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Abstract: According to a 2020 World Health Organization report (Globocan 2020), cancer was a
leading cause of death worldwide, accounting for nearly 10 million deaths in 2020. The aim of
anticancer therapy is to specifically inhibit the growth of cancer cells while sparing normal dividing
cells. Conventional chemotherapy, radiotherapy and surgical treatments have often been plagued
by the frequency and severity of side effects as well as severe patient discomfort. Cancer targeting
by drug delivery systems, owing to their selective targeting, efficacy, biocompatibility and high
drug payload, provides an attractive alternative treatment; however, there are technical, therapeutic,
manufacturing and clinical barriers that limit their use. This article provides a brief review of the
challenges of conventional anticancer therapies and anticancer drug targeting with a special focus on
liposomal drug delivery systems.

Keywords: chemotherapy; radiotherapy; active targeting; passive targeting; tumor; immunoconju-
gate; traditional liposome; stealth liposome; triggered release; limitations of liposomes

1. Introduction
Cancer Statistics: Need for Better Therapeutics

Cancer is a group of diseases characterized by uncontrolled growth of abnormal cells
that have the latent potential to penetrate other tissues. It is the leading cause of death
worldwide, amounting to nearly 7.6 million deaths globally i.e., nearly 13% of total deaths
in 2008 [1] and more recently 10 million deaths in 2020 [2]. As per current estimates, the
number of cancer cases may reach an unprecedented 22.2 million in 2030 [1]. Statistics
in the United States are no different where cancer is the second most prevalent cause of
death, next to only heart related diseases [3]. As per the American Cancer Society, about
608,570 Americans are expected to die of cancer in 2021, which accounts for approximately
1670 deaths per day and nearly a quarter of total deaths in the US [3]. These data highlight
the significance of anticancer research and the necessity to discover innovative ways to
treat cancer.

The main goal of anticancer therapy is to specifically inhibit the malignant activity of
cancer cells, while leaving healthy cells unaffected. Conventional anticancer treatments,
including chemotherapy, radiotherapy and surgery, are challenged by drug resistance,
severity and side effects. Some of the challenges and limitations of these therapies are
discussed.

2. Limitations and Challenges Associated with Traditional Anticancer Therapies
2.1. Cancer Surgery

Cancer surgery is perceived to be an effective tool for eliminating early-stage canceri.e.,
at the tumor level. However, it is worth acknowledging that not all early-stage cancerous
tissues can be surgically removed. The limitation of surgery lies in how deep seated a
tumor tissue is as well as its size. If the tumor size is perilously big, it can seriously impair
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the regular functioning of a surrounding tissue or organ. A relevant example, post brain
surgery, is negative impact on normal functioning of brain i.e., thinking, speaking, etc. In
this situation, surgery may not be a first preference for treatment [4]. Another pertinent
example is breast cancer where accurate determination of tumor size and position remains
a challenge and, therefore, limits the success of a surgical procedure [4].

Other notable examples where surgery impacts normal functioning include permanent
impairment of fertility that may be caused by prostrate, ovarian and uterine surgery [4].
Similarly, impact on vocal cords caused by lung surgery performed especially in the upper
trachea and shortness of breath developed after lower lung procedures are other known
examples [4].

Furthermore, while there are other glaring instances, such as Laryngectomy which
eliminates the natural ability to speak, procedures such as a Glossectomy do not eliminate
natural speaking but lead to slurred speech with difficulty in swallowing [4].

Irrespective of the complications associated with cancer surgery at various sites,
surgery inherently carry risks such as infections, bleeding and pain associated with local
nerve injury.

2.2. Chemotherapy

Chemotherapy is a treatment regime where a combination of drugs is administered
to the body. Notably, chemotherapy remains one of only a few treatment choices for
advanced-stage cancer (metastasized cancer); however, a serious deficiency of chemother-
apy is the lack of its target selectivity. As the cancer cells arise from normal functioning
cells that exhibit uncontrolled growth, anticancer drugs indiscriminately impact the growth
of normal non-proliferative cells along with inhibiting cancer cell growth. This poor
selectivity of common chemotherapeutic drugs imparts serious side effects on normal
tissues such as bone marrow, hair follicles and the gastrointestinal tract [5]. To quote
some examples: Carboplatin or carboplatin in conjunction with other chemotherapeutic
agents have been known to induce dose-dependent hematotoxicity such as neutropenia
and thrombocytopenia. Dermatological effects, specifically keratitis, are common skin
reactions arising from chlorambucil administration. Also, dose-limiting glomerular and
tubular dysfunction, nuclear pallor in distal nephron and mitochondrial swelling may be
caused by renal accumulation of cisplatin by a membrane transport assisted process after
continuous and long-term exposure [6]. Acute cardiotoxicity that may include arrhythmias,
acute heart failure, inflammatory responses such as pericarditis and myocarditis and other
related symptoms including apoptosis due to formation of free radicals, and cardiomy-
ocyte dysfunction are known to be caused by accumulation of Anthracyclines, specifically
doxorubicin [7]. In addition to acute toxicity, chronic cardiotoxicity such as left ventricular
dysfunction is also related to anthracyclines [7]. For breast cancer treatments, emesis, neu-
tropenia and alopecia are common symptoms of 5-fluorouracil (CMF) cyclophosphamide
and methotrexate regimen [8].

Besides the above-mentioned significant examples of severe side effects of chemother-
apeutic agents, there are other side effects that are not as potent but do severely limit
quality of life and may lead to premature discontinuation of chemotherapy. Dermatologic
reactions are most prevalent between them [9]. Common skin related adverse effects
include hyperpigmentation, dryness and rash. Other common skin reactions such as ery-
thema and swelling are generally associated with antimetabolite drugs such as CMF and
capecitabine [9]. Relatively new anticancer drugs e.g., epidermal growth factor receptor
(EGFR) inhibitors noticeably cause follicular rash (e.g., papulopustular rash) and dryness
that can then lead to infections such as pruritis [9]. Besides skin, other common side effects
are observed on mucosal membranes where conditions such as toxic epidermic necrolysis
and Steven Johnson Syndrome (SJS) are caused by other drugs e.g., busulfan, chlorambucil,
cyclophosphamide and procarbazine [9].

In furtherance to the adverse effects mentioned above, owing to poor selectivity /non-
specificity of chemotherapeutic agents against cancer cells, the other significant limitation
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is the advancement of ‘multi-drug resistance’ (MDR) after prolonged exposure of drugs
(Figure 1). Cancerous cells may grow resistance against a single chemotherapeutic agent
or a combination of agents with an analogous mechanism of action but may develop into
cross-resistance against other agents with differing mechanism of actions and/or targets.
This transformation to cross-resistance against other therapeutic agents is called ‘multi-
drug resistance’ (MDR). It is due to the development of MDR that heterogeneous cancer
cells grow even in the presence of chemotherapeutic drugs. The development of this drug
tolerance is manifested in cancer cells either as modification in a potential drug target or as
augmentation of cell survival mechanisms such as DNA repair, changes in apoptotic cycles
due to changes in ceramide levels, ineffective tumor suppressor protein (p53) or activation
of cytochrome oxidases which is critical for cellular respiration [10].

Blood vessels
delivering drugs

Extracellular Space \
° o °
e (4]
Ooo o (+] oo [+ ° ° Accumulation of drugs
°% o, 0o0° ©__——7 in extracellular space
o0
(+] © (4]
o _O

o o °
o °
o o0 oo °
© Y ° 0® ©
© %o ° o __o_
Bad
0 o
( o | ‘ ) 4—— Cell membrane
| \o 5

Drugs diffusing
inside cell

Intracellular Space

Over-expressed
Pgp pumpimg out
drug molecules

Figure 1. MDR exhibited by overexpression of Pgp transporter proteins leading to efflux of drug from cancer cells.

MBDR also leads to over-expression of ATP binding cassette-based efflux transporters
which in turn reduce the drug levels in the intracellular space to suboptimal levels in the
cells (Figure 1).

The severity of side effects caused by chemotherapy, as well as the MDR phenomenon
combined with the narrow therapeutic index of anticancer drugs, severely limits the
therapeutic efficacy of chemotherapy. Furthermore, severity of side effects necessitates
dose reductions of the anticancer agent which eventually leads to inefficient therapeutic
outcomes and potential metastasis.

2.3. Radiotherapy

Radiotherapy is another prominent anticancer therapy and is characterized by the use
of high-energy radiation for the treatment of cancer. The wide application of radiotherapy
varies from eliminating tumor to reducing tumor size. One way in which radiotherapy
differs from chemotherapy is that the adverse effects of radiotherapy are localized in nature
(in proximity to the radiated area) as opposed to systemic adverse effects manifested by
chemotherapy. The side effects of radiation therapy can be classified either as early or late
effects. While early effects are reversible, late effects have propensity to be irreversible and
aggravate with time. The more involved late effects are facilitated by stromal, parenchymal,
inflammatory and endothelial cells.
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Early adverse effects are largely skin reactions such as desquamation and erythema.
On the other hand, late effects consist of conditions for example radiation-induced neuron
and blood vessel injury, atrophy and fibrosis. Fibrosis is a condition defined by buildup of
excessive collagen and extracellular matrix in and around radiated tissues. The early phase
of fibrosis is characterized by activation of cytokine cascades which yields tumor-necrosis
factor-o (TNF«), interleukins 1 and 6 and other growth factors in much similarity to the
wound healing process [11]. In contrast to a regular wound healing process, however, which
is a short-term process, fibrotic factor TNF f3 is downregulated by TNFa and connective
tissue growth factor (CTGF); the fibrogenesis in tissues continues for years, resulting in
fibrosis of tissues [11].

3. Targeted Drug Delivery Systems and Their Limitations

As mentioned earlier, chemotherapy finds its limitation in being indiscriminate, non-
specific in its mechanism of action and development of MDR. The sum of these effects
renders chemotherapy damaging to normal dividing cells and thus, causes multiple side
effects and, over prolonged exposure, becomes less effective to the tumor due to the de-
velopment of MDR. Notably, less than 10% of an anticancer drug reaches its target tumor
tissue [12]. In addition, radiotherapy primarily is localized in its effect and may lead to
fibrosis in some cases. Targeted drug delivery systems, on the other hand, specifically
target cancer cells while sparing normal cells. Most of the targeted nano drug delivery sys-
tems developed in the last few decades include liposomes, antibodies, Immunoconjugates,
Immunotoxins, and polymer conjugates among others. Some of these delivery systems
are discussed in this review with greater emphasis on liposomal drug delivery systems. It
is important to note that these delivery systems have different mechanical and physico-
chemical properties than individual constituents’ lipids, allowing these microstructures to
incorporate highly insoluble and/or unstable drugs that can be delivered in designated
dosages to the target site.

Drug delivery approaches designed for targeting tumors can be largely classified into
two main types: Active and Passive targeting approaches.

Some recent examples of anticancer liposomal drug delivery systems and their target-
ing mechanisms is provided in Table 1.

Table 1. Some recent examples of anticancer liposomal drug delivery systems and their targeting mechanisms.

Liposome

Route of

Active Ingredient/s Trade/Brand Name Composition Active/Passive Targeting Administration Indication Ref.
Hwtp53 DNA SGT-53 DOTAP/DOPE Active (Anti-Transferrin IV, in vivo, Solid tumors [13-15]
scFv) clinical
Egg derived . . . A
Docetaxel prodrug MM-310 sphingomyelin/ Active (Anti-Ephrin v, 1 VIve, Solid tumors [16-19]
CH receptor A2) clinical
Active (Anti-EGFR Fab L
DOX C225-ILs-dox DSPC/CH/mPEG- fragment from mAb C225 W, 1n VIVO, Glioblastoma [15,19-21]
DSPE . clinical
(cetuximab))
HSPC/CH/DSPE- Active (Anti-HER2 IV, in vivo,
DOX MM-302 PEG antibody) dinical Breast cancer [22,23]
Melanoma antigens POPC/Ni-3NTA- Active (Single domain IV, in vivo Malignant
: Lipovaxin-MM antibody (dAb) fragment S [15,24]
+ interferon-gamma DTDA (VH)) clinical melanoma
. Active (Anti-Transferrin 1V, in vivo, . »
RB94 plasmid DNA SGT-94 DOTAP/DOPE Antibody fragment (scEv) Jinical Solid tumor [15,25-27]
Active brain
DOX 2B3-101 HSPC/CH/DSPE- Active .(Glutathlone 1V, in vivo, metasta51s, [18,28,29]
PEG ligand) clinical meningeal
carcinomatosis
Tet.ranfirl.ne + - EPC/CH/DSPE-PEG Active (Transferrin ligand) 1V, in vivo in mice Brain glioma [19,30]
vincristine 2000
. . T, . Cervical and breast .
Bleomycin - DOPE/CH Active (Folic acid ligand) In vitro X [19,31]
cancer cell lines
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Table 1. Cont.
Active Ingredient/s Trade/Brand Name CLIPOSOWe Active/Passive Targeting Route Of. Indication Ref.
omposition Administration
DOX - DOPE/DOPC/Lecithin ~ “ctive l(.GlYC"pmte‘“ IV,in vivoin mice ~ Mouse melanoma [32]
igand) cells
DPPC/CH/DSPE- . . Human thyroid
ATRA . mPEG2000 Passive In vitro carcinoma cell lines (3]
ATRA - DOTAP/CH Passive In vivo in mice, IV Lung cancer [34]
. . Secondary acute
Dagnor“bl.cm + VYXEOS DSPG/DSPC/CH Passive IV, in vivo, FDA myeloid leukemia  [15,35-37]
ytarabine approved
(sAML)
Paclitaxel LEP-ETU DOPC/CH/ cardiolipin Passive IV, in vivo, FDA Ovarian cancer [38,39]
approved
Philadelphia
IV in vivo chromosome-
Vincristine - Sphingomyelin/CH Passive S ’ negative (Ph-) acute [40-42]
clinical ;
lymphoblastic
leukemia (ALL)
Verteporfin Visudyne DMPC/EPG Passive 1V, in vivo, clinical EGFR-mutated [43-45]
glioblastoma
DPPC/MSPC/PEG . Lo . Hepatocellular S
DOX ThermoDox 2000-DSPE Passive 1V, in vivo, clinical carcinoma (HCC) [46,47]
Paclitaxel EndoTAG-1 DOTAP/DOPC Passive IV, in vivo, clinical Pacr;gf:r“c [38,48]
miR-34a - DOTAP/CH Passive IV, in vivo, clinical Advanced solid [40,49-51]
tumors
N Metastatic
Irinotecan ONIVYDE DSPC/DSPE/CH/mPEG- Passive IV, in vivo, FDA adenocarcinoma of [52,53]
2000 approved
the pancreas
Mitomycin-C Promitil HSPC/CH/DSPE- Passive 1V, in vivo, clinical Solid tumors [54-56]
prodrug PEG
TUSC2/FUS1 REQORSA DOTAP/CH Passive IV, in vivo, clinical NO“'S‘;‘?L Zre” lung [57,58]
S HSPC/CH/PEG . S . . -
Eribulin mesylate E7389-LF 2000-DSPE Passive 1V, in vivo, clinical Solid tumors [15,59,60]
. DSPC/CH/PEG . . . Colorectal cancer
Navelbine - DSPE Passive In vivo in mice cells [61]
Curcumin Lipocurc DMPG/DMPC Passive 1V, in vivo, clinical Metastatic tumors [62-64]
Cholesteryl
Paclitaxel PTX-LDE oleate{ Egg- Passive 1V, in vivo, clinical Opvarian carcinoma [65-67]
PC/Miglyol
812/CH
PKN3 siRNA Atu027 AtuFEg];Fgl_é(])%IShyPE/DSPE— Passive 1V, in vivo, clinical Pancreatic cancer [25]

Abbreviation: Hwtp53, human wild type p53; DNA, Deoxyribonucleic acid; DOTAP, 1,2-Dioleoyl-3-trimethylammonium-propane;
DOPE, Dioleoyl phosphatidylethanolamine; scFv, single-chain variable fragment; IV, Intravenous; CH, Cholesterol; DOX, Doxorubicin;
DSPC, Distearoyl phosphatidylcholine; DSPE, Distearoyl phosphoethanolamine; mPEG, methoxy Polyethylene Glycol; EGFR, Epidermal
growth factor receptor; mAb, Monoclonal antibody; HSPC, Hydrogenated soybean phosphatidylcholine; PEG, Polyethylene Glycol;
HER 2, Human epidermal growth factor receptor 2; POPC, palmitoyloleoyl phosphocholine; Ni-3NTA-DTDA, nitrilotriacetic acid
ditetradecylamine, nickel salt; dAb, Single domain antibody; VH, variable heavy chain; DOPC, Dioleoyl phosphocholine; ATRA, all-
trans-retinoic acid; DPPC, Dipalmitoyl phosphatidylcholine; DSPG, Distearoyl phosphoglycerol; DMPC, Dimyristoyl phosphocholine;
EPC, egg phosphatidylglycerol; MSPC, Myristoyl-palmitoyl phosphatidylcholine; DMPG, Dimyristoyl phosphorylglycerol; Egg-PC,
Egg phosphatidylcholine; PKN3, Protein Kinase N3; AtuFECTO01, 3-L-arginyl-2,3-L-diaminopropionic acid-N-palmityl-N-oleyl-amide
trihydrochloride; DPhyPE, Diphytanoyl phosphoethanolamine.

3.1. Active Tumor Targeting Approach

Active targeting at the molecular level discriminates between normal and cancerous

cells by acting upon their morphological, phenotypic, and biochemical differences. A
common active targeting approach involves ligand-receptor or antigen—antibody binding
interactions to locally deliver cytotoxic drugs to tumor cells. The precise drug delivery
mechanism in most instances is via receptor-mediated endocytosis after interaction of a
drug or a drug carrier molecule with a specific antigen/receptor. The cytotoxic agents are
associated with tumor specific ligands either directly via a carrier molecule.
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A major limitation to active targeting, however, is antigen heterogeneity. As stated ear-
lier, different kinds of cancers or even same kind of cancer expresses different biochemical
and morphological characteristics at different stages of their development which creates
heterogeneity in the antigen expression (Figure 2). Receptor density is another important
criterion to consider in active targeting. For a discriminatory effect, it is critical that the
number of receptors are over-expressed in the cancer cells as compared to normal healthy
cells (Figure 2). To illustrate this point, for enhanced breast cancer efficacy a receptor
concentration of 10° per cell of the tyrosine-protein kinase receptor (CD340) was deemed
essential [5]. Likewise, a concentration of up to 10° per cell of CD19 antigens was required
for effective targeting of B cells by anti-CD19 antibody conjugated to liposomes [68]. Be-
sides receptor density, during the development of cancer, shedding of antigens or their
down-regulation may severely alter receptor concentration on the cell surface. Moreover,
shed antigens may compete for interaction with an administered ligand, which is directed
towards antigens attached to the cancer cell surface. Depending on the level of shedding,
this phenomenon might impact the level of cytotoxic agent internalization to the cancer
cells (Figure 2) [5]. Moreover, if the ligand-receptor binding avidity is very strong then
it will impede the penetration depth of the anticancer agent in the tumor tissue due to
‘binding-site barrier” where conjugated drugs are strongly bound by the first few receptor
targets in the tumor tissue (Figure 2) [5]. As an example, it is reported that SK-OV-3 ovarian
cancer targeting by single-chain fragment variable (SCFv) was dictated by the binding
avidity of the SCFv antibody against the human epidermal growth factor 2 (HER?2) recep-
tors [69]. Binding affinity of a mutant-type Fv molecule over and above 10~? M leveled off
the distribution of Fv in the targeted tissue [69].

3.1.1. Antibody and Antibody Fragments

Cancer cell targeting strategies involving antibodies have employed either whole
antibodies or their fragments. While whole (intact) antibodies are generally considered
more stable, they possess multiple binding sites. The presence of these sites makes them
vulnerable to recognition by white blood cells in the body. A common interaction and,
therefore, their clearance mechanism is the binding of their Fc domain with macrophages.
(Figure 2) [5]. This binding triggers a cascade of immunogenic reactions which leads to
rapid clearance of antibodies from the blood circulation. Mechanisms have been developed
to modify the antibodies to yield more humanized or chimeric antibodies that invoke a less
intense immune reaction; however, the development and manufacturing of such systems
have proven to be challenging. In addition, when whole antibodies are conjugated to
nano-carriers (liposomes, nanoparticles etc.) the ability to impart multivalent decoration is
severely restricted due to the steric hindrance (Figure 2).

As a potential solution, antibody fragments were introduced that have specific binding
sites such as Fab, Fv or ScFv but are relatively less stable as compared to parent antibodies.
Also, these fragments carry less binding avidity due to their monovalent binding sites.
Furthermore, attempts to use non-antibody peptides/proteins such as RGD (Arg-Gly-Asp),
folate and transferrin have yielded non-specific results due to lack of disparity or receptor
density in expression of their targets among tumor and normal tissues (Figure 2) [5].

Another alternate domain that is fast catching up is targeting using nanobodies.
Nanobodies are naturally found in camel, llama or whales and are more comparatively
stable than whole antibodies but they still have to find their clinical relevance.
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Figure 2. Limitations of active and passive targeting.

3.1.2. Immunotoxins and Immunoconjugates

Immunotoxins are either similar to antibodies or are antibodies conjugated to toxins
to render them cytotoxic. However, the whole conjugated molecule induces moderate
to severe adverse effects which limits their use. A couple of severe side effects include
high internalization in liver indicated by higher expression of liver transaminase (Figure 2).
Other notable side effects of immunotoxin therapy are vascular leak syndrome (VLS) and
influenza-like symptoms [5]. Also, blocked ricin (toxin) conjugated to anti-B4 antibody has
demonstrated anti-ricin and human anti-mouse antibody responses [5].

Immunoconjugates, on the other hand, are close analogues of Inmunotoxins where
instead of a toxin, an anticancer drug is conjugated to an antibody or protein. Antibody-
drug conjugates (ADC’s) also fall under this category. As a conjugate, the cytotoxic effect is
imparted by the cytotoxic drug while the targeting is driven by the associated antibody
or protein. There are several constraints of using immunoconjugates as a potent tool
against tumor. Prominent among these are: (a) limited number of cytotoxic agents that
can be conjugated to anchoring molecules without severely impacting its binding avidity
towards target antigen. On an average, 3—10 molecules of cytotoxic drug are known to
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conjugated to the anchoring antibody [5] (Figure 2). (b) Due to limited number of drugs
conjugated to each antibody, a high number of antibodies are required to deliver therapeutic
levels of the drug. (c) Poor localization of actives; (d) suboptimal drug release from the
conjugate; (e) ADC related toxicities e.g., gastro-intestinal (GI) toxicities caused by SGN-15
immunoconjugate [5,70] (Figure 2).

3.1.3. Immunoliposomes

Immunoliposomes are liposomes that carry targeting or anchoring ligands/antibodies
on their surface. The conjugation of targeting ligands/antibodies is achieved either by bio-
conjugation with exposed sulfhydryl groups attained after di-sulfide bond reduction [71]
or through lysine functionalization using 2-Iminothiolane [72,73], N-succinimidyl 3-(2-
pyridyldithio)propionate (SPDP) [74] or N-Succinimidyl-S-acetylthioacetate (SATA) [75].
Click chemistry of azide functionalized phospholipids with cyclooctyne modified antibod-
ies is a most recent example [76].

Immunoliposomes usually have intravascular and extravascular targets. Intravascular
targets are considered more accessible for intravascularly administered immunoliposomes.
Anti-VEGFR?2 and anti-VEGFR3 Dox loaded immunoliposomes are common examples that
have resulted in greater reduction in tumor mass in animal studies using antibodies against
vascular endothelial growth factor receptors for targeting tumor-associated neovascular
endothelial cells [77]. Other immunoliposome targets include brain, uterus, red blood cells,
and T lymphocytes among others. Anti-Transferrin receptor (TfR) immunoliposome is one
example where anti-amyloid-f3 antibodies were targeted across the brain-blood barrier [78].
Anti-vascular cell adhesion molecule (anti-VCAM), anti-TfR and anti-intercellular adhesion
molecule (anti-ICAM) immunoliposomes were screened for optimizing blood to brain drug
delivery ratios [76]. Anti-oxytocin receptor (OTR) immunoliposomes were studied for drug
delivery to the uterus [79]. Additionally, Moles E. et.al investigated anti-Glycophorin A
(GPA) immunoliposomes for antimalarial drug delivery to malaria-parasitized RBCs [80,81].
Similarly, Ramana et al., attempted anti-HIV drugs loaded anti-CD4 immunoliposomes
delivery to T lymphocytes [82].

Multiple immunoliposome targets have been discussed above and are also shown in
Table 1. It is important to note that there are some fundamental challenges associated with
immunoliposomes.

Although, immunoliposomes can carry a large payload of drug molecules in their
lipid bilayer or their aqueous interior, and, therefore, have high drug to antibody ratio, on
the flipside, immunoliposomes carry only limited number of antibody molecules on their
surface due to steric hinderance. Also, the bulky and complex structure of these systems
triggers an immunological response and, therefore, enhances their systemic clearance
(Figure 2). Circulating plasma proteins form protein corona upon exposure of liposomes,
thereby triggering opsonization by complement proteins. Immunoliposomes, therefore,
are subsequently cleared from blood circulation by reticuloendothelial system (RES) in
liver and spleen [83]. Furthermore, immunoliposomes need to be optimized to contain
the effects of heterogenous tumor properties, else the efficacy may vary depending upon
several histological and microenvironmental factors as mentioned previously. Potentially,
Immunoliposomes can be decorated with two different antibody fragments to target
multiple epitopes on tumor cells, or even different cells population on the tumor tissue [84].
However, the receptor/antigen density and the affinity of the antibody for a specific antigen
or the ‘binding-site barrier” issue (Figure 2) may still pose a barrier which may lead to poor
tumor penetration and poor efficacy against cells with down-regulation of target antigens.
Designing immunoliposomes are becoming increasingly valuable and highly challenging
with the evolution of new therapeutic modalities such as like siRNA and mRNA etc., as
payloads [85].
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3.1.4. Manufacturing and Clinical Challenges of Active Targeting

A significant manufacturing challenge associated with active targeting, specifically
immunoliposomes, is the scale up of nanomaterial manufacturing process. The issue is
two pronged, firstly the large-scale manufacture of the constituent lipid-ligand conjugate
(Figure 2) and secondly, the large-scale preparation of liposomes using the constituent
lipids with consistent particle size distribution and lamellarity (Table 2). The conjugation
of lipid-ligand conjugate is usually a multi-step synthesis process that involves use of
organic solvents. This increases complexity and cost of production during cGMP (current-
Good Manufacturing Practices) scale up of the conjugate and subsequent formulation
preparation. It is important to note that the functional stability of the conjugate is important
during various processing conditions as the incorporation of nanoconjugate alters the
chemical makeup of the nano-formulation and leads to uncertainty in biodistribution,
pharmacokinetic, and pharmacodynamic profiles [86]. Another problem is the differences
in the heterogeneity in the cancer cell receptor expressions between small animals (rodents,
rabbits) to humans. The optimization of the drug product to maximize its interaction with
receptors on the cancer cell surface depends on the correlation of human vs. animal data
and hence the translation of preclinical study results into clinical studies.

Table 2. Challenges common to both active and passive targeting.

Active and Passive Targeting Challenges

Scale up liposome preparation to reproducibly achieve target product profile including
1. in vitro drug release rate, particle size distribution, lamellarity, stability, drug
encapsulation efficiency, etc.

2. Separation of raw lipids in a mixture of lipids and ability to analyze them

3 Determination of complete stability and toxicity profile of novel lipids involved in
’ formulations

4. Stability of liposomes in solution

5 Determination of biodistribution of liposomes appropriate PK/PD models to predict
' parameters in humans

6 Immunogenic reactions such as CARPA upon IV administration of liposomes have

resulted in additional layer of challenge

Abbreviations: PK, Pharmacokinetics; PD, Pharmacodynamics; CARPA, Complement activation-related pseu-
doallergy; IV, Intravenous.

3.2. Passive Tumor Targeting Approach

Passive targeting approach is distinct as it does not utilize a ligand /receptor or an-
tibody/antigen interaction but rather exploits physiological characteristics of the tumor
micro-environment. Passive targeting largely exploits the ‘Enhanced Permeation and Re-
tention” effect (Figure 3) for the localization of drugs in the tumor tissue. The enhanced
permeation (localization) of nano drug delivery systems in the tumor occurs due to fen-
estrated tumor blood vasculature. Once permeated in the tumor environment nano drug
delivery systems are retained at the target site due to poor lymphatic drainage.

It is worthwhile to note that while passive targeting eliminates some of the issues
of active targeting (e.g., antigen heterogeneity, receptor density, etc.) it brings its own
limitations to the cancer therapy. To cite a few examples: low drug release at target site,
high systemic clearance of surface charged nano drug delivery systems (Figure 2) and
the need for either external stimuli i.e., heat, light and /magnetic field at the tumor site or
endogenous stimuli i.e., pH, hypoxia etc., to trigger drug release (Figure 2). Only liposomal
drug delivery systems and their external drug release trigger mechanisms are discussed in
detail in this review.
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Figure 3. ‘Enhanced Permeation and Retention” effect exhibiting enhanced permeability of liposomes in inter-tumoral space.

3.2.1. Traditional Liposomes

Historically, very early liposomes i.e., traditional liposomes introduced in the 1960s
were devoid of any biocompatible polymer coating on their surface. Upon administration
to systemic circulation, traditional liposomes trigger immune response by mononuclear
phagocyte system (MPS). This activation of the immune system is indeed exploited in
treatment of some bacterial/fungal infections of the immune system. A standard ex-
ample is liposomal amphotericin B which is targeted to fungus-infected macrophages.
This liposomal drug was primary line of treatment during recent SARS-COV-2 related
fungal infections in India [87]. Beyond targeting the MPS system, traditional liposomes
find little significance in targeting tumor cells due to rapid recognition and clearance by
macrophages [88,89].

At the molecular level, cationic liposomes are more prone to recognition by MPS
because of their affinity towards negatively charged serum proteins. Serum protein bound
liposomes have tendencies to trigger the MPS system owing to their bigger size. As an
example, cationic liposomes prepared with equimolar mixture of cationic lipid 1,2-dioleyl-3-
N,N,N-trimethylaminopropane chloride (DOTMA) and neutral lipids i.e., DOPE or DOPC
have propensity towards serum protein binding as depicted by their protein binding (PB)
value 500g protein/mol or higher [90]. In a similar study, keeping DOTMA up to half of
the total lipid composition of liposomes resulted in very strong plasma protein interactions
that triggered formation of clots [91]. Moreover, liposome formulations prepared with
another cationic lipid i.e., N-N-dioleoyl-N,N-dimethylammonium chloride (DODAC) and
DOPE showed a very high PB value of 800g protein/mol and subsequently poor apparent
half-life of only a few minutes [90]. Cationic liposomes even higher PB values of up to
1100 g proteins/mol have also been reported [90,92].

To enhance the circulation half-lives of liposomes various approaches have been im-
plemented. One such approach is to alter the surface charge composition of liposomes by
addition of a negatively charge lipid phosphatidyl inositol to the liposomal formulation
which stabilizes the liposomes in vivo [93]. Liposomes prepared with hydrogenated phos-
phatidyl inositol /phosphatidyl choline/cholesterol (HPI/HPC/CH) exhibited an apparent
half-life of 15.5 h of encapsulated doxorubicin as compared to 1 h of traditional liposomes
prepared with egg-originated phosphatidyl glycerol (PG), phosphatidyl choline (PC) and
cholesterol [93].

3.2.2. Stealth Liposome

Since high blood clearance of traditional liposomes was a major challenge, as a break-
through to this problem, liposomes grafted with a biocompatible polymer that could evade
immune recognition were introduced. Polyethylene Glycol (PEG) is one such example of
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a biocompatible polymer. Presence of the PEG-lipid conjugate allows for formation of a
sterically stabilized hydrophilic aqueous shell that renders the liposomal system evasive
to the immune system. Due to the steric stabilization imparted by the PEG layer, serum
protein binding blood clearance of the liposomes is greatly reduced. The PEG coated
liposomes are, therefore, called ‘Stealth Liposomes’ (SL) due to evasive nature of these
systems.

A commercially available relevant example of a stealth liposome (SL) is ‘Doxil’” (Figure 4).

Doxorubicin

14

Polar lipid

L

Polyethylene Glycol

H£0/\]ZOH

Figure 4. Doxil coated with Polyethylene Glycol.

An example of significant improvement in the performance of a drug using SL tech-
nology is Epirubicin. Administration of un-encapsulated Epirubicin causes rapid blood
clearance of the drug yielding a very short half-life of only 14 min. On the contrary,
the half-life of an encapsulated form of the drug was significantly higher i.e., 18 h [93].
This improvement was also reflected in the bioavailability of the drug where the AUC of
encapsulated form showed more than 200X increase than the un-encapsulated form [93].

Other important marker of the immune system avoidance is the measure of PB. It
has been reported that addition of a PEG layer markedly lowers the PB value [90,94].
To cite a few examples, traditional liposomes composed of egg-PC/CH/1,2-dioleoyl-sn-
glycero-3-phosphate (EPC/CH/DOPA) and DSPC/CH in a mol ratio of 35:45:20 and 55:45,
respectively, had PB values of 46 and 19, respectively. However, upon the addition of 5% of
a PEGylated lipid i.e., 1, 2-Distearoyl-sn-glycero-3-phosphoethanolamine-Poly(ethylene
glycol) (DSPE-PEG), to the respective formulations, reduced the PB values to 25 and 7,
respectively [90]. Similarly, blood cell binding of glass coated DPPE/DSPE-PEG liposomes
significantly reduced as the level of PEGylated lipid DSPE-PEG in the liposomes was raised
from 0 to 1 mol% [94]. The rate of cell binding, however, reduced with higher levels of
DSPE-PEG added to the liposome [94].

Although implementation of PEGylated lipids has largely improved the circulation
half-life and localization of liposomes in target tissues, there are major drawbacks associ-
ated with the SL technology. Since the steric hinderance imparted by PEG limits liposomal
binding to immune cells, equivalently, it also limits the binding and subsequent internal-
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ization to tumor cells once liposomes have extravasated to tumor environment (Figure 2).
It was reported that a Te parameter i.e., AUC tumor/AUC plasma ratio was nearly three-
fold lower for PEGylated liposomes (DSPC/CH/DSPE-PEG) as compared to traditional
liposomes DSPC)/CH in C26 tumor bearing mice [95]. Similarly, in the Lewis lung model
study using DSPC/CH and DSPC/CH/PEG-PE, Te values for the PEGylated liposomes
were approximately half of the non-PEGylated liposomes [96].

Due to reduced internalization of liposomes by tumor cells, once reaching the tumor
tissue, the drug release largely relies on passive diffusion of drug to extra-liposomal space,
which is a slow process and leading to sub-optimal levels of an anticancer drug in tumor.

3.2.3. Requirements of Stimuli Induced Drug Release

To significantly increase drug release from liposomes accumulated in a tumoral space,
endogenous triggers or external triggering mechanisms have been envisioned. Endogenous
triggers in the tumor micro-environment are acidic pH, hypoxia, enzymatic degradation,
etc. The major limitations of endogenous triggers are chemical instability of pH sensitive
lipids [4,97], poor hypoxic heterogeneity in tumors [98,99] and less reliable enzyme hetero-
geneity in tumors [100]. Barring enzyme heterogeneity issue in the tumors, peptide-based
supramolecular assembly /disassembly provides an interesting trigger mechanism that can
retain the drug cargo in blood circulation and release upon enzymatic hydrolysis in the
tumor environment [101,102]. One such study was performed by Kalafatovic et al. [103]
where a peptide micelle was converted to fibrillar nanostructures to trigger drug release.
The trigger for such conversions is change in the hydrophilic-lipophilic balance triggered
by enzymatic hydrolysis. In an interesting approach, to avoid heterogeneity in tumor
environment by utilizing all the above endogenous triggers (i.e., pH, redox potential
and endogenous proteinase concentration), Zhang et al. [104] developed a protein based
nanospheres for triggered release of encapsulated Chlorin e6.

External triggers, on the other hand, complicate the therapy by requiring external
clinical intervention and thereby creating gross patient incompliance. In this review,
external trigger mechanisms such as application of ultrasound, light and temperature to
trigger drug release are discussed in detail.

Ultrasound Induced Triggered Release

Ultrasound (US) are mechanical longitudinal waves propagate due to pressure changes
in the medium with a periodic vibration of frequencies higher than the human audible
range of 20 kHz [105]. Drug release by US is due to different mechanisms such as cavi-
tation, acoustics and hyperthermia [106]. Cavitation and acoustics related mechanisms
are more widely used and discussed here. VanOsdol and colleagues utilized ultrasonic
cavitation for DXR drug release by incorporating perfluoropentane gas (PFP5) in lipo-
somes [107]. They observed that microbubble formation by using PFP5 was able to increase
the drug concentration to target tissues to 1.4 times upon the use of high intensity fo-
cused ultrasound (HIFU). Another prominent drug release mechanism by acoustics and
is well demonstrated by acoustically active liposomes (AAL). AAL’s possess air pockets
that may expand upon pressure change and upon exposure to US radiation. The ex-
pansion of air pockets leads disruption of liposomal membrane and, therefore, release
of encapsulated contents. A significant benefit of this trigger mechanism is that it is a
non-invasive technique which can be controlled. Besides triggering drug release from
liposomes, this technique can also alter the permeability of cell membrane [108,109]. A
prominent example of AAL’s is calcein-loaded liposomes prepared from EPC/DPPE/1,2-
Dipalmitoyl-sn-glycero-3-phosphoglycerol (DPPG)/CH at a molar ratio of 69:8:8:15 [108].
The calcein release was shown to be well controlled, however, encapsulation efficiency of
these liposomes was very low (< 20%) [108]. Additionally, such systems have not been
tested for encapsulation and the release of hydrophobic drugs that localize in the lipid
domains of the liposomes rather than aqueous interiors of liposomes.



Pharmaceuticals 2021, 14, 835

13 of 27

Light Induced Triggered Release

Another important trigger is the application of light for drug release. A study con-
ducted by Leung et al. [110] explored triggered release by light induced chemical changes in
the lipid constituents of the liposomes. Broadly, these changes include photo-isomerization,
photo-cleavage or photo-polymerization of photo-sensitive lipid constituents of the lipo-
some membrane. A majority of photo-sensitive liposomes incorporate isomerizable lipids
that can convert form one isomeric form to the other upon light activation. A promi-
nent example of these liposome includes the ones that are prepared by azobenzene lipid.
Azobenzene can isomerize to cis form upon exposure to UV-light and converts back to the
transform upon exposure to visible (blue) light [110] (Figure 5).
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Figure 5. Drug release from liposomes by photo-isomerization of lipids.

This isomerization of lipids disrupts membrane structure and releases encapsu-
lated contents. Besides azobenzene, light sensitive liposomes composed of retinoyl-
phospholipids [111] and spiropyran, which converts to merocyanine at lower visible
365 nm, have also been tested [112]. The major challenge with photo-isomerization is that
the wavelengths required to photo-isomerize the photosensitive lipids fall in lower visible
spectrum which have poor penetration depth in the body.

Another trigger mechanism that uses light activation is inclusion of photo-cleavable
lipid constituents in the liposomal membrane [110] (Figure 6). Photo-cleavable lipids essen-
tially break-down upon exposure to lipid and thence disrupt the membrane structure. The
cleavage upon light exposure causes changes in the hydrophilicity of the lipid constituents
which are, therefore, not able to retain membrane structure and allow for drug release. Sim-
ilar use of photocleavable lipids derived from plasmalogen have also been reported [113].
Effect of photo-cleavage may be assisted by use of photosensitizers molecules such as tin
octabutoxyphthalocyanine, zinc phthalocyanine, or bacteriochlorophyll a. [114].
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Figure 6. Drug release from liposomes by photo-cleavage of lipids.

The photosensitizer molecules, however, result in the formation of reactive oxygen
species in the body which may compromise patient safety [4].

Furthermore, dithiane-based lipids have also been reported to increase the drug release
from liposomes [115,116]. In an interesting report, a synthetic DOPE-based photocleavable
lipid NVOC-DOPE was transformed to DOPE upon exposure to xenon lamp, causing
subsequent liposome membrane disruption [117]. Yavlovich, et al., have also investigated
the inclusion of 2-nitrobenzyl lipid derivate of PC, named NB-PC in liposomes for the
photo-cleavage triggered release. Nile red was found to increase its release relative to the
concentration of NB-PC in the liposome upon UV irradiation at 350 nm [118].

Photo-polymerization is another light triggered drug release mechanism [110,111]
(Figure 7) where polymerization of lipids upon activation by light causes pairing of photo-
polymerizable lipids on the liposome surface creating loose pockets on liposome surface
from where drugs may escape the liposome interior. Formation of these loose pockets on
liposome surface is also aptly illustrated by the polymerization of a lipid 1,2-bis [10-(2’ 4’-
hexadienoyloxy)-decanoyl]-sn-phosphatidylcholine (bis-SorbPC) after upon UV exposure
which resulted in more than 100X increase overall release of a fluorescent molecule [111,119].
Similarly, Yavlovich and co-workers demonstrated much higher MCE-7 breast cancer
cell inhibition using 514 nm light exposure after delivering by doxorubicin loaded in
liposome containing photopolymerizable lipid 1,2-bis (tricosa-10,12-diynoyl) sn-glycer-3-
phosphocholine (DC 8,9 PC) [120].

The UV wavelength required to trigger the release may be tuned by inclusion of pho-
tosensitizing dyes such as 1,1’-dioctadecyl-3,3,3’,3’- tetramethylindocarbocyanine iodide in
liposomes towards the higher UV wavelengths that are considered biologically safe [111].

Photo-polymerization is an intriguing concept, however, there are a few limitations,
such as the stability of polymerizable lipids in aqueous suspensions have not been tested
yet [111], and more importantly, the penetration depth of UV light in human subjects
remains a challenge.
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Figure 7. Drug release from liposomes by photo-polymerization of lipids.

Additionally, in an interesting photo-oxidation approach using Bacteriochlorophyll/
diplasmenylcholine (Bchl:DPPIsC) liposomes, it was reported that photo-oxidation in-
duced drug release is severely impacted by hypoxic (low Po2) tumor environment [121].
Poor photo-oxidation leads to development of physiologically favorable atmosphere for
growth of non-apoptotic cells [121]. Other such approach of utilizing photo-oxidation
include the addition of photochemical agents such as Porphyrin-phospholipid (POP),
talaporfin sodium (TPS) and Indocyanine green and octadecylamine (ICG-ODA) in combi-
nation of oxidation sensitive lipids containing liposomes such as DOPC, cholesterol and
1-(1z-octadecenyl) -2-oleoyl-sn-glycero-3-phosphocholine (PLsPC) and have reported in
better cytotoxicity upon photo-exposure conditions. All the photo-oxidative approaches,
nevertheless, require external stimuli imparted by near infra-red application [122,123].

Hyperthermia Induced Triggered Release

A different technique to trigger drug release after localization of liposomes in the
tumor tissue is by application of heat. This approach is significant as it provides a variety
of advantages. Firstly, the application of heat enhances the blood vessel permeability at
the tumor site which causes enhanced extravasation of liposomes (Figure 8). Secondly,
it triggers the drug release from liposomes in the vicinity of the tumor (Figure 8) and
thirdly, it enhances the blood flow and increases the drug uptake. One such drug release
mechanism was implemented for the release of Neomycin [124].

A common approach to enhance drug release using thermos-sensitive liposomes is
the inclusion of lower melting lipids in the liposome composition. In some examples, the
application of heat induces trans to a gauche conformational change of the constituent
lipids at their transition temperature [125]. This transitions the gel phase of the lipid
bilayer to the fluid phase and triggers the rate of drug diffusion and hence the drug release
enhancement (Figure 9) [125]. It is, however, important to note that a homogenous or
nearly homogenous composition of bilayer by inclusion of lower melting lipids such as
1,2-Dipalmitoyl-sn-Glycero-3-Phosphatidylcholine (DPPC) (MP = 41 °C) have resulted in a
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less than optimum drug release [125]. One challenge with having a low melting lipid is that
the drug cargo is poorly retained during blood circulation due to a less rigid membrane
structure. Furthermore, inclusion of lipids with different melting temperatures and carbon
chain lengths results in the creation of membrane packing heterogeneity and, therefore,
increases drug release. Such heterogeneity was depicted by the broadening of peaks in
differential scanning calorimetry in liposomes composed of DSPC (MP = 53 °C) and DPPC
lipids [126]. It should be, however, be noted that higher melting lipids would require
higher temperatures to induce drug release (higher than 43 °C) which may cause necrosis
to normal tissues in the vicinity of the tumor tissue [125]. According to one report necrosis
on porcine muscle was initiated after 30 min. of heat application at 4043 °C [127].
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Figure 8. Enhanced liposomal extravasation and drug release at tumor site upon application of heat.

It, therefore, remains a challenge to fine tune the drug release at mild hyperthermia
conditions (39-41 °C) for efficient drug cargo release.

Another heat triggered drug release approach is inclusion of lyso-lipids as lipid
constituents of thermo-sensitive liposomes. Lyso-lipids have a heavier head group with a
single carbon chain and due to this typical structure, these lipids would characteristically
form micellar structures. When incorporated into liposomes these lipids gain translational
movement upon heating to their transition temperature and form early melting pockets on
the membrane surface. These pockets arrange into micelle-like curved structure at these
pockets which essentially create for enhanced drug release (Figure 10) [125]. Provided that
lyso-lipids are included in appropriate ratios, it has been shown that these lipids effectively
lower the phase transition temperatures required for triggered release. Liposomes prepared
with 10 mol % of the Mono Palmitoyl Phosphatidyl Choline (MPPC) (lyso-lipid) lead to
change in phase transition temperature to 3940 °C from 43 °C and subsequently a very fast
drug release i.e., nearly 50% after 20 s of exposure at 42 °C [128]. The rapid drug release,
therefore, enables shorter heat exposure times which subsequently decreases the possibility
of initiation of necrosis in normal tissue in the vicinity of the tumor [125]. However, the
challenge with lyso-lipid liposomes is their in vivo stability, lyso-lipids impart instability to
liposomal structure due to desorption of lyso-lipid while liposomes are in blood circulation.
It has been reported that after 1 h of injection up to 70% of the lyso-lipids were desorbed
from the liposome surface [129,130] and the amount of drug released recovered from
liposomes mice plasma after 4 h of injection was significantly low [129]. Although, in
a 2020 study, a phase clinical data of ThermoDox® formulation of DPPC:MSPC:DSPE-
PEG2000 (86:10:4 molar ratio) were announced but the in vivo stability in pigs suggest an
estimated half-life of only 4.8 h. [131,132].
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Figure 9. Traditional thermosensitive liposomes showing gel to fluid phase transition upon application of heat.
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The instability of lyso-lipid based liposomes, therefore, significantly reduces the
thermo-sensitive feature of these liposomes.

Another limitation with heat triggered release is that it can only impact tumors that
are located close to the body surface as compared to deep seated tumors because of higher
temperature requirements to reach the desired temperature differential. Attempts to insert
electrodes (microwave and radiofrequency) to deep seated tumors remain impractical due
to the insertion depth and invasive nature of these procedures [125]. As an alternative
ultrasound with a controlled focal zone were developed but regardless, monitoring of
temperature would still require temperature probes penetrated into the tumor environ-
ment [125].

Also, heat trigger imparted by microwave and radio wave applicators is limited due
to the therapeutic depth of only up to 3 cm [128].

Triggered Release by Magnetic Field from Magnetic Liposomes

Magnetic field is another mechanism that can trigger drug release from liposomes. In
one study drug release was triggered by including iron oxide in the liposome membrane
bilayer (Figure 11), which catalyzed local heating upon application of the magnetitic field.
The local heating led to membrane disruption and, therefore, drug release [133].

Iron oxide
nanoparticles
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Figure 11. Iron oxide nanoparticles incorporated in lipid membrane.

Similarly, nearly 70 % of the drug Adriamycin was released when a ferromagnetic
material was incorporated in liposome membrane bilayer at a ferro—colloid concentration
of 1.2 mg Fe/mL [134].

In an interesting approach, liposomes were directed to tumor tissue by entrapping
magnetite particles and then by applying a magnetic field on the target tissue [135].

In studies using Syrian male hamster limbs, under the influence of a study magnetic
field in doxorubicin concentration increased 3X to 4X in tumor upon intravenous admin-
istration of magnetic liposomes [135]. Instead of having an externally placed magnetic
field in the above examples, a non-magnetic alloy was rather placed directly in the tumor
in another similar study using a limb tumor model [136]. A clear distinction between
Adriamycin release with and without magnetic field was observed [136].

Additionally, a clear effect of the magnetic field on radiolabeled albumin loaded
liposome was observed in rat models. Precisely, a samarium cobalt magnet was placed
in the left kidney of rats and, therefore, showed a 25X increase in radioactivity in the left
kidney compared to the right kidney which had no magnet [137].
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In an interesting example, a 1.7X increase in cargo release at the tumor site was ob-
served by using magnetic liposomes prepared with bacterial magnetic particles containing
cis-diamminedichloroplatinum (II) as compared to magnetic liposomes prepared with
synthetic magnetic materials [138].

Furthermore, in a unique dual targeting study, magnetic liposomes first targeted blood
cells followed later magnetically directed to the brain for delivery of the cargo [139].

Although a variety of approaches have been employed, the application of the mag-
netic field has, until now, limited the use of magnetic liposomes due to gross patient
incompliance.

3.3. Manufacturing and Clinical Challenges Common to Both Active and Passive Targeting

Besides requirements of triggered release and limited payload release at the site of
action due to a multitude of reasons mentioned hitherto, active and passive targeting
also presents manufacturing and clinical challenges (Table 2). The product related char-
acteristics (in vitro drug release rate, particle size distribution, lamellarity, stability, drug
encapsulation efficiency, etc.) obtained in a laboratory with a millimeter scale of the product
should be reproducible when the product is scaled up in liters and should still maintain
the same physicochemical properties and conform to the product release specifications.
The manufacture, stability, degradation products, source and characterization of the lipidic
components of the liposomes should be appropriately characterized prior to regulatory
filing. In case of commercially available lipids, determining the positional specificity of
acyl side chains is required and critical. In case of natural lipids (e.g., egg lecithin), the
purification of the lipids is a challenge, and the composition of fatty acid requires robust
analytical methods (Table 2). In addition, the analytical method should be qualified to
distinguish and identify the lipid of interest in a mixture of lipids. Another crucial require-
ment is the determination of the amount of divalent cation and the counter ion content.
The drug substance to lipid ratio at critical manufacturing unit operations is necessary and
should be accurately and precisely determined to ensure consistent drug loading and drug
release.

In addition, the approval of generic passively targeted liposomal products remains
a challenge. The differences in the efficacy of lipodox which was launched a generic
equivalent to Doxil has posed questions on the bioequivalence of the product in clinical
trials [140]. The exact reason behind the difference although remains unknown.

Furthermore, the Pharmacokinetic/pharmacodynamic (PK/PD) profile of the lipo-
some formulation is different from other conventional dosage forms. It is well known that
the pharmacokinetic profile of liposomal amphotericin is different from the PK of ampho-
tericin free drug [141]. It has been observed that the renal and fecal clearance of liposomal
amphotericin is 10 times lower than the non-liposomal formulation [141]. The PK disposi-
tion of the drug depends on the PK of the liposomes which in turn depends on binding or
fusion with plasma proteins and mononuclear phagocyte system (MPS), drug retention af-
ter dilution in the blood circulation and at low pH tumor environment [142-144]. Therefore,
measuring the plasma concentration itself cannot be used to determined bioavailability.
It should be noted that current FDA guidelines mandate that the bioanalytical method
can determine both encapsulated and un-encapsulated drug content for product approval
purposes. Early in the product development phase, radiolabeled liposomal products can
be used for mass balance studies of plasma, urine and fecal samples to determine the PK
profile. For liposomes not designed to be labeled, the quantitation of liposome accumula-
tion in the tissue requires validated analytical methods that include tissue harvesting or
organ isolation [145] and, therefore, pose a challenge in precise quantitative determination
of liposomal accumulation and uptake by tumor tissues. This creates hurdles in translation
from pre-clinical to clinical performance and, therefore, requires highly predictive models
(Table 2).

In addjition, formulation-based effects viz. size and method and level of drug loading
on biodistribution of liposomes should also be considered, the release rate of drug using
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same lipid composition might provide different efficacy and safety profiles and mere more
accumulation of liposomes at the tumor site cannot guarantee higher efficacy levels [146].

The rate of drug release and retention of the encapsulated drug depends on its physical
state. When drug is precipitated inside the liposome carrier then the drug release is slower
compared to when the drug is stored in solution form. The salt used to retain the drug
also affects the encapsulation efficiency and drug release rate. Manganese sulfate has been
known to be more effective in doxorubicin retention due to formation of complex rather
than the ammonium sulfate salt [147].

As for the IV administration of liposomal formulation, the introduction of nanopar-
ticles in the blood circulation stirs up stress reaction which is manifested in the form
of activation related pseudo-allergy (CARPA) (Table 2). CARPA is caused as a result of
nanoparticles entering the bloodstreams that are perceived as pathogenic organisms by
the body. CARPA is managed by altering the rate of infusion, co-administering immune
suppressants and employing less reactive infusion protocols [148-150]. CARPA has now
gained attention by regulatory agencies and is perceived as safety risk in IV administra-
tion of liposomes [148]. European regulatory agency has now introduced CARPA test in
pre-clinical test as a recommendation in development of generic liposomal formulations.

4. Need for Better Pre-Clinical and Clinical Strategies

Effectively translating preclinical research to clinical research is the need of the hour.
Often, preclinical studies are conducted with a handful of liposome preparations; it is
important to be able to perform high throughput screening of liposomes to comprehend
biological and cellular interactions. Kelly et al. [151] have reported a number of cell inter-
action, toxicity and immune reactivity studies using high throughput methods. With the
frequent use of well-developed high throughput techniques, correlation of biodistribution
of liposomes and their PK/PD profile can be developed. The correlation of the PK/PD data,
biodistribution and the efficacy data are of paramount importance. The determination
of pharmacokinetic and tissue distribution profile is very critical for safety and efficacy
determination of liposomes as the biodistribution is formulation specific and traditional
bioequivalence studies may not interpret true biodistribution. The biodistribution pro-
file of the liposomes is a key product of the formulation characteristics of a liposome. It
has been known that the small size liposomes (< 100 nm) can reach deeper into tumor
spheroid models [152]. It has also been known that the PEG coated liposomes have limited
interaction with cancer cells compared to liposomes without any steric (Figure 2). This is
especially helpful in segregating the effectiveness of the carrier in reaching the target and
penetrating the tumor with the anticancer efficacy of the encapsulated drug.

The efficacy data experimentally determined should be extrapolated to humans us-
ing predictive computational /mathematical modeling. High throughput techniques and
physiologically based pharmacokinetic modeling can also be developed for experiments
involving in situ whole organs to understand biodistribution kinetics and predict PK
parameters in humans.

A lot of work at the pre-clinical stage is performed using pharmacokinetic modeling
tools, however, validated pharmacodynamic concentration vs. effect modeling systems
need to be developed and implemented.

5. Conclusions

In this review, challenges and limitations associated with conventional anticancer
therapies viz. chemotherapy, radiotherapy and cancer surgery were reviewed. Cancer
targeting (active or passive targeting) as an alternate and break-through to some of the
problems associated with the non-specificity of conventional therapies were discussed.
While there is a certain appeal to using active targeting, as it is directed to the tumor,
nonetheless antigen and receptor heterogeneity, immunogenicity, drug encapsulation level,
etc., remain a problem. Moreover, passive targeting resolves some of the problems such
as immunogenicity, these systems rely heavily on drug release triggering mechanisms
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(either external or endogenous stimuli). External stimuli were discussed in detail and are
considered as either poorly effective or generate gross patient compliance issues. Lastly,
there are manufacturing and clinical challenges associated with both active and passively
targeted liposomes. In this regard, the need for robust analytical methods to determine
biodistribution, PK and PD profile of liposomes was highlighted in addition to a critical
gap between efficient preclinical to clinical efficacy predictive modeling.

We believe that while presenting the issues with current anticancer therapies, we also
highlight the potential opportunities that will encourage further research in this area.
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