Available online at www.sciencedirect.com

" ScienceDirect

INTERNATIONAL JOURNAL OF

PHARMACEUTICS

International Journal of Pharmaceutics 332 (2007) 153-160

www.elsevier.com/locate/ijpharm

Pharmaceutical Nanotechnology

Evaluation of nanoparticles loaded with benzopsoralen
in rat peritoneal exudate cells

A.J. Gomes®*, A.S. Faustino?, C.N. Lunardi®, L.O. Lunardi®, A.E.H. Machado?

2 Laboratorio de Fotoquimica, Instituto de Quimica, Universidade Federal de Uberlandia, P.O. Box 593, CEP 38400-089 Uberldndia, MG, Brazil
b [ aboratério de Farmacologia, Faculdade de Ciéncias Farmacéuticas de Ribeirdo Preto-USP, Av. Café s/n CEP 14040-903 Ribeirdo Preto, SP, Brazil
¢ Instituto de Biociéncia, Universidade Estadual Jillio de Mesquita Filho, Av. 24 N1515 CEP 13506-900 Rio Claro, SP, Brazil

Received 9 May 2005; received in revised form 28 April 2006; accepted 15 September 2006
Available online 27 September 2006

Abstract

Psoralens are widely used for the treatment of hyperproliferative skin disease. In this work, we prepared nanoparticles (NP) containing a
benzopsoralen (3-ethoxy carbonyl-2H-benzofuro[3,2-f]-1-benzopiran-2-one) by the solvent evaporation technique. We evaluated important NP
parameters such as particle size, drug encapsulation efficiency, effect of the encapsulation process over the drug’s photochemistry, zeta potential,
external morphology, and in vitro release behavior. We also investigated the nanoparticle as a drug delivery system (DDS), as well as its target delivery
to the action site, which is a very important parameter to increase the therapeutic use of psoralens and to reduce their side effects. The uptake of
benzopsoralen-loaded PLGA nanoparticles by different kinds of cells found in rat peritoneal exudates was also studied. The photodamage promoted
by irradiation with UV light revealed morphological characteristics of cell damage such as cytoplasmic vesiculation, mitochondrial damage, and
swelling of both the granular endoplasmatic reticulum and nuclear membrane. This encapsulation method maintained the drug’s properties and

improved drug delivery to the target cell.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The association of psoralens with ultraviolet A (UVA) irradi-
ation (320-400 nm) is currently being employed in dermatology
(orally or topically) (Makki et al., 1996; Pires et al., 2004).
This combination is known as PUVA therapy (Lysenko et al.,
2000; Machado et al., 2001; Canton et al., 2002; Roop et al.,
2004). It has already been established that macrophages and neu-
trophils can be the initial target of PUVA therapy (Edelson, 1990;
Okamoto et al., 1993). This treatment is effective against dis-
eases such as vitiligo, psoriasis, mycosis fungoides, and atopic
eczema, among others (Saiad et al., 1997; Tokura, 1999; Mariano
et al.,, 2002; Tatchen et al., 2004). Unfortunately, most pho-
tosensitizing chemicals are also phototoxic to the skin, and
skin contact with these molecules in the presence of UV irra-
diation results in sunburn, erythematic, and eventual edema
(Middelkamp-Hup et al., 2004; Roop et al., 2004), thus limit-
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ing the use of PUVA therapy for the treatment of skin disorders
(Lindelof et al., 1999; Middelkamp-Hup et al., 2004). Therefore,
in recent years, several highly photoreactive molecules have
been synthesized aiming at developing new photochemother-
apeutic drugs with fewer side effects (Machado et al., 2001;
Oliveira et al., 2003; Roop et al., 2004). In this study, we
evaluated the effectiveness of the compound 3-ethoxycarbonyl-
2H-benzofuro-[3,2-f]-1-benzopyran-2-one (psoralen A), syn-
thesized and kindly supplied by Oliveira-Campos (Scheme 1B)
(Oliveira et al., 2003), for PUVA therapy. In this molecule, the
presence of a benzene ring fused to the furan and the existence
of bulky or electron-withdrawing substituents in the pyrone
ring should inhibit the formation of adducts between psoralens
and DNA (Machado et al., 2001; Oliveira et al., 2003). The
introduction of an ester group into a benzopsoralen can fur-
nish efficient photosensitizer derivatives, leading to high yield
of singlet oxygen production (Machado et al., 2001; Llano et
al., 2003). The photophysical properties of this compound have
been recently investigated (Machado et al., 2001; Oliveira et al.,
2003), and it has been shown that they can photochemically sen-
sitize the generation of singlet oxygen with a quantum efficiency


mailto:anderson@iqufu.ufu.br
dx.doi.org/10.1016/j.ijpharm.2006.09.035

154 A.J. Gomes et al. / International Journal of Pharmaceutics 332 (2007) 153—160

(A)

o\ O CHs
v
\ (0]
L

(B)

Scheme 1. Representation of a typical psoralen (A) and psoralen A (3-ethoxy carbonyl-2H-benzofuro[3,2-f]-1-benzoyiran-2-one) (B).

approaching unity (Machado et al., 2001), contrary to other com-
pounds (8-methoxypsoralen, 5-methoxypsoralen, trimethylpso-
ralen) (Carter et al., 1973; Cohen et al., 1981; Collins et al.,
1996; Legat et al., 2001; Man et al., 2004) usually employed in
PUVA therapy.

A drug delivery system (DDS) may be used to enhance
the action of PUVA therapy, this is because this approach
might help reduce undesirable side effects caused by psoralen,
which will be directed to the target cells; i.e., neutrophils
and macrophages. Special interest has been focused on the
use of particles prepared from polyesters like poly(pL-lactide-
co-glycolide) (PLGA), because of their biocompatibility and
biodegradability through natural pathways (Lacasse et al., 1998;
Alleman et al., 1998). Recent works have described the influence
of particle size and incubation time on the phagocytosis process
(Panyam et al., 2003, 2004; Gomes et al., 2005), for the major-
ity of the particles to became completely phagocyted by cells.
PLGA microparticles were only phagocyted by macrophages in
rat peritoneal exudate cells (Gomes et al., 2006).

In this work, we report the photophysical properties, particle
size, zeta potential, and drug release profile of benzopsoralen-
loaded NP. We also describe the effect of psoralen A on cells
exposed to irradiation by UVA light. One of the advantages in
using a DDS to carry drugs is the fact that a higher concentra-
tion of the drug can be administered. In some cases, the use of a
drug in solution in the same drug concentration as used in DDS
is not desirable because of this toxic effect or indiscriminate
distribution through the body. The evaluation of the photobio-
logical effects of PUVA in a DDS in the initial target cells of
PUVA therapy (macrophage and neutrophyl) was carried out by
employing the rat peritoneal exudate cells model. Transmission
electron microscopy (TEM) helped demonstrate that the drug
was entrapped in the NP and that it was able to successfully pro-
mote efficient photodamage in the target cells of PUVA therapy.

2. Materials and methods
2.1. Materials

Poly(p,L-lactic-co-glycolic acid) (PLGA, 50:50, Mw 17 kDa)
was obtained from Sigma Chemical, Inc. (St. Louis, USA);
poly(vinyl alcohol) (PVA, 13-23kDa, 87-89% hydrolyzed)
was supplied by Aldrich, (Milwaukee, USA); dichloromethane
(analytical grade) was supplied by VETEC (Rio de Janeiro,

Brazil). The compound 3-ethoxy carbonyl-2H-benzofuro[3,2-
fl-1-benzopiran-2-one (psoralen A) was synthesized and sup-
plied by Oliveira-Campos, from Minho University. All other
chemicals were of analytical grade and used without further
purification.

2.2. Methods

2.2.1. Preparation of the polymeric psoralen nanoparticle

Nanoparticles (NP) containing psoralen A were produced by
the solvent evaporation technique, as described by Gomes et
al. (2005). Typically, the organic phase consisted of 0.1 g of
the PLGA 50:50 polymer and 10 M psoralen A dissolved in
10mL of CH,Cl,. The dispersed phase was dropped into the
homogeneous aqueous phase (100 mL of an aqueous phase con-
taining 1% (w/v) of 88% hydrolyzed PVA as dispersing agent)
under ice cooling, with stirring at 15,000 rpm for 3 min, using
an Ultraturrax model T25 equipped with an S25N dispersing
tool (IKA Laboratory Technology, Staufen, Germany). Further
solvent evaporation was carried out by gentle magnetic stirring
at room temperature, for a period of 3-5h. NP was recovered
by centrifugation for 5 min, at 10,000 rpm and 4 °C. They were
then washed (three times) with distilled water and lyophilized
(Labconco®, USA). NP without psoralen A was prepared by the
same procedure. Dried NP was stored in a sealed glass vial and
placed in a desiccator kept at 4 °C.

2.2.2. Morphology of nanoparticles: SEM analysis

Surface morphology of the nanoparticles was evaluated
by scanning electron microscopy (SEM). Each sample was
mounted on aluminum stubs and coated with a 50 nm gold
coating under argon atmosphere, because the loaded NP lacks
electrical conductivity. The diameter of the NP on the SEM was
then measured using a ruler, and the mean diameter was esti-
mated using the scale on the SEM. An Electronscan ESEM 2020
(Philips Electron Optics, Eindhoven, The Netherlands) scanning
electron microscope operating at 5kV was used for these mea-
surements.

2.2.3. Drug entrapment efficiency

The amount of psoralen A entrapped within the NP was
determined spectrophotometrically (Shimadzu UV-250 1 PC)
by a direct and an indirect method. The direct method involved
dissolving the NP in methylene chloride and assessing drug
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concentration by means of absorbance. Briefly, aliquots of the
NP sample (2mg) were dissolved in methylene chloride, and
assayed in triplicate at 350 nm. The indirect method was also
employed as a confirmatory assay. This was carried out by
quantifying of the non-entrapped drug recovered in the external
aqueous phase after NP centrifugation. Aliquots of the aqueous
sample (2mL) were evaporated to dryness by applying nitro-
gen purge. The solution was reconstituted by adding 2 mL of
methylene chloride, and it was assayed in triplicate at 350 nm.
The drug entrapment efficiency was expressed as the percentage
of entrapped psoralen with respect to the total amount of drug
added. The loading efficiency by direct method was calculated
by means of Eq. (1):

L
loading efficiency (%) = (LA> x 100 €))]
T

where Ly is the amount of psoralen A in the NP and Lt is the
total amount of drug added.

2.2.4. Invitro drug release

NP (10 mg) containing psoralen A was placed into falcon
tubes and incubated in 10 mL release medium (Hank’s buffer, pH
7.4) under magnetic stirring (150 rpm), at 37 °C. The nanosphere
suspension was centrifuged every day at 10,000 rpm, for 10 min.
The supernatant (10mL) was withdrawn and replaced with
10mL of fresh release medium. This procedure was repeated
for 15 days. The amount of released psoralen was determined by
measuring drug concentration in the supernatant. To determine
the drug content in the supernatant, the solution was evaporated
to dryness by applying nitrogen purge. The solution was recon-
stituted by adding 2 mL of methylene chloride to the psoralen
extract, and it was assayed at 350 nm by spectrophotometry. This
procedure was carried out in triplicate. The cumulative amount
of psoralen release was calculated using Eq. (2):

t

D
cumulative amount release (%) = (D) x 100 2)

o0

where D, is the cumulative amount of drug (psoralen A) released
at time t and D is the cumulative total amount of drug released
at infinite time, which is the actual loading of the drug deter-
mined in the loading efficiency experiment.

2.2.5. Particle size and surface charge (zeta potential)

The NP surface charge and particle size were determined
by photon correlation spectroscopy (PCS) using the quasi-
elastic light scattering technique, on a Zetasizer 3000 equipment
from Malvern Instrument (Worcstershire, UK), equipped with a
10 mW He-Ne 633-nm laser beam, at 25 °C, using a scattering
angle of 90°. A dilute suspension (1.0 mg/mL) set at NP was
prepared in double distilled water and sonicated in an ice bath
for 30 s. The sample was subjected to particle size analysis. The
NP zeta potential in 0.1 mM Hank’s buffer, pH 7.4 (1.0 mg/mL),
was determined using ZetaPlus™ in the zeta potential analysis
mode.

2.2.6. Transmission electron microscopy (TEM) of NP in
rat peritoneal exudate cell

Peritoneal exudate cells from male Wistar rats (mean weight
~150g, n=6) were used in the experiments. The rats were
intraperitoneally injected with 20mL of PBS buffer, their
abdomen was massaged for 5 min to free adherent cells, and the
Hank’s solution was withdrawn using a syringe through a small
incision made in the abdominal wall. The washing fluid was cen-
trifuged (400 x g; 10 min), and the cell pellet was resuspensed in
Hank’s buffer and divided into five aliquots of 2 mL each. Time-
dependent assays were carried out by incubating samples with
PLGA nanospheres (100 wg/mL) for 120 min, at 37 °C. Control
experiments were performed by incubating cells in the absence
of NP for 120 min, at 37 °C. After incubation, the cells were
washed twice with Hank’s solution. For the transmission elec-
tron microscopy (TEM) studies, the samples were fixed in 2.5%
glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) for
2 h, at 25 °C. The fixed cells were then postfixed in 1% osmium
tetroxide in the same buffer for 1 h, dehydrated in a graded ace-
tone series, and embedded in epoxy resin. Ultrathin sections
were contrasted with alcoholic 2% uranyl acetate and 5% lead
citrate. Ultrastructural examination was performed with a trans-
mission electron microscope Philips CM-100 (Philips Electron
Optics, Eindhoven, The Netherlands).

2.2.7. Cell irradiation

The exudate peritoneal cells were incubated with 100 pg/mL
psoralen A-loaded NP, in Hank’s solution, for 120 min. The
photochemical experiments were carried out using a 1-cm path-
length spectrophotometric cell. A 400-W mercury arc lamp was
used as the radiation source. A pass-band filter (Ocean Optics
U360) filtered the radiation, ensuring irradiation of the samples
with light of 360 £ 10nm (69% of maximum transmittance).
Typical irradiancies of 0.030-0.035 W/cm? were used to deliver
a fluency of 1.0J/cm?. Light intensities were quantified radio-
metrically (Solar light model PMA 2100). After light treatment,
the cells were kept in the dark for 3 h. Non-irradiated cells were
kept in the dark for the same period of time. The ambient light
was <1076 W/cm?. Both irradiated and non-irradiated cells were
processed for transmission electron microscopy.

2.2.8. Data report

Experiments were carried out in triplicate. Results are
expressed as the mean with a standard deviation (S.D.), and
statistical analysis was performed using a two-tailed Student’s
t-test.

3. Results

3.1. Preparation of PLGA nanoparticles and their
morphology

Fig. 1 shows representative micrographs of psoralen A-
loaded NP, magnified at 25,000 x. For all preparations reported
in this paper, the NP was spherical and displayed a smooth sur-
face which was possible to observe from the external surface. No
significant difference between the psoralen-containing PLGA
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Fig. 1. Surface morphology of a psoralen A-loaded nanoparticle prepared by
the solvent evaporation method. Magnification 25,000x by SEM.

nanoparticles and the empty nanoparticle used as control were
found. In Fig. 1, the NPs are shown to be well-formed and they
are not aggregated.

The drug entrapment efficiency parameter was calculated
from the experimentally determined actual drug loading of the
NP and the theoretical drug loading. The value obtained by this
method was 64 (£6%) of incorporation. The values obtained by
the indirect method were similar to those found via the direct
method.

3.2. Particle size and surface charge (zeta potential)

The solvent evaporation method produced small particles
with a mean diameter in the range of 373 nm (+62 nm), when
the NP was loaded with psoralen A. When analyzed by dynamic
light scattering (DLS), the NP exhibited a unimodal size dis-
tribution (Fig. 2). For all the obtained NP formulations, the
polydispersity index was lower than 0.5, which was considered
satisfactory. The colloidal stability was analyzed by measuring
the NP zeta potential. The particles consisting of PLGA blank
were negatively charged (—1.3mV at pH 7.4), whereas the zeta
potential measured for the psoralen A-loaded NP was +8.3 mV.

20
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Fig. 2. Size distribution profile of nanoparticles containing psoralen A (3-ethoxy
carbonyl-2H-benzofuro[3,2-f]-1-benzoyiran-2-one).
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Fig. 3. Cumulative release profile of psoralen A from the PLGA nanoparticle
into Hank’s buffer medium (pH 7.4) after 7 days.

3.3. Invitro drug release

To optimize PUVA therapy, it is necessary to know the kinet-
ics of drug release after application of psoralen. Therefore, we
determined the day-to-day release of psoralen A into Hank’s
buffer in order to obtain quantitative information on the pro-
file of psoralen A release into the disperse system, over a 15-day
period. The release profile was shown for a 7-day period because
the release became constant after reaching a plateau beginning
on day 3 (Fig. 3).

3.4. Ultrastructure and PUVA studies

Observation of the peritoneal exudate cells in the presence
of psoralen A-loaded NP by TEM showed that the NP was
endocyted by the majority of the cells present in the rat cell
exudate. The NP was localized near or inside the mitochondria,
as observed in the macrophage cell (inset-Fig. 4A) and in the
mast cell (Fig. 4C). Photodamage induced by light activation of
psoralen A released from the NP was observed in all the types
of cells present in the rat exudate and which phagocyted the
NP. Fig. 4B and D-F shows swelling of the nuclear membrane,
mitochondrial damage, and cytoplasmic vesiculation (Fig. 4D).

4. Discussion

The NP approach seems to be a promising strategy for the
enhancement of therapeutic effects of drugs that are potential
candidates for the treatment of several diseases (LLacasse et al.,
1998; Chen and Lu, 1999; Panyam and Labhasetwar, 2003).
The use of a delivery system in PUVA treatment appears to be
an attractive means of protecting the drug against fast degra-
dation. The delivery system allows sustained drug release and
enables the control of some physical properties, such as drug
concentration, particle size, and particle charge, thus allowing
drug transport and delivery to the target cell. The morphology of
the external surface of the PLGA nanoparticle obtained in this
work was studied by SEM. The success of this encapsulation
technique depends primarily on the retention of the hydrophobic
active compound within the polymer-containing organic phase
from which the matrix was formed after solvent evaporation. The
entrapment values obtained with the solvent evaporation method
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Fig. 4. Transmission electron microscopy of rat peritoneal exudate cells containing psoralen A-loaded nanoparticles (NP), in the absence and presence of light
irradiation: (A) macrophage cell with NP (*) without light irradiation; N = nucleus; 6500 magnification; (B) macrophage cell with NP (*) and light irradiation;
N =nucleus; (—) photodamage observed through swelling of the nucleus membrane and mitochondrial damage; £8000x magnification; (C) mast cell with NP
(*) without light irradiation; N =nucleus; G = granule; +12,000x magnification; (D) mast cell with NP (*) and light irradiation; N =nucleus; G = granule; (—)
photodamage observed through swelling of the nucleus membrane and severe mitochondrial damage; £6300x magnification; (E) leukocyte neutrophil with NP
(*) and light irradiation; N =nucleus; (—) photodamage observed through swelling of the nucleus membrane and mitochondrial damage; £6500x magnification;
(F) leukocyte eosinophil with NP (*) and light irradiation; N = nucleus; (—) photodamage observed through swelling of the nucleus membrane and mitochondrial

damage; £6500x magnification.

(64 £+ 7%) indicated efficient encapsulation of psoralen A into
the PLGA NP. In general, efficient encapsulation of hydrophobic
drugs, such as psoralen A, into hydrophobic polymers, such as
PLGA, is relatively easy because drug loss to the aqueous phase
is decreased, which is a behavior opposite to that observed in
the case of hydrophilic drugs (Kompella et al., 2001).

Another parameter evaluated in this work was colloidal sta-
bility, which was analyzed by measuring the zeta potential of
the NP. In the present study, the blank PLGA particles showed
to be negatively charged (—1.3mV at pH 7.4). This negative
value can be explained by the presence of residual PVA on the
surface of the particles, even after three washings, which affects
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the number of carboxylate-end groups. The residual PVA binds
to carboxylate end groups of PLGA altering the particle charge
which becomes less negative. On the other hand, psoralen A-
loaded NP has a zeta potential of +8.3 mV, which normally is
related to a stable colloid (Ruan and Feng, 2003). The positive
zeta potential value obtained for the psoralen A-loaded NP may
be attributed to an almost uniform positive charge density over
the molecule of psoralen, which was observed in the mapped
potential energy surface calculated from the optimized struc-
ture of the drug by quantum mechanical calculation (Machado,
2004). This positive zeta potential indicates that psoralen A may
also be located on the external surface of the PLGA nanoparti-
cles. This feature should influence the release of psoralen A to
the medium. The pattern observed for the drug release profile
(Fig. 3) can be attributed to the burst effect in the initial stage of
the release, which takes place due to the dissolution of psoralen
A molecules associated with the surface (i.e., molecules that are
not entrapped but are adsorbed on the surface of the NP). Alter-
natively, the pattern could be due to the psoralen A molecules
that could be released through pores and channels formed dur-
ing the NP preparation. This initial release profile reaches 49%
after 3 days. The burst release stage is followed by a very much
reduced, but still sustained release of psoralen A for up to 7
days. The release of psoralen A from the PLGA nanoparticle
was found to be slow, because of the low porosity of the NP.
This resulted in a longer distance for the diffusion of psoralen A
through the matrix, as well as in a decrease in the permeability
of water, leading to slow PLGA degradation. In this step, the
complete release of psoralen A molecules near the surface of
the NP was observed. However, the drug molecules that were
completely entrapped in the PLGA matrix could not be released
until the polymer matrix started to lose its integrity as described
by Baras et al. (2000).

Rat peritoneal exudates were used for ultrastructural studies
because target cells (defense cells such as macrophages, neu-
trophils, eosynophils, and mast cells) for PUVA therapy can
be easily obtained from them. This approach leads to a better
result with respect to the ultrastructural localization of these
cells, when compared with the same cells present in tissues.

Ultrastructural studies using rat peritoneal exudate cells incu-
bated with PLGA microparticles (1.4 wm) showed that, among
all the cellular types present in the exudate, macrophages are
the only cell type that was able to phagocyte the microparti-
cles, even when cells with greater ability to phagocyte, such
as neutrophils or even eosinophil cells, were present (Gomes
et al., 2004). An important aspect observed in this study was
the influence of the particle size on phagocytosis; i.e., smaller
particles with size in the range of nanometers could be trapped
by various cellular types, not only by macrophage cells, after
120 min of incubation with psoralen A-loaded NP. Another dif-
ference between the findings reported here and those of other
authors (Hawley etal., 1997; Panyam et al., 2003; Kreuter, 2004)
might arise from the use of psoralen A-loaded NP, which dis-
misses the use of opsonization to make them more attractive to
cells.

In Fig. 4A it is possible to observe the macrophage cell with
psoralen A-loaded NP inside the cytoplasm. The presence of NP

could also be detected inside some organelles, particularly the
mitochondria. Macrophage cells which are well-known phago-
cytes, as well as leukocyte neutrophil and eosinophil, are all
able to recognize NP, which are preferentially located inside
the mitochondria. Another interesting observation was that mast
cells, which are not phagocytes, are also able to endocyte NP.
This common behavior is characteristic of the formulation of
the psoralen A-loaded NP, and not due to cell type (professional
phagocyte or not). The preferential mitochondrial location of
the loaded NP can be explained by the fact that the inner side of
the membrane is negative (180-200 mV) (Smiley et al., 1991),
while the psoralen A-loaded NP displays a positive potential
(+8.3mv), leading to an electrostatic attraction. The opposite
effect was observed by Bottiroli et al. (1992), who demonstrated
that the primary target for Hematoporphyrin (HpD) in cells
submitted to PDT was the lysosome. This is because the photo-
sensitizer is negatively charged, which disables the entrance of
HpD into the mitochondria.

The photodamage achieved by the use of non-encapsulated
d-aminolevulinic acid (ALA) irradiation dose (3 J/cm?) as pho-
tosensitizer has been shown by TEM, in a cell culture of ker-
atinocyte (PAM 212) subjected to a 4-h incubation with ALA
(Radakovic-Fijan et al., 1999). In our work, however, the use of
areduced incubation time (120 min), psoralen A-loaded NP and
cell irradiation with 1 J/cm? resulted in the same photodamage
observed by Sonja Radakovic-Fijan et al. (1999), showing that
the use of a DDS did not alter the efficiency of the drug.

The initial photodamage observed by TEM in our case
showed there was damage of the nuclear membrane in all cell
types, and both cytoplasmic vesiculation and mitochondrial (par-
tial/total) destruction also occurred. According to Ma et al.
(2002), both swelling of the nuclear membrane and conden-
sation of chromatin were observed when the cell was exposed
to light irradiation in the presence of 8-MOP (a typical pso-
ralen). In our protocol, photodamage due to psoralen A could be
seen in the ultrastructure analysis; however, morphological fea-
tures of apoptosis, such as chromatin condensation at the nuclear
periphery, which are prominent in the PUVA-treated cell, were
not observed.

5. Conclusions

In this work, we have shown that entrapment of the drug in
the nanoparticle successfully promoted efficient photodamage
in the cells (PUVA therapy).

Nanoparticles with characteristics described in this study
are an attractive polymeric drug carrier system. They exhibited
good level of drug incorporation, which was as high as 64%.
These nanoparticles have a zeta potential of +8.3 mV, a value
that is considered to be due to a stable colloidal environment.
The PLGA nanoparticles were phagocyted by the target cells
of PUVA therapy; i.e., neutrophils (No), eosynophils (Eo), and
macrophages (Mc), all of them located inside the mitochondria.
After PUVA treatment, cell damage was evident from nuclear
membrane swelling, cytoplasmic vesiculation, and mitochon-
dria destruction. The great advantage of using psoralen A-loaded
NP is the fact that NP are preferentially located inside the mito-
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chondria (organelle target), which is the main energy source of
the cell. The preferential location of the NP in the mitochondria
might improve the therapeutic efficacy of psoralen A because
the mitochondria is being the energetic center of the cell. After
photodamage, the increase in reactive oxygen species (ROS)
inside the mitochondria (once the NP is located inside) should
promote increasing oxidative stress, thus leading to cell death.
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