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a b s t r a c t

This study investigates the efficacy of surface-modified microspheres of hepatitis B surface antigen
(HBsAg) in eliciting systemic and mucosal immune responses. Positively charged poly(d,l-lactic-co-
glycolic acid) microspheres were prepared by a double-emulsion solvent-evaporation method with
cationic agents—stearylamine and polyethylenimine—in the external aqueous phase. Formulations were
characterized for morphology, size, density, aerodynamic diameter, entrapment efficiency and in vitro
drug-release profile. Immunization was performed after pulmonary administration of the formulations
to female Sprague–Dawley rats and the immune response was monitored by measuring IgG levels in
serum and secretory (sIgA) levels in salivary, vaginal and bronchoalveolar lavage fluids. The cell-mediated
immune response was studied by measuring cytokine levels in spleen homogenates, and a cytotoxicity
study was performed with Calu-3 cell line. The aerodynamic diameter of the particles was within the
respirable range, with the exception of stearylamine-modified particles. Zeta potential values moved
from negative (−6.76 mV) for unmodified formulations to positive (+0.515 mV) for polyethylenimine-

modified particles. Compared to unmodified formulations, polyethylenimine-based formulations showed
continuous release of antigen over a period of 28–42 days and increased levels of IgG in serum and sIgA
in salivary, vaginal and bronchoalveolar lavage. Further, cytokine levels—interferon � and interleukin-
2—were increased in spleen homogenates. The viability of Calu-3 cells was not adversely affected by the
microparticles. In summation, this study establishes that positive surface charges on poly(d,l-lactic-co-
glycolic acid) particles containing HBsAg enhances both the systemic and mucosal immune response

he res
upon immunization via t

. Introduction

Over the past decade, mucosal vaccination has received consid-
rable interest as a non-invasive and safe alternative to injectable
accines. One of the reasons for increased attention to mucosal
outes is that the majority of diseases are transmitted through

ucosal membranes. Indeed, mucosal surfaces of the respiratory,
astrointestinal and urogenital tracts are the main ports of entry
or many pathogens. Antibodies produced by mucosal membranes
nclude secretory IgA (sIgA), which are very stable, have high affin-
ty for mucosal surfaces, and act as the organism’s first line of
efense to neutralize invading pathogens and prevent their adhe-
ion to the epithelial cell lining (Rosenthal and Gallichan, 1997;

cCluskie and Davis, 1999; Ogra et al., 2001; Jaganathan and Vyas,

006). Furthermore, lymphocytes stimulated by antigens at the
ucosal site can migrate via lymph nodes and the thoracic duct

o distal mucosal effector sites and via the circulatory system,

∗ Corresponding author. Tel.: +1 806 356 4015x335; fax: +1 806 356 4034.
E-mail address: fakhrul.ahsan@ttuhsc.edu (F. Ahsan).

378-5173/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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piratory route.
© 2009 Elsevier B.V. All rights reserved.

thereby inducing both systemic and mucosal immune responses
(Nagler-Anderson, 2001; Azzali, 2003; MacDonald, 2003; Bivas-
Benita et al., 2005; Lu and Hickey, 2007). Moreover, most of the
currently available vaccines uses alum as adjuvant, which is poorly
immunogenic (Ma et al., 2007) and produces only humoral immu-
nity but fails to produce cell-mediated immunity, the latter being
an important mechanism for effective clearance of viral infections.
Moreover, being needle-free, mucosal vaccination is likely to reduce
the transmission of infectious agents such as hepatitis B virus and
HIV.

In truth, a mucosal vaccine against hepatitis B infection would
be an ideal delivery approach because the disease is transmitted
by direct contact with mucous membranes (Mestecky, 1987; Cui
and Mumper, 2002). Recently, we showed that recombinant hep-
atitis B vaccine formulated with tetradecyl maltoside, a non-ionic
surfactant, elicits an immune response upon administration via the

pulmonary route (Thomas et al., 2008). This adjuvant is believed
to produce increases in antibody levels by facilitating interactions
between the antigen and antigen presenting cells located in the
respiratory epithelium. However, this type of antigen formulation
failed to maintain a sustained immune response. In a separate study,

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:fakhrul.ahsan@ttuhsc.edu
dx.doi.org/10.1016/j.ijpharm.2009.06.006
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Table 1
Composition and formulation codes of HBsAg-entrapped PLGA microspheres.

Formulations IAP:OP:EAP (v/v/v) OP (PLGA) EAP

SMP-1 0.250:5:25 85:15 5% PVA
SMP-2 0.250:5:25 50:50 5% PVA
SMP-3 0.250:5:25 85:15 5% PVA + 0.5% SA
SMP-4 0.250:5:25 85:15 PLGA + 0.5% SA 5% PVA
2 C. Thomas et al. / International Jou

e showed that it is feasible to encapsulate a non-peptide drug
low molecular weight heparin) or recombinant hepatitis B surface
ntigen (HBsAg) in poly(d,l-lactic-co-glycolic acid) (PLGA) parti-
les such that the resulting particles produce continuous release
f the drug or antigen upon inhalation by rats (Rawat et al., 2008;
homas, 2009). However, dose-to-dose variability and lack of repro-
ucibility in delivering a correct dose remain as major limitations
f vaccine delivery via the respiratory route. In fact, erratic depo-
ition of aerosolized particles carrying antigens and subsequent
oor internalization of the antigens are believed to be the reasons

or variability associated with vaccination via oral inhalation. The
eposition pattern of particles in the lungs is dictated by the aero-
ynamic diameter of particles or inhalable formulations. Particles
ith an aerodynamic diameter of 1–5 �m are considered opti-
al for deposition in the alveolar region (Patton, 1996; Edwards

t al., 1997; Patton et al., 2004; Amidi et al., 2007; Amorij et al.,
007).

The problems of suboptimal deposition in the respiratory tract
nd poor antigen presentation can be overcome by encapsulating
he antigen in positively charged particles with an aerodynamic
iameter between 1 and 5 �m (Amidi et al., 2007). Indeed, cationic
articles or microparticles with positive surface charge have been
hown to produce a stronger immune response compared to neg-
tively charged or neutral particles (Jaganathan and Vyas, 2006).
ationic microparticles are known to be more efficiently inter-
alized by macrophages and dendritic cells (Singh et al., 2000;
hiele et al., 2003; Wischke et al., 2006). For example, DNA vac-
ine formulated in positively charged particles is reported to
nduce strong cytotoxic T-lymphocyte responses after intramuscu-
ar administration (Singh et al., 2000; Wischke et al., 2006). PLGA

icrospheres containing a variety of antigens have been shown
o increase the immune response upon administration via various

ucosal routes (Nellore et al., 1992; Shi et al., 2002; Jaganathan
t al., 2004; Feng et al., 2006; Jaganathan and Vyas, 2006). How-
ver, currently there are no studies regarding the use of PLGA
articles with positive surface charge in delivering recombinant
BsAg via the pulmonary route. Importantly, it is still unknown
hether inhalation of porous PLGA microspheres of HBsAg pro-

uces mucosal and cell-mediated immune responses in addition
o a humoral immune response as observed in our earlier study
Thomas, 2009). The influence of surface charge in eliciting mucosal
nd systemic immune responses upon pulmonary administra-
ion of HBsAg also remains to be elucidated. Therefore, in the
resent study, we prepared positively charged, inhalable porous
LGA microspheres of HBsAg and investigated the efficacy of these
urface-modified carriers in generating systemic, mucosal and cell-
ediated immune responses upon aerosolization of the particles to

he lungs.

. Materials and methods

.1. Materials

Poly(d,l-lactide-co-glycolide) (PLGA) polymer having a 85:15
atio with inherent viscosity 0.55–0.75 dL/g (average molecu-
ar weight = 85.2 kDa) and a 50:50 ratio with inherent viscosity
.55–0.75 dL/g (average molecular weight = 43.5 kDa) was pur-
hased from Boehringer Ingelheim (Lactel Absorbable Polymers,
elham, AL). HBsAg in phosphate buffer at a concentration of

mg/ml was a gift of Shantha Biotechnics (Hyderabad, India).
olyvinyl alcohol (PVA), horseradish-conjugated goat anti-rat IgA,
nd IgG were purchased from Sigma (Sigma–Aldrich Inc., St.
ouis, MO). Bicinchoninic acid assay (BCA) and microBCA protein
ssay kits were procured from Pierce Biotechnology (Rockford,
L).
SMP-5 0.250:5:25 85:15 5% PVA + 0.5% PEI
SMP-6 0.250:5:25 50:50 5% PVA + 0.5% PEI

2.2. Preparation of surface-modified, HBsAg-entrapped PLGA
microparticles

HBsAg-entrapped PLGA microspheres (Table 1) were prepared
by the water-in-oil-in-water (w/o/w) emulsion and evapora-
tion method using PLGAs of two different molecular weights
(Edwards et al., 1997). To prepare conventional microspheres,
250 �l of recombinant HBsAg solution (internal aqueous phase;
IAP) containing 2% (w/v) sucrose and 2% (w/v) Mg(OH)2 as pro-
tein stabilizers was first emulsified in 5.0 ml of dichloromethane
(organic phase: OP) containing the polymer (0.250 g) with a
probe sonifier (Branson Sonifier 450; Branson Ultrasonics Corpo-
ration, Danbury, CT) for 60 s in an ice-bath (20 W, 6 cycles of
10 s each at 40% duty cycle). The resulting water-in-oil (w/o) pri-
mary emulsion was then poured into 25 ml of 5.0% (w/v) aqueous
solution of PVA (external aqueous phase, EAP) and emulsified
by homogenization for 15 min at 15,000 rpm. Surface-modified
microspheres were prepared by incorporation of 0.5% steary-
lamine (SA) or polyethylenimine (PEI) in the EAP. The secondary
emulsion was then stirred overnight at room temperature for evap-
oration of the organic phase. The resulting polymeric particles
were washed thrice and lyophilized to get free-flowing micropar-
ticles. Blank microspheres without HBsAg were also prepared
following the same procedure. Each batch was prepared in trip-
licate.

2.3. Characterization of particles

Scanning electron microscope (SEM) images of different formu-
lations were obtained to study the morphology and the surface
characteristics of the PLGA microspheres (Hitachi S-3400N, Free-
hold, NJ). For SEM studies, PLGA microspheres were mounted on
aluminum stubs using self-adhesive carbon disks and then sputter-
coated with a conducting layer of gold under argon (Emitech K550X,
Kent, UK). The images were taken at a voltage of 9–16 kV. The
mean volume geometric diameter and particle size-distribution of
the microspheres were determined by a laser light-scattering tech-
nique using a Microtrac® S3500 (North Largo, FL). For the particle
size analysis, the microspheres were dispersed in a 0.2% (w/v) solu-
tion of Tween 80. Particle size analysis was performed in triplicate
and expressed as volume mean diameter ± SD. Powder density was
estimated from tapped density as described previously (Rawat et al.,
2008). An aliquot (100 mg) of microspheres was transferred to a 10
(±0.05) ml graduated cylinder and the initial volume was recorded.
The cylinder containing the microspheres was then tapped 200
times and the volume of the particles was again recorded. The
tapped density of particles (�) was calculated from the ratios of
the volumes (ml) occupied before and after 200 taps. The theoreti-
cal mass mean aerodynamic diameter (MMADt) of the particles was
calculated using the following equation, as reported earlier (Ungaro

et al., 2006; Rawat et al., 2008):

MMADt = d
(

�

�0X

)1/2



rnal of

w
d
s

w
N
H
w
r
a

m
o
i
a
t
d
e
s
w
b
p
t
a
a
2

2

A
s
b
u
p
a
m
a
a
a

2

v
e
r
a
c
a
f
w
u
m
v
t
w
o
t
I

2

s

tions.
C. Thomas et al. / International Jou

here d is the geometric mean diameter, � is the particle mass
ensity, �0 is a reference density of 1 g/cc, and X is the dynamic
hape factor, which is 1 for a sphere.

The zeta potential of surface-modified PLGA microspheres
ere measured using a NICOMPTM 380 ZLS instrument (PSS
ICOMP, Santa Barbara, CA). For zeta potential measurements the
BsAg-entrapped PLGA formulations were dispersed in de-ionized
ater containing 1 mM potassium chloride solution as previously

eported (Gutierro et al., 2002). Each sample was tested in triplicate
nd the data are reported as mean ± SD.

The amount of antigen loaded in PLGA microspheres was esti-
ated by using the BCA method (Pierce, Rockford, IL). Briefly, 10 mg

f the HBsAg-encapsulated PLGA microspheres were dissolved
n 1 ml of acetonitrile, vortexed and centrifuged at 12,000 rpm
t 4 ◦C for 10 min. The supernatant was removed carefully and
he precipitate was redissolved in 1 ml solution of 1% sodium
odecyl sulfate (SDS). The resulting solution was then used to
stimate the HBsAg content by the BCA method. Blank micro-
pheres without HBsAg and containing only sucrose and Mg(OH)2
ere used as a control. The actual drug loading was calculated

y taking into account the amount of the polymer used in the
reparation of the microspheres. The entrapment efficiency of
he formulations was expressed as the percentage of calculated
ntigen loaded in the microspheres compared with the actual
mount of the antigen added during the preparation (Rawat et al.,
008).

.4. In vitro release experiments

The in vitro release studies were performed in phosphate buffer.
n aliquot (20 mg) of freeze-dried microspheres of HBsAg was
uspended in micro-centrifuge tubes containing 1 ml of phosphate-
uffered saline (PBS; pH 7.4). The samples were incubated at 37 ◦C
nder gentle shaking (150–200 rpm), and at pre-determined time
oints the vials were removed from the incubator and centrifuged
t 4000 rpm for 10 min at 4 ◦C. The supernatant was collected, and
ixed with PBS, and finally the antigen was quantitated by BCA

ssay. The in vitro release studies were conducted over 42 days
nd the release profiles are reported as cumulative antigen released
gainst time.

.5. Pulmonary immunization studies

Immunization studies were performed according to our pre-
iously published method (Thomas et al., 2008). Prior to the
xperiment, female Sprague–Dawley rats (Charles River Labo-
atories, Charlotte, NC) weighing between 150 and 200 g were
nesthetized by an intramuscular (IM) injection of an anesthetic
ocktail containing xylazine (20 mg/ml) and ketamine (100 mg/ml)
nd divided into six groups (8–10 rats in each group) to receive the
ollowing six treatments: (i) no treatment; (ii) blank microspheres

ith no antigen; (iii) IM plain HbsAg; (iv) inhaled plain HBsAg; (v)
nmodified PLGA containing HBsAg, SMP-1; and (vi) PEI-modified
icrospheres containing HBsAg. The formulations used in the in

ivo studies were selected based on the results of the in vitro charac-
erization studies described above. The dose of HBsAg administered
as 10 �g/kg and all treatment groups received the dose of antigen

n days 0 and 14. The formulations were administered as aerosols to
he lungs by a MicrosprayerTM attached to a syringe (Penn-Century,
nc., PA) as reported by us previously (Thomas et al., 2008).
.6. Evaluation of immune response

The humoral immune response was evaluated by determining
erum IgG levels. Blood samples were collected on days 7, 14 and
Pharmaceutics 379 (2009) 41–50 43

28 after pulmonary or intramuscular administration of the formula-
tions. Briefly, the animals were anesthetized by using an anesthetic
cocktail as described above and blood was collected from the tail.
The collected samples were centrifuged at 6000 rpm for 10 min in
a microentrifuge tube (Eppendorf AG, Hamburg, Germany) and the
supernatant serum was collected and stored at −20◦ C until further
analysis. Specific antibodies generated to HBsAg were analyzed by
using a commercially available ELISA kit (HBsAb, Immuno Diag-
nostics, Foster City, CA) as per our previously published procedure
(Thomas et al., 2008).

To study the mucosal immune response, secretory antibody
levels (sIgA) in vaginal, salivary and bronchoalveolar lavage (BAL)
fluids were quantified. The vaginal and salivary secretions were col-
lected at three time periods: (i) day 0, prior to immunization; (ii)
day 28, four weeks after the first immunization; and (iii) day 42,
at the end of the six-week study period. The vaginal washes and
salivary secretions were collected according to a previously pub-
lished method (Debin et al., 2002; Jaganathan and Vyas, 2006).
For collection of salivary secretion, an approximately 10 mg/ml
sterile solution of pilocarpine was administered intraperitonially
(0.1–0.2 ml, depending on the weight of the rat). Within a few
minutes of injection, the rats begin to salivate and the saliva was col-
lected using a pipette. For collection of vaginal wash, about 50 �l of
1% (w/v) bovine serum albumin (1% BSA–PBS) was introduced into
the vaginal tract of anesthetized rats using a pipette. The solution
was withdrawn and reintroduced nine times and the final wash was
stored at −20 ◦C. The following day, a second vaginal wash was col-
lected by following the same procedure and pooled with the first
sample. For collection of BAL fluid, animals were sacrificed on day
42 and the BAL fluid was obtained according to our published pro-
cedure (Thomas et al., 2008). In brief, the respiratory apparatus was
exposed by a mid-level incision in the thoracic cavity of the anes-
thetized animal. After exsanguination by severing the abdominal
aorta, the lungs were surgically removed and lavaged by instilling
a 5-ml aliquot of normal saline into the trachea. The instilled saline
was left in the lungs for 30 s, withdrawn, re-instilled for an addi-
tional 30 s and then finally withdrawn into a centrifuge tube. The
lavage fluid obtained was centrifuged at 500 × g for 10 min and the
supernatant was collected. All the samples were stored at −20 ◦C for
further analysis. Secretory antibody levels (sIgA) were determined
using a commercially available ELISA kit (Bethyl Laboratories, Mont-
gomery, TX).

2.7. Evaluation of endogenous cytokine levels

The cell-mediated immune response was evaluated by mea-
suring cytokine levels—interferon-� (IFN-�) and interleukin-2
(IL-2)—in spleen homogenates according to a published proce-
dure (Vyas et al., 2005). Spleens were removed after euthanizing
the animals at the end of immunization study. The spleens
were weighed and 10% w/v homogenates were prepared by
homogenizing the spleen in ice-cold 1% 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate (CHAPS) (Sigma, St. Louis,
MO) prepared in PBS. The homogenates thus obtained was incu-
bated for 2 h in an ice-bath to allow the insoluble matter to settle.
The supernatant was centrifuged at ∼2000 × g for 20 min and
the endogenous cytokines (IL-2 and IFN-�) in the supernatant
were assayed using Duoset sandwich ELISA kits (R&D systems,
Minneapolis, MN) in accordance with the manufacturer’s instruc-
All animal studies were approved by the Texas Tech Uni-
versity Health Sciences Center (TTUHSC) Animal Care and Use
Committee and were conducted in accordance with the NIH
Guide for the Care and Use of Laboratory Animals (Protocol #
02004).
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ig. 1. Surface morphology of HBsAg-loaded surface-modified PLGA microspheres
MP-6 viewed under the scanning electron microscope. Refer to Table 1 for compos

.8. Cytotoxicity studies of PLGA microspheres in the Calu-3 cell
ine

The safety of PLGA particles was studied by MTT assay (3-(4,5-
imethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) using the
uman bronchial epithelial cell line, Calu-3. The toxicity of two

ormulations, SMP-1 and SMP-5, was studied; blank PLGA micro-
pheres without surface-modifying agents and PEI alone were used
s controls. The concentrations of PLGA and PEI were 0.5, 2.5, 5,
nd 10 mg/ml, respectively. Saline and sodium dodecyl sulfate (SDS,
.1%) were used as negative and positive controls, respectively. The
ells were plated into 96-well micro-titer tissue culture plates at a
ensity of 50,000 cells per well and incubated at 37 ◦C in 5% CO2 and
0% relative humidity. Cell viability was measured by the MTT assay
s previously described (Rawat et al., 2008). Briefly, 4 h after incuba-
ion with 20-�l test formulations, 20 �l of MTT (5 mg/ml) solution
as added to each well and the cells were incubated at 37 ◦C for
nother 4 h. The solution in each well was then carefully aspirated
nd 100 �l of DMSO was added. Finally, the plates were incubated
gain at 37 ◦C for 1 h. Each formulation was tested in 12–16 wells
n = 12–16). Optical density of the wells was measured on a micro-
iter-plate reader (TECAN U.S. Inc., Research Triangle Park, NC) at
ges of particles of (A) SMP-1, (B) SMP-2, (C) SMP-3, (D) SMP-4, (E) SMP-5, and (F)
of the different formulations.

570 nm. Cell viability was expressed as the percentage absorbance
of test compound and controls relative to DMEM medium alone.

2.9. Statistical analysis

One-way ANOVA was used to compare the data. When the differ-
ences in the means were significant, post hoc pair wise comparisons
were conducted using Tukey-Kramer multiple comparison tests
with GraphPad InStatTM software (GraphPad Software, San Diego,
CA). p-values of less than 0.05 were considered statistically signifi-
cant.

3. Results and discussion

3.1. Physical characterization of surface-modified PLGA
microspheres
The morphology of plain and surface-modified PLGA micro-
spheres was examined by scanning electron microscopy. Images of
plain microspheres without any surface-modifying agents showed
particles with smooth surfaces and occasionally particles with
empty cores (Fig. 1A and B). The smooth surfaces and uniform size-
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determining the experimental MMAD. In the case of vaccine deliv-
ery, geometric diameter or particle size is the main parameter that
influences the robustness of the immune response. In fact, particles
in the aerodynamic size range of 1–5 �m are considered ideal for
ig. 2. Physical characterization of HBsAg-loaded PLGA microspheres. (A) Volume
iameter (MMADt); (D) zeta potential. Data represent mean ± SD (n = 3). *Results ar

istribution of the particles may be attributed to the use of 5% PVA,
hich acts as an emulsion stabilizer, preventing coalescence of the

mulsion droplets (Lee et al., 1999; Yang et al., 2001). However,
ncorporation of stearylamine (SA) in SMP-3 and SMP-4 disrupted
he formation of the emulsion, resulting in agglomerations of par-
icles rather than free-flowing individual particles (Fig. 1C). This is
ecause SA is very hydrophobic and practically insoluble in water
Rawat et al., 2008). When stearylamine was incorporated into the
rganic phase, the surface of SA-modified particles became a lit-
le smoother and the particle sizes were more evenly distributed
ompared to particles without SA. However, these particles still did
ot attain complete uniformity of shape and size (Fig. 1D) when
ompared to the other formulations. Unlike SA-modified particles,
EI-modified microparticles had smooth surfaces and were of uni-
orm shape and size (Fig. 1E and F). Previously we observed similar
niformly sized PEI-modified PLGA particles; this uniformity occurs
ecause PEI is very hydrophilic and facilitates the formation of
omogeneous droplets of emulsion.

The surface-modified microspheres were also characterized
or particle size, tapped density, theoretical aerodynamic diam-
ter (MMADt), and zeta potential. All particles were 1–5 �m in
ize, except the SA-modified particles, which formed agglomerates
Fig. 2A). Due to excessive agglomeration, the geometric diameter
f the SMP-3 microspheres was ∼12 �m. The type of PLGA polymer
85:15 or 50:50) used did not have any significant effect on the size
f the microspheres.

The tapped density of all formulations ranged between 0.065

nd 0.078 g/cc, suggesting that all but the SA-modified particles
ere highly porous (Fig. 2B). The SA-modified formulations, how-

ver, showed higher tapped densities, 0.1–0.2 g/cc (SMP-3 and
MP-4). This may be due to irregularities in the size and shape of the
articles in these formulations, as evident from the SEM analysis.
d mean diameter; (B) tapped density; (C) theoretical mass median aerodynamic
ificantly different, p < 0.05.

As seen in Fig. 2C, theoretical mass median aerodynamic diameter
(MMADt) values of all the particles were near the critical 1–5 �m
size range. That the SMP-3 formulation showed MMADt in the res-
pirable range despite having a larger particle size is because the
density of these particles was lower than that of the SMP-4 formu-
lation. However, because the theoretical MMAD takes only the size
and tapped density into account, the actual MMAD might be quiet
different because particle shape also plays an important role in
Fig. 3. Entrapment efficiency of HBsAg-loaded PLGA microspheres. Data represent
mean ± SD (n = 3).
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ulmonary vaccination (Amidi et al., 2007; Amorij et al., 2007). We
lso showed previously that particles <10 �m are more efficiently
aken up by macrophages compared to particles larger than 10 �m
ize (Thomas, 2009). The data presented in Fig. 2D show that plain
LGA microspheres (SMP-1 and SMP-2) were negatively charged.
owever, upon surface modification with SA and PEI, the particles
ecame positively charged. Only the SMP-3 particles showed a sig-
ificantly high positive surface charge (∼14 mV), whereas the other
urface-modified formulations showed zeta potential values in the
ange of +0.51 to +0.735 mV. The high positive surface charge of the
MP-3 formulation may stem from the fact that a significant por-
ion of SA used in these formulations remained on the surface of the
articles because of the chemical’s poor solubility in the aqueous
hase. The change in sign of the zeta potential is due to incorpora-
ion of the positively charged agents SA and PEI during the double
mulsification process.

.2. Entrapment efficiency

The entrapment efficiency of HBsAg antigen loaded into the
LGA microspheres was determined by using a microBCA protein
ssay kit. The entrapment efficiency was 50 to 80% for plain par-
icles (SMP-1 and SMP-2) with no surface modification (Fig. 3).
he entrapment efficiency of SMP-2 was higher than that of SMP-1
erhaps because there were more empty cores in the former for-
ulation, as observed under SEM. The entrapment efficiency was

ignificantly decreased when SA was added to the EAP as a surface-
odifying agent, which may be a result of the poor solubility of SA

n the aqueous phase. As SA does not form a homogeneous solu-
ion upon incorporation in the EAP, it makes the emulsion unstable
nd eventually leads to a flaky or coalesced formulation. However,
hen SA was added to the organic phase (SMP-4), an increase in

ntrapment efficiency was observed compared to particles pre-
ared by adding SA to the EAP (SMP-4). This increased entrapment
fficiency could be because SA is soluble in dichloromethane and
hus helps to form a stable primary emulsion. Another explanation
s that SA, a cationic surfactant, forms a complex with the negatively
harged PLGA and HBsAg, helping to stabilize the formulation and
ubsequently increasing the entrapment efficiency (Rawat et al.,
008). Similarly, a significant increase in entrapment efficiency was
bserved in PEI-modified particles. Compared to its unmodified
ounterpart (SMP-1), PEI-modified particles (SMP-5) showed an
30% increase in entrapment efficiency (Fig. 3). The higher entrap-
ent efficiency of PEI-modified formulations was because of the

ncreased stability of the w/o/w emulsion due to the presence of
he polycation PEI. The increase in entrapment efficiency can also
e explained by an electrostatic interaction between PEI and PLGA
hat enables HBsAg become entrapped in the PLGA-PEI polymeric

atrix to a larger extent. Similar data have been obtained for incor-
oration of DNA and proteins within alginate/chitosan matrices
Wee and Gombotz, 1998; Li et al., 2008). However, when a more
ydrophilic PLGA was used, a reduction in entrapment efficiency
as observed even in the presence of PEI in the EAP (SMP-6).

.3. In vitro release profiles

The release profiles of all formulations were studied in PBS. The
mount of antigen released was determined by using a microBCA
rotein assay kit as mentioned in Section 2. The amount of anti-
en released (% cumulative release) at time zero was considered
s surface-associated antigen, whereas the amount of antigen

eleased at the end of 1 h was considered as the initial burst phase
f antigen release (Rawat et al., 2008). The SMP-1, SMP-3 and SMP-6
ormulations showed higher cumulative releases, with nearly 80-
00% of antigen released at the end of 28 days (Fig. 4A). The SMP-2,
MP-4 and SMP-5 formulations showed a lower cumulative release,
Fig. 4. In vitro release profiles of HBsAg-loaded PLGA microspheres (A) cumula-
tive release profiles for 42 days and (B) burst and surface-associated release. Data
represent mean ± SD (n = 3).

however, the release was continuous and lasted up to 42 days. These
differences in release pattern of the formulations may be due to a
combination of factors, such as entrapment efficiency, type of PLGA
polymer, particle size, and biodegradability of the formulations.
Although the PLGA used to prepare the SMP-1 formulation was
more hydrophobic than that used in the SMP-2 formulation, antigen
release from the latter was slower. The reason for this anomalous
release pattern is not known, although we believe that either the
smaller particle size of SMP-2 or some process parameter might
have been a factor. It is also possible that this formulation may have
undergone some form of degradation during preparation; hence,
the SMP-2 formulation was removed from further studies.

SMP-3 showed both the highest surface-associated antigen
and the highest initial burst release (Fig. 4B), perhaps because
the addition of SA produced agglomerates of particles instead
of free-flowing particles, as observed under SEM (Fig. 1C).
Indeed, all surface-modified particles, except SMP-3, showed a
slower release compared to unmodified particles. The amount of
surface-associated drug and the initial burst release from these
formulations were not significantly different. SMP-5 and SMP-6
showed a slightly higher burst release (13.38 ± 2.74) compared
to SMP-4. This slight difference between the release profiles of
SA-modified particles (SMP-4) and PEI-modified particles can be
explained by the fact that PEI is more hydrophilic than SA (Fig. 4B).

Furthermore, particle size may also play a role in the release of
the drug, because size is reported to be directly proportional to
the amount of antigen released (Yang et al., 2001). This assump-
tion agrees with the fact that the particle sizes of SMP-5 and SMP-6
were slightly larger than that of SMP-4 and so the release of for-
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er two formulations were slightly higher than that produced by
he latter one. Overall, based on the burst release, the formulations
an be ranked (highest to lowest) as: SMP-3 > SMP-1 > SMP-6 > SMP-
> SMP-2 > SMP-4 (Fig. 4B). Because the SMP-5 formulation showed
moderate burst phase release and a near-constant release of anti-
en over 42 days (Fig. 4A and B), this formulation was selected for
he immune-response studies.

.4. Evaluation of the immune response following pulmonary
mmunization

.4.1. Serum antibody levels
The systemic immune response was studied by measuring

BsAg specific serum antibody levels. When plain HBsAg was
dministered by IM injection, a gradual increase in anti-HBsAg
ntibody levels was observed for 28 days (Fig. 5). Plain HBsAg
dministered via the pulmonary route (Fig. 5) showed an anti-
ody profile similar to that elicited by IM vaccination, but with
reduced magnitude of immune response. Unlike plain IM or

ulmonary HBsAg, unmodified microparticle formulation (SMP-1)
dministered by inhalation showed a continual increase in immune
esponse for 28 days (Fig. 5). This increase in the serum antibody
evels was found to be statistically significant compared to that pro-
uced upon administration of plain HBsAg via IM or pulmonary
oute (p < 0.001). However, when the microparticles with positive
urface charge charge (SMP-5) was administered by the pulmonary
oute, it showed a significant increase in serum antibody levels
ompared to the plain IM, pulmonary HBsAg (p < 0.001) and the
nmodified PLGA formulations (SMP-1; p < 0.001). Differences in
he immune responses between SMP-1 and SMP-5 formulations can
e explained by the differences in their surface charge. In fact, many
ublished reports suggest that surface charge plays an important
ole on the immunogenicity of antigens entrapped in particulate
arriers (Jaganathan and Vyas, 2006; Pandit et al., 2007). Based
n these published reports, it is reasonable to argue that SMP-
, with a surface positive charge of +0.515 mV, may have been

nternalized by macrophages more efficiently than the unmodified
egatively charged SMP-1 formulation having a zeta potential value
f −6.76 mV. In addition to the surface positive charge, both the
articles have particle diameter less than 10 �m which is further
deal for internalization by APCs, and hence both formulations have
hown a high immune response after pulmonary administration.
ther factors that may influence the generation of high antibody

evels by particulate antigen include continuous processing and
resentation of the antigen to the lymphocyte. These factors can
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also influence the magnitude of the immune response (Brewer et
al., 2004; Fifis et al., 2004; Katare et al., 2005).

3.4.2. Mucosal immune responses
In this set of experiments, we tested the hypothesis that pul-

monary immunization with HBsAg-entrapped PLGA microspheres
induces a mucosal immune response in rats. Based on the in
vitro release study, we selected two formulations for the mucosal
immune-response study. The immune response produced by the
formulations was compared with four controls: (i) no treatment, (ii)
blank particles with no HBsAg, (iii) plain HBsAg administered via
IM injection, and (iv) plain HBsAg administered via the pulmonary
route. There was little or no increase in sIgA levels in the saliva of
non-treated control rats. Plain HbsAg administered by IM or the
pulmonary route also produced a negligible increase in sIgA levels
in salivary secretions. The absence of a mucosal immune response is
consistent with previous studies that showed negligible or no IgA
response after IM immunization of HBsAg (Jaganathan and Vyas,
2006; Gupta et al., 2007). Administration of PLGA particles of HBsAg
via the pulmonary route induced a mucosal immune response that
was modest (p > 0.05). The greatest increase in sIgA levels was
observed in rats that received PEI-modified microspheres via the
pulmonary route (Fig. 6A). The differences between the levels of
sIgA produced by the SMP-1 and SMP-5 formulations are attributed
to the fact that SMP-5 was positively charged, which helped to
facilitate internalization of the SMP-5 particles. The presence of
a positive surface charge increases muco-adhesion by interact-
ing with the negatively charged cell membrane, as proposed by
others (Amidi et al., 2007). A similar increase in sIgA levels was
observed when the mucosal immune response was measured in
vaginal washes obtained on days 28 and 42 (Fig. 6B) and in BAL
samples on day 42 (Fig. 6C). In all cases, the differences in sIgA
levels elicited by PEI-modified particles compared to unmodified
microspheres and control formulations were statistically signifi-
cant p < 0.05. It is worth pointing out that sIgA is considered the
main effector antibody for producing mucosal immunity. Induc-
tion of strong IgA antibody responses in distant mucosal sites such
as the salivary and vaginal mucosae suggests that there is (i) effec-
tive targeting of lung lymphoid tissue, and (ii) dissemination of the
mucosal response via cellular migration of primed antigen-specific
B cells from the primary induction site, the lung (McDermott and
Bienenstock, 1979; Smith et al., 2003; Amorij et al., 2007; Lu and
Hickey, 2007).

3.5. Estimation of cytokine levels

Endogenous levels of cytokines IL-2 and IFN-� were determined
in spleen homogenates at day 42. Similar to the mucosal immune
response profiles, there was no appreciable increase in cytokine
levels in spleen homogenates of rats that received the four control
treatments. Compared to rats that received plain IM HBsAg, signif-
icant increases in IL-2 and IFN-� levels were observed in rats that
received unmodified microspheres (SMP-1). The cytokine levels
were further increased in rats that received PEI-modified micro-
spheres (SMP-5) (p < 0.05). In fact, the SMP-5 formulation produced
a 1.5- to 3-fold increase in cytokine levels compared to IM HBsAg
and unmodified microspheres (Fig. 7). These data are consistent
with published reports that suggest that a strong Th1-mediated
cellular immune response is important for complete clearance of
hepatitis B virus (Chisari and Ferrari, 1995; Constant and Bottomly,
1997; Vyas et al., 2005; Jaganathan and Vyas, 2006). This enhanced

immune response can also be attributed to the fact that cationic
microparticles are taken up more efficiently by dendritic cells
and macrophages, as is observed with diethyl amino ethyl dex-
tran (DEAEdextran)-based cationic microparticles (Wischke et al.,
2006). Overall, the data presented in Figs. 5–7 suggest that PLGA
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Fig. 6. Mucosal immune response profiles after 2 doses of vaccine or control formulatio
wash, and (C) broncholaveolar lavage (BAL) fluid. Data represent mean ± SD, n = 3–8. *Res
***results are significantly different, p < 0.001.

Fig. 7. Interferon-� (IFN-�) and interleukin-2 (IL-2) levels in spleen homogenates of
rats immunized with different formulations and controls. IFN-� and IL-2 levels were
assayed 42 days after the first dose of the formulations. Data represent mean ± SD,
n = 3–5. *Results are significantly different, p < 0.05; **results are significantly differ-
ent, p < 0.01; ***results are significantly different, p < 0.001.
n on days 0 and 14. Secretory IgA (sIgA) levels in (A) salivary secretion, (B) vaginal
ults are significantly different, p < 0.05; **results are significantly different, p < 0.01;

particles of HBsAg with a positive surface charge elicit enhanced
humoral and mucosal immune responses and increased produc-
tion of IL-2 and IFN-� levels. However, more mechanistic studies
are required to investigate the influence of PLGA particles of HBsAg
in generation of cell-mediated immune response.

3.6. MTT cell viability studies

To evaluate the effect of unmodified PLGA (SMP-1) and surface-
modified PLGA microspheres (SMP-5) on pulmonary epithelium,
cell viability studies were conducted by MTT assay on Calu-3 cells.
MTT, a tetrazolium salt, is cleaved by mitochondrial dehydroge-
nase in living cells to form a measurable, dark blue product called
formazan. Damaged or dead cells display reduced dehydrogenase
activity and therefore lower levels of formazan production com-
pared to live cells. All the results are expressed as a percentage of
the DMEM medium alone treatment group. As seen in Fig. 8, cell
viability after saline treatment was high, ∼90%, whereas treatment
with the positive control, 0.1% SDS, caused a significant reduc-
tion in viability to ∼16% (p < 0.05). Unmodified PLGA (SMP-1) and

PEI-modified PLGA microspheres (SMP-5) showed concentration-
dependent increases in cytotoxicity. However, compared to PEI
alone, the SMP-5 formulation showed a reduction in toxicity lev-
els. The reduction in cytotoxicity was to some extent due to the
partial neutralization of PEI positive charges by negatively charged
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roups of PLGA as well as of the HBsAg antigen. This interpretation
s supported by the zeta potential value of the SMP-5 formulation,

hich is only around +0.515 mV. Overall, the cytotoxicity produced
y the SMP-5 formulation is comparable to those produced by the
nmodified SMP-1 formulation and the blank PLGA microspheres.

On the whole, the data presented in this study suggest
hat the intrapulmonary administration of PLGA microspheres of
bsAg leads to generation of both humoral and mucosal immune

esponses. In addition, increased cytokine levels (IL-2 and IFN-�)
ere also observed after pulmonary administration. In all three
ajor mucosal tracts—oral, vaginal, and respiratory—an increase

n secretory IgA levels was observed. Particles with a cationic sur-
ace charge were more efficacious in generating both humoral and

ucosal immune response than were unmodified particles. How-
ver, since formulations tested were different in terms of their size,
eta potential, entrapment efficiency, and release profiles, it is rea-
onable to assume that in addition to surface charges, other factors
uch as particle diameter, drug content and hydrophibicity may
lay some roles in PLGA mediated generation of immune response.
his study along with earlier published and unpublished studies
Thomas et al., 2008; Thomas, 2009) suggest that HBsAg adminis-
ered via the pulmonary route produces both systemic and mucosal
mmune responses, and that this avenue of vaccination could be

viable alternative to currently available injectable recombinant
epatitis B vaccine.
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