
1. Introduction

Along with cardiovascular diseases, cancers are among the

leading causes of human deaths worldwide. Despite signifi-

cant advances in this area, malignant neoplasms remain a

great challenge for modern medicine. Thus, a half million of

new cases of cancer are newly diagnosed each year in

Russia. Traditional cancer treatment methods, such as

surgery, radiation therapy and chemotherapy, have serious

drawbacks. Therefore, the development of new treatment

methods available and acceptable to patients is an extremely

important area of modern research in medicine.

A relatively new cancer treatment called photodynamic

therapy (PDT) offers a promising approach to diagnosis

and treatment of malignant neoplasms.1 ± 3 Photodynamic

therapy is a binary treatment that involves the administra-

tion of a nontoxic photosensitizer (PS) to cancer cells

followed by exposure to laser light, thereby generating

reactive oxygen species (ROS), which damage vital cellular

components, leading to cell death. This method allows the

diagnosis of tumours in early stages, the determination of

tumour margins during the PDT treatment procedure and

the tumour ablation, while preserving healthy tissues. Com-

pared to the other methods currently used in oncology, PDT

has the advantages of minimal invasiveness and extremely

low systemic toxicity.4, 5

In 2012, the Ministry of Health of the Russian Feder-

ation included this method in the official list of standards of

care for patients with cancer. Photodynamic therapy proved

to be efficient in the treatment of some types of cancer, such

as skin, lung, bladder cancers, brain tumour, head and neck

cancer and esophagus cancer. This method is also used as an

adjuvant therapy to surgery to reduce residual tumour

burden.

Despite great interest in PDT and its applications, this

method is not yet commonly used in clinical practice
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because of a number of limitations, most significant of

which are the lack of highly efficient PSs and adequate

tumour-targeted PS delivery systems. Studies on the use of

nanomaterials for the targeted PS delivery started much

later than the development of first PSs. Meanwhile, the

application of nanotechnology in PDT has attracted great

attention in recent years. Nanoparticles not only provide

good solubility of PSs in certain media (hydrophilic, hydro-

phobic) and serve as delivery vehicles but also address some

other issues. In particular, nanoparticles prevent aggrega-

tion of hydrophobic PSs in water, which drastically reduces

singlet oxygen generation. However, it is hydrophobic PSs

that most easily penetrate into cancer cells through the

hydrophobic cell membrane and are then accumulated in

vitally important cellular compartments, as opposed to

hydrophilic compounds, which are distributed in the cyto-

plasm, thus diminishing the photodynamic effect. Nano-

particles improve PS delivery, primarily the delivery of

hydrophobic PSs, to the tumour site both due to migration

predominantly through enlarged capillary pores of the

tumour tissue and owing to the possibility of attaching

targeting ligands to the surface (targeted delivery).

A large body of data has accumulated on the application

of different nanoparticles for PS delivery.6 ± 10 For instance,

nanocarriers based on magnetic nanoparticles,7, 8 as well as

gold,6 silicon,9 carbon (fullerene, graphene) 10 nanoparticles

and so on were proposed for this purpose. In recent years,

attention has been paid to new IR-absorptive nanoplat-

forms based on upconversion nanophosphors, which

improve PDT efficacy for treating deep-seated tumours in

hypoxic environments.11 ± 13 The use of genetically encoded

photosensitizers bearing address domains is another prom-

ising PDT-based therapy.14, 15 This approach allows for the

selective accumulation of PSs in the tumour loci and makes

it possible to control the PS concentration.

This review summarizes the results of studies of lip-

osomal and polymeric biodegradable nanocarriers for pho-

tosensitizer delivery, which are most commonly used in

fluorescence diagnosis and photodynamic therapy of can-

cer, approaches to enhancing the efficacy of these nano-

particles and recent advances in clinical cancer treatment.

The following designations and abbreviations are used

in the review:

ALA Ð 5-aminolevulinic acid,

Bchl-BOA Ð bacteriochlorin e6 bisoleate,

CD44 Ð integral cell-surface glycoprotein CD44 (clus-

ter of differentiation 44),

Chl-e6 Ð chlorin e6,

DMPC Ð dimyristoyl phosphatidylcholine,

DPPC Ð dipalmitoylphosphatidylcholine,

DPPG Ð dipalmitoyl phosphatidylglycerol,

DS Ð drug substance,

EGFR Ð epidermal growth factor receptor,

ER Ð endoplasmic reticulum,

HA Ð hyaluronic acid,

HDL Ð high-density lipoproteins,

HPPH Ð 2-(1-hexyloxyethyl)-2-devinyl pyropheophor-

bide,

ICG Ð indocyanine green,

LDL Ð low-density lipoproteins,

mAb Ð monoclonal antibodies,

MRI Ð magnetic resonance imaging,

mTHPC Ð 5,10,15,20-tetrakis(3-hydroxyphenyl)chlorin

(temoporfin),

NBD-C6 Ð 6-{[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-

amino]hexanoyl}sphingosine,

NP Ð nanoparticle,

PAMAM Ð poly(amidoamine),

PC Ð phosphatidylcholine,

PCL Ð polycaprolactam,

PDT Ð photodynamic therapy,

PE Ð phosphatidylethanolamine,

PEBT Ð poly[(9,9-dioctylfluorene-2,7-diyl)-alt-co-(1,4-

benzo-2,1,3-thiadiazole)],

PEG Ð polyethylene glycol,

PET Ð positron emission tomography,

PGA Ð polyglycolide,

PLA Ð polylactide,

PLA-PNIPAM Ð poly(L-lactide)-block-poly(N-isopro-

pylacrylamide),

PLGA Ð poly(L,D-lactic-co-glycolic) acid,

PNP Ð polymeric nanoparticle,

PPO Ð polypropylene oxide,

Proto IX Ð protoporphyrin IX,

PS Ð photosensitizer,

pTHPP Ð 5,10,15,20-tetrakis(4-hydroxyphenyl)por-

phyrin,

PTT Ð photothermal therapy,

RES Ð reticuloendothelial system (mononuclear phag-

ocyte system),

ROS Ð reactive oxygen species,

SEM Ð scanning electron microscopy,

SLNP Ð solid lipid nanoparticles,

TPP Ð 5,10,15,20-tetraphenylporphyrin,

TPPS4 Ð 5,10,15,20-tetrakis(4-sulfophenyl)porphyrin,

VEGF Ð vascular endothelial growth factor.

2. Basics of photodynamic therapy

As mentioned above, PDT is a treatment modality based on

a combination of chemotherapy (PS) and the physical

stimulus (laser irradiation). After the intravenous adminis-

tration, PS circulates for some time in the body and is

gradually accumulated in the tumour. Then the tumour loci

are irradiated with light of appropriate wavelength to

activate the PS. This irradiation can be employed for both

fluorescence imaging and the formation of cytotoxic reac-

tive oxygen species, e.g., singlet oxygen (1O2), which oxi-

dizes key cellular macromolecules, resulting in cell death.

The photodynamic effect is generated in the cell by two

mechanisms.16, 17 Following light absorption, PS is trans-

formed from the ground state into the short-lived singlet

state (1PS), which can be transformed into the relatively

long-lived triplet state (3PS) via intersystem crossing. In

type I reactions, excited triplet-state PS directly reacts with

the substrate (e.g., the cell membrane) to form an anion and

radical cations, which react with oxygen giving hydroxyl

radicals and hydrogen peroxide. In type II reactions, the

excited molecule directly reacts with oxygen to form singlet

oxygen. The relative contribution of these two types of

reactions depends on a number of factors, including the

molecular oxygen concentration, the PS structure and the

nature of the substrate, but the pathways giving 1O2

generally prevails (Fig. 1).
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3. Photosensitizers for photodynamic therapy of
cancer

The relationships between the structure of PSs, their trans-

port and accumulation in the cell have been extensively

studied. Hydrophobic PSs are characterized by intravenous

accumulation due to their transport in the bloodstream by

low-density lipoproteins (LDL) followed by endocytosis

into cancer cells, wherein LDL receptors are overex-

pressed.18 The expression of these receptors in fast-growing

cells is associated with high requirements for cholesterol for

cell membrane synthesis.19 Unlike hydrophobic PSs, hydro-

philic PSs are carried by serum albumin and are localized in

the vascular stroma and intracellular space. The hydrophilic

character of these PSs limits their diffusion across the

membrane but PSs can be localized in lysosomes via

endocytosis.20

According to some authors, optimal PS should have an

amphiphilic character with a certain degree of hydropho-

bicity sufficient for solubility in water and, at the same time,

be hydrophobic to penetrate the outer layer of the cell.21

The character of cell death greatly depends on the subse-

quent localization of PS within the cell.

The destruction of cancer cells induced by irradiation

can occur via necrosis, apoptosis and the autophagy path-

way, which has been discovered rather recently. A high PS

concentration and high light fluence cause cell necrosis

characterized by fast degradation of cellular compartments

and plasma membrane destruction followed by the leakage

of plasma fluid into the interstitial space.22 It is generally

assumed that necrosis is accidental cell death, although,

according to the latest data,23, 24 programmed cell death is

also possible under certain conditions.

Apoptosis is characterized by a decrease in the cell size

and the appearance of membrane bubbles in the plasma, but

the cell remains intact up to the last stage of programmed

death.25 Since most PSs are not accumulated in the cell

nucleus, they do not cause cell mutations. There are

correlations between the type of cell death (apoptosis or

necrosis) and PS localization in the cells. Thus, the PS

localization mainly in the endoplasmic reticulum (ER) or

mitochondria leads to apoptosis, while the PS localization

in the membrane or lysosomes causes necrosis.26

Autophagy is a process wherein cells use their lysosomes

or those of neighbouring cells to degrade their own compo-

nents or whole cells. Unlike necrosis and apoptosis, autoph-

agy is a protective mechanism utilized by eukaryotic cells to

eliminate oxidative stress induced by PDT and to prevent

structural damage. Consequently, autophagy plays an

essential role in cell survival. Depending on the PS struc-

ture, the type of cells and experimental conditions, this

mechanism can either enhance or suppress the photody-

namic effect, thereby stimulating resistance to PDT

(Fig. 2).27 ± 29

Taking into account the key role of the nature of PS on

the efficacy of PDT for cancer, the following main require-

ments for the ideal photosensitizer can be formulated. The

ideal PS should have

Ð high tumour tropicity and low accumulation in

normal tissues;

Ð low cytotoxicity;

Ð good solubility in water;

Ð strong absorption in the near-IR region in the so-

called `tissue transparency window' for therapy of large and

deep-seated tumours;

Ð good luminescence for diagnosis;

Ð high triplet state quantum yield with an energy not

lower than 94 kJ mol71 to generate a sufficient amount of

ROS.

The design of such PS is a challenging task, if not

impossible. Therefore, the development of efficient PSs

having an optimal set of spectral and other physicochemical

properties, as well as the preparation of adequate nano-

carriers for their delivery are important issues for the

successful development of PDT of cancer.

Following the historical development and according to

the spectral characteristics, photosensitizes can be divided

into three generations.30 ± 33 First-generation PS were devel-

oped in the 1980 ± 1990s based on natural hematoporphyrin

IX. These PSs exist as mixtures of monomeric and dimeric

porphyrins and high-molecular-weight oligomers.13 The

most well-known PSs of this type are Photofrins I and II

(U.S. and Canada), Photosan (Germany) and Photogem

(Russia).34, 35 These PSs effectively destroy tumour blood

vessels, have cytotoxicity and are easily soluble in physio-

logical media, which facilitates their intravenous adminis-

tration; however, these PSs have a number of drawbacks.

First, they are highly phototoxic due to accumulation in the

skin and slow clearance from the body. Second, they exhibit

an absorption band in the therapeutic window at 620 nm,

which significantly limits the light penetration depth, and

this band has low intensity. The most commonly used
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Figure 1. Schematic depiction of physicochemical events underlying photodynamic therapy (PDT).
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photosensitizers are Hematoporphyrin (Photofrin is its

oligomer, 1), Temoporfin (Foscan, 2), Verteporfin (Visu-

dyne, 3), Chlorin e6 (4), 5-aminolevulinic acid methyl ester

(Metvix, 5), Talaporfin (6), 2-(1-hexyloxyethyl)-2-devinyl

pyropheophorbide a (HPPH, 7), Tookad (8) and Photosens

(9).

However, recent publications can substantially change

attitudes to these PSs. A Chinese research group 36 showed

that dimeric porphyrin, in which two macrocycles are linked

by an oxygen bridge involving vinyl groups of adjacent

pyrrole rings, is the most active component of Photofrin II.

This PS, which was patented under the name Sinoporphyrin

Autophagic cell death

Anticancer immune

effector mechanisms

Immunosuppression

MacroautophagyMembrane

bubbles

Endoplasmic reticulum

Photodynamic

therapy (PDT)

Cell survival

Lysosomes

Death

Mitochondria

Chaperone-mediated
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Figure 2. Mechanisms of cell destruction (adapted from Ref. 28). Solid arrows indicate different cell organelles, where PS can be
accumulated; dashed arrows indicate the mechanisms of action of PS.
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sodium (10), exhibits much higher activity (the therapeutic

dose was decreased from 2.5 to 0.25 mg per kg of body

weight), has good solubility in water and possesses low

phototoxicity.

Structure 10

In the 1990s, second-generation PSs were developed.

These PSs are based on hydrogenated porphyrins Ð chlor-

ins and bacteriochlorins, phthalocyanines and their metal

complexes.37 Photosensitizers based on compounds of other

classes, such as anthraquinones, cyanines, xanthenes and so

on, are also known.35, 38 Second-generation PSs have a

rather intense absorption maximum at 660 ± 670 nm, pos-

sess moderate cytophototoxicity, but are characterized by a

rather low accumulation selectivity in tumour sites and, in

some cases, poor solubility in water.

Among third-generation PSs (absorption maximum at

760 ± 830 nm), mention should be made of extensively

developed bacteriochlorophyll a derivatives and also the

Pd bacteriochlorin complex Tookad (8, WST-11), which is

already used in clinical therapy.35, 39

The experience of using PSs highlights the need for the

development of new PSs for PDT of cancer with intense

near-IR absorption and the necessity of replacing the

currently used purely hydrophilic agents by amphiphilic

PSs bearing bulky hydrophobic moieties. However, the

efficient application of such PSs is possible only when

using effective nanocarriers with desired characteristics.29, 39

The most important characteristics are as follows:

1) good solubility of PS in water and the lack of

tendency to aggregation;

2) the optimal particle size (150 ± 200 nm) for passive

accumulation in the tumour site due to passage through

arteriovenous capillaries;

3) highly selective transport to target cells;

4) higher degree of phagocytosis of nanocarriers by

target cells compared to the degree of their phagocytosis

by cells of the reticuloendothelial system (RES) Ð the

highest cell permeability was observed for particles with

sizes of 30 ± 300 nm;

5) stability during transport in the bloodstream and

rapid biodegradation by lysosomal enzymes after target

cell internalization and release of the unchanged drug;

6) inertness and non-immunogenecity for the body.

Hence, the ideal PS should be amphiphilic, i.e., have a

certain degree of hydrophilicity for easy administration to

the body and a certain degree of hydrophobicity for the

binding to target cells.

4. Main delivery vehicles for photosensitizers

4.1. Lipid-based nanoparticles
4.1.1. Liposomes

Lipid-based nanocarriers are the oldest and most commonly

used PS delivery vehicles.40 Liposomes are biodegradable

nanoparticles, which have attracted attention of researchers

due to their useful properties, such as controlled release, a

versatile procedure for their preparation and high drug

loading capacity.41, 42 Liposomes are easily degraded in

biological fluids, releasing PSs. The modification of the

chemical structure of liposomes allows the encapsulation of

PSs with different hydrophobicity, molecular weights,

charges and acidity (basicity) constants.43 ± 45

Depending on the materials used and preparation pro-

cedures, liposomes can encapsulate both hydrophobic and

amphiphilic sensitizers and carry them to the target tumour

site, the liposomes being easily biodegradable and cleared

from the body.46 Liposomes are closed spherical structures

composed of a bilayer membrane. Their size varies from

50 nm to several micrometres. The liposome lipid bilayer

generally consists of synthetic or natural phospholipids and

cholesterol Ð structural components of cell membranes Ð

and has a thickness of about 5 nm. Liposomes are charac-

terized by structural diversity. Thus, they differ in the size,

composition and the number of internal compartments.

Liposomes can be divided into two large groups Ð

unilamellar and multilamellar. The former liposomes, with

sizes of 20 ± 100 nm, consist of one lipid bilayer, are not very

stable, are easily degraded and rapidly release their content.
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These liposomes are easily internalized by cells via endocy-

tosis and can carry small amounts mainly of hydrophilic

PSs. Multilamellar liposomes (with sizes of 100 ± 5000 nm)

include several lipid bilayers and are characterized by higher

stability; they can carry both lipophilic (within the lipid

bilayer of the liposome membrane) and hydrophilic PSs (in

the internal compartment) in relatively small amounts.47

Tumour capillaries rarely exceed 300 nm in diameter.

Therefore, studies of nanosized delivery vehicles are focused

on particles with sizes <200 nm (Fig. 3).

The efficiency of liposomal systems is related to their

pharmacokinetics, which strongly depends on the size, sur-

face charge, packing density of the lipid bilayer, steric

stabilization, as well as on the dose and route of admin-

istration of the drug to the body. Important advantages of

the application of liposomes as PS delivery carriers are a

low degree of their aggregation and, as a consequence, high

photodynamic efficacy. These nanostructures have the fol-

lowing drawbacks: low permeability of encapsulated PS due

to the presence of cholesterol in liposomes, degradation of

liposomes due to the exchange of lipids with high-density

lipoproteins (HDL), the lack of target selectivity of stand-

ard liposomes and their uptake by normal cells, as well as

opsonization of liposomes by plasma proteins, resulting in

their rapid clearance from the blood circulation.48, 49

The use of sterically stabilized liposomes (STEALTH1)

makes it possible to substantially increase the half-life of

these nanoparticles and to decrease the clearance rate

through the reticuloendothelial system.50, 51 Polyethylene

glycol (PEG) is the most commonly used polymeric stabiliz-

ing agent for liposomes. Polyethylene glycol is widely

utilized in medicine due to good solubility in water, immu-

nogenicity, lack of cytotoxicity and control by complement

system proteins. Flexible PEG molecules create excess

osmotic pressure in the near-membrane region of liposomes,

due to which long-circulating vesicles are not recognized by

RES.52 Sterically stabilized liposomes have circulation half-

lives of up to 45 h, as opposed to a few hours for standard

liposomes. Nawalany et al.53 reported the use of sterically

stabilized PEGylated liposomes for delivery of two photo-

sensitizers Ð 5,10,15,20-tetrakis(4-hydroxyphenyl)porphy-

rin (pTHPP) and its monosubstituted PEG conjugate with

PEG molecular weight of 2000 Da (pTHPP-PEG2000) Ð to

the human prostate adenocarcinoma cell line (DU-145) and

the human colonic adenocarcinoma cell line (HCT-116). It

was shown that the utilization of liposomes, as well as of

substituted PEGylated porphyrin, leads to a considerable

decrease in the dark cytotoxicity of PSs. Liposomes con-

taining PSs proved to be more phototoxic compared with

non-liposomal pTHPP-PEG2000. More recently, in 2012,

this research group 54 prepared a series of PEGylated

porphyrins with different PEG chain lengths (with molec-

ular weights from 350 to 5000 Da) and evaluated PD

activity of the liposomal formulation of these PSs. The

attachment of PEG was found to decrease dark cytotoxicity

of porphyrins in the DU-145 and HCT-116 cell lines. The

phototoxicity of PEGylated porphyrins depends on the

PEG chain length. The porphyrin ± PEG conjugate with

PEG molecular weight of 2000 Da exhibits the highest PD

efficacy. The PS encapsulation in liposomes does not lead to

a noticeable enhancement of the PD effect. Meanwhile, the

liposomal formulation pTHPP-PEG2000 shows a tendency

to induce apoptosis in both cell lines as opposed to PSs in

solution.

New liposomes loaded with polyethyleneimine and sialic

acid were prepared.55 These liposomal formulations show a

significant increase in the blood circulation half-life and

they are not recognized by the reticuloendothelial system. In

particular, polycationic liposomes for antiangiogenic PDT

were studied. This procedure involves the vascular shut-

down, reduced transport of nutrients and necrosis of

tumour cells.56

In 2000, the medication Visudyne1 was approved by the

Food and Drug Administration (FDA) for sale in the

United States as a drug for the treatment of age-related

macular degeneration, which significantly impairs vision; in

2001, it was approved for the treatment of pathologic

myopia. Visudyne is a lyophilized liposomal formulation

Hydrophobic PSs

Hydrophilic PSs

Surface conjugated PSs

Hydrophilic

regions

Targeting ligands

Hydrophobic

region

Protecting groups against

immune response

DNA/RNA

Figure 3. Schematic representation of photosensitizers (PS) entrapped in the hydrophobic or hydrophilic regions of a liposome.40
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of the second-generation PS Verteporfin. The drug consists

of zwitterionic dimyristoyl phosphatidylcholine (DMPC),

negatively charged egg phosphatidylglycerol and hydropho-

bic Verteporfin derived from protoporphyrin IX.57 Visu-

dyne reduces the risk of loss of vision caused by age-related

macular degeneration in patients with predominantly classic

or repeated subfoveal choroidal neovascularization secon-

dary to pathological myopia.58 This disease is characterized

by an increase in the level of vascular endothelial growth

factor (VEGF) in internal eye structures, which leads,

during the natural development, to the formation of a

fibrovascular scar and irreversible central blindness. The

pharmacokinetics of this drug was improved by the surface

modification of liposomes with different substances, such as

polyethylene glycol, antibodies, peptides, folic acid and so

on.59 ± 61

Lassalle's research group 62 developed the liposomal

formulation Foslip consisting of a mixture of dipalmitoyl-

phosphatidylcholine (DPPC), dipalmitoyl phosphati-

dylglycerol (DPPG) and 5,10,15,20-tetrakis(3-

hydroxyphenyl)chlorin (Foscan1, mTHPC) as the PS. This

drug was assayed in vivo in the mouse tumour cells EMT6,

which showed that, after the intravenous administration of

this drug at a dose of 0.3 mg kg71, the volume of distribu-

tion was four times larger compared with the administration

only of PS (709 versus 172 ml kg71).63 The maximum

accumulation of mTHPC in the tumour was achieved in

72 h; in the case of Foscan1, 24 ± 48 h after the adminis-

tration. After 6 h, PS was present both in the vascular

system and cancer cells. Foslip liposomes show a slower

release of mTHPC compared to Visudyne liposomes con-

sisting of more liquid lipids.

Fospeg1 is another liposomal formulation of mTHPC,

which was developed to increase its stability, half-life and

circulation time. Besides, these liposomes contain a PEG.64

This formulation is characterized by lower dark cytotoxicity

and higher therapeutic efficacy. The same research team 65

performed a comparative study of two liposomal formula-

tions of mTHPC Ð Fospeg and Foslip. The dependence of

PDT efficacy on the following parameters was evaluated:

pharmacokinetics, PS release, stability of liposomes,

tumour tropicity and intracellular distribution in the

tumour. Fospeg proved to be a more effective formulation

of mTHPC compared to Foslip, because it has greater

cellular permeability, higher accumulation in the tumour

and higher stability in blood circulation. The most essential

advantage of Fospeg is a considerable decrease in the time

interval between PS administration and laser activation.

Gaio et al.66 compared the phototoxicity of Foscan and its

liposomal formulations Ð Foslip and Fospeg Ð in HeLa

tumour cell spheroids. The application of the liposomal

formulations was shown to increase accumulation of PS,

significantly abolish dark cytotoxicity and promote sphe-

roid disassembling to a higher extent when compared to

Foscan.

The liposomal formulation of Photofrin shows much

higher activity in the human glioma model implanted into

the rat brain compared to the starting Photofrin. Significant

in vivo cellular uptake of the liposomal formulation was

observed in tumour tissues of the 9L gliosarcoma model in

rats and the U87 glioma model in nude mice.67, 68 The

encapsulation of Foscan in multilamellar liposomes also

increases its therapeutic efficacy in mice implanted with a

human gastric cancer xenograft.69

Biodegradable nanoemulsions of Foscan were described

by Primo et al. 70 A nanoemulsion of mTHPC in a mixture

of soybean phosphatidylcholine (PC), soybean lecithin

(Epikuron 170), a polysorbate (Tween 80) and non-ionic

surfactants was prepared by a standard procedure from an

aqueous medium and an organic phase composed of non-

ionic surfactants. It was shown that the photophysical

properties of PS remained unchanged after its incorporation

into the nanoemulsion. The in vitro assay was performed

using mimetic biological environment protocols based on an

animal model. The nanoemulsion of Foscan was detected in

different skin layers 6 h after topical administration, and

the Foscan diffusion flux was shown to be higher compared

to its diffusion in physiological medium.

5-Aminolevulinic acid (ALA) is widely used in PDT

because it is metabolized into protoporphyrin IX in the

body. However, ALA has poor tissue permeability. The

ALA loading in liposomes composed of phosphatidyletha-

nolamine, cholesterol and sodium stearate in a ratio of

2 : 1 : 2.5 leads to an increase in ALA accumulation in the

tumour by 29%.71

Shim et al.72 reported the preparation of cationic nano-

lipoplexes based on chlorin e6 (Chl-e6) and 1,2-dioleoyl-sn-

glycero-3-ethylphosphocholine. The uptake of Chl-e6-

loaded lipoplexes by SCC7 tumour cells was 18.3 higher

than that to free chlorin. The molecular imaging revealed

the preferential distribution and retention of Chl-e6 in SCC7

tumour tissues after intravenous administration of Chl-e6 in

cationic nanolipoplexes. Moreover, the local illumination of

mice that received Chl-e6 in cationic nanolipoplexes resulted

in complete degradation of the tumour compared with the

group of animals treated with free chlorin, which showed

continuous tumour growth.

Recently, a Chinese research group 73 performed a study

aimed at reducing side effects associated with the accumu-

lation of Chl-e6 in normal tissues, especially in skin. Apart

from chlorin, phospholipid-based liposomes were loaded

with the dye indocyanine green (ICG), which was approved

for clinical applications in 1959. After exposure of these

liposomes to laser radiation at 660 nm, Chl-e6 does not

generate singlet oxygen, because the energy of excited PS is

absorbed by ICG. However, after laser irradiation first at

808 nm and then at 660 nm, the fluorescence of Chl-e6 was

recovered. This is because irradiation at 808 nm causes ICG

degradation and the energy of excited chlorin can again be

transferred to oxygen. The authors described this effect as

turning `ON' and `OFF' the photosensitizer. Both processes

can be monitored by measuring the fluorescence intensity of

Chl-e6: the maximum intensity is observed when Chl-e6 is

turned `ON', and it decreases almost to zero when Chl-e6 is

turned `OFF'. The efficiency of this method was demon-

strated in in vitro experiments. It should be noted that, apart

from PDT, additional cancer cell destruction was induced

by the photothermal effect associated with the ICG degra-

dation upon irradiation at 808 nm (Fig. 4).

Przybylo et al.74 studied the influence of protoporphyr-

in IX-loaded liposomes of different compositions on the

efficacy of delivery of PSs and their distribution in the cell.

In order to evaluate the efficacy of delivery, liposomes were

labelled with the fluorescent dye 6-{[N-(7-nitrobenz-2-oxa-

1,3-diazol-4-yl)amino]hexanoyl}sphingosine (NBD-C6),

and the PS delivery was assessed based on the intrinsic

fluorescence of the dye. The imaging selectivity was

achieved by using different excitation wavelengths: 405 nm
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for PS and 488 nm for NBD-C6. Both charged and neutral

liposomes of different compositions were prepared. Neutral

and anionic liposomes were most efficiently internalized by

HeLa cancer cells. It was shown that all intracellular

structures, except the nucleus, were intensely coloured by

the fluorescent dye, which attests to the efficient uptake of

these liposomes by the cell.

Maillard and co-workers 75 ± 78 synthesized glycodendri-

meric porphyrins 11a ± c as promising drugs for the treat-

ment of retinoblastoma.

It is known that mannose receptors are overexpressed on

the surface of retinoblastoma cells. In view of this fact, this

research group built original biomimetic membranes and

supported planar bilayers, which have a composition sim-

ilar to that of the retina and bear the mannose-specific

protein Concanavalin A, and studied the interaction of

these membranes with synthetic glycodendrimeric porphyr-

ins (Fig. 5). Only mannosylated porphyrins were found to

interact with a model membrane. This procedure can be

used to find potentially active compounds.

In recent years, self-assembled liposome-like structures,

namely, nanocells and porphysomes, have attracted great

interest.79 Nanocells are constructs, in which PSs are

trapped inside polymeric nanoparticles and the latter are

then encapsulated in PEGylated liposomes. Porphysomes

are covalent porphyrin ± phospholipid conjugates self-

assembled to liposome-like nanoparticles. These nanosys-

tems are biodegradable nontoxic vesicles about 100 nm in

diameter. In addition to a bilayer structure, porphysomes

have unique photophysical characteristics, such as the

variability in extinction coefficient, structure-dependent

fluorescence quenching and unique photothermal and pho-

toacoustic properties. Porphysomes exhibit good stability

and can be stored for months in aqueous media, but they

undergo enzymatic degradation. The vesicular structure of

porphysomes is disrupted upon incubation with lipase or

detergents (surfactants). Porphysomes are characterized by

an extremely high packing density of porphyrins (> 80 000

per particle), which leads to their self-quenching. At certain

time points, porphysomes can mediate photoacoustic and

photothermal effects. In in vivo conditions, molecules dis-

sociate and the released monomeric PSs are actively

involved in PDT.

Lovell's research group 80 ± 83 studied porphysomes

based on 2-(1-hexyloxyethyl)-2-devinyl pyropheophorbide

7 conjugated to lysophosphatidylcholine and loaded with

Doxorubicin. Porphysomes were used to release Doxorubi-

cin from leaky liposomes and subsequent vascular-targeted

PDT involving PS.84 In vitro and in vivo studies of porphy-

somes with 5 molar% HPPH and Doxorubicin showed that

these liposomes are stable in the blood serum. It was also

found that a higher load of HPPH leads to destabilization

of liposomes. Near-infrared laser irradiation induced vas-

660 nm

808 nm

660 nm
3O2

3O2

1O2 1O2

ICG

Active Chl-e6

Quenched Chl-e6

ICG degradation+PTT

Figure 4. Mechanism of action of the chlorin e6 ± indocyanine
green system (ICG).73 PTT is photothermal therapy.
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Mannose residues

Liposomes bearing
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Figure 5. Structure of photosensitizers (PS) and their aggre-
gates.77
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cular photodynamic damage and the Doxorubicin accumu-

lation in the tumour. The utilization of such leaky HPPH

liposomes leads to a substantial improvement of Doxorubi-

cin bioavailability. These assays were performed in nude

mice bearing KB or MIA Paca-2 xenografts.

More recently, porphysomes were suggested as photonic

porphyrin shell microbubbles (Fig. 6). The investigation of

their acoustic and photoacoustic properties led to the

conclusion that these porphysomes are suitable for both

ultrasound and photoacoustic imaging of biological speci-

mens with a resonance frequency of 9 ± 10 Hz.85, 86 This

research group 87 also developed folic acid-modified por-

physomes. The efficiency of these two types of porphysomes

was compared in in vitro experiments. It was shown that

folate-targeted porphysomes exhibit much higher cellular

uptake.

The conjugation of metal complexes of synthetic chlor-

ins to lipids resulted in the formation of nanovesicles, which

can be used as biophotonic contrast agents for photo-

acoustic and fluorescence imaging and photothermal ther-

apy (Fig. 7).88 The authors of this study modified

pyropheophorbide a by introducing the methoxymethyl

group at the 3 position, incorporating a zinc ion into the

macrocycle and attaching lipid to a propionic acid moiety.

The electronic absorption spectrum of this conjugate shows

a strong bathochromic shift of the Q band (72 nm), along

with an increase in absorbance and circular dichroism.

An alternative strategy for increasing the efficacy of

liposomal anticancer agents is based on the attachment of

vector molecules to the liposome surface. Monoclonal anti-

bodies, peptides, glycoproteins, oligonucleotide aptamers,

polysaccharides, as well as ligands specific for different

types of cancer (e.g., folic acid, growth factor, transferrin,

cholesterol), are used for this purpose.89 ± 91

The application of liposomes combined with different

endogenous (pH, enzymes) and exogenous (irradiation,

temperature, ultrasound) stimuli has attracted considerable

interest. These are so-called triggerable liposomes, which

are based on the response to an external trigger, resulting in

the degradation of the liposomal membrane and PS release

in the tumour tissue.92 ± 94 The utilization of such liposomes

leads to an increase in the PS accumulation in the tumour

and diminishes non-specific light sensitivity of normal

tissues. Thermosensitive liposomes contain specific lipids,

which are composed of phospholipids with a phase transi-

tion temperature higher than the body temperature (e.g.,

DPPC) or bear thermosensitive polymers on the surface.

These liposomes undergo a gel-to-liquid crystalline phase

transition at >42 8C. At this temperature, the phospholipid

bilayer has higher permeability. In the body, these lip-

osomes are stable, but the local heating at >42 8C leads to

drug release.95

Tan et al.96 developed thermosensitive liposomes con-

taining Chl-e6 and folic acid. The authors combined the

photodynamic effect of PS and the photothermal (PT) effect

of copper sulfide (CuS). The mechanism of action of these

liposomes is as follows. First, cancer cells are irradiated

with 808 nm laser, thereby inducing the PT effect of
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Figure 7. Structure of metallochlorin ± llipid conjugate.88
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copper(II) sulfide encapsulated in liposomes and causing

both cell death and degradation of thermosensitive lipo-

somes. Then PS is released upon 660 nm laser irradiation to

kill cancer cells. A combination of these two methods in in

vivo experiments showed significant inhibition of tumour

growth without noticeable adverse effects.

Another strategy is based on the surface modification of

liposomes by pH-responsive molecules, e.g., phosphatidyl-

ethanolamine (PE). The latter stabilizes the membrane at

neutral pH and causes degradation of liposomes in the

tumour cell-conditioned medium with pH 6.5 ± 6.8. Thus,

pH-responsive liposomes were prepared based on Fe com-

plexes of cationic porphyrins FeM4Py4P (12) and

FeM2Py2P (13), 1,2-dimyristoyl-sn-glycero-3-phosphatidyl-

choline, dimethyldidecylammonium bromide (DDAB),

sodium oleate and the non-ionic surfactant polysorbate

80.97

Structures 12, 13

Earlier, water-soluble Fe complexes of cationic porphyr-

ins were studied as superoxide dismutase (SOD) biomimet-

ics.98 The low SOD activity in cancer cells leads to an

increase in the amount of intracellular free-radical oxygen.

Reactive oxygen species, such as the Oÿ2
.
radical anion or

hydrogen peroxide (H2O2), are essential cell death regula-

tors. The effect of some anticancer drugs is based on

activation of ROS in cells. Iron porphyrins complexes are

considered as SOD mimics, controlling the levels of Oÿ2
.
and

H2O2 in cancer cells. Thus, the Oÿ2
.
radical anion undergoes

enzymatic transformation into H2O2 induced by porphyrin.

The efficiency of this process is associated with the presence

of PS in the bloodstream. In order to increase the circu-

lation time, Yuasa et al. 99 attached water-soluble positively

charged 5,10,15,20-tetrakis[N-methyl-2(4)-pyridinio]por-

phyrin to the outer surface of liposomes via electrostatic

interactions and adsorption of sodium oleate. These lip-

osomes release an iron porphyrin complex at low pH values.

The antigen-mediated liposome transport is also a

promising approach to targeted PDT.100, 101 The conjuga-

tion of liposomes to appropriate vectors allows the modu-

lation of liposome distribution in tissues and organs. The

immunoliposome delivery is targeted by monoclonal anti-

bodies (mAbs) against tumour-specific antigens. At the

present time, 76 antibodies targeted to anticancer antigens

have been approved by FDA.102 Immunoliposomes bearing

pheophorbide a,103 benzoporphyrin derivatives,104 indocya-

nine green,105 AlCl phthalocyanine 106 and tetraphenylpor-

phyrin (TPP) 107 were developed.

Photoactivatable liposomes loaded with benzoporphyrin

and bearing the mAb Bevacizumab (Avastin1) were pre-

pared.108 This mAb selectively binds to vascular endothelial

growth factor (VEGF), which is a key proangiogenic factor,

and inhibits VEGF activity. This antibody is used because

of high incidence of tumour recurrence even after systemic

chemotherapy. Such liposomes enhance inter- and intra-

cellular drug delivery and increase in vitro acute cytotox-

icity. In vivo studies of pancreatic ductal adenocarcinoma in

mice showed that the use of these liposomes leads to a

significant decrease in the tumour size. This effect is related

to the optimal PS content in liposomes and is possible due

to the efficient inhibition of VEGF by Bevacizumab.

Folate-conjugated liposomes bearing a Zn TPP complex

were used for targeting to HeLa cancer cells overexpressing

folate receptors.109 At a Zn TPP concentration of

1 mmol litre71 and irradiation with 10 J cm72, non-tar-

geted liposomes cause 65% cell death in the HeLa cell line,

while folate-targeted liposomes induce 94% cell death. Lip-

osomes containing Verteporfin and bearing antibodies

against epidermal growth factor receptor (EGFR) were

proposed for the treatment of ovarian carcinoma.104, 110

Cancer cells treated with these liposomes were shown to

have lower viability compared to those treated with stand-

ard liposomes. Most principles applicable to immunolipo-

somes can also be used for the preparation of liposomes

modified with other ligands.

The wide application of immunoliposomes is limited by

high cost of antibodies;111 however, the targeting effect of

these nanostructures is high. Table 1 summarizes known

data on the use of liposomal formulations in clinic and on

the agents that are in different stages of biological trials.

In the past decade, an alternative colloidal delivery

system for hydrophobic drugs, namely, solid lipid nano-

particles (SLNP) composed of high-melting triglycerides or

other lipid substances, has been extensively studied.112

These constructs combine advantages of different colloidal

nanoparticles, for example, physical stability, protection of

labile drug substances (DS) from degradation, controlled

drug release, excellent drug tolerance, site-specific targeting.

The drawbacks are the limited DS loading capacity and

drug leakage during long-term storage. These nanoparticles

are aqueous colloidal dispersions, the matrix of which

comprises solid biodegradable lipids.113 Navarro et al.114

showed that mTHPC was efficiently incorporated into the

lipid core of SLNP. The nanoparticles thus prepared were

stable within six months and had a rather narrow particle

size distribution. Phototoxicity was evaluated in MCF-7

cells upon irradiation at 652 nm with a range of light fluence

from 1 to 10 J cm72. It was shown that lipid nanoparticles

used at high concentrations have a cytotoxic effect. Hence,

the authors designed a formulation containing a high PS

concentration (230 mTHPC molecules per nanoparticle).

Photodynamic efficacy of mTHPC-loaded nanoparticles

proved to be statistically significant compared with naked

SLNPs (Fig. 8).

4.1.2. Micelles

Micelles are formed by self-assembly of surfactant mole-

cules, where hydrophilic regions are in contact with solvent

molecules, while the hydrophobic tails form the central

core. The particle size varies from 5 to 100 nm. Micelles

can be divided into polymeric and lipid micelles depending

on the structure of the amphiphilic core (Fig. 9). Polymeric

micelles are composed of block copolymers, whereas lipid

micelles consist of conjugates of water-soluble polymers

with lipids. The self-assembly of amphiphilic block copoly-

mers in water is based on nonpolar and hydrophobic
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interactions between lipophilic polymer chains, which form

the core of micelles.

Lipid micelles consist of PSs and phospholipids cova-

lently or noncovalently bonded to each other. In some

cases, these micelles can contain polymers, such as PEG

(Fig. 10).115 A delivery system of this type was proposed for

Chl-e6.116 Nanospheres fabricated by lipopolymers in differ-

ent ratios and comprising phosphatidylcholine, pH-respon-

sive phosphatidylethanolamine-poly(l-histidine) and

thermosensitive phosphatidylethanolamine-poly(N-isopro-

pylacrylamide) are characterized by long blood circulation

time, stable particle size of about 100 nm, positive surface

charge, low cytotoxicity and Chl-e6 loading capacity of up

to *45%. These nanospheres show considerable photo-

dynamic therapeutic efficacy in KB cancer cells compared

to free chlorin.

A method was developed for the preparation of micelles

based on derivatives in which the lipophilic cholesterol

moiety (either hexadecyl- or cholest-5-en-3b-yloxyethyl) is

bound to the 131, 152 and 173 positions of the chlorin

macrocycle.117 These conjugates were mixed with egg-yolk

PC to form micelles stable under physiological conditions.

These micelles were found to bind to human MCF-7 breast

carcinoma cells.

Tachikawa et al.118 attached higher alkyl chains

(C13 ± C17) to protoporphyrin IX (Proto IX). In water,

these compounds formed micelles exhibiting low cytotox-

icity toward HeLa cells (the half-maximal inhibitory con-

centration (IC50) was in the range of 151.7 ±

379.9 mmol litre71). Besides, this research team prepared

liposomes by the post-insertion of Proto IX micelles into

liposomes composed of distearoylphosphatidylcholine, cho-

lesterol and modified PEG Ð distearoylphosphatidyletha-

nolamine ± PEG2000. The photodynamic effect of both

micelles and liposomes proved to be ten times weaker than

Table 1. Lipid nanoparticles for photodynamic therapy.

Photosensitizer Type of nanomaterial Investigation Applications Ref.
stage

Verteporfin (Visudyne) Liposomal formulation Clinic Widely used in ophthalmology as a PS combined with 57 ± 59

(semisynthetic a transpupillary red laser for the treatment of age-related

chlorin, protopor- macular degeneration

phyrin IX derivative)

The same In vivo Combination of Verteporfin and immunosuppressive agents 60

shows the potential of PDT for the treatment of inflammatory

subfoveal choroidal neovascularization (CNV)

" In vivo Destruction of tumour-associated lymphatic vessels 61

Foslip (mTHCP) DPPC/DPPG Liposomal In vivo Used as a PS in a mouse model of local breast cancer 62, 63

formulation recurrence; has photothrombic activity

Liposomal Photofrin Unilamellar DPPC In vivo Increased uptake of Photofrin by tumours after PDT; 67, 68

vesicles prevents Photofrin aggregation

Multilamellar liposomes In vivo High apoptosis index of tumour tissue after PDT 69

Foscan nanoemulsions Emulsion of mTHPC in In vitro Application of a Foscan nanoemulsion for skin and mucosa 70

soybean PC, in PDT of skin cancer

an Epikuron 170 ±Tween 80

mixture and non-ionic surfactants

Lipoplexes bearing Cationic lipoplexes In vivo Selective tumour targeting and improvement of the therapeutic 72

negatively charged effect on the tumour after PDT compared to standard Chl-e6
chlorin e6

Porphysome Self-assembled lipid-con- In vitro Multimodal potential; enables visualization of lymphatic 80 ± 84

nanovesicles jugated tetrapyrrole PS systems by photoacoustic imaging; are accumulated in

tumours of mice bearing xenografts; laser irradiation causes

photothermal tumour destruction

Tetraphenylporphirin Phosphatidylethanolamine In vivo An improved anticancer effect after PDT for murine 107

(TPP) (PEA) micelles were Lewis lung carcinoma was demonstrated

modified by tumour-

specific mAb 2C5

Oily phase

Phospholipids

Polyethylene
glycol

mTHPC

Figure 8. Schematic of meso-tetra(hydroxyphenyl)chlorin
(mTHPC)-loaded lipid nanoparticles.114
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that of protoporphyrin IX. It was also found that liposomes

containing the heptadecyl substituent (PL-C17) selectively

accumulated in the Golgi apparatus, which can be further

used in combined PDT with viral adjuvants based on these

liposomes.119

Polymeric micelles self-assembled in water from amphi-

philic polymers at the critical micelle concentration.120

These micelles have a hydrophobic core formed by hydro-

phobic polymer fragments and an outer shell formed by

hydrophilic segments (normally PEG). The shell allows

micelles to circulate in the bloodstream for long periods.121

An example of such micelles is Pluronic PEG-PPO-PEG

composed of one hydrophobic polypropylene oxide (PPO)

segment flanked by two PEG segments. It exists in two

forms Ð P123 and F127. Only the P123 ± F127 binary

system in a ratio of 2 : 1 was found to entrap the photo-

sensitizer Verteporfin in the monomeric form. This formu-

lation has much higher phototoxicity in in vitro assays

compared to the starting PS.122

Photodynamic activity of Pluronic P123/F127 mixed

polymeric micelles loaded with Photofrin II1 was evaluated

in human MCF-7/WT breast cancer cells (caspase-3 defi-

cient) and SKOV-3 ovarian cancer cells (resistant to chemo-

therapy).123 The most interesting results were obtained in

SKOV-3 cells resistant to cisplatin, adriamycin, diphtheria

toxin, etc. Roby et al.124 reported the preparation of

polymeric micelles composed of the PEG± phosphatidyl-

ethanolamine conjugate and showed that these micelles

efficiently solubilize TPP. This PS proved to be efficient in

vitro against the mouse cancer cell line (LLC) and human

breast cancer cell lines (MCF-7, BT20). The surface mod-

ification of TPP-loaded micelles with the tumour-specific

monoclonal antibody 2C5 substantially enhances cancer cell

death compared to standard micelles. In 2007, this research

group 107 studied immunomicelles in vivo in mouse carci-

noma LLC cells. Immunomicelles showed the maximum

tumour growth inhibition.

Nakamura et al.125 synthesized N-(2-hydroxypropyl)me-

thacrylamide polymer conjugated with the zinc protopor-

phyrin IX complex and evaluated its application for the

tumour detection by in vivo imaging and treatment using the

mouse S-180 sarcoma model. Conjugate 14 spontaneously

formed micelles in aqueous medium. The hydrophobic core

of these micelles consisted of protoporphyrin, and the shell

was composed of the hydrophilic polymer. The hydrody-

namic diameter of these micelles was 82.8� 4.8 nm. This

conjugate had a plasma half-life markedly longer (more

than 40 times) than that of free protoporphyrin and selec-

tively accumulated in tumour tissues (10 times more in the

tumour than in the lung, kidneys and heart).

Koo et al.126 described protoporphyrin IX-encapsulated

pH-responsive polyethylene glycol ± poly(b-amino ester)

polymeric micelles. The uptake of these micelles by the

RES was found to be low. A tenfold increase in the

accumulation of micellar nanostructures was observed in

SCC7 tumour-bearing mice after 48 h. The histological

examination showed that most tumour cells in mice treated

a b c
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Figure 9. Schematics of polymeric particles: micelles (a), nanospheres (b) and nanocapsules (c).38
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with protoporphyrin IX-encapsulated micelles were severely

damaged or destroyed 10 days after the treatment, whereas

there was incomplete cancer cell death in mice treated with

free PS.

Approaches to the combined treatment of tumours using

chemotherapy and PDT were proposed in the studies.127, 128

For this purpose, Wang et al.128 prepared the pH-responsive

diblock copolymer PEG-block-poly(2-diisopropylami-

no)ethyl methacrylate-co-(2-hydroxylethyl)methacrylate,

which self-assembled into micelles at neutral pH (>6.3),

incorporating Chl-e6, gadolinium(III) ions and a Pluronic

prodrug of Doxorubicin. In this system, Chl-e6 and Gd3+

were inactivated at neutral pH (i.e., in the bloodstream), but

became highly active in acidic tumour microenvironment

and generated fluorescence and a NMR signal for visual-

ization by MRI. This system enhanced cytotoxicity of

Doxorubicin, and Chl-e6 actively generated singlet oxygen.

4.2. Lipoprotein-based nanostructures
Lipoproteins (LPs) represent another class of nanoparticles

used in PDT.129 These nanoparticles consist of a hydro-

phobic core, which is composed of cholesterol esters and

triglycerides, and a shell formed by specific apoproteins,

phospholipids and cholesterol. The hydrophobic nature of

the core facilitates the incorporation of hydrophobic PSs.

Taking into account that many malignant tumours over-

express LP receptors on the surface of cancer cells,130 the

incorporation of PSs into low-density lipoproteins was

studied for such PSs as phthalocyanines,131 benzoporphyrin

derivaties 132 and tetraphenylporphyrin derivatives.133 The

loading of mono-, di- and tetrasulfonated tetraphenylpor-

phyrins into LDLs and their delivery to the tumour were

studied by Kessel et al.134 The number of polar groups was

found to strongly influence the interaction with LDLs,

disulfo derivatives being most active. Low-density lipopro-

tein-based nanoparticles loaded with benzoporphyrin as PS

were used in assays in rabbits transplanted with choroidal

melanoma. Fast thrombosis followed by tumour necrosis

were observed during PDT.

The third-generation photosensitizer Ð bacteriochlor-

in e6 bisoleate (Bchl-BOA, 15) Ð encapsulated into high-

density lipoproteins (HDL) showed high photoactivity in

nude mice bearing human HepG2 liver carcinoma.135, 136

Photodynamic therapy with bacteriochlorin e6 ± LDL nano-

particles prevents tumour volume doubling in theses mice

for 60 days after PDT. The control animals experience

tumour volume doubling within 12 days.

Cui et al.137 synthesized porphyrin ± lipoprotein nano-

structures for positron emission tomography (PET) and

near-IR imaging. These nanostructures have a hydrophobic

lipid ± porphyrin core surrounded by ApoA-1 mimetic pep-

tide R4F (Ac-FAEKFKEAVKDYFAKFWD). The clini-

cally relevant glioblastoma model enabled delineation of the

tumour from surrounding healthy brain cells with excep-

tionally high precision (up to 1 nm). Hence, this approach

holds great promise for intraoperative fluorescence-guided

surgery and tumour-selective PDT.

4.3. Polymeric nanoparticles
Polymeric nanoparticles (PNPs) are attractive PS delivery

vehicles due to high stability, relatively small diameter and

narrow size distribution. A small size reduces macrophage

recognition of PNPs and increases their blood circulation

time. Both synthetic polymers, such as polylactide (PLA),

polyglycolide (PGA), poly(lactide-co-glycolide) (PLGA),

polyacrylamide, N-(2-hydroxypropyl)methacrylamide, etc.,

and natural polymers, e.g., chitosan, albumin and colla-

gen,138 ± 143 hold considerable promise. The surface of PNPs

can be modified by specific ligands for active targeting.144

The controlled release of encapsulated PSs from a polymeric

carrier is driven by the polymer degradation under physio-

logical conditions, diffusion of the drug substance through

the polymeric matrix and structural changes of the polymer

in response to characteristics of the cellular microenviron-

ment, e.g., pH, temperature, the presence of specific

enzymes.39, 145 ± 147 There are several physicochemical mech-

anisms of PS release from polymeric nanoparticles:39

1) enzymatic polymer degradation at the delivery site,

resulting in PS release;

2) swelling of polymeric nanoparticles due to hydration,

the influence of pH and temperature and subsequent PS

release through diffusion;

3) release of the drug substance from the polymer.

Hydrophobic PSs can be incorporated into the core of

PNPs through hydrophobic or electrostatic interactions.

The size of these nanoparticles is controlled by varying the

composition of the polymers. Biodegradable polymers, such

as polyacrylamide (PAA), PLA, PGA, polycaprolactone

(PCL) and also their copolymers, are most commonly

utilized for the preparation of nanoparticles. Polylactide,

polyglycolide and their copolymer Ð poly(lactide-co-glyco-

lide) (PLGA) Ð are widely used due to physical stability,

biocompatibility, high drug loading capacity and control-

lable drug release. Poly(lactide-co-glycolide) was approved

by the FDA for the use as a drug delivery vehicle.148

Nanoparticles of PLGA are synthesized by copolymer-

ization of cyclic dimers of lactic and glycolic acids giving

nanospheres. The copolymers can have different masses and

structures, which makes it possible to vary the degree of

interaction between macromolecules and the biodegrada-

tion rate of particles. Besides, polyethylene glycol-coated

PLGA nanoparticles showed high resistance to hydrolysis in

culture medium (in the protein environment) and prolonged

blood circulation time.149 In the body, PLGA nanoparticles

undergo hydrolysis to form lactic and glycolic acids, which

are eliminated from the body via the Krebs cycle.

Ogawara et al.150 incorporated hydrophobic Proto IX

into polymeric nanoparticles composed of the PEG ± PLA
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block copolymer. The average size of loaded nanoparticles

was about 80 nm. The zeta potential was determined to be

slightly negative. The in vitro phototoxicity assay showed

that these nanoparticles are highly phototoxic to three types

of tumour cells [Colon-26 carcinoma (C26), B16BL6 mela-

noma and Lewis lung cancer cells] depending on the

concentration of Proto IX nanoparticles. In vivo pharmaco-

kinetics of these nanoparticles after the intravenous admin-

istration was evaluated in C26 tumour-bearing mice.

Nanoparticles exhibited low affinity to the liver and spleen

and were therefore retained in the blood circulation for a

long time. Furthermore, significant antitumour effect was

observed in C26 tumour-bearing mice after local irradia-

tion.

The copolymerization of polymers with polyethylene

glycol is used to increase the solubility of hydrophobic

polymers and improve loading capacity for hydrophilic

drugs. Polyethylene glycol not only improves hydrophilicity

and drug loading but also increases the in vivo circulation

time and protects nanoparticles from being engulfed by

macrophages.151 Cohen et al.152 synthesized the PEG ±

PLA block copolymer by ring-opening polymerization.

These nanoparticles were utilized for the delivery of

5,10,15,20-tetrakis(3-hydroxyphenyl)porphyrin to head

and neck cancer cells (HSC-3 and HN-5). A higher

mTHPP loading led to enhancement of cellular fluorescence

and dark cytotoxicity. In general, 2% mTHPP micelles are

optimal for PDT. Pramual et al.153 used new hybrid nano-

particles for the delivery of 5,10,15,20-tetrakis(4-hydroxy-

phenyl)porphyrin (pTHPP). The nanoparticle core

consisted of PLGA and poly(hydroxybutyrate-co-hydroxy-

valerate) (PHBV), and the shell was composed of car-

boxy(polyethylene glycol) 2000 mixed with lecithin. The

concentration of PS loaded in nanoparticles was 5%, 10%

and 15%. The resulting nanoparticles had an average size of

88.5� 3.4 nm. They ensured efficient singlet oxygen gener-

ation and active cellular uptake in human FTC-133 carci-

noma cells.

Vargas et al.154 prepared mTHPP-loaded PLGA nano-

particles of three different sizes (117, 285 and 593 nm) via

an emulsification ± diffusion technique. Nanoparticles with

a size of 117 nm exhibited the maximum phototoxic effect

and high quantum yield for in vitro singlet oxygen gener-

ation due to increased intracellular uptake. This nanopar-

ticle size proved to be more suitable for PDT.

The emulsification ± diffusion approach was used to

prepare different nanoparticles based on three polymers,

PLA, PLGA and Eudragit, for pTHPP delivery to EGI-1

and TFK-1 cholangiocellular carcinoma cells.155 The par-

ticle size was varied depending on the nature of the polymer

from 200 to 300 nm. The efficiency of PS encapsulation in

PLA and Eudragit was 80%; in PLGA, 70%. Eudragit and

PLGA nanoparticles exhibited high in vitro cytotoxicity.

The highest accumulation in cancer cells (more than 200-

fold compared to free THPP) was observed for Eudragit

nanoparticles, while PLGA nanoparticles exhibited the

highest activation of caspase-3, which is known to initiate

apoptosis.

Park and Na 156 synthesized two Chl-e6 ± Pluronic F127

conjugates (compounds 16 and 17) by the carbodiimide

method. Conjugate 16, unlike dimer 17, has good solubility

in water. The cellular internalization and phototoxicity of

compound 16 were compared with the corresponding char-

acteristics of free Chl-e6 in CT-26 mouse cancer cells.

Conjugate 16 exhibited increased cellular uptake and inter-

nalization compared to free PS. Phototoxicity of this com-

pound was evaluated both using irradiation and in the

absence of illumination. In the latter case, conjugate 16,

like Chl-e6, did not cause cell destruction, whereas the

phototoxicity of this conjugate after irradiation was three

times higher compared to that of Chl-e6. The tumour

volume was reduced by 75% in the case of compound 16;

for free PS, the decrease in the tumour volume was only

43%. After the intravenous administration, conjugate 16

strongly suppressed CT-26 xenograft tumour growth.

Chang et al.157 synthesized polymer dots (Pdots) by the

Suzuki coupling reaction using TPP, fluorene and benzo-

thiazole as monomers. It is know that hydrophobic poly-

mers form small stable densely packed nanoparticles. The

first step involved the synthesis of the dibrominated deriv-
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ative of TPP followed by the palladium-catalyzed cross-

coupling of this derivative with 4,7-dibromobenzo[c]-1,2,3-

thiadiazole and 9,9-dioctylfluorene-2,7-diboronic acid ester.

Then a series of poly[(9,9-dioctylfluorene-2,7-diyl)-alt-co-

(1,4-benzo-2,1,3-thiadiazole)] (PEBT) conjugates, com-

pounds 18 ± 20 with a molar fraction of TPP equal to 2%,

5% and 10%, respectively, was synthesized. The covalent

attachement of porphyrin to the polymer backbone brings

the polymer in close contact with the porphyrin macrocycle,

thereby facilitatating the energy transfer to the TPP mole-

cule and preventing the leaching of PS from the polymer.

These polymer dots have a negative surface potential and

possess a spherical morphology. The PS incorporation does

not affect the particle size and morphology (Fig. 11). The

covalent attachment of PS leads to fluorescence quenching

of the polymer (lem=550 nm) and, correspondingly, to a

decrease in the fluorescence quantum yield. Nevertheless,

the emission of TPP is sufficient for fluorescence cellular or

in vivo imaging. The polymer dots have high quantum yields

for singlet oxygen generation and good photostability. The

cytotoxicity of Pdots was evaluated in MCF-7 cancer cells

by the MTT assay [3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-

nyltetrazolium bromide]. At a concentration of compound

19 equal to 16 mg ml71, MCF-7 cells were completely

destroyed using a light dose of 120 J cm72. The in vivo

therapeutic efficacy of compound 19 was evaluated in

tumour-bearing nude mice. The polymer dots (4 mg per kg

of body weight) were injected into the tumour and then the

tumour was irradiated on the first and seventh day at a

power density of 100 mW cm72. The tumour growth was
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significantly inhibited after PDT. No pathological changes

were observed in the spleen, kidney, lung or heart.

The preparation of PNPs based on polyglycolide, poly-

lactide and poly(L,D-lactide-co-glycolide) copolymer

(PLGA) was reported.158 Copolymer-based nanoparticles

were used for the encapsulation of 5-aminolevulinic acid

utilized in dermatology;159 PEGylated PLGA was employed

as a delivery vehicle of different PSs for PDT of can-

cer.160, 161

Layer-by-layer PNPs were proposed for combined che-

motherapy and phototherapy of cancer. These PNPs are

fabricated by means of layer-by-layer assembly of positively

and negatively charged polymers loaded with drugs having

different solubility.162 An example of such PNPs is a

delivery system containing the PLGA core coated with

lipophilic taxane Docetaxel (DTX) and then with a posi-

tively charged polyethyleneimine (PEI) layer decorated with

negatively charged meso-tetrakis(4-sufonatophenyl)por-

phyrin tetrasodium salt (TPPS4) and hyaluronic acid.163 In

these NPs, the porphyrin TPPS4 was inactivated due appa-

rently to aggregation, but once reaching the tumour site and

releasing from NPs, TPPS4 induced the active generation of

singlet oxygen. In in vitro assays, a 10-fold increase in its

accumulation was observed compared to free TPPS4. The

combined chemotherapy and photodynamic therapy not

only substantially enhanced the chemotherapeutic effect on

the tumour but also (what is the most important!) led to a

20-fold enhancement of the photodynamic effect.

Konan-Kouakou et al.164 employed PLGA-based nano-

particles as a delivery vehicle for Verteporfin. Compared to

free PS, PS-loaded PLGA nanoparticles were more efficient

in mice with rhabdomyosarcoma M1 tumour. Thus, the

mice were photosensitive at early irradiation times for only

a short period. The tumour completely disappeared within

14 days after PDT. The tumour regrowth was observed in

34% mice on the 20th day.

One key point of efficiency of nanoplatforms is the

mechanism of PS delivery to the cells. Kerdous et al.165

studied the mechanisms of delivery of hydrophobic PS Ð

pheophorbide a (21) Ð using poly(ethylene oxide)-poly(e-
caprolactone) [PEO(5000) ± PCL(4000)] copolymer nano-

particles to MCF-7 cancer cells. It was shown that pheo-

phorbide is delivered to the cells via two routes. The

reaction rate via one route is high. This pathway involves

the collision between the nanoparticle shell and the cell

membrane, i.e., pheophorbide penetrates into the cells in the

non-encapsulated form. The reaction rate via another route

is low. This pathway may be associated with cellular

internalization of nanoparticles.

Boix-Garriga et al.166 demonstrated the role of the

chemical structure of PS in the photophysical and photo-

chemical properties of the final nanoparticle suspension.

They found that hydrophobic Zn TPP entrapped in PLGA

nanoparticles does not exhibit sufficient photoactivity

because the generated 1O2 remains confined inside NPs.

Assuming that hydrophilic PSs covalently attached to the

NP surface will enhance the efficiency of singlet oxygen

delivery required for cancer cell destruction, the authors

prepared new formulations with the hydrophilic Zn com-

plex of 5-(4-azidophenyl)-10,15,20-tris(N-methyl-4-pyri-

dyl)porphyrin trichloride. Hydrophilic porphyrin was

shown to be located at the outer surface of NPs mainly in

the monomeric form. The phototoxicity of PLGA nano-

particles loaded with cationic porphyrin was higher than

that of nanoparticles modified with hydrophobic porphyrin.

Jeong et al.167 devised a biocompatible nanodispersed

formulation composed of pyropheophorbide a, polycapro-

lactone (PCL) and Pluronic F-68 (clinically approved poly-

meric surfactant). Nanoparticles with a size of 20 nm were

prepared by the microemulsification ± evaporation method.

The hydrophobic part of nanoparticles consisted of the PLC

matrix containing well-dispersed pyropheophorbide a mol-

ecules. The surface was stabilized by Pluronic. These nano-

particles exhibited in vitro phototoxicity against HeLa

cancer cells and showed efficient tumour accumulation in

mice bearing skin squamous cell carcinoma, as well as

significant tumour suppression. The study demonstrated

great potential of these NPs as a biocompatible photo-

sensitizing agent for PDT treatment of cancer.

Park et al.168 prepared hyaluronic acid (HA)-coated

PLGA nanoparticles for targeted PDT and molecular imag-

ing. Chlorin e6 was encapsulated into nanoparticles, which

are highly tropic for the cluster of differentiation 44 (CD44)

receptor. Numerous carboxylate groups of HA enabled the

chelation of gadolinium ions (Gd3+), which are employed

as MRI contrast agents. Using in vitro and in vivo fluores-

cence and MRI signal analysis, the authors demonstrated

that these nanoparticles bind with high affinity to CD44

receptors, which are overexpressed in A549 cancer cells.

After laser irradiation in the near-IR region (NIR), a

significant delay in tumour growth and tumour regression

was observed. This system can be utilized as a therapeutic

platform for bimodal (MR±NIR) imaging of PDT of

cancer.

Lavado et al.169 evaluated the ability of nanoparticles to

generate controlled amounts of ROSs in mesenchymal stem

cells. The authors synthesized polyacrylamide (PAA) nano-

particles covalently functionalized with Zn and Cu por-

phyrin complexes 22 and 23. Copper porphyrin complexes

were used as the control. Nanoparticles functionalized with

5%, 10% and 20% compounds 22 and 23 were prepared,

with a diameter of 80 nm and a positive surface charge, to

facilitate subcellular localization (zeta potential higher than

+15 mV).

The controlled ROS generation was demonstrated in

two series of experiments: 1) irradiation of internalized

nanoparticles containing different percentage of PS with a

single dose of excitation light; 2) irradiation of internalized

nanoparticles functionalized with 5% compound 22 with

repeated doses of excitation light. It was shown that the

level of ROSs can be modulated to a desired value through

the control of either the PS concentration or the light dose.

Thus, nanoparticles functionalized with 5% complex 22
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exhibited a considerable increase in cytotoxicity after 12

irradiations. The irradiation of nanoparticles functionalized

with 5%, 10%, 15% and 20% PS led to an increase in the

percentage of apoptotic cell death by 29%, 30%, 37% and

44%, respectively.

Polyionic micelles are effective in PDT of age-related

macular degeneration and different kinds of neovasculari-

zation in tumours. Besides, these micelles are characterized

by low accumulation in the skin, preventing undesired

phototoxicity. Along with the targeted delivery, nanotech-

nology-based approaches allow the selective excitation of

PSs in the tumour site. This is achieved through the

formation of micellar structures by a glycol chitosan back-

bone grafted with 3-diethylaminopropyl isocyanate, chlor-

in e6 and polyethylene glycol at pH 7.4. In this structure,

hydrophilic PEG chains form the outer corona, while

3-diethylaminopropyl isocyanate and Chl-e6 form the

hydrophobic inner core, in which closely spaced Chl-e6
molecules are unable to generate reactive oxygen species.

However, a decreases in pH to 6.8 leads to protonation of

3-diethylaminopropyl isocyanate moieties, therewith mak-

ing them hydrophilic. This leads to unfolding of the main

polymer, after which PS molecules can again produce

singlet oxygen under illumination. Since the extracellular

fluid in the tumour is generally more acidic (pH 6.8 ± 7.0)

compared to the normal tissue (pH 7.4), chlorin e6 attached

to the polymer can generate reactive oxygen species only at

damaged sites. Recently, Korean researchers 170, 171 demon-

strated that this system is effective in nude mice already at a

Chl-e6 concentration of 0.1 mg per kg of body weight.

Thermosensitive star-shaped porphyrin-cored po-

ly(L-lactide)-block-poly(N-isopropylacrylamide) (PLA ±

PNIPAM) was synthesized by Dai et al.172 Due to the

unique structure and amphiphilicity, this polymer can self-

assemble in aqueous medium to form micelles with a size of

110 nm. It should be noted that the critical solution temper-

ature and the morphology of the copolymer nanoparticles

can be controlled by changing the ratio of hydrophilic

PNIPAM blocks to hydrophobic PLA blocks. With

decreasing PNIPAM block length, the structure of copoly-

mer 24 in aqueous solution is transformed from spherical to

wormlike micelles, and the lower critical solution temper-

atures of the copolymers are close to the nominal physio-

logical temperature of 37.2 8C: 37.9, 37.2 and 35.9 8C for

the n :m ratios of 33 : 67, 45 : 55 and 88 : 12. The in vitro

study showed that the polymer exhibited no significant dark

cytotoxicity at concentrations up to 128 mg ml71, while

being phototoxic to human BEL-7402 hepatocellular carci-

noma cells.

4.3.1. Natural polymeric nanoparticles based on hyaluronic acid

Hyaluronic acid is the major component of the extracellular

matrix. It is widely used for drug delivery due to biocom-

patibility, biodegradability, nontoxicity and non-immuno-

genicity; besides, HA receptors are overexpressed in many

cancer cells.173 Since HA-based nanoparticles are rapidly

captured by the RES, the surface modification with poly-

ethylene glycol is the most promising approach to increas-

ing the circulation of these NPs. When used in a drug

delivery system, hyaluronic acid can act simultaneously as

a carrier and a targeting agent. However, the hydrophilic

nature of HA hinders its attachment to hydrophobic PSs.

Several methods were developed in order to solve this issue.

Misra et al.174 reported the delivery of Chl-e6 by HA-based

nanoparticles for the simultaneous photodynamic imaging

and therapy. For this purpose, aminated 5-b-cholanic acid,

PEG and the dye BHQ3 were chemically conjugated to HA

polymers. Then Chl-e6 was loaded into nanoparticles by

dialysis. The loading efficiency of Chl-e6 was higher than

80%. The resulting nanoparticles were stable under aqueous

conditions and showed rapid uptake into tumour cells.

After internalization, nanoparticles were rapidly degraded

by hyaluronidase overexpressed in tumour cells, thereby

releasing PS in the tumour tissue. After the intravenous

injection, nanoparticles effectively accumulated in the

tumour tissue via the passive targeting mechanism and

receptor-mediated endocytosis. In the subsequent work,

smart NPs were prepared based on covalent conjugates of

Chl-e6 and HA coupled via adipic dihydrazide (ADH).175

The resulting nanoparticles formed stable spherical nano-

structures in aqueous medium with uniform size distribu-

tion. It was shown that NPs actively disassembled in the

presence of hyaluronidase, as evidenced by a fluorescence

signal. Nanoparticles were rapidly taken up to human A549
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lung cancer cells via CD44 receptors. Under laser irradi-

ation, NPs enabled good near-infrared fluorescence and

photoacoustic imaging of tumour tissues. A five-fold

increase in the fluorescence intensity and a three-fold

increase in the photoacoustic intensity compared to free

Chl-e6 were observed. In addition, even at low irradiation

doses, NPs exhibited more effective PDT in the suppression

of tumour growth compared to free Chl-e6 in both in vitro

and in vivo assays. In general, the results indicate that these

NPs are promising biocompatible nanoplatforms for simul-

taneous dual-modal tumour imaging and phototherapy.

Li et al.176 fabricated self-assembled nanogels (particle

size was *200 nm) based on covalent conjugate 25, acety-

lated HA and pheophorbide a. The distinguishing feature of

these nanogels is self-quenching in phosphate buffer. Their

fluorescence intensity strongly depends on the amount of

pheophorbide a in an organic solvent (DMSO or DMF) and

decreases with increasing PS concentration. After incuba-

tion with HeLa cells, the degradation of HA nanoparticles

by intracellular enzymes in endosomes and lysosomes led to

fluorescence recovery. Studies by confocal spectroscopy and

FACS analysis (fluorescence-activated cell sorting), which is

a specialized type of flow cytometry, showed that nanogels

are rapidly internalized into HeLa cells via an HA-induced

endocytosis mechanism. These results indicate that HA-

based nanogels can potentially be applied in photodynamic

therapy. Han et al.177 developed new nanoparticles for the

combined PD and PT therapy. The nanoparticle core

consisted of biodegradable and biocompatible polydop-

amine, which was prepared from a synthetic eumelanin

polymer coated with a pheophorbide ±HA conjugate syn-

thesized earlier. Nanoparticles were actively internalized via

receptor-mediated endocytosis involving lymphatic vessel

endothelial receptor 1 (LYVE-1) of clusters of differentia-

tion 44 and 168 (CD44, CD168) (Fig. 12). The nanoparticle

shell in the tumour cell environment rapidly degraded to

release PS and dopamine nanoparticles. Chlorin e6 effi-

ciently generated ROS, and the dopamine moiety was

involved in photothermal therapy.

The self-assembly of hydrophilic biomolecules is hin-

dered. Sun et al.178 proposed a strategy to fabricate stable

hyaluronic acid nanoparticles without the need of modify-

ing with hydrophobic groups.178 This approach involves the

electrostatic assembly of hyaluronic acid and naturally

produced e-polylysine followed by the in situ cross-linking

by disulfide bonds and the encapsulation of Chl-e6 in the

resulting nanoparticles. Chlorin Chl-e6 can be released in

response to changes in pH and concentration of gluta-

thione-SH (GSH). It was found that Chl-e6-loaded nano-

particles displayed enhanced in vitro cellular uptake by

MCF-7 cancer cells, improved phototoxicity and better

biocompatibility compared to free PS.

4.3.2. Natural polymeric nanoparticles based on chitosan

Chitosan is a natural linear polysaccharide composed of

b-(1-4)-D-glucosamine and N-acetyl-D-glucosamine. It is a

deacetylated derivative of chitin, which is the second most

abundant biopolymer after cellulose. Chitosan has biocom-

patibility, biodegradability and low immunogenicity due to

which it is widely used in biomedicine.179, 180 Besides,

chitosan is known to enhance mucosal drug delivery with-

out damaging tissues. Chitosan is insoluble in water and

organic solvents but can be dissolved in acidic medium. To

prepare nanoparticles, chitosan is modified with hydro-
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phobic groups, e.g., bile or fatty acids.181 Chitosan deriva-

tives conjugated to a hydrophobic moiety self-assemble into

nanoparticles in aqueous medium.182

Lee et al.183 synthesized chitosan nanoparticles modified

with ethylene glycol for protoporphyrin IX delivery. In in

vivo experiments, the uptake of these nanoparticles by

squamous cell carcinoma (SCC7) cells in nude mice was

2.3 times higher than in other organs. Moreover, the

fluorescent total photon counts per organ from tumour

tissues were 1.49 to 3.8 times higher compared to other

organs, which is indicative of the predominant nanoparticle

uptake by the tumour. On the 14th day after the treatment

with these NPs, the tumour volume reduced by 44%

compared to mice treated with free Proto IX. Besides, the

histological examination showed that most tumour cells in

mice treated with nanoparticles were severely damaged or

destroyed, while residual tumour was present in mice that

received free Proto IX. Noncolvalent PS loading of nano-

particles can lead to uncontrolled PS release. To tackle this

issue, the same research group 184 developed a chemical

modification of chitosan in order to prepare new Proto

IX-based nanoparticles. The authors showed that these

particles are released in a controlled manner in tumour

cells, while being inactive (quenched) in the bloodstream.

Therefore, the cellular uptake of chemically modified chito-

san in HT-29 human colon adenocarcinoma tumour-bear-

ing mice was 1.4- and 2.1-fold higher than that of

nanoparticles noncovalently loaded with Proto IX and of

free protoporphyrin, respectively. The authors observed a

five-fold tumour volume reduction in mice treated with

chitosan-conjugated PS and severe cell death in tumour

tissues.

In another study,185 chitosan was modified with hydro-

phobic ursodeoxycholic acid (UDCA) in order to deliver

Chl-e6 to HuCC-T1 cholangiocarcinoma cells. Chlorin e6
was incorporated into nanoparticles through the formation

of ionic complexes. The size of the resulting spherical NPs

was 200 ± 400 nm. The results of PDT experiments showed

that chitosan nanoparticles enhanced Chl-e6 uptake into

tumour cells, increased ROS generation and improved

phototoxicity compared to free Chl-e6.

Oh et al.186 synthesized two types of glycol chitosan

nanoparticles modified with pheophorbide a through disul-

fide (26) and amide (26, 27) bonds. These amphiphilic

conjugates self-assembled in aqueous media to form stable

nanoparticles, retaining switchable photoactivity. In aque-

ous medium, photoactivity was strongly suppressed by their

self-quenching effect, and nanoparticles were inactive. After

uptake by cancer cells, disulfide bonds in nanoparticles 26

were cleaved, resulting in PS release. As opposed to com-

pound 27, nanoparticles 26 rapidly recovered their photo-

activity. Besides, conjugate 26 exhibited prolonged blood

circulation, thereby enhancing its accumulation in cancer

cells. Nanoparticles 26 showed good in vivo therapeutic

efficacy in mice bearing HT-29 tumour (humanized colon

cancer cells).

Chen and co-workers 187 proposed vitamin-E-grafted

chitosan nanoparticles as a delivery vehicle for Temoporfin.

The nanoparticles were additionally decorated with cyclic

RGD peptide capable of specific interaction with avb3-inte-
grin receptor-rich tumours (Fig. 13). Spherical RGD NPs
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Figure 13. Schematic illustration of nanoparticles prepared in
Ref. 187.
mTHPC is temoporfin; VES-g-CSO is vitamin E succinate-grafted
chitosan; TPGS-RGD is D-a-tocopheryl polyethylene glycol succi-
nate ± cyclic peptide conjugate.
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with a size of 145 nm were internalized by avb3-integrin
receptors in U87MG glioblastoma cells. After irradiation,

RGD NPs effectively generate singlet oxygen. Nanopar-

ticles modified with RGD peptide showed higher antitu-

mour efficacy and lower systemic toxicity compared to

unmodified nanoparticles in subcutaneous tumour-bearing

nude mice.

5. Conclusion

Photodynamic therapy is an effective non-invasive treat-

ment modality for cancer. However, because of certain

limitations associated primarily with the utilized PSs, its

potential is not fully realized. First- and second-generation

photosensitizers can eliminate superficial and not-deep-

seated tumours, but are ineffective against pigmented neo-

plasms. Besides, the utilization of hydrophobic PSs capable

of penetrating into cancer cells is greatly limited by poor

solubility of these compounds in water and their aggrega-

tion, leading to a significant decrease in the quantum yields

of fluorescence and singlet oxygen generation. Third-gen-

eration photosensitizers that have light absorption in the

near-IR region will greatly increase the potential of PDT.

Bacteriochlorophyll-based PSs are highly promising in this

respect, because they possess intense absorption at 800 nm,

where the depth of light penetration into tissues is 20 mm.

However, high hydrophobicity of these compounds is a

serious obstacle for the development of such PSs. New

efficient drug delivery systems are required for the success-

ful application of these PSs.

This area of research offers considerable promise in

PDT of cancer. Thus, different delivery systems are being

developed for passive and active targeting of tumour cells.

The surface functionalization of the cells with targeting

ligands is a promising approach because it allows a signifi-

cant increase in the selectivity of nanoparticle accumulation

in cancer cells. Advances in molecular biology enabling the

selection of ligands and deeper insight into molecular

mechanisms of the disease and mechanisms of drug releases

are important for understanding the mechanisms of tar-

geted delivery. The development of endogenous and exoge-

nous stimuli-responsive nanoparticles is another rapidly

growing area of research. The use of such nanoparticles

increases the accumulation of PSs in the tumour and

diminishes light responsivity of normal tissues.

The absence of clinical trials for a considerable number

of available nanoparticles is related to the difficulties in

applying them in practice. In particular, this is associated

with the scaling up of in vitro and in vivo assays 188 and the

necessity of preparing pure and uniform nanoparticles,

obtaining precise and reproducible results and establishing

standardized protocols for safety and validation. We believe

that the success in this field can be achieved in close

cooperation between chemists, biochemists and physicians.
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