1:2.5:2:38.2:0.2
PC, DOTAP, CHOL, DSPE-PEG (2000)

58:7:30:5

EPC, CHOL, DSPE-PEG (2000), drug and DSPE-PEG (2000)-

RsGD
100:25:8:6:40

SPC, CHOL, ligand

158.4 £3.3

~ 100

117.45 £3.52

165

137.46 £1.35

154 £7.1 to
250 £8.3

123.1+3.1

120 £5

106.74 + 6.37

119.2+49

140

~ 80

48.79 £0.15

118 £2.2

1122 +6.7

103.33 £2.49

121.9+4.7

-18.21 £1.43

2.7

-13.2+6.31

11.1£35
5+0.04

-7.3+£0.6

-152+1.1

-6.43 £0.45

-202+1.2

353+3.1

2.88 +0.47

-14.37 £4.85
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LHRH Rc
LHRH Rc
Tumor-associated MUCI1
Tumor-associated MUC1
Tumor-associated MUCI1

NRP1

Estrogen Rc
Estrogen Rc
Estrogen Rc
Estrogen Rc

Estrogen Rc

Estrogen Rc

MMP-2
MMP-2, MMP-9

sPLA2

Gonadorelin
Gonadorelin
MUCI aptamer
hCTMO1
hCTMO1

ATRC peptide

El,E2,E3
El, E2, E3
El, E2,E3

El, E2, E3

Tamoxifen and
QLPVM peptide

El,E2,E3

Chlorotoxin peptide

EGCG

sPLA,-triggered
release

[198]
[199]
[200]
[201]
[202]

[204]

[206]
[210]
[211]
[207]

[208]

[209]

[212,380]
[213]

[214]

62:33:3

HSPC, CHOL, DSPE-mPEG (2000)
90:10:0.4

HSPC, CHOL, DSPE-PEG (2000)
90:10:0.4

DPPC, HSPC, CHOL, DSPE-PEG (2000)
54:27:16:3

HSPC, CHOL, DSPE-PEG (2000)
56.3:38.2:5.5

PPC, CHOL, DSPE-PEG (2000), MAL- DSPE-PEG (2000)
60:40:2.5:2.5

CHOL, EPC, DSPE-PEG (2000)
43:52:4.5

INTERNAL CELL RECEPTORS

DOPE, HSPC, CHEMS, CHOL, ligand— DSPE-PEG

DPPC, CHOL, DSPE-PEG2000-NH2

65:30:5

SPC, CHOL, mPEG2000-DSPE, ligand- DSPE-PEG (2000)
9:6:0.75:0.075

PL90 G, PL90 H, CHOL

2.1:1

EPC, CHOL, DSPE-PEG (2000)

15.9:4.1:4.8

SPC, CHOL, SP-DSPE-PEQG, ligand-DSPE-PEG
8:2:2:2

ENZYMES
HSPC, CHOL, DSPE-PEG, DSPE-PEG-ligand
20:10:2:0.3
CHOL, PC

POPC, POPG, CHOL, DSPE-PEG (2000)

146.1 £ 0.94

136.1 £ 0.94

1282+ 1.6

131.3£29

2152+£222

100

151 +59

97.1+144

13793 £1.22

188.8 £2.2

90.87 £ 2.26

~ 105

128.0 £ 0.99

130.5+£3.2

129+ 1

-14.4 £ 0.85

-14.4 £ 0.85

-28.0£0.8

-30.0 £1.5

-7.2+0.5

-15

-3.81 £0.31
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-12.1 £ 045

-13.4

-1.76 £0.43

-36.77

-19+1
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DUAL TARGETING

SPC, CHOL, TPGS

P-gp and mitochondria HA and TPGS [358] 27:0:4 ~ 120 -18

Death receptors 4 and 5 E-selectin and TRAIL [359] DIEG, Bl (CRIOLL 120.3 £ 14

MDA-MB-231BR cells BRBP1 and KLA [362] DSPC, CHOL, DSPE-mPEG, ligand- DSPE-PEG, drug 123.9 +3.7 939 4028

and mitochondria 20:10:1:1:2 T DA

GLUTsand auBsintegrin RGD and fructose  [364] g&% SPC, ligands 113.6+2.1  -420+0.17

Bone and hydroxyapatite i‘g;‘ic e gng%gHOL, it 114229  -17.19%2.59

P-selectin and a,f3 integrin CC(IID{SED\ng\)/]?)r;?S [366] ]5:)5P Z(? ’SCHOL’ DSPE-PEG (2000) 104 +3.1 2+0.17
. ¢(RGDfC) and DPPC, CHOL, DSPE-PEG (2000)-ligand _ .

HERI and a,f3 integrin CYHWYGYTPQNVI [367] 55-40:5 105 4

ATBO,+ and LAT1 tg;:iﬁite lysine, and 1) DSPC, CHOL, DSPE-PEG (2000) 1109+0.7  -920+0.52

¢C1qR and NRPI LinTT1 peptide 375] gggcégljou ganglioside, DSPE-mPEG (2000)-MAL 146 + 4 32,6423

ICAM-1 and HER1 fgﬁ\:ﬁ;‘;‘l [iGFR' [376] 19)5951) SOIREIHEABERE0 O 130 +30 fﬁv_vgen 10

MUC-1 and CDa4 MUCI-and CD44- o0 POPC, DSPE-PEG, DOPE, CHOL 1578 1057

aptamers 2:0.1:0.03:1

Extractable nuclear .

antigens and CPPs TAT and mAb2C5  [378] Egﬂ?g’a]igigfg%dfé(} (2000)-HzPE, ligand-PEG (1000)- g5 _ 109 -41.00 £ 0.95

Folate Re and CPPs FA and dNP2 (379] CHOL, SPC, DSPE-PEG (2000)-ligand 1041+3.14  6.52+134

Abbreviations: (pNP)2: bis(p-nitrophenyl carbonate); 1-StePc: 1-stearoyl-2-hydroxy-sn-glycero-3-phosphocholine; Ab: antibody; anti-EphA2 scFv: anti-erythropoietin-producing hepatocellular single-chain variable
fragment; ATBO,+: amino acid transporter B0,+; CD44: cluster of differentiation 44; CET: cetuximab; CHEMS: cholesteryl hemisuccinate; CHOL: cholesterol; CPP: cell-penetrating peptide; cRGD: cyclo
arginylglycylaspartic acid, Arg-Gly-Asp; CXCL12/SDF-1: CXCR4 receptor ligand; CXCR4: chemokine receptor type 4; DBCO: dibenzo-cyclooctyne; DCP: dicetylphosphate; DDAB: dimethyldioctadecylammonium
bromide; DHA: dihydroartemisinin; DMKE: O,0'-dimyristyl-N-lysyl glutamate; dNP2: a cell-penetrating peptide; DOA: 3',5'-dioleoyladenosine; DODAP: 1,2-dioleoyl-3-dimethylammonium-propane; DODEAC: N,N-
di-n-tetradecyl-N,N-(2-hydroxyethyl)ammonium chloride; DOPA: dioleoyl phosphatidic acid; DOPC: 1,2-dioleoyl-sn-glycero-3-phosphocholine; DOPE: 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; DOTAP:
dioleoyl-3-trimethylammonium  propane; DPPC: dipalmitoylphosphatidylcholine; DSPC: distearylphosphatidylcholine; DSPE: 1,2-distearoyl-sn-glycero-3-phosphorylethanolamine; DTPA:
diethylenetriaminepentaacetic acide anhydride; E1, E2, E3: estrone, estradiol, estriol; E80: egg phosphatidylcholine; EDC: 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydro-chloride; EGCG: epigallocatechin
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gallate; EMT: epithelial-to-mesenchymal; EPC: egg phosphatidylcholine; Eph: erythropoietin-producing hepatocellular receptor; ESM: sphingomyelin from egg; FA: folic acid; Fab’: fragment antigen-binding with the
addition of a thiol group; HA: hyaluronic acid; hCTMOLI: humanized anti-mucin 1 monoclonal antibodies; HER: human epidermal receptor; HPPH: 2-[1-hexyloxyethyl]-2-devinyl pyropheophorbide-a; HSPC:
hydrogenated soy phosphatidylcholine; ICAM-1: intracellular adhesion molecule-1; KLA: acetyl-(KLAKLAK)2-NH2; LAT1: L-type amino acid transporter 1; LHRH: luteinizing hormone-releasing hormone; LPC: 1-
palmitoyl-2-hydroxy sn-glycero-3-phosphocholine; LRP1: low density lipoprotein receptor-related protein 1; MAL: maleimide; MMP: matrix metalloproteinases; mPEG2000-DSPE: N-(carbonyl-methoxy-
poly(ethylene glycol 2000)-1,2-distearoyl-sn-glycero-3-phosphoethanolamine sodium salt; mPEG-DSG: 1,2-distearoyl-rac-glycero-3-methylpo-lyoxyethylene; MUC1: mucin 1; N-dod-PE: 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-dodecanoyl; NHS: NHS ester; NRP1: neuropilin 1; OPP: octadecyl-1,1-dimethylpiperidin-1-ium-4-yl phosphate; PAI-2: plasminogen activator inhibitor-2; PC: phosphatidylcholine; PE:
phosphatidylehtanolamine; PEG: polyethylene glycol; PG: phosphatidylglycerol; P-gp: p-glycoprotein; pNP: p-nitrophenylcarbonyl; POPC: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; POPG: 1-palmitoyl-2-
oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) sodium salt; Rc: receptor; RGD: arginylglycylaspartic acid, Arg-Gly-Asp; SPC: soy phosphatidylcholine; sPLA2: secretory phospholipase A2; TAT: trans-activator of
transcription cell-penetrating peptide; TfR1: transferrin receptor 1; TPGS: D-a-tocopheryl polyethylene glycol 1000 succinate; TRAIL: tumor necrosis factor-related apoptosis-inducing ligand; TUBO: cloned line
established in vitro from a BALB-neuT mouse mammary carcinoma; uPAR: urokinase-type plasminogen activator receptor; VM: vascular mimicry.
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3. Challenges and future considerations in targeted nanoliposomal drug delivery

As previously noted, only four liposome-based treatments have been approved for clinical use in breast
cancer and none make use of a targeting system. Instead, the drug delivery systems rely on the increased
protection, stability, and circulation time provided by liposomes and their PEGylation for accumulation of the
therapeutic in the tumor tissue, i.e., the EPR effect. Of all the targeted-liposomal drug delivery systems discussed
in this review, only five (MM-310, MM-302, ONT-10, AS1411 and LiPlaCis®) have progressed to the clinical
phase and have registered clinicaltrial.gov identifiers (Table 4). Notably, although ONT-10 is a liposomal

system which makes use of targeting system it is a cancer vaccine and not a direct treatment.

Table 4. The targeted liposomal systems for breast cancer which have progressed to clinical trials.

. . Size Last Clinical
Identifier Target Composition (nm) updated phase Status Reference
EphA2 ESM, CHOL,
MM-310 NCTO03076372 p ) DSPE-mPEG ~ 100 2018 I Unknown* [122]
TNBC
(2000)
S
NCT01304797, PC, CHOL, Unknown*,
Terminated, [302,381-
MM-302 NCT02213744, HER2 PEG, DSPE- 75-110 2017 I II, IIT Withdrawn 384]
NCT02735798 PEG haraw
NCT01556789, MUCI, CHOL, Completed,
ONT-10 NCT02270372, PET DMPG, 2018 L o, III Completed, 3 1‘;’2]8 >3
NCT01978964 Lipid A DPPC Completed
LI
NCTO01034410, HSPC, Not BC Completed,
NCTO00881244, . CHOL, 2009, . Unknown*,
ASIIL - ero0740441,  NUCleOlin popp e 200 2011 S%Z‘i{fﬁgy Completed, [139]
NCT00512083 (2000) Terminated
tumors
POPC, POPG, LI
. . sPLA,- CHOL, P [387,356,3
LiPlaCis® NCT01861496 rigger DSPE-PEG 130 2021 Issues W}th Completed $8.214]
(2000) formulation

Eph: erythropoietin-producing hepatocellular receptor A2; CHOL: cholesterol; DMPG: dimyristoyl phosphatidylglycerol; DPPC:
dipalmitoylphosphatidylcholine; DSPE: 1,2-distearoyl-sn-glycero-3-phosphorylethanolamine; ESM: sphingomyelin from egg; HER2: human
epidermal receptor 2; HSPC: hydrogenated soybean phosphatidylcholine; MUCI: mucin 1; PC: phosphatidylcholine; PEG; polyethylene
glycol; POPC: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; POPG: 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol)
sodium salt; SPLA,: secretory phospholipase A2; TNBC: triple negative breast cancer. * Study has passed its completion date and status has

not been updated in over two years

Key features in this bench-to-bedside failure of nanoformulations involve; issues with laboratory-scale
batch-to-batch variation, complex large-scale manufacturing processes resulting in limitations in terms of
fabrication costs and throughput speeds, intellectual property disputes, lack of clear and consistent governmental
guidelines, and the cost-effectiveness of these formulations when compared to current therapies [94,389-394].
Although there are several methods for synthesizing liposomes at the laboratory-scale (e.g., lipid film hydration,
solvent dispersion, reverse phase evaporation, etc.), only one — ethanol injection followed by extrusion — is the
preferred method for large-scale commercial production as it provides the necessary reproducibility and quality.

Large-scale manufacturing is a complex and laborious process with various in-operation controls and associated
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tests (e.g., buffer preparation, phospholipid solution preparation, filtration, dilution, freeze drying, etc.) which
take time and increase costs. New large-scale liposome production methods, e.g., microfluidics and self-
assembling technologies, are able to cut-down on costs, energy and time by avoiding certain steps in the
manufacturing process all together (e.g., extrusion) and not using organic solvents thus eliminating the need to
remove them and the associated quality controls to ensure it [395]. Although there are well-established good
manufacturing processes with safety and pharmaceutical criteria (e.g., ingredient purity, stability, administration
route, etc.) for the development and production of drugs, nanoformulations used for drug delivery must undergo
an additional litany of highly detailed trials. For example; the key components of the nanoformulation must be
identified and each related to the performance of the nanomedicine; furthermore, the immune response,
endotoxicity, biocompatibility, and genotoxicity, etc. of the nanoparticle and its components must be stipulated;
as well as the ability to replicate and sterilize the nanoformulation; and, lastly, a thorough understanding of the in
vivo biodistribution, metabolism, absorption, and excretion of every component of the nanoformulation is
required [396,397]. To expedite nanomedicines through the clinical pipeline, a shift towards “safety-by-design”,
wherein the risks to human health and the environment are foreseen and reduced during the early stages of
product development, have become the norm. Projects such as the EU’s NANoREG and GoNanoBioMat are
aimed towards installing standardized approaches to nanomedicine design and includes several aspects of the
development of nanomedicines (e.g., environmental impact, safe transport, specific methods of production, etc.)
[398].

The issue with nanomedicine and drug targeting, however, is not just a problem of pharmaceutical
manufacturing or governmental red tape but also a lack of the right knowledge and tools. Currently, we have an
imperfect understanding of tumor biology and drug delivery design which causes a domino effect of ineffectual
nanoformulations and physiologically and clinically irrelevant animal models leading to failures in clinical trials
[399-401]. A perfect example of this is the major gaps in our understanding of passive targeting and the EPR
effect. The extent and heterogeneity of the EPR effect in solid and metastatic tumors are highly debated and are
hypothesized as a reason for the inconsistent response of passive and targeted therapeutic nanomedicines in
clinical studies [402,403]. The EPR effect is influenced by several factors, including; the presence and extent of
the vascular and lymphatic networks in tumoral tissue and their associated interstitial pressure; the patient’s age
and gender, tumor type, size, and location; whether the tumor is a primary or metastatic lesion; and the degree of
immune involvement regarding the MPS, macrophages, etc. [404,405]. In the coming years, our understanding
and use of the EPR effect in cancer nanoliposomal drug delivery will require an overhaul, including the use of
strategies to; standardize and analyze the EPR effect in solid tumors; identify, image and track tumor
vascularization; and reduce the clearance of therapeutic nanomedicines by the liver, kidneys, lungs, and spleen

thus allowing enhanced accumulation in the tumor [406].

Although there are many pre-clinical reports of enhanced cellular internalization and tumor accumulation —
some of which are discussed in this review — the clinical boon of nanomedicines has, so far, been limited.
Reasons for this discrepancy could be due to formulation stability or the accessibility and availability of targets
(e.g., the distinction between ‘low’, ‘normal’, and ‘overexpression’ of surface receptors and proteins). Inter-and
intra-heterogeneity of tumors and the presence of metastasis and metastatic supporting cells (CSCs, fibroblasts,

TAMs, etc.) drive the complexity of cancer and confound our ability to target it. The majority of breast cancer-
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specific liposomal formulations are mono-targeted towards a single receptor on the surface of tumor cells which
may result in a positive response initially but could promote clone selection leading to MDR and resistant tumor
relapse [407]. Other considerations include optimal ligand density on targeted liposomes which will invariably
be affected by the target’s expression, accessibility, and internalization ability; as well as tumor location, stage,
location, immunogenicity, etc. [408—410]. Indeed, it is also important to consider that there is a
misunderstanding regarding the potential usefulness of active targeting in drug delivery [411]. Although active
targeting can improve the poor tissue and tumor penetration of nanomedicines, it has become abundantly clear
that simply modifying liposomes to target receptors, enzymes, macromolecules, or the TME is not enough to
produce enhanced drug delivery and efficient cancer treatment in the clinic. Several of the studies mentioned
herein highlight a common problem in active targeting, in that targeted drug nanocarriers do not seem to display
enhanced ‘tumor homing’ abilities or superior pharmacodynamics resulting in increased anticancer efficacy, but
rather 1) increased accumulation in the required zone, i.e., tumoral area, before drug release, and/or 2) improved
cellular internalization once the nanocarrier has reached the tumor cells via the EPR effect [200,412,413].
Several reasons for this phenomenon have been proposed, including our definition of the ‘overexpression’ of cell
receptors being a major oversimplification, the administration of nanomedicines causing opsonization and
obstruction of targeted liposomes thus creating mistargeted or altered pharmacokinetics, and the choice of
targets, e.g., HER-2, whilst being clinically relevant for targeting might not be suitable for efficient
internalization and either allow for escape from the intracellular endosome or bypass the destructive endocytic
pathway altogether [407].

To combat this oversimplification of targeting, researchers are using bio-inspired designs with multimodal
targeting and stimuli-responsive drug release. For example, the work of Ma et al. involves the use of a
biomimetic membrane via the merging of the erythrocyte membrane with pH-responsive HER2-functionalized
liposomes for breast cancer treatment [414]. Other innovative strategies to target and physically localize
treatments into breast cancer cells include the use of biomaterials such as framework nucleic-acid-based
nanostructures and nanorobots for targeted HER2 breast cancer treatment [415,416]. Liposomes are continually
innovated for use in tissue engineering as liposome-scaffold composite systems [417]; programmable, multi-
staged or stimuli-triggered multi-drug eluting systems [418]; and in cancer immunotherapy to deliver targeted
immune modulators within tumors and the TME, as well as improving CAR-T treatments and enhancing vaccine
efficiency in both primary and metastatic tumors [419—422]. Targeting strategies are also being improved by the
use of dual-targeted combination therapies which treat several aspects of the tumoral cells (e.g., targeting the
mitochondria and MDR mechanisms) [423]. Furthermore, the medical model of personalized medicine which
matches patients to the most appropriate treatment via screening for genes, proteins, receptors, vascularization,

etc. is also an interesting avenue for targeted liposomal cancer drug delivery.

4. Summary

In summary, this review provides a comprehensive description of the current advancements in liposomal
drug delivery which actively targets surface, transmembrane, internal cell receptors, and enzymes, of breast
cancer and breast cancer-associated cells. These liposomal targets are involved in; cell movement, proliferation,
aggregation, protection, attachment, cell-cell interactions and signaling; as well as vitamin and macromolecule

metabolism; and hormonal regulation of breast cancer cells. For several decades liposomes have been
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continually developed and improved to overcome their issues with reproducibility, scale-ability, production cost,
solubility, and stability (i.e., sedimentation, sensitivity to oxidation, leakage, etc.), sterilization, and short
circulation time. Although the appeal of liposomes in cancer drug delivery was initially due to their
biocompatability and reduced drug clearance, their ability to lower systemic with stealth modifications and
active targeting has gained immense interest. Several liposomal formulations have recently been approved for
clinical use, e.g., Onpattro®, Vyxeos®, Onivyde®, COVID-19 vaccines, etc., and although none are targeted,
they highlight the clinical relevance of liposomes in drug delivery. Furthermore, as liposomes can be easily
functionalized with several state-of-the-art targeting entities, e.g., peptides, aptamers, various Ab fragments, etc.,

they are promising nanocarriers for targeted drug delivery in breast cancer.
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fragment crystallizable region

hexose transporters

hyaluronic acid

hyaluronan-binding protein 1

humanized anti-MUC1 mAbs
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mitogen-activated protein kinases/extracellular signal-regulated kinases
multidrug resistance
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TfR transferrin receptor

TGF-B1 transforming growth factor beta 1

TME tumor microenvironment

TNBC triple-negative breast cancer

TNF tumor necrosis factor

TPGS d-a-tocopheryl polyethylene glycol 1000 succinate
TRAIL tumor necrosis factor-related apoptosis-inducing ligand
uPA urokinase-type plasminogen activator

uPAR urokinase-type plasminogen activator receptor
VEGF vascular endothelial growth factor

VHH variable domain of the heavy chain antibody

VM vasculogenic mimicry
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The latest strategies for the active targeting of breast cancer and breast cancer-associated cells using surface,
transmembrane and internal cell receptors, enzymes, direct cell targeting and dual-targeting liposomal drug
delivery nanocarriers are systematically summarized. This paper presents the non-targeted liposomes currently in
clinical use for breast cancer treatment, as well as the targeted liposomes which have progressed to clinical trials.
The major challenges in the development of actively targeted drug delivery systems for cancer is also

highlighted.
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