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Abstract

The challenge was always great for lipophilic photosensitizer use in the photo-
dynamic therapy (PDT) for treatment of internal body diseases. Photosensitizer 
metabolism in liver, incompatibility of the molecules in the gastric acid, aggregation 
in the bloodstream, opsonization of molecules and phagocyting process hamper 
the application of the free lipophilic photosensitizer in disease treatment using 
PDT. This problem has been partially resolved using the drug delivery system to 
encapsulate the photosensitizer. Many studies have been reported using polymeric 
nanoparticles to encapsulate the lipophilic photosensitizer showing excellent results 
for PDT, but few nanoparticulate formulations are available at the pharmacies. The 
absence of deep knowledge about the influence of synergic effect of parameters 
used in the nanoparticle preparation on its properties, the photobleaching process 
of encapsulated photosensitizer and the molecule aggregation into the nanoparticle 
can decrease the photodynamic efficacy for the lipophilic photosensitizer. Our 
research group has studied the influence of many parameters on the nanoparticu-
late properties of several encapsulated phthalocyanines and porphyrin using facto-
rial design, evaluating the free and encapsulated compound aggregation, efficacy 
to reduce the viability of cancer cells, the photooxidation of the biomolecules and 
the influence of photobleaching. This work shows the most important results to be 
consider in the optimization of the polymeric nanoparticle.

Keywords: polymeric nanoparticle, factorial design, phthalocyanine, porphyrin, 
photodynamic therapy, photooxidation, cancer cells, photobleaching

1. Introduction

Photodynamic therapy (PDT) is an important therapeutic modality used in 
the treatment of cancer and several non-malignant diseases, including infections 
and dental treatments [1–5]. It is characterized by the administration of a photo-
sensitizer (PS), a light source to activate it and oxygen molecules (Figure 1) [6]. 
After administration of the photosensitizer, the diseased tissue is irradiated with 
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visible light, causing the excitation of the PS to a singlet electronic state (S1), 
which can be deactivated to the fundamental state (S0) through radiative pro-
cesses (fluorescence or phosphorescence) or non-radioactive (internal conver-
sion, intersystem crossing or vibrational relaxation). Among these processes, 
intersystem crossing is essential for PDT. It consists of a prohibited transition by 
spin from the excited singlet electronic state (S1) to the excited triplet state (T1). 
In this state, the PS can interact with oxygen molecules or other biomolecules 
that are present in the irradiated tissue generating reactive oxygen species (ROS) 
that can cause damage to diseased tissues [7, 8]. These ROS can be generated by 
two mechanisms, [9] involving energy transfer (type II mechanism) or electron 
transfer (type I mechanism) (Figure 1).

The success of the treatment, fundamentally, depends on the photochemical, 
photobiological and pharmacokinetic properties of the photosensitizer. New 
porphyrin and phthalocyanine derivatives have been synthesized and encap-
sulated because their photochemical properties are suitable for PDT [10–12]. 
In general, hydrophobic photosensitizers tend to form aggregates in aqueous 
medium, affecting their bioavailability and their ability to generate reactive oxy-
gen species, [13] and consequently, reducing their efficacy in treatment by PDT. 
In addition, lipophilic molecules hamper the administration of photosensitizer 
by parenteral via [14]. The nanocarrier systems has proven to be quite effective 
to solve this problem since they facilitate the administration of the hydrophobic 
photosensitizer, protect the photosensitizer from aggressive environments and 
decreasing its aggregation state [15].

Many studies show prominent results with polymeric nanoparticles as carriers 
of lipophilic photosensitizers due to the benefits associated with their application in 
PDT for cancer treatment [16–18] such as effectively increase in the amount of PS 
in the target tissue due to a greater volume/area ratio; prevent the premature release 
of the photosensitizer, avoiding its accumulation in healthy tissues; maintaining 
drug concentration at therapeutically appropriate intervals in blood circulation and 
tissues; greater ability to penetrate the target tissue due to its size; in addition to 
protecting drugs from liver inactivation and enzymatic degradation [15].

Figure 1. 
PDT mechanism involving the combination of a photosensitizer, a light source and oxygen molecules. After 
excitation to a higher energy state (1), the photosensitizer may suffer rotovibrational decays to the excited state 
S1 (2), from which the photosensitizer can suffer energy decay to the fundamental state S0, via fluorescence (3), 
intersystem crossing (4) or phosphorescence (5).
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Another advantage of polymeric nanoparticles is their biocompatibility and 
biodegradability, once it is degraded by enzymatic processes that generates non-
toxic and biocompatible products, being removed from the body by physiological 
pathways. An example is the nanoparticle of poly(lactide-co-glycolide) (PLGA), a 
polymer approved by the Food and Drug Administration (FDA) and that we used 
in our research [15]. However, it also be reported that the use of nanomaterials in 
contemporary clinical practice need to be monitored because of the unpredicted 
effects of the cumulative exposes of non-biodegradable nanoparticle in the 
human body [19].

Few nanoparticulate formulations are on the shelves of pharmacies due to the 
lack of knowledge of the combinatorial influence of the parameters used in the 
preparation of the nanoparticles on the fundamental properties for maximum 
therapeutic potential, [5] a fact that hampers the scale up process for the produc-
tion of nanoparticulate formulations. Besides, the poor batch-to batch reproduc-
ibility to prepare polymeric nanoparticle, the low solubility of some polymers in 
water that requires the use of organic solvent to synthesize the nanoparticle, the 
low glass transition temperature of some polymers that limit the use of them to 
prepare the nanoparticulate formulation and the high cost of biodegradable poly-
mers are drawback that hamper the development of nanoparticulate pharmaceutic 
formulation for using in PDT. For these reasons, we have studied the influence of 
the parameters involved in the preparation of polymeric nanoparticle loaded with 
several porphyrin and phthalocyanine derivatives (Figures 2-4) that have different 
physicochemical properties (Table 1).

Given these considerations, we present an overview of the main results obtained 
by our research group on the influence of several preparation parameters on 
the final properties of polymeric nanoparticles loaded with photosensitizers for 

Figure 2. 
Molecular structures optimized by Avogadro and MOPAC software for (A) gallium phthalocyanine chlorine 
(GaPc), (B) indium phthalocyanine chlorine (InPc) and (C) chloro(5,10,15,20-tetraphenylporphyrinato) 
indium (III) (InTPP).
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application in PDT, besides regarding the effect of encapsulation in reducing the 
photobleaching process of photosensitizer and on the efficiency of nanoparticles 
containing photosensitive compounds in reducing the viability of cancer cells or in 
biomolecules photooxidation.

Figure 3. 
Molecular structures optimized by Avogadro and MOPAC software for (A) 5-hexyl-10,20-bi(3-hydroxyphenyl)
porphyrin (hex-m-bisHPP), (B) 5-hexyl-10,15,20-tri(3-hydroxyphenyl)porphyrin (hex-m-trisHPP) and (C) 
5,10,15,20-tetra(3-hydroxyphenyl)porphyrin (m-THPP).

Figure 4. 
Molecular structures optimized by Avogadro and MOPAC software for 1,4-(tetrakis[4-(benzyloxy)phenoxy] 
phthalocyaninato) indium(III) chloride (InTBPPc).
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Compound GaPc InPc InTPP m-THPP Hex-m-BisHPP Hex-m-TrisHPP InTBPPc

Heat of Formation / kj/mol § 867.59016 866.26780 912.86350 418.11873 569.44802 412.25908 545.82102

Volume / Å3 § 596.57 606.78 782.35 781.06 691.12 799.51 1555.32

Ionization Potential / EV § 7.304876 7.272500 7.860061 8.012104 7.779898 7.811042 7.160890

Energy Difference HOMO-LUMO / EV § 4.862 4.903 5.965 6.185 5.969 6.106 4.922

Dipole Moment / D § 7.00151 7.40825 4.43138 3.91867 2.74405 1.76290 8.27066

Log P* 4.52 1.67 2.33 6.82 6.78 7.57 9.17

Log S* −4.04 −4.59 −6.12 −5.23 −5.10 −5.33 −6.52

Polarizability** 66.75 67.90 90.90 87.68 75.43 87.05 157.27

HLB** 4.20 4.50 3.40 3.22 3.20 3.05 7.63
*Values were calculated from ALOGPS 2.1 Program http://www.vcclab.org/lab/alogps/
**Values were calculated from MarvinSketch 20.16 Program.
§Values were calculated from MOPAC 2016 Program.

Table 1. 
Physicochemical properties of the studied photosensitizers.



Photodynamic Therapy - From Basic Science to Clinical Research

6

2.  Influence of nanoparticles preparation parameters on their final 
properties

The development of carrier systems involves a lot of study of the variables used in 
the formulations preparation and their influences on the nanoparticulate properties 
that reflect on the cellular uptake of nanoparticles, its bioavailability and, conse-
quently, the photodynamic efficiency. The approach to analyze the individual effect 
and the combinatorial effect (synergistic or antagonistic) of the parameters is usually 
done by factorial design of experiments, which all levels (experimental domains) of a 
factor are combined with all levels of the other factors of the experiment [16].

The influence of factors on the characteristics of nanoparticles is intrinsically 
linked to the production process [16, 20, 21]. Many works have shown the indi-
vidual effects of some parameters involved in the nanoparticles preparation stage 
on their properties. However, the influence of a parameter used in a polymeric 
nanoparticles formulation will not always produce the same response for similar 
formulations [5].

There are significant challenges to consolidate polymeric nanoformulations in the 
pharmaceutical market since small changes in the composition of the formulation, for 
example, the encapsulated drug, can influence the nanoparticles properties, such as 
the particle size, the surface charge, the residual amount of emulsifier on the surface 
of the particles, and encapsulation and recovery efficiencies of the nanoparticles [5].

2.1 Size

The particle size used for the treatment of oncological and non-oncological 
diseases depends on the administration route and/or the type of diseased tissue. For 
example, in intravenous administration, the particles must be smaller than 5 μm in 
order to circulate through the capillaries, however, smaller sizes are necessary for 
nanoparticles reach the tumor vessels and remain longer in the blood stream [5, 8, 22].

Researches have shown that nanoparticles with sizes smaller than 200 nm have 
a longer circulation time in the bloodstream due to the reduction of the recognition 
of the nanoparticle by plasma proteins (opsonin) that signal the reticuloendothelial 
system to act in the phagocytosis process of the nanoparticles. Remaining longer in 
the circulatory system, smaller diameter particles could interact more effectively 
with cell membranes, presenting greater capacity of cellular internalization due to 
the overexpression of porous in tumor cells membranes, a fact that would result 
in greater efficiency of nanoparticulate photosensitizers in reducing cell viability 
through PDT [5, 8, 22].

A highly significant parameter in causing changes in the nanoparticles size was 
the stirring rate used in the preparation process. The increase of stirring rate leads 
to smaller sized nanoparticles due to the better dispersion of the organic phase 
in the aqueous phase, reducing the droplet size of the organic phase and, conse-
quently, the nanoparticle size [20].

Although the stirring rate is considered the main factor responsible for the size 
reduction of the nanoparticle, in some formulations this parameter is not significant 
[23]. In the preparation of PLGA-PEG nanoparticles loaded with chloro(5,10,15,20-
tetraphenylporphyranato) indium(III) (InTPP – Figure 2C), the ethanol percent-
age in the aqueous phase was the main parameter responsible for size decrease, not 
the stirring rate [20].

Our group demonstrated that the individual increasing in the ethanol percent-
age in the aqueous and organic phases contribute to reduce the nanoparticles size. 
The ethanol present in the aqueous phase causes an increase in viscosity while the 
addition of ethanol in the organic phase accelerates the separation of phases from 
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the PLGA during the dispersion of the organic phase in the aqueous phase. These 
effects hinder the coalescence of organic droplets dispersed in the aqueous phase, 
preventing an increase in the nanoparticles size [16, 20].

Analyzing two preparation methods, the PLGA-PEG nanoparticles loaded 
with gallium phthalocyanine (GaPc - Figure 2A) prepared by the Emulsification-
Diffusion Method (EDM) were smaller in size than the nanoparticles prepared by 
the Emulsification-Evaporation Method (EEM). In the EDM method, the organic 
solvent is dispersed in the aqueous phase generating droplets that are stabilized 
by colloidal stabilizing agents, however, the rapid efflux of solvent can cause the 
formation of aggregates and a population with varying sizes [5].

The aqueous phase temperature is another factor that can positively or nega-
tively influence the nanoparticles size. The increase in temperature reduces the 
viscosity of the mixture between the organic phase and the aqueous phase, favoring 
the coalescence of organic solvent drops and consequently increasing the particles 
size, but the increase in temperature also favors the diffusion of the organic solvent 
into the aqueous phase, favoring the reduction of particle size. In the EDM method 
the effect of coalescence is more pronounced, causing the size increase, while in 
the EEM method the diffusion of the organic solvent to the aqueous phase is more 
pronounced, decreasing the nanoparticle size [5].

Combinatory effects of two parameters can also be significant for nanoparticle 
size. The binary effect between changing the method from EEM to EDM and 
increasing the aqueous phase temperature tends to increase the nanoparticles size 
[5]. Univariate methods do not allow to identify the combinatory effect that could 
be important for a determinate nanoparticulate property being necessary the use of 
factorial design.

The ratio between the photosensitizer mass and the polymer mass is also a 
parameter that can influence the nanoparticle size. In the study of the preparation 
of PLGA nanoparticles loaded with three porphyrins (Hex-m-bis-HPP, Hex-m-tris-
HPP and m-THPP - Figure 3A-C, respectively) with different amphiphilicities, [16] 
the effect of the porphyrin/polymer mass ratio on the nanoparticle size was only 
significant in m-THPP nanoparticles, which the increase in the mass ratio caused a 
reduction in size. The low polymer concentration reduces the organic phase viscous 
resistance against the shear force during the emulsification process, favoring the 
reduction of the organic phase droplets size dispersed in the aqueous phase and, 
consequently, reducing the nanoparticles size [16].

Different results have also been reported in the literature, not observing any 
effect of the photosensitizer mass/polymer mass ratio on the PLGA nanoparticles 
size loaded with bupivacaine [24], while others have reported that an increase in the 
proportion decreased the nanoparticles size [25, 26].

Another parameter that can also influence the nanoparticles size is the polyvinyl 
alcohol (PVA) concentration, which is the most used emulsifier in formulations 
preparation stage. In some cases, the effect of increasing the PVA concentration on 
the particle size may be very similar to the effect of the stirring rate. It is known that 
PVA molecules anchor in the aqueous/organic interface formed during emulsifica-
tion, causing a decrease in interfacial tension and favoring the mechanical and 
spatial stabilizations of the organic droplets dispersed in the aqueous phase [27]. 
In addition, polymeric PVA chains not anchored to the nanosphere surface can 
increase the aqueous phase viscosity. The reduction in interfacial tension and the 
increase in viscosity caused by PVA favor a decrease in the nanosphere size [20].

Emulsification time is a factor that may or may not be significant on size. In the 
preparation of PLGA-PEG nanoparticles containing gallium phthalocyanine, this 
parameter did not significantly influence the nanoparticles size [5], however some 
studies have already shown that it can increase or decrease the size [28]. As stated 
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earlier, each parameter behaves in a particular way according to the parameters used 
in the preparation of nanoparticles. All these influences on size were summarized in 
Figure 5.

Besides the preparation parameters, the physicochemical properties of pho-
tosensitizers can also influence nanoparticles size. The polymeric PLGA-PEG 
nanoparticles loaded with GaPc or InTBPPc had different results for size distribu-
tion. The average diameter of the InTBPPc nanoparticles was 1.3 times greater than 
for nanoparticles with GaPc. According to the optimized structures designed by 
the molecular modeling program (Figure 2A and 4), it was shown that InTBPPc 
has a volume of 1555.32 Å3 (Table 1), that is 2.6 times greater than GaPc. This result 
suggests that the molecular size of the encapsulated phthalocyanine may influence 
the increase in the size distribution and the nanoparticles diameter [29].

The storage of lyophilized samples at certain temperatures is another factor 
that can influence the particles size. Studies were conducted with the PLGA-PEG 
nanoparticles loaded with GaPc (Figure 6) to evaluate the influence of the for-
mulation storage at different temperatures on the nanoparticles size. The experi-
ments were carried out with a formulation characterized by presenting 88.9% of 
the nanoparticles with a diameter smaller than 199.9 nm, an important outcome 
since particles smaller than 200 nm remain longer in the circulatory system [5]. 
The experiments suggest that the temperature of 20°C is more suitable for storage 
purposes of the formulations for 4 weeks, due to the results of less variation in the 
average diameter of the particles. Even considering the statistical variation of the 
measurements, there are changes in the PLGA-PEG nanoparticles size that may be 
associated with the aggregation of the particles during the storage period and the 
difficulty of disintegrating them during the process of redispersion in water. Such 
average size variations were greater for lower or higher temperatures than 20°C.

Similar analysis was performed with lyophilized formulations of PLGA-PEG 
nanoparticulate loaded with InTBPPc (Figure 7) for only 12 days at temperatures 
of 5°C and 35°C. Before the storage process, the formulation was characterized 
with a population of 98.9% of the particles with an average diameter smaller than 
199.9 nm. In the short storage period, the generation of small and large aggregates 

Figure 5. 
Effects of some parameters involved in the nanoparticles preparation stage [(A) stirring rate, (B) PVA 
concentration, (C) ethanol concentration in the aqueous phase, (D) ethanol concentration in the organic 
phase, (E) emulsification time, (F) changing the preparation method from EEM to EDM, (G) aqueous phase 
temperature, (H) photosensitizer mass/polymer mass ratio] over different nanoparticulate properties [(RC) 
residual chloroform, (EE) entrapment efficiency, (RE) recovery efficiency, (PVAr) residual PVA, size, (ZP) 
zeta potential].
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was observed at temperatures of 5°C and 35°C, with the size variation being greater 
for the temperature of 35°C in the first 8 days. This temperature is above the 
PLGA-PEG glass transition temperature (Tg at 30°C), [30] a fact that favors particle 
aggregation. Therefore, it can be concluded that storage temperatures, whether 
low or high, can influence the formation of aggregates, a fact that could reduce the 
photosensitizer efficiency during PDT.

Figure 6. 
Average diameter of the PLGA-PEG nanoparticle loaded with GaPc after storage for 1–4 weeks in different 
temperatures.

Figure 7. 
Average diameter of the PLGA-PEG nanoparticle loaded with InTBPPc after storage for 12 days in different 
temperatures.
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2.2 Zeta potential

The zeta potential is a property related to the particles physical stability that can 
be used to measure the magnitude of the repulsion or attraction. The maximiza-
tion of the repulsive forces between the nanoparticles, minimizes the interactions 
responsible for colloidal instability, consequently interfering in the photodynamic 
efficacy of an encapsulated photosensitizer [5, 20].

Nanoparticles coated with amphiphilic polymers, such as PEG, usually have a 
higher zeta potential due to the increase in the contact surface and, consequently, 
to the shielding of the nanoparticle surface charge [31–34]. Therefore, the greater 
surface area (ratio of surface area/volume) of the nanoparticle, the greater is the 
residual PVA percentage at the nanoparticle interface and, consequently, the greater 
is the zeta potential value [5].

Thus, it is expected the parameters that influence the nanoparticles size will also 
be significant on the zeta potential values. As the stirring rate is one of the main 
factors in causing the decrease of the nanoparticles size, it will also be expected that 
this factor is able to affect the zeta potential, increasing its value [20].

GaPc-loaded PLGA-PEG nanoparticles presented higher zeta potential values 
when prepared by EDM than those prepared by the EEM. This fact corroborates 
with the results obtained from the nanoparticle prepared by the EEM, which 
presented greater sizes and smaller values of zeta potential, suggesting that they are 
more stable from an electrostatic point of view [5].

The increase in the aqueous phase temperature also caused a significant decrease 
in the absolute value of the zeta potential, because this factor induced an increase 
in the nanoparticles size which have less residual PVA adsorbed on their surfaces, 
resulting in a smaller zeta potential [5].

In the preparation of PLGA nanoparticles containing three porphyrins (m-THPP, 
Hex-m-bisHPP and Hex-m-trisHPP) with different amphiphilicities, each formula-
tion presented a different response of the preparation parameters related to the 
zeta potential, with results intrinsically linked to particle size. For Hex-m-bisHPP-
loaded nanoparticles, the increase in the ethanol percentage in the aqueous phase 
caused an increase in the zeta potential due to the decrease of the nanoparticle size. 
While for nanoparticles containing m-THPP, the porphyrin/polymer mass ratio was 
the only significant factor that caused an increase in the zeta potential value since 
this factor decreased the particle size [16]. The summary of all influences on the 
zeta potential was indicated in Figure 5.

2.3 Entrapment efficiency

The entrapment efficiency relates the amount of drug that was effectively 
encapsulated/adsorbed on the nanoparticle. This property depends on the physi-
cochemical properties and the interaction between the photosensitizer, the carrier 
matrix and the surrounding environment. Studies have shown that higher entrap-
ment efficiency is associated with better photodynamic efficiencies for a short 
period of light activation [19, 35].

The diffusion process of the photosensitizer from the organic phase to the 
aqueous phase has significantly influenced the substance entrapment efficiency 
during the nanoparticle preparation process. Results have shown that the individual 
increase in the PVA concentration and the ethanol concentration in the aqueous 
phase tend to increase the photosensitizer encapsulation. The aqueous phase viscos-
ity increases with the PVA and ethanol concentrations, which favors the formation 
of smaller sizes nanoparticles, having a specific surface area (area/volume) that 
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allows a greater number of PVA molecules at the interface of the organic/aqueous 
phase. This hinders the diffusion of photosensitizers from the organic phase to the 
aqueous phase, favoring an increase in nanoparticle encapsulation. On the other 
hand, the combinatory effect caused by the simultaneous increase in the concentra-
tion of PVA and ethanol in the aqueous phase decreases the entrapment efficiency 
of InTPP in PLGA nanoparticles, as experiments showed that PVA and ethanol 
favor the solubilization of InTPP in aqueous medium [20].

When the method is changed from EEM to EDM, the entrapment efficiency 
decreases since the EDM method favors the formation of smaller diameter nanopar-
ticles, facilitating the organic solvent diffusion into the aqueous phase and decreas-
ing the entrapment efficiency of the photosensitizer in nanoparticles [5].

The increase of the aqueous phase temperature combine with the change in the 
preparation method also influences the photosensitizer entrapment efficiency. In 
the EEM method, the increase in the aqueous phase temperature causes the more 
effectively evaporation of the organic solvent, leading to fast polymer coacervation 
and, consequently, the organic/aqueous interface solidification. This increases the 
photosensitizer entrapment efficiency in the PLGA-PEG nanoparticles prepared 
by EEM. In the EDM method, the same increase in the aqueous phase temperature 
favors the solvent diffusion from the organic phase to the aqueous phase that 
carries the photosensitizer out of the nanoparticle, decreasing the entrapment 
efficiency [5]. All effects of parameters on entrapment efficiency were registered 
in Figure 5.

In addition to the parameters used in the nanoparticle preparation, the 
physicochemical properties of the photosensitizer may interfere on the entrap-
ment efficiency. As an example, molecules of greater polarity tend to diffuse 
more easily from the organic phase to the aqueous phase, decreasing the entrap-
ment efficiency [16]. The theoretical calculations compared to experimental 
results have suggested that photosensitizers with higher volume tend to be 
less efficiently encapsulated by nanoparticles. This was observed for InTBPPc 
molecules and also for Hex-m-TrisHPP molecules (Table 1). Molecules that have 
close volume values have shown similar entrapment efficiency as GaPc and InPc 
(Figure 2A, B, respectively).

2.4 Recovery efficiency

The recovery efficiency calculates the percentage of nanoparticle that has been 
produced and recovered. It is a property that has economic importance and has 
great value for the pharmaceutical industries, since they aim to reduce the produc-
tion costs of the nanoparticulate formulation.

The nanoparticles size influences directly the recovery efficiency. Smaller 
nanoparticles are expected to be less recovered during the washing step than larger 
nanoparticles since the sedimentation rate of the particles in a centrifugal field is 
proportional to the square particle diameter. Thus, the parameters that influence 
the nanoparticles size tend to influence the recovery efficiency [20].

Parameters that cause a reduction in size, such as stirring rate, the EDM prepara-
tion method, the ethanol concentration in the aqueous or organic phase, as well as 
the emulsification time can favor the decrease of the recovery efficiency [5, 20].

Synergistic effects can be significant for recovery efficiency. For example, increas-
ing the aqueous phase temperature together with the change in the preparation 
method, or increasing the emulsification time together with the change from the EEM 
method to EDM, can increase the recovery efficiency [5]. All effects of the parameters 
used to prepare of nanoparticles on the recovery efficiency are shown in Figure 5.
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2.5 Residual polyvinyl alcohol (PVA)

PVA is the emulsifier most commonly used in the polymeric nanoparticles 
preparation. Even with the washing steps during the process, aiming to reduce the 
excess of PVA, an amount of these molecules remains adsorbed to the nanoparticle 
polymeric matrix due to the orientation of the PVA hydrophobic part in the organic 
phase, keeping molecules attach on the surface of the particle after the coacerva-
tion process [31]. This residual PVA on the particles surface can interfere on the 
nanoparticles physicochemical and biological properties, such as the size, release 
profiles of encapsulated drugs and intracellular uptake of the nanoparticles.

PVA tends to be adsorbed on the nanoparticle surface through the hydrophobic 
part of vinyl acetate, which tends to anchor the polymer in the aqueous/organic 
interface formed during the emulsification process. Smaller sized particles have 
a greater specific surface area, so it requires a greater amount of PVA to stabilize 
the emulsion droplets. Thus, these nanoparticles retain a greater amount of PVA 
adsorbed on its surface. Therefore, parameters that influenced the particle size, 
tend to affect the percentage of residual PVA [5, 16, 20, 22].

As the ethanol in the aqueous phase and the stirring rate favor the preparation 
of smaller nanoparticles, it is expected a higher amount of residual PVA on the 
small nanoparticle surface. However, the relation between the nanoparticles size 
and residual PVA is not immutable. An example is the PLGA-PEG nanoparticles 
containing gallium phthalocyanine [20]. It was reported that the aqueous phase 
temperature increased the nanoparticles size and the residual PVA while the change 
in the preparation method from EEM to EDM decreased the nanoparticles size and 
the residual PVA. Therefore, a different situation that it was expected. Probably, the 
presence of PEG linked to PLGA hindered the interactions of PVA molecules with 
the organic/aqueous interface [20].

Residual PVA can also be influenced by synergistic effects. For example, 
changing the preparation method from EEM to EDM, associated with an increase 
in the aqueous phase temperature can cause an increase in the residual PVA. 
However, the increase of the emulsification time together with the change of 
the preparation method can reduce the residual PVA [5]. All influences of the 
parameters used in the preparation of polymeric nanoparticle were summarized 
in the Figure 5.

It should be noted that the residual PVA values can still vary according to the num-
ber of washing steps and the method used to wash the nanoparticle suspension [5, 22].

2.6 Residual chloroform

The organic solvent can be retained by nanoparticles during the preparation of the  
nanoparticulate formulation, becoming a residual organic impurity. Therefore, the 
quantification of solvent residual is necessary to eliminate toxicological risks for 
patients. According to the American Pharmacopeia, the residual chloroform limit 
is 60 ppm for pharmaceutical formulations. Thus, it is very important to evaluate 
the influence of the factors involved in the nanoparticle preparation on the residual 
chloroform concentration [20].

The percentage of residual chloroform, as described for other properties, is also 
related to the nanoparticle size. Thus, there is a tendency to reduce residual chloro-
form linked to the reduction in the nanoparticles size.

In the preparation of PLGA-PEG nanoparticles containing chloro(5,10,15,20-
tetraphenylporphyranato) indium(III) (InTPP - Figure 2C), the influence of four 
parameters on the residual chloroform percentage was studied: PVA concentration, 
stirring rate, ethanol percentage in the aqueous phase and in the organic phase [20].
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The stirring rate and the ethanol percentage in the aqueous phase were the 
factors that significantly influenced the residual solvent, favoring the decrease 
of residual chloroform. The increase in the stirring rate favors the organic phase 
dispersion into the aqueous phase, generating small organic droplets that favor the 
fast solvent diffusion into the aqueous phase. On the other hand, ethanol in the 
aqueous phase hinders the coalescence of organic droplets dispersed in the aqueous 
phase, favoring the formation of smaller diameter particles [20].

Although the individual effects of ethanol in the aqueous phase and the increase 
in stirring rate cause a decrease in residual chloroform, the synergistic effect of the 
simultaneous increase of these factors caused an increase in residual chloroform. 
Both factors favored the decrease in the nanoparticles size. Small size nanoparticles 
tend to present a higher residual PVA percentage on the particles surface, which 
makes difficult the solvent diffusion from organic droplets into the aqueous phase. 
This diffusion becomes even more difficult after the solidification of the polymeric 
matrix surface layer during the process of evaporation of the organic solvent, favor-
ing the residual increase of chloroform in the nanoparticles [20]. All influences on 
residual chloroform have been reported in Figure 5.

3. Photobleaching

Experimental results have shown that the photobleaching process can hinder the 
photodynamic efficiency of photosensitive compounds [36, 37]. Photodegradation 
of photosensitizers can reduce the concentration of these photoactive compounds in 
diseased tissue, decreasing the efficacy of PDT to reduce cell viability, leading to an 
incomplete treatment. On the other hand, photobleaching can reduce the photosen-
sitivity of healthy tissues after irradiation due to the lower amount of reactive oxy-
gen species generated in the photodynamic process motivated by the destruction of 
photosensitizer molecules. Considering that phthalocyanines are photosensitizers 
that tend to suffer photobleaching, [37] as well as to aggregate in aqueous medium, 
our group evaluated the ability of polymeric nanoparticles to reduce the aggregation 
of these lipophilic molecules and also the effect of photobleaching [29].

The laser power and the concentration of free phthalocyanine significantly 
influenced the photobleaching for concentrations in which the molecule is in the 
monomeric state since the photosensitizer aggregation state tends to decrease the 
photobleaching process due to the difficulty to produce reactive oxygen species [29].

Works have shown that the encapsulation of photosensitizers decrease the effect 
of photobleaching in phthalocyanines when compared to free molecules due to the 
scattering of light caused by the polymeric matrix [5, 7, 8, 29]. More soluble photo-
sensitizers tend to be more susceptible to suffer photobleaching and even encapsu-
lated can be photodegraded according to the laser power and irradiation dose used, 
limiting its ability to be used as a good photosensitizer in photodynamic therapy 
[29]. The short storage period at several temperatures did not cause significant influ-
ence in the photobleaching behave of the encapsulated phthalocyanines, probably 
due to the aggregation process of the particles (Figures 6, 7) (results not showed).

4. Photooxidation

Phthalocyanines are a class of compounds used as photosensitizers due to their 
chemical, electronic and spectroscopic properties, [38, 39] in particular, due to the 
intense absorption of these compounds in the therapeutic window and their ability 
to generate singlet oxygen in the presence of a light source.
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Researchers have shown that the presence of heavy atom in the phthalocyanine 
structure favors the generation of singlet oxygen due to the increase in spin-orbital 
coupling and, consequently, the transition of the photosensitizer from an excited 
singlet state to a triplet state (intersystem crossing) [40–42]. In addition, the 
literature suggests that photooxidative mechanisms for singlet oxygen are usually 
more efficient due to their greater diffusibility and higher reaction rate constants 
with substrates [43, 44]. However, the metallophthalocyanines present limited 
solubility in certain solvents due to the symmetry of molecular structure, hamper 
their application in PDT [29].

The chemical structure of phthalocyanines has been modified by introducing 
substitutes in the peripheral or non-peripheral positions of the phthalocyanine 
nucleus to reduce the molecule symmetry and consequently increase the polarity 
and solubility of the phthalocyanines [41, 42]. Besides, studies show that encap-
sulation improves the photodynamic efficiency of the photosensitizer, as well as 
decreases side effects such as photosensitivity of the skin after photodynamic treat-
ment, and reduces molecular aggregation compared to phthalocyanines dissolved in 
aqueous medium [5, 7, 8, 29, 45].

We have studied the photodynamic efficiency of different porphyrins and phtha-
locyanines encapsulated in polymeric nanoparticles (Figures 2-4). As an example, 
gallium phthalocyanine (GaPc - Figure 2A) and 1,4-(tetrakis[4-(benzyloxy)
phenoxy] phthalocyaninato) indium(III) chloride (InTBPPc - Figure 4) are conve-
nient photosensitizers for PDT. These compounds have high singlet oxygen (0.41 and 
0.94, respectively) and triplet (0.69 and 0.97, respectively) quantum yield. However, 
InTBPPc has more interesting features for use in PDT [29].

The photooxidation of simple molecules (as dimethylanthracene (DMA) and 
tryptophan (Trp)) was used to evaluate the photodynamic efficiency of each free 
and encapsulated phthalocyanines. It is notable that the asymmetry caused by 
(benzyloxy)phenoxy group in phthalocyanine seems to increase the photodegrada-
tion of InTBPPc, due to the greater solubility of the photosensitizer which favors 
the reduction of its aggregation state. The decrease in the aggregation state favors 
the generation of singlet oxygen and consequently, the efficacy of the free photo-
sensitizer in photooxidizing simple molecules such as DMA and Trp, as well as the 
phthalocyanine photobleaching [29]. Therefore, free InTBPPc was more efficient 
than free GaPc in photooxidate DMA and Trp molecules, due to its lower aggrega-
tion state and the higher capacity of free InTBPPc to generate singlet oxygen. 
However, the encapsulated GaPc proved to be more efficient than the encapsulated 
InTBPPc in photooxidate the Trp molecules, corroborating that the encapsulation 
can enhance the photosensitizer photocytotoxicity and reduce the aggregation state 
of the free photosensitizer [29].

We have demonstrated that the photocytotoxicity of encapsulated photosen-
sitizers depends on the incubation time, the photosensitizer concentration and 
the laser power [5, 7, 8, 16, 29]. However, these observations cannot be considered 
a fact for all free or encapsulated photosensitizers due to their solubility charac-
teristics, their states of aggregation and the influences of the parameters used in 
the nanoparticles preparation on the nanoparticulate properties. For example, 
the aggregation state of free InPc decreases the photodynamic efficiency of this 
photosensitizer, so that the viability of tumor cells is not altered by increasing the 
concentration and laser power [7].

We have observed that each nanoparticulate formulation should be treated in 
a particular way, taking care to do generalizations about certain conclusions as 
susceptible to be applied to all formations. An example was the result observed 
with InTBPPc, the encapsulation process did not increase its efficiency in the 
photooxidation process of Trp due to the photobleaching process suffered by the 
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photosensitizer [29]. In general, the encapsulation process of photosensitizers has 
not created barriers for the singlet oxygen generation, and has increased the uptake 
of photosensitizer into the cancer cells, improving the efficiency of the phthalocya-
nines and porphyrins to reduce the viability of cancer cells [7, 8, 16].

It was also shown that the photocytotoxic activity of nanoparticles loaded with 
porphyrins did not depend on the different amphiphilic characteristics of the 
compounds, probably due to the encapsulation process [16]. Even the similarities in 
photodynamic efficacy are related to the degree of similarity in the internalization 
of each encapsulated photosensitizer inside tumor cells [16].

5. Future perspectives and challenges

The greatest challenge when it comes to oncology is prepared drugs with high 
specificity to promote the death of malignant cells without harming healthy ones. 
PDT has been used with successful to treat several cases of cancer with a lesser 
side effects than those treated by conventional chemotherapy. New photosensitiz-
ers have been synthesized to increase the photodynamic efficiency on the disease 
tissues and to facilitate the photosensitizer administration during the treatment. 
However, the hydrophobicity of new compounds should not limit their use in PDT. 
The use of nanoparticles as carrier has motivated the research in PDT since results 
had showed very promising advances in reducing the viability of the cancer cells 
due to the specificity achieved by the targeted or magnetic drug delivery system 
and due to the increase of the bioavailability of the nanoparticle. But the synthetic 
control is a very challenger for preparing a targeted polymeric nanoparticle in 
order to maintain the reproducibility of the nanoparticulate properties and its 
efficiency in the cancer treatment. Thus, there is much to be studied about the 
synthetic particularities of the polymeric nanoparticulate formulation for greater 
clinical application in the cancer treatment by PDT. In this sense, the development 
of nanoparticulate systems consistently involves a lot of work to study the several 
variables and its synergistic or antagonistic combinations that influence the prop-
erties of nanoparticulate formulations. Besides, the decrease of the entrapment 
efficiency of the photosensitizer associated to decrease of the nanoparticle size, 
the influence of combinatory effect of the photobleaching of encapsulated pho-
tosensitizer and the aggregation state of the compound into the nanoparticle, the 
establishment of adequate loading of photosensitizer into the nanoparticle and the 
uptake of the polymeric nanoparticle into the disease cells should be considered to 
development nanoparticulate formulation with high photodynamic efficiency to 
reduce the viability of the cancer cells.

6. Conclusions

In this chapter we demonstrate the most significant parameters in decreasing the 
nanoparticles size were the increase in stirring rate and PVA concentration. Other 
factors that also reduced the particles size were the increase in the ethanol percent-
age in the aqueous phase and in the organic phase, and the increase in the photo-
sensitizer mass/polymer mass ratio. Nanoparticles prepared by the EDM showed 
smaller sizes than the nanoparticles prepared by the EEM but are less stable. The 
aqueous phase temperature showed double behavior in relation to the nanoparticles 
size, increasing or decreasing the size depending on the method used to prepare the 
nanoparticle. The other properties evaluated, such as zeta potential, entrapment 
and recovery efficiencies, residual PVA and residual chloroform, are dependent on 
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the size of the nanoparticle. Therefore, parameters that are significant in relation 
to size will also influence these properties. Properties as zeta potential, residual 
PVA and entrapment efficiency presented an inversely proportional relation with 
nanoparticle size while the recovery efficiency and residual chloroform were 
directly proportional. In most of the properties some significant binary effects were 
observed, but their influence was not predominant in the results.

Besides the parameters used in the nanoparticle preparation, the physicochemi-
cal properties of the photosensitizer can interfere on the entrapment efficiency, 
as well as the washing step of the nanoparticulate formulation can influence the 
residual PVA and the recovery efficiency. The short storage period of the nanopar-
ticulate formulation can affect the characteristics of the particle, favoring the 
nanoparticle aggregation in different temperature.

We have shown that the encapsulation of photosensitizers reduces the photo-
bleaching effect due to light scattering caused by the polymeric matrix, however 
more soluble photosensitizers even encapsulated can suffer photobleaching 
according to the laser power and irradiation dose used in the experiment, limit-
ing their ability to be used in PDT. The aggregation of the photosensitizer also 
causes a reduction in its photodynamic efficiency because it reduces the singlet 
oxygen generation, but the encapsulation improves the photosensitizer efficiency 
since the entrapment can reduce the aggregation of the lipophilic compounds in 
aqueous medium.

The photocytotoxicity of encapsulated photosensitizers depends on the 
incubation time, the photosensitizer concentration and the laser power, as well 
as the uptake of photosensitizer into the cancer cells. Drug delivery systems have 
improving the efficiency of the phthalocyanines and porphyrins to reduce the 
cell viability. However, the generalization of the conclusions about preparation of 
nanoparticulate formulations and photooxidation conditions should be done care-
fully, each nanoparticulate formulation behaves in a characteristic way and should 
be treated singularly.

Acknowledgements

We thank the Conselho Nacional de Desenvolvimento Científico e Tecnológico 
(CNPq) (800,304/2012-8, 800,470/2013-3, 800,708/2014-8), the Foundation 
for Research and Innovation Support of Espírito Santo (FAPES) (54,623,804/11, 
0945/2015, 0388/2016) and the Federal Institute of Espírito Santo for financial 
support of the scientific initiation grants. We also thank the access to equipment 
and assistance provided by the National Institute of Science and Technology on 
Photonics Applied to Cell Biology (INFABIC) at the State University of Campinas 
for the confocal microscopy analysis. INFABIC is co-funded by Fundação de 
Amparo a Pesquisa do Estado de São Paulo (FAPESP) (2014/50938-8) and Conselho 
Nacional de Desenvolvimento Científico e Tecnológico (CNPq) (465,699/2014-6).

We also thank the Prof. Tebello Nyokong from Rhodes University (South 
Africa), the Prof. Mahmut Durmus from Gebze Technical University (Turkey) and 
Prof. Mathias O. Senge from Trinity College Dublin (Ireland) for providing samples 
of the new synthesized photosensitizers so that our group could carry out some of 
the works cited in the text.



17

Synergic Influence of Parameters Involved in the Polymeric Nanoparticle Preparation…
DOI: http://dx.doi.org/10.5772/intechopen.94176

Author details

Barbara Silva Figueiredo1, Julyana Noval de Souza Ferreira1,  
Vannyla Viktória Viana Vasconcelos1, Priscila Ponate de Souza2,  
Rafaela Vergna De Angeli2 and André Romero da Silva2*

1 Federal University of Espírito Santo, Health Sciences Center, PostGraduate 
Program in Biochemistry and Pharmacology, Vitória-ES, Brazil

2 Federal Institute of Espírito Santo, Department of Chemistry, Aracruz-ES, Brazil

*Address all correspondence to: aromero@ifes.edu.br

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



18

Photodynamic Therapy - From Basic Science to Clinical Research

[1] Zhang C, Chen W, Zhang T, Jiang X, 
Hu Y. Hybrid nanoparticle composite 
applied to photodynamic therapy: 
strategies and applications. J Mater 
Chem B. 2020;8:4726-4737. DOI: 
10.1039/d0tb00093k

[2] Cheng G, Li B. Nanoparticle-based 
photodynamic therapy: news trends in 
wound healing applications. Materials 
Today Advances 2020;6:100049. DOI: 
10.1016/j.mtadv.2019.100049

[3] De Freitas LM, Calixto GMF,  
Chorilli M, Giusti JSM, Bagnato VS,  
Soukos NS, Amiji MM, Fontana CR.  
Polymeric nanoparticle-based 
photodynamic therapy for chronic 
periodontitis in vivo. Int J Mol Sci. 
2016;17. DOI: 10.3390/ijms17050769

[4] Xu C, Akakuru OU, Ma XH,  
Zheng JP, Zheng JJ, Wu AG. 
Nanoparticle-based wound dressing: 
recent progress in the detection 
and therapy of bacterial 
infections. Bioconjugate Chem. 
2020;31(7):1708-1723. DOI: 10.1021/acs.
bioconjchem.0c00297

[5] Lorenzoni D, Souto CAZ, 
Araujo MB, Berger CS, Da Silva LCD, 
Baratti MO, Ribeiro JN, Endringer DC, 
Guimarães MCC, Da Silva AR. PLGA-
PEG nanoparticles containing 
gallium phthalocyanine: Preparation, 
optimization and analysis of its 
photodynamic efficiency on red blood 
cell and Hepa-1C1C7. J Photochem 
Photobiol B Biol. 2019;198. DOI: 
10.1016/j.jphotobiol.2019.111582

[6] Abrahamse H, Hamblin MR. New 
photosensitizers for photodynamic 
therapy. Biochem J. 2016;473(4):347-64. 
DOI: 10.1042/BJ20150942

[7] Souto CAZ, Madeira KP, Rettori D, 
Baratti MO, Rangel LBA, Razzo D, Da 
Silva AR. Improved photodynamic action 
of nanoparticles loaded with indium (III) 

phthalocyanine on MCF-7 breast cancer 
cells. J Nanoparticle Res. 2013;15(9). 
DOI: 10.1007/s11051-013-1879-8

[8] Da Silva AR, Inada NM, Rettori D, 
Baratti MO, Vercesi AE, Jorge RA. In vitro 
photodynamic activity of chloro(5,10,15,20-
tetraphenylporphyrinato)indium(III) 
loaded-poly(lactide-co-glycolide) 
nanoparticles in LNCaP prostate tumour 
cells. J Photochem Photobiol B Biol. 
2009;94(2):101-12. DOI: 10.1016/j.
jphotobiol.2008.10.010

[9] Da Silva AR, Ribeiro JN,  
Rettori D, Jorge RA. Type II 
photooxidation mechanism of 
biomolecules using chloro(5,10,15,20- 
tetraphenylporphyrinato)indium(III) 
as a photosensitizer. J Braz Chem Soc. 
2008;19(7):1311-20. DOI: 10.1590/
s0103-50532008000700013

[10] Zheng YL, Li ZY, Chen HJ, 
Gao Y. Nanoparticle-based drug delivery 
systems for controllable photodynamic 
cancer therapy. Eur J Pharm Sci. 
2020;144. DOI: 10.1016/j.ejps.2020.105213

[11] Syuleyman M, Angelov I, Mitrev Y, 
Durmus M, Mantareva V. Cationic amino 
acids linked to Zn(II) phthalocyanines 
for photodynamic therapy: synthesis 
and effects on physicochemical 
properties. J Photochem Photobiol 
A Chem. 2020;396. DOI: 10.1016/j.
jphotochem.2020.112555

[12] Zhdanova KA, Savelyeva IO,  
Ignatova AA, Gradova MA, Gradov OV,  
Lobanov AV, Feofanov AV, Mironov AF,  
Bragina NA. Synthesis and photo-
dynamic antimicrobial activity of 
amphiphilic meso-arylporphyrins 
with pyridyl moieties. Dyes and 
Pigments. 2020;181. DOI: 10.1016/j.
dyepig.2020.108561

[13] Vara J, Gualdesi MS, Bertolotti SG, 
Ortiz CS. Two phenothiazine dyes as 
photosensitizers for the production 
of singlet oxygen. Photophysics, 

References



19

Synergic Influence of Parameters Involved in the Polymeric Nanoparticle Preparation…
DOI: http://dx.doi.org/10.5772/intechopen.94176

photochemistry and effects of 
aggregation. J Mol Struct. 2019;1181:1-
7. DOI: https://doi.org/10.1016/j.
molstruc.2018.12.078.

[14] Koberlik M, Madiyalakan R, Woo T,  
Haddadi A. Antitumor efficacy of 
photodynamic therapy using novel 
nanoformulations of hypocrellin 
photosensitizer SL052. Photochem. 
Photobiol. 2012;88:188-193. DOI: 
10.1111/j.1751-1097.2011.01035.x

[15] Lucky SS, Soo KC, Zhang Y. 
Nanoparticles in photodynamic therapy. 
Chem Rev. 2015;115(4):1990-2042. DOI: 
10.1021/cr5004198

[16] Da Silva AR, Da Silveira JM,  
Senge MO, Jorge RA. Effects of 
preparation conditions of poly(lactide-
co-glycolide) nanoparticles loaded 
with amphiphilic porphyrins and their 
photoactivities. J Nanosci Nanotechnol. 
2014;14(8):6274-6286. DOI: 10.1166/
jnn.2014.8855

[17] Xiao SH, Chen XQ , Ye QH,  
Chen KZ, Xiao WL, Guan XQ , 
Huang BC, Liu GW, Wei H, Peng YR. 
Prop-2-ynyloxybenzyloxy substituted 
phthalocyanine-based polymeric 
nanoparticles: synthesis, photophysical 
properties andin vitroPDT efficacy. J 
Coord Chem. 2020;73(8):1232-1244. 
DOI: 10.1080/00958972.2020.1766683

[18] Kim D, Byun J, Park J, Lee Y, 
Shim G, Oh YK. Biomimetic polymeric 
nanoparticle-based photodynamic 
immunotherapy and protection 
against tumor rechallenge. Biomater 
Sci 2020;8:1106-1116. DOI: 10.1039/
c9bm01704f

[19] Kendall M, Lynch I. Long-term 
monitoring for nanomedicine implants 
and drugs. Nature Nanotechnol. 
2016;11(3):206-10. DOI: 10.1038/nnano. 
2015.341

[20] Da Silva AR, De Oliveira AM,  
Augusto F, Jorge RA. Effects of 

preparation conditions on the 
characteristics of poly(lactide-co-
glycolide) nanospheres loaded  
with chloro(5,10,15,20- tetraphenyl-
porphyrinato)indium(III). J Nanosci 
Nanotechnol. 2011;11(6):5234-46. DOI: 
10.1166/jnn.2011.4136

[21] Sah E, Sah H. Recent trends 
in preparation of poly(lactide-co-
glycolide) nanoparticles by mixing 
polymeric organic solution with 
antisolvent. J Nanomater. 2015;2015: 
1-22. DOI: 10.1155/2015/794601

[22] Da Silva AR, Zaniquelli MED, 
Baratti MO, Jorge RA. Drug release 
from microspheres and nanospheres 
of poly(lactide-co- glycolide) 
without sphere separation from the 
release medium. J Braz Chem Soc. 
2010;21(2):214-25. DOI: 10.1590/
S0103-50532010000200005

[23] Saraf S. Process optimization for 
the production of nanoparticles for 
drug delivery applications. Expert Opin 
Drug Deliv. 2009;6(2):187-96. DOI: 
10.1517/17425240902735806

[24] Zhang H, Lu Y, Zhang G, Gao S, 
Sun D, Zhong Y. Bupivacaine-loaded 
biodegradable poly(lactic-co-glycolic) 
acid microspheres. I. Optimization of 
the drug incorporation into the polymer 
matrix and modelling of drug release. 
Int J Pharm. 2008;351(1-2):244-9. DOI: 
10.1016/j.ijpharm.2007.10.004

[25] Javadzadeh Y, Ahadi F, Davaran S,  
Mohammadi G, Sabzevari A, Adibkia K.  
Preparation and physicochemical 
characterization of naproxen-PLGA 
nanoparticles. Colloids Surfaces B  
Biointerfaces [Internet]. 2010;81(2): 
498-502. DOI:10.1016/j.colsurfb. 
2010.07.047

[26] Sashmal S, Mukherjee S,  
Ray S, Thakur R, Ghosh L, Gupta B. 
Design and optimization of  
NSAID loaded nanoparticles. Pak J 
Pharm Sci. 2007;20(2):157-62. PMDI: 
17416573



Photodynamic Therapy - From Basic Science to Clinical Research

20

[27] Galindo-Rodriguez S, Allemann E, 
Fessi H, Doelker E. Physicochemical 
parameters associated with 
nanoparticle formation in the salting 
out, emulsification-diffusion, and 
nanoprecipitation methods. Pharm 
Res. 2004;21(8):1428-1439. DOI: 
10.1023/B:PHAM.0000036917.75634.be

[28] Ganea GM, Sabliov CM, Ishola AO, 
Fakayode SO, Wagner IM. Experimental 
design and multivariate analysis for 
optimizing poly(D,L-lactide-co-
glycolide) (PLGA) nanoparticles 
synthesis using molecular micelles. J 
Nanosci Nanotechnol. 2008;8(1):280-
292. DOI: 10.1166/jnn.2008.011

[29] Fanchiotti BG, Machado MPZ,  
de Paula LC, Durmuş M, Nyokong T,  
Gonçalves A da S, et al. The 
photobleaching of the free and 
encapsulated metallic phthalocyanine 
and its effect on the photooxidation 
of simple molecules. J Photochem 
Photobiol B Biol. 2016;165:10-23. DOI: 
10.1016/j.jphotobiol.2016.10.007

[30] Lochmann A, Nitzsche H, von 
Einem S, Schwarz E, Mader K. The 
influence of covalently linked and free 
polyethylene glycol on the structured 
and release properties of rhBMP-2 
loaded microspheres. J Control Release. 
2010;147(1):92-100. DOI: 10.1016/j.
jconrel.2010.06.021

[31] Sahoo SK, Panyam J, Prabha S,  
Labhasetwar V. Residual polyvinyl 
alcohol associated with poly (D,L-
lactide-co-glycolide) nanoparticles 
affects their physical properties and 
cellular uptake. J Control Release. 
2002;82:105-114. DOI: 10.1016/
S0168-3659(02)00127-X

[32] Riley T, Govender T, Stolnik S,  
Xiong CD, Garnett MC, Illum L, 
Davis SS. Colloidal stability and drug 
incorporation aspects of micellar-like 
PLA-PEG nanoparticles. Colloids Surf 
B-Biointerfaces. 1999;16(1-4):147-159. 
DOI: 10.1016/S0927-7765(99)00066-1

[33] Hawley AE, Illum L, Davis SS. 
Preparation of biodegradable, surface 
engineered PLGA nanospheres with 
enhanced lymphatic drainage and lymph 
node uptake. Pharm Res. 1997;14:657-
661. DOI: 10.1023/A:1012117531448

[34] Tobio M, Gref R, Sanchez A, 
Langer R, Alonso MJ. Stealth PLA- PEG  
nanoparticles as protein carriers for 
nasal administration. Pharm Res. 
1998;15:270-275. DOI: 10.1023/ 
A:1011922819926

[35] Hamoudeh M, Salim H, Barbos D, 
Paunoiu C, Fessi H. Preparation and 
characterization of radioactive 
dirhenium decacarbonyl-loaded 
PLLA nanoparticles for radionuclide 
intra-tumoral therapy. Eur J Pharm 
Biopharm. 2007;67(3):597-611. DOI: 
10.1016/j.ejpb.2007.04.003

[36] James NS, Cheruku RR, Missert JR, 
Sunar U, Pandey RK. Measurement 
of cyanine dye photobleaching in 
photosensitizer cyanine dye conjugates 
could help in optimizing light dosimetry 
for improved photodynamic therapy of 
cancer. Molecules. 2018;23(8):1-11. DOI: 
10.3390/molecules23081842

[37] Bonnett R, Martinez G. 
Photobleaching of sensitisers used in 
photodynamic therapy. Tetrahedron. 
2001;57(47):9513-47. DOI: 10.1016/
S0040-4020(01)00952-8

[38] Garcia AM, Alarcon E,  
Munoz M, Scaiano JC, Edwards AM,  
Lissi E. Photophysical behavior 
and photodynamic activity of zinc 
phthalocyanines associated to 
liposomes. Photochem Photobiol 
Sci. 2011;10:507-514. DOI: 10.1039/
c0pp00289e

[39] Ishii K. Functional singlet oxygen 
generators based on phthalocyanines. 
Coord Chem Rev. 2012;256:1556-1568. 
DOI: 10.1016/j.ccr.2012.03.022

[40] Koziar JC, Cowan DO. Photo-
chemical heavy-atom effects. Acc Chem 



21

Synergic Influence of Parameters Involved in the Polymeric Nanoparticle Preparation…
DOI: http://dx.doi.org/10.5772/intechopen.94176

Res. 1978;11:334-341. DOI: 10.1021/
ar50129a003

[41] Durmuş M, Erdoğmuş A, 
Ogunsipe A, Nyokong T. The synthesis 
and photophysicochemical behaviour of 
novel water-soluble cationic indium(III) 
phthalocyanine. Dyes Pigments. 
2009;82:244-250. DOI: 10.1016/j.
dyepig.2009.01.008

[42] Nyokong T. Effects of substituients 
on the photochemical and photophysical 
properties of main group metal 
phthalocyanines. Coord Chem Rev. 
2007;251:1707-1722. DOI: 10.1016/j.
ccr.2006.11.011

[43] Jori G. The molecular biology 
of photodynamic action. In: 
Pratesi R., Sacchi CA., editors. Lasers 
in Photomedicine and Photobiology. 
Springer Series in Optical Sciences, vol 
22. Springer: Berlin; 1980. p. 58-66. 
DOI: 10.1007/978-3-540-38270-6_6

[44] Wilkinson F, Brummer JG. Rate 
constants for the decay and reactions of 
the lowest electronically excited singlet 
state of molecular oxygen in solution. J 
Phys Chem Ref Data. 1981;10:809. DOI: 
10.1063/1.555655

[45] Durmuş M, Nyokong T. Synthesis, 
photophysical and photochemical 
properties of aryloxy tetra-substituted 
gallium and indium phthalocyanine 
derivatives. Tetrahedron. 2007;63(6): 
1385-94. DOI: 10.1016/j.tet.2006.11.089


