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uated by atomic force microscopy (AFM). The stability and release proﬁle of the NC were
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determined in vitro in plasma. The results showed that the use of methylene blue induces
signiﬁcant increase in the encapsulation efﬁciency of

99m

Tc-HMPAO, from 24.4 to 49.8% in
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PLA NC and 22.37 to 52.93% in the case of PLA-PEG NC (P < 0.05) by improving the complex sta-
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bilization. The average diameter of NC calculated by PCS varied from 216 to 323 nm, while
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the average diameter determined by AFM varied from 238 to 426 nm. The AFM analysis

99m

of diameter/height ratios suggested a greater homogeneity of the surface-modiﬁed PLA-

Technetium-HMPAO
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PEG nanocapsules compared to PLA NC concerning their ﬂattening properties. The in vitro

Photon correlation spectroscopy

release of the

Radiotracer

than for the surface-modiﬁed NC. For the latter, 60% of the radioactivity remained associ-

99m

Tc-HMPAO in plasma medium was faster for the conventional PLA NC

ated with NC, even after 12 h of incubation. The results suggest that the surface-modiﬁed
99m

Tc-HMPAO-PLA-PEG NC was more stable against label leakage in the presence of proteins

and could present better performance as radiotracer in vivo.
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1.

Introduction

Over the last few decades, several radiopharmaceuticals have
been developed for the detection of infection and inﬂammation (Oyen et al., 1996a; Chianelli et al., 1997; Rennen et
al., 2001). There is an ongoing search for new and better
radiopharmaceuticals having high sensitivity and speciﬁcity
(Laverman et al., 1999). Accurate and rapid detection of infection and inﬂammatory lesions facilitate both the elucidation
of the course of the disease and the installation of a tailored
therapeutic regimen. One approach involves the use of radiolabeled nanocarriers to target infection and inﬂammation
improving their scintigraphic acquisitions, because they could
be able to permeate to the interstitial space passing through
the leaky capillaries of the inﬂammatory regions, by passive
targeting. Long-circulating (StealthTM ) nanocarriers can theoretically allow radiotracer delivery to sites outside MPS (Oyen
et al., 1996b).
Nanocapsules (NC) are submicronic nanoparticulate carriers composed of an oily core surrounded by a polymeric wall
with lipophilic and/or hydrophilic surfactants at the interface
(Legrand et al., 1999). The ability of NC to improve the biopharmaceutical properties of lipophilic substances has been
demonstrated (Barratt, 2000; Mosqueira et al., 2006; Sasatsu et
al., 2006) and has generated great interest for use as diagnostic agents. However, conventional nanoparticles are rapidly
cleared from the circulation by phagocytes of the mononuclear
phagocyte system (MPS) (Gref et al., 1994). Surface modiﬁcation of nanocapsules with hydrophilic polymers, such as
polyethyleneglycol (PEG), resulted in decreased recognition by
the MPS, thereby increasing the half-life of their circulation in
the blood stream (Mosqueira et al., 1999, 2001b).
Technetium-99m d,l-hexamethylpropyleneamine oxime
(99m Tc-HMPAO) is a radiopharmaceutical widely used to
obtain scintigraphic images, especially for cerebral diagno-
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sis. 99m Tc-HMPAO is especially used for blood cells labelling
to obtain images of infections and inﬂammations because of
its lipophilic properties (Martin-Comin and Prats, 1999). As
shown in Fig. 1, radiolabeling of d,l-HMPAO may give rise to
two 99m Tc-labelled enantiomers with almost identical properties (Vanderghinste et al., 2003). The employment of the
99m Tc-HMPAO complex in the preparation of new types of
radiopharmaceuticals such as the radiolabeled liposomes has
been studied by several authors (Goins et al., 1993; Phillips,
1998; Laverman et al., 1999; Boerman et al., 2000). However,
studies with liposomes have been limited because of inherent
problems such as low encapsulation efﬁciency, poor storage
stability (Soppimath et al., 2001) and a high incidence of side
effects after i.v. administration (Brouwers et al., 2000; Dams et
al., 2000; Szebeni et al., 2000, 2002).
The NC presents high entrapment efﬁciency for lipophilic
drugs, a low polymer content and a low inherent toxicity when
compared with liposomes and nanospheres (Mosqueira et al.,
2006). Nevertheless, before utilizing a NC formulation for diagnosis, it must be very well characterized. Optimal preparations
consist of a small (200–300 nm), monodispersed nanocapsule
population, stable in biological media, principally in blood.
Ruozi et al. (2005) obtained information about the dimensions and homogeneity of liposomes using classical photon
correlation spectroscopy (PCS) and atomic force microscopy
(AFM). Recently, the AFM method was also used to characterize nanocapsules prepared with biodegradable polymers
(Mosqueira et al., 2005; Leite et al., 2005; Assis et al., 2007).
The aim of the present work was the preparation and characterization of the conventional and the sterically stabilized
NC using poly-d,l-lactide (PLA) polymer and the copolymer
of monomethoxypolyethyleneglycol-co-poly-d,l-lactide (PLAPEG), respectively, for the encapsulation of 99m Tc-HMPAO
complex. Furthermore, it was also investigated the labelling
efﬁciency of NC with 99m Tc-HMPAO complex and its release
proﬁles in physiological media.

Fig. 1 – The chemical structures of d,l isomers of HMPAO and their reaction with 99m Technetium to form lipophilic complex.
Redrawn and adapted from Vanderghinste et al. (2003).
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2.

Materials and methods

2.1.

Materials

Soy lecithin (Epikuron® 170) was purchased from Lucas Meyer
(France). Poly(d,l-lactic acid), PLA50, with an average molecular weight (Mw) of 75,000(g/mol) and the surfactant poloxamer
188 were provided by Sigma–Aldrich (USA). Miglyol 810N
(caprylic/capric triglycerides) was received as a gift from Hulls
(Germany). PLA-PEG (PLA of 49,000 g/mol containing approximately 10% PEG covalently grafted with a Mw of 5000 g/mol)
was provided by Alkermes (USA) and used without further
puriﬁcation. The HMPAO (d,l-hexamethylpropyleneamine
oxime) was obtained by reconstitution of a Ceretec kit (Amersham Inc., UK) and 99m Tc (pertechnetate form) was obtained
as a sodium solution from a 99 Mo generator (IPEN/Brazil). All
the solvents used were analytical grade, and other chemicals
were commercially available reagent grade and used without
further puriﬁcation. MilliQ® water (Simplicity 185, Millipore,
Bedford, USA) was used throughout.

2.2.

Methods

2.2.1.

Preparation of nanocapsules

Conventional nanocapsules (PLA NC) were prepared according to the method described by Fessi et al. (1989) and those
sterically stabilized with PEG were prepared by the method
described by Mosqueira et al. (2001a). In the conventional NC
preparation poly(d,l-lactic acid) (Mw 75,000) was used together
with Poloxamer 188, a surfactant containing polyethyleneglycol chains on its chemical structure. Surface-modiﬁed NC
was prepared using the diblock polymer of PLA-PEG without
poloxamer surfactant. In the PLA-PEG NC the PEG chains are
covalently linked to NC surface. Brieﬂy, the polymer (0.6%, w/v)
was dissolved in acetone (2 mL) containing 0.75% (w/v) of soy
lecithin (Epikuron® 170) and 2.5% (v/v) of Miglyol® 810N. In
the case of conventional NC, this organic solution was poured
into the external aqueous phase (4 mL) containing 0.75% (w/v)
of poloxamer 188 with stirring. The solvents were evaporated
under reduced pressure up to 2 mL volume (Fisatom Rotary
Evaporator, Brazil).

2.2.2.

99m

Tc-HMPAO-labelled nanocapsules preparation

An HMPAO kit (Ceretec® , Amersham Inc., UK) containing
0.5 mg HMPAO and 4.0 g SnCl2 was reconstituted with 2 mL of
0.9% NaCl solution. The mixture was divided into four aliquots
of 0.4 mL each and stored at −70 ◦ C under a nitrogen atmosphere. Aliquots (0.4 mL) of HMPAO were incubated with 296
MBq of Na99m TcO4 for 5 min and 250 L of methylene blue
solution was added. Methylene blue was used to stabilize the
lipophilic 99m Tc-HMPAO complex (Barthel et al., 1999). The
radiolabeled complex was then dissolved in the organic phase
(acetone) during the preparation of the nanocapsules. The following steps of the procedure were carried out as described
above to obtain the 99m Tc-HMPAO nanostructures.

2.2.3.

Puriﬁcation of 99m Tc-HMPAO-NC

99m Tc-HMPAO

that was not associated with NC was separated
from the 99m Tc-HMPAO loaded in NC by gel ﬁltration through a

Sephadex G-25 (Pharmacia® , Sweden) column. A 1 mL aliquot
of a colloidal suspension of 99m Tc-HMPAO-NC was layered
onto a 1.5 cm × 15 cm Sephadex G-25 column, and the sample
was eluted with saline. One-millilitre fractions were collected
and counted in a scintillation counter (Capintec, INC-CRC.15R,
USA). An aliquot (1 mL) containing unloaded NC and free
99m Tc-HMPAO was passed through the column to determine
the difference in the separation proﬁles of the preparations.
The small amounts of 99m Tc-HMPAO complex used in this
work were soluble in water (manufacturer, Ceretec-Amersham
Health). The puriﬁed 99m Tc-HMPAO-NC was used in further
characterization experiments.

2.2.4.

99m

Tc-HMPAO encapsulation efﬁciency and release

The encapsulation efﬁciency of 99m Tc-HMPAO in the nanocapsules was calculated by the difference between the total
activity of the lipophilic complex in the colloidal suspension
and the free 99m Tc-HMPAO found in the external aqueous
phase (Eq. (1)). The ultraﬁltrate (external aqueous phase)
was obtained by ultraﬁltration/centrifugation of 400 L of
NC suspension at 1800 × g for 15 min in an AMICON device
(Microcon, Millipore® , molecular weight cut-off: 10,000). The
99m Tc-HMPAO released from NC formulations was determined
in 70% rat plasma under sink conditions at different times.
Aliquots containing 3.7 MBq of 99m Tc-HMPAO-PLA-PEG NC and
99m Tc-HMPAO-PLA NC (200 L) were incubated with 500 mL of
plasma (70%) at 37 ◦ C, under moderate stirring, in separated
tubes for each time point. After 30, 120, 480 and 720 min samples (200 L) were collected to radioactivity determination in
a gamma counter, after external phase separation from the
total NC suspension, using the ultraﬁltration/centrifugation
technique with Ultrafree® units, 0.1 m pore size (Millipore® ).
The separation membrane used in the release study allowed
the elution of the free 99m Tc-HMPAO complex or that was
associated with plasmatic protein, while the 99m Tc-HMPAO
entrapped in NC remained in the membrane upper compartment. An additional experiment was performed in plasma
medium with 99m Tc-HMPAO encapsulated in PLA-PEG NC during NC preparation or 99m Tc-HMPAO incubated with unloaded
PLA-PEG NC. This analysis was evaluated in time periods of up
to 720 min. These experiments were also performed at 37 ◦ C
with moderate stirring. The non-encapsulated 99m Tc-HMPAO
was encountered in the ultraﬁltrate, and the encapsulated
99m Tc-HMPAO was retained by the ultraﬁltration membrane.
The encapsulation efﬁciency of radioactivity into the NC was
determined from following Eq. (1), where A = activity:
(%) =

Atotal − Aultraﬁltrate
× 100
Atotal

(1)

2.2.5. Nanocapsules characterization
2.2.5.1. Photon correlation spectroscopy analysis. The mean
size and size distribution of the NC was determined by
photon correlation spectroscopy. This method allows the
determination of the mean diameter of the particle and the
polydispersity index (PI), which is a dimensionless measure
of the broadness of the particle size distribution. Particle
size was evaluated in a Zetasizer HS3000 (Malvern Instruments, Malvern, UK). Samples were analyzed after appropriate
dilution in ultra-pure MilliQ water. Reported values were
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expressed as mean ± standard deviation for at least three different batches of each nanocapsule formulation.

2.2.5.2. Atomic force microscopy imaging. AFM observation
was performed in air at room temperature, on a Dimension 3000 apparatus, as well as on Multimode Equipment,
both monitored by a Nanoscope IIIa controller from Digital Instruments (Santa Barbara, CA, USA). A droplet (5 L)
of sample was deposited on a freshly cleaved mica surface,
spread and partially dried with a stream of argon. The images
were obtained in tapping mode, using commercial silicon
probes, from NanosensorsTM , with cantilevers having a length
of 228 m, resonance frequencies of 75–98 kHz, spring constants of 29–61 N/m and a nominal tip curvature radius of
5–10 nm. The scan rate used was 1 Hz. Dimensional analyses
were performed using the “section of analyses” program of
the system. A minimum of ten images from each sample was
analyzed to assure reproducible results. The values represent
an average ± standard deviation of approximately 40 particle
measurements.

2.2.5.3. Zeta potential analyses. The zeta potential was determined by laser doppler anemometry (LDA) in a Zetasizer
HS3000 (Malvern Instruments, Malvern, UK). The samples
were analyzed following dilution by 1:1000 in 1 mM NaCl
at a conductivity of approximately 120 ± 20 S/cm2 . Values
reported are the mean ± standard deviation of at least three
different batches of each NC formulation.
2.2.6.

Statistics

All experiments were performed in triplicate and were
expressed as mean values ± standard deviations, except as
otherwise stated. Mean sizes, zeta potential and drug release
data at each time point were compared by an ANOVA test using
the Prim 4.0 program while considering a probability of 5% to
be signiﬁcant.

3.

Results and discussion

NC containing 99m Tc-HMPAO were prepared by the interfacial deposition of the preformed polymer followed by
solvent evaporation (Fessi et al., 1989), a simple and rapid
method of obtaining nanocapsules containing a radioactive
tracer suitable for intravenous administration. All formulations described here produced particles smaller than 500 nm
and greater than 200 nm. Normal tissues contain capillaries
with tight junctions that are less permeable to nanosized
particles (Litzinger et al., 1994). The different types of NC produced in this work are intended to be used as radiotracers
of inﬂammation sites where the capillaries are very leaky.
In this way, the sizes found were considered suitable for the
further purpose. Two types of nanocapsules containing 99m TcHMPAO were developed in this work: conventional PLA NC and
surface-modiﬁed PLA-PEG NC. Surface-modiﬁed nanocapsules (PLA-PEG NC) were included in this study because their
uptake by the mononuclear phagocyte system is substantially
delayed, thereby increasing the time during which they circulate in the blood stream (Mosqueira et al., 2001b).

Table 1 – Effect of methylene blue on the encapsulation
efﬁciency of 99m Tc-HMPAO complex in polymeric NC
Formulation

PLA NC
PLA-PEG NC

99m Tc-HMPAO

encapsulation
efﬁciency (% ANC /AT )a

Without MB

With MB

24.40 ± 0.79 a
22.37 ± 1.50 a

49.80 ± 1.35 b
52.93 ± 2.91 b

Identical letters indicate that there is no signiﬁcant difference
between the data. The data represent the mean ± S.D. (n = 3) for each
determination.
a

ANC is activity associated to the NC and AT is the total activity in
NC suspension (Bq).

3.1.

Nanocapsule characterization

A better encapsulation efﬁciency of the 99m Tc-HMPAO complex in the nanocapsules was obtained using methylene blue
as a stabilizer. According to the results shown in Table 1,
the encapsulation efﬁciency was around 50% for both preparations (PLA NC and PLA-PEG NC). On the other hand, the
encapsulation efﬁciency of 99m Tc-HMPAO in NC preparations
without methylene blue was greatly reduced. Thus, the stability of the lipophilic 99m Tc-HMPAO complex was enhanced
by methylene blue, as has been reported in a previous work
(Barthel et al., 1999; Sobal and Sinzinger, 2001).
The particle size, polydispersity index and zeta potential
of prepared conventional and surface-modiﬁed NC containing 99m Tc-HMPAO are presented in Table 2. The polydispersity
indices showed that the different formulations prepared
by the nanoprecipitation method were homogeneous with
respect to the polydispersity index and can be considered
monodisperse (≤0.3). The PLA-PEG NC showed reduced sizes
compared to the PLA NC by the both methods used to determine NC mean sizes (Table 2). These results are in agreement
with the data obtained by Mosqueira et al. (2001a) for PLA
and PLA-PEG NC, however, the NC sizes were slightly different from those previously reported, probably because the
average molecular weights of the polymers were different
and obtained from other suppliers. The mean diameters of
unloaded and 99m Tc-HMPAO loaded NC were very similar
and no signiﬁcant difference were found among the preparations. 99m Tc-HMPAO encapsulation in PLA and PLA-PEG NC
did not induce any signiﬁcant increase in the mean diameter and in the polydispersity of the colloidal NC suspensions.
Some authors have demonstrated that the mean diameter of
nanoparticles has an inﬂuence on the biodistribution studies
because particles larger than 300 nm and lower than 70 nm
are rapidly taken up by MPS accumulating in the spleen and
liver. On the other hand, particles within the 150–200 nm range
were founded to be longest circulating (Litzinger et al., 1994;
Owens and Peppas, 2006). Based on this observation, the longcirculating PLA-PEG NC, with sizes around 200 nm, could be
particularly interesting to reach the loose junctions of the
endothelium of inﬂammatory or infectious foci, considering
the mean sizes measured by PCS. In fact, biodistribution studies performed in our laboratory (data not published) showed
that 99m Tc-HMPAO-PLA-PEG NC were able to identify inﬂammatory foci up to 12 h after administration when injected
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Table 2 – Physicochemical characteristics of the NC preparations
NC formulation
PLA
99m
Tc-HMPAO-PLA
PLA-PEG
99m
Tc-HMPAO-PLA-PEG

Mean size ± S.D.a
(nm) (PCS)
282
323
216
267

±
±
±
±

24
37
36
27

Mean size ± S.D.a
(nm) (AFM)
411
426
238
387

±
±
±
±

128
105
124
104

Polydispersity
indexb
0.335
0.266
0.229
0.300

 potential ± S.D.a
(mV)c
−61.8
−62.0
−57.9
−60.3

±
±
±
±

4.4
1.7
1.8
1.5

The entrapment of 99m Tc-HMPAO did not signiﬁcantly affect either the mean diameter or the zeta potential of the nanocapsules (P > 0.05).
a
b
c

Standard deviation (n = 3) of the population that was reported by the instrument.
Monodispersed samples (≤0.3).
Measurement after 1:1000 dilution in 1 mM NaCl (conductivity, 120 ± 20 S/cm).

intravenously in rats. Both types of PEG chains associated with
a NC surface, adsorbed (Poloxamer 188) or covalently grafted
(PLA-PEG copolymer), seemed to stabilize the association of
99m Tc-HMPAO with the nanostructures, thereby preventing
their aggregation, because no signs of physical instability were
observed during the experiments even when PLA or PLA-PEG
NC were incubated in 70% rat plasma release media.
Zeta potential results (Table 2) showed that the unloaded
PLA NC and 99m Tc-HMPAO loaded NC formulations exhibited a negative charge with values ranging from −57.9 to
−62.0 mV. The entrapment of 99m Tc-HMPAO did not signiﬁcantly affect either the mean diameter or the zeta potential of
the nanocapsules (P > 0.05) indicating that probably the complex was mainly associated with the oily core of NC. These
values were typically observed for colloidal carriers containing
PLA polymer, where values of −50.9 to −51 mV were found for
PLA-POLOX NC and PLA-PEG NC 45–5 kDa (10% PEG), respectively, prepared from polymers with slightly different Mw and
using the same method (Mosqueira et al., 2001a, 2006). The
negative zeta potential imparted by the PLA polymer and
lecithin was not masked by the presence of PEG chains with
its hiding properties, probably because the high contents of
lecithin in the NC formulation contributed to the maintenance of the negative surface charge, as has been previously
discussed by Mosqueira et al. (2001a, 2006). However, even
when these negatively charged PLA-PEG NC were used in
vivo (Mosqueira et al., 2001b) they showed long-circulating
properties, probably because lecithin layers surrounding NC
masks the real zeta potential at NC interfaces. In general,
nanospheres, without lecithin and oil, suffer a much higher
effect of PEG on the zeta potential than NC (Govender et al.,
2000).
AFM is a powerful technique, with dimensional resolutions from 1 up to 100 Å, that provides a unique possibility for
visualizing nanoparticles in a natural environment, without
sample manipulation (Neves et al., 1998). While PCS measures
hydrodynamic radius, the AFM technique allows direct measurement of size in samples in a partially dried state, deposited
on freshly cleaved mica plates, which permits simultaneous
characterization of particle shape and structure. It is advantageous because the size, structure and shape are important
parameters in the design of nanostructures used in diagnosis by an intravenous route. All NC preparations showed
a spherical form on the mica surface in the AFM images
(Figs. 2 and 3). The NC maintained their structures unaltered
for up to 1 week after drying. The NC presented a homoge-

neous distribution in height and in three-dimensional images
(Fig. 3). The average sizes of unloaded PLA NC obtained by
AFM were 411 ± 128 nm, while those containing 99m Tc-HMPAO
were 426 ± 105 nm (n = 40). Similarly, when the NC size was
determined by PCS, no signiﬁcant differences were observed
between unloaded NC and those containing the 99m Tc-HMPAO
complex. However, the diameters calculated by AFM were
observed to be larger than those measured by PCS for both NC
types. This observation can be explained by a possible NC ﬂattening on mica that takes place after drying process with argon
ﬂow. The PLA NC images (Fig. 4) show nanostructures and
layers deposited on the mica with different heights, resulting
in complex images when compared with PLA-PEG. These few
nanometer layers (2–10 nm) were attributed to poloxamer and
phospholipids organized in lamellar structures, as could be
observed in the analysis images obtained from these controls
(poloxamer and lecithin). Similar observations were previously reported by Leite et al. (2005). NC in all samples appears
deposited on these layers or immersed in them (Fig. 4). On
the other hand, PLA-PEG NC (Fig. 2C and D) presents more
homogeneous distribution of particles with the absence of
the low height layered structures. It could be explained by the
absence of poloxamer in the PLA-PEG formulation that reduces
the complexity of forms in the system. The average diameter calculated for PLA-PEG NC was 238 ± 124 nm (n = 40) and
for 99m Tc-HMPAO-PLA-PEG NC was 387 ± 104 nm (n = 40). The
mean size differences were not signiﬁcant (P > 0.05). In fact, the
ﬂattening process was probably related to variations in polymeric wall thickness and homogeneity of polymer deposition
in the process of NC preparation, as previously speculated by
Leite et al. (2005). The greater the thickness of the polymeric
wall, the greater its hardness and the lower the NC ability
to ﬂatten in mica plates would be. This result implies that
NC wall variations, such as the PEG chemical grafting could
produce different degrees of ﬂattening. The ratios between
diameter/height were calculated from the topographical proﬁle from AFM images (Fig. 5). A certain percentage of these
heterogeneities were observed in NC polymeric wall formation for all the preparations. The PLA NC wall heterogeneities
were greater because the diameter/height ratios varied from
1 to 10, indicating no uniform deposition of the polymer on
the surface. This hypothesis is also supported by the use of
cross-linking agent to increase polymeric wall hardness of
PLA and PLA-PEG NC before AFM analysis, which reduces
dramatically the diameter/height ratios (Assis et al., 2007).
Furthermore, the formation of other nanostructures, such
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Fig. 2 – AFM topographic (height) images A (PLA NC) and C (PLA-PEG NC) and phase images B (PLA NC) and D (PLA-PEG NC)
showing spherical nanocapsules obtained in tapping mode. Scan sizes are shown in the ﬁgure.

as nanospheres, or even nanoemulsions (without polymeric
wall) could occur. This result agrees with those observed by
Mosqueira et al. (2001a), which demonstrated the complexity of the nanostructures formed by the nanoprecipitation
method and the increase in homogeneity of PLA-PEG NC prepared without poloxamer using ultracentrifugation in Percoll®
gradient method. The PLA-PEG NC presented a more homogeneous wall with diameter/height ratios of 4–7 (Fig. 5C and
D). 99m Tc-HMPAO associated with PLA-PEG NC increased the
NC dispersion heterogeneity and diameter/height difference
(7–10), probably because it produced alterations in the structure of NC wall. Poloxamer seemed also to play a role in the
formation of different types of nanostructures in NC formulations and in the appearance of complex layers in AFM images
that probably increase the heterogeneity of PLA NC (Fig. 4). The
evidence of NC wall formation and the determination of its
thickness was elegantly performed by Rübe et al. (2005) using
the small angle neutron scattering technique applied to NC
prepared by the same nanoprecipitation method used in this
paper.

In PLA-PEG NC images obtained by AFM, a halo was
observed around the NC (Fig. 2D). The phase images suggest
that this phenomenon could be generated by a hydration layer
around sterically stabilized PLA-PEG NC, probably because a
small amount of water are ﬁrmly ﬁxed to the hydrophilic
groups by hydrogen bonds at NC surface and was not completely removed by the fast argon ﬂow that spread the sample
on mica. It is noteworthy to point out that this halo was
not observed by AFM in PLA NC stabilized with poloxamer
and appears particularly in the phase images of PLA-PEG NC
(Fig. 2D). This structure in halo form suggests the presence of
covalently grafted PEG in this preparation.
Comparing PCS with AFM, the second technique allows one
to perceive differences in NC structures related to the polymeric wall that produce different degrees of ﬂattening in mica
plates. This behaviour identiﬁed by AFM technique proved
that NC has a ﬂuid core and a heterogeneous wall thickness,
while PCS technique furnished a homogeneous distribution
of nanoparticles with any information about their structural
properties and shape.
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3.2.

Fig. 3 – AFM image: three-dimensional view of unloaded
PLA nanocapsules spread on mica and its homogenous
dispersion of size.

99m

Tc-HMPAO release from nanocapsules

The in vitro release proﬁles of 99m Tc-HMPAO from PLA and
PLA-PEG nanocapsules are shown in Fig. 6. The experiments
were preformed under sink conditions to avoid the interference of the complex solubility in the release rate. In this
study a fast release of radioactivity for all NC types was
observed in the ﬁrst 30 min. Approximately 33% of 99m TcHMPAO was released in plasma medium for PLA-PEG NC. This
result can be explained by the release of an adsorbed part of
the 99m Tc-HMPAO weakly bound to the NC surface, or by a fast
equilibrium changes in the partition between internal oily core
and release medium. Plasma probably acts as a driving force
that promotes 99m Tc-HMPAO release from the NC in the burst
phase. In the case of NC, a fast release of drug in the ﬁrst
few minutes after dilution in release media was interpreted
by several authors as drug adsorbed at the NC surface (Lopes
et al., 2000; Mosqueira et al., 2001b, 2006). However, the release
proﬁle of 99m Tc-HMPAO was biphasic, because after the initial
burst phase (30 min) only 7% of the radioactivity was released
from NC up to 12 h (Fig. 6). Phillips (1998) has shown that
liposomes are able to retain 99m Tc-HMPAO in plasma at 37 ◦ C
for as much as 90 h. However, comparative and quantitative
analysis of the ability of the both nanosystems to entrap this
radiotracer have not been performed and should be evaluated
in further experiments. On the other hand, when the 99m TcHMPAO was only incubated with the already formed PLA-PEG

Fig. 4 – AFM image of 99m Tc-HMPAO-PLA nanocapsules in the “section analysis” software showing nanocapsule height in
black arrows, and different nanometric layers deposed on mica indicated by red and green arrows (height). The measured
sizes are indicated in tables with the same colours. Scan size: 7.5 m × 7.5 m. (For interpretation of the references to color
in this ﬁgure legend, the reader is referred to the web version of the article.)
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Fig. 5 – Percentage of diameter/height ratios of nanocapsules preparations calculated from 40 particles measurements using
“section analysis software” of the Nanoscope IIIa AFM microscope. In A: unloaded PLA NC; B: 99m Tc-HMPAO-PLA NC; C:
unloaded PLA-PEG NC; D: 99m Tc-HMPAO-PLA-PEG NC. The higher ratios indicate higher degrees of nanocapsule ﬂattening
on mica surface.

NC, 70% of the radioactivity was released in the ﬁrst 30 min
and 90% in 120 min, suggesting that in this case 99m Tc-HMPAO
was not truly encapsulated into the NC structure, being rapidly
desorbed when in contact with the release media. Lopes et al.
(2000), in a similar experiment, observed a total release of the
ethionamide after incubation with preparations of nanocapsules and nanospheres. Based on these results, they proposed
that the drug might be mainly bound to the particle’s surface. After the initial burst, 99m Tc-HMPAO that seems to be

Fig. 6 – Release proﬁles of 99m Tc-HMPAO encapsulated in
PLA() and in PLA-PEG NC () and release proﬁle
99m Tc-HMPAO just incubated with preformed PLA-PEG NC
() in the 70% rat plasma/saline medium at 37 ◦ C (3.4 g
HMPAO/mL of release medium) using 0.1 m ultraﬁltration
membrane pore (Millipore® ) to separate the nanocapsules
from the external medium.

ﬁrmly associated to PLA-PEG NC structure, release less than
10% of the total radioactivity in the ﬁrst 12 h in medium with
70% of plasma. This result indicates that PLA-PEG NC is more
able to retain 99m Tc-HMPAO compared to PLA NC. Cruz et
al. (2006) also evidenced a biphasic release proﬁle from NC,
attributing the burst phase to the presence of the polymer,
whereas the presence of the oil increased the half-life of the
sustained phase. The release proﬁles of 99m Tc-HMPAO from
the NC, despite of the type of the polymer, are in agreement
with those cited above, however the rates could not be compared because the release media was different. In this way,
a relationship between PLA-PEG polymer and the radioactive
complex could explain the reduced initial burst, although this
is not completely understood. Furthermore, the halo visualized in AFM images surrounding PLA-PEG NC could represent
a steric barrier that impairs 99m Tc-HMPAO diffusion from NC
structure to protein binding sites (Fig. 2D). It is another hypothesis to explain the differences in the release proﬁles found
between the two types of NC studied. The result obtained with
conventional PLA nanocapsules showed that approximately
80% of the radioactivity was released in 120 min of incubation.
These data are in agreement with the studies of Mosqueira et
al. (2006) where a better ability to retain lipophilic antimalarial
drug was observed with PLA-PEG NC when compared with PLA
NC stabilized with poloxamer in media containing plasma.
Poloxamer seems to play an important role in release proﬁles
of lipophilic drugs from NC, because it was able to increase the
percentage and the rate of halofantrine release, when it was
added to the PLA-PEG NC formulation (Mosqueira et al., 2006).
Therefore, the developed PLA-PEG NC emerged as very suitable carrier for transporting 99m Tc-HMPAO radioactive tracer
compared to conventional PLA NC preparation to be used in
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further pre-clinical experiments for diagnosis of inﬂammatory
processes.

4.

Conclusion

Both types of nanocapsules preparations studied in this work
were able to encapsulate the 99m Tc-HMPAO with the same
yield. However, the physical and structural properties of PLAPEG nanocapsules to which PEG chains are covalently linked
were more homogeneous, as shown by AFM. Indeed, the
release proﬁles of these nanocapsules indicate that a part
of the radioactivity was probably adsorbed at the NC surface and presents a burst effect after dilution. However, the
greater part of the radioactivity was truly associated with the
NC inner structure, and a reduced release rate was observed
even in the presence of plasma in the external medium. The
better release proﬁle of 99m Tc-HMPAO from PLA-PEG NC, the
homogeneity of the polymeric wall and the adequate size indicate that this approach could provide an imaging agent for
diagnosis.
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