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a b s t r a c t

Despite vaccination campaigns, brucellosis is still one of the most common bacterial zoonosis in the
world. This work describes the development of a novel formulation strategy to the delivery of the Bru-
cella ovis antigenic extract (HS) into ovine mucosal surfaces. Thus, HS was entrapped in conventional
and mannosylated poly(anhydride) nanoparticles by the solvent displacement method, and the resulting
nanosystems were �-irradiated to accomplish the sterilization required for the ophthalmic administration
route. Sterilization, at either 10 kGy or 25 kGy, did not modify the size, morphology and antigen content
of the nanoparticles. Similarly, the integrity and antigenicity of the entrapped antigen were not affected
anoparticles
accine
-Irradiation
terilization

by �-irradiation. The 25 kGy �-irradiation dose seemed to influence negatively the HS release from the
carriers. However, and in accordance with the Pearson’s correlation, all the release patterns followed a
similar tendency. Furthermore, the stability of the vaccine systems on lachrymal and nasal ovine fluids,
showed that �-irradiation had no significant effects on the vaccine systems. Since all the vaccine systems
accomplished the pharmacopoeial biological tests required for �-irradiation doses under 25 kGy, these
results are highly suggestive for the use of HS loaded poly(anhydride) nanoparticles as an efficient vaccine
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delivery system for brucel

. Introduction

Brucellosis is one of the major contagious bacterial zoonosis
orldwide (Boschiroli et al., 2001) and some Brucella spp. has being

onsidered as biological warfare agents (level B, classification by the
nited States Centers for Disease Control) (Greenfield et al., 2002).
rucella spp. may affect sheep, goats, rams, cattle, swine, dogs,
odents and several other animals (Cutler et al., 2005; Whatmore
t al., 2008). Humans become infected by coming in contact with
nimals or contaminated animal products causing a range of long-
asting or chronic symptoms (Young, 1995).

Ovine brucellosis is an infectious disease caused by both Brucella
vis and Brucella melitensis, and it causes important losses in ovine
ndustry (abortion, infertility and mortality). Taking in account that
he human disease demands complex and protracted treatment
chedules that still are not always effective, and that the global

issemination of animal brucellosis is not achieved, eradication of
his zoonosis will only be feasible with an adequate animal vaccine.

Nowadays, the live attenuated vaccine B. melitensis Rev1 is
he most effective immunoprophylactic system available against

∗ Corresponding author. Tel.: +34 948 425600; fax: +34 948 425619.
E-mail address: jmirache@unav.es (J.M. Irache).
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immunoprophylaxis, especially for ophthalmic administration.
© 2009 Elsevier B.V. All rights reserved.

vine brucellosis, which involves either subcutaneous or ocular
dministration routes (Blasco, 1997). Nevertheless, among all the
rawbacks of the attenuated strains, Rev1 displays high resid-
al virulence for both animals and humans, produce abortions,

nfertility, and it is resistant to streptomycin (Blasco, 1997; Blasco
nd Diaz, 1993). Another inconvenience in the use of this vac-
ine is the long persistence in the immunized animal, due to
he high level persistence of circulating antibodies (against the
mooth lipopolysaccharide), which interfere with serological diag-
osis, avoiding the differentiation between the infected animals
nd the vaccinated ones (Schurig et al., 2002). Other disadvan-
age of Rev1 is that its use is not allowed in countries officially
ree from B. melitensis such as Canada and USA, most of Northern
urope, Australia and New Zealand. Recently, another commer-
ial vaccine available against ovine brucellosis has been proposed
Schurig et al., 1991). This vaccine is based on the live attenuated
rucella abortus RB51, however, although does not interfere with
he serological diagnosis, it has been proven to be not so effec-
ive against B. ovis in rams as Rev1, being neither able to protect

or reduce the severity of the infection or the development of
enital lesions (Jimenez de Bagues et al., 1995). In addition, RB51
lso offers a number of drawbacks including rifampicin resistance
nd lack of effectiveness when prevalence is high (Moriyon et al.,
004).

http://www.sciencedirect.com/science/journal/09280987
http://www.elsevier.com/locate/ejps
mailto:jmirache@unav.es
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Subcellular vaccines display important advantages to face the
lassical live attenuated vaccines handicaps. In this context, the hot
aline (HS) subcellular antigenic extract from B. ovis, which has been
robed to be highly immunogenic (Blasco et al., 1993; Gamazo et
l., 1989), is mainly composed by the major membrane antigens
ike outer membrane proteins (OMPs) and rough lipopolysaccha-
ide (R-LPS). However, due to its non-replicant nature, adequate
djuvants have to be associated to the HS extract, in order to
romote cellular mediated immunity, specifically Th1 type (Araya
nd Winter, 1990; Oliveira and Splitter, 1995). Poly(�-caprolactone)
icroparticles containing HS (HS-PEC) were found to be a protec-

ive vaccine in mice and ram models (Estevan et al., 2006; Munoz
t al., 2006; Murillo et al., 2001). Moreover, the lack of interference
n the B. melitensis diagnostic tests and the intrinsic avirulence and
nnocuousness, converted HS-PEC microparticles as an attractive
nti-Brucella vaccine candidate.

On the other hand, it is well known that the mucosal administra-
ion route can mimic the bacteria behaviour and generate immunity
t the major portals of pathogen entry. In addition, this type of
dministration can also be safer with less adverse effects and facil-
tates its dispensation and application. Regarding the imitation of
he Brucella infection and colonization patterns, the antigens deliv-
ry to mucosal surfaces is of remarkable concern, as it has been
hown by the ocular administration of Rev1 vaccine (Blasco, 1997).
he need of an adequate adjuvant capable of increase the mucosal
mmune response and protection without the need of booster
oses lead us to purpose the use of poly(anhydride) nanoparticles.
hese controlled release systems have been proposed as adju-
ants since they: (i) protect the loaded antigen from enzymatic
egradation, (ii) prolong immune response, (iii) enhance the anti-
en delivery to the mucosal associated lymphoid tissue (MALT)
nd (iv) exhibit a strong bioadhesive performance (Almeida and
lpar, 1996; Arbos et al., 2003; Gomez et al., 2007; Motwani et al.,
008). To exploit the potential of these systems, mannosamine was
dded to the nanoparticles as a specific target ligand. The effec-
iveness of mannosylated devices in vaccination can be ascribed
o their ability to target mannose receptors highly expressed in
ells of the immune system [i.e. macrophages and dendritic cells
DCs)], as well as many other lectins with mannose-binding activity
Figdor et al., 2002; Keler et al., 2004; Ramakrishna et al., 2007) trig-
ering the enhancement of the innate immune response (Engering
t al., 1997; Jain and Vyas, 2006). These systems can mimic the
athogen entry and exhibit a specific and strong bioadhesive capac-

ty to MALT (Salman et al., 2008), reason why are suitable adjuvants
o improve mucosal antigen delivery and to enhance immune
esponse. In fact, several authors have been shown that both antigen
oading in nanoparticles and mannosylation of the systems as effec-
ive approaches to potentiate immunogenicity, due to the higher
ntigen uptake and presentation by APCs (Irache et al., 2008).

Therefore, the aim of this work was to design and character-
ze HS loaded poly(anhydride) nanoparticles intended for mucosal
dministration, including the ophthalmic one. For this reason we
lso studied the influence of the �-irradiation sterilization on the
hysicochemical properties of the antigenic delivery systems, as
ell as the in vitro stability in both ovine nasal and lachrymal fluids.

. Materials and methods

.1. Materials
Gantrez®AN 119 [poly (methylvinylether-co-maleic anhydride)]
r poly(anhydride) (MW 200,000) was kindly gifted by Interna-
ional Speciality Products (ISP, Barcelona, Spain). d-Mannosamine
ydrochloride, concanavaline A (Con A) and pilocarpine hydrochlo-
ide were purchased from Sigma–Aldrich (Barcelona, Spain).

2
c
w
m
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CATMProtein Assay Reagent Kit was from Pierce (Rockford, USA).
crylamide CriterionTMXT Precast gels (18 Comb, 30 �L, 1 mm)
nd the Silver Stain kit were obtained from Bio-Rad Labora-
ories (California, USA). Peroxidase-conjugate rabbit anti-sheep
mmunoglobulin G (heavy and light chain specific) (RaSh H+L) was
urchased from Nordic Immunological Laboratories (Tilburg, The
etherlands). PVDF (polyvinylidene fluoride papers, pore size of
.45 �m) sheets were from Schleicher & Schuell (Germany) and
-chloro-1-naphtol from Merck (Germany). The rainbow coloured
rotein molecular weight marker was from Amersham Pharmacia
iotech (Freiburg, Germany). All other chemicals were of analytical
rade and supplied from Merck (Madrid, Spain).

.2. Methods

.2.1. Extraction and characterization of the HS
The hot saline antigenic complex (HS) was obtained from the

train B. ovis REO 198 by the hot saline method described previously
Gamazo et al., 1989). To get a large and homogenous batch of cells
or extractions, a thawed vial of stock suspension was streaked onto
AB (Blood Agar Base no. 2, Difco, Detroit, USA) plates, and 24 h
ultures were inoculated into a 10 L bioreactor (B. Braun Biotech,
ermany), and incubated at 37 ◦C for 48 h. Live cells were sus-
ended in saline solution (0.85% NaCl, 10 g packed cells per 100 mL),
nd heated in flowing steam for 15 min. Following centrifugation
t 12,000 × g for 15 min, the supernatant was dialyzed for 5 days
t 4 ◦C against several changes of deionized water (dH2O). The dia-
yzed material was ultracentrifuged for 3 h at 60,000 × g and the
ellet (HS) washed in dH2O, freeze-dried and stored at room tem-
erature.

Total protein was determined by the BCATM Protein Assay
ethod (Smith et al., 1985), with bovine serum albumin as stan-

ard. The analysis for 2-keto-3-deoxyoctonate (KDO, exclusive
arker of LPS) corrected for 2-deoxyaldoses was performed by

he method of Warren modified by Osborn (Osborn, 1963). The
atch of antigen used to prepare the vaccine formulation contained
6.4 ± 10.6% protein and 39.5 ± 3.8% rough lipopolysaccharide (R-
PS).

.2.2. Nanoparticles preparation
Conventional (NP-HS), mannosylated (MAN-NP-HS) and respec-

ive control nanoparticles (NP and MAN-NP) were prepared by
modification of the solvent displacement method previously

escribed (Arbos et al., 2002; Salman et al., 2006).

.2.2.1. Conventional nanoparticles. Four milligrams of the HS anti-
enic extract were dispersed in 2 mL acetone, under sonication,
n added to 100 mg of Gantrez®AN 119 previously dissolved in
mL acetone. After 30 min of incubation under magnetic stirring
t 300 rpm, the nanoparticles were formed by the addition of an
0 mL ethanol/water mixture (1:1, v/v). Then, the organic solvents
ere eliminated under reduced pressure (50 mbar, Büchi R-144,

witzerland). The resulting nanoparticles were purified by centrifu-
al filtration at 3000 × g for 20 min (VivaSpin®20 300,000 M.W.C.O.,
ivascience, Sartorius group, Hannover, Germany). This step was
epeated two times and the filtrates were collected for the quan-
ification of the non-entrapped HS. Finally, nanoparticles were
reeze-dried using sucrose (5%) as cryoprotector (Genesis 12EL, Vir-
is, USA). Control conventional nanoparticles (NP) were prepared in
he HS absence.
.2.2.2. Mannosylated nanoparticles. To obtain mannosylated-
oated Gantrez®AN nanoparticles, 100 mg of the poly(anhydride)
ere dissolved in 5 mL of acetone and incubated overnight with
anosammine (1 mg). Then, 4 mg HS was added and sonicated
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or 10 min. After 30 min of incubation under magnetic stirring at
oom temperature, the nanoparticles were formed by the addition
f 10 mL of absolute ethanol. Then, the just formed nanoparticles
ere dispersed in 10 mL of ultrapure water containing 5 mg of man-
osamine. The organic solvents were eliminated under reduced
ressure (50 mbar, Büchi R-144, Switzerland), and the resulting
queous nanosuspensions were magnetically stirred for 1 h in
rder to facilitate the coating of nanoparticles with mannosamine.
fter incubation, nanoparticles were purified by centrifugation at
000 × g for 20 min (VivaSpin®20 300,000 M.W.C.O., Vivascience,
artorius group, Hannover, Germany). This step was repeated
wo times and the filtrates were collected for the quantification
f the non-entrapped HS and the non-associated mannosamine.
inally, the suspensions were freeze-dried using sucrose (5%)
s cryoprotector (Genesis 12EL, Virtis). Control mannosylated
anoparticles (MAN-NP) were prepared in the HS absence.

.2.3. �-Irradiation of Gantrez®AN nanoparticles
Conventional and mannosylated nanoparticles, and respec-

ive controls, placed in type 1 glass vials and sealed with a
onventional rubber–silicone stopper aluminium crypted, were
-irradiated at room temperature by using 60Co as irradiation
ource (Aragogamma, Barcelona, Spain). Doses of 10 kGy and
5 kGy, at a 3.730 kGy/h dose rate, were applied. Then, the cor-
espondent sterility biological tests were performed following the
uropean Pharmacopoeia requirements (European Pharmacopoeia
th, 2007).

.2.4. Characterization of the nanoparticles: size, zeta potential,
urface morphology and mannosamine content

The particle size and the zeta potential of nanoparticles
ere determined by photon correlation spectroscopy (PCS) and

lectrophoretic laser doppler anemometry, respectively, using
Zetamaster analyser system, at 25 ◦C (Malvern Instruments,
alvern, UK). The diameter of the nanoparticles was determined

fter dispersion in ultrapure water (1/10) and measured at 25 ◦C
ith a dynamic light scattering angle of 90 ◦C. The zeta potential
as determined as follows: 200 �L of the samples were diluted

n 2 mL of a 0.1 mM KCl solution adjusted to pH 7.4 (Lambert et al.,
000). The average particle size was expressed as the volume mean
iameter (Vmd) in nanometers (nm), and the average surface charge

n millivolts (mV).
Shape and morphology were examined by scanning electron

icroscopy (Zeiss DSM 940 A, Oberkochen, Germany) with a dig-
tal imaging capture system (DISS, Point Electronic GmBh, Halle,
ermany). For this purpose freeze-dried formulations were resus-
ended in ultrapure water and centrifuged at 27,000 × g for 20 min
t 4 ◦C. Then, supernatants were rejected and the obtained pellets
ere mounted on a glass plates adhered with a double-sided adhe-

ive tape onto metal stubs, coated with gold to a thickness of 16 nm
Emitech K550 equipment, United Kingdom).

The yield of the nanoparticles preparation process was deter-
ined by gravimetry from freeze-dried nanoparticles as described

reviously (Arbos et al., 2002).
The amount of mannosamine associated to nanoparticles

as estimated by quantification of free mannosamine in the
upernatants obtained during the purification step using the O-
hthalaldehyde (OPA) fluorimetric assay of primary amines, as
escribed elsewhere (Benson and Hare, 1975).
.2.5. Antigen loading in the nanoparticles
HS was quantified by the BCATM Protein Assay method. For

ontrol in process purposes (expressed as before freeze-drying in
able 2), HS was estimated from the difference between its initial
oncentration added and the concentration found in the collected

b

d
n
V

armaceutical Sciences 37 (2009) 563–572 565

ltrates obtained during the purification step of nanoparticles.
For HS quantification in the final product (expressed as after

reeze-drying in Table 2), 10 mg of freeze-dried and �-irradiated
anoparticles were resuspended in 1 mL of ultrapure water and
entrifuged (28,000 × g, 20 min, 4 ◦C). Then, the precipitate was dis-
olved in 2 mL of acetone/DMF (3:1, v/v) and kept for 1 h at −80 ◦C.
amples were centrifuged at 28,000 × g for 20 min at 4 ◦C and the
ellet was washed with 1 mL acetone and kept 30 min at −80 ◦C.
fter centrifugation under the same conditions, pellets were resus-
ended in 500 �L of ultrapure water to quantify proteins by the
CATM Protein Assay.

In any case, each sample was assayed in triplicate. HS loading
as expressed as the amount of HS (in �g) per mg nanoparticles
hereas the entrapment efficiency (EE) was determined by relating

he total weight of antigen entrapped in the batch of nanoparti-
les to the initial weight of antigen and expressed in percentage.
or calculations, the following calibration curves were used: (i) a
alibration curve of free HS in the filtrates obtained from control
onventional nanoparticles (r2 > 0.999), and in the filtrates obtained
rom control mannosylated nanoparticles (r2 > 0.997), for the con-
rol in process purposes and (ii) a calibration curve of free HS
btained after proteins precipitation with acetone/DMF in ultra-
ure water (r2 > 0.999).

.2.6. Agglutination assay of mannosylated nanoparticles
The in vitro agglutination assay of non-irradiated and �-

rradiated mannosylated nanoparticles using concanavalin A (Con
) was applied to confirm the biological activity of the man-
osamine attached to the surface of the nanoparticles. The assays
ere performed by a modification of a procedure described

lsewhere (Salman et al., 2006). Briefly, 50 �L of concanavalin
(1 mg/mL) were added to 200 �L of nanoparticle samples

1 mg/mL) in phosphate buffered saline (PBS, 10 mM, pH 7.4) in
he presence of 5 mM calcium chloride and 5 mM magnesium chlo-
ide. The turbidity change was monitored in a spectrophotometer
t 405 nm in continuous kinetic measurements (Labsystems iEMS
eader MF, Finland).

.2.7. HS structural integrity and antigenicity
To evaluate the effect of the manufacturing process and �-

rradiation on the HS protein profile and antigenicity, proteins
rom the freeze-dried nanoparticles were extracted with ace-
one/DMF (3:1, v/v) as described above, and assayed by SDS-PAGE
nd immunoblotting. For SDS-PAGE, samples were analysed by
sing a 12% acrylamide slabs with the discontinuous buffer sys-
em of Laemmli and gels stained with Coomassie brilliant blue
or proteins. The apparent molecular weight of the proteins was
etermined by comparing their electrophoretic mobility with
hat of the molecular mass marker (rainbow coloured protein

olecular weight marker, Amersham Pharmacia Biotech, Freiburg,
ermany). Immunoblotting was performed with sera from a pool
f rabbits experimentally infected with B. ovis and with peroxidase-
onjugated goat anti-rabbit IgG (Nordic) and 4-chloro-1-naphtol as
hromogen as described previously (Gamazo et al., 1989).

.2.8. In vitro release study
Prior release studies, 5 mg of HS loaded nanoparticles were

rst resuspended in water and centrifuged (28,000 × g, 20 min
4 ◦C) in order to avoid sucrose interferences in the assay process.
hen, the resulting pellet was dispersed in 500 �L of phosphate

uffer (PBS, 10 mM, pH 7.4). Each sample was assayed in triplicate.

The study was conducted at 37 ± 1 ◦C under horizontal agitation
uring 30 days in a VorTemp 56TM Shaking Incubator (Labnet Inter-
ational, Inc.). At different time intervals, samples were collected in
ivaSpin®2 300,000 M.W.C.O. tubes (Vivascience, Sartorius group,
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annover, Germany) and centrifuged at 3000 × g, for 20 min at 4 ◦C.
The HS extract was quantified by BCATM Protein Assay in the col-

ected filtrates (calibration curve of free HS in the filtrates obtained
rom control conventional nanoparticles, r2 > 0.999, and control

annosylated nanoparticles, r2 > 0.997, in PBS pH 7.4). The struc-
ural integrity and antigenicity of the entrapped HS was assessed
y SDS-PAGE and immunoblotting, respectively, using the method-
logy already described. Release profiles were expressed in terms
f cumulative release in percentage, and plotted vs. time.

.2.9. Evaluation of nanoparticles stability in ovine mucosal fluids
The stability of poly(anhydride) nanoparticles was investigated

y measuring the turbidity changes as a function of time in differ-
nt ovine mucosal fluids by spectrophotometry, by modifications
f methods described elsewhere (Arbos et al., 2003; Salman et al.,
006). Analysis was performed for mannosylated and conventional
anoparticles and stability was estimated at 2 h post-incubation in
he corresponding fluids.

The ovine secretion fluids were obtained in compliance with
he regulations of the responsible committee of the Univer-
ity of Navarra in line with the European legislation on animal
xperiments (86/609/EU). Briefly, 5 mL of an aqueous solution of
ilocarpine chlorhydrate (20 mg/mL) was administered subcuta-
eously to 3 months old Aragonesa male rams (average weight
5 kg, La Protectora, Spain). Then, both lachrymal and nasal fluids
ere collected by the use of appropriate sterilized poly(ethylene)

asteur pipets.
For this purpose, conventional and mannosylated nanoparticles

oaded with HS from B. ovis were resuspended in water (5 mg/mL).
hen, each nanosuspension type was added to the correspond-
ng ovine fluid (1:1, v/v). The turbidity changes were monitored
n a spectrophotometer at 405 nm in continuous kinetic measure-

ents (Labsystems iEMS Reader MF, Finland) during 2 h (200 �L of
ample).

The following equation was applied to calculate the percentage
f remaining nanoparticles:

emaining NP (%) =
[

1 − Abst=0 − Abst=2

Abst=0

]
× 100 (1)

n which Abst = 0 and Abst = 2 correspond, respectively, to the initial
nd 2 h absorbance measured at 405 nm.

.2.10. Statistical analysis

Data are expressed as the mean ± S.D. of at least three

xperiments. The Student’s t-test assessed the nanoparticles
haracterization. Other statistical significance analysis was pro-
essed using the non-parametric Kruskal–Wallis test, followed
y Mann–Whitney U-test. The Pearson’s correlation analysis was

H

i
a
(

able 1
hysicochemical characteristics of nanoparticles. NP: conventional nanoparticles; NP-H
AN-NP-HS: HS loaded mannosylated nanoparticles (data expressed as mean ± S.D., n = 1

accine formulation aSize (nm) Zeta pote

NO �-irradiated 10 kGy 25 kGy NO �-irra

P 175 ± 1 175 ± 1 179 ± 2 −28.7 ± 0
P-HS 186 ± 2 185 ± 4 189 ± 4 −37.7 ± 0
AN-NP 272 ± 12* 313 ± 42* 286 ± 21* −38.2 ± 1
AN-NP-HS 306 ± 11* 335 ± 22* 297 ± 11* −34.6 ± 1

reatments: NO �-irradiated: no �-irradiated nanoparticles; 10 kGy: �-irradiated nanopa
a Determination of the nanoparticles volume mean diameter (nm) by photon correlatio
b The percentage yield of the polymer transformed into nanoparticles.
c Amount of mannosamine coating the nanoparticles.
* p < 0.05 for MAN-NP vs. NP, and MAN-NP-HS vs. NP-HS (Student’s t-test).

** p < 0.05 for MAN-NP vs. NP (Student’s t test).
armaceutical Sciences 37 (2009) 563–572

pplied in order to compare the patterns of the release studies.
tatistically significant differences were considered for p values of
0.05.

All data processing was performed using the SPSS® statistical
oftware program (SPSS® 16.0.1, Mac OS X, USA).

. Results

.1. Characterization of the nanoparticles: size, zeta potential,
urface morphology and mannosamine content

Table 1 summarizes the main physicochemical properties of all
he designed vaccine formulations.

All freeze-dried formulations displayed homogeneous sizes of
round 200–300 nm, with low polydispersion (PDI < 0.2). However,
he coating of the nanoparticles with mannosamine signifi-
antly increased the mean diameter of the resulting carriers
p < 0.05). Concerning zeta potential, conventional and mannosy-
ated nanoparticles displayed negative surface charges, slightly

ore negative for mannosylated than for control nanoparticles.
owever, both antigen loaded nanoparticles, NP-HS and MAN-NP-
S, showed similar electronegative surfaces. After sterilization no

ignificant differences in the mean particle size and zeta potential
ere observed for both mannosylated and conventional nanopar-

icles.
Similarly, by comparing SEM photographs (see Fig. 1), no

vident modifications on the size and morphology of the
anoparticles were visualized after irradiation. All vaccine for-
ulations were found to be homogeneous and spherically

haped.
On the other hand, mannosylation slightly increased the yield of

he nanoparticles preparative process. The mannosamine content
or mannosylated nanoparticles was found to be close to 30 �g/mg,
ndependently of the HS extract presence.

.2. Antigen loading in the nanoparticles

Table 2 summarizes the encapsulation efficiency and HS loading
n the different formulations tested. For conventional nanopar-
icles, HS loading was calculated to be about 34 �g HS/mg of
anoparticles, which represented an encapsulation efficiency of
bout 65%. For mannosylated nanoparticles, in spite of the encap-
ulation efficiency was about 69%, the HS loading was only 28 �g

S/mg of nanoparticles.

Interestingly, quantification of HS in the filtrates obtained dur-
ng the purification step (quality control in process analysis)
nd in the final product, after freeze-drying, gave similar results
p > 0.05).

S: HS loaded conventional nanoparticles; MAN-NP: mannosylated nanoparticles;
0).

ntial (mV) bYield (%) cMan content
(�g/mg NP)diated 10 kGy 25 kGy

.7 −29.7 ± 1.6 −29.6 ± 0.8 72 ± 3 –

.7 −38.2 ± 1.4 −36.9 ± 1.8 72 ± 5 –
.4** −35.1 ± 1.0** −38.5 ± 0.8** 81 ± 6 30.2 ± 4.1
.3 −33.4 ± 1.3 −36.9 ± 1.0 80 ± 5 32.1 ± 4.7

rticles at a 10 kGy dose; 25 kGy: �-irradiated nanoparticles at a 25 kGy dose.
n spectroscopy.
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Fig. 1. Surface scanning electronic microfotographs of the different nanoparticles. Lines: (A) NP-HS: HS loaded conventional nanoparticles and (B) MAN-NP-HS: HS loaded
mannosylated nanoparticles. Columns: (1) nanoparticles no exposed to �-irradiation; (2) nanoparticles exposed to a �-irradiation dose of 10 kGy and (3) nanoparticles
exposed to a �-irradiation dose of 25 kGy.

Table 2
Antigenic content of the vaccine formulations before freeze-drying and after �-irradiation. NP-HS: HS loaded conventional nanoparticles; MAN-NP-HS: HS loaded manno-
sylated nanoparticles (data expressed as mean ± S.D., at least n = 3).

Vaccine formulation aHS loading (�g/mg NP) dE.E. (%)

bBefore f.d. cAfter f.d.

NO �-irradiated 10 kGy 25 kGy

NP-HS 34.97 ± 2.34 33.49 ± 0.40 33.97 ± 0.65 33.55 ± 0.94 65 ± 2
MAN-NP-HS 28.28 ± 1.86 27.92 ± 0.20 27.91 ± 0.31 27.61 ± 0.20 69 ± 1

Treatments: NO �-irradiated: no �-irradiated nanoparticles; 10 kGy: �-irradiated nanoparticles at a 10 kGy dose; 25 kGy: �-irradiated nanoparticles at a 25 kGy dose.
a Determination of the protein content by BCATM Protein Assay.
b Before freeze-drying.

g the total weight of antigen entrapped in the batch of nanoparticles to the initial weight
o

3

n
w
A
(
l
f

3

f
c
e
a
M
a
B

c After freeze-drying.
d Determination of the entrapment efficiency, expressed in percentage, by relatin

f antigen.

.3. Agglutination assay of mannosylated nanoparticles

In order to confirm the mannose biological activity after man-
osylation of poly(anhydride) nanoparticles, an agglutination test
as carried out in the presence of the mannose lectin concanavalin
. In this context, non-�-irradiated mannosylated nanoparticles

MAN-NP) and MAN-NP �-irradiated at 10 kGy displayed a simi-
ar initial lectin binding capacity which was higher than that found
or MAN-NP �-irradiated at 25 kGy (Fig. 2).

.4. HS structural integrity and antigenicity

Fig. 3 shows the SDS-PAGE and immunoblotting of HS extracted
rom the �-irradiated and non-irradiated nanoparticles. As it
an be seen, the protein profile of the antigenic complex

xtracted from the nanoparticles was similar to that of free HS
nd did not reveal the presence of additional protein bands.
oreover, the extracted HS demonstrated the same reactivity

gainst a pool of sera from experimentally infected rabbits with
. ovis.

Fig. 2. Con A agglutination assay to confirm the presence of mannose at the sur-
face of the nanoparticles. The turbidity change was reported at 405 nm for 350 s,
after the incubation of 200 �L (1 mg/mL) of MAN-NP no �-irradiated (�), MAN-NP
�-irradiated at 10 kGy (©), MAN-NP �-irradiated at 25 kGy (×) and control non-
mannosilated NP (�), with 50 �L Con A (1 mg/mL). Data reported as mean ± S.D.
(n = 3).
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ig. 3. SDS-PAGE and Coomassie blue stain profiles of free and entrapped HS and
S: 40 �g free hot saline antigenic extract; NP-HS: HS loaded conventional nanopa
-irradiation dose of 10 kGy and (25) �-irradiation dose of 25 kGy.

.5. In vitro release study

Fig. 4 shows the influence of �-irradiation on the HS release
rofile from nanoparticles, under physiological conditions (PBS,
0 mM, pH 7.4) for 30 days.

Non-irradiated nanoparticles displayed a biphasic release pat-
ern characterized by a burst effect, followed by a continuous
elease of the antigen for at least 30 days.

For conventional nanoparticles, the sterilization process
ppeared to modify the release pattern of HS during the first 24 h
p < 0.05). In fact, after this time, about 15% of the loaded antigenic
omplex was released from control nanoparticles, whereas more
han 30% of the loaded HS was released from irradiated particles,
rrespective of the �-ray dose. Nevertheless, after 3 days all the pro-
les were found similar and, at the end of the experiment, all the

ormulations had released the same amount of HS.
On the other hand, mannosylation induced a high degree of HS

elease during the first 24 h. However, in this case, the irradiation of
anoparticles with a 10 kGy dose modified neither the amount of
S released nor the profile of the curve. On the contrary, nanopar-

icles irradiated with a dose of 25 kGy displayed a burst effect two
imes higher than for the other two formulations (55% of the loaded
S vs. 25%).

In any case, independently of the type of poly(anhydride)
anoparticle or the irradiation intensity, the Pearson’s correlation
Table 3) revealed that all the HS release profiles followed a similar
endency during the 30 days of the experiment.

SDS-PAGE analysis confirmed the stability of formulations
ithin the release, and the average band density of the samples

orroborated the kinetic release values obtained (not shown). In
ddition, the biological activity or antigenicity of the HS, assessed
hrough immunoblotting, was recognized by a pool of sera from
xperimentally infected rabbits (Fig. 5). Likewise, after 14 days of
elease, SDS-PAGE and immunoblotting showed that both integrity
nd the antigenicity of the HS were preserved.

.6. Evaluation of nanoparticles stability in ovine mucosal fluids
To evaluate the in vitro stability of poly(anhydride) vaccine
ormulations in mucosa, the different nanoparticles formulations
ere incubated in both lachrymal and nasal ovine fluids (Fig. 6). In

ny case, independently on the medium or �-dose, all nanopar-
icle formulations demonstrated high stability for at least 2 h

n
o
i
l

rn blot against a pool of sera from B. ovis experimentally infected rabbits. Lanes:
; MAN-NP-HS: HS loaded mannosylated nanoparticles. (0) Non-�-irradiated; (10)

ost-incubation, since more than 75% of nanoparticles maintained
heir integrity and no significant statistical evidences were found
etween the groups (p > 0.05).

In general, both types of nanoparticles (conventional and man-
osylated nanoparticles) displayed a slightly higher stability in
asal secretions than in lachrymal fluids. In addition, mannosyla-
ion of nanoparticles increased their stability in nasal secretions of
bout a 6% than for conventional ones.

On the other hand, �-irradiation did not affect significantly
he nanoparticles stability in both ovine biological fluids (p > 0.05).
hus, in lachrymal fluids, the higher dose of irradiation (25 kGy)
nly enhanced the degradation of nanoparticles in about 8%, and
n nasal secretions, stability decreased around 5% when compared

ith non-sterilized carriers.

. Discussion

Since the delivery of vaccine antigens to mucosal surfaces is of
articular interest we have designed conventional and mannosy-

ated poly(anhydride) nanoparticles loaded with the HS antigenic
xtract for B. ovis mucosal immunoprophylaxis. However, when
dministered by the ophthalmic route, these systems have to
ccomplish the pharmacopoeial sterility requirements. As the
oly(anhydride) polymer is thermo-sensitive, heat sterilization
ethods, like dry heat and autoclaving, are not appropriate.

adiosterilization is as an effective isothermal process, which
llows reaching the required sterility assurance level of 10−6,
uitable for the sterilization of thermo-sensitive products, and
ccepted by the different pharmacopoeias and the European
gency for the Evaluation of Medicinal Products (EMEA). The ref-
rence dose of radiosterilization is 25 kGy (minimum absorbed
ose), but lower doses may be validated using appropriate sterility
ests.

Because each stage of a vaccine development process should
esult in an improvement of efficacy and safety, we studied the
ffect of the irradiation on the systems physicochemical character-
stics of the carriers and the biological properties of the entrapped
ntigen.
Firstly, the preparation process of both conventional and man-
osylated nanoparticles by the solvent displacement method was
ptimized to reach an effective HS entrapment. By a simple
ncubation between the polymer and the antigenic extract, HS
oaded conventional nanoparticles were successfully obtained with

Kinam Park
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Fig. 4. Influence of the �-irradiation on the release properties from HS containing
nanoparticles. These graphs express in percentage the cumulative HS release from
the formulations tested (BCATM Protein Assay). (A) NP-HS no �-irradiated (�), NP-HS
�-irradiated at 10 kGy (♦), NP-HS �-irradiated at 25 kGy (�); B: MAN-NP-HS no �-
irradiated (�), MAN-NP-HS �-irradiated at 10 kGy (©) and MAN-NP-HS �-irradiated
at 25 kGy (×). Data express the mean ± S.D., n = 3. *p < 0.05 for NP-HS no �-irradiated
vs. NP-HS �-irradiated at 10 kGy (Mann–Whitney U-test). T– p < 0.05 for NP-HS no
�-irradiated vs. NP-HS �-irradiated at 25 kGy (Mann–Whitney U-test). ‡p < 0.05 for
MAN-NP-HS no �-irradiated vs. MAN-NP-HS �-irradiated at 10 kGy (Mann–Whitney
U-test). †p < 0.05 for MAN-NP-HS no �-irradiated vs. MAN-NP-HS �-irradiated at
25 kGy (Mann–Whitney U-test). ¥p < 0.05 for MAN-NP-HS �-irradiated at 10 kGy vs.
MAN-NP-HS �-irradiated at 25 kGy (Mann–Whitney U-test).
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Table 3
Pearson’s correlation matrix of the cumulative HS release from the nanoparticles.

NP-HS NO �-irradiated NP-HS 10 kGy NP-HS 25 kG

NP-HS NO �-irradiated 1
NP-HS 10 kGy 0.946** 1
NP-HS 25 kGy 0.946** 0.995** 1
MAN-NP-HS NO �-irradiated 0.981** 0.960** 0.967**

MAN-NP-HS 10 kGy 0.990** 0.969** 0.967**

MAN-NP-HS 25 kGy 0.956** 0.972** 0.965**

NP-HS NO �-irradiated: HS loaded conventional nanoparticles no �-irradiated, n = 13. N
NP-HS 25 kGy: HS loaded conventional nanoparticles �-irradiated at 25 kGy, n = 13. MAN
n = 13. MAN-NP-HS 10 kGy: HS loaded mannosylated nanoparticles �-irradiated at 10 kGy,
25 kGy, n = 13.

** Correlation is significant at the 0.01 level (2-tailed).
armaceutical Sciences 37 (2009) 563–572 569

omogenous size distribution, high yield and effective antigen
oading. The production of the mannosylated nanodevices took
lace by reaction of the mannose derivative with the copolymer
efore the formation of nanoparticles and by direct coating of the

ust formed carriers. This method, previously described (Salman et
l., 2006), is based on the simple spontaneous reaction between the
nhydride groups of the copolymer and the amino residues of the
igand to form amine bonds in an aqueous medium. As shown in
able 1, significant differences between both types of nanoparticle
ormulations were found for size and zeta potential, reflecting the
resence of mannosamine on the surface of these carriers. These
esults are in agreement with other works in which it was also
escribed an increase on both average size and electronegative
harge for the mannosylated nanoparticles (Salman et al., 2006). By
omparison of the physicochemical characteristics, irradiation did
ot seem to have a significant effect, since no apparent differences
ere observed between �-irradiated and non-irradiated nanopar-

icles. These results show that no visible morphological changes (i.e.
article fusion) took place after sterilization. This fact has been also
escribed by different authors working with different types of car-
iers and polymers, such as PLGA nanoparticles (Igartua et al., 2008;
artinez-Sancho et al., 2004), poly(butylcyanoacrylate) nanopar-

icles (Maksimenko et al., 2008), �-cyclodextrin nanocapsules
Memisoglu-Bilensoy and Hincal, 2006) and chitosan microparti-
les (Desai and Park, 2006).

The mannosamine content was alike for both empty and HS
oaded mannosylated nanoparticles (about 30 �g/mg of nanoparti-
les). However, the polymer modifications slightly affected the HS
oading ratio since conventional nanoparticles displayed a higher
ntigen loading than mannosylated ones. These observations agree
ell with previous data reported for mannose nanoparticles in
hich the payload was found to be lower comparing to the
nconjugated ones (Jain et al., 2008; Salman et al., 2006). Fur-
hermore, when comparing with HS loaded poly(�-caprolactone)

icroparticles (Estevan et al., 2006), the entrapment into nanopar-
icles increased the HS loading. In fact, the antigenic complex
as efficiently entrapped into poly(anhydride) nanoparticles with

ncapsulation efficiencies between 65% and 69%. Again, the steril-
zation process did not affect the antigen loading, as no significant
ifferences were observed between irradiated and non-irradiated
anoparticles (p > 0.05). Furthermore, SDS-PAGE and immunoblot-
ing demonstrated that there was no apparent modifications due to
he �-irradiation doses tested respectively on the antigen integrity
nd antigenicity. These results are in agreement with previous
orks reporting both the maintenance of the antigen loading and

he absence of degradation of the antigens exposed to �-irradiation

Igartua et al., 2008).

The following step was to study the presence and integrity of
he mannosamine coating layer on the mannosylated nanoparti-
les. The results clearly demonstrated that Con A lectin was able to

y MAN-NP-HS NO �-irradiated MAN-NP-HS 10 kGy MAN-NP-HS 25 kGy

1
0.993** 1
0.966** 0.979** 1

P-HS 10 kGy: HS loaded conventional nanoparticles �-irradiated at 10 kGy, n = 13.
-NP-HS NO �-irradiated: HS loaded mannosylated nanoparticles no �-irradiated,
n = 13. MAN-NP-HS 25 kGy: HS loaded mannosylated nanoparticles �-irradiated at
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ig. 5. Western blot against a pool of sera from B. ovis experimentally infected rab
anes: HS: 40 �g free hot saline antigenic extract; NP-HS: HS loaded conventional n
10) �-irradiation dose of 10 kGy and (25) �-irradiation dose of 25 kGy.

trongly interact with mannosylated nanoparticles or �-irradiated
anoparticles at 10 kGy. However mannosylated nanoparticles pre-
iously exposed to a �-irradiation dose of 25 kGy exhibited a
eaker reactivity (see Fig. 2). This different agglutination behaviour
ay be related to a radiolysis phenomenon that may increase cross-

inking and promote a chain cleavage effect (Calis et al., 2002;
aisant et al., 2002; Masson et al., 1997). Previous studies reported
hat oxidation by �-irradiation may negatively affect the stability
f peptide bonds (Carrascosa et al., 2003; Rothen-Weinhold et al.,
999), likewise the amide bonds between the polymer and man-
osamine moieties were probably affected which resulted in the
artial loss of mannose activity.

Besides the target ligand, radiosterilization may also induce
olymer changes. To evaluate the effect of �-irradiation on the
ntigen release from vaccine formulations it was performed an
n vitro study simulating the physiological conditions during 30

ays, with the non-irradiated nanoparticles as reference. The HS
elease profile from nanoparticles was biphasic and characterized
y a 24 h burst effect followed by a continuous release. The second
art of the kinetic profile was quite similar when compared the

s
t
p
i

ig. 6. Nanoparticle stability at 2 h post-incubation, expressed in percentage, after inc
anoparticles; MAN-NP-HS: HS loaded mannosylated nanoparticles (data expressed as m
the HS antigenic extract entrapped into nanoparticles, during the kinetic release.
rticles; MAN-NP-HS: HS loaded mannosylated nanoparticles. (0) Non-�-irradiated;

ccumulated HS released. Similar results were obtained in anal-
gous studies (Carrascosa et al., 2003) where the �-sterilization
ead to an increased initial release, but did not affect the release
ate during the subsequent phase. Interestingly, the Pearson’s
orrelation matrix of the cumulative antigen released from the
anoparticles (Table 3) revealed that, independently of the type
f poly(anhydride) nanoparticle or the irradiation intensity, all the
elease patterns followed a similar tendency.

For conventional nanoparticles, the sterilization process
ppeared to modify the antigenic release behaviour during the
rst 24 h (p < 0.05), however after the 30 days all the formulations
eleased the same antigenic amount (p > 0.05). On the other hand,
annosylation induced an increase of the HS released during the

rst 24 h. Interestingly, the irradiation dose of 25 kGy caused a sig-
ificant burst effect two times higher than the release observed for
ther vaccine formulations. This observation agrees well with the

usceptibility to high irradiation doses already demonstrated by
he concanavalin A agglutination assay. In addition, it is known that
oly(anhydride) devices are surface eroding under a size of approx-

mately 100 �m (Gopferich and Tessmar, 2002). This eroded zone is

ubation in lachrymal fluid and nasal secretions. NP-HS: HS loaded conventional
ean ± S.D., at least n = 3).
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key parameter influencing the drug release from poly(anhydride)
evices. Since the presence of mannosamine would increase the
orosity and the tortuosity of the resulting nanoparticles, the
elease of HS would be facilitate. On the other hand, the antigen
elease rate also increased with higher �-irradiation doses. This
bservation is in agreement with Desai and coworkers (Desai and
ark, 2006), who reported that the release rate from �-irradiated
hitosan microspheres was significantly faster. In the same way, it
as also reported the negative influence of the 25 kGy dose on the

elease of bupivacaine from PLGA nanoparticles (Montanari et al.,
002).

The HS released from non-irradiated and �-irradiated nanopar-
icles after 14 days maintained its protein profile, as well as its
ntegrity and antigenicity. Among them, Omp31 is of a particular
nterest in B. ovis infection, since it may be the immunodominant
ntigen in the antibody responses of naturally and experimentally
nfected rams (Kittelberger et al., 1995). In this context, HS con-
aining nanoparticles, submitted to both �-irradiation doses, can
e able to, at least along 14 days, ensure the release of the antigenic
xtract from a sustained delivery manner and maintain the in vitro
iological activity.

Finally, it was studied the stability of the different nanoparticle
ormulations in lachrymal and nasal ovine fluids directly obtained
rom rams. After 2 h of incubation in these fluids, the remaining
anoparticles were of about 95–75%. However, the HS released at
his time did not reach more than 10% (Fig. 4). Thus, considering the
elease study, although nanoparticles were already initiating the
egradation phenomenon, smaller polymer–HS micelle complexes
ould be delivering antigen.

The slightly lower stability in the lachrymal than in the nasal
uids would be probably due to higher water accessibility. Nasal
ecretions present higher viscosity and acidity, which hindered
ater access to the surface of the nanoparticles and further hydrol-

sis of the polymer or surface erosion of the nanoparticles. In
greement with the nanoparticles kinetic release, increased �-
terilization doses accelerated the degradation of the nanoparticles
n aqueous media. On the other hand, mannosylation increased the
tability in nasal fluid. A similar increase of the stability of these
oly(anhydride) nanoparticles has been reported by cross-linkage
ith 1,3-diaminopropane or coating with ligands (i.e. BSA) (Arbos

t al., 2003).
The pharmacopoeial sterility biological tests were applied for

amples exposed to doses under 25 kGy without any evidence of
icrobial growth for the nanoparticles �-irradiated at 10 kGy. In
hat concerns to the non-irradiated nanoparticles, there was only

vidence of aerobic bacterial growth. Furthermore, the sterility of
he samples �-irradiated at 10 kGy and 25 kGy was maintained for
t least 2 years.

. Conclusions

In order to deliver vaccine antigens to mucosal surfaces, con-
entional and mannosylated poly(anhydride) nanoparticles loaded
ith an antigenic complex from B. ovis were designed. This is the
rst report describing the successful entrapment of these bacte-
ial antigens in both conventional and mannosylated nanoparticles.
urthermore, the physicochemical properties of these nanopar-
icles formulations, as well as the integrity and antigenicity of

he antigenic complex, were not affected by sterilization with
-irradiation. Nevertheless, in spite of all the release patterns fol-

owed a similar tendency, the use of 25 kGy dose appeared to
egatively influence the HS release. In any case, it is necessary to
stablish the real protective value of these vaccine systems with
dditional research performed in natural hosts.
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