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Abstract
Two novel classes of biocompatible core-shell anionic microspheres, composed of an inner hard insoluble core, either made of
poly(styrene) (PS) or poly(methyl methacrylate) (PMMA), and a soft outer tentacular shell made of long soluble negatively charged
arms derived from the steric stabilizer, hemisuccinated poly(vinyl alcohol) or Eudragit L100/55, respectively, were prepared by dispersion
polymerization and characterized. Five types of these novel microspheres, two made of poly(styrene) and hemisuccinated poly(vinyl alcohol) (A4 and A7), and three made of poly(methyl methacrylate) and Eudragit L100/55 (1D, 1E, H1D), differing for chemical composition,
size, and surface charge density were analyzed for the delivery of the HIV-1 Tat protein for vaccine applications. All microspheres reversibly
adsorbed the native biologically active HIV-1 Tat protein preventing Tat from oxidation and maintaining its biological activity, therefore
increasing the shelf-life of the Tat protein vaccine. The microspheres efficiently delivered Tat intracellularly, and were not toxic in vitro
nor in mice, even after multiple administrations. These results indicate that these novel microparticles are safe and represent a promising
delivery system for vaccination with Tat, as well as for other subunit vaccines, particularly when a native protein conformation is required.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction
The development of new adjuvants or delivery systems for
protein immunization is an expanding research field [1–10].
However, a serious limitation to the use of several new
adjuvants in humans is represented by their reactogenicity
[11,12]. In recent years, polymeric microspheres containing
protein antigens have been investigated as potential delivery
systems for their capability to efficiently target the antigen
to professional antigen-presenting cells and to release it in
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a controlled way over a prolonged period of time [1,13,14].
The use of such microparticulate protein vaccines allows
to reduce the dose of antigen for primary immunization
or to develop single dose vaccines, with antibody levels
and cellular immune responses similar to or greater than
those observed with adjuvants such as alum [2,4,9]. Successful incorporation of proteins in poly(dl-lactide) (PLA)
and poly(dl-lactide-co-glicolide) (PLGA) biodegradable
microparticles with respect to loading and encapsulation
efficiency, as well as microparticle size and morphology,
has been described in several studies [15–17]. However,
although proteins encapsulated into a PLA or PLGA matrix
may be protected from unfavorable conditions (e.g. pH, bile
salts and proteolytic enzymes) encountered after parenteral

A. Caputo et al. / Vaccine 22 (2004) 2910–2924

or mucosal administration [18], a common problem with
this type of delivery systems is the instability or the degradation of the entrapped antigen. This may occur either during
the encapsulation process, such as the exposure to organic
solvents, high shear and freeze-drying, and/or in the body
when the antigen is exposed to the low pH microenvironment caused by the degradation of the polymer [1,19,20].
To overcome these problems and to develop new and improved protein vaccine delivery systems, characterized by
an increased shelf-life and low costs, novel biocompatible
polymeric microspheres capable of reversibly adsorbing native proteins at their surface, were synthesized by dispersion
polymerization [21]. These microspheres have a core-shell
structure constituted by a soft outer shell, made of long
soluble arms able to fix the protein, anchored to an inner hard insoluble core. In particular, two classes of negatively charged microspheres, either made of poly(styrene)
(PS) or poly(methyl methacrylate), and in which the steric
stabilizers are hemisuccinated poly(vinyl alcohol) or Eudragit L100/55, respectively, were prepared. Since recent
studies have indicated that the HIV-1 Tat protein represents
a promising candidate of a prophylactic and/or therapeutic
vaccine against AIDS, and since Tat contains a positively
charged domain, rich in arginine and lysine [22–26], we investigated whether these novel anionic microspheres were
capable of reversibly adsorbing a biologically active HIV-1
Tat protein, preserving its native conformation, biological
activity, and its shelf-life, and efficiently delivering it intracellularly. In addition, in view of their potential development
as new delivery systems for vaccine application, their safety
was studied both in vitro and in vivo. The results indicate
that the novel anionic microspheres preserve Tat conformation and activity, and efficiently deliver the protein into the
cells, in the absence of in vitro or in vivo toxicity. Therefore,
they are suitable storage and delivery systems for vaccine
applications, particularly when the native protein conformation is required.
2. Materials and methods
2.1. Microspheres
Benzoyl peroxide (BPO), poly(vinyl alcohol) (molar mass 49.000), styrene, succinic anhydride, methyl
methacrylate were purchased from Sigma–Aldrich (St.
Louise, MI). Poly(methacrylic acid, ethyl acrylate) 1:1 statistical copolymer powder (trade name Eudragit L100/55;
average molar mass of 250.000 g/mol) was supplied by
Röhm GmbH (Darmstadt, Germany). Samples A4 and A7
were prepared by dispersion polymerization of styrene
(monomer) in the presence of hemisuccinated poly(vinyl
alcohol) as the steric stabilizer, as described previously
[21]. Samples 1D, 1E, H1D were obtained by dispersion
polymerization of methyl methacrylate (monomer) in the
presence of Eudragit L100/55 as the steric stabilizer. H1D
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fluorescent microspheres were produced similarly by dispersion polymerization in the presence of a newly prepared
fluorescein-based allylic monomer of methyl methacrylate.
Briefly, the preparation of the microsphere A7 was as follows: 1.86 g of hemisuccinated poly(vinyl alcohol), 15.5 ml
of styrene, 1.95 g of BPO were dissolved in 162 ml of
ethanol/2-methoxyethanol 1/1 under a nitrogen atmosphere.
The solution was heated at 70 ◦ C for 48 h under mechanic
stirring (60 rpm). The reaction mixture was then cooled
and, after three cycles of centrifugation and redispersion
with the organic solvent and two cycles with HPLC grade
water, the resulting particles were lyophilized. A 76% yield
was obtained. Similarly, A4 microspheres were prepared
starting from 1.34 g of hemisuccinated poly(vinyl alcohol)
dissolved in 162 ml of ethanol/2-methoxyethanol 9/1 (yield
= 82%). As concerned the Eudragit stabilized poly(methyl
methacrylate) microspheres, as a typical example, the preparation of sample 1D was as follows: 14.73 g of Eudragit
were dissolved under a nitrogen atmosphere for 30 min in
methanol heated at 60 ◦ C. ␣,␣ -azoisobutyronitrile (0.37 g)
was dissolved in 18.4 g of methyl methacrylate monomer
and added to the solution. The reaction was left to proceed
for 24 h under constant stirring. The reaction mixture was
then cooled and, after three cycles of centrifugation and
redispersion with methanol followed by two cycles with
deionized water, the resulting particles were lyophilized. A
70% yield was obtained. In a fashion similar to the synthesis of A4 and A7, the variation in size and surface charge
density of 1D, 1E, H1D and fluorescent-H1D was obtained
using different amounts of steric stabilizer and solvent
composition during the synthesis. Synthesis details will be
described elsewhere [Sparnacci et al., personal communication]. Microspheres can be stored lyophilized at room
temperature or resuspended (2 mg/ml) in degassed sterile
phosphate buffered saline (PBS) at 4 ◦ C.
2.2. Particle size and morphology analysis
Particle size was measured by a Jeol JEM-100CX scanning electron microscope (SEM) (Akishima, Japan) at an accelerating voltage ranging between 20 and 30 kV. The samples were sputter-coated with gold. The amount of steric
stabilizer covalently linked to the microsphere surface was
determined by acid–base titration [Sparnacci et al., personal
communication].
2.3. Adsorption of Tat to the microspheres
The biologically active Tat protein of HIV-1 (HTLVIIIBH10) was produced in Escherichia coli, purified and tested
for activity as previously described [27–29]. To prevent oxidation that occurs easily because Tat contains seven cysteines, the Tat protein was stored lyophilized at −80◦ , and
resuspended in degassed sterile PBS (2 mg/ml) immediately
before use, as described [27–29]. In addition, since Tat is
photo- and thermo-sensitive, the handling of Tat was always
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performed in the dark and on ice. Experiments were also
performed with Tat oxidized by exposure to light and air for
16 h. By this procedure, Tat loses its biological activity due
to conformational changes, including multimerization and
aggregation of the protein with loss of the monomeric active form [27–29]. Endotoxin concentration of different lots
of Tat was always below the detection limit (<0.05 EU/g),
as tested by the Limulus Amoebocyte Lysate analysis. The
appropriate volumes of Tat and microspheres were mixed
in 200 l of PBS and incubated in the dark and on ice for
60 min. In some experiments, samples were exposed to air
and light at room temperature for 16 h. In both cases, after
incubation samples were spun at 13,000 rpm for 10 min. The
pellets (Tat–microspheres complexes) were resuspended in
the appropriate volume of degassed sterile PBS and used
immediately.
2.4. Flow cytometry
Microspheres (50 g) were incubated with increasing
amount of the Tat protein (0.1, 0,5, 1, 2, 5 and 10 g) in a
final volume of 50 l for 60 min at room temperature under
mild agitation. Microspheres alone or microsphere–Tat complexes were spun at 13,000 rpm for 15 min, washed twice and
resuspended in 50 l of PBS. Five l of microspheres–Tat
complexes or microspheres alone were then incubated for
30 min at 4 ◦ C with a FITC-labeled anti-Tat rabbit polyclonal antibody [Magnani, et al., unpublished results] and
analyzed by flow cytometry (FacScan Becton-Dickinson
Mountain View, CA).
2.5. Cell cultures
Monolayer cultures of human HL3T1 cells, containing
an integrated copy of plasmid HIV-1-LTR-CAT, where expression of the chloramphenicol acetyl transferase (CAT)
reporter gene is driven by the HIV-1 LTR promoter, were
obtained through the NIH AIDS research and reference
reagents program (Bethesda, MD) and grown in DMEM
(Gibco, Grand Island, NY) containing 10% FBS (Gibco).
2.6. Isolation of murine and human primary cells
Six-week-old Swiss female mice (Nossan, Italy) were injected intraperitoneally (i.p.) with 1.0 ml of 10% thioglycolate (Sigma). At 4 days, mice were sacrificed, and peritoneal
exudates cells highly enriched for macrophages were harvested by i.p. lavage with 10 ml of ice-cold Hank’s balanced
salt solution supplemented with 10 U/ml of heparin. Cells
(4 × 106 cells) were washed twice, resuspended in DMEM
supplemented with 10% heat-inactivated FBS, 1% antibiotics, 2 mM glutamine, seeded onto 35 mm Petri dishes, and
incubated for 12 h in a humidified 5% CO2 atmosphere at
37 ◦ C to allow macrophage adherence. No adherent cells
were gently removed with warmed DMEM medium. Monolayers were 95% pure macrophages as determined by im-

munostaining and surface marker analysis using a rat monoclonal antibody to mouse F4/80 (Caltag Lab., Burlingame,
CA).
Murine splenocytes were purified from spleens of
10-week-old BALB/c female mice using Ficoll gradients,
as described [30], and grown in RPMI 1640 supplemented
with 10% FBS. Human monocytes and monocyte-derived
dendritic cells were purified from a buffy coat, characterized
and cultured as described [31].
2.7. Analysis of cytotoxicity in vitro
HL3T1 cells (1 × 104 /100 l) were seeded in 96-well
plates and cultured at 37 ◦ C for 24 h. One-hundred microliter
of medium containing the microspheres alone (10, 30, 50,
100, 300, 500 and 1000 g/ml) or bound to Tat (1 g/ml)
(sextupled wells) were then added to the cells. Untreated
cells and cells incubated with Tat alone were the controls.
Cells were incubated for 96 h at 37◦ , and cell proliferation
was measured using the colorimetric cell proliferation kit I
(MTT-based) provided by Roche (Roche, Milan, Italy) [32].
2.8. Cellular uptake of microspheres
HL3T1 cells (1 × 105 ) were seeded in 24-well plates
containing a 12 mm glass coverslip, and incubated with
fluorescent-H1D microspheres. After incubation, cells were
washed, fixed with 4% cold paraformaldehyde and observed at a confocal laser scanning microscope LSM410
(Zeiss, Oberkochen, Germany). Image acquisition, recording and filtering were carried out using a Indy 4400 graphic
workstation (Silicon Graphics, Mountain View, CA) as
previously described [33].
Human monocytes and monocyte-derived dendritic cells
(1 × 105 ), and murine splenocytes (4 × 106 ) were incubated in 24-well plates with fluorescent-H1D microspheres
for 24 h. After incubation, cells were washed and layered onto glass slides previously coated with poly-l-lysine
(Sigma) according to manufacturer’s instructions. Cells
were fixed with 4% cold paraformaldehyde, stained with
4 -6 -diamidino-2-phenylindole (DAPI; Sigma) and observed with a confocal microscope, as described above,
and at a fluorescent microscope Axiophot 100 (Zeiss). The
green fluorescence (microspheres) was observed with a
450–490λ, flow through 510λ and long pass 520λ filter;
the blue fluorescence (DAPI) was observed with a band
pass 365λ, flow through 395λ and long pass 397λ filter.
For the same microscopic field, green, blue and phase contrast images were taken with a Cool-Snapp CCD camera
(RS-Photometrics, Fairfax, VA). The three images were
then overlapped using the Adobe Photoshop 5.5 program.
Murine macrophages (3 × 106 ) were incubated in the
presence of microspheres, at a ratio of 4 microspheres per
macrophage, for 1, 2 and 4 h. Cells were extensively washed
to remove non-phagocytosed microspheres, fixed with 2%
paraformaldehyde and 2.5% glutaraldehyde for 30 min at
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4 ◦ C, and stained with toluidine blue. Cells were observed
at a phase contrast microscope (100×) to count the number
of macrophages with phagocytosed microspheres. The percentage of cellular uptake was calculated as follows: [mean
number of cells with phagocytosed microparticles/mean total number of cells] × 100, counted in three microscopic
fields.
2.9. Immunofluorescence
HL3T1 cells (1 × 105 ) were seeded in 24-well plates
containing a 12 mm glass coverslip, and incubated with
fluorescent-H1D microspheres–Tat protein complexes. The
dose of 30 g/ml of miscrospheres associated with 5 g/ml
of Tat was used. Controls were represented by cells incubated with the Tat (5 g/ml) protein alone or untreated
cells. After incubation, cells were washed, fixed with 4%
cold paraformaldehyde and analyzed by immunofluorescence with an anti-Tat monoclonal antibody (4B4C4) and a
goat Cy3-conjugated anti-mouse IgG secondary serum, as
previously described [34]. Cells were colored with DAPI
and observed at a fluorescence microscope. The red fluorescence (Tat) was observed with a band pass 546λ, flow
through 580λ and long pass 590λ filter; the green (microspheres) and blue fluorescence (DAPI) were observed as
described above. For the same microscopic field, green, red,
blue and phase contrast images were taken and overlapped
as described above.
2.10. Gel electrophoresis
Microspheres (50 g) were incubated with increasing
amounts of the Tat protein (1, 2, 5, 10 g) in a final volume
of 50 l for 60 min at room temperature under mild agitation. Microsphere–Tat complexes were spun at 13,000 rpm
for 10 min, washed three times with PBS, and resuspended
in 25 l of 0.5 M Tris/HCl, pH 6.8, containing SDS 2%,
MSH 4% (v/v) and bromophenol-blu (sample buffer). Samples were boiled for 10 min and spun at 13,000 rpm for
10 min. Supernatants (recovered Tat) were run onto 14%
SDS-PAGE and stained with Coomassie blue [35]. Free Tat
protein (1, 2, 5 and 10 g) was resuspended in 25 l of
sample buffer and run in each gel as the standard control.
Gels were analysed with a GelDoc Quantity One system
(BioRad, München, Germany), and the amount of Tat recovered after boiling was determined by linear regression
analysis on the Tat standard curve included in each gel.
The microsphere loading ability (w/w) is determined as
follows: [Tat (recovered) (g)/microspheres used to form
the complexes (50 g)] × 100.
2.11. Evaluation of the Tat protein activity
Evaluation of Tat protein activity was performed using
HL3T1 cells. These cells contain an integrated copy of the
bacterial CAT reporter gene whose expression is driven by
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the HIV-1 LTR-promoter. In these cells expression of CAT
occurs only in the presence of bioactive Tat protein and it
correlates with the amount of Tat. For this purpose, HL3T1
cells (5 × 105 ) were seeded in 60 mm Petri dishes, and 24 h
later cells were replaced with 1 ml of fresh medium and incubated with Tat alone (0.1, 0.25, 0.5, 1 g/ml) or Tat adsorbed
onto the microspheres (30 g/ml) in the absence or presence
of 100 M chloroquine (Sigma). In some experiments, before the addition to the cells, Tat alone or Tat–microsphere
complexes were exposed to air and light at room temperature for 16 h. CAT activity was measured 48 h later in cell
extracts after normalization to total protein content, as described previously [34,35]. The percentage of CAT activity was calculated by the formula [cpm of the acetylated
14 C-chloramphenicol/total cpm of acetylated and unacetylated 14 C-chloramphenicol] × 100.
2.12. Safety studies
Animal use was according to national and institutional
guidelines. BALB/c mice (7–8-week-old female) (Nossan,
Milan, Italy) were injected with 30 g of microspheres
bound to the Tat protein (0.5 or 2 g). Control mice were
injected with the Tat protein alone, Tat protein in Freund’s
adjuvant (CFA for the first inoculation, IFA for subsequent
inoculations), or PBS. Samples (100 l) were given by intramuscular (i.m.) injections in the quadriceps muscles of
the posterior legs. Mice were injected twice (protocol 1), at
weeks 0 and 2, and in each group half number of mice were
sacrificed 2 weeks after the first injection, and the remaining
animals 2 weeks after the second injection. Alternatively,
mice were injected three times (protocol 2), at weeks 0, 4
and 8, and in each group half number of mice were sacrificed 2 weeks after the second injection, and the remaining
animals 2 weeks after the third injection. During the course
of the experiments, animals were controlled twice a week at
the site of injection, for the presence of edema, induration,
redness, and for their general conditions, such as liveliness,
vitality, weight, motility, sheen of hair. At sacrifice mice
were anesthetized i.p. with 100 l of isotonic solution containing 1 mg of Inoketan (Virbac, Milan, Italy), and 200 g
Rompun (Bayer, Milan, Italy).
2.13. Histological, histochemical and
immunohistochemical procedures
At sacrifice animals were subjected to autopsy. Samples
of cutis, subcutis and skeletal muscles at the sites of injection and other organs (lungs, heart, intestine, kidneys,
spleen and liver) were fixed in 10% formalin for 12–24 h,
embedded in paraffin, and routinely processed for histological examination. Paraffin-embedded sections (3–5 m) were
stained with hematoxylin and eosin, subjected to periodic
acid-Shiff (PAS) reaction with and without diastase treatment (Sigma). Serial tissue sections were immune-stained
using the avidin–biotin–peroxidase complex technique
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(Vectastain ABC Kit PK-4002, Vector Labs, Burlingame,
CA) according to Hsu et al. [36]. The panel of antibodies
included S-100 (Dako, Denmark), HH-F 35 (Dako) for detection of ␣-actin, CD68 and Mac387 (Dako) for detection
of macrophages. Briefly, after deparaffinization and rehydration, endogenous peroxidase was blocked with 0.3%
H2 O2 in methanol; samples were then incubated with primary antibodies for 10-12 h at 4 ◦ C. Biotinilated-anti-mouse
and anti-rabbit immunoglobulins (Sigma) were utilized
as secondary antibodies. Specific reactions were detected
following incubation with avidin–biotin–peroxidase conjugated and treatment with diaminobenzidine (Sigma) and
hydrogen peroxide.
2.14. Statistical analysis

% of fluorescent microspheres
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Fig. 2. Flow cytometry analysis of Tat adsorbed to the surface of polymeric
microsphere. One representative type of microsphere for each class is
shown: A7 (䊉) made of poly(styrene) and hemisuccinated poly(vinyl
alcohol) and 1E (䊏) made of poly(methyl methacrylate) and Eudragit
L100/55.

Student’s t-test was performed as described [37].

3. Results
3.1. Polymeric microspheres adsorb the HIV-1 Tat
protein at their surface
Two novel classes of biocompatible polymeric anionic
microspheres, made of poly(styrene) or poly(methyl methacrylate) (PMMA) and in which the steric stabilizers are
hemisuccinated poly(vinyl alcohol) and Eudragit L100/55,
respectively, were synthesized by dispersion polymerization.
The particles appeared spherical, smooth and homogeneous
in size (Fig. 1). In both classes of microspheres the long soluble arms of the outer shell are covalently bound to the surface of the particles. This feature distinguishes these novel
particles from other colloidal systems whose surface is simply coated by hydrophilic polymers [38,39]. In this study,
five types of microparticles, two made of PS (A4 and A7)
and three made of PMMA (1D, 1E, H1D) were chosen for

characterization as protein delivery systems for vaccine applications.
Microspheres A4 (0.99 ± 0.03 m) and A7 (3.46 ±
0.10 m) are made of an inner hard core of poly(styrene)
and an outer shell of negatively charged groups derived
from hemisuccinated poly(vinyl alcohol) stabilizer. Microspheres 1D (4.35 ± 1.02 m), 1E (2.60 ± 0.45 m), H1D
(1.69 ± 0.16 m) and fluorescent-H1D (2.13 ± 0.09 m) are
composed of an inner hard core of poly(methyl methacrylate) and an outer shell of negatively charged groups derived
from Eudragit L100/55 stabilizer. In addition, all microspheres differ for their surface negative charge density
(Table 1).
To determine whether the HIV-1 Tat protein could bind to
the surface of these microparticles, Tat was incubated with
A4, A7, 1D, 1E and H1D samples to allow adsorption, and
the Tat–microsphere complexes were then analyzed by flow
cytometry. The results indicated that Tat adsorbs at the surface of both type of anionic microspheres (Fig. 2). Although

Fig. 1. SEM image of polymeric anionic microparticles produced by dispersion polymerization. One representative type of microparticle for each class
is shown: A4 made of poly(styrene) and poly(vinyl alcohol) stabilizer, and H1D made of poly(methyl methacrylate) and Eudragit L100/55 stabilizer.
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Table 1
Physical properties of polymeric microspheresa
Microsphere

Polymer (stabilizer)

Diameter (m)

A4
A7
1D
1E
H1D
H1D fluorescent

PS (EPVA)
PS (EPVA)
PMMA (Eudragit
PMMA (Eudragit
PMMA (Eudragit
PMMA (Eudragit

0.99
3.46
4.35
2.60
1.69
2.13

L100/55)
L100/55)
L100/55)
L100/55)

±
±
±
±
±
±

0.03
0.10
1.02
0.45
0.16
0.09

COOH/microsphere (mol COOH/g)
37.4
20.1
48.1
59.2
62.1
59.2

a Physical properties of polymeric microspheres composed of an inner hard core made of poly(styrene) (PS) or poly(methyl methacrylate) (PMMA),
and of carboxyl (COOH) functional surface groups derived, respectively, from hemisuccinated poly(vinyl alcohol) (EPVA) or Eudragit L100/55 stabilizers.
Microspheres were synthesized as described in Section 2.

the maximum fluorescence, which represents the percentage of microspheres that bind Tat, was already detected with
1 g of Tat, this result is not quantitative, likely because of
antibody steric hindrance. A more quantitative analysis of
the Tat protein adsorption onto the particle surface was performed by SDS-PAGE. In these experiments, the same dose
of microspheres (50 g) was mixed with increasing amounts
of Tat (1, 2, 5 and 10 g). Then, Tat bound to the microspheres was dissociated from each complex and analysed
by gel electrophoresis. As shown in Fig. 3, Tat binds on
the microparticle surface in a dose-dependent fashion. The
microsphere loading ability (w/w) ranges between 0.2 and
9.3% according to the amount of added Tat.
Finally, both classes of microparticles were stable and
could be stored lyophilized or as suspension, as described
in the methodology section, for several months. Changes in
terms of their capacity to adsorb (and to release) Tat have

been found in microspheres suspensions stored at + 4 ◦ C
after more than 8 months.
3.2. Measurement of in vitro cytotoxicity
An important requirement of synthetic delivery systems is
the lack of cytotoxicity. Possible cytotoxic effects may depend on the chemical composition, charges, size dispersion,
and dose of the microspheres. To test whether the novel polymeric microspheres composed of poly(styrene) (A4, A7)
and of poly(methyl methacrylate) (1D, 1E and H1D) are cytotoxic, HL3T1 cells were incubated with increasing concentrations (10–1000 g/ml) of each microsphere, alone or
bound to Tat (1 g/ml). After 96 h incubation, cell proliferation was measured by the MTT assay. As shown in
Fig. 4, both classes of microspheres and microsphere–Tat
complexes were not toxic to the cells up to 50 g/ml as compared to untreated or Tat-treated cells (P < 0.01); a 50%
reduction of cell viability was observed only at higher doses
(300–1000 g/ml) (data not shown). Based on these results
we have chosen the dose of 30 g for all subsequent in vitro
and in vivo studies.
3.3. Phagocytosis of microspheres

Fig. 3. Loading of Tat to the microsphere surface. Microspheres (50 g)
were mixed with increasing amounts of Tat (1, 2, 5, 10 g), and extensively washed. Tat was recovered from the complexes, analysed by
SDS-polyacrylamide gel electrophoresis and quantified as described in the
methodology section. Data are the mean of three different experiments
(±S.D.). A4 (䉫) and A7 (䊊) made of poly(styrene) and hemisuccinated
poly(vinyl alcohol); H1D (䉱), 1E (䊏) and 1D (䊉) made of poly(methyl
methacrylate) and Eudragit L100/55.

Phagocytosis of microspheres by antigen-presenting cells
is controlled by several factors including size, surface chemistry and morphology of the particles [40–42]. Thus, we analyzed whether the polymeric microspheres were phagocyted
by different types of cells, such as professional phagocytes
and epithelial cells. Experiments in murine macrophages,
cultured in the presence of both types of microspheres and
analyzed at a phase contrast microscope, indicated that all
particles were taken up with similar kinetics and percentage of phagocytosis (Fig. 5). Similar results were obtained
when fluorescent-H1D were added to human monocytes,
monocyte-derived dendritic cells, murine splenocytes and
HL3T1 cells, and observed with confocal and fluorescent
microscopy. The results shown in Fig. 6, indicate internalization efficiency ranging from 12% for murine splenocytes,
18-20% for human monocyte-derived dendritic cells and
25–30% for human monocytes and HeLa cells. These data
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Fig. 4. Evaluation of cell proliferation in the presence of the microspheres alone or the Tat–microsphere complexes. HL3T1 cells were cultured for 96 h
with 10 g/ml (empty bars), 30 g/ml (black bars), and 50 g/ml (gray bars) of microspheres alone (A), or with the same doses of microspheres bound
to Tat (1 g/ml) (B). Controls were represented by untreated cells (None) or cells cultured with 1 g/ml of Tat (Tat).

indicated that the microparticles are taken up by different
cell types and that chemical composition and size do not
affect their phagocytosis.
3.4. Tat–microsphere complexes enter the cells and release
Tat in a controlled fashion
Extracellular Tat protein can be taken up by cells after interaction with heparan–sulfate proteoglycans and integrin receptors at the cell surface [28,29,43]. To determine whether
intact Tat–microsphere complexes enter the cells and release
Tat intracellularly, or whether Tat is delivered at the cell sur100
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Fig. 5. Murine macrophages phagocyte polymeric microparticles. Murine
macrophages were cultured with microspheres, fixed, colored with toluidine blue and observed at a phase contrast microscope. Results are expressed as the percentage of cells that phagocyted the microspheres, and
they are the mean of three different experiments (±S.D.). A4 (䉫) and
A7 (䊊) made of poly(styrene) and hemisuccinated poly(vinyl alcohol);
H1D (䉱), 1E (䊏) and 1D (䊉) made of poly(methyl methacrylate) and
Eudragit L100/55.

face and then released from the Tat–microsphere complexes
and taken up by the cells, HL3T1 cells were incubated with
Tat bound to fluorescent-H1D microspheres and analyzed by
immunofluorescence with an anti-Tat mAb. The results indicated that the Tat–microsphere complexes are readily taken
up by the cells and release Tat intracellularly in the proximity of the nucleus (Fig. 7). Of note, Tat is released in a
controlled fashion, as suggested by the observation that after 48 h Tat-loaded particles are still detectable in the cells
(Fig. 7).
3.5. Polymeric microspheres protect HIV-1 Tat from
oxidation
Tat protein oxidizes very easily with air and light and it
is labile at room temperature due to the presence of seven
cysteines in its sequence [26]. Oxidation leads to protein
multimerization, aggregation and loss of the biological activity, which requires a native protein conformation. Therefore, special procedures must be followed for purification,
handling and storage of Tat in order to preserve its native
conformation [27–29]. Of note, both the immunomodulatory effects of Tat on macrophage-derived dendritic cells,
and protection of monkeys vaccinated with Tat from a
pathogenic challenge were observed utilizing a Tat protein
in the native conformation and fully biologically active
[22–24,29]. Therefore, the best evidence for Tat protein
integrity is to assess its biological activity. To determine
whether Tat bound to the microspheres was protected from
oxidation, Tat–microsphere complexes or Tat alone were
insufflated with air and exposed to light for 16 h at room
temperature before the addition to the HL3T1 cells. CAT
activity was then compared to that induced by untreated
native Tat. The results, shown in Fig. 8, indicate that the exposure to air and light did not inactivate Tat trans-activating
function when Tat was previously adsorbed onto the microspheres, whereas it caused the loss of Tat biological activity
when Tat was free. Thus, Tat bound to the microspheres
was protected from oxidation. This result was confirmed in
a different set of experiments in which Tat, free or bound
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Fig. 6. Analysis of microspheres uptake. Human monocytes (A), monocyte-derived dendritic cells (B), murine splenocytes (C) and HL3T1 cells (D) were
cultured in the presence of fluorescent H1D microparticles for 24 h, fixed with paraformaldheyde and observed at fluorescent and confocal microscopes.
Representative images of fluorescent microscopy are shown in panels A–C, and of confocal microscopy in panel D.

to the microspheres, was analyzed by SDS-PAGE gel electrophoresis either before and after exposure to light and
air at room temperature. Exposure of free Tat to oxidizing
conditions caused the decrease of the monomeric bioactive
form of Tat and, concomitantly, the increase of oxidized Tat
multimers, as compared to free Tat not exposed to air and
light (data not shown). In contrast, when Tat was bound to
the microspheres, the monomeric conformation of Tat was
the most abundant form, either before or after exposure to
air and light (data not shown).
3.6. Polymeric microspheres bind and release
biologically active Tat protein
For their application as delivery systems in vaccine development, polymeric microspheres should bind and release a
protein in its biologically active conformation. This is particularly important for Tat since a native protein is required
for vaccine efficacy [22–24]. Therefore, the capability of

the microspheres to bind and release the HIV-1 Tat protein in its biologically active conformation was determined
in HL3T1 cells, containing an integrated copy of the reporter plasmid HIV-1 LTR-CAT. Cells were incubated with
increasing amounts of Tat alone or Tat adsorbed onto A4,
A7, 1D, 1E and H1D microspheres. Expression of CAT was
maximal and similar among all Tat–microsphere complexes
(Fig. 9). In addition, at the doses of 100, 250 and 500 ng/ml
of Tat bound to the microspheres, CAT expression was significantly higher than that elicited by the same doses of
Tat alone (Fig. 9), suggesting that Tat bound at the surface
of the microspheres is protected from proteolytic degradation and/or released in a controlled fashion from the complexes, in agreement with the previous results shown earlier
(Fig. 7). These results demonstrate that all the microspheres
tested adsorb and release biologically active Tat protein in
a dose-dependent fashion, and that Tat bound to the microspheres maintains its native conformation and biological activity.
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Fig. 7. Polymeric microspheres deliver and release HIV-1 Tat intracellularly. HL3T1 cells were cultured in the presence of fluorescent-H1D (30 g/ml)
bound to Tat (5 g/ml), or with Tat alone (5 g/ml), fixed and analyzed by immunofluorescence using an anti-Tat monoclonal antibody. For the same
microscopic field, green (H1D), red (Tat), blue (DAPI) and phase contrast (cells) images were taken with a CCD camera and overlapped with a Adobe
Photoshop program.

3.7. Evaluation of the safety of Tat–microsphere
complexes in vivo
To study the safety of these novel microparticles in vivo,
mice (n = 176) were injected with the Tat–microsphere
complexes. Control mice (n = 120) were injected with Tat
alone, Tat and Freund’s adjuvant, or PBS. Animals were injected at weeks 0 and 2 (protocol 1), or at weeks 0, 4 and
8 (protocol 2) (Table 2). During the course of the experiment, each animal was controlled twice a week at the site
of injection and for its general health conditions. No signs
of local nor systemic adverse reactions were ever observed

in mice receiving the Tat–microsphere complexes, as compared to control mice injected with Tat or with PBS. Mice
were sacrificed after the first and second injection in protocol 1, and after the second and third inoculation in protocol
2, and tissues and organs were collected for histological and
immunohistochemical examination.
Two types of histological pictures were observed at the
site of injection. The first consisted of small foci, involving
one or two muscle fibers, showing increased number of nuclei, and scarce macrophage infiltrate in the interstitial space
(Fig. 10A and C). These features were prevalently detected
in mice injected with the Tat–microsphere complexes or Tat
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Table 3
Tat–microsphere complexes induce a poor inflammatory reaction at the
site of injectiona

% of CAT acetylation

100
80

Group

60

Mice with inflammatory reaction at the
site of injection/number of mice examined
I

40
20
0

t
Ta

to
Ta

x

at
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D
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Fig. 8. Polymeric microspheres protect HIV-1 Tat from oxidation. HL3T1
cells, containing an integrated copy of the reporter vector HIV-1 LTR-CAT,
were incubated with Tat (1 g/ml) adsorbed to the microspheres (30 g/ml)
and exposed to air and light for 16 h at room temperature. Control cells
were incubated with the same dose of the protein, which was untreated
(Tat) or oxidized by exposure to air and light (Tat ox). The percentage
of CAT activity was calculated as described [34]. Results are the mean
of two independent experiments.

alone. The second type of picture was found in the muscular fascia and in the surrounding adipose tissue, and it was
characterized by a central area of necrosis surrounded by
neutrophil granulocytes and macrophages (Fig. 10B and D).
The macrophages always showed good reactivity to CD68
and Mac387 monoclonal antibodies; T and B lymphocytes
were not detected in the inflammatory reactions. This type
of lesion, as well as the higher number of inflammatory
cells, was detected in the majority of mice receiving Tat
and Freund’s adjuvant. In the other animals and in control
mice inoculated with PBS, the inflammatory reaction was
inconspicuous, related to the traumatic stimulus or absent

Table 2
Scheme of inoculationa
Sample

Dose
(Tat/microsphere)

Protocol 1
mice injected

Protocol 2
mice injected

Tat/A4

0.5 g/30 g
2 g/30 g

16
6

10
50

Tat/A7

0.5 g/30 g
2 g/30 g

16
6

10
n.d.b

Tat/1D
Tat/1E
Tat/H1D

0.5 g/30 g
0.5 g/30 g
0.5 g/30 g

10
10
10

10
10
10

Tat/Freund’s

0.5 g
2 g

16
6

10
n.d.b

Tat

0.5 g
2 g

6
6

n.d.b
n.d.b

PBS

None

16

60

BALB/c female mice were injected i.m. with 0.5 or 2 g of Tat
adsorbed to 30 g of microspheres, Tat and Freund’s adjuvant, Tat alone
or PBS, at weeks 0 and 2 (protocol 1) or at weeks 0, 4 and 8 (protocol
2). The number of mice injected with each sample is reported.
b n.d.: not done.
a
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Tat/A4
Tat/A7
Tat/1D
Tat1E
Tat/H1D
Tat/Freund’sb
Tat
PBS

1/8
0/8
1/2
0/2
0/2
6/8
0/6
0/6

(12)
(0)
(50)
(0)
(0)
(75)
(0)
(0)

II

III

7/17 (41)
2/12 (17)
2/6 (33)
2/6 (33)
1/6 (17)
11/12 (91)
3/6 (50)
0/6 (0)

10/16 (62)
3/6 (50)
4/6 (66)
3/6 (50)
3/4 (75)
6/6 (100)
n.d.c
0/10 (0)

a

BALB/c mice were injected at weeks 0 and 2 or 0, 4 and 8, and
sacrificed 2 weeks after the first (I), second (II) or third (III) immunization,
respectively, for histological and immunohistochemical examination of the
muscle at the site of injection and of other organs. Percentage of mice
developing an inflammatory reaction at the site of injection are reported
in parenthesis.
b All mice injected with Tat and Freund’s adjuvant developed a granuloma at the site of injection that was visible a few days after the first
inoculation.
c n.d.: not done.

(Table 3). Laden macrophages reaction or other type of inflammatory reactions were not observed in the other organs.
No differences in the inflammatory reactions, related
to the chemical composition and size of microspheres
or the dose of Tat, were detected after one immunization. Indeed, only 2/22 (9%) mice, inoculated with A4-Tat
0.5 g or 1D-Tat 0.5 g, showed an inflammatory reaction. After two immunizations, 14/47 (30%) mice treated
with the microsphere–Tat complexes developed a local
inflammatory reaction. After three immunizations, 23/38
(60%) of mice treated with the Tat–microsphere complexes showed variable inflammatory reactions at the site
of inoculation. In conclusion, the frequency of the inflammatory reactions correlated with the number of immunizations.
Tat-treated mice presented local inflammation (type one
picture) only after the second inoculation in about 50% of
the mice; macrophages infiltration was more frequently observed, but it was not related to the dose of Tat.
All mice treated with Tat and Freund’s adjuvant showed
intense inflammatory reactions independently from the number of immunizations; the incidence was more than 70%
after the first injection and raised up to 90–100% after the
second and the third treatment. This is likely due to the type
of adjuvant used.

4. Discussion
Several microspheres with different polymer composition,
poly(methyl methacrylate) or poly(styrene), different surface functionalization and size were prepared by dispersion
polymerization and characterized. In view of their possible
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Fig. 9. Analysis of the expression of the HIV-1 Tat protein bound to polymeric microspheres made of poly(styrene) and poly(vinyl alcohol) (A4, A7),
and of poly(methyl methacrylate) and Eudragit L100/55 (1D, 1E and H1D), respectively. HL3T1 cells were incubated with increasing amounts of Tat
alone, and with the same amounts of Tat bound to each microsphere (30 g/ml) for 48 h. Results are the mean of three independent experiments (±S.D.).

application as delivery system for vaccine development,
samples with the smallest size (1–5 m range) and diameter dispersion value (0.03–1.02 m) were selected. For the
same reasons, the HIV-1 Tat protein was selected as the
model antigen. Due to the presence of a positively charged
basic region in the Tat sequence, steric stabilizers with
negative charged carboxylate groups (poly(vinyl alcohol)
and Eudragit L100/55) were used to produce homogeneous
preparations of core-shell microparticles. Polymers and
steric stabilizer were chosen based on their biocompatibility [11,44,45]. In addition, poly(methyl methacrylate) and
poly(styrene), in the form of nanoparticles, have already
been shown to be very attractive as adjuvants in parentally
administered vaccines [46–49] and to be slowly biodegradable [50–56]. Moreover, poly(methyl methacrylate) has

been used in surgery for over 50 years [11]. Similarly,
Eudragit has been approved for human use [57].
The results demonstrate that these novel anionic microparticles can enter several types of professional phagocytic
cells and epithelial cells (Figs. 5–7). The polymeric microspheres are phagocyted by murine macrophages at similar efficiency (>80%), and irrespective of their size and chemical
composition. Moreover, the microparticles enter monocytes,
monocyte-derived dendritic cells, splenocytes and epithelial
cells with a high efficiency, ranging from about 12% for
murine splenocytes, 18–20% for human monocyte-derived
dendritic cells and 25–30% for human monocytes and HeLa
cells. Previous studies have shown that the efficiency of delivering molecules to DC using lipofection or electroporation is little or extremely poor [58]. Therefore, the results
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Fig. 10. Histologic examination of the inflammatory reactions present at the site of inoculation. Two representative mice injected i.m. with Tat (2 g)
adsorbed to A7 microparticles (A, C), and Tat (2 g) in Freund’s adjuvant (B, D), at weeks 0, 4, and 8, are shown. A7-Tat inoculation caused a scarce
inflammatory reaction (A) in the muscle fibers consisting exclusively of macrophages (C). Tat plus Freund inoculation induced an intense inflammatory
reaction prevalently in the adipose tissue surrounding the muscle fibers with presence of macrophages and clear lacunae of lipolysis (B), and in some
cases with extensive necrosis constituted by amorphous material and nuclear debris (D). Hematoxylin-eosin staining; A and B: 40×; C: 400×; D: 200×.

suggest that these polymeric particles may function as an
efficient delivery systems to APC for generation of effective immune responses in vivo, either by passive transfer or
direct immunization.
The results indicate that both classes of microparticles
are able to bind Tat on their surface in a dose-dependent
fashion (up to 9% (w/w)) (Fig. 3). Tat-adsorption occurs
rapidly, being complete in 1 h, it is highly reproducible and
the Tat–microsphere complexes are very easy to prepare.
The results in cell-free and in tissue culture systems demonstrate that both classes of microparticles bind Tat in its native biological active conformation, and that Tat is gradually
released as a bioactive protein into the cells (Figs. 7–9).
Several previous studies described the improvement
of vaccines by antigen encapsulation into liposomes
[59,60] and biodegradable polymers [61]. However, it has
well-established that the encapsulation and release processes
expose the antigen to a variety of damaging conditions that
often lead to instability and degradation [62]. The advantage of the protein delivery system described here is that
both classes of microspheres are designed for adsorption of
the antigen at their outer surface. Since microparticles surface can be tailored with positively and negatively charged
groups [21,63], ionic interaction with proteins characterized

by different isolelectric points can be envisaged. In particular, carboxylated microspheres were designed in order to
deliver basic proteins like Tat. This strategy avoids problems of protein instability and/or incomplete release following antigen encapsulation in biodegradable microparticles
[64] and seems to be very efficient. This is in agreement
with two recent studies describing the use of anionic PLG
microparticles for adsorption of the HIV-1 Gag protein at
their surface [65,66], and of polymeric lamellar substrate
particles for protein adsorption [67].
The observation that microparticles protect Tat from
oxidation and consequently from loss of biological activity is noteworthy for their application as protein–vaccine
delivery systems, in particular for the development of an
anti-HIV vaccine based on Tat and characterized by increased shelf-life in developing countries. Tat is very labile
to air, light and temperature and several precautions are
needed for the handling and storage of Tat to avoid oxidation. Previous studies have shown that bioactive Tat, but
not oxidized Tat, is efficiently taken up by DC at very low
doses (in the picomolar range), induces their maturation
and increases both allogenic and recall antigen presentation by DC, functioning as both antigen and adjuvant
toward Th-1 type immune responses [29,68]. Of note, we
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and others have also shown that vaccination with native
Tat or tat DNA protected monkeys against challenge with
pathogenic simian-human immunodeficiency virus and that
protection correlated with Th-1 responses and CTL activity
[22–24,69–71]. This implies that the combination of slow
release and depot effect of the Tat–microsphere complexes,
together with the preservation of the biological active conformation, may reduce the amount of antigen used in the
vaccine and eliminate or reduce the number of booster shots
necessary for the success of vaccination [22]. Moreover,
Tat delivered by microparticles may be used in prime-boost
regimens. In addition, the handling and shelf-life of Tat in
vaccine formulations is greatly simplified. These features
may be useful for other protein-based vaccines for which
immunization with the native bioactive form of the antigen
is essential.
Thus, the results indicate that both classes of polymeric
microparticles behave in a similar fashion, as concerned
protein adsorption and release, maintenance of protein native conformation and biological activity, and the extent
of internalization by the cells, irrespective of their chemical composition, surface charge density and size. In addition, microparticles displayed no citotoxicity in vitro, and
were safe in vivo. From a manufacturing perspective, this
surface-adsorbed antigen delivery system presents several
advantages as compared to the antigen entrapment approach,
which has lower loading efficiency with loss of 50% or more
of the bioactive antigen [62,64]. In addition, the polymeric
delivery system described herein can load higher amount of
protein (up to 9% (w/w)) as compared to anionic-PLG microparticles (0.5-0.7% (w/w)) used to adsorb HIV−1 p55
Gag protein in the presence of SDS [65]. Finally, both classes
of microparticles can be sterilized before adsorption to the
sterile antigen, which could simplify and reduce the manufacturing process and costs.
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