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Summary 
Photodynamic therapy (PDT) has developed over last century and is now becoming a 
more widely used medical tool having gained regulatory approval for the treatment of 
various diseases such as cancer and macular degeneration. It is a two-step technique 
in which delivery of a photosensitizing drug is followed by irradiation of light. Activated 
photosensitizers transfer energy to molecular oxygen which results in generation of 
reactive oxygen species which in turn cause cells apoptosis or necrosis. Although this 
modality has significantly improved quality of life and survival time for many cancer 
patients it still offers significant potential for further improvement. In addition to the 
development of new PDT drugs, the use of nanosized carriers for photosensitizers is a 
promising approach which might improve the efficiency of photodynamic activity and 
which can overcome many side effects associated with classic photodynamic therapy. 
This review aims at highlighting the different types of nanomedical approaches currently 
used in PDT and outlines future trends and limitations of nanodelivery of 
photosensitizers. 
PDT – photodynamic therapy; PGA – poly(glycolic acid); PGLA – poly(D,L-lactide-co-
glycolide); PLA – poly(lactic acid); PS – photosensitizer; PEG – polyethylene glycol; 
ALA  aminolevulinic acid; m-THPC  5,10,15,20-tetra-(m-hydroxyphenyl)chlorine; m-
THPP  meso-tetra(p-hydroxyphenyl); PpIX  protoporphyrin; Hp  hematoporphyrin; 
Pc4  silicon phthalocyanine; Ig  immunoglobulin; Tf  transferrin; TfR  transferrin 
receptor; VEGF  vascular endothelial growth factor; EPR  enhanced permeability and 
retention effect; FRET  fluorescence resonance energy transfer; MRI  magnetic 
resonance imaging; RES  reticuloendothelial system; ROS  reactive oxygen species; 
NP  nanoparticle; ND – nanodiamonds; SNP  silica nanoparticle; AMD  age-related 
macular degeneration; CNV  choroidal neovascularization; PTT  photothermal 
therapy; 
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Introduction 
Photodynamic therapy (PDT) has been developed in past decades as an 

alternative method to traditional treatment of cancer and non-cancer diseases. This 
method is based on photochemical reactions between light and tumor tissue with 
exogenous photosensitizing agents (PS). These are most often porphyrins and 
subsequent irradiation with light at the proper dose and wavelength leads to the 
photochemical conversion of molecular oxygen (³O2) into singlet oxygen (¹O2). The latter 
is a key cytotoxic agent that damages cells via apoptosis or necrosis. During apoptosis, 
often called “programmed cell death”, cells undergo shrinkage, cells surface blebbing, 
chromatin condensation and chromosomal DNA fragmentation, whereas during 
necrosis, cells swell and lyze without previous compartmentalization. Necrosis usually 
occurs only in response to a pathologic form of cellular injury. Oxidative stress causes 
damage to cellular (macro)molecules such as nucleic acids, proteins and lipids [1-4]. 

This is two steps process process, where the photosensitizer absorbs a photon 
of light in the ground state and this promotes the PS to the short-live excited state. The 
singlet excited state decays to the ground state which occurs as the emission of light in 
the form of fluorescence. However, the molecule can also undergo intersystem crossing 
from the excited singlet state to the more stable, long-lived triplet excited state. Most 
photosensitizers have a high quantum efficiency for this transition and this is a key 
characteristic of a good PS [1,5]. Most known photosensitizers used in PDT represent 
type II photochemical reaction when energy transfer to molecular oxygen (3O2) occurs to 
yield very reactive singlet oxygen (1O2). 

The classic PDT treatment of cancer utilizes the administration of a 
photosensitizer drug to the patient. The drug then accumulates in the tumor tissue and 
tumor area and next is illuminated with light which activates the photosensitizer inducing 
cell death. 

Photosensitizers are generally classified as porphyrins and non-porphyrin PS. 
The compounds under investigation have changed over the years in order to find an 
ideal drug. Porphyrin-based photosensitizers are also often classified as a first, second, 
and third generation PS. The first generation agent, hematoporphyrin (Hp) was isolated 
from hemoglobin during research on the nature of blood in 1841 [1,6]. Unfortunately, 
this first photosensitizer demonstrated several limitations which led to the investigation 
of newer agents called second generation photosensitizers, with better properties and 
lower toxic side effects (Fig. 1) [6]. Second generation photosensitizers demonstrate 
higher absorption in the 650-800 nm range where tissue penetration is optimal and have 
higher extinction coefficients of absorption in the red than first generation compounds 
[7]. Their tissue accumulation is much shorter and therefore, the treatment can be 
carried out on the same day as the administration of the drug. Moreover, second 
generation photosensitizers show lower toxicity, but most of these agents are still very 
hydrophobic and show poor tumor selectivity. Thus, it became important to develop 
compounds with improved ‘deliverability’. Currently, research on this the third 
generation of photosensitizers is ongoing and these new drugs are characterized by 
conjugation to carrier molecules or prodrug-drug conversion steps, both of which 
specifically target the PS to the target cells, resulting in minimized accumulation in 



healthy tissues [8]. The development of safe and highly selective photosensitizing 
agents is the main topic of many ongoing research programs [6].  
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Figure 1. Chemical structures of some second generation photosensitizers. 
 

The development of non-porphyrin photosensitizers lacks considerably behind 
that of the respective porphyrin PS. A typical example is hypericin, a naturally occurring 
compound from Hypericum plants with an absorbance around 590 nm [6]. It shows high 
singlet oxygen production, minimal dark toxicity, and high clearance from the body, after 
administration [9]. Other examples are cationic photosensitizers such as methylene 
blue, cyanine dyes and rhodacyanine dyes which demonstrate maximum absorption at 
wavelengths longer then 600 nm [10].  

There are many properties which an ideal photosensitizer should posses. One of 
them is high absorption of the PS between 650 nm and 850 nm where the tissue 
penetration is quite high [5]. It should have high singlet oxygen quantum yield for the 



photochemical reaction, be a single and pure compound with a stable composition, and 
be soluble in water and should not form aggregates. An ideal photosensitizers should 
be selective to the target tissue, be safe, i.e., should not result in side effects such as 
mutagenic, carcinogenic or allergic effects, should not be toxic in therapeutic doses and 
not damage normal healthy cells. Moreover, metabolism and excretion after 
administration should be as rapid as possible to minimize photosensitivity. In addition, it 
should be inexpensive, easy to synthesize and commercially available. 

PDT with various photosensitizers has been clinically approved for the treatment 
of several malignant and non-malignant diseases. Each of the currently commercially 
available photosensitizers has specific characteristics, but none of them is an ideal 
agent. Most of the PS are hydrophobic and can aggregate very easily in aqueous media 
which can affect their photophysical, chemical and biological properties [2]. 

The first photosensitizer approved for use in the clinic (in 1993 in Canada) was 
Photofrin® (porfimer sodium) with long wavelength absorption maxima between 625-630 
nm, which allows for a penetration of about 5-10 mm in therapeutic PDT [11]. To date, 
Photofrin® has been approved in most countries for treatment of various cancer 
indications, for example, esophageal cancer, superficial bladder cancer, early and late 
stage lung cancers as well as malignant and non-malignant skin disease [6,12]. 

Porfimer sodium unfortunately has limitations for use in PDT because of its poor water 
solubility [7], prolonged photosensitivity (low clearance rate) and it also lacks long 
wavelength absorption [12]. 

Due to of the drawbacks of Photofrin®, a number of the above mentioned 
‘second-generation’ photosensitizers have been developed. Unlike first-generation PS, 
these are chemically synthesized as pure compounds with a constant composition, 
have strong long wavelength absorption in the range of 650-800 nm where tissue 
penetration is optimal, fast tissue clearance and higher extinction coefficients of 
absorption in the red. A typical example of a second-generation photosensitizers is 
5,10,15,20-tetrakis(m-hydroxyphenyl)chlorin (approved in 2002 as an agent for the 
palliative treatment of head and neck cancer) with a high quantum yield of singlet 
oxygen generation which is activated at a wavelength of 652 nm. This results in a depth 
of light penetration of at least 1 cm and high tumor selectivity. Light with a wavelength 
longer than 850 nm is not used due its weak energy which is not enough to initiate a 
photochemical reaction [13,14,15]. 

Another second generation PS [16] is aminolevulinic acid (ALA) which was 
approved for the treatment of basal cell carcinomas, Paget’s disease, squamous cell 
carcinomas, T-cell lymphomas and other cancer types such as lung, bladder, oral 
cavity, esophagus and brain tumors. ALA is particularly effective in dermatology for 
treating neoplastic cutaneous tissues [4]. Other examples are porphycenes [6,17] and 
phthalocyanines [6, 18-20], which are suitable PS due to their intense absorption in the 
red, high triplet state quantum yields and long triplet lifetimes. After the initial period of 
studies on simple porphyrins related to heme, most synthetic studies concentrated on 
alternative tetrapyrroles such as chlorins [21] and chlorophyll derivatives [22], 
unsymmetrical porphyrins [23,24], conformationally designed porphyrins with specific 
photophysical properties [25-27], dual modality PS [28,29] and many others [30].  

However, the clinical use of PDT is still limited due to several issues. The 
effectiveness of this method is determined by many properties such as singlet oxygen 



production, the degree of selectivity to the target tissue with therapeutic concentrations 
without damage healthy cells. There are many factors which can have influence how 
efficiently a photosensitizer works. Researchers focused particularly on improving drug 
delivery. Despite several clinically approved PS, we still do not have an ideal, safe and 
selective agent. The synthesis of more direct and specifically localized photosensitizing 
agents may be executed by active targeting, which is under investigation at the moment 
[31]. An ongoing problem is skin photosensitivity and associated pain [32]. Reducing 
photosensitivity would improve the comfort of life for all patients and improve the 
outpatient protocols. Unfortunately, some aspects, such as the manipulation of the 
pharmacokinetics are yet not easily to control [6]. 

Some have also argued that currently, industry has no incentive in developing 
new systems in this area. While this may be true for the prohibitively expensive 
development of chemically-modified new photosensitizers [33] focusing on the use of 
new delivery methods, formulations and enhanced targeting approaches offers 
significant potential. Especially the use of existing photosensitizers in conjunction with 
nanoparticles and a move to "nanomedicine" presents an intriguing possibility [34]. This 
approach has shows promising results and can play an important role for enhancing 
PDT efficacy. Naturally, just because "nano" is currently considered the method of 
choice for almost anything this does not mean that there are actual benefits. However, 
research in this area will certainly expand our knowledge on the potential and pitfalls of 
using such an approach in PDT. Obviously, the main difference between classic PS and 
nano-PS is their relative size (Fig. 2). 
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Figure 2. Comparison of the approximate sizes of a porphyrin PS and selected 
nanomaterials. 

 

Nanomedicine 
Nanomedicine is the medical application of nanotechnology for the diagnosis and 

treatment of human diseases. It uses precisely engineered materials, known as 
nanoparticles, generally in the 1-100 nm dimension range. Nanomaterials have unique 
physicochemical properties, such as small size, large surface area to mass ratio and 
high reactivity which are used to overcome some limitations found in traditional 
therapeutic agents [35]. One of the most important opportunities of nanomaterials is the 
potential for improvement of drug delivery to the target area to provide the maximum 



therapeutic efficacy. Moreover, nanomaterials can improve the solubility of poorly water 
soluble drugs, prolong the circulation half-life in the blood, minimize degradation of the 
drug after administration, decrease side effects and increase bioavailability. Other 
putative benefits are lower toxicity, better biocompatibility and safety; ultimately they 
also may result in better drug delivery to the brain. They show a high ability to 
specifically recognize and bind to target areas via surface attached specific ligand, for 
example monoclonal antibodies, folate, transferrin (Tf) or antibodies against the 
transferrin receptor (TfR) [35,36].  

Due to their size, nanomaterials are capable of accumulating in pathological 
areas, such as many solid tumors or infracted sites. This is based on the enhanced 
permeability and retention effect (EPR), which stems from the fact that the vasculature 
in pathological areas is “leaky”, unlike in normal healthy tissue. The pore size in tumors 
varies from 100 to 780 nm and allows the spontaneous accumulation of nanomaterials 
in an interstitial tumor tissue [36,37].  

By now a myriad of nanomaterials are available. These include different 
polymeric nanoparticles, liposomes, niosomes, solid lipid nanoparticles, nanocrystals, 
micelles, dendrimers, microcapsules, superparamagnetic iron oxide nanoparticles, 
carbon nano-platforms, and different nanoassemblies [36-38].  

In the last years, many varieties of nanoparticle therapeutic and diagnostic 
agents have been developed for medical applications, for example, cancer treatment, 
infections, pain, allergy and almost every branch of medicine. Among potential targets 
for nanocarriers, malignant tumors are the most often investigated. However, besides 
tumor treatment, medical devices have been developed, for example, magnetic 
resonance imaging (MRI) to detect and diagnose human diseases at an earlier stage 
than current imaging methods [38,39]. Supraparamagnetic iron oxide nanoparticles 
have been evaluated as MRI contrast agents to improve the differentiation of neoplastic 
from normal brain tissue [40]. In comparison to standard contrast agents, nanoparticles 
show prolonged delineation of tumor margins [40]. Another significant application of 
nanomedicine is delivery of drugs across the blood-brain barrier and transport into 
specific cellular compartments including the nucleus. This method is currently being 
investigated to increase the delivery of anti-neoplastic drugs to tumors of the central 
nervous system [38]. While many advances have been made in nanomedicine in 
general, ‘nano’ applications in PDT have only slowly emerged in the last two decades 
and are not always superior to traditional methods. 

So why should we be interested in a nano approach to PDT? A few drugs have 
been approved for clinical use and appear to work reasonably well. "Third generation" 
compounds are in the pipeline and show exciting and improved properties. Likewise, 
some of the PS currently in clinical testing are in fact nano-sized materials, e.g., 
liposomal formulations. 

Yet, there are many aspects of PDT which can be improved upon, such as light 
dosimetry, when high fluency of rates of the exposure light can cause oxygen depletion 
and photosensitizer bleaching [41], production of singlet oxygen, when to little is 
efficient and too much can result in bystander death [42]. However, one of the most 
important problem to overcome in photodynamic therapy is drug delivery. As mentioned 
before, a key limitation in PDT is the poor water solubility of many photosensitizers and 
their tendency to aggregate under physiological conditions. In addition, accumulation 



and selective recognition of target tissue is still not high enough for many clinical 
applications. To improve PS delivery to the target tissue, nanomedicine offers nano-
agent strategies. Nanoparticles can increase the solubility of hydrophobic drugs and 
offer the benefits of hydrophilicity and proper size to accumulate in the tumor tissue via 
the EPR effect. Selective accumulation may be improved by modification of the surface 
area using other ligands, which offers an attractive strategy to increase drug delivery to 
cancer cells and thereby keeping them away from healthy tissue sensitive to the toxic 
effect [31,37]. However, attention also has to be given to the potential drawbacks of 
such systems. These may included prolonged tissue exposure, yet unknown long term 
effects, stability [43], alteration of the photophysical properties of the PS and many 
more. A more fundamental problems is that for most nano formulation a release of the 
active drug component at the active site is required. Likewise, size, charge and shape of 
the particles will affect their biological effects. More importantly the question of long term 
effects is often neglected. As pointed out in a recent review by De Jong and Borm "the 
lessons learned from particle toxicity as applied in inhalation toxicity" should be taken 
into account [44]. In fact, many toxic effects of nanoparticles have been noted. These 
range from increased inflammation, to lung tumor induction, impairment of cardiac 
function, higher levels of oxidative stress, platelet aggregations and others [45,46]. 

The ideally delivery system should be biodegradable, have small size and high 
loading capacity, minimum immunogenicity and be non-toxic, should not cause side 
effects, and demonstrate prolonged circulation in the body after administration, minimal 
self-aggregation tendency and should selectively accumulate in required area in 
therapeutic concentration with little or even no uptake by non-target cells [31,36]. 

A major drawback of using nanoparticles is that these compounds are rapidly 
removed from the circulation after administration by macrophages of the 
reticuloendothelial system (RES) [31,37]. The circulatory half-life of nanoparticles can 
be significantly augmented by using functionalized lipids in their construction. Such 
nanoparticles show longer circulation in the blood and demonstrate less reactivity 
toward serum proteins and are susceptible to RES uptake. The most widely used 
polymeric steric stabilizer is polyethylene glycol (PEG). It is a water-soluble polymer that 
exhibits protein resistance, low toxicity, non-immunogenicity and antigenicity and can be 
prepared synthetically with high purity and in large quantities which has led to their 
acceptance for clinical applications [7,31,36,37]. 

One current example of a "nanoformulation" photosensitizer used in PDT is the 
liposomal formulation of one of the most promising PS 5,10,15,20-tetra(m-
hydroxyphenyl)chlorin (mTHPC, Foscan, Temoporfin) which has been loaded into 
dipalmitoyl phosphatidylcholine/dipalmitoyl phosphatidylglycerol (DPPC/DPPG) 
liposomes, in a ratio of 9:1 [47]. This liposomal formulation of Foscan (Foslip®) belongs 
to the third generation photosensitizers and seems to be a valuable alternative to 
Foscan in PDT. Data show that liposomal formulations of temoporfin have higher 
efficacy and reduced damage of healthy tissue and toxicity in the absence of light 
compared to Foscan [48,49]. Another example of liposomal drug using in PDT is 
verteporfin (Visudyne®), a semi-synthetic porphyrin derived from protoporphyrin [50]. It 
was the first photodynamic drug approved for treatment of age-related macular 
degeneration (AMD) [51]. 

‘Nano’ Strategies for Photosensitizer 



The general advances made in nanomedicine and progress in the use of 
photosensitizers for PDT make the development of photoactive nanoparticles an 
obvious choice for current research; in addition it is considered a "hot topic" by funding 
agencies. This applies both to the development of anti-cancer drugs and of sensors for 
tumor indication and imaging [52] or for other applications of PDT such as neovascular 
disorders (e.g., age-related macular degeneration, proliferative diabetic retinopathy, 
corneal angiogenesis) [50,53]. 

There are many ways to modify photosensitizers to improve effect of 
photodynamic therapy. PS can be modified by encapsulated them in delivery agents 
such as liposomes [54], micelles [55,56,57,58], ceramic based nanoparticles [59], gold 
nanoparticles [60,61], and polymer nanoparticles [62]. Liposomes, for example, are able 
to encapsulate hydrophobic as well as hydrophilic drugs. Liposomal formulations show 
the ability to decrease the tendency of photosensitizer to aggregate and improve the 
tumor-selective accumulation [54]. Micelles resist elimination by the RES which 
increases their circulation in the body and ability to deliver drug to the target cells. They 
also can encapsulate pharmaceuticals poorly soluble in water and are very 
biocompatible [38]. 

Biodegradable and non-biodegradable nanoparticles encapsulated 
photosensitive drugs have a variety of advantages. Due to their small sizes they are not 
removed from the body by the RES system which leads to longer half-life times. They 
have a strong ability to protect encapsulated agents, are compatible with biological 
systems, and their surface can easily be modified with functional groups such as 
antibodies or other ligands to improve selectivity [38,59]. 

Another possibility is to use nanodiamonds (ND). They are biocompatible, have 
minimal cytotoxicity and are commercially available carbon nanomaterials with a 
diamond structure at a nanometer scale and offer potential for medical applications. 
They are suitable for controlled drug delivery due to their capability to slowly and 
consistently release drugs, have a precise particle distribution, a high surface area to 
volume ratio and a substantial capacity for drug loading [38,63,64]. Moreover, NDs are 
stable in water which makes them a promising and important tool, provided their 
retention time is not too long [64]. 

Photosensitizers can also be modified using dendrimers, highly complex 
molecules with a core, branches and end groups [38], which can be conjugated or 
loaded with drug molecules. They have the ability to control and modify the size and 
lipophilicity of the dendrimer-conjugate for optimizing uptake by cells and possess a 
high drug payload [65]. Unlike conventional photosensitizers, dendrimer PS 
demonstrate effective ROS production even at extremely high concentrations. Typical 
examples are ionic dendrimer photosensitizers where a core porphyrin or 
phthalocyanine is surrounded by large dendritic wedges which sterically prevent 
aggregation of the center dye molecules [32]. 

Carbon nanotubes are another distinct possibility to deliver photosensitizer to 
required tissues [66]. These structures are synthesized by rolling sheets of carbon into 
hollow tubes that are single-walled, double-walled or multi-walled. They are removed 
rapidly from the body, and solubilized nanotubes have no significant cytotoxicity. 
Furthermore, they can be modified to carry active agents or targeting groups which can 
be bound covalently [67]. Carbon nanotubes absorb light in the near-infrared region and 



can cause cell death inside living cells due to of excessive local heating [68]. However, 
their long term utility is in doubt, as they may pose a cancer risk. 
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Figure 3. Nanostrategies for PS modification. 
 
 

By now, most of these nanostrategies are used in many areas of PDT. For 
example, dendrimer porphyrin encapsulation into polymeric micelles [58] is used for the 
treatment of corneal neovascularization, a major sight-threatening condition caused by 
inflammation, infections and degenerative disorders [69,70,71]. Visudyne® the first 
photodynamic drug approved for treatment of age related macular degeneration (AMD) 
is used to reduce the risk of vision loss. Here, the photosensitizer verteporfin is the 
principle ingredient of Visudyne® and the finished formulation is a green, lyophilized 
liposome powder that is reconstituted before intravenous administration [50]. 
Nevertheless, current developments and clinical tests focus on the replacement of 
simple Visudyne treatment with anti-angiogenesis therapy [72,73]. Standard PDT can 
result in hypoxia and other tissue damage, ultimately resulting in inflammation. This can 
result in the release of angiogenic growth factors (e.g., vascular endothelial growth 
factor, VEGF) [74]. Therapeutic approaches using anti-VEGF antibody fragments 
(Lucentis) has given good results for early stages and now combination therapies are 
under investigation.  

Fullerenes, although at the lower end of the nanoparticles scale (Ø 1 nm), have a 
high degree of photostability and produce more reactive oxygen species type I, such as 
superoxide or hydroxyl radicals, and have been shown to have increased selectivity for 



microbial cells over than mammalian cells and are now used in anti-microbial 
applications [75]. Likewise, Rose Bengal, one of the frequently used photosensitizers 
due to its high water solubility, high singlet oxygen quantum yield and low rate of 
photodegradation [76], is used in silica nanoparticles to inactivate gram-positive 
bacteria, including methicillin-resistant Staphylococcus aureus (MRSA) and showed 
high efficiency in inactivating bacterial through photodynamic action [77]. Related 
studies on methylene blue loaded nanoparticles have also been reported [78,79]. 

The first step towards nano-sized PS formulations were made through the 
preparation of dendritic [80,81], glyco [82,83], amino acid [84] and peptide [85] 
functionalized porphyrins. Initially, many of these studies were just aimed at increasing 
the water solubility, formulation properties and targeting of the PS [86].  

However, several strategies have now been developed to encapsulate 
photosensitizer into nanoparticles and also improve delivery to the required area and 
many formulations have been described whereby the nanomaterials have an additional 
active intermediary role in the photodynamic process [31]. However, just an increase in 
encapsulation and/or delivery is not enough. An ongoing problem in all PS applications 
is the passage through the membrane barrier of the endocytotic vehicles. Here 
photochemical internalization, i.e. the light triggered release of the active drug into the 
cytosol can offer potential improvements [87]. 

Examples of encapsulation of hydrophobic photosensitizers into nanomaterials 
are polymeric nanoparticles [88], e.g., a hydrophobic photosensitizer meso-tetra(p-
hydroxyphenyl)porphyrin (m-THPP) encapsulated into polymeric nanoparticle poly(D,L-
lactide-co-glycolide) [89,90], dendrimer phthalocyanine (DPc)-encapsulated polymeric 
micelles (DPc/m) [32], polymeric protoporphyrin IX micelles [55], and organically 
modified silica-based nanoparticles [91] entrapping the photosensitizing anti-cancer 
drug 2-devinyl-2-(1-hexyloxyethyl) pyropheophorbide [59] have been used. 

To increase the selectivity and specific localization of the photosensitizer in the 
tumor, it is possible to use active targeting which relies on conjugates with a receptor-
targeting moiety and a PS. One of the examples includes monoclonal antibodies such 
as herceptin (antibody to the HER2 receptor), folate-modified nanocarriers [35,36], 
antibodies against transferrin (Tf) receptors (TfR), which are over-expressed on the 
surface of many solid tumors, as well as Tf itself. Different combinations can be 
achieved by using some other specific ligands such vitamins, glycoproteins, peptides, 
oligonucleotide aptamers, growth factors, lipoproteins and other useful tools to target 
nanoparticles to cancer cells [35,36,54]. 

Newer developments for the use of NP in PDT relate to adjuvant treatment 
modalities. For example PDT can be combined with radiotherapy. Here, scintillation or 
persistent luminescence nanoparticles with bound PS are used. Upon exposure to 
ionizing radiation such as X-rays, the nanoparticles emit scintillation or persistent 
luminescence, which, in turn, activates the photosensitizers. When luminescent 
nanoparticles are used in vivo no external light source is necessary and thus, a more 
localized treatment might become possible. For example, Zhang and co-workers [92] 
gave evidence for a relationship between electric field enhancements around metallic 
nanoparticle and the increase in triplet yields for the photosensitizer and also a higher 
production of singlet oxygen. Interaction of fluorophores with metallic nanoparticles are 
called metal-enhanced fluorescence. 



 

Nano PDT  
 

Passive Nanoparticles 
Although a division into active and passive nanoparticles is somewhat arbitrary, it 

is still valid with regard to the conceptual preparation of NP. The latter typically require 
more laborious inclusion of targeting residues while the latter often are simple 
formulation strategies. Nevertheless, nowadays the NP often themselves are 
photoactive or take more then an intermediary role in the overall process. Thus, such a 
division is better used with regard to the functional role of the NP [31]. 

Passive nanoparticles are agents that, due to their small size, are able to 
penetrate and spontaneously accumulate at various biological sites characterized by 
abnormal vascular membranes, such as solid tumors or infarct regions, through the 
EPR effect. This effect relies on the fact that under some conditions, for example, 
inflammation which is typical for tumors and other pathological sites, the endothelial 
lining of the blood vessel wall become more permeable than under physiological 
conditions which allows particles ranging from 200 to 800 nm in size to accumulate 
inside the interstitial space [93]. These nanoparticles loaded with pharmaceutical agent 
have the ability to deliver their payload into the increased permeability area and release 
the drug very close to their target [93,94].  

Tumor targeting based on EPR effect requires medicines to be long-circulating. It 
is necessary for them to stay in blood system for extended time to provide a sufficient 
level of accumulation in the target area [93]. Thus, long-circulating pharmaceutical 
nanocarriers such as liposomes, micelles or polymeric nanoparticles are capable to 
accumulate in pathological area through the EPR effect and are widely use for drug 
delivery into tumor [93,94,95]. Nevertheless, this has to be carefully monitored as in the 
case of PDT this can also result in longer photosensitivity. 

One example, protoporphyrin IX encapsulated in methoxy poly(ethylene glycol)-
b-poly(caprolactone) micelles, has potential as a drug delivery system for 
photosensitizers and leads to enhance photodynamic therapy efficiency. These systems 
show higher intracellular accumulation of the drug and higher photocytotoxicity in 
comparison to free PpIX [55]. Similar results were reported for phthalocyanines [96,97]. 
Protoporphyrin IX has also been encapsulated into silica nanoparticles [98]. 
Appropriately modified, such nanoparticles show promise in newer developments such 
as two-photon absorption PDT [99]. Other nanoparticles modified with 
(phthalocyaninato)zinc(II) have been used to develop upconverting nanotransducers 
[100]. After targeting to folate receptors on human colon cancer cells, these 
nanoparticles could be excited in the near-IR and resulted in significant cell death. 

Another promising means to improve effectiveness of PDT are long-circulating 
micelles prepared using PEG-5000-DSPE (polyethylene-glycol-5000-distearoyl-
phosphatidyl-ethanolamine) and zinc(II)phthalocyanine (ZnPc), a second generation 
photosensitizer mainly used in PDT of neoplastic tissues. In this formulation, ZnPc 
exhibited enhanced fluorescence quantum yields, longer lifetime of triplet excited state 
compared to conventional micelles and good stability of the incorporated drug [101]. 



Likewise, organically modified silica-based nanoparticles loaded with the chlorin 
photosensitizer 2-devinyl-2-(1-hexyloxyethyl) pyropheophorbide are highly 
monodisperse, stable in aqueous phase and the encapsulated drug shows higher 
fluorescence in aqueous solution, compared to the free drug. These doped nanoagents 
were efficiently taken up by tumor cells in vitro and light irradiation resulted in significant 
cell death [59]. Similar results were reported for pheophorbide a-HSA (human serum 
albumin) nanoparticles [102]. Nanocapsules of photosensitizers such as Rose Bengal or 
protoporphyrin IX prepared using PEG-attached dendrimers derived from poly(amido 
amine) (PAMAM) and poly(propylene imine) (PPI) dendrimers (PEG-PAMAM and PEG-
PPI) seem to be promising carrier for PDT as well. They demonstrated higher stability 
than free photosensitizers and efficient cytotoxicity and delivery to mitochondria 
compared to the free PS [103]. 

 
Quantum Dots 

Quantum dots are semiconductor nanoparticles, which have several 
characteristics that make them a potentially new class of photosensitizers [104]. These 
small nanoparticles of the size range of 1-6 nm posses high photoluminescence 
quantum yield, high photostability, high molar extinction coefficient and have a constant 
composition. They are relatively simple and inexpensive to synthesize, are non-
cytotoxic in the absence of light, but have the potential to induce cytotoxicity under UV 
irradiation. Another advantage is their ability to resist metabolic degradation 
[105,106,107]. However, a problem is their often low water solubility. Many of the initial 
quantum dots were based on Cd materials, a problematic use for medical applications. 
Nevertheless, changes in composition have partially overcome this problem. More 
importantly, quantum dots can be used to deliver ionizing radiation in a more localized 
fashion to the place of action. Thus, ionizing radiation can be used for cancer treatment 
with circumvents the low tissue penetration of light activated PS [104]. Thus, ultimately 
radiosensitization will complement photosensitization for treatment. 

Quantum dots have been recently used as energy donors and acceptors in 
various biological studies based on FRET (fluorescence resonance energy transfer) in 
the combination with photosensitizing agents for photodynamic therapy [107]. FRET 
also known as Förster resonance energy transfer is a non-radiative energy transfer from 
photoexcited donor to a nearby acceptor molecule after absorption of a higher energy 
photon [108].  

One of the first reports on the generation of singlet oxygen via fluorescence 
resonance energy transfer was by Samia et al. [109]. They demonstrated that quantum 
dots conjugated to (phthalocyaninato)silicon via an alkyl amino group can generate 
singlet oxygen via FRET from nanocrystals to photosensitizer. Unfortunately, the 
complex was not soluble in water, and therefore, was not applicable to biological 
systems. They also noticed that quantum dots alone can produce singlet oxygen but 
with a very low quantum yield. Tsay and co-workers developed water stable peptide-
coated quantum dot photosensitizer to generate singlet oxygen via FRET [106]. They 
conjugated Rose Bengal and chlorin e6, photosensitizers which generated singlet 
oxygen in high yield, with phytochelatin-related peptides, which in turn were conjugated 
to CdSe/CdS/Zn quantum dots. Data showed that singlet oxygen can be produced via 



fluorescence resonance energy transfer from nanocrystal donors to the photosensitizer 
acceptor or via direct excitation of the PS [106]. 

 
Biodegradable Nanoparticles 

Obviously, a main target for the development of clinically relevant nano delivery 
systems is the biocompatibility of the carrier systems. Thus, many attempts have been 
made to develop biodegradable nanoparticles, which act as passive nanocarriers. Some 
of the best studied systems are poly(lactic acid) (PLA), poly(glycolic acid) (PGA), and 
their copolymer (PLGA) based nanoparticles. A significant body of work has been 
accumulated that shows how their targeting ability and in vivo function is controlled by 
size, surface charge and composition, morphology and hydrophobicity [110]. By now, 
most second generation PS have been tested to some extent or other in this type of 
nanoparticles. Thus, (phthalocyaninato)zinc(II) with PLGA gave 285-nm sized, smooth 
and spherical nanoparticles with a narrow size distribution with a polydispersity index of 
0.12, an encapsulation efficiency of 70% and a decent photocytotoxicity [111]. 

Another example is the inclusion of bacteriochlorophyll a into nanoparticles of 
poly(D,L-lactide-co-glycolide) (PLGA) using a solvent evaporation method. This yielded 
spherical particles of about 660 nm size with an encapsulation efficiency of 69% and 
higher singlet oxygen production ( = 0.26) [112]. Studies with macrophage cell lines 
(P388-D1-ATCC) showed that the particles became phagocytosed after 2 h and 
significant photo damage was observed after illumination [113]. A study with 5,10,15,20-
tetrakis(4-methylphenyl)porphyrin using the chick embryo chorioallantoic membrane 
model showed a longer retention time for the nanoparticle-PS in the vascular 
compartment and an enhancement of the vascular effects of the PS after light irradiation 
compared to the standard porphyrin [114]. Likewise, inclusion of the same porphyrin in 
<200-nm nanoparticles of PLGA showed that lower incubation times and lower drug 
dosages were required to achieve the same photo damage in EMT-6 mammary tumor 
cells as the free drug [115]. For one system the uptake of the nanoparticles by SW480 
cells was a clearly shown to be facilitated by clathrin-mediated endocytosis [116]. 

The properties of PLGA (and related) nanoparticles can be further improved 
through PEGylation [117,118]. Such nanoparticles then have a core-shell structure with 
a PLGA core and a PEG coating. Their colloidal properties and, ultimately, their 
biodistribution can be modulated through varying the copolymer composition and they 
exhibit prolonged blood circulation [119]. PEGylated gold nanoparticles phthalocyanine 
conjugates were shown to exhibit significantly shortened uptake times [120]. Even 
simple PEGylation of the core photosensitizer itself results in high cellular uptake and 
low aggregation in biological media [121]. Similarly, protoporphyrin IX glycol-chitosan 
nanoparticles were shown to be superior to the non-encapsulated material [122]. 

Similar systems were also used to evaluate the efficiency of nanoparticles for the 
treatment of choroidal neovascularization associated with AMD [51]. Standard 
porphyrins, pheophorbide a and chlorin e6 were encapsulated in poly(D,L-lactic acid) 
nanoparticles. The degree of lipophilicity clearly affected the efficiency of incorporation 
into the matrix. The more lipophilic ones, e.g., 5,10,15,20-tetraphenylporphyrin showed 
the highest photothrombic effect and the least leakage from blood vessels.  



Not all nano PDT systems, however, employ porphyrin based photosensitizers. 
For example indocyanine green has been used to prepare biodegradable nanoparticles 
(ø 817 nm) which were easily taken up by and photo damaged phagocytic cells [123]. 

 

Liposomes as Photosensitizer Carriers 
Liposomes are lipid vehicles of one or more concentric phospholipid bilayers, 

containing an aqueous phase inside and between bilayers. The phospholipids typically 
used for preparing liposomes are comprised of a hydrophilic head group and two 
hydrophobic chains. This composition assures that liposomes are able to encapsulate 
both hydrophilic and hydrophobic drugs [37]. There are several means by which 
liposomes act within and outside the body: they attach to cell membranes and fuse with 
them and then release their content into the cells. In the case of phagocytotic cells 
liposomes are taken up, phospholipids walls are acted upon by lysosomes (which are 
used for the digestion of macromolecules via their enzymes) and the active drug is 
released [124]. The pharmacokinetics of liposomes depend on their physicochemical 
characteristics such as size, surface charge, steric stabilization, membrane lipid packing 
or route of administration [37]. Liposomes offer the advantage of being a general 
delivery principle, where the intrinsic problems of many PS (hydrophobicity, low 
solubility) may be overcome through a simple formulation strategy. In contrast, many of 
the other nano approaches require dedicated chemical steps that increase the 
developmental costs.  

Conventional liposomes consist of naturally occurring phospholipids and cholesterol 
which is essential for controlling the membrane fluidity and imparting better stability. 
Cholesterol also modulates membrane-protein interactions [54]. These plain liposomes 
are rapidly removed from the circulation after systemic administration by macrophages 
of the reticulo-endothelial system (RES). The circulatory half-life of conventional 
liposomes can be significantly augmented by using functionalized lipids. The resulting 
long-circulation liposomes, sterically stabilized liposomes or STEALTH® liposomes 
demonstrate less reactivity with serum proteins and hence evade opsonization and RES 
uptake. The most widely used polymeric steric stabilizer is polyethylene glycol (PEG), a 
water-soluble polymer that exhibits protein resistance, low toxicity, non-immunogenicity 
and antigenicity and can be prepared synthetically with high purity and in large 
quantities which has led to their acceptance for clinical applications [37,125]. 

Historically, some of the first nanoformulations of photosensitizers were the PS 
incorporated into unilamellar liposomes [126]. In terms of clinical use and as a 
pharmaceutical success story, Visudyne should be mentioned. It is a liposomal 
formylation of verteporfin, a semi synthetic porphyrin derived from protoporphyrin. It was 
approved by the FDA in 2000 for the treatment of AMD [127] and in 2001, for the 
treatment of pathological myopia [50,51]. 

Foslip is a more recently developed third generation photosensitizer based on a 
DPPC/DPPG liposomal formulation of 5,10,15,20-tetrakis(m-hydroxyphenyl)chlorin 
[128]. Like for Visudyne many studies have been published on Foslip. These include 
studies on the putative absence of side effects [47], efficacy and reduced damage of 
healthy tissue compared to the non-liposomal formulation Foscan® [48,49]. Newer 
studies are related to the potential use of an intratumoral injection of a liposomal 



formulation of Foslip in a mouse model of local recurrence of breast cancer [129] and its 
photothrombic activity [130]. 

For ALA entrapped in liposomes with phosphatidyl ethanoamine 
(PE)/cholesterol/sodium stearate composition at the molecular ratio 2:1:2.5, improved 
skin penetration was reported [131]. Likewise, inclusion of ALA esters, especially, of 
ALA hexyl esters, seemed to result in higher stability upon dilution with cell culture 
medium [132]. Other studies using liposomes were published on coproporphyrin I and 
(coproporphyrinato I)zinc(II) [118,133]. 

Fullerenes have also been used for incorporation into liposomes, as a means to 
increase their water solubility. For example, lipid membrane incorporated fullerenes 
were prepared via the fullerene exchange method from -cyclodextrin and showed low 
toxicity in the dark and good activity against HeLa cells after irradition. Notably, the C70 
derivatives showed a higher photodynamic activity then the C60 derivatives [134]. 
Related surface cross-linked liposomes (cerasomes) also exhibit significant potential for 
PDT [135]. 

 

Actively Targeted Liposomes 
An attractive strategy to enhance the delivery of the drug to cancer cells and 

thereby, keeping them away from healthy tissue sensitive to the toxic effect, is to target 
liposomes by conjugating ligands to the liposomal surface which allow specific targeting 
to the malignancy. For this purpose, several types of ligands such as vitamins, 
glycoproteins, peptides, oligonucleotide aptamers and antibodies have been 
investigated. Liposomes combined with antibodies are called immunoliposomes [37,54, 
136]. Immunoglobulins (Ig), especially, of the IgG class and their fragments are widely 
used targeting moieties for drug delivery system. The surface modification with targeting 
ligands, ideally, does not affect liposomal integrity or the binding properties of the 
antibody [125,136].  

Two phases can be distinguished in the delivery of immunoliposomes to the 
target tissue: the transport phase, when immunoliposomes travel from the 
administration site to the desired tissue, and the effector phase, in which the specific 
binding of immunoliposomes to tumor cells and subsequent release of the entrapped 
drugs occur. The effector phase can be facilitated by two different means. One of them 
is fusion of immunoliposomes with the plasma membrane of the tumor cells, followed by 
immunoliposome binding to the target cells. This kind of reaction releases the 
encapsulated drug directly into the cytosol and it does not add a restriction to the size of 
immunoliposomes. The second means is a pH-dependent fusion with the endosomal or 
lysosomal membrane after internalization by the target cell via receptor-mediated 
endocytosis. This method requires a suitably size of immunoliposomes (Ø <100 nm) 
[136]. 

PEGylated liposomes or other long-circulating liposomes have been combined 
with antibody targeting liposomes via direct insertion into the lipid bilayer. However, the 
steric hindrance of PEG decreases the coupling efficiency of the ligand to the liposomal 
surface, as well as target recognition, especially when higher concentrations of PEG are 
used. To overcome this problem, targeting ligands can be attached to the terminal ends 



of PEG chains, enhancing antibody accessibility. Such compounds show much better 
binding to specific target cells [37,137,138]. 

Ligands can be attached to the membrane lipids either before or after formation 
of liposomes and both covalent and non-covalent conjugation is possible. For non-
covalent conjugation biotin-modified lipids are used to attach a variety of 
avidin/streptavidin-linked targeting proteins. For covalent bonding attachment of 
proteins or peptides to liposomes via N,N-dicyclohexylcarbodiimide mediated amide 
bonding of amino groups with free carboxylate groups on the terminal end of a PEG 
chain have been used [138]. Likewise proteins have been coupled via maleimide 
derivatives [37]. 

For pyropheophorbide a and verteporfin it has been shown that multiple PS 
molecules can be covalently attached to single chain antibody fragments (scFv) [139]. 
These photoimmunoconjugates retained photophysical functionality and were superior 
to the free photosensitizer. Treatment of human breast cancer xenografts with such a 
system containing an anti-HER-2 scFv linked to 8-10 molecules of pyropheophorbidea 
led to significant tumor regression. In addition to antibodies, a number of other ligands 
are used to target liposomes to specific tissues. Examples include folate, growth factors, 
lipoproteins and transferrin (Tf) [54]. Transferrin receptors (TfR) are over-expressed on 
the surface of many tumors cells. Thus antibodies against TfR and Tf itself are popular 
ligands to target liposomes [125,140]. 

Several experimental studies related to PDT have been reported. For example, 
pheophorbide a was encapsulated into immunoliposomes conjugated with a monoclonal 
antibody against the bladder tumor cell line T-24. The results showed localization of the 
immunoliposome markers within the target cells which proved uptake of this system by 
cancer cells and subsequent photo-activated killing of the tumor cells [140]. 

Another study showed antibody-dependent cytotoxicity of the photosensitive dye 
sulphonated aluminium phthalocyanine incorporated into liposomes linked to a 
monoclonal antibody 79lT/36, on different cell lines (79lT, an osteosarcoma and Cl70, a 
colorectal carcinoma). The photocytotoxicity was proportional to the number of antigens 
on the cells, concentration of photosensitizer and the time of exposure to light. Non-
targeted liposomes did not show significant toxicity. Thus, targeted liposomes 
concentrated the photosensitizer in sufficient proximity to the cell to have a cytotoxic 
action after light irradiation [141]. Similarly, encapsulation in transferrin-conjugated 
PEG-liposomes demonstrated that PS can efficiently photosensitize cancer cells over-
expressing the transferrin receptor and had a 10-fold higher photocytotoxic effect, 
compared to the free photosensitizer [142]. 

Another popular approach for tumor specific drug delivery is the use of folate 
modified liposomes. Folate receptors are frequently over-expressed on tumor cells. 
Moreover, the density of the receptors for folic acid increases as the stage of the cancer 
worsens [143]. A comparison of the selectivity of free photosensitizer and m-THPC 
conjugated to the folate receptor for KB tumors with over-expression of folic acid 
receptors and HT-29 lacking folate receptors was performed. After intravenous injection, 
the folate specific uptake of conjugate photosensitizer was enhanced in KB tumors 
compared to the non-conjugated compound, and no significant difference between KB 
and HT-29 tumors was observed in case of free m-THPC. Moreover, the ratio of tumor 
to normal tissue for conjugated PS showed a selectivity of 5:1 indicating that folate 



modified m-THPC is a feasible approach for improved selectivity in photodynamic 
therapy of folate receptor positive tumors [144]. Near-IR excitation has also been 
demonstrated with NP targeted to folate receptors on human colon cancer cells [100]. 

Similar developments are used for choroidal neovascularization. For example, a 
targeted verteporfin conjugate was prepared by modification of polyvinyl alcohol 
polymer, followed by linkage to the peptide ATWLPPR, which binds to the vascular 
endothelial growth factor receptor (VEGFR2) and showed improved PDT effects [145]. 
An alternative strategy involved the use of plain liposomal formulations of a PS in 
conjunction with a soluble VEGF receptor antagonist (sFlt-1). Here, topical 
administration of sFlt-1 to the treated areas augmented occlusion and limited 
subsequent angiogenesis in a dose-dependent manner [146]. 

Liposomes with a triggered release mechanism, release their content upon a 
specific stimulus [147,148]. For example, release of the photosensitizer from liposomes 
as a result of increase in the membrane lipid disorder and consequently in the 
permeability of the liposomal bilayer is possible through heating of the target tissue 
above the phase transition temperature of the liposome membrane [54]. There are two 
types of such thermosensitive liposomes: liposomes that contain temperature-sensitive 
lipids such as dipalmitoylphosphatidylcholine or liposomes that may or may not contain 
thermosensitive lipids and have a surface coating with thermo-sensitive polymers. 

Thermosensitive liposomes that consist of thermo-sensitive lipids have a gel to 
liquid crystalline phase transition temperature of about 42 C, thus, the permeability of 
phospholipid bilayer of liposomes increases at this temperature which is also the upper 
temperature limit for hyperthermia. The liposomes are stable after administration into 
the body and release their content at a specific site when the temperature is raised 
above 42 C [149]. The modification of liposomes with pH-sensitive moieties represents 
another strategy for targeted drug release. In order to obtain pH-induced interliposomal 
destabilization or fusion of the liposomes with biomembranes, acid-sensitive molecules, 
for example, PE are added to the liposomal membrane, which act as a membrane 
stabilizer at neutral pH [54,149]. In general, the bilayer of pH-sensitive liposomes is 
designed to destabilize between pH 5 and 6.3 and these liposomes can be used to 
release their cargo into the cytoplasm or into the environment of tumor cells [54]. 

A related example for active nanoparticles is methylene blue encapsulated in 
polyacrylamide nanoparticles coated with F3 peptides against the human melanoma cell 
line MDA-MB-435 and rat glioma cell line F98. Data showed that the PDT induced cell 
death increased with NP dose and irradiation time [150]. Improvement of target cell 
specificity was also noticed in 5,10,15,20-tetraphenylporphyrin loaded into polymeric 
micelles modified with tumor specific monoclonal antibody 2C5 (mAb 2C5) against 
murine Lewis lung carcinoma. Increased drug accumulation in the tumor and enhanced 
anti-tumor activity of this modified formulation was demonstrated [151]. 

 

Current Developments 
Visudyne (Verteporfin) was the first liposomal drug approved by the FDA in 

2000 for the treatment of age-related macular degeneration [127]. Subfoveal choroidal 
neovascular degeneration (CNV) is another area of significant interest for PDT [152]. 
CNV can occur as a complication of inflammatory conditions [153] and a combination of 



verteporfin PDT and immunosuppression has shown promise for inflammatory 
subfoeval CNV [154-158]. Photodynamic therapy with verteporfin is currently the only 
photosensitizer that is approved by regulatory agencies for the treatment of CNV 
secondary to pathologic myopatia and has shown beneficial effects [159]. Studies on 
Indian patients reported that verteporfin therapy is effective and can cause stabilization 
or even improved vision [160]. Similar benefits were observed in studies when eyes, 
previously treated with thermal laser photocoagulation for extrafoveal choroidal 
neovascularization, received photodynamic therapy with verteporfin [161] and during 
studies on eyes with juxtafoveal CNV due to pathological myopatia [162]. As outlined 
above, here anti-angiogenesis therapy is now considered to be superior [163].  

Liposomal formulations of mTHPC loaded into DPPC/DPPG-liposomes (Foslip®) 
are still in preclinical tests. Various studies have been reported on Foslip, such as on 
side effects [47], photodynamic efficiency, toxicity, decreased damage of healthy tissue 
[48,49], tumor selectivity [164] or skin delivery [165]. Not long ago, the potential use of a 
liposomal formulation of Foslip was studied in a mouse model for the local recurrence 
of breast cancer [129]. Likewise, its photothrombic activity was investigated [130]. All 
data shown that Foslip® is a promising novel photosensitizer for photodynamic therapy, 
with promising efficiency, enhanced selectivity and reduced side effects. In spite of all, a 
lot of major points have to be clarified and investigated. Still, further work is necessary 
for sufficient development and optimization of liposome formulation for temoporfin. 

Silicon phthalocyanine 4 (Pc4) is currently being clinically tested [166]. Pc4 is 
one of the most efficient phthalocyanine-based photosensitizer and demonstrated high 
photodynamic activity. However, as a hydrophobic agent it is insoluble and has a 
tendency to aggregate in aqueous solutions which reduces its photodynamic activity 
[167-170]. It has now been incorporated into porous silica nanoparticles (Pc4SNP) 
which improved its aqueous solubility, stability, delivery of the PS to the target cells and 
the photodynamic activity compared to free Pc4 [166]. 

A different type of photosensitizer carriers are lipid coated mesoporus silica 
nanoparticles (MSNs) with encapsulated hypocrellin B in order to improve the targeting 
and biocompatibility of photosensitizer in photodynamic therapy. After being calcinated 
and absorbed with PS, the nanoparticles were coated with a lipid bilayer to achieve 
biocompatible surfaces. The results indicate a higher in vitro uptake (human breast 
carcinoma cells MCF-7) compared to the uncoated agent [171]. 

Similar preclinical studies have been recently performed with a new type of ionic 
liquid photosensitizer (cholinium-purpurin-18, Chol-Pu-18) and gold nanoparticles. The 
nanoparticles were prepared using water soluble PS based on a purpurin and choline 
hydroxide [172]. Another example is the encapsulation of a 5,10,15-triphenyl-20-(3-N-
methylpyridinium-yl)porphyrin (3MMe) cationic species in marine 
atelocollagen/xanthane gum microcapsules. Here, the natural oil atelocollagen was 
used as a capsule wall component. This material is commonly used in dermatological 
formulations is highly biocompatible. Results suggest that such polymeric 
micro/nanocapsules are about four times more phototoxic towards HeLa cells than PC 
liposomal emulsion loaded with an equivalent amount of photosensitizer [173]. 

 

Additional Applications  



Nano PDT clearly has developed to an area in its own right. Most of the current 
studies are aimed at either improving existing formulations of clinically approved PS or 
focused on the development of targeted delivery vehicles. Still, at least from a personal 
perspective, some other recent developments are noteworthy. These relate to the use 
of dual-drug modality systems and bimodal therapy applications. Clearly, like standard 
PS, nano PDT drugs can be used as biosensors as well [174]. However, recent studies 
link magnetic resonance imaging (MRI) and PDT [66,172] for example for the imaging 
and treatment of brain tumors [175]. Another example is the combined use of PDT and 
magnetohypothermia using magnetic nanoparticles [176,177]. 

This is related to a hyperthermia approach that combines PDT and photothermal 
therapy (PTT) [178], in which photothermal agents can selectively heat the local 
environment [179]. This relies on materials where, after light absorption of the 
photothermal agent, mainly non-radiative decay channels are used which results in 
overheating of the area around the light absorbing species. Gold nanoparticles, for 
example, show great promise for PTT for cancer and other diseases due to their 
strongly enhanced absorption in the visible and NIR region [180]. A typical example is 
the use of gold nanoshells conjugated to anti-epidermal growth factor receptor as a 
photothermal agent and photodynamic therapy using hypericin as the photosensitizer, 
which proved to be an effective treatment strategy compared to conventional PDT or 
PTT alone [178].  

A combination nanoparticle for both PDT and chemotherapy (based on 
doxorubicin and methylene blue bound to aerosol OT alginate nanoparticles) was used 
to overcome drug resistance problems in chemotherapy [181]. Likewise, approaches for 
a combination of radiotherapy and nano PDT have been developed. Here, scintillation 
or persistent luminescence nanoparticles with bound PS are used. Upon exposure to 
ionizing radiation such as X-rays, the nanoparticles emit scintillation or persistent 
luminescence, which, in turn, activates the photosensitizers [166]. When luminescent 
nanoparticles are used in vivo no external light source is necessary and thus, a more 
localized treatment might become possible. Such an approach offers the potential to 
achieve better subcellular targeting. A good example is the modular recombinant 
transporter approach described by Sobolev [182]. Although complex systems, they 
allow a targeting of the cancer tissue and the most susceptible intracellular 
compartment, the nucleus. In combination with -particle emitting nucleotides a highly 
specific photosensitizing effect is achieved.  

Nevertheless, some basic aspect of nanoPDT remain to be investigated in more 
detail. Often their in vivo fate is unknown, the problem of long term effects has been 
noted above and more importantly in the context of PDT light effects are often neglected 
[183]. Similar to the situation with small molecule PS many efforts focus solely on the 
chemical and biological effects without giving the necessary attention to light dosimetry, 
light delivery, external light sources, fluence rates, two-photon absorption, etc. NP 
potentially can be used as antenna systems or even as light sources themselves. Here 
more detailed studies on the in vivo light distribution, adjuvant therapies and light effects 
in general are necessary to utilize the full potential of luminescent or fluorescent NP. 
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