1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Biomaterials. Author manuscript; available in PMC 2020 October 01.

-, HHS Public Access
«

Published in final edited form as:
Biomaterials. 2019 October ; 218: 119341. doi:10.1016/j.biomaterials.2019.119341.

Liposomal Formulations of Photosensitizers

Sanjana Ghosh?, Kevin A. Carter?, Jonathan F. Lovell2

aDepartment of Biomedical Engineering, University at Buffalo, State University of New York,
Buffalo, New York, 14260, USA

Abstract

Photodynamic therapy (PDT) is a clinical ablation modality to treat cancers and other diseases.
PDT involves administration of a photosensitizer, followed by irradiation of target tissue with
light. As many photosensitizers are small and hydrophobic, solubilization approaches and
nanoscale delivery vehicles have been extensively explored. Liposomes and lipid-based
formulations have been used for the past 30 years, and in some cases have been developed into
well-defined commercial PDT products. This review provides an overview of common liposomal
formulation strategies for photosensitizers for PDT and also photothermal therapy. Furthermore,
research efforts have examined the impact of co-loading therapeutic cargo along with
photosensitizers within liposomes. Additional recent approaches including imaging, overcoming
hypoxia, upconversion and activatable liposomal formulations are discussed.
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1. Introduction

Photodynamic therapy (PDT) is used for local disease ablation, and involves administration
or application of a photosensitizer (PS) and delivery of light. PS are small molecules that
absorb visible or near infrared (NIR) light energy, undergo intersystem crossing, and transfer
energy to molecular oxygen, thereby creating singlet oxygen, a potent reactive oxygen
species (ROS) [1]. When a PS absorbs photons of light, it gets transformed from the
electronic ground state into a short-lived excited singlet state which may proceed to a
relatively long-lived electronically excited triplet state [2]. During the PS excited triplet
state, the PS can undergo reactions in two ways to produce ROS: it can form radicals by
transferring electrons to a biological molecules to produce ROS (Type | reactions); or the PS
can produce ROS by transferring energy directly to molecular oxygen, to create reactive
singlet oxygen (Type Il reactions) [3]. Type Il reactions based on singlet oxygen are
considered the major mechanism for PDT. Singlet oxygen is cytotoxic and reacts with
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nearby cellular macromolecules and organelles, leading to cell damage and cell death that
can occur via specific defined pathways such as apoptosis, autophagy, necrosis, or paraptosis

[4].

PDT requires the presence of multiple components to be effective in ablating the target
tissue, namely the PS itself, a sufficient light dose of appropriate wavelength, and molecular
oxygen. The selective delivery of PS at target sites for effective tumor destruction is a
challenge. Delivery vehicles and solubilization approaches have been widely explored for PS
[5]. Liposomes are a prominent PS delivery vehicles, given their biocompatibility and ability
to encapsulate PS in their hydrophobic bilayer [6]. As shown in Figure 1, the number of
published items in the Google Scholar database that includes the term liposomes, or
photosensitizers within their full text has increased substantially over the past few decades.

Liposomes are lipid-based vesicles formed from a lipid bilayer that encloses an aqueous core
and can comprise one (unilamellar) or more (multilamellar) concentric bilayers. The
structure of liposomes enables them to encapsulate both hydrophobic and hydrophilic
compounds including PS [7, 8]. Liposomes used for drug delivery are typically designed
with the goal of solubilizing or retaining the therapeutic compounds to release them in target
tissues [9, 10]. Factors such as physicochemical properties of drugs and lipid compositions,
as well as properties of the target tissue play important roles in maintaining stability of the
liposomes and drug release.

Several PS formulation methods exist. If the PS is suitably hydrophilic, it can be directly
dissolved in aqueous buffer, as is the case for Photofrin®. Other PS, such as Temoporin
(Foscan®) are dissolved in organic solvent excipients (ethanol and propylene glycol) that
can maintain PS solubility in agueous buffers upon preparation for administration [11].
Other PS, such as HPPH are formulated in mostly aqueous buffers with the assistance of
surfactants like TWEEN 80 [12]. While such relatively straightforward approaches offer the
major advantage of simplicity, defined nanoparticulate formulations can also be useful PS
delivery vehicles for PDT [13]. Liposomes and related liposome-like structures are a
preferred choice, as they can solubilize a range of PS, as well as other molecules that can
readily be co-loaded [14]. Figure 2 shows how liposomes are versatile in solubilizing PS,
and that laser irradiation results in singlet oxygen generation, with possible bilayer
destabilization leading to release of other entrapped cargo.

Lipophilic drugs and PS encapsulated within the bilayer may interact with plasma proteins
causing them to be released before reaching the target tissue. The structure as well as
composition of liposomes play an important role in liposomal stability and bioavailability.
While liposomes with high concentration of fluid lipid constituents such as egg
phosphatidylcholine (PC) are easily destabilized and can entrapped release drugs in
circulation, liposomes more saturated phospholipids and cholesterol (CHOL) generally
exhibit higher stability in circulation [15].

In 1983 liposomal dipalmitoyl PC formulations of HpD were reported by Giulio Jori and
colleagues to be effective for systemically delivering PS to tumors in rats [16]. It has been
shown that liposomes can effectively deliver PS to tumors. A human glioma was implanted
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in the brain of rats and was treated with PDT using a liposomal formulation of Photofrin and
accumulation of Photofrin in tumor tissue was higher using the liposomal group [17].
Therefore, liposomal PS formulations not only solubilize PS for administration, but can
improve their physiological behavior in vivo.

There are numerous factors to consider in developing liposomal PS formulations. These
include formulation stability during storage, and stability in physiological environments
such as plasma. Other factors can impact the efficacy of PDT including the photophysical
parameters of the PS in the formulation, which may be impacted by PS density. Lipophilic
PS tend to aggregate in aqueous media, thereby reducing their photosensitizing efficacy [18]
whereas liposomal formulations can decrease PS aggregation, thus retaining their
photosensitivity [19]. This review aims to summarize representative strategies involved in
designing liposomal formulations of PS for traditional PDT, as well as emerging
applications that are conducive to liposome formulations.

2. Liposomes

2.1.

Background

Liposomes are widely used and explored for pharmaceutical drug delivery applications [20,
21]. They are typically composed of phospholipids and CHOL, along with the active
components. Some liposomes are made by incorporating surface coating components that
help in restricting the serum components from binding to the liposome membranes and thus
prevent their interaction and simultaneous elimination through phagocytic cells in the
reticuloendothelial system and the circulation system. The most commonly used surface
coating component used for liposomes at present is polyethylene glycol (PEG). PEGylated
liposomes are sometimes referred to as sterically stabilized liposomes, stealth liposomes, or
long-circulating liposomes as they usually circulate in blood for extended durations [22].

Liposomes are prepared in various ways depending on the physicochemical properties of the
liposomal constituents and the compounds encapsulated inside [23, 24]. The most common
ways of preparation include mechanical dispersion, solvent dispersion and detergent
removal. Mechanical dispersion methods include techniques such sonication, pressure cell,
extrusion, freeze-thawed liposomes, lipid film hydration, micro-emulsification, membrane
extrusion and dried reconstituted vesicles [25]. Solvent dispersion methods include
techniques like ether injection, ethanol injection and reverse phase evaporation. Detergent
removal method is another approach but has the disadvantage is that the detergent cannot be
completely removed from the liposomes [24]. Emerging methods for liposome formulation
include the use of scalable microfluidic apparatus and the use of supercritical fluid
approaches [26].

Ideally, liposomes are expected to stably encapsulate therapeutic drugs in circulation
releasing them selectively in target tissue. Factors which affect this include the
physicochemical properties of drugs, lipid composition and the target tissue all affect the
circulating stability of liposomes and their drug release properties. While hydrophilic drugs
can often be stably retained inside the aqueous core of liposomes in circulation, it may be
difficult to release them at the target site owing to low membrane permeability. On the other
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hand, hydrophobic drugs, encapsulated within the bilayer, may be removed from the
liposomes through interactions with serum components such as proteins before reaching the
target tissue.

2.2. Passively targeted liposomes

Angiogenesis in malignant tumors increase vascular permeability in tumor vessel walls
producing fenestrae of a pore size suitable for nanoparticles to enter. Moreover, tumor tissue
does not have a functional lymphatic system so the macromolecules, once removed from
blood, do not have a lymphatic mechanism to drain back into central circulation. This leads
to spontaneous accumulation, retention and extravasation of macromolecules in tumor tissue
and this phenomenon is referred to as the enhanced permeability and retention (EPR) effect
[27]. Liposomes and other nanoparticles are often designed to exploit this phenomena as
they are able to passively accumulate in the tumor tissue at relatively high levels, although
drug delivery to solid tumors generally poses a challenge due to owing to high interstitial
fluid pressure [28].

2.3. Actively targeted liposomes

Active targeting intends to augment the tumor-selective uptake of liposome encapsulated
compounds. The goal is to increase the amount of liposomes accumulating in the tumor that
would otherwise accumulate through passive targeting, increasing the therapeutic efficacy of
the drug while preventing side-effects by limiting systemic exposure [22]. The basic strategy
involved in active targeting is the coupling of targeting moieties to the surface of liposomes
enabling the liposomes to selectively bind to specific tissue and cells. These tumor-targeting
moieties are either bound directly to the lipophilic anchor by covalent bonds or by a spacer
arm or through other mechanisms which enable the attachment of a targeting agent such as
an antibody [29]. While this approach has been the focus of significant research, there have
been few examples of active-targeting liposomes drastically enhancing tumor drug
biodistribution, as there are several physiological barriers present in vivo which limit the
ability of targeted liposomes to selectivity bind to cancer cells in solid tumors. It has been
reported that antibody targeting of liposomes does not enhance tumor biodistribution, but
can enhance uptake of liposomes into target cells, which is a more subtle effect [30].
Liposomal targeting of tumor vasculature is an alternative approach that may be have
advantages compared to targeting tumor cells themselves [31].

3. PS formulations

3.1.

PS background

Hematoporphyrin Derivative (HpD), which has been commercialized as Photofrin®, is a
water-soluble mixture of porphyrin oligomers and was the first PS to be approved clinically
for PDT, with approval in 1993 for treating bladder cancer in Canada, and subsequent
approvals by the US Food and Drug Administration (FDA) for other solid tumors thereafter
[32]. Photofrin® contains a mixture of water soluble but lipophilic dimers and oligomers of
2 to 9 porphyrin units mostly linked by ether bonds and is a first generation PS. Research
efforts have subsequently developed second generation PS that are pure compounds with
greater absorption in the near infrared (NIR) wavelength. Use of a pure, non-oligomeric, PS
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simplifies purification and analysis for quality control purposes. PS generally aim for high
singlet oxygen quantum yields, and strong light absorption between 600 and 1000 nm, as
this is considered the therapeutic window for light penetration, below or above which light
does not optimally propagate within tissue [33-35]. Visudyne®, a lyophilized lipid/
liposome-based formulation of Verteporfin, also known as benzoporphyrin derivative
monoacid (BPD-MA) has these attributes, and was approved by the FDA in 2000 to treat age
related macular degeneration (AMD) [36].

PS have been used for PDT to treat a variety of diseases, including cancers, macular
degeneration, psoriasis, actinic keratosis, and others [37-39]. For a PDT treatment to be
effective, sufficient amount of PS, light and oxygen are essential [1]. PS are typically
administered through intravenous injections, or topically for dermatological applications.
Following the administration of the PS the target site is illuminated with light of a specific
wavelength which matches the absorption of the PS [40, 41]. Light within the red and near
infrared region are most commonly used as they provide the best tissue penetration
particularly for anticancer applications while other wavelengths in the blue and green range
of the spectra are used for dermatological applications [15].

For any cancer therapeutic modality, targeted destruction of tumor cells is one of the main
objectives for successful treatment. There are two factors that aid PDT in selective killing of
tumor cells: i) selective accumulation of the PS and ii) confined and accurate delivery of
light at the tumor site. The first criteria can be achieved by using PS that selectively
accumulate in tumor tissues owing to leakage in blood vessels and lymphatic vessels. The
second requirement is met by delivering light at target tissues using selective placement of
optical fibers for target irradiation. PDT possesses advantages over other therapeutic
methods; it is a fast, minimally-invasive, targeted treatment method, the capability to treat
patients with multiple doses without generating scars with minimal side effects

PDT has limitations, such as sunlight sensitivity following treatment, the requirement of an
external light source, limited tissue penetration of light, and limited and heterogeneous PS
uptake in tumor. Emerging approaches such as Cerenkov radiation (CR)-induced PDT have
been proposed to overcome some of these hurdles, and in theory could remove the
requirement of an external light source and overcome penetration depth issues. Kotagiri et
al. demonstrated a CR-induced PDT technique by activating titanium dioxide (TiO,) as a PS
using CR from radionuclides [42]. When transferrin coated TiO, was co-administered with
64Cu into mice bearing HT1080 xenografts, improvement in survival and tumor ablation was
observed. Another study reported magnetic nanoparticles coated with porphyrin molecules
and 89Zr radionuclide (89Zr-MNP/TCPP). When 89Zr-MNP/TCPP was administered to mice
bearing 4T1 tumors, a magnet was applied to the tumor to enhance drug delivery leading to
tumor remission. Cerenkov luminescence (CL) and Cerenkov resonance energy transfer
(CRET) enable imaging of the treatment procedure [43]. Liposomes have potential for being
used with CR approaches as they can readily load radionuclides and PS.

Many PS used in the treatment of cancer have a tetrapyrrole backbone structure. The
structure of PS dictates their photophysical and physical properties [44]. Since PS tend to be
at least partially hydrophobic in nature, liposomes are well-suited to solubilize or load these
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compounds within their bilayer. Hydrophobic PS can also be formulated simply in an
organic solvent or a surfactant based buffer, whereas liposomes have can serve as an
alternative approach. Figure 3 provides structural representation of different PS used in PDT
for cancer treatment, including BPD-MA and mTHPC, which are comprised in well-defined
commercial liposomal formulations. Zinc phthalocyanine (Zn-Pc) is a phthalocyanine-based
PS that has been used in several studies with liposomal formulations. Porphyrin-
phospholipid is a PS-lipid conjugate that results in stable and non-exchangeable
incorporation into the liposome bilayer.

Liposomal PS formulations

Liposomes are a well-established pharmaceutical carrier and represent an attractive system
for delivering PS, as they can solubilize PS and potentially alter their pharmacokinetics and
biodistribution, and therefore efficacy and safety [8]. Since liposomes can enhance blood
circulation of drugs and enhance delivery to tumor tissue via the EPR effect they have
potential to improve the efficacy of PS delivery. However, one consideration is that many
bilayer-loader PS will exchange with serum components if administered in the blood,
thereby complicating design of liposomes that modulate PS behavior [45].

Figure 4 shows cryogenic transmission electron microscopy (cryo TEM) images of
Temoporfin encapsulated into different liposome formulations. The hydrophobic PS is
located in the bilayer. Generally, PS can be loaded into liposomes without disrupting bilayer
integrity and typical liposome morphology.

Table 1 shows a small representation of various liposomal PS formulations described for
PDT. A wide range of lipids and formulations parameters is apparent. The vast majority of
these formulations make use of phospholipids as the main lipid. CHOL and PEG can be
included to enhance formulation stability. A wide range of loading ratios can be observed
but typically involve substantial less than 15 % PS, based on the molar percentage of the
total combined PS and lipid amounts. At PS ratios higher than this, liposome formation may
be inhibited and aggregation can occur. Liposomes are typically formed with the extrusion
method, which involves down-sizing the liposome by passing the suspension through a
membrane with a well-defined pore size. This extrusion step is effective for early research
studies, but is not trivial to scale to commercial levels. Many liposomal formulations also
incorporate the PS into the formulation at the time of lipid production, which simplifies
manufacturing. This approach is preferable if the PS can be dissolved in the same organic
solvent as the lipids prior to introduction of aqueous buffer and extrusion.

Various interrelated factors impact the efficacy of PS performance in PDT. Hydrophobic PS
tend to aggregate in aqueous media and stronger photodynamic activity is shown by
monomeric species [18], so aggregation decreases photosensitizing efficacy and liposomal
formulations can significantly decrease PS aggregation. For example, it was found that egg
phosphatidylcholine liposomal formulation of lipophilic PS hypocrellin A enabled the PS to
be completely monomerized that ultimately enhanced selective uptake in tumors when
compared to a suspension of the PS in dimethyl sulfoxide-solubilized saline [19]. Some of
the experimental formulations in Table 1 incorporate PEG into the liposome formulation.
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This can provide formulation stability and in some cases PEGylation has been shown to
enhance PS delivery to tumors [66].

3.3. Commercial liposomal PS

3.3.1. Visudyne®—Visudyne® was the first and only clinically-approved liposomal PS
formulation. It was developed and manufactured by QLT in Vancouver, with a distribution
agreement with Novartis and eventual sale of the drug to Valeant Pharmaceuticals.
Visudyne® is a lyophilized formulation of DMPC: EPG in a molar ratio of 3:5 with BPD-
MA PS within the liposomes with a PS:lipid ratio of 1:8 [49-51]. Ascorbyl palmitate and
butylated hydroxytoluene are included as excipients. It has been used clinically for the
treatment of subfoveal choroidal neovascularization (CNV) due to acute-macular
degeneration (AMD), pathologic myopia and ocular histoplasmosis syndrome (OHS) [67,
68]. Apart from AMD, PDT with this formulation has been also used for the treatment of
other ailments like polypoidal choroidal vasculopathy, central serous chorioretinopathy and
choroidal hemangioma [67]. BPD-MA, developed from protoporphyrin IX (PpIX) dimethyl
ester [69], possesses several advantageous properties of a PS [70] like chemical stability,
efficient singlet oxygen generation, strong absorption of red light at 692 nm and fast
extravasation from body resulting in reduced skin photosensitivity [67]. However, the
hydrophobic nature of BPD-MA makes it prone to self-aggregate in aqueous media [71].
Thus liposomes were considered as a carrier for the intravenous delivery of the lipophilic
PS. Visudyne has been explored for anti-cancer applications. Ritcher et al. observed that the
liposomal formulation of BPD-MA allows better uptake of the PS into tumor tissues and
neovasculature [72].

3.3.2. Foslip® and Fospeg®—Foslip® and Fospeg® are liposomal formulations of
the PS 5,10,15,20-tetrakis(3-hydroxyphenyl)-chlorin or Temoporfin (nTHPC, which is
available as Foscan®) manufactured by Biolitec. mTHPC is considered one of the most
potent currently available PS. It is a pure compound with high absorption of red light (652
nm) [73]. It was approved by the European Medicines Agency for the palliative treatment of
advanced head and neck squamous cell carcinoma [74, 75]. For PDT using Foscan®, a time
interval of 4 days is usually maintained between drug administration and illumination [73].
mTHPC does not have good water solubility so liposomes were considered as a favorable
delivery system [76]. The first liposomal formulation of mTHPC with the trade name
Foslip® was made with DPPC, DPPG and mTHPC (DPPC:DPPG in mass ratio of 9:1) with
mTHPC loaded in PS:lipid ratio of 1:12 [52]. Later, stealth liposomes encapsulated with
mTHPC were prepared to increase their circulation time in bloodstream, thus formulating
the PEGylated formulation, trade name Fospeg® [46]. This was prepared by adding DSPE-
PEG to the previous formulation such that the mass ratio of lipids was DPPC:DPPG:DSPE-
PEG was 9:1:1 and the PS loading ratio was 1:13 PS:lipid [52]. Reddi’s group also found
that PEG layer can affect the cytotoxicity and accumulation of liposomes in cells [77]. In
another study, when liposomal formulations of temoporfin, Foslip® and Fospeg®, were
compared by injecting a 0.15 mg/kg PS dose in mice with tumor model HT29 with light
dose of 10 J/cm?, Fospeg® had higher efficacy compared to Foslip® [53].
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3.3.3. CGP55847—CGP55847 is a lyophilized Zn-Pc formulation developed by Ciba-
Geigy (which would become Novartis). It is formed with controlled solvent injection,
followed by buffer exchange into a lactose solution and eventual lyophilization with a
composition of ZnPc:POPC:DOPS of 1:90:10 (mass ratio) and liposome size of 70-80 nm
[54]. When administered to mice bearing METH-A tumors at doses of 0.125 mg/kg, potent
tumor cures were achieved with light doses 150-180 J/cm? of 671 nm laser irradiation [78].
CGP55847 has been shown to accumulate minimally in muscle tissue, but well in Ehrlich
carcinomas and B16 melanomas, especially in necrotic areas [79]. CGP55847 underwent
phase I/11 human clinical trials in Switzerland in patients suffering from squamous cell
carcinoma of the upper aerodigestive tract in the 1990s [80], but further development
apparently did not proceed thereafter.

3.4. Other liposomal PS formulations

3.4.1. Porphyrins and chlorins—Porphyrins and chlorins are amongst the most
common type of PS. These contain four pyrrole subunits linked by four methine bridges
[81]. Porphyrin and related molecules are known to possess photophysical properties of a
good PS, including some absorption in the NIR range and strong singlet oxygen quantum
yields. Their property of selective accumulation in tumor tissues have made researchers
study their applications as both an imaging agent and a therapeutic agent [82]. However, the
hydrophobic nature of porphyrins and porphyrin derivatives lead to forming aggregates in
aqueous media [15]. To overcome this, liposomes have been used as an efficient approach
for delivery.

Jiang et al. reported unilamellar DPPC liposomes for the encapsulation and delivery of
Photofrin. When liposomes loaded with Photofrin or free PS were used for PDT of U87
human glioma athymic nude mice xenografts [17] and 9L rat gliosarcomas [61], liposomal
Photofrin showed better accumulation of the drug in tumors and enhanced tumor cell killing.
In another study, liposomes formed with DMPC:CHOL:DPPG:Photofrin in molar ratio of
100:100:60:10 were administered (10 mg/kg Photofrin in liposomal form or free) in mice
bearing human gastric cancer xenografts followed by irradiation, the amount of cellular
destruction by necrosis was significantly high in the liposomal form as compared to free PS
[83]. Protoporphyrin IX (PplX) was functionalized with oleylamine arms entrapped into
liposomes made with DOPC (porphyrin:DOPC in molar ratio 1:10) and used for in vitro
studies with cancer cells. HeLa and AGS cells were irradiated and the liposomal
formulations showed more efficiency in killing cells than free protoporphyrin IX [63]. When
PpIX was conjugated to a polyethylene glycol-cholesterol polymer and anchored to POPC
liposomes and administered to mice bearing U14 tumor xenografts, longer tumor retention
was observed and with irradiation tumor growth inhibition and in vivo fluorescence imaging
was enhanced compared to control groups. The presence of CHOL that aided in lipid raft
mediated endocytosis along with the PS that enabled light activated enhanced permeability
of plasma membrane [84]. Further, several cargo-loaded liposomal formulations of
porphyrins have been studied recently. These formulations have been discussed later in the
review.
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Several liposomal formulations of chlorins have focused on the BPD-MA and chlorin e6
trimethyl ester (Ce6) PS [15]. BPD-MA has not only been used for AMD applications, but
has been explored extensively for tumor suppression. In another study, Wang et al.
demonstrated phototherapeutic cellular destruction by dual irradiation method using
antibody-PS constructs by liposomes encapsulated with BPD. When HelLa cells were treated
with antibody constructs (TuBB-9-FITC: antibody TuBB-9 conjugated with photoactivatable
compound Fluorescein Isothiocyanate, FITC) encapsulated in liposomes (DPPC: DOTAP:
CHOL.: PEG2000-DSPE in molar ratio) containing BPD in lipid bilayer followed by
irradiation at 690 nm, liposomal destruction due to photosensitive BPD releases antibody
constructs. TuBB-9-FITC goes inside nucleus and binds to proliferation associated protein
Ki-67. A second light irradiation at 490 nm activates photosensitive molecule FITC to cause
light inactivation of protein molecule Ki-67 causing cell damage [85]. Figure 5 illustrates
this process.

Another study showed compete eradication of tumors when long-circulating liposomes
comprising of Ce6:DLPC (dilauroylphosphatidylcholine):DOPE:DSPE-N-PEG-2000 in a
molar ratio 23:46:46:10 were used for PDT in human gastric cancer cell lines [86]. Further,
when 2,3-dihydro-5,15-di(3,5-dihydroxyphenyl)porphyrin (SIMO01), a new diphenylchlorin
PS encapsulated in DMPC based liposomes, were studied in vivo in HT29 human
adenocarcinoma mice xenografts, it showed significant tissue uptake and phototoxicity of
SIMO1 leading to significant cellular destruction [87].

Yuan et al. reported reduction of phototoxicity of Ce6 by loading it in indocyanine green
(ICG) loaded liposomes. The liposomes (soya lecithin: CHOL in mass ratio 7:3) loaded with
Ce6 and ICG were tested for photothermal effects by irradiating the liposomes with 808 nm
at 1W/cm?. The increase in temperature measured with temperature probe showed
photothermal efficacy of the liposomes. In vitro studies conducted by incubating MCF-7
cells with liposomes and irradiation showed effective recovery of phototoxicity of Ce6 when
released by phototriggerable ICG-liposomes [88].

3.4.2. Phthalocyanines—Phthalocyanines (Pc) are second generation PS with high
absorption of red light at 650-680 nm. Their application in PDT has attracted considerable
interest [89]. The behavior of Pc depends on the identity of the central metal ion. Zinc (1)
phthalocyanine (ZnPC) and Aluminum (111) phthalocyanine chloride (AIPC) are the most
prominent ones among the metal-PC that have been studied for PDT [90]. ZnPC is a popular
second generation sensitizer and has favorable spectral properties relative to Photofrin®
(longer absorption wavelength and higher extinction coefficient) for deeper light activation
in tissue [80]. ZnPc is hydrophobic and insoluble in water, so it can be administered in
formulations including liposomes [84, 85]. Substantial research has focused on the
development of liposomal formulations of this PS, including development of the CGP55847
liposomal formulation as described above. In another study, interstitially targeted PEG-
coated liposomes loaded with ZnPC were used to treat human extrahepatic
cholangiocarcinoma (Sk-Chal) cells. This liposomal formulation consists of DPPC, CHOL
and DSPE-PEG (66: 30: 4 mass ratio). It was observed that maximum ROS generation and
oxidation potential was obtained when ZnPC was loaded as ZnPC:lipid in molar ratio of
0.003. This study also showed that PDT-induced apoptosis and necrosis depends on size,

Biomaterials. Author manuscript; available in PMC 2020 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ghosh et al.

Page 10

zeta potential and uptake of the liposomal PS [89]. In a recent study, Machacek et al.
reported preparation of PC-liposomes by mixing PC with cargo-loaded pre-formed
liposomes. The formulations egg PC:CHOL (45:55 in molar ratio) and DOPC:CHOL (60:40
in molar ratio) were loaded with Basic Orange or Doxorubicin such that the final
concentration of the cargo was 1.2 mg/mL. Then, the cargo-loaded liposomes were mixed
with stock solutions of a newly synthesized amphiphilic cationic PC in loading ratio of 1:1
to 500:1. This study showed that the rate of light triggered release from the liposomes
changed with change in the amount of PS added to the liposomes [91].

3.4.3. Bodipy—Bodipy or 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene possesses several
interesting photophysical properties such as high extinction coefficients, photobleaching
resistance and environmental insensitivity. Although it has been widely used as a
fluorescence imaging probe, it also has potential as a PDT agent [92]. Chen et al. reported a
liposomal formulation of a dimeric Bodipy (di-BDP) conjugated with anti-HIF antibodies
for treatment and imaging of hypoxic tumors. In this study, an orthogonal BDP dimer (Ab-
DiBDP NPs) was designed by the substitution of a nitro group at the meso position. In vitro
and in vivo studies showed that this dimer with higher production of singlet oxygen
encapsulated in liposomes (DOPE, CHEMS, DSPE-mPEG2000 and DiBDP with a molar
ratio of 50:50:0.5:0.5) were capable of selective destruction of cancer cells using NTR
controllable phototoxicity and fluorescence and dual hypoxia marker imaging. The main
advantage of this nanosystem system was the Cy 7-marked anti-HIF-1a antibody and the
NTR-activatable DiBDP that allowed better hypoxia marker imaging by dual detection of
NTR and HIF-1a [93]. Another study showed PDT using liposomes loaded with newly
synthesized Bodipy sensitizers. They reported the photophysical properties of the four new
Bodipy sensitizers like photobleaching, singlet oxygen generation and triplet quantum yield.
They also showed that PDT using Egg PC and DOPE liposomes with Bodipy compounds
resulted in significant PDT cell death in vitro in studies done on human ovarian cancer cells
[56].

3.4.4. Rose Bengal—Rose Bengal is a hydrophilic xanthene stain used widely in the
diagnosis of eye-disorders. It is also a potent PS owing to its ability to absorb energy from
visible light and generate long-lived radicals. However, its low lipid soluble nature restricts it
from crossing biological membranes and accumulation in tumors. This limits its usage as a
potent PDT agent. To improve this, liposomes encapsulated with the PS have been studied.
A study showed that the photophysical properties of the PS showed improvement when the
PS was encapsulated in DMPC-based liposomes. It is assumed that the enhanced spectral
properties could be due to the ability of phospholipids in liposomes to establish an
equilibrium between the monomeric and dimeric forms of the PS [94].

3.5. Vessel targeted liposomes

Since solid tumors are highly dependent on angiogenesis for growth and metastasis,
destruction of tumor neovasculature by vascular targeted PDT is a compelling targeted
approach for cancer therapy [95]. Vascular targeted PDT has been the subject of significant
research as the efficacy of PDT can be partly driven by the destruction of blood vessels as is
the case with Visudyne for AMD [96, 97] and more recently Tookad for prostate cancer
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[98]. While these approaches work by conducting light treatment while the PS is circulating
in the blood stream, approaches with vascular targeting liposomes have the potential to
produce more effective treatments by increasing the PS concentration at the target vascular
site. Doddapaneni et. al. demonstrated the ability of gambogic acid loaded PEGylated
liposomes containing DOTAP to target and suppress tumor growth [99]. BPD-MA in
cationic liposomes can target vessels for effective PDT. The ability to apply this approach to
PS was demonstrated by Luo et. al. who prepared porphyrin phospholipid (PoP) liposomes
containing DOTAP loaded with and without doxorubicin encapsulation. The results
demonstrated the ability of DOTAP to enhance the efficacy of the liposomes by increasing
the binding of the liposomes to the tumor vasculature [100].

Oku’s group has carried out pioneering work on this topic and has put forth multiple ways to
improve liposomal delivery of BPD-MA for enhanced anti-angiogenic effect. [101]. The
basic formulation included DPPC, POPC, CHOL, DPPG and BPD-MA in molar ratio
10:10:10:2.5:0.3 [97]. The first method involved incorporating PEG-
distearoylphosphatidylethanolamine to the formulation to prepare stealth liposomes of
verteporfin. The second method involved conjugating a peptide specific for angiogenic
endothelial cells to the liposomes. The peptide used was Ala-Pro-Arg-Pro-Gly (APRPG).
These liposomes comprised of the same basic formulation with or without PEG-DSPE/
APRPG-PEG-DSPE such that lipids:PEG-DSPE/APRPG-PEG-DSPE 20:1 [102]. The third
method involved incorporating cetylated polyethyleneamine to the formulation to prepare
polycationic liposomes. These liposomes were composed of DPPC, CHOL, DPPG, cetyl-
PEI and BPD-MA (20:10:5:1.75:0.3 in molar ratio) [103]. These liposomal formulations
were tested at different PS doses, light doses and drug-light intervals. Liposomes prepared
with the second [102] and third [57, 104] approaches showed lower uptake in tumor tissue
but greater tumor shrinkage due to targeted accumulation and eradication of angiogenic
vasculature [102, 103].

4. Liposomal PS Treatment Parameters and Performance

4.1.

Biodistribution

PS biodistribution is an important parameter for both enhanced PDT efficacy and diminished
side-effects, including sunlight toxicity. Higher propensity for a PS to accumulate avidly in
target tissue results in superior PDT outcomes. Several mouse studies have shown an
increase in the accumulation in tumors and major organs of PS was delivered by
photoactivatable liposomes compared to the free PS. Yan et al. showed that internalized
RGD modified liposomes loaded with ICG (iIRGD-1CG-LP) allowed maximum
accumulation of ICG in tumors as compared to ICG loaded in liposomes without iRGD and
free ICG [105]. Oku’s group showed the amount of BPD-MA accumulated in tumor and
major organs in mice xenografts when injected with BPD-MA liposomes and BPD-MA
polycationic liposomes [103]. Reshetov et al. reported the biodistribution of mTHPC in
tumors and major organs of HT29 cells bearing mice injected with Foslip and Fospeg at
different time points post injection [53].

Figure 6 shows representative biodistribution of PS in tumors and major organs in mice
xenografts after PDT with liposomal PS. For hydrophilic dyes such as ICG, liposomal

Biomaterials. Author manuscript; available in PMC 2020 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ghosh et al.

Page 12

formulations and targeted liposomal formulations can enhance uptake in neoplastic tissues
(Figure 6A). Generally, most PS target tumors with limited accumulation compared to other
organs such as the liver and spleen, and this is still generally the case with liposomal
formulations (Figure 6B).

Pharmacokinetics, which represent the kinetic aspect of biodistribution, are also important
for PDT consideration. For example, since PDT is typically applied initially to cutaneous
tumors where laser light is easily reached, biodistribution studies have assessed the ratio of
PS in the skin to the tumor (Figure 6C). It has been shown that increasing PEGylation of
Fospeg-like liposomes can increase blood circulation times while avoiding the skin toxicity
compared to the photosensitizers without liposomal formulation [106].

4.2. Anti-tumor parameters

At the preclinical stage, strong anti-tumor efficacy should be demonstrated to warrant further
investigation. Numerous studies have reported increase in therapeutic efficiency after PDT
with liposomal PS. These studies were conducted with variations in PS dosage, light dosage
and time intervals between drug injected and light irradiated or drug-light-interval (DLI).
Table 2 shows several advanced formulations of liposomal PS with light doses that can be
used for reference. The in vivo survival studies conducted on mice xenografts showed
suppression of tumor growth after PDT with liposomal PS.

Formulating a PS in liposomes may or may not enhance anti-tumor efficacy for PDT
compared to other formulation methods. But there is a likelihood that liposomal
formulations will modulate behavior and interaction with cellular targets [107]. More
hydrophilic dyes can have altered pharmacokinetic benefit from encapsulation owing to
altered behavior in vivo. For example, liposomal ICG has been used for PDT and shown
greater anti-tumor efficacy, compared to the free dye, in suppression of tumor growth in a
breast cancer model (Figure 7A). [60]. In addition, the surface charge of liposomes is an
attribute that can be varied readily by, for example, incorporating cationic lipids. This has
been shown to result in superior anti-tumor efficacy in a METH-A model using liposomal
ICG (Figure 7B) [103].

Another parameter that can be considered for effective PDT is the drug-light-interval. After
intravenous administration, the PS levels in blood decrease over time, and the PS levels in
the tumor increase. A study using liposomal BDP-MA demonstrated that optimal anti-tumor
efficacy came when the liposomal PS had moderate concentration in both the tumor and in
plasma (Figure 7C) [108].

5. Liposomal formulations for photothermal therapy

Photothermal therapy (PTT), is a therapeutic approach in which a light-absorbing dye, PS or
nanoparticle is used to convert light into heat for local ablation. This method has been
previously studied using inorganic nanoparticles such as graphene, gold nanoparticles.
Lovell et al. demonstrated the use of organic nanoparticles for photothermal therapy [109].
They reported that when porphysomes (42 mg/kg porphyrin phospholipid), made up of
porphyrin phospholipids and CHOL (70:30 in molar ratio), were intravenously injected into
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mice xenografts bearing KB tumor cells, followed by laser treatment after 24 hours with 658
nm laser providing 750 mW at a power density of 1.9 W/cm? for 1 min, the tumor
temperature reached 60 °C whereas tumor temperature in mice injected with PBS only
reached 40 °C. After two weeks, the mice that received both porphysomes and laser
treatment demonstrated appreciable tumor growth suppression while tumors in other groups
kept growing. Wu et al. reported a drug loaded liposomal formulation for photothermal
therapy in which they fabricated liposome/SiO2/gold nanoshell nanocomposites loaded with
anticancer drug doxorubicin. The liposomes were made with soybean lecithin and CHOL
(30:2 mass ratio). In vitro studies with these liposomes followed by irradiation showed
significant cancer cell destruction [110]. Luo et al. demonstrated the fabrication of
photosensitive and pH-responsive nanocarriers with gold nanoshells coated oleanolic acid
(OA) liposomes with chitosan for combined photothermal therapy and chemotherapy. The
liposomal formulation comprised of soya lecithin, CHOL and oleanolic acid (50:60:5 in
mass ratio). When these liposomes were administered followed by irradiation, the pH
sensitive liposomes releasing OA at low pH tumor environment (pH 5.5) and gold nanoshells
generating hyperthermia resulted in significant antitumor effects both in vitro and in vivo
[111, 112]. Oh et al. demonstrated plasmonic liposomes loaded with ZnPc and coated with
gold nanofilm for combinatorial photothermal therapy and PDT. ZnPc loaded liposomes
(HSPC: ZnPc:PE-NH2 at a molar ratio of 69:2:6) were coated with gold ion solution to
prepare plasmonic liposomes. In vitro studies conducted by incubating cells from mouse
brain endothelial cell line, a human breast cancer cell line (MDA-MB-231) and a mouse
colon cancer cell line (CT-26) with ZnPc-PL for 4 hours and then irradiating the cells at 660
nm for 5 min. showed enhanced anti-cancer efficacy as compared to PDT or PTT alone [65].

6. PS and drug co-delivery systems

Efficiency of chemotherapy treatments is restricted by limited tumoral uptake of anticancer
drugs in bioavailable form [113-116]. To resolve this, drug delivery systems are used for
selective delivery of bioavailable drugs at target sites [20, 116-118]. PDT has the capability
to enhance drug delivery through vascular damage and in the case of drugs and PS co-
delivery systems, release of entrapped cargo [119].

Liposomes can integrate PS and drugs simultaneously. Figure 8 shows various cryo TEM
images of liposomes with PS encapsulated with drugs. Figure 8A and 8B show liposomal
irinotecan and doxorubicin, respectively loaded inside the liposomes containing porphyrin-
phospholipid (PoP) within the bilayer. Because PoP behaves like a lipid, formulating
liposomes for chemotherapeutic drug loading can be simplified and several variants of PoP
have recently been examined [120-123]. Conventional photosensitizers can also be used in
liposomal drug formulations. Figure 8C shows a photoactivatable multi-inhibitor
nanoliposome that induces light-induced cytotoxicity with photoinitiated release of
inhibitors that suppress tumor regrowth and treatment escape signaling pathways [124]. This
design consists of a liposome doped with a PS (BPD-MA) in the lipid bilayer, and a
polymeric particle containing cabozantinib (XL184), a multikinase inhibitor, encapsulated
inside.
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Many liposomal formulations have been prepared for co-delivery of PS and drugs. Table 3
shows representative formulations of liposomal PS and drug co-delivery systems. In 2013, it
was shown that spatially controlled light-triggered release of encapsulated gentamicin and
temporal controlled light-triggered release of encapsulated fluorophores could be induced by
the inclusion of PoP in liposomes. The formulation developed for that study was
DSPC:CHOL:HPPH PoP:DSPE-PEG-2K (50:35:10:5 in molar ratio). This study showed
effective single treatment anticancer treatment by light-triggered release of entrapped
doxorubicin from liposomes [126].

Luo et al. built upon this work and reported the development of stealth liposomes known as
LC-Dox-PoP liposomes for long circulation in blood. This study showed that drug-loading,
light triggered drug release and serum stability is affected by the type of PoP used. It showed
that though incorporation of PEG and CHOL was essential for Doxorubicin entrapment in
liposomes, it reduced the speed of light-triggered release from liposomes. The stealth Dox-
PoP liposomes not only showed 21.9 h long circulation half-life of stealth liposomes but also
showed long storage stability. This liposomal formulation (DSPC:DSPE-PEG-2K:PoP:Chol
in molar ratio 53:5:2:40) encapsulated with Doxorubicin when intravenously injected into
mice subcutaneous pancreatic xenografts at dose of 5-7 mg/kg Dox followed by NIR
irradiation, showed complete eradication of tumors whereas other photodynamic and
chemotherapies were ineffective. This was made possible by high Dox accumulation (~7
fold) in tumor post irradiation [127].

Another study showed that when these liposomes were intravenously injected (2 mg/kg
Dox) into mice bearing subcutaneous human pancreatic xenografts, shorter drug-light
intervals (0.5-3h) enabled higher Dox deposition in tumor and better treatment results [130].
When these liposomes were used to study pharmacokinetics and pharmacodynamics
modeling of chemophototherapy of liposomal PS administered and irradiated with short
drug-light intervals in patient-derived pancreatic cancer xenografts, there was about 7.4-fold
increase in Dox accumulation which matched the amount of Dox (7 fold) obtained through
modeling [136].

It has been shown that inclusion of an unsaturated phospholipid (DOPC) in small amount (5
mol.%) can significantly accelerate light-triggered release of Dox from Dox-PoP liposomes.
When intravenously injected (6 mg/kg Dox) into mice with subcutaneous human pancreatic
xenografts followed by NIR irradiation showed considerably delayed growth in tumors
[128]. Another anticancer drug Irinotecan (IRT) have also been encapsulated in
photoactivatable liposomes. Three formulations of IRT-PoP liposomes that were studied
were SPM:pyro-lipid:chol (53:45:2 in molar ratio), SPM:DSPE-PEG2000:pyro-lipid:chol
(48:5:2:45 in molar ratio) and DSPC:DSPE- PEG2000:pyrolipid:chol (48:5:2:45 in molar
ratio). This demonstrated that incorporation of Sphingomyelin into IRT-PoP liposomes
enabled rapid light-triggered IRT release and enhanced serum stability as compared to the
other formulations [125]. Rwei et al. reported a liposomal formulation of a PS for sciatic
nerve block. The liposomal formulation was DSPC: DLPC: DSPG: CHOL (3:3:2:3 in molar
ratio). PS 1,4,8,11,15,18,22,25-octabutoxyphthalocyaninato-palladium(l1), PAPC(OBu)g was
encapsulated in the bilayer of the liposomes (0.45 mol.% to total lipid in liposomes). Later,
this liposomal PS formulation was loaded with local anesthesia drug Tetrodotoxin When
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Adult male Sprague-Dawley rats were administered with the liposomes and irradiated at 730
nm, it showed a nerve block of up to 13.5 +- 3.1 hours [131]. Lajunen et al. suggested
indocyanine green (ICG) loaded liposomes for controlled ocular drug delivery. The
liposomal preparation was DPPC:DSPC:LysoPC:DSPE-PEG (75:15:10:4 in molar ratio).
Later, the liposomes were mixed with calcein solution (60 mM, 280 mOsm, pH 7.4) and 0.2
umol ICG was loaded in the liposomes. In vitro studies conducted by incubating ARPE-19
cells with 1.5 mM of ICG-liposomes for 3 hours and then irradiating the cells with light (9.7
W / cm2) for 2 minutes at 37 °C showed controlled release of liposomal contents in the
cells. Release of calcein from liposomes in cells was determined by increase in fluorescence
of the cells measured by flow cytometry [132]. In another study, Lajunen et al. reported that
the same liposomal formulation of ICG (DPPC:DSPC:LysoPC:DSPE-PEG in molar ratio of
75:15:10:4) loaded with calcein and FITC dextran was stable at temperatures 4 — 22 °C
whereas laser irradiation at body temperature led to complete release of the cargo [133].

In another approach to induce light-triggered drug release from liposomes, Sine et al.
developed the concept of pocket liposomes [137]. Enhanced fluidity in certain regions of
liposomal membranes allow triggered release, using HPPH as the PDT PS and calcein as a
marker for drug release. They entrapped calcein and/ HPPH in the liposomal formulation-
DPPC :DCg,gPC:DiR in different molar ratios (86:10:0 or 86:10:0.5). Laser irradiation
showed release of calcein only from the liposomes with HPPH. When these liposomes were
used for in vitro PDT with MDA-MB-231-LM2 breast cancer cell line, significant cell
damage was induced and likewise, tumor shrinkage was observed in in vivo studies with the
same cell line in mice xenografts

7. Emerging applications of liposomal PS

7.1.

Image-guided interventions

One interesting capability of liposomal formulations of PDT agents is the imaging of the
formulation in tissues following injection. Several studies have shown the success of this
application. One such study showed that when long circulating liposomes (DSPC:DSPE-
PEG-2K:PoP:Chol in molar ratio 53:5:2:40) encapsulated with anticancer drug doxorubicin,
labeled with 84Cu in the bilayer were intravenously injected into mice xenografts, it not only
enabled fluorescence and positron emission tomography (PET) imaging of orthotopic
mammary tumors, but also showed significant tumor growth shrinkage with single treatment
with light treatment of the tumors [129].This is shown in Figure 9.

Other demonstrations of liposomes for enabling imaging and PS delivery have been
presented. The aqueous core of liposomes were loaded with an X-ray contrast agent,
iodixanol along with a hydrophilic photosensitizer, meso-tetrakis (4-sulphonatophenyl)
porphine (TPPS,). These liposomes were used for computed tomography, fluorescence
imaging and PDT [138]. Notably, co-encapsulation of the iodinated contrast agent resulted
in an increase in singlet oxygen generation by PS via the intraparticle heavy-atom (iodine)
effect. Other liposomal PS formulations have involved co-loading of gadolinium-based
contrast agents for magnetic resonance contrast for PDT [139] and PTT [140] applications.
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7.2. Overcoming Hypoxia

The therapeutic efficacy of PDT is restricted in hypoxic areas of tumors owing to PDT
dependency on oxygen availability. To resolve this, new strategies have been explored. Song
et al. reported a study on using metformin loaded liposomes to overcome hypoxia in PDT.
Metformin (Met), an oral hypoglycemic agent used in the treatment of type Il diabetes, is
known to enhance tumor oxygenation by decreasing oxygen consumption in tumors. PDT
was conducted with liposomes (DPPC: CHOL: DSPE-PEG5K: Ce6 at a molar ratio of
6:4:0.5:0.5) entrapped with hydrophilic metformin in the inner core which would be
continuously released from the liposomes increasing the tumor oxygen levels. In vivo
photoacoustic imaging and ex vivo immunofluorescence staining showed enhanced tumor
oxygenation leading to significant tumor cell Killing [135]. Another study demonstrated
improved anti-tumor efficacy by PDT with liposomes encapsulated with a prodrug AQ4N
that contributes to cell killing only in hypoxic environment. PDT with liposomes (DPPC:
CHOL: DSPE-mPEG5k: hCe6 at a molar ratio of 6:4:0.5:0.5) loaded with AQ4N upon
irradiation at 660 nm showed enhanced cancer therapy owing to dual effect of PDT along
with activation of AQ4N due to PDT induced hypoxia. Figure 10 shows this. Further, in vivo
positron emission tomography, in vivo fluorescence and photoacoustic imaging of liposomal
uptake post intravenous administration was made possible by radiolabeling AQ4N-84Cu-
hCe6-liposomes (prepared by conjugating 84Cu with Ce6 before liposome preparation)
[134].

In another study, Song et al. demonstrated a tumor oxygenation strategy using
perfluorocarbon nanodroplets, which have capability for oxygen dissolution [141]. When a
nanoperflurocarbon emulsion, stabilized using albumin, was intravenously injected into mice
bearing tumor xenografts under hyperoxic breathing, ultrasound transducers applied on
tumor stimulated nanoperflurocarbon droplets to absorb oxygen in lungs, release it in tumor
and circulate back into lungs for reoxygenation. These repeated cycles provided enough
oxygen in tumor for enhanced radiotherapy and PDT. When mice bearing 4T1 tumors were
treated with photosensitive liposomes made of DPPC, CHOL, DSPE-PEG (5k) and
hydrophobic Ce6 (6:4:0.5:0.5 in molar ratio) followed by intravenous injection of
nanoperflurocarbon emulsion along with hyperoxic breathing conditions and tumor focused
irradiation, remarkably improved tumor inhibition was observed.

7.3. Activatable liposomal PS

To decrease non-specific phototoxicity, activatable PS have been developed which can be
“turned on” by factors found in the tumor microenvironment, such as proteases or lower pH
[142]. This approach has also been adopted by nanoparticle PS formulations. Feng et al.
developed a nano drug delivery system by encapsulating liposomes with a PS, Ce6
conjugated with hexylamine (hCe6) along with a hydrophobic near-infrared (NIR) dye 1,1’-
dioctadecyl-3,3,30,3’-tetramethylindotricarbocyanine iodide (DiR) that can quench the
photosensitizing effect of the PS by fluorescence resonance energy transfer (FRET). When
liposomes (DPPC:CHOL:DSPE-mPEG5k:hCe6:DiR at a molar ratio of 6:4:0.5:0.5:0.5)
were intravenously injected into mice followed by NIR irradiation at 785 nm, it activates the
photodynamic and fluorescence effect of hCe6 that results in increasing the temperature of
the tissue causing photothermal effect which increases the blood flow and prevents tumor
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hypoxia. Further, this procedure reduces the phototoxicity of skin while the PS remained
quenched by the dye, thus ensuring lesser photo-damage while causing enhanced therapeutic
results [143].

Yang et al. demonstrated PDT using liposomes loaded with aggregation induced emission
PS or (AIE) PS. [144]. In this approach, when AIE-PS entrapped in lipid bilayer of
liposomes are injected, phototoxicity to healthy tissue due to photosensitive AIE-PS is
reduced to the photosensitizer being inactivated within the liposomes. When these AIE-PS-
liposomes accumulate in tumor, the liposomes disintegrate releasing the AIE-PS which
assemble into aggregated allowing them to produce ROS upon NIR irradiation leading to
cell death [145]. Figure 11 demonstrates this approach.

Liposomal approaches for activatable PS can gain insights from other strategies. This
includes approaches that activate the nanoparticle upon targeting to molecular targets [146].
Also, tumor microenvironment factors such as pH can be exploited. For instance, pH
sensitive CaCO3-polydopamine hollow nanoparticles loaded with Ce6 were used for
multifunctional theranostic applications with pH dependent activation [147]. Likewise, PEG
modified CaCO3 nanoparticles loaded with doxorubicin and a Mn-chelated Ce6 (Ce6(Mn))
was also used for activation in the reduced pH of tumor environments with real time
monitoring of drug release by MR and fluorescence imaging imaging [148].

7.4. Upconversion Liposomal PS

Poor tissue penetration of light used to activate PS for the treatment is key limitations to the
application of PDT. As a result, PDT remains almost ineffective in treating large tumors. To
improve this, new strategies are being explored for better therapeutic results. One such
strategy is using upconversion nanoparticles (UCNPs) which absorbs NIR light and emits
high energy visible light. These high energy photons, in turn, activate the PS molecules in
the adjoining areas resulting in enhanced tumor tissue killing via PDT [149]. Figure 12
illustrates this approach. A study showed encapsulation of UCNPs and a PS MC540 into
liposomes made with octadecyl-quaternized lysine-modified chitosan or OQLCS, TAT-
OQLCS or transmembrane peptide TAT-grafted OQLCS, and FAOQLCS or targeting
molecule folate acid grafted OQLCS (weight ratio 1:1:1) to produce a functionalized
liposomal nanocarrier (FPL) [150]. This combination of liposomal nanocarrier showed
several advantages over UCNPs and MC540 used without it. In vitro studies showed
significant improvement in tumor cell Killing owing to better targeting with folate liposomes
as well as the combined effect of UCNPs and MC540.

Another study showed usage of liposomes encapsulated with triplet-triplet annihilation
upconversion (TTA-UC) molecules with ruthenium(Il) polypyridyl compounds as PS. TTA-
UC is a phenomenon that involves absorption of low energy photons by a sensitizer to reach
a triplet state and transfers the energy by triplet-triplet energy transfer(TTET) to an
annihilator molecule, which in turn, combines with another annihilator by TTA or triplet-
triplet annihilation, thus promoting one molecule to a singlet excited state and the other one
to ground state. This singlet excited annihilator emits high energy photon to come back to
ground state thus causing upconversion. The TTA-UC couples used contained sensitizers:
platinum octaethylporphyrin and palladium tetraphenyltetrabenzoporphyrin and annihilators:
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9,10-diphenylanthracene; and perylene. When upconversion liposomes (made with DMPC,
DSPE-MPEG-2000, one of the sensitizers and/or one of the annihilators) was mixed with
ruthenium functionalized liposomes and irradiated, the energy transfer in TTA-UC was
capable of triggering hydrolysis of Ru-S bond in the Ruthenium functionalized liposomes
[151].

7.5. Antibacterial liposomal PS

7.6.

Antibacterial therapy of infections caused by bacteria resistant to antibiotics has been a
challenge with increasing incidence of antibiotic resistant bacteria. To overcome this,
approaches have been developed for antibacterial PDT [152]. Some have used liposomal PS.
Park et al. reported PDT of acne by treating antibiotic resistant Propionibacterium acnes (P.
acnes) using photoactivatable transfersomes containing a DSPE-PEG-Pheo A conjugate
(DPP). DPP transfersomes were prepared from DPP conjugates, CHOL and TWEEN-80.
Both in vitro and in vivo studies using DPP transfersomes with irradiation showed enhanced
treatment efficiency. In vitro studies showed loss in P. acnes viability and in vivo studies
showed reduced swelling and thickness of nude mice skin infected by P. acnes [153]. In
another study, Zhao et al. demonstrated an antibiotic therapeutic method for the treatment of
bacterial biofilm using photoactivatable thermosensitive liposomes. When liposomal
formulations containing DSPC and cypate to Betainylated Cholesterol (BC) in three
different molar ratios 4:0.5:1, 4:0.5:2, and 4:0.5:3, loaded with antibiotic Tobramycin were
used for in vitro and in vivo studies, it showed very effective treatment of Pseudomonas
aeruginosa biofilm, 7 to 8 fold biofilm dispersion in in vitro studies and rapid healing in
mice infection in in vivo studies as compared to treatment with antibiotic alone [154]. Also,
Jeong et al. reported lipase-sensitive singlet oxygen-producible and erythromycin-loaded
liposomes (DPPC: CHOL.: Erythromycin in mass ratio 10:1.5:1 coated with
pullulanpheophorbide or PU-Pheo A conjugates) for combinatorial antibacterial and PDT
for skin disorder caused by Propionibacterium acnes (P. acnes). The extracellular lipases
secreted by P. acnes was reported to disrupt lipase sensitive ester linkages in the liposomes
releasing the antibiotic and the irradiation onto Pheo-A further enabled combinatorial
treatment method of nude mice skin disorders caused by P. acnes [155]. Another study
showed using photodynamic antibacterial therapy with perfluorohexane (PFH; known for
oxygen dissolving capacity) - IR780 liposomes for the treatment of bacterial infections on
the surface of Ti implants. In this study when PFH - IR780 liposomes (lecithin: CHOL:
DSPE-PEG-2000:1R780 in mass ratio 24.7:4.3:3.8:0.2 and PFH later added to it) prepared
on Ti plates with irradiation were used for in vitro and in vivo studies, it showed significant
inhibition of bacterial growth as compared to the groups without PFH. In vitro studies
showed over 99% killing of bacterial growth on implants caused by Escherichia coli and
Staphylococcus aureus with PFA and in vivo studies showed much improved treatment
results in rats with PFH - IR780 liposomes on Ti implants with bacterial infection [156].

Immunotherapy

PDT holds promise for immunotherapy [157]. Cancer immunotherapy using liposomal PS
has been considered. Kim et al demonstrated a treatment for cholangiocarcinoma using
immunotherapy enabled by photosensitive liposomes loaded with Gemcitabine. The
liposomal formulation was DPPC:CHOL:DOPE (1,2-dioleoyl-sn-glycero- 3-
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phosphoethanolamine): CHEMS (cholesteryl hemisuccinate): DPP (5:1.3:5:1.6:5.5 in mass
ratio) where DPP was synthesized before such that the molar ratio of DSPE-PEG-amine:
PheoA: NHS(N-hydroxysuccinimide): DCC (1,3-Dicyclohexyl carbodiimide) was 1: 1.2:
1.8: 1.8. Both in vitro and in vivo studies using these liposomes loaded with Gemcitabine
(GDPPL) followed by irradiation showed improved treatment results. In vitro studies using
human liver bile duct carcinoma cell line (HuCCT-1) treated with GDPPL followed by
irradiation showed better cell killing behavior and in vivo studies using HUCCT-1 tumor-
bearing xenograft mice model showed 3-fold antitumoral efficiency compared to untreated
group. Further, immunohistochemical analysis on Balb/c mice treated with GDPPL with
irradiation showed rapid production of immune cells for enhanced antitumoral
immunotherapy [158]. In another study, Yoon et al. reported a cancer therapeutic method
combining effects of chemotherapy and hyperthermia using photothermally amplified
liposomes. The liposomal ICG formulation was prepared from DPPC, DSPC-mPEG (2000),
and ICG at a molar ratio of 950:50:16. These liposomes loaded with chemotherapy drug
cisplatin with laser irradiation showed enhanced therapeutic results over chemotherapy and
photothermal therapy alone in both in vitro studies conducted on HeLa (human cervical
cancer cell line) and 4T1 (murine breast cancer cell line) cancer cells and in vivo studies on
4T1 cells Balb/c mice xenografts [159].

8. Conclusion

The formulation and delivery of PS is a major consideration for PDT and PTT compounds.
Liposomes represent a clinically-validated and versatile platform that should be considered
for such purposes. Additionally, more complex and advanced therapeutic PDT designs using
photoactivatable PS, chemophototherapy, or integrated imaging guidance are suited for
liposomal formulations. The ability of liposomes to encapsulate PS in their hydrophobic
bilayer or aqueous core is a relatively simple approach. Liposomal formulations of PS can
be modulated to prolong circulation half-life and decrease the PS accumulation in skin.
Early works on liposomal formulations used phospholipids from egg and soy, whereas more
recently, synthetic lipids are being used more frequently. The use of CHOL can improve
liposome stability, and PEGylated liposomes enable longer blood circulation.

Visudyne®, a formulation of BPD-MA, has been widely used for PDT treatment of AMD
and was the first clinically-approved liposomal PS formulation. Considering the translation
of this successful formulation, it is likely that liposomal formulations will be considered for
new PS that enter clinical testing. However, since the approval of Photofrin® in the United
States, few if any new PS have gained regulatory approval for phototreatment of solid
tumors. Therefore, PDT in general must overcome challenges through innovation and by
showing advantages to alternative and more established ablative modalities treatments such
as radiofrequency and microwave ablation. Demonstration of preclinical efficacy and safety,
as well as demonstration of enabling new therapeutic paradigms will drive future PS
research, and liposomal formulations are likely to be considered for these applications.
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Figure 1: Increasing research interest in liposomes and photosensitizers.
The number of items in the Google Scholar database that reference liposomes,

photosensitizers and the combination anywhere within their full text were assessed. The
search terms for “Liposome” were [“liposome OR liposomes™]; for “Photosensitizer” were
[photosensitizer OR photosensitizers AND “photodynamic OR PDT”][3] and for “Liposome
AND photosensitizer were [photosensitizer OR photosensitizers AND “photodynamic OR
PDT” AND “liposome OR liposomes”]. The search years were from 1970 till 2018.
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Figure 2: Versatility of liposomal PS.
Liposomes can be formed with PS and other drugs. When irradiated, the PS absorbs the

energy and transfers it to molecular oxygen to produce a highly reactive oxygen species
(ROS - 10,) which can disrupt the structure of liposomes to release the cargo encapsulated
inside.
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Figure 3: Chemical structures of PS commonly used in liposomal formulations.
BPD-MA (also known as Verteporfin) is the PS in the Visudyne® liposome formulation.

Meso-tetra-hydroxyphenyl-chlorin (nTHPC, also known as Temoporfin and formulated as
Foscan®) is the PS in the Foslip® and Fospeg® liposome formulations. ZnPc is the PS in
the CGP55847 liposomal formulation. Pyropheophorbide-based porphyrin-phosopholipid is
a PS-lipid conjugate that integrates stably in bilayers.
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A

Figure 4:
Images of Temoporfin-loaded liposomal formulations by cryo TEM. A) Liposomal

formulation containing DPPC:DPPG:Temoporfin in mass ratio of 18:2:1.5. (Scale bars, 100
nm) B) Liposomal formulation containing a mixture of phospholipids

(NAT8539): Terpenes: Temoporfin in mass ratio of 133:10:1.5 (Scale bars, 200 nm). Arrows
show unilamellar vesicles. C) Liposomal formulation containing Temoporfin:Soy bean
lecithin lipoid S-75 in mass ratio of 0.225:15 (Scale bars, 100 nm). Reprinted with
permission from Ref. [46]; Ref. [47] and Ref. [48].
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Figure 5:

Schematic illustration of phototherapeutic cell elimination by targeting proliferation
associated protein Ki- 67 with antibody constructs (TuBB-9-FITC) encapsulated in
liposomal formulation of BPD followed by irradiation. (Reprinted with permission from
Ref. [85]).
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Figure 6: Representative biodistribution of liposomal PS in tumors and organs in mice:
A) Biodistribution of ICG in tumors and different organs of 4T1 mice injected with free

ICG, ICG loaded liposomes (ICG-LP) or internalized RGD modified liposomes loaded with
ICG (iRGD-ICG-LP), measured quantitatively with fluorescence intensity. It shows iRGD-
ICG-LP accumulated the highest in tumors. B) Biodistribution of BPD-MA in tumors and
major organs in Meth-A sarcoma mice xenografts injected with BPD-MA liposomes and
BPD-MA ploycationic liposomes. C) & D) Biodistribution of mTHPC in tumors and major
organs of HT29 cells bearing mice injected with Foslip and Fospeg. (Reprinted with
permission from Ref. [105]; Ref. [103]; Ref. [53]).
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Figure 7: Suppression of tumor growth after PDT with different liposomal PS:
A) Tumor growth delay in mice with Meth-A sarcoma cells xenograft after PDT treatment

with BPD-MA liposomes or BPD-MA polycationic liposomes (“PCL”) (0.25 mg/kg BPD-
MA) and laser treatment at 689 nm at 150 J/cm? 15 mins post injection. Treatment with
BPD-MA polycationic liposomes showed least tumor growth over time. B) MDA-MB-468
xenograft tumor growth delay after PDT with PBS alone, PBS plus laser, LPICG (liposomes
loaded with ICG) alone, LPICG plus laser, and FRICG (Free ICG) plus laser and laser dose
at 808 nm and 2 W/cm? fluence level for desired groups after 6 h from injection. LPICG
plus laser showed best therapeutic results. C) EMT6 tumor growth delay after PDT
treatment with Foslip (0.3 mTHPC g/kg) and light dose of 10 J/cm? at fluence rate of 30
mW/cm? at different drug-light intervals. (Reprinted with permission from Ref. [103]; Ref.
[60]; Ref. [108]).
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Figure 8: Morphology of various PS and drug co-delivery systems:
A) Cryo TEM image of Porphyrin-phospholipid liposomes loaded with anticancer drug

Irinotecan (Scale bars, 50 nm) B) Cryo TEM image of Porphyrin-phospholipid liposomes
loaded with anticancer drug Doxorubicin (Scale bars, 50 nm) C) Photoactivatable multi-
inhibitor nanoliposome (PMIL) containing BPD in bilayer and a multikinase inhibitor
cabozantinib (XL184) loaded inside it. (Scale bars, 50 nm). D) Representative cryo
transmission electron microscopy images of Dox-PoP liposomes before and after laser
treatment. Arrows in the pre-laser treatment images indicate the presence of Doxorubicin-
sulphate crystals inside the liposomes. The absence of the crystals in the post-laser treatment
images indicate that the crystals dissolved upon irradiation and simultaneously the drug was
released with minimal effect on the structure of the liposomes. (Scale bars, 100 nm).
(Reprinted with permission from Ref. [125]; Ref. [124]; Ref. [126]).
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Figure 9:
Seamless radiolabeling of 4Cu on Dox-PoP liposomes with 1% Ethanol at 37 °C for 4

hours. The second figure shows images of mice tumor xenografts treated with 64Cu
radiolabeled Dox-PoP liposomes and irradiation. The images were obtained using near-
infrared fluorescence imaging and positron emission tomography. (Reprinted with
permission from Ref. [129]).
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Figure 10:
Schematic illustration of enhanced cancer therapy owing to dual effect of PDT along with

activation of prodrug AQ4N, selectively delivered to site by AQ4N-hCe6-liposomes, due to
PDT induced hypoxia. Reprinted with permission from Ref. [134].
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Figure 11:
Schematic diagram showing co-assembly of aggregation induced emission PS (AIE-PS)

entrapped in liposomes for antitumor effect using PDT. Reprinted with permission from Ref.
[145].
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Figure 12:
Schematic illustration of cancer therapy by PDT using upconversion technology. Reprinted

with permission from Ref. [150].
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Table 1:
Representative liposomal PS formulations
PS Formulation Lipids Lipid ratio PS incorporation Liposome formation Size (nm) Ref
BPD-MA Visudyne® DMPC:EPG 3:5 (mol.) 12.5 mol. % Lyophilized 150-300 [49-51]
mTHPC Foslip® DPPC:DPPG 9:1 (mass) 8 mol. % Lyophilized 111 PDI: 0.1 [52]
mTHPC Fospeg® DPPC:DPPG:DSPE-PEG 9:1:1 (mass) 8 mol. % Extrusion 114PDI: 0.1 | [52,53]
ZnPc CGP55847® POPC:DOPS 9:1 (mass) 1 mass % Solvent mix, lypohilization 70-80 [54]
5-ALA Ceramide:CHOL: palmitate: 50:28:17:5 (mass) 1:3 PS:lipid Reverse phase evaporation 400 PDI: 0.6 [55]
cholesteryl sulfate
Bodipy Egg PC: DOPE 70:25 (mol.) 5 mol. % Extrusion 107 PDI: 0.03 [56]
BPD-MA DPPC:CHOL:DPPG 20:10:5 (mol.) 0.8 mol. % Extrusion 103 [57]
Ce6 EDOPC:CHOL 10:5 (mol.) Post-loading Extrusion then mixing 143 [58]
(PS:lipid 1 % vol.)
Ge (IV) Pc POPC:DOPS 9:1 (mass) 1 mass % Solvent mix, lypohilization - [59]
ICG DPPC: Soy-PC:CHOL: DSPE-PEG2K | 100:50:30:0.5 (mol.) Lipid film Extrusion and gel filtration 80 [60]
hydration with 10
mg/mL ICG
mTHPC DPPC: DPPG 18:2 (mass) 7 mass % Extrusion 117 PDI: 0.1 [46]
Photofrin DPPC 100 % 2:1 PS:lipid (mass) Sonication - [61]
Porphycene derivatives DOPC 100 % 0.5 mol. % Sonication and filtration 110 [62]
PPIX derivative DOPC 100 % 10 mol. % Sonication and filtration 140 [63]
TPP derivative DMPC 100 % Post-loading (0.1 Extrusion 160 [64]
mol %)
ZnPc HSPC:PE-NH2 69:6 (mol.) 3 mol. % Extrusion 85 [65]

Abbreviations

*
Asterisk indicates the pore size used for extrusion of liposomes, rather than the measured liposome diameter.

PDI: Polydispersity index

5-ALA: 5-Aminolevulinic acid; BPD-MA: Benzoporphyrin derivative monoacid ring A, Ce6: Chlorin e6; DiBDP: Dimeric Bodipy; Ge (IV) Pc:
Germanium (V) phthalocyanine; ICG: Indocyanine green; mTHPC: meta-tetrahydroxyphenylchlorin; PPIX: Protoporphyrin IX; ZnPc: Zinc
phthalocyanine; TPP: Meso-tetraphenyl porphyrin

CHOL.: cholesterol; DMPC: Dimyristoylphosphatidylcholine; DOPC: Dioleoylphosphotidylcholine; DOPE: Dioleoylphosphotidylethanolamine;
DPPC: Dipalmitoylphosphatidylcholine; DPPG: Dipalmitoylphosphatidylglycerol; DSPE-PEG: distearoylphosphatidylethanolamine-polyethylene
glycol; EDOPC: 1,2-dioleoyl-sn-glycero-3-ethylphosphocholine; POPC: 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine; DMPC:
Dimyristoylphosphatidylcholine; OOPS: dioleoyl-phosphatidylserine; DSPC: distearoylphosphatidylcholine; DPPE-mPEG: 1,2-Dipalmitoyl-sn-
glycero-3-phosphoethanolamine: Methoxy poly(ethylene glycol); EPG: Egg phosphatidylglycerol; EYPC: L-a-Phosphatidylcholine; DOPC:
Dioleoylphosphatidylcholine; DOPS: dioleoylphosphatyidylserine; HSPC: Hydrogenated Soy L-a-Phosphatidylcholine; PE-NH2: 1,2-dipalmitoyl-
sn-glycero-3-phosphoethanolamine-N (hexanoylamine); POPC: 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine
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Table 2:

Representative effective preclinical anti-tumor PDT parameters for liposomal PS
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PS Liposomal formulation Tumor model | PSdose (mg/kg) | Light dose (J/cm?) | DLI (hr) Ref
mMTHPC (Foslip) DPPC, DPPG HT29 0.15 10 24 [53]
mTHPC (Fospeg) DPPC, DPPG and DSPE-PEG HT29 0.15 10 24 [53]

Zn-Pc (CGP55847) POPC:DOPC Meth A 0.125 180 48 [78]
BPD-MA DPPC, POPC, CHOL, DPPG, PEG Meth A 0.5 150 3 [102]
BPD-MA DPPC, CHOL, DPPG Meth A 0.25 150 0.25 [103]

DLI: drug-light-interval

Biomaterials. Author manuscript; available in PMC 2020 October 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Ghosh et al.

Table 3:

Representative cargo-loaded liposomal PS
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PS Cargo Liposomal formulation Lipid ratio (mol.) PS ratio Ref.
PoP Doxorubicin DSPC: DSPE-PEG-2K: CHOL 53:5:40 2 mol.% [127]
PoP Doxorubicin DSPC: DSPE-PEG-2K: DOPC: CHOL 53:5:5:40 0.3 mol.% [128]
PoP Irinotecan SPM:CHOL 53:45 2 mol.% [125]
PoP Doxorubicin DSPC: DSPE-PEG-2K: CHOL 53:5:40 2 mol.% [129]
PoP Doxorubicin DSPC: DSPE-PEG-2K:CHOL 53:5:4 2 mol.% [130]
HPPH lipid Doxorubicin DSPC:CHOL:HPPH:DSPE-PEG-2K 50:35:10:5 10 mol.% [126]
PoP Doxorubicin DSPC:DOTAP:CHOL 38:20:40 2 mol.% [100]
PdPC(OBu)g Tetrodotoxin DSPC:DLPC:DSPG:CHOL 3:3:2:3 Post-loading 0.45 mol.% [131]
ICG Calcein [132], DPPC:DSPC:Lyso PC: DSPE-PEG 75:15:10:4 Post-loading 0.2 umol. [132, 133]
Calcein and FITC
dextran [133]
hCe6 AQ4N DPPC: CHOL: DSPE-mPEG5k 6:4:0.5 0.5 mol.% [134]
hCe6 Metformin DPPC: CHOL: DSPE-mPEG5k: 6:4:0.5 0.5 mol.% [135]
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