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Abstract

Polylactide (PLA) polymer particles entrapping tetanus toxoid (TT) were evaluated in terms of particle size, antigen load, dose
and additional adjuvant for achieving high and sustained anti-TT antibody titer from single point intramuscular immunization.
Admixture of polymer entrapped TT and alum improved the immune response in comparison to particle-based immunization.
High and long lasting antibody titer was achieved upon immunization with 2–8�m size particles. Microparticles within the
size range 50–150�m elicited very low serum antibody response. Immunization with very small particles (<2�m) and with
intermediate size range particles (10–70�m) elicited comparable antibody response from single point immunization but lower
in comparison to that achieved while immunizing with 2–8�m size particles. Potentiation of antibody response on immunization
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f admixture of microparticles and alum was also dependent on particle size. These results indicate the need of optim
izes in micron ranges for improved humoral response from single point immunization. Increasing antigen load on
articles was found to have positive influence on generation of antibody titers from particle based immunization. M
eak antibody titer of∼300�g/mL was achieved on day 50 upon immunization with particles having highest load of a
94�g/mg of polymer). Increase in dose of polymer entrapped antigen resulted in concomitant increase in peak antib
ndicating the importance of antigen stability, particle size and load on generating reproducible immune response. Op
f particle size, antigen load, dose and use of additional adjuvant resulted in high and sustained anti-TT antibody tit
eriod of more than 250 days from single point immunization. Serum anti-TT antibody titers from single point immuniz
dmixrure of PLA particles and alum was comparable with immunization from two divided doses of alum adsorbed T
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1. Introduction

Polylactide co-glycolide (PLGA) and polylacti
(PLA) polymer based particles have been investig

378-5173/$ – see front matter © 2005 Elsevier B.V. All rights reserved.

doi:10.1016/j.ijpharm.2005.05.028



150 Y.K. Katare et al. / International Journal of Pharmaceutics 301 (2005) 149–160

as an alternative vaccine delivery system (Hanes et al.,
1997; Cleland, 1999; Boehm et al., 2002). They offer
many advantages such as single point immuniza-
tion for multidose vaccines, protection of antigen in
vivo, flexibility of rate and profile of antigen release,
co-encapsulation of multiple antigens, generation of
cytotoxic T cell response and possibility of admin-
istration by non-invasive routes (Gupta et al., 1998;
Raychaudhuri and Rock, 1998; Shi et al., 2002; Boehm
et al., 2002; Jones, 2003; Peyre et al., 2004). Lim-
ited adjuvanticity of alum and it’s failure to generate
immune response against many of the new generation
recombinant antigens as well as weak antigens have
further necessitated research in the field of microencap-
sulated antigen. Extensive research has been carried out
entrapping TT (Johansen et al., 2000; Raghuvanshi et
al., 2002; Peyre et al., 2003), diphtheria toxoid (Boehm
et al., 2002; Peyre et al., 2003, 2004) and hepatitis B
surface antigen (Singh et al., 1997a; Shi et al., 2002)
for developing single dose vaccine.

Research on controlled release vaccine delivery sys-
tem has mainly focused on stability and immuno-
genic potential of the released antigen (Raghuvanshi
et al., 1998; Weert van de et al., 2000; Schwendeman,
2002). It is imperative that antigenicity of the entrapped
vaccine during polymer particle formulation should be
preserved for generation of effective immune response.
However, presentation of this immunoreactive anti-
gen and its processing ultimately controls the mag-
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influence on immune response from single point immu-
nization. Particle size of the polymeric formulation has
been considered as the major parameter for generation
of immune response but with varied results (Nakaoka
et al., 1996; Coombes et al., 1996; Johansen et al.,
2000, 2001; Gutierro et al., 2002b). Same size parti-
cles when immunized with different routes are taken
up by different antigen presenting cells thus elicit var-
ied immune response (Newman et al., 2002). Even
though small size particle (<5�m) are preferably taken
by macrophages (Tabata and Ikada, 1988), there are
reports that higher size particles (>20�m) also gener-
ate antibody response (O’Hagan et al., 1993; Hilbert et
al., 1999). Antigen load on polymer particles and doses
also influence the immune response depending on its
route of immunization and uptake by antigen present-
ing cells (Uchida et al., 1994). Most of the reports on
these above parameters have been investigated using
oral, intradermal or intraperitonial route of immuniza-
tion (Uchida et al., 1994; Uchida and Goto, 1994;
Tabata et al., 1996; Nakaoka et al., 1996; Gutierro et
al., 2002b; Carcaboso et al., 2004a,b). Rarely all these
parameters important for improving the immunogenic-
ity of particle entrapped antigen have been studied in
relation to each other while using intramuscular route
of immunization.

In the present study, polylactide (PLA) entrapped
TT was used to evaluate the importance of particle char-
acteristics in terms of size, antigen load, dose and use
of additional adjuvant on immune response from single
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oint immunization. Microparticle formulation para
ters like particle size, load of antigen, presen
f additional adjuvants and route of immunizat
ave major influence on the quality and quantity

mmune response from single point immunizat
urrent understanding of immune system and rese
n antigen entrapped microparticles suggests that
arameters may be very crucial for the presentatio
ntigen to immune cells and for controlling the ov
ll immune response from these particles (Esparza an
issel, 1992; Nakaoka et al., 1996; Igartua et al., 1
leland, 1999; Johansen et al., 2000, 2001; Gut
t al., 2002a,b). Uptake of particles by antigen pr
enting cells, their transport in to lymph nodes
nteraction with tissue play an important role in g
ration of immune response from particulate vac

ormulation. However, there is no consistency in
iterature regarding these above parameters and
oint intramuscular immunization. Combined effe
f all these parameters associated with particle
ulation were evaluated and optimized taking TT
model antigen for potentiation of immune respo

rom polymer entrapped antigens.

. Materials and methods

.1. Materials

Poly d,l-lactide (PLA, 45 kDa) were pu
hased from Birmingham Polymer Inc., USA.
3000 Lf/mL, protein content 8 mg/mL) was pu
hased from Serum Institute of India, Pune. Al
as 2% (w/v) Alhydrolgel from Superfos Biosect
enmark. Rat serum albumin (RSA) [A-6272] a
olyvinyl alcohol, MW 30,000 (PVA) was from Sigm
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Chemicals, USA. Micro BCA protein assay kit was
from Pierce, USA. Polyclonal antibodies to TT and
goat anti-TT HRPO conjugate were from Reagent Bank
of National Institute of Immunology, New Delhi, India.

2.2. Methods

2.2.1. Preparation of polymer particles
Polylactide polymer particles were prepared using

w/o/w multiple emulsion solvent evaporation method
(Raghuvanshi et al., 2001). Briefly, primary emul-
sion between internal aqueous phase containing
TT and organic phase (50 mg/mL PLA solution in
dichloromethane) was prepared by sonication (20 W,
80% duty cycle, 20 cycles) (Branson, Sonifier 450,
USA). Along with TT, emulsifier Rat serum albumin
(2.5%, w/v) and lyoprotectant sucrose (10%, w/v) was
added to the internal aqueous phase to stabilize anti-
gen during microencapsulation and freeze drying steps.
Resulting primary emulsion was added drop wise to
external aqueous phase containing 1% (w/v) PVA and
10% (w/v) sucrose solution in MQ water and homog-
enized (10,000 rpm for 10 min) (Virtis, Cyclone I.Q.,
USA) to get multiple emulsion. The multiple emulsion
thus obtained was stirred overnight at room temper-
ature and resulting particles were collected by cen-
trifugation (20,000 rpm, 20 min), washed thrice with
ice-cold MQ water and lyophilized to get free flowing
powder. Theoretical TT loading was taken 5%, inter-
n ratio
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e mul-
s are
g if-

ferent antigen loads, formulation parameters used for
2–8�m size PLA particles entrapping TT were used.
Different concentrations of antigens were taken in the
same volume of IAP during primary emulsification step
to prepare similar sized particle having different anti-
gen load.

2.2.2. Characterization of particle size and
surface morphology

Size distribution of the particles was determined
using GALAI-CIS-1 particle size analyzer. Surface
morphology was viewed by scanning electron micro-
scope (Jeol JSM 6100, Tokyo) after coating the particle
surface with gold–palladium.

2.2.3. Estimation of protein content of polymer
particles

To measure the protein content of particles, accu-
rately weighed particles were dissolved in acetonitrile
to solubilize the polymer while precipitating the encap-
sulated protein. The precipitated protein was pelleted
by spinning at 5000 rpm for 10 min and was dissolved
in 1% SDS solution. The protein content of the solu-
tion was determined by micro BCA assay. Protein was
resolved in SDS-PAGE gel and the amount of TT in the
mixture was determined by densitometry scanning of
gel picture. Antigen load was calculated as the percent
weight of TT per unit weight of polymer (�g TT/mg of
PLA particles).

2
m

sed
d les,
f ed
m
P m,

T
P les

P article

S 150
S 70
S
S

O AP, ex v) sucrose
i ycle), 1 :
1 stirrer
al aqueous phase (IAP) to organic phase (OP)
as 1:20 and primary emulsion volume to exte
queous phase (EAP) ratio was 1:4 unless other
pecified. Microparticles with different sizes were p
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iven inTable 1. For preparing microparticles with d

able 1
reparation and characterization of different sized micropartic

rimary emulsion Secondary emulsion OP:EAP P

on. Stirring 1:100 50–
on. Hom. 1:25 10–
on. Hom.* 1:4 2–8
on. Son. 1:4 <2

P, organic phase: 50 mg/mL polylactide in dichloromethane; E
n water; Son., sonication (30 W, 0.2 output control, 40% duty c
0,000 rpm, 10 min; Stirring: Thermolyne Cimarac-2 magnetic
.2.4. Estimation of TT released from
icroparticles by ELISA
To measure the immunoreactivity of TT relea

uring in vitro release studies from the partic
ollowing ELISA protocol was used. One hundr
icrolitres of anti-TT-antibody (10�g/mL) solution in
B pH 7.4 was loaded in wells of 96 well, flat botto

size range (�m) Encapsulation efficiency (%) TT load (�g/mg)

30.5 26.4
42.1 36.0

60.4 53.2
56.8 49.3

ternal aqueous phase: 1% (w/v) polyvinyl alcohol and 10% (w/
min; Hom., homogenization: 5000 rpm, 5 min; Hom.* , homogenization

at 200 rpm, 10 min.
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Nunc immunoplate and incubated at 37◦C for 1 h. Plate
was then washed once with PBS-T (0.1% Tween 20 in
50 mM PBS pH 7.4) and blocked by filling the wells
with 300�L 1% BSA solution in PBS-T and incu-
bating for 1 h at 37◦C. After washing it again with
PBS-T, dilutions of TT, test solution and standard, in
PBS-T were loaded in the wells and incubated for 1 h.
Plate was then washed thrice with PBS-T and 100�L
of anti-TT-HRPO conjugate was put in the wells. After
1 h of incubation at 37◦C, the plate was washed thrice
with PBS-T and color was developed with the help of
O-phenyl diamine (OPD)/H2O2 in citrate phosphate
buffer (pH 4.5). After 20 min the reaction was stopped
with 50�L/well of 5N H2SO4 and absorbance was read
at 492 nm.

2.2.5. In vivo studies
2.2.5.1. Animals. Immunogenicity of the microparti-
cles containing TT with different stabilizers or their
combinations was evaluated in Wistar rats. Six female
out bred Wistar rats were taken in each immuniza-
tion group. Animals were maintained according to the
guidelines established by the Institute Animal Ethics
Committee of the National Institute of Immunology,
New Delhi.

2.2.5.2. Immunization protocol. Particles containing
required doses of TT were weighed and suspended
in saline just before immunization. Immunization of
admixture of particles and alum were carried out by
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bated for 1 h at 37◦C. After washing thrice with PBS-
T, 100�L of goat-anti-rat-HRPO conjugate diluted in
PBS-T was added into each well and incubated for 1 h at
37◦C. Finally, 100�L of O-phenyl diamine (OPD) dis-
solved in citrate–phosphate buffer (pH 4.5) along with
H2O2 was added to each well and incubated for 20 min
at room temperature. Reaction was stopped by adding
5N H2SO4 (50�L/well) and the absorbance was mea-
sured at 492 nm. The titers of the anti-TT antibody were
defined as�g of antibody/mL of the sera.

2.2.5.4. Statistical analysis. Anti-TT antibody titers
were defined as�g of antibody/mL of the sera employ-
ing affinity purified antibody as references in ELISA.
Antibody titers of individual animal (n = 6) were esti-
mated in duplicates and their concentrations (�g/mL)
were determined as geometric mean. To analyze the
statistical significance of the antibody titers students’
t-test at 95% confidence level was carried out.

3. Results and discussion

3.1. Preparation and characterization of TT
loaded PLA particles

PLA polymer was used in all the formulation as
it elicits improved antibody titer in comparison to
hydrophilic PLGA polymers (Raghuvanshi et al.,
2001). Two sets of particles entrapping TT were pre-
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dding 25�L of alum (Aluminium hydroxide gel, 2%
/v) per rat. Dose response study for microenca

ated antigen was carried out by dilution of partic
uspended in saline but containing 25�L of alum.
njection volume in all the case was 250�L. Rats were
njected intramuscularly with 5 Lf TT microencaps
ated TT. Animals were bled at different time inter
hrough retro-orbital plexus and serum anti-TT a
ody titers were determined by ELISA.

.2.5.3. ELISA protocol. Anti-TT IgG antibodies in
at sera were estimated as reported previously
riefly 1�g of TT in 100�L of PB (50 mM, pH 7.4
as coated in each well of 96 well flat bottom Nu

mmunoplates. The plates were then washed with P
and blocked with 1% BSA solution. The plates w
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at serum in PBS-T were added to the wells and in
ared using w/o/w multiple emulsion solvent evapo
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rganic phase to external aqueous phase volume
uring secondary emulsification step. Four form

ions of PLA particle entrapping TT were prepared h
ng size ranges between 50 and 150�m, 10 and 70�m,

and 8�m and less than 2�m (Table 1). Encapsula
ion efficiency and TT load of these formulations
resented inTable 1. These size ranges were selecte
elineate the role of macrophage uptake as an ess
equirement for immune response from single p
mmunization. The large size particles (50–150�m)
ill not be taken by macrophages where as the pa
aving size ranges 10–70�m will have very little
hance to be taken up as 5�m has been reported
e the upper limit for phagocytosis by macropha
Howie et al., 1993; Horisawa et al., 2002). In the
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group of 2–8�m, more than 90% of the particles have
diameter less than 5�m so they will be taken up by
antigen presenting cells (Thiele et al., 2001) where as in
the size group of <2�m there will be further enhanced
cellular uptake due to submicron size ranges of
polymer particles (Desai et al., 1996). All the particles
used for size dependent immunogenicity experiments
have appreciable TT load, thus the amount of polymer
injected in different groups were not very high to affect
the antibody response. In fact the amount of particles
used for immunization with 2–8�m microparticles
and less than 2�m size particle were almost same.

Second sets of particles were prepared exclusively to
evaluate the effect of antigen load of the PLA micropar-
ticles on antibody response. Microparticles with size
ranges of 2–8�m but TT loadings of 94.2, 28.2,
16.7, 5.8 and 1.3�g TT/mg polymer were formulated.
Except for the particle size experiments, PLA particle
of size ranges between 2 and 8�m were used in all
other immunization studies. Scanning electron micro-
graphs of the microparticles reveal spherical shape
with uniformly porous morphology (Fig. 1). Presence
of sucrose reduces the extent of protein aggregation

during lyophilization of proteins (Lee and Timasheff,
1981) and thus was used as an excipient in the internal
aqueous phase during particle formulation. Equivalent
concentration of sucrose was also used in the external
aqueous phase during secondary emulsification step to
take care of the osmotic imbalance. Similar strategy
of osmotic balance has been reported to improve the
entrapment efficiency and release profile of lysozyme
from polymer particles (Srinivasan et al., 2005). TT
released from the particles was immunoreactive (data
not shown).

3.2. Effect of particle size on immune response

Serum anti-TT IgG titers varied extensively while
immunizing with different sized PLA particles (Fig. 2).
Antibody titers from microparticles in the range of
50–150�m were significantly lower (peak titer value
34.2± 4.6�g/mL) than that obtained from smaller size
particles through out the post immunization period
(P value≤ 0.05). Microparticles with size range of
2–8�m elicited highest antibody titers (peak titer value
145.2± 48.6�g/mL) and decreasing the particle size

f TT e
Fig. 1. Scanning electron micrographs o
 ntrapped PLA particles of 2–8�m size ranges.
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Fig. 2. Geometric means of Anti-TT IgG concentrations elicited by
immunization with different sizes of PLA particles entrapping TT.
PLA particles having size ranges 50–150�m (-�-), 10–70�m (-©-),
2–8�m (-�-), <2�m (-�-) were immunized without alum (A) and
with alum (B). Two months old female wistar rats (six in each group)
were used for intramuscular immunization. Immunization dose was
5 Lf TT in all cases. One Lf of TT was equivalent to 2.6�g of TT.
TT loads in PLA microparticles were between 26.4 and 53.2�g/mg
polymer, details are given inTable 1.

further (lower than 2�m) resulted in lower peak anti-
body titer (Fig. 2A). Anti-TT antibody titers from 2
to 8�m sized particles were sustained at higher level
till 250-days study period. This suggests that optimum
particle size for eliciting antibody response is between
2 and 8�m. Immunization with intermediate particle
size range (10–70�m) resulted in antibody response
(67.8± 29.8�g/mL) higher than the larger sized parti-
cles (50–150�m) but lower than microparticles within
size range 2–8�m (P > 0.95). Similar effect of particle
size on immune response has been observed previ-
ously during intraperitonial immunization of polymer-
entrapped ovalbumin (Nakaoka et al., 1996).

Decrease in antibody titers in the groups immu-
nized with <2�m particle was surprising as particles

in the submicron range are taken up more efficiently
by the antigen presenting cells. The possible reasons
for this may be enhanced exocytosis (Panyam and
Labhasetwar, 2003) or less efficient antigen process-
ing and presentation (Brewer et al., 2004; Fifis et al.,
2004) than the particles in the micron range. Although
enhanced uptake by antigen-presenting cells is one
of the parameters, which improve the immunogenic-
ity of particulate antigen, processing of the antigen in
cellular compartment and presentation to lymphocyte
dictates the magnitude of immune response (Brewer
et al., 2004; Fifis et al., 2004). Rapid escape of nano-
sized particles from endo lysosomal compartment to
cytosol (Panyam et al., 2002) makes them suitable for
cellular immune response (Raychaudhuri and Rock,
1998), which competes with generation of antibody
response through MHC class II presentation pathways.
As both cellular and humoral immune response com-
plements each other, immunization with nanoparticles
in general elicits lower antibody titer from single point
immunization. This is indirectly supported by the fact
that most of the time nanoparticle based immuniza-
tion results in cellular immune response. Similar low
antibody response has been reported for very small
size particles (100–500 nm) in comparison to larger
size particles (1000 nm) while immunizing with BSA
loaded particles (Gutierro et al., 2002b).

It was also observed that very large size micropar-
ticles (50–150�m), which are least likely to be taken
up by antigen presenting cell elicit very low antibody
r
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arlier studies have reported considerably antib

esponses from microparticles of 10–90 and 15–60�m
Johansen et al., 2000, 2001). Singh et al. (1997a,b
sed microparticles within range 26–37�m along with

hose with less than 10�m for achieving immun
esponses equivalent to three doses of alum ads
T (Singh et al., 1997b). Improved immune respon
sing large particles have also been reported for p
er entrapped ovalbumin (O’Hagan et al., 1993) and

nfluenza A vaccine (Hilbert et al., 1999). Improved
mmune response form large size particles (10–70�m)
n the present case and from many reported c
ndicated that particle phagocytosis is not abso
equirement for achieving high serum antibody tit
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Large size particle are preferentially attached to the
macrophage surface (Horisawa et al., 2002), which thus
can act as a depot system for continuous release of
the entrapped antigen from the cell surface for anti-
gen processing and presentation. For very large size
particles (50–100�m) surface adsorption and presen-
tation of antigen will be low due to small size of the
macrophages i.e. 10–15�m sizes. Immunization with
particles of the size ranges of 2–8�m probably helped
both in macrophage uptake and depot formation at the
cell surface resulting in high serum antibody response
from single point immunization.

3.3. Effect of co-administration of alum on
antibody response from different sized PLA
particles

Positive role of alum in improving antibody
response by immunization with admixture of alum
and antigen loaded microparticle has been reported
previously for TT (Singh et al., 1997b; Johansen et
al., 2000; Katare and Panda, 2001; Raghuvanshi et
al., 2002; Katare et al., 2003). Skewing of immune
response towards Th2 type due to co-administration
of alum has been suggested to be responsible for
improving antibody response elicited from microen-
capsulated antigens (Johansen et al., 2000). Besides, it
has been observed that amounts of antigens released
from microparticles in vitro in presence of alum are
always lower than that from particles alone (Katare and
P ys
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using admixture of alum and <2�m size particles
was lower (91.2± 51.6 to 133.8± 31.6�g/mL) than
that observed for 2–8�m size particles (P < 0.95).
Immunization of particles of size between 10 and
70�m along with alum also improved the serum
antibody titers considerably (67.2± 29.6 to 159.9±
41.6�g/mL). In the case of largest sized microparticles
(50–150�m) the improvement in antibody response
was the least (34.2± 4.4 to 41.9± 33.4�g/mL).
Improvement in antibody titers while immunizing
admixture of particles and alum was higher when
the particles were in the micron range. Differential
improvement of antibody response elicited by different
sized microparticle on co-administration with alum
showed that particle size influences the beneficial
impact of additional adjuvants. Alum forms network
type structure when used along with particles and holds
particles in form of small clumps. Because of this, par-
ticles of micron ranges are held together by alum while
getting attached to the surface of antigen presenting
cells. This results in improved immune response while
immunization with admixture of alum and particles.
Very big sized particle (50–150�m size) have large sur-
face area in comparison to macrophage thus are neither
taken up by macrophage nor get effectively attached to
the cell surface for antigen presentation. Detail analysis
of alum and polymer particles association both in vitro
and in vivo are under investigation to elucidate the
mechanism of potentiating effect of alum on improved
immune response from particle based immunization.
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anda, 2001). Since polymeric formulations are alwa
ssociated with burst release of antigen, presen
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ost in circulation. This suggests that antigen relea
rom microparticles is adsorbed on to the alum in v
nd presented in a better way for improved antib
esponse. Apart from this, alum also helps in tis
nflammation leading to macrophage activation t
nhanced the antibody response when used along
article for immunization.

In the present study it was observed that
o-administration of alum along with different siz
icroparticles led to differential degree of enhan
ent in antibody titers (Fig. 2B). Microparticles in the

ange 2–8�m exhibited improved antibody titers wh
o-administered with alum (145.8± 43.8 to 229.6±
9.8�g/mL). The enhancement of antibody ti
.4. Effect of antigen load on immune response

Our current understanding of the mechanism
ntibody response suggests that the antigen co
f microparticles has the potential to affect imm
esponse. Still there are no reports on effect of ant
oad on elicitation of antibody titers from partic
ased immunization. It has been suggested that
icroparticles with lower antigen loads are used

mmunization, the same antigen dose is distributed
larger number of microparticles. In such conditio

ransport of phagocytosed microparticles contai
ntigen to secondary lymphoid tissues become
ated due to limited homing and transport capacit
he antigen presenting cells. This would create a
tion of persisting rather than pulsatile antigen rel
nd will help in improve immune response (Johanse
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Fig. 3. Anti-TT IgG concentrations elicited by immunization of TT
loaded PLA microparticles having TT loads of (�g/mg) 94.2 (-�-),
28.2 (-©-), 16.7(-�-), 5.8 (-�-), 1.3 (-�-). Groups of six female wis-
tar rats 2 months old were immunized with 5 Lf microencapsulated
TT along with alum intramuscularly. One Lf of TT was equivalent to
2.6�g of TT. Geometric means of serum antibody titers are presented
with standard deviations.

et al., 2000). If this hold true, low antigen load parti-
cles should give better immune response than particle
having high antigen load.

In the present investigation, it was observed that as
the antigen load was enhanced from 1.3 to 28.2�g/mg
of PLA particles, peak antibody titers enhanced from
135.8± 53.4 to 254.6± 38.4�g/mL. Further increase
in antigen load to 94.2�g/mg enhanced peak anti-
body titers to 320.0± 94.1�g/mL (Fig. 3). The titers
achieved by microparticles with higher antigen loads
(thus lower number of microparticles) resulted in
higher and more sustained antibody titers through-
out the study period. This indicates that number of
microparticles within a fairly large range is not the
limiting factor in generation of immune responses par-
ticularly from intramuscular immunization. In the case
of microparticles with high antigen loads, their inter-
action with antigen presenting cells result in delivering
higher amounts of antigen inside antigen presenting
cells. This subsequently leads to generation of high
antibody titers.

It has been reported that immune response from
exogeneous antigen is dependent on concentrations
of antigen inside the antigen presenting cells (Vidard
et al., 1996; Raychaudhuri and Rock, 1998). Priming
of immune response with high initial load of antigen
has been advocated for getting long lasting immune
response through activation of T cell help (Slifka and
Ahmed, 1998). It was observed that for high antibody
titers from particles based immunization, the initial

load of antigen delivered should be sufficiently high.
This also helps in reducing the amount of polymer for
single dose vaccine formulation. It has been previously
reported that polymer degradation products affect anti-
gen adversely (Weert van de et al., 2000), so lower
concentration of antigen in polymer matrix will be
more destabilizing to the antigen and will subsequently
results in lower antibody titers. Thus polymeric parti-
cle with high antigen load is more beneficial for long
lasting antibody response from single point immuniza-
tion.

3.5. Dose response studies using TT entrapped
PLA particles

Dose response studies were carried out by immu-
nizing female wistar rats with 15, 10, 5 and 1 Lf of
microencapsulated TT along with alum. Dose depen-
dent increase in antibody titers was observed at all
the time points through out the 9 months study period
(Fig. 4). Maximum antibody titers of 400�g/mL was
achieved from single point intramuscular immuniza-
tion with 15 Lf of PLA entrapped TT. Perceptible early
titers were observed on 15th day with dose as low as
1 Lf of microencapsulated TT when co-administered
with alum, which were significantly higher than 10 Lf
of soluble TT (P ≤ 0.05); immunization with admix-
ture of PLA entrapped TT and alum thus improved
the immune response almost 100 times. Peak antibody

F tion
w with
a rent
d rly to
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ig. 4. Serum anti-TT IgG concentrations elicited by immuniza
ith different doses of microencapsulated TT co-administered
lum in wistar rats. TT loaded microparticles equivalent to diffe
ose of TT were co-administered along with alum intramuscula
istar rats. Doses of microencapsulated TT immunized for diffe
roups of animals were 15 Lf (-�-), 10 Lf (-�-), 5 Lf (-�-) and 1 Lf
-�-) TT. One Lf of TT was equivalent to 2.6�g of TT.
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titers from particle-based immunization were observed
between 7 and 9 weeks of post immunization.

Among the groups immunized with varying doses
of PLA entrapped TT, peak antibody titers showed
larger magnitude of dose dependent enhancement at
lower doses. As the antigen doses were increased,
corresponding rate of enhancement of peak antibody
titers decreased. On the contrary, rate of change in
early titers, kept on increasing with increasing doses
of antigen. This implies that enhancing antigen doses
increases the magnitude of early titers but does not
leads to proportionate enhancement in peak titers. A
dose dependent enhancement in the antibody titers was
observed till the end of 250 days of study period.

Antibody sustainability index, which is defined as
the ratio of serum antibody concentration on the last
day of study period to the peak titers observed in a
particular group was used to evaluate the influence of
doses on immune response. Comparison of sustainabil-
ity indices in groups immunized with different doses
reveals that in the group immunized with 1 Lf antigen,
sustainability index was 0.15 while the higher doses
exhibited the sustainability indices between 0.26 and
0.29. Higher doses of microencapsulated antigen leads
to better priming and makes enhanced amount of anti-
gen available during post burst period thus helps in
sustaining antibody concentrations at higher values.
These results demonstrate that with proper formulation,
antibody response can be achieved in dose dependent
manner within a fairly large range of dose. This apart
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Fig. 5. Comparison of anti-TT IgG concentrations from immuniza-
tion of single doses of TT microparticles co-administered with alum
and two doses of alum adsorbed TT. (A) Two doses of 5 Lf alum
adsorbed TT administered at day 0 and 30 (-�-), single dose of 10 Lf
microencapsulated TT co-administered with alum (-�-), 10 Lf plain
TT in saline (-�-). (B) Single dose of 5 Lf (-�-) microencapsulated
TT co-administered with alum and two divided doses each of 2.5 Lf
(-�-) alum adsorbed TT given on day 0 and 30.

in comparable serum antibody response (P > 0.95)
as observed from two doses of alum adsorbed TT
(Fig. 5A). Antibody titers achieved in the group immu-
nized with single dose microparticles based vaccine
(184.64± 74.88�g/mL) was higher than than the
group immunized with the first dose of alum-adsorbed
vaccine (40.3± 14.7�g/mL). However, after the
second dose of alum-adsorbed vaccine on day 30, anti-
body titers were higher (407.4± 108.2�g/mL) than
that observed with microparticles administered along
with alum (335.8± 117.1�g/mL). Immunization with
10 Lf of soluble TT did not resulted in appreciable
antibody titers.

In the groups immunized with two divided doses
(day 0 and 30) of 2.5 Lf of alum adsorbed TT vaccine
rom demonstrating improved immunogenicity of
ntrapped antigen at lower doses also serves as

ty control parameter for the clinical evaluation of
article-based formulation.

.6. Comparison of immune response from single
ose polymer entrapped TT with two doses of alum
dsorbed TT

For evaluating the performance of the po
eric formulation against conventional two do

egimen of alum adsorbed TT; two groups of r
ere immunized with single dose of 10 and 5
icroencapsulated TT along with alum where

wo other groups were administered with two do
ach of 5 and 2.5 Lf alum adsorbed TT at da
nd 30 (Fig. 5A and B). Immunization with 10 L
f PLA entrapped particles along with alum resu
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(Fig. 5B); antibody titers before second dose were
considerably lower (27.3± 9.6�g/mL) than those
observed with microencapsulated antigen (168.1±
60.1�g/mL). After the second doses of alum adsorbed
TT at day 30, antibody titers enhanced rapidly.
Difference in peak antibody titers between the two
groups was not significant on day 60 (205.5±
48.1�g/mL for the microparticles along with alum
and 224.6± 54.2�g/mL for two divided doses of
alum adsorbed TT) as well as through out the study
period (P > 0.95). Serum antibody concentrations were
slightly higher in the case of two divided doses of
alum-adsorbed vaccines.

Immunization with microparticles along with alum
resulted in very high early titers as compared to the
conventional vaccination. It was observed from the
comparison of the four groups that microparticles per-
formed better at lower dose than alum based conven-
tional vaccines. The better performance of microparti-
cles at lower doses shows their potential as single dose
vaccine. Such differences were not observed at higher
antigen doses probably because of saturation of the
immune system. It was also observed that microparti-
cles with higher peak titers elicited sustained high anti-
body response. Previous efforts to develop single dose
vaccine have utilized mixing microparticles of varying
sizes or degradation profiles. This study demonstrated
that single population of microparticles having optimal
size; antigen load and immunization along with alum
can result in high and sustained antibody responses
f ies
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hydrophobic polymer, excipients during particle for-
mulation to reduce protein denaturation, optimal size
and load of antigen used in this study. All of these
parameters acted co-operatively towards the improved
immune response from single point immunization.

4. Conclusion

In the present investigation it was observed that
immune response from microencapsulated antigen was
dependent on particle size, antigen load, dose and pres-
ence of additional adjuvant. Thus apart from taking
care of protein stability problems associated with poly-
meric vaccine formulation, it is essential to optimize
these above parameters for improved and sustained
immune response. Differential influence of alum on
the performance of different size microparticles, along
with above observations suggests that both uptake and
surface attachment of these particles by antigen pre-
senting cells does have a major influence on generation
of immune response. Using these inputs one could gen-
erate an optimal formulation, which when immunized
in presence of alum elicit antibody titers comparable to
two divided doses of alum-adsorbed vaccine. Immuno-
genicity of the entrapped antigen was found to be more
at lower dose regime indicating the suitability of poly-
mer entrapped antigen for development of single dose
vaccine. The results are of indication that, optimal par-
ticle size in micron ranges, high load of antigen per unit
a dju-
v ting
i
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I t of
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rom single point immunization. Out of many stud
n single dose TT vaccine using biodegradable p
er particles, very few have compared the antib

esponse from single dose polymer entrapped an
ith that of two divided doses of alum adsorbed

Kersten et al., 1996; Singh et al., 1997a,b; Johans
l., 2001; Diwan et al., 2001). Most of them have show

mproved antibody response from single dose poly
ntrapped TT but very rarely the titers have been sh

o be better or equal to that achieved from two divi
oses of alum adsorbed TT. In the present study
ave demonstrated that long lasting antibody resp
omparable to that observed from two divided dos
lum adsorbed TT can be achieved from single do
dmixture of polymer particles and alum in experim

al animals. Improved antibody response particul
t lower doses of TT immunization from admixture
article and alum was probably because of the us
mount of polymer particles and use of additional a
ant are very important for generation of long las
mmune response from single point immunization.
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