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as potential antitoxoplasmic agent

M.J. Prieto a, D. Bacigalupe b, O. Pardini c,d, J.I. Amalvy c,d,
C. Venturini b, M.J. Morilla a, E.L. Romero a,∗

a Laboratorio de Diseño de Estrategias de Targeting de Drogas (LDTD), Departamento de Ciencia y Tecnologı́a,
Universidad Nacional de Quilmes, Roque Saenz Peña 180, Bernal B1876BXD, Buenos Aires, Argentina

b Laboratorio de Inmunoparasitologı́a, Facultad de Ciencias Veterinarias, Universidad Nacional de La Plata,
60 Entre 118 y 119, La Plata 1900, Buenos Aires, Argentina
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bstract

The high doses of sulfadiazine (SDZ), used in synergistic combination with pyrimethamine, are mainly responsible for severe side effects
nd discontinuation of toxoplasmosis treatments. In the search for new strategies that improve the efficacy of treatments with reduced doses of
DZ, we have determined the performance of cationic G4 (DG4) and anionic G4.5 (DG4.5) poly(amidoamine) (PAMAM) dendrimers to act as
DZ nanocarriers. Both dendrimers could efficiently load SDZ (SDZ–DG4 and SDZ–DG4.5) up to a ratio of 30 molecules SDZ per dendrimer
olecule. The MTT assay on Vero and J774 cells showed no cytotoxicity for DG4.5 and its SDZ complex incubated between 0.03 and 33 �M of

endrimer concentration. On the other hand, DG4 and its SDZ complex resulted cytotoxic when incubated at dendrimer concentrations higher than
.3 �M. Finally, complexes and empty dendrimers were in vitro tested against Vero cells infected with RH strain of Toxoplasma gondii along 4 h of

reatment. For SDZ–DG4.5 and DG4.5 to cause an infection decrease between 25 and 40%, respectively, a dendrimer concentration of 33 �M was
equired; however, SDZ–DG4 produced the highest infection decrease of 60% at 0.03 �M. These preliminary results, achieved with nanomolar
oses of SDZ–DG4 as unique active principle, point to this complex as a suitable potential candidate for antitoxoplasmic therapy.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Difficulties for accession to intracellular targets enclosed
ithin complex structural barriers, such as tachyzoites and
radyzoites of apicomplex parasite Toxoplasma gondii, require
f active principles (AP) capable of crossing cell membranes or
ell walls. However, there is only a few numbers of molecules

ith a suitable therapeutic activity against intracellular forms,

ince accession ability is harnessed by their own chemical struc-
ure (Samuel et al., 2003). Because of this, the strategy of loading

∗ Corresponding author. Tel.: +54 1143657100; fax: +54 1143657132.
E-mail address: elromero@unq.edu.ar (E.L. Romero).
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n AP in a nanocarrier could be suitable to amplify their port-
olio. Once loaded in a nanocarrier, constraints on molecular
tructure of AP to cross barriers can be disregarded. However,
ano-structured nanocarriers (plain, ultradeformable, stealth,
H sensitive liposomes, immunoliposomes, nanoparticles, den-
rimers) must then be carefully designed and/or chosen because
harmacokinetics, biodistribution, and selectivity for a tissue,
ell group or intracellular compartments will exclusively depend
n nanocarrier’s structure. In designing a treatment against tox-
plasmosis, when considering the complex microenvironment

here tachyzoites and later bradyzoites reside (Samuel et al.,
003; Schatten and Ris, 2004), those nanocarriers capable of
ntering the cells by different (and perhaps more aggressive)
echanisms beyond the classical entrance modalities of lipo-
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dx.doi.org/10.1016/j.ijpharm.2006.05.068
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omes and nanoparticles (phagocytosis and endocytosis, respec-
ively) should deserve more attention. In this sense, dendrimers
re exceptional polymers, with important advantages as com-
ared to conventional linear or branched ones, such as absence
f entanglement or sticky interactions (Uppuluri et al., 1998,
000) monodisperisty (Bosch and Corrales, 2003), controlled
ize in the range of nanometers units, controlled number of
urface groups and extremely high area/volumen ratio in com-
arison with other nanocarriers. Only intermediate generation
G) dendrimers (3.5–5G) are suitable drug carriers, with struc-
ure open enough to enable the loading and subsequent release
f molecules in a controlled fashion (Mallamace et al., 2002;
anetta and Maino, 2004; Han et al., 2005).

Adsorption to and disruption of plasma membrane, and the
ndosomolysis when captured by endocytosis, are special fea-
ures of cationic PAMAM dendrimers. Cationic dendrimers can
stablish three union points with cell membranes (Fischer et
l., 2003) needed to elicit biological responses, because of their
ridimentional structure and flexibility. Branched and flexible
endrimers of high charge densities can more efficiently inter-
ct with cell surface than rigid globular or linear polymers,
o cause structural changes on lipid membranes (Zhang and
mith, 2000). Finally, cationic PAMAM dendrimers are weak
ases capable of protonate the tertiary amines of their branch-
ng points (6.85 pKa) (Tajarobi et al., 2001) under physiologic
H. If captured by endocytosis, cationic PAMAM dendrimers
nside the endosomes act as buffers, inducing the uptake of
rotons that conduces to osmotic imbalance and lysis of endo-
omes (Aulenta et al., 2003). This endosomolytic effect is an
mportant mechanism that mediates the dendrimers access to cell
ytoplasm.

Membrane superposition and fusion mediate the entrance of
endrimers across lipid bilayers and there is abundant exper-
mental evidence on their capability to generate holes in the
urface of liposomes and cell membranes (Karoonuthaisiri et
l., 2003; Hong et al., 2004; Mecke et al., 2004; Yang et al.,
005). This singular entrance modality of dendrimers be prob-
bly of help to offer massive or efficient delivery of AP to
ntracellular targets. Toxoplasmic encephalitis is a life threaten-
ng form of the disease caused by cyst reactivation. The current

edication based on synergistic combination of sulfadiazine
SDZ)/pyrimethamine requires of high amounts of SDZ and
auses severe side effects (Couvreur et al., 1991; Araujo et al.,
993; Djurkovic-Djakovic et al., 2000; Petersen et al., 2001).
ence, developing a nanocarrier for more efficient delivery of
DZ to intracellular targets, should not only reduce those high
oses, but could also improve efficacy and reduce the extent of
reatments. In this work we will explore the performance of den-
rimers as SDZ nanocarriers against an in vitro model of cells
nfected with tachyzoites of T. gondii.

. Materials and methods
.1. Materials

Poly(amidoamine) (PAMAM) dendrimer G4 (PAMAM–
4–NH2) (molecular weight = 14,215 g/mol, 64 amine end

C
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u
c
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roups) (DG4) and PAMAM–G4.5–COOH (molecular weight =
6,258 g/mol, 128 carboxylate end groups) (DG4.5) were pur-
hased from Sigma–Aldrich, Argentina. Sulfadiazine (SDZ)
9.0%, fluorescein isothiocyanate isomer I (FITC), sodium
-(4,5-dimethythiazole-2-yl)-2,5-diphenyltetrazolium bromide
MTT) and benzoylated dialysis membrane were also from
igma–Aldrich Argentina. RPMI 1640 culture medium
as purchased from Invitrogen Corporation. Calf bovine

erum was from Bioser Gen SA, Argentina. l-Glutamine,
rypsin, EDTA and Penicillin/Streptomycin were provided
y PAA Laboratories GmbH, Austria. Tris buffer and all
he other reactive used were analytical grade from Anedra,
rgentina.

.2. Drug complex to dendrimers

Different amounts of DG4 and DG4.5 were combined with
DZ in methanolic solution at different SDZ:dendrimers (D)
olar ratios (20, 35, 47, 70 and 140); corresponding to 6 mM

f SDZ and 280, 168, 118, 87 and 44 �M of D, respec-
ively. The mixtures were incubated for 45 h at room tem-
erature (20 ◦C) and methanol evaporated in a Speed Vac at
25 ◦C) (1010 SAVANT). The solid residues obtained were
issolved in 0.1 ml of Tris buffer 10 mM pH 7.5 plus NaCl
.9% p/v (Tris buffer) at room temperature and centrifuged at
0,000 × g for 5 min, in order to separate the SDZ–dendrimer
SDZ–D) complexes (soluble SDZ) from the non incorporated
DZ (insoluble). Additionally, DG4 and SDZ were combined

n alkaline medium (pH 11, adjusted with NaOH 1 M) at 70,
40, 280 and 580, SDZ:D molar ratios. Upon incubation the
queous medium was evaporated and solid residues were dis-
olved in Tris buffer and SDZ–D complexes separated as state
bove.

.3. SDZ quantification

The amount of SDZ complex to dendrimers was quanti-
ed by measuring absorbance at 255 nm with UV–vis Shi-
adzu spectrophotometer UV-160 A. Dendrimers do not absorb

t this wavelength. The calibration curve of SDZ in Tris
uffer was linear in a concentration range of 1–5 �g ml−1

r2 = 0.99). On the other hand, FT-IR spectroscopy showed
o remnant dendrimers in the insoluble residue obtained after
entrifugation as absence of peak at 1557 cm−1, therefore
omplete dissolution of dendrimers into the complexes was
ssumed.

.4. Characterization of SDZ–D complexes

FT-IR spectra of SDZ, dendrimers and SDZ–D complexes
ere measured using a Perkin Elmer Spectrum One spectrome-

er. Samples were prepared by evaporation of 20 �l of Tris buffer
olutions (33 �M of dendrimers) at 30 ◦C on a CaF2 window.

orrections for the CaF2 window absorption at low wave num-
ers were made accordingly. For SDZ (powder-like sample), an
niversal ATR accessory was used. The number of scan in all
ases per experiment was 64.
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.5. In vitro release studies

In vitro release of SDZ from SDZ–D complexes was inves-
igated in Tris buffer using dialysis bag diffusion technique.
DZ–D complexes were sealed in benzoylated dialysis bag (Mw
ut-off: 2000) and incubated in Tris buffer under continuous stir-
ing. SDZ released into the incubation medium was collected at
re-determined time intervals and stored for quantitative analy-
is. The amount of SDZ released was determined by absorbance
t 255 nm as described in Section 2.3.

.6. Cytotoxicity assay

Cell viability upon treatment with SDZ, dendrimers and
DZ–D complexes, measured as mitochondrial succinate dehy-
rogenase activity employing a tetrazolium salt (MTT), was
etermined on Vero cells and on the murine macrophage-like
ell line J774. Cells were maintained at 37 ◦C in RPMI-1640
edium supplemented with 10% heat-inactivated foetal calf

erum, 100 UI/ml penicillin and 100 �g/ml streptomycin in an
tmosphere of 5% CO2. Cells were seeded at a density of
× 104 cells/well in 96-well flat bottom microplates. After 24 h,

he culture medium was replaced by 100 �l of 10-fold-serial
ilutions of SDZ (1–1 × 10−4 mM), dendrimers (33–0.03 �M),
r SDZ–D complexes (1–1 × 10−3 mM SDZ and 33–0.03 �M
). Upon 24 h or 4 h incubation (only for SDZ–D complexes

t 1 mM SDZ–33 �M D), solutions were removed and replaced
y fresh RPMI medium and MTT at 0.5 mg ml−1 final concen-
ration. After 3 h incubation, MTT solution was removed, the
nsoluble formazan crystals were dissolved in dimethylsulfox-
de (DMSO) and absorbance was measured at 570 nm using a

icroplate reader.

.7. Cell internalization

Dendrimers and SDZ–D complexes were labelled with FITC
ccording to Kolhe (Kolhe et al., 2003). Briefly, buffer solutions
f D or SDZ–D were incubated with FITC acetonic solution at a
:20, D:FITC molar ratio, in the dark at room temperature. Upon
vernight incubation, non-incorporated FITC was eliminated by
ialysis against Tris buffer and the remnant solvent in the bag
as evaporated. The solid residue was dissolved with Tris buffer

nd degree of FITC labelling was estimated by correlating the
bsorbance of FITC labelled dendrimers in Tris buffer at 492 nm
ith a previously prepared calibration curve between 1.6 and
�g FITC ml−1.

Vero cells were seeded in three 24-well plates with rounded
overslips on the bottom; after 48 h incubation the medium was
emoved and submitted to different treatments. Two plates were
ncubated with FITC–D solution (0.33 �M D), one at 37 ◦C and
he other at 4 ◦C. Upon 4 h incubation, cells were washed with
hosphate-buffer saline (pH 7.4) (PBS), fixed with methanol for
0 min and the emission of FITC monitored with an Olympus

H-RFGA fluorescence microscope. The third plate was incu-
ated with FITC–D or FITC–SDZ–D (1 mM SDZ–33 �M D) at
7 ◦C, supernatant were removed at 0, 1 and 4 h and the amount
f FITC was quantified by calibration curve recorded at 492 nm.
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.8. Anti-toxoplasmic activity of SDZ–D complexes

Vero cells maintained as described above were seeded in 24-
ell plates with rounded coverslips on the bottom. After 48 h

ncubation, cells were infected with T. gondii tachyzoites, RH
train, at a cell–parasite ratio of 2:1 for 2 h. After 48 h cells were
reated with SDZ (1 mM), dendrimers at two concentration lev-
ls (33 and 0.03 �M) or SDZ–D complexes at both concentration
evels (1 mM SDZ–33 �M D and 1 × 10−3 mM SDZ–0.03 �M
) for 4 h at 37 ◦C. Cells were washed and further incubated
8 h in fresh medium at 37 ◦C. The coverslips were removed,
ashed with PBS, fixed with methanol and stained with Giemsa.
oth number and size of infection foci, as well as number and
agnitude of cell burst were determined by light microscopy.
rbitrary values between 1 and 3 were assigned to focus size and
agnitude of cell burst as follows: focus size = 3 if mean diam-

ter > 2 arbitrary length units; 2 if mean diameter = 2 arbitrary
ength units and 1 if mean diameter = 1 arbitrary length units;
agnitude of cell burst, determined as size of cleared area, was

alculated following the same criteria for assignments used for
lassifying the foci size. Foci and burst ponder media was cal-
ulated as the sum of all values and dividing by foci or burst
umber. Untreated infected cells were used as control.

.9. Calculations

Infection decrease (ID) was calculated as: ID = 100 − [TE ×
100)/(control)], where treatment effect (TE) was calculated
s: TE = (ponder media of foci size) × (foci number) × (ponder
edia of burst magnitude) × (cell burst number).

. Results

.1. SDZ complex to dendrimers

Complex formation ability of full and half generation
AMAM dendrimers (DG4 and DG4.5) were assayed in two
edia where SDZ was completely dissolved (its crystalline

attice disrupted), to select the best medium in terms of max-
mize the number of SDZ molecules incorporated to dendrimer

olecule. To that aim, SDZ and dendrimers were co-solubilized
n methanol or alkaline medium (pH 11) and incubated in dif-
erent molar ratios.

When incubated in alkaline medium, although higher
mounts of SDZ were offered to dendrimers, SDZ was not effi-
iently complexed, resulting less than 1 molecule of SDZ per
endrimer.

When incubated in methanol, however, combination molar
atios lower than 35:1 (SDZ:D) rendered complexes of cres-
ent ratios up to a maximum of 30:1. At that point dendrimer
aturation was achieved, and higher combination ratios did not
roduce higher amounts of SDZ complexed (Fig. 1)

Solubility of SDZ increased linearly (r2 = 0.96) with increas-

ng concentration of DG4 and DG4.5 as shown in Fig. 2. The
orresponding slops of linear regressions were 33.8 for DG4
nd 28.6 for DG4.5, which was coincident with the average of
DZ molecules complexed by both dendrimers. Hence, upon
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ig. 1. SDZ incorporation into G4 and G4.5 dedrimers as function of incubated
DZ:dendrimer, molar ratio in methanol (n = 6). Quantity of SDZ complex was
orrected by SDZ solubility in tris buffer (1.17 mg ml−1).

omplexation, the new aqueous solubility of SDZ, expressed as
olar concentration, can be roughly calculated as 30 multiplied

y dendrimer concentration.

.2. Characterization of SDZ–D complexes

FT-IR spectrum of solid SDZ (Fig. 3a) showed the amine
−NH2) stretching bands at 3420 and 3350 cm−1, with N–H
tretching of sulfonamide at 3260 cm−1 and its corresponding
ending band at 1652 cm−1. The sulfone moiety bands were
bserved at 1326 and 1157 cm−1 (Brandmuller and Wahl, 1967;
arcia-Raso et al., 2000).
On the other hand, bending corresponding to primary amine

roups at 1644 cm−1, stretching of C–H bonds inside the core
t 1557 cm−1, and N–H stretching at 3286 cm−1 are shown in
G4 FT-IR spectrum (Fig. 3b) (Kolhe et al., 2003).
For SDZ–DG4 complex, broaden and shifted stretching N–H

eak (3345 cm−1) was strong evidence of the presence of NH3
+

Fig. 3c) (Asthana et al., 2005), indicating possible electrostatic
ssociation of SDZ with dendrimer. Electrostatic interactions
ould be established between the positively charged primary
mines of PAMAM DG4 (pKa between 7 and 9) and negatively

ig. 2. Solubility profile of SDZ as function of increasing concentration of DG4
nd DG4.5 in Tris buffer (n = 3).
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ig. 3. FT-IR spectrums of: (a) SDZ, (b) DG4, (c) SDZ–DG4 complex, (d)
G4.5 and (e) SDZ–DG4.5 complex.

harged SDZ (a weak acid with pKa of 6.4) at pH 7.5. According
o this, in Tris buffer at pH 7.5 almost all SDZ is in its anionic
orm while most of the 64 surface amino groups of each DG4
olecule are ionized enabling electrostatic interactions.
FT-IR of DG4.5 (Fig. 3d) showed a band at 1725 cm−1 cor-

esponding to the vibrational C O stretching of the carboxylic
erminal groups and a strong band due to symmetric vibrational
tretching of deprotonated carboxylate groups at 1404 cm−1

Coates, 2000; Endo et al., 2005). Also, it showed the same
tretching of C–H bonds inside the core at 1557 cm−1 than DG4.

For SDZ–DG4.5 complex (Fig. 3e), several changes and new
ands appeared in the spectrum but the most interesting fea-
ure was the disappearance of the carbonyl band at 1723 cm−1
nd the shift of the carboxylate band at 1418 cm−1. Also a new
and at 1633 cm−1 appeared, probably due to the bending mode
f SDZ–NH2 group. Half generation dendrimers (DG4.5) have
nly tertiary amines in their internal cavities, which are less sus-
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Fig. 4. Release profiles of SDZ from SDZ–D complex in Tris buffer.

eptible to protonation than primary amines. At pH 7.5 these
endrimers are not positively charged and can not interact elec-
rostatically with the drug molecules. In this case the interaction
as expected to be due H-bond between the –NH2 and car-
oxylic groups.

.3. In vitro release

The strength and stability of drug–dendrimer complexes was
xamined by determining the in vitro release of SDZ against
ris buffer. Fig. 4 showed that almost 100% of free SDZ was
eleased in 90 min, but SDZ–DG4.5 complex retained around
8% of SDZ along 24 h, while SDZ–DG4 retained around 85%.
hese results were consistent with that of Kolhe et al. (2003),
here less than 15% of the acidic drug ibuprofen being released

rom its PAMAM–G4 complex in deionized water after 9h.
ence, both SDZ–D complexes resulted structurally stable in
uffer.

.4. Cytotoxicity

The effect of dendrimers, SDZ and SDZ–D complexes on
iability of two cell types, was measured by the MTT assay.

SDZ did no reduce viability on Vero or J774 cells upon 24 h
ncubation over the tested concentration range (1–1 × 10−4 mM)
data not shown).

DG4.5 at concentrations between 0.03 and 33 �M, did not
educe the viability of Vero or J774 cells upon 24 h incubation,
hereas DG4 significantly decreased the viability of both cell

ypes at concentrations at or above 3.3 �M (Fig. 5a and b). With
espect to the complexes, SDZ–DG4.5 between 0.03 and 33 �M
D concentration) did not reduce the viability of Vero or J774
ells upon 24 h incubation, whereas SDZ–DG4 decreased the
iability of both cell types at concentrations at or above 3.3 �M
Fig. 5a and b).

The effect of DG4 and SDZ–DG4 complex on viability was
ore pronounced on J774 than on Vero cells, being 40 and 70%,
espectively at 3.3 �M (D concentration) and falling to 2 and
0% at 33 �M (D concentration). After shorter incubation times
f 4 h, no cytotoxic effect on J774 or Vero cells was detected
ven at maximal concentration of DG4, DG4.5 and SDZ–DG4.5

b
d
v
1
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omplex; however, significant reduction of viability was caused
y 33 �M of the SDZ–DG4 complex (Fig. 5c and d).

.5. Cell internalization

FITC-labelled dendrimers were used to assess the relative
ontribution of adsorption and internalisation by Vero cells,
sing a combination of fluorescence microscopy and UV–vis
pectroscopy. FITC labelling of dendrimers resulted an average
f 4 molecules of FITC per DG4 or SDZ–G4 molecule and 11
olecules of FITC per DG4.5 or SDZ–DG4.5 molecule.
Fluorescence images of Vero cells incubated 4 h with FITC-

abeled dendrimers either at 37 or 4 ◦C (temperature at which
nternalisation by endocytic uptake is absent due to reduced

etabolism of cells), are showed in Fig. 6. Upon incubation
t 37 ◦C both dendrimers were captured and entered the cells,
s seen by the characteristic endocytic spots, while at 4 ◦C, a
eneral decrease in fluorescence was recorded. The level of
uorescence intensity showed in Fig. 6e, revealed that inter-
alisation of FTIC–DG4 at 37 ◦C was 6 folds higher than that
f FITC–DG4.5, whereas at 4 ◦C only FITC–DG4 was capable
f being adsorbed onto plasma membranes.

On the other hand, the fluorescence intensity at 37 ◦C (endo-
ytic uptake) for FITC–DG4 resulted to be slightly minor than
hat at 4 ◦C (adsorption). As seen by the contribution of this last
elatively high intensity, the interaction with cells of FITC–DG4
robably was the resultant of two processes: adsorption and
ndocytic uptake. At the experience concentration (0.33 �M),
o differences between uptake of dendrimers or their respective
DZ complexes were found (data not shown).

Absorbance of supernatants from Vero cells incubated with
3 �M FITC-labelled dendrimers was recorded as a function
f time. As shown in Fig. 7, decreased of FITC concentration
n supernatant occurred at maximal rate during the first hour,
o decrease at longer times for FITC–DG4, FITC–DG4.5 and
ITC–SDZ–DG4.5. These results can account for internalisa-

ion of FITC-labelled dendrimes into cells.
Percentage of dendrimer internalization calculated from

ITC concentration in supernatants and obtained FITC:D molar
atio showed that FITC–DG4.5 was internalized twice folds as
ompared to FITC–SDZ–DG4.5, upon 4h incubation.

.6. In vitro antiparasitic effect

SDZ 1 mM had no antiparasitic effect, neither as DG4.5,
DZ–DG4.5 nor DG4 at 0.03 �M, DG4 and SDZ–DG4 strongly
educed the viability of host cells at 33 �M. Antiparasitic
ctivity was found for DG4.5 (40% infection decrease) and
or SDZ–DG4.5 (25% infection decrease) both at 33 �M.
DZ–DG4 however, showed maximal antiparasitic effect at
.03 �M (60% infection decrease). Note that the antiparasitic
ffect reported above, is an arbitrary number (see Fig. 8) calcu-
ated with the only aim of establishing an intra-assay comparison

etween each treatment, not of use to be contrasted against real
ata on tachyzoites/bradyzoites development obtained by con-
entional methods (Derouin and Chastang, 1988; Roos et al.,
994; Mc Fadden et al., 1997).
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ig. 5. Dose-dependent cytotoxicities of dendrimers (( ) DG4.5; ( ) DG4) an
a) and J774 cells (b). Cytotoxicity of 33 �M of dendrimers after 4 h on Vero (c)
tudent’s t-test was used to compare statistical significance of treatments (diffe

. Discussion

In this work, we have shown that when prepared from mix-
ures co-dissolved in methanol, PAMAM G4 and G4.5 formed
table and efficient complexes with SDZ, a poorly hydrosoluble
rug at physiological pH. Co-dissolution of drug and DG4 in
lkaline media, was an unsuitable strategy to render complexes
f high drug payload upon rehydration. The effect of pH on
tability of SDZ must be considered in terms of net charge of
ts sulfanamide moiety (pKa = 6.4). At pH 11, SDZ exhibits its
igher solubility, being 100% in its ionized (negatively charged)
orm. With regard to DG4, at high pH none of the primary or
ertiary amines are protonated, and an increased translational
nd rotational diffusion of water molecules, with a less rigid
ackbone because of the neutralized internal charges, are reg-
stered. In general terms, changes of pH mainly modify the
G4 ionization degree; therefore, conformational transforma-

ions are induced (Tai et al., 2005). Structural changes in cationic
AMAM dendrimers, analyzed as function of pH and D gener-

tion, showed the D as globular and loosely compact structures
t high pH (≥10), with conservation of atom density distribu-
ion across generations (Inhan et al., 2002; Cakara et al., 2003).
inally, the work of Bharathi (Bharathi et al., 2005), found that

M
S
i
p

–D complex (( ) SDZ–DG4.5; ( ) SDZ–DG4) after 24 h incubation on Vero
774 cells (d). Each data point represents the mean ± standard deviation (n = 3).
: * p < 0.05).

he interaction of a weak acid drug completely ionized at pH 11
nd possessing maximal solubility with PAMAM dendrimers,
s minimal in extreme alkaline medium. Taken together, those
acts offer a simple explanation for the unsatisfactory complex-
tion of SDZ in DG4 when co-dissolved in alkaline medium: at
igh pH – in spite of achieving maximal SDZ solubility – the
tructure of PAMAM dendrimer was collapsed, and therefore
rug access to the internal pockets resulted impaired.

Hence, the complexation in methanol resulted a simple way
f increasing aqueous solubility of SDZ up to a maximal of 30
ultiplied by dendrimer concentration, without any chemical
odification of drug structure. Both complexes shared com-
on features, such as drug:D molar ratio and degree of release

gainst dilution. Their FT-IR spectra however, showed that elec-
rostatic attraction mediated the SDZ–DG4 interaction, whereas
n SDZ–DG4.5 presented hydrogen bonding as the main inter-
ction. The uptake of dendrimer complexes was studied on two
ell lines possessing different entrance mechanisms: only endo-
ytic (Vero cells) and endo/phagocytic the other (J774 cells).

TT assay showed that neither DG4.5 not its corresponding

DZ complex decreased cell viability of Vero and J774 cells
n the tested range of concentration; DG4 and its SDZ com-
lex on the other hand, were cytotoxic at the micromolar range.
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Fig. 6. Fluorescence microscopy images of Vero cells upon incubation with FITC–D
(e) Quantification of dendrimer entry, intensity of cells was determinate using Image

Fig. 7. FITC concentration in Vero cell supernatant (from absorbance) as func-
tion of incubation time of: ( ) FITC–DG4; ( ) FITC–DG4.5; ( )
FITC–SDZ–DG4; ( ) FITC–SDZ–DG4.5. Each data point represented the
mean ± standard deviation (n = 3).
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G4 at 37 ◦C (a) and 4 ◦C (b), and with FITC–DG4.5 at 37 ◦C (c) and 4 ◦C (d).
J imaging software.

he most striking feature of SDZ–DG4 was revealed, however,
hen in vitro tested against Vero cells infected with a RH strain
f T. gondii. Our results pointed to SDZ–DG4 as responsible for
he highest antiparasitic effect, in spite of being administered at
ltra low doses – in the range of nanomolar concentration – and
pon only 4 h of treatment. It was also found that SDZ–DG4.5
ad low antiparasitic effect and surprisingly, that DG4.5 had got
ntiparasitic effect on its own.

The uptake assays at 37 ◦C versus 4 ◦C showed that only
G4 interacted with plasma membrane by a mechanism other

han endocytosis. This is coincident with the observations per-
ormed by atomic force microscopy on the interaction between
ationic PAMAM G5 dendrimers and supported bilayers, show-
ng that low generation dendrimers can remove lipids from the
orders of pre-existent defects and that at 6 ◦C cationic PAMAM

5 adsorbs on plasma membrane, without releasing cytoplas-
ic enzymes (Hong et al., 2004). Hence the combination of

urfacial activity and endosomolytic effect could be at least
n part responsible for the antiparasitic effect of SDZ–DG4 at
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ig. 8. Representative images of infected cultures employed to calculate the an
arasite; (b) medium size focus and medium size cell burst; (c) small focus, abs

he ultra-low concentration of 0.03 �M, which is one thousand
olds lower than that of SDZ–DG4.5 presenting anti-infective
ctivity. SDZ–DG4 on the other hand, contained 1 × 10−3 mM
DZ (250 ng ml−1), being this concentration 1 × 109 lower than

n vitro IC50 for SDZ, 2.5 g ml−1, determined upon 72 h on
nfected MRC5 fibroblasts (Duval and Leport, 2001). As seen in
ig. 6a, FITC–SDZ–DG4 at 33 �M mostly remained outside the
ells during the four hours of incubation; however, it was known
o be cytotoxic at that concentration. Hence, FITC–SDZ–DG4
aused cell death by mechanisms that did not depend on den-
rimer uptake, most probably related to damages on surface
embrane.
Probably in the absence of plasma membrane interaction and

ndosomolytic effect, DG4.5 and SDZ–DG4.5 were endocy-
osed and degraded by the endo-lysosomal route. If not deliv-
red to the cytoplasm, dendrimers should not have access to
he therapeutic target, this is the parasitophorous vacuole. This
hould only account for the lower anti-infective performance of
DZ–DG4.5 as compared to SDZ–DG4, but we have no current
xplanation for the anti-infective effect displayed by DG4.5.
he intracellular pathway and metabolisation of DG4, DG4.5
nd their respective SDZ complexes however, remains to be
lucidated, both in healthy and very importantly, on infected
ells. The profound structural changes that both plasma mem-
rane and cytoplasm of host cell suffer when infected with T.
ondii tachyzoites could have a role in the antiparasitic activity

ound for DG4.5. There is a new great complexity inside the
nfected cells: tachyzoites surround by a PV, with membrane
hannels that acting as molecular sieves, impair the entrance of
olecules with MW higher than 1.4 KD (Schwab et al., 1994).

T
C
B
l

oplasmic activity of treatments: (a) big focus and big cell burst, arrow show a
of cell burst.

he PV remains isolated from the lysosomal and vesicle traf-
cking system of the host cell (Sinai et al., 1997; Saliba and
iaran, 2001; Coppin et al., 2003). There is also an intravacuolar

ubulovesicular netwok, which appears to be continuous with the
achyzoites’s plasma membrane (TPM) (with endocytic mecha-
isms localised to a micropore (Nichols et al., 1994; Robibaro
t al., 2001), and transporters related with nutrients acquisi-
ion) that forms connections with the parasitophorous vacuole

embrane (PVM) (Zhang et al., 2001). The existence of these
laborated connections can strongly alter the intracellular pro-
essing of the nanocarriers and further studies will be required
o shed light on this important topic. SDZ inhibits the enzyme
ihydropteroate synthase and together with pyrimethamine, syn-
rgistically blocks the nucleotide pathway of the parasite. Unfor-
unately, adverse events-mostly fever related to the high doses
f SDZ-frequently result in discontinuation of therapy. Our in
itro preliminary results, achieved with nanomolar doses of den-
rimeric SDZ as unique active principle, point to this complex
s a suitable potential candidate for antitoxoplasmic therapy.
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