
Development of enhanced antibody response
toward dual delivery of nano-adjuvant adsorbed

human Enterovirus-71 vaccine encapsulated
carrier

Mohamed I Saeed1, Abdul Rahman Omar2, Mohd Z Hussein3, Isam M Elkhidir4, and Zamberi Sekawi1,*

1Medical Faculty; Microbiology & Parasitology; University of Putra Malaysia; Serdang, Malaysia; 2Institute of Biosciences; University of Putra Malaysia; Serdang, Malaysia;
3Institute of Advanced Technology; University of Putra Malaysia; Serdang, Malaysia; 4Faculty of Medicine; Microbiology & Parasitology Department; University of Khartoum;

Khartoum, Sudan

Keywords: CaP-adjuvant, chitosan-carrier, dual-delivery, Enterovirus-71, IgA-antibody, mucosal-vaccine, nanoparticles

Abbreviations: HEV71, Human Enterovirus -71; CaP, Calcium phosphate; Ch, Chitosan; Alg, Alginate; TEM, Transmission
Electron Microscope; FESEM, Field Emission Scanning Electron Microscope

This study introduces a new approach for enhancing immunity toward mucosal vaccines. HEV71 killed vaccine that is
formulated with nanosize calcium phosphate adjuvant and encapsulated onto chitosan and alginate delivery carriers
was examined for eliciting antibody responses in serum and saliva collected at weeks 0, 1, 3, 5, 7 and 9 for viral-specific
IgA & IgG levels and viral neutralizing antibody titers. The antibody responses induced in rabbits by the different
formulations delivered by a single (buccal) route were compared to those of dual immunization (intradermal / mucosal)
and un-immunized control. Chitosan-loaded vaccine adjuvant induced elevated IgA antibody, while Alginate-adjuvant
irreversible bonding sequestered the vaccine and markedly reduced immunogenicity. The induced mucosal and
parenteral antibody profiles appeared in an inverse manner of enhanced mucosal IgA antibody accompanied by lower
systemic IgG following a single oral immunization route. The combined intradermal and oral dual-immunized group
developed an elevated salivary IgA, systemic IgG, and virus neutralizing response. A reduced salivary neutralizing
antibody titer was observed and attributed to the continual secretion exchanges in saliva. Designing a successful
mucosal delivery formulation needs to take into account the vaccine delivery site, dosage, adjuvant and carrier particle
size, charge, and the reversibility of component interactions. The dual immunization seems superior and is a important
approach for modulating the antibody response and boosting mucosal protection against HEV71 and similar pathogens
based on their transmission mode, tissue tropism and shedding sites. Finally, the study has highlighted the significant
role of dual immunization for simultaneous inducing and modulating the systemic and mucosal immune responses to
EV71.

Introduction

Secretory IgA antibodies are the most common type of anti-
body circulating the normal intestinal and muco-associated surfa-
ces in human body. This antibody-class is involved in
neutralization of specific harmful bacterial toxins and viruses
inhibiting their adherence to mucosal cellular targets, which
make it the most potent post-natural exposure or post-vaccina-
tion prevention mucosal tool against muco-secretion transmitted
diseases in general.1

The development of a potent immune response toward muco-
sal associated human pathogens is considered as one crucial
mechanism in the protection and removal of most of the invad-
ing microbial pathogens, specifically, the viral infections of the

respiratory, intestinal or urogenital organs.2 Pathogen specific
immunity usually develop post initial encounter with a pathogen
regardless of the severity of the infection or even the asymptom-
atic exposure.3 A similar response could be developed artificially
through immunization with a mucosal delivered vaccine or anti-
gen. In general, for the mucosal inoculation of a live pathogen or
delivery of its antigen, it needs to be taken by the M-cell in the
mucosal epithelial, trans-mucosal processing by antigen present-
ing cells (APC) to activate and trigger the proliferation of epi-
tope-specific B-cell clones and later class switching of antigen
specific plasma cells to produce IgA at the sub-mucosal linings
under the Th-2 cell regulatory cytokines.4

Exposure to live or attenuated vaccine usually induces higher
levels of protection due to the continuous replication or
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multiplication of the microbial agent, which allows continual
availability of its antigens, and activation of specific lymphocyte
clones. Live vaccines are usually administered in lower dose num-
bers compared to other types of vaccine, and, as in polio, it pro-
vides adequate protection, whereas multiple doses are required
when administering other types of non-living pathogen based
vaccines – whole killed pathogen, antigens, subunit-peptides or
the genome based DNA sequence.5,6

Adjuvants have been used to adsorb vaccines and increase their
immunogenicity to induce elevated antibody responses compared
to un-adsorbed vaccines. An adjuvant works through binding and
increase the molecular weight of the vaccine epitopes, delaying
their clearance from the circulatory system by phagocytic cells
and improving the uptake by macrophages. This will delaying
the antigen or epitope release to maintain a prolonged stimula-
tion and activation of the increased number of lymphocytes,
extend the release and prolong the antigenic presentation result-
ing in a sustained stimulation and activation of increased lym-
phocyte clones, which will collectively end-up in an improved
protection. These non-replicating antigen based parenteral vac-
cines are relatively inefficient in yielding strong and long-lasting
protective mucosal antibody responses compare to that of live or
attenuated ones.7

Nowadays, the earlier lesson learned from polio vaccine safety
has a direct impact on vaccine development for other Enterovi-
ruses, to avoid the risk of live or attenuated vaccine that may lead
to HEV71 vaccine strain outbreaks that could be infectious, espe-
cially the immune deficient or immune-compromised vaccines.
The risk of residual living viruses or reversion of infectivity in
attenuated vaccine hinders its safe use, and live vaccine has
induced a poliomyelitis-derived infection strain induced by polio
live-vaccine strain in Afghanistan, Republic of Congo and
Nigeria.6

Boosting the pre-exposure Immune protection against pathogen
entering through mucosal associated tissue, requires induction of
both the systemic and mucosal types of immune responses. The
only best available mean for simultaneous induction of such pro-
tection could be achieved through mimicking the immune mecha-
nisms of natural infection or live vaccines using a non-living
vaccine to keep up the safety issue. Unfortunately, the pathogens
used in developing these vaccines are not absolutely safe and the
risk of reversion of their virulence could take place similar to what
happened in polio live vaccine strain derived infections.8

The delivery of an antigen through the mucosal sites induces
higher immunity at the site of delivery and other distant mucosal
sites, but fails to induce similar levels of systemic immunity com-
pared to parenteral immunization. Moreover, the reverse takes
place in the sense that parenteral vaccines induce higher systemic
protection, but only a very low mucosal immune respond.9 This
applies to most of the parenteral administered vaccine types, as
much as the killed recombinant sub-unit DNA synthetic peptides
or viral like particle based vaccines share a major drawback in
their limitation of developing low mucosal protection through
systemic means after multiple doses.10

Maintaining the effectiveness of the vaccine needs the induc-
tion of systemic and mucosal immunity in a combined

immunization route and the avoidance of pathogen derived
infection risk in live vaccines.11 Introducing a new approach in
formulating vaccines requires developing a novel design and
delivery strategies, which is crucial and one of the top demands
for effective HEV71 vaccines.5 New strategies for vaccine delivery
is the use of live attenuated recombinant bacteria or viruses of a
known mucosal tropism as delivery in other research vaccine pro-
tective vehicles. This include Lipid-based, biodegradable micro-
spheres, muco-adhesive substances, nano-particles and bacterial
immune-stimulatory molecule, like cholera toxin B subunit and
Freund’s adjuvant.3

The use of nanotechnology for delaying the release of vaccine
epitopes could enhance the levels of post vaccination immunity
regardless of the route of vaccine delivery. This is due to the
increase surface area of epitope adsorption on the nano-sized
based adjuvant of an increased antigenic adsorption that could
prolong the vaccine release, extend the stimulation and activation
of lymphocyte and enhance the total antibody response to nano-
adjuvant adsorbed vaccines compared to the conventional unab-
sorbed or vaccines adsorbed to a larger micro-particle adjuvant.12

Killed vaccines remain the most safe and effective, and offer
higher antigenic similarity to the native viral epitopes. They are
also expected to develop extended protection against the related
genotypes or subtypes. Such vaccine types have several advantages
over other types in terms of cost, easy to produce in countries
with limited resources, and allow the combination of multi-
pathogens in a single vaccine dose.13 The vaccines have an
increased number of viral outer epitopes that offer enhanced
cross-protection against genetically variable strains. Killed vaccine
works better when delivered parenteral, as its oral or nasal use
only induces low levels of mucosal response.14

The induction of mucosal immunity by a killed or genome
based vaccine could be improved with multiple doses using a
combined vaccine carrier and adjuvant as a novel delivery
approach to enhance the development of elevated mucosal IgA
antibodies at the pathogen entry sites.15,16 Maintaining the prior-
ity issue of vaccine safety has limited the introduction of new vac-
cine adjuvants and carriers in a novel vaccine delivery system, for
which the most challenging criteria that needed to be addressed
are non-toxic, non-pyrogenic, allergen free and effective.17

Vaccine safety needs more consideration which can be
achieved by avoiding the use of live or attenuated whole patho-
gens containing vaccine. Thus, the challenge is how to improve
the level of low mucosal immunity toward the other vaccine
types. The only approach to induce both systemic and mucosal
immunity is through a combined immunizing route because the
site of antigenic recognition always determines the type of
immune response to be developed by the immune system.18

The combine vaccination was the best option and major
approach in the polio eradication strategy, and lead to an effec-
tive reduction in cases recorded after the combined immuniza-
tion with killed and oral vaccines. However, in very rare cases the
live polio vaccine led to a vaccine strain derived outbreak, and
generally helped in the successful eradication of the wild viral
strain worldwide.18 Such dual delivery of killed vaccine adsorbed
to biocompatible adjuvant through parenteral, followed by oral
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delivery after combination with a muco-adhesive, safe biodegrad-
able carrier could be one of the best approach for developing
enhanced viral specific immunity at the mucosal sites of virus rep-
lication and systemic protection.19

The usefulness of combining nano-adjuvant and polymers in a
single delivery formulations were evaluated for elevating the anti-
body response in saliva of mucosal (Buccal) immunized rabbits.20

Such new vaccine delivery formulation and the dual immuniza-
tion combined routes are expected to improve the induction of
mucosal IgA antibody response against killed-HEV71, safest
approach to overcome the limitations in vaccine availability and
the low mucosal responsiveness when conventional parenteral
vaccines are used routinely in protection against human muco-
associated transmitted infectious pathogens, such as polio,
human respiratory syncytial virus (RSV), and human Entervirus
71.17,18

This theoretical expectation examined in the work includes
the followings; first, delivery of vaccine adsorbed on adjuvant of
smaller particles size encapsulated in adhesive polymeric carrier
will offer extended availability of the vaccine and trans-mucosal
presentation that could enhances the mucosal antibody response.
Secondly, administering the vaccine through different (parenteral
and mucosal) routes concurrently could triggers an earlier activa-
tion of lymphocyte clones, initiated faster class-switching that
result in boosting of both the systemic immune response and
early enhanced mucosal antibody response compared to the
response of a single (mucosal) vaccine delivery route.9

Results

Experimental work involves 2 major phases; the initial
phase was the invitro preparation and characterization of the
vaccine, adjuvant, delivery carriers and preparation of vaccine
final delivery formulations. The last phase was the invivo

experiment part to examine the systemic IgG and mucosal IgA
antibody responses for each of the different vaccine formula-
tions and to evaluate the capacity in enhancing the developed
viral specific neutralizing antibody in sera and saliva samples
collected 2 weeks after the last vaccine dose. The vaccine deliv-
ery formulation was prepared from a nano-adjuvant coated
into the 2 polymeric delivery carriers, chitosan and alginate
from which the release profile of nano-size particulate calcium
phosphate adjuvant was monitored as shown in (Fig. 1). The
killed vaccine was prepared from HEV71 Bcr ATCC strain
propagated in Vero cell, pooled culture supernatants were
pooled, inactivated and concentrated the killed virus concen-
tration was monitored post to the concentration steps dis-
played in (Fig. 1). The particle size and the total charge of
adjuvant and 2 carriers used in delivery of the killed vaccine
was examined and the findings are shown in Figures 2 and 3.

The level of induced systemic IgG was monitored in an indi-
rect rabbit-IgG developed assay and the results displayed in
Figure 4, while the results of mucosal induced IgA level in saliva
were displayed in Figure 5 in saliva samples taken 2 weeks later
to the last vaccination dosage. The levels of specific IgA devel-
oped toward the vaccine were mentored in indirect ELISA plates
coated with the same killed virus used in preparation and immu-
nization of the animals, and the saliva sample throughout the
course of animal vaccination (9-weeks) is shown in Figures 6
and 7. The neutralizing antibody were monitored in sera and
saliva taken 2 weeks later to the fifth vaccine dose and the pres-
ence of neutralizing antibody titer were examined in an invitro
cell viability assay developed based on the capacity of the samples
of inhibiting live HEV71 virus infectivity to Vero cell 70–80%
confluences, with infected and normal Vero-cell controls
included within the same assay in the 96 culture plates
(Figs. 8 and 9). Throughout the invivo animal immunization
and post-vaccination antibody invitro assay work, controls were
used as follow; a group of 3 rabbits was kept unvaccinated and

the sera and saliva samples were treated
in the same way the sample from immu-
nized other vaccine formulations given
to each rabbit group. Negative samples
blank wells were used in validating the
developed indirect antibody assays.

Virus quantification
The HEV71 was propagated in Vero

cell line and quantified for use in prepar-
ing the antigenic content in the final vac-
cine dose. The virus suspension was
concentrated, inactivated and the virus
quantity was measured during the differ-
ent stages of virus manipulation in the
cell supernatant in the cell lysate on
high-speed centrifuge top fraction of the
tube, the upper fraction with the virus
quantity in the pellet. The virus was
measured in ng/ml using a commercial
HEV71 VP-1 ELISA kit (Abnova, cat-

Figure 1. HEV71 quantification. Changes in virus content during HEV71 propagation: showing virus
quantity in: Vero cell lysate, direct culture supernatant, the top fraction fraction on top of virus pellet
and the virus pellet, concentrated in high speed centrifuge at 35,000 rpm/minutes for 4 hours at
4�C, The mean viral contents on samples was measured on HEV-71-Ag quantification kit from
(ABNOVA, Taiwan), (P D 0.0002).
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1677, Taiwan). The virus content in the concentrated Vero cul-
ture supernatant was one-fifth compared to the virus in the cell
lysate. The highest virus content was detected in the pellet of the
high-speed Beckman tubes, which was 2.5 times compared to
that of the virus in the cell lysate, and 12 times with that of the
direct culture supernatant, (P D 0.0002). (Fig. 1).

Virus detection under TEM
The virus was visualized to determine its virion particle size

using a transmission electron microscope with 2.5% uranyle ace-
tate, the HEV71 detected in the post-concentration samples
showed a higher viral content of 3970 ng/ml. The virions mor-
phology and size displayed a similarity in round shapes of 30–

31 nm in diameter. The pooling and re-concentration of the
virus pellets enhanced the detection of the virus under TEM after
shorter incubation in negative staining in 3–5 minutes only
(Fig. 2).

Adjuvant particles size and zeta-potential
The size and charge of the adjuvant were determined before

their use in preparing the vaccine delivery formulations. The
sized of calcium phosphate adjuvant particles measured was 30–
32 nm and a negative zeta-potential (¡12 mv), while its particles
size under the SEM was 75 nm. The increase in particles size was
due to agglomeration of the samples during pre-drying step
before running the samples SEM (Fig. 3).

Figure 2. Electron-micrograph. Left: HEV71 under TEM negative Uranyl
Acetate stain with a mean particles diameter range between
(30–32 nm). Right: Calcium Phosphate under SEM, the nanoparticles
(75 nm) displaying the increase in calcium particles due to it’s agglomer-
ative nature.

Figure 3. Particles size and Zeta protential. HEV71 viroins, Adjuvant &
Delivery carriers in (nm): (Left): Calcium Phosphate (30 nm), Chitosan
(132 nm) & Virus particles (31 nm) and Alginate (333 nm). (Right). Zeta-
potential of Chitosan (higher positive), the Calcium Phosphate, Virion &
Alginate (negative).

Figure 4. The release of nano-size calcium phosphate from delivery car-
riers. Chitosan displaying ascending well-controlled adjuvant release above
50% after one hour and continue up to 80%., Alginate only released 35%
of the adjuvant due to the irreversible crosslinking. It seem the particle
agglomeration of un-loaded adjuvant halted its release, (P D 0.0023).

Figure 5. HEV71 Post-Vaccination IgG antibody response. Shows the
mean IgG antibody level of each group triplicate samples assayed in Indi-
rect ELISA. The dual delivery of the vaccine induced the highest due to
vaccine adsorption to nano-CaP and intradermal immunization. 1-Vac-
cine loaded in Chitosan, 2-Vaccine-Adjuvant loaded in Chitosan, 3-Vac-
cine-Adjuvant loaded in Alginate, 4-Intradermal (Vaccine-Adjuvant) &
Oral (Vaccine-Adjuvant loaded in Chitosan) combined routes & Rabbits
control group, (P D 0.0006).
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Polymer particles size and zeta-potential
The polymer size and potential was determined before the use

in the preparation of the vaccine delivery formulations. The chi-
tosan prepared polymer showed a particle size of 132 nm with a
highly positive zeta-potential (72 Cmv), while the alginate parti-
cle size was 333 nm with a high negative zeta-potential of
¡43 mv (Fig. 3). The chitosan positive potential seems useful
for delivering loaded vaccine or adjuvant to the negatively
charged mucosal due to the high mucin content that appeared in
the elevated IgA antibody levels in the group that received chito-
san-loaded vaccine compared to the alginate.

The Invitro release profile of nano-adjuvant from
the 2 carriers

The release profile of nano-adjuvant examined the carrier
capacity in controlling the proper release of adjuvant that relates
with the antibody response in the invivo use in animal immuni-
zation. The nano-size calcium phosphate released (75%) from
chitosan at early stable ascending extended manner, while only
(35%) was released from alginate due to the formation of irre-
versible chemical cross link which sequestered carrier swelling
and adjuvant particles being delivered smoothly. The release of
un-loaded adjuvant (40%) was halted due to the agglomerative
nature of calcium that enlarge its particles size to cross the pores
of dialysing semipermeable membrane, (P D 0.0023), (Fig. 4).

Post vaccination Enterovirus 71 IgG antibody determination
in animal serum

The role and capacity of the different vaccine delivery formu-
lations on the systemic immune response toward the vaccine
were evaluated based on the level of IgG-antibody in immunised
animal sera. The Serum sample triplicates were collected from
the rabbit groups that were buccal immunized with 5 doses
2 weeks after the last dose of the killed vaccine formulations.
These includes: (1) vaccine loaded onto chitosan, (2) nano-vac-
cine adsorbed to CaP-adjuvant and loaded on chitosan, (3) vac-
cine adsorbed on nano-CaP-adjuvant and loaded on alginate
carrier, and (4) one group immunized with combined routes of 3
intradermal doses of killed vaccine adsorbed nano-CaP and 5
doses of buccal vaccine-CaP chitosan.

The polymers delivered through a single route displayed a
lower level of systemic viral specific IgG compared with the intra-
dermal and buccal combined route rabbits induced a high level of
HEV71 specific IgG antibodies. Among the single route buccal

Figure 6. HEV71 Post-Vaccination IgA antibody response. Shows the
mean IgA antibody level of each group triplicate samples assayed in Indi-
rect ELISA. The immunized Rabbits groups were as follow; 1-Vaccine
loaded in Chitosan, 2- Vaccine-Adjuvant loaded in Chitosan, 3- Vaccine-
Adjuvant loaded in Alginate, 4- Intradermal (Vaccine-Adjuvant) & Oral
(Vaccine-Adjuvant loaded in Chitosan) combined routes and5-Rabbits
control group, (PD 0.0023).

Figure 7. Changes of HEV71 IgA antibody responses. The profile of mean
IgA antibody levels in immunized Rabbits during the study (9 weeks);
The combined dual immunized group display continual elevation in IgA
antibody (week-5 up to week-9) than those groups immunized with a
single route. 1-Vaccine loaded in Chitosan, 2-Vaccine-Adjuvant loaded in
Chitosan, 3- Vaccine-Adjuvant loaded in Alginate, 4-Intradermal (Vac-
cine-Adjuvant) & Oral (Vaccine-Adjuvant loaded in Chitosan) combined
routes and5-Rabbits control group, (PD 0.0004).

Figure 8. HEV71 Neutralizing antibody titer in rabbit saliva. Intradermal
(Vaccine-Adjuvant) & Oral (Vaccine-Adjuvant loaded in Chitosan) com-
bined vaccination routes display higher neutralizing titer, 32 (Black), the
single orally delivered Chitosan loaded Vaccine adsorbed to adjuvant, 32
(Blue). The Vaccine loaded in Chitosan without adjuvant, 16 (Red). And
the Alginate loaded vaccine adsorbed to CaP-adjuvant, 4. The sample
titer represents the dilution factor that neutralize and inhibits 50% of the
virus infectivity labeled ( ), (P D 0.0006).
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immunized groups, the vaccine in chitosan developed high anti-
bodies followed by vaccine-nano-adjuvant-chitosan, the least in
IgG was the group that received the vaccine adsorbed to the
nano-adjuvant loaded in alginate, (P D 0.0006) (Fig. 5).

Post vaccination Enterovirus 71 IgA antibody determination
in animal saliva

The role and capacity of the different vaccine delivery formu-
lations on the mucosal immune response toward the vaccine were
evaluated based on the level of IgG-antibody in immunised ani-
mal saliva. The specific secretory IgA antibody level in the saliva
sample triplicates were extremely variable among the different
vaccinated animal groups. The levels of specific secretory IgA
antibody were higher within the different chitosan delivered but
not in the alginate-loaded vaccine as shown starting from the sec-
ond dose in week 3. The vaccine adsorbed onto the nano-CaP-
adjuvant and loaded on chitosan displayed an elevated mucosal
HEV71 specific IgA antibody level followed by the un-adsorbed
vaccine loaded directly on chitosan and the lowest antibody level
was the group immunized with vaccine adsorbed onto the nano-
adjuvant loaded on the alginate polymer. Furthermore, the group
that received the combined routes of 5 doses in a buccal mucosa
proceeded with 3 intradermal 0.1 ml vaccine adsorbed nano-
adjuvant, (P D 0.0023) resulted in the development of a higher
IgA antibody compared to the single buccal vaccination route
(Fig. 6).

The profile of the mucosal IgA antibody level throughout the
immunization period show an initial elevation in the antibodies
at week 3 with continuation of high antibodies during the period
between weeks 5 to 7, as indicated in Figure 7. The antibody
level was higher in the chitosan-loaded vaccine-adjuvant than the
chitosan-vaccine and low in the alginate-loaded vaccine-adjuvant.
During the last 2 weeks (7 to 9), the combined immunized rab-
bit group displayed continual elevation in IgA antibodies

compared to all the single route immu-
nized groups, (P D 0.0004). (Fig. 7).

Post vaccination Enterovirus 71
mucosal neutralizing antibody titer in
animal saliva

The capacity of the delivery formula-
tion in the inhibition of viral infectivity to
its susceptible Vero cell was determined
in saliva of immunized group accordingly.
In vitro virus neutralizing antibody titer in
the samples was measured using a cell via-
bility assay as an indicator of the inhibi-
tion of virus infectivity due to the
presence of viral specific neutralizing anti-
bodies in the post vaccination saliva sam-
ples. The higher neutralizing antibody
titer in the samples is proportional to the
higher percentage of cell viability an
indicative of the well-developed specific
protective immune response due to the
route and formulation. Among the rabbit

groups immunized with single route at the buccal site, Killed-
virus adsorbed nano-CaP-adjuvant and loaded into chitosan dis-
played the highest neutralizing titer of 32 compared to the group
that received a Killed-virus loaded directly in chitosan with anti-
body titer of 16. While the alginate-loaded Killed-virus adsorbed
CaP-adjuvant had the lowest neutralization titer of 4. The con-
current dual immunizing protocol of 3 parenteral and 5 buccal
doses developed an enhanced neutralizing antibody titer of 32;
(P D 0.0006). In addition, it was higher than all the other groups
sample dilutions below the neutralizing titer compared to the
rabbit groups vaccinated through a single oral route (Fig. 8).

Post vaccination Enterovirus 71 neutralizing systemic
antibody titer in animal serum

The capacity of the delivery formulation in the inhibition of
viral infectivity to its susceptible Vero cell was determined in sera
of immunized group accordingly. In-vitro virus neutralizing anti-
body titer in the serum samples was measured using a cell viabil-
ity assay as an indicator of the presence of viral specific
antibodies in the post vaccination samples that neutralize and
inhibit the HEV71 virus infectivity to the in-vitro susceptible
Vero cell line.

The higher cell viability displayed in the assay results indicated
for the presence of higher neutralizing antibodies in the samples
from the group immunized with dual parenteral and mucosal
combined routes of 3 intradermal and 5 buccal delivered doses.
In addition, it showed an enhanced neutralizing antibody titer of
(64) compared to all other groups immunized through a single
oral route with polymer-loaded vaccine. A slight increase in neu-
tralization was observed among the killed-virus attached to the
nano-CaP-adjuvant and loaded in chitosan (16) it considered
low. The lowest neutralizing titer of (8) was among the vaccines
loaded directly in chitosan without adjuvant and vaccine loaded
in alginate, (P D 0.0015). (Fig. 9).

Figure 9. HEV71 in Vitro Neutralizing antibody titer serum. The 2-fold diluted serum IgG shows ele-
vation in neutralizing titer compared to saliva IgA. The dual immunized group display neutralizing
IgG titer of (64). Low titer shown among those singe routes immunized groups; the chitosan encap-
sulated nano-cap vaccine displaying high neutralizing antibody titer (8 and 16), the vaccine loaded
chitosan without adjuvant (8) and vaccine encapsulated in alginate (8).compared to the unvacci-
nated group. The reciprocal titer represents the sample dilution of with neutralizing titer above 50%
labeled (C), (P D 0.0015).
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Discussion

The combined vaccine delivery seems the best strategy for the
simultaneous development of multiple types of immune
responses. The development of systemic and mucosal protection
toward HEV71 is a priority and extremely difficult to achieve
through administering a vaccine by a single route or vaccine for-
mulation. The low virus neutralization of the samples form the
single oral route immunized group indicates the need to combine
oral and parenteral vaccine delivery routes to achieve an earlier
triggering and to improve the activation of systemic lymphocyte
clones that will shortly advances into a well-developed IgA pro-
ducing plasma cell after the recognition of similar killed–virus
epitopes through mucosal immune response.

The adjuvant released from chitosan was much significantly
higher in a well-controlled and extended manner due to the car-
rier slow water solubility of chitosan and the homogeneous physi-
cal bonding to the loaded vaccine and adjuvant. While adsorbing
the HEV71 vaccine onto the nano-adjuvant coated with the chi-
tosan carrier deployed an improved immune response of vaccine
specific secretory IgA when delivered through a single oral route
(Fig. 4).

Chitosan appeared to have a role in enhancing the IgA anti-
body response in the saliva of both animal groups immunized
with chitosan-loaded HEV71 vaccine formulations. It displayed
a capacity to improve the mucosal immune response toward oral
vaccine delivery, but with no effect on the systemic response as
expected. The use of polymer in the delivery of the mucosal tar-
geting vaccine needs to consider factors such as the vaccine dos-
age and volume, polymer’s total charge, concentration, and its
reversible interaction with the adjuvant, vaccine and its ingre-
dients, (Figs. 5, 6 and 7). This is attributed to the smooth revers-
ible chitosan interaction with vaccine and adjuvant and to the
different polarity attraction in the chitosan-mucin that might
boost the vaccine uptake, antigenic trans-mucosal delivery and
elevation of IgA antibodies. However, the reverse might take
place on the negatively charged formulations of alginate, vaccine
and adjuvant upon delivery to the negatively charged mucosal
secretion of higher mucin content.

The reversible bonding nature of chitosan to both the vaccine
and adjuvant play a major role in the enhanced mucosal antibody
response. While the irreversible chemical cross-linking of the
interacted calcium-alginate formed a chemical cross-linking that
affected the free release of the antigens from the alginate-loaded
vaccine led to a lower post-vaccination immune response mucosal
secretion post oral delivery, which was in agreement with the
invitro release profile of the adjuvant from alginate (see Fig. 4).
The negatively charged polymer seemed to have an adverse effect
on vaccine adherence to the negatively charged oral mucosa. In
addition, the increased alginate particle size collectively resulted
in vaccine antigens being halted in the chemical crosslink of the
calcium-alginate in which the vaccine antigens remained seques-
tered without performing enough activation of mucosal antigen
presenting cells (Dendritic and M-cell), thereby reducing the
responsiveness in the group that received alginate-loaded vaccine.

Most of the polymer formulations induced a low-level of par-
enteral specific IgG and lower virus neutralization. The dual
combined immunization routes of intradermal followed by oral
delivery displayed an elevated IgG and enhanced IgA antibody
response ( Figs. 5, 6 and 7). This was due to the early recognition
and activation of lymphocytes initiated by the parenteral fol-
lowed by rapid class-switching of the activated lymphocytes into
IgA producing plasma cells after mucosal delivery of the vaccine
started at week 5 to 9 (Fig. 8). Therefore, based on the single
mucosal vaccination, chitosan appears to be the best carrier based
on its nano-size, reversible binding, high positive charged,
enhanced muco-adhesiveness, hydrophobicity with a delayed
swelling rate and sustained ascending vaccine-release that allows
extended availability of the vaccine antigen, and enhances adhe-
sion and trans-mucosal delivery across the epithelial lings muco-
sal layer by M-cell before being excreted.

Moreover, it indicated the importance of selecting chitosan as
suitable delivery carriers to achieve a sustained ascending vaccine
and adjuvant release in smooth reversible manner avoiding the
vaccine irresponsiveness that may take place due to antigens
sequestering by the chemical bonding between the adjuvant and
the carrier similar to that of alginate. In addition, the importance
of designing vaccine-specific formulations based on the delivery
site and the required type of immune response based on the
mode of transmission, shedding and viral tropism.

The induction of parenteral and oral immune response
appeared in a reversibly manner. The oral vaccine delivery
induced enhanced mucosal antibodies among the nano-adjuvant-
chitosan formulation, however, the alginate-loaded vaccine
induced lower antibody response was due to vaccine-antigens
sequestering. The in vitro neutralization also show the reversibil-
ity in the types of immune response developed for each route of
vaccine delivery in IgG and IgA antibody, the neutralization titer,
were elevated among the group of animals that received the dual-
immunization through the combined routes.

A group of combined route vaccine doses was included and
the doses was given concurrently to verify the role of dual immu-
nization route on earlier triggering of virus specific systemic lym-
phocytes clones that accomplish early class–switching in response
when recognizing similar viral epitopes on the mucosal dose
given through the Buccal which results in developing of IgA pro-
ducing plasma cell at those germinal centers closer to the mucosal
delivery sites of vaccine antigen that trans-mucosal delivered by
APC (M-cell).15,19

The neutralizing titer was high in serum samples compared to
the saliva, which was normal due to the presence of large number
of the antibody producing plasma cell in circulation, but not in
mucosal secretion. The continual changes in the flow of the sali-
vary secretions from the oral mucosa that led to a reduction in
the viral specific neutralizing antibody titer. The three doses of a
reduced volume (0.1 mL) of intradermal immunization with the
nano-adsorbed vaccine induced elevated systemic antibody
response and validated its potential use in developing enhanced
neutralizing systemic immunity. In addition, It have indirect
effect on mucosal IgA early class-switching of intradermal
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activated lymphocytes faster response offering an elevated IgA
and IgG concurrently (Figs. 8 and 9).

The low neutralizing titer in the saliva samples may not prop-
erly concludes for the lower post-vaccination response, But,
instead it could be due to the continual salivary flow that affects
the level of vaccine specific IgA on samples like salivary, urinary
or faecal secretions. Therefore, the types of mucosal sample
should be expected to have a reduced neutralizing titer on the
mucosal samples collected from the saliva, urine, and oral tract
compared to other samples where the neutralizing antibodies
accumulate in a closed compartment during immunization, thus
offering higher protection. The combination of multiple vaccine
delivery routes successfully achieved rapid class-switching and
elevation of salivary IgA and appears to be a unique and crucial
approach required for the concurrent induction of dual immune
response against faecal-oral pathogens like HEV71 and other
mucosal transmitted human diseases.

The post vaccination neutralizing titer in sera proved the use-
fulness of the intradermal route of nano-particles-adsorbed vac-
cine and show the reducing effect of the mucosal secretions flow
on the salivary neutralizing antibody titer which may also occur
in urine, nasal and faecal samples, but may not in urogenital sam-
ples. Also, it verified the usefulness of applying a nano-sized adju-
vant and carrier in one formula as a novel approach for delivering
mucosal vaccines and open the doors for the application of nano-
biotechnology tools in developing effective vaccines for enhanced
post vaccination systemic and mucosal immunity responses.

The antibody titer required for parenteral and mucosal may
vary due to the sample type and sites of virus neutralization.
High antibodies titer are always required to neutralize viruses in
tissue tropism and blood compared to the mucosal entry site of
the low virus titer inoculated through mucosal secretions in
saliva, urine or faecal oral tract. Therefore, evaluation of the neu-
tralizing assay titer results needs to consider the type of mucosal
sample, the flow of secretions, mode of transmission and viral
tropism.

The cell viability based virus neutralization in vitro assay dis-
played a simple, easy, safe and low-cost indicator assay to the
level of viral specific neutralizing antibody infectivity to the sus-
ceptible Vero cells. The assay allows the concurrent accompany
of positive viral infected (low cell viability) and un-infected
(highest cell viability) quality controls within each assayed plate-
run to monitor the assay conditioning and accuracy of the results.
It’s crucial for quality assaying viral neutralization based on cell
viability from samples containing normal flora, such as saliva,
nasal and urogenital samples, and highly recommended to apply
antimicrobial and antifungal in the sample’s dilution with the
same type of culture medium to maintain the normal cell seeding
and monolayer proliferation on a 96-well plate.

It seem the dual induction of elevated antibody responses was
mainly an attribute of the recognition of vaccine epitope through
both routes, early activation of lymphocytes repertoire at systemic
site through intradermal, and mucosal route where the epitopes
specific activated recognize the same antigens and boost the dif-
ferentiation of vaccine activated B-cell into IgA producing plasma
cell shortly at the sub-mucosal site where the vaccine was

delivered. The slightly increase total dose volume due to intrader-
mal may boost the systemic quantity of IgG but it will not trig-
gers switching the type (quality) of antibody response into IgA.
Therefore the dual and concurrent enhanced antibody responses
were most possibly due to the changes where vaccine epitopes
were recognized.

The combined vaccine delivery seems the best strategy of
choice for the simultaneous development of multiple types of
immune responses. The development of systemic and mucosal
protection toward HEV71 is a priority and seems extremely diffi-
cult to achieve through administering a vaccine by a single route
or vaccine formulation. The low virus neutralization of the sam-
ples from the single oral route immunized group indicates the
need to combine oral and parenteral vaccine delivery routes to
achieve an earlier triggering and to improve the activation of sys-
temic lymphocyte clones that will shortly advances into well-
developed IgA producing plasma cell after the recognition of sim-
ilar killed–virus epitopes through mucosal immune response.

In conclusion, the study highlighted the crucial role of using a
biocompatible, nano-sized adjuvant, and the positively charged
delivery carriers for developing enhanced post vaccination muco-
sal immune responses. The study outcome indicated for the first
time the key factors that control the quantity and quality of post-
vaccination immune response toward the vaccine formulations.
These include the immunization route, adjuvant particle and car-
rier potential and the nature of carrier solubility in water and
reversibility of adjuvant-carrier interaction to allow extended vac-
cine controlled release.

The study confirmed the observed reversibility in induction of
dual response with a single active immunization route and vali-
dated an approach for modulating induction of dual immune
responses required for HEV71 protection, and keeping up vac-
cine safety as a priority. This study findings serve as a novel pro-
tocol for formulating nano-based mucosal vaccine delivery,
preclinical mentoring of vaccine in vitro release from the adsorb-
ing adjuvant for parenteral or adjuvant loaded carrier for mucosal
use, which could be employed as a new strategy for developing
effective mucosal vaccines.

Finally, the most important finding was the dual simultaneous
induction of systemic and mucosal immune responses among the
animal group that received the vaccine through the combined vac-
cination routes, thereby indicating the crucial importance of apply-
ing dual vaccine immunization routes to achieve maximum
protection against pathogens like HEV71, which also opened
doors for utilizing nano-size adjuvants in developing novel vaccines
to other mucosal associated infectious diseases of an augmented
protection, more affordable vaccines with reduced antigenic con-
tent per vaccine dose and cost effectiveness where applicable.

Methods

The vaccine delivery carrier was formulated by combining the
prepared HEV71 killed-virus, adsorbed onto nano-sized calcium
phosphate adjuvant particles, and loaded separately onto each of
the 2 polymeric carriers of chitosan and alginate, and in one
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formulation, the vaccine was loaded directly onto chitosan poly-
mer without adjuvant. Four different vaccine formulations were
used in immunizing 4 groups of 3 rabbits through the buccal cav-
ity. In addition, a group of 3 rabbits was kept as un-immunized
control.

The pre- and post-vaccination immune response was moni-
tored in animal serum and saliva for the levels of viral specific
IgA & IgG antibodies in a class specific indirect HEV71 devel-
oped ELISA assay and the in vitro neutralization titer that inhib-
its the viral infectivity in the Vero cell. The mean optical density
from each rabbit group triplicates were analyzed using one-way
ANOVA statistical test with probability (P-values) less than 0.5
considered statistically not significance. After the deduction of
the mean blank reading the change in the mean antibody levels
induced among the immunized groups during study period of
9 weeks was plotted against the time for the serum IgG and sali-
vary IgA and compared with the unvaccinated rabbit control.

Killed-virus vaccine preparation
The virus strain of Human Enterovirus 71 used in preparing

the killed vaccine (ATCC, VR-784). The virus was propagated
in the Vero cell line (ATCC, CCL¡81) and for preparing large
volumes of viral suspension concentrated, followed by virus inac-
tivation. The final killed-virus contained 2 mg/ml of HEV71
whole virus used in preparing the formulations and animal
immunization.

Preparation of adjuvants
Calcium phosphate adjuvant of a nanoparticles size was ini-

tially used to adsorb the prepared vaccine before loaded into the
2 adhesive polymer carrier formulations used in vaccine delivery.
The Nano-particles size adjuvant of (3 mg/ml) was prepared as
follow; calcium phosphate powder (Cat no: 7790-76-3, Sigma)
dissolved in sterile deionized water at a final calcium concentra-
tion of 3%, stirred at high-speed for 2 hours, sterilized by auto-
clave at (121�C) for 15 minutes, and subjected to 3 cycles of
sonication for 30 minutes each(Hwasin Technology, Korea).
Samples from adjuvant tested later for morphology, charge and
particles size. Samples of the prepared adjuvant tested for particle
morphology visualized under FESEM microscope (FEI-NOVA,
Japan) and the mean particle size distribution and potential mea-
sured in Zetasizer Nano-ZS (Malvern Instruments, UK).

Preparation of the delivery carriers
The powder dissolved completely after 10 minutes Chitosan of

nano-size and alginate of micro-particle size were prepared at 3%
gel and used for encapsulation and delivery of HEV71 killed-
virus adsorbed to a CaP nano-sized adjuvant. In brief, 3 grams of
chitosan powder, CAS Number: 9012764 (Sigma, USA) was dis-
solved in 100 ml of 1% acetic acid. In addition, 3 grams of 3%
Na-Alginate powder, CAS Number 9005-38-3 (Sigma, USA) was
dissolved directly in 100 ml deionized water vortex using centri-
fuge at 5000 rpm at 4�C to remove air bubbles and sterilized by
autoclave. The dissolved adjuvant was subjected to 3 hours of
stirring at high speed and stored at 4�C until use in preparation
for vaccine dose formulations used in animal immunization.

Preparation of the killed-vaccine formulations
The aliquots of adjuvant and polymer were pre-warmed at

room temperature for one hour, and sonicated for 15 minutes to
disperse the particles. The killed-virus of 2 mg/ml was adsorbed
into 3 mg/ml adjuvant by adding the killed-virus at 1:1 volume
ratio to each of the 2 adjuvants under continuous stirring. The
adjuvant adsorbed killed-virus mixture was loaded in equal vol-
ume (1:1) of chitosan and alginate polymer. The final formula-
tion volume was 4 ml of (0.5 mg/ml) killed-virus per vaccine
dose with calcium content of 0.75 mg/ml and 1.5% polymer.
The prepared aliquots of 1 ml were kept in sterile screw capped
tubes, stored at 4�C and used within 24 hours. The formulation
was prepared separately for each dose and the aliquots homoge-
nized in the vortex immediately before use for animal immuniza-
tion. In addition, the killed-virus was adsorbed on the nano-sized
CaP-adjuvant without carrier to immunize one group through
dual routes; intradermal (three doses) and buccal delivered vac-
cine-calcium-chitosan formula in 5 doses.

Nano Cap adjuvant release profile from the encapsulating
carrier

Samples from nano-adjuvants were entrapped separately in
each of the 2 carriers and enclosed in the semipermeable mem-
brane from (Spectrum Labs, Taiwan). Each membrane, inserted
separately in a 15 ml tube, contains an equal volume of phosphate
buffer of pH-2, at temperature of 37�C, and under continuous
slow agitation, samples were collected from the outer buffer at
hour interval and the PBS added to replace the removed sample
volume. The samples were quantified for the released Calcium
particles in the outer buffer across the pores of enclosing semi-per-
meable membrane over an experiment time of 96 hours. Calcium
quantification kit used to measure the amount of released adjuvant
against the time in each preparation. With two polymer gels free
of calcium phosphate nano or micro particles used as controls

Animal immunization
The vaccine formulations used in vivo were selected based on

the in vitro results of the vaccine delivery formula, which displayed
prolonged and sustained release. The vaccine formulation was
delivered through the buccal cavity in 5 groups of 3 rabbits. The
approval for invivo vaccine evaluation experiment in rabbits was
obtained from the university animal care and use ethics commit-
tee, (Ethical approval no.:UPM/FPSK/PADS/BR-UUH/00487).

Each group received 5 doses of different vaccine formulations
contains equal quantity of the killed virus (0.5 mg/ml) in 1 mL
dose volume, as follows: (1) killed-virus without adjuvant loaded
in chitosan, (2) killed-virus adsorbed to nano-CaP-adjuvant and
loaded in chitosan, (3) killed-virus adsorbed to nano-adjuvant
loaded in alginate, (4) one group of rabbits received the vaccine
through buccal, killed-virus/nano-CaP/chitosan (5 doses); and
nano-CaP adsorbed killed-virus through intradermal with
0.5 mg/ml (3 doses), as a combined route simultaneously. One
group of 3 rabbits were kept as un-immunized control. Each ani-
mal received 5 doses of orally delivered vaccine formula to the
buccal cavity site on weeks 0, 1, 3, 5 and 7.
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Sample collection, storage and preparation
Blood and saliva samples were collected from each animal at

the following week intervals: 0, 1, 3, 5, 7 and 9; the sera were
kept at ¡80�C. Saliva was collected using adsorbing sterile gauze
from animal sublingual and kept at ¡80�C for viral specific IgA
antibody determination. The day before, the antibody assay saliva
samples were eluted in 2 ml sterile normal saline containing anti-
microbial and antifungal in a 24 well plate for 24 hours at 4�C.
The samples of 0.5 ml aliquot were kept at ¡80�C for use in the
ELISA and in vitro neutralization tests.

Viral specific indirect ELISA antibody assay
Microplates were coated with HEV71 killed virus concentra-

tions (50 ng/ml). Then serum samples were used in dilution fac-
tor 1/200 and anti-rabbit-IgG-HRP conjugates (Cat no: A0545,
Sigma) were used according to the manufacturer’s instructions at
1:15000, followed by the addition of ready used TMB substrate
(Cat no: T-4444, Sigma). Other microplates were coated with
HEV71 killed virus concentrations (100 ng/ml); then saliva sam-
ples used in dilution factor 1/50, and anti-rabbit-IgA-HRP con-
jugates (Cat no: AAI46P, AbD Serotec) were used according to
the manufacturer’s instructions at 1:8000 followed by the addi-
tion of TMB ready substrate. The post-vaccination HEV71 IgG
and IgA were determined. The mean optical density of each
group was analyzed using the one-way ANOVA statistical test
with P value less than 0.5 considered statistically not significant.
And after the deduction of the mean blank reading the group
antibody means were plotted against the sampling time and the
generated group-curve throughout the experiment of 9 weeks
were compared for mean antibody changes among the group
against the given vaccine doses.

In vitro neutralization of virus infectivity assay
Post vaccination sera and saliva samples were collected

3 weeks after the last vaccine dose, and examined for HEV71
viral specific neutralizing antibody. The capacity of each serially
diluted sample to inhibit 50% of in vitro virus infectivity to the
Vero cell was used as an indicator for determining the mean viral

neutralizing antibody titer as follows: the heat inactivated serum
samples (56�C for 30 minutes) from vaccinated animals were
serially diluted in sterile RPMI-1640 free serum containing 2x
antimicrobial and antifungal content. The sample dilutions were
1/8, 1/16, 1/32, 1/64, 1/128, 1/256 and 1/512.

The sample dilutions in saliva were lower due to the continual
changes in the saliva, which is expected to have a lower viral spe-
cific antibody level than blood, thus, the samples were diluted as
follows: 1/2,1/4,1/8, 1/16, 1/32, 1/64 and 1/128. Equal volume
(20 ml) of HEV71 propagated in Vero cell of viral titer 100
TCID50/ml was added to 180 microliter of diluted serum sam-
ples and the virus-sera mixture was incubated for 90 minutes at
37�C for neutralization. The mixture was transferred to a 80%
confluent Vero cell in 2 £ 96 micro plates with virus infected
and uninfected cell controls. The plates were incubated for
4 days at 37�C in Co2, then the media were replaced by serum
free media, and 100 ml and 10 ml of cell viability reagent were
added and re-incubated for 2 hours. After the colour developed
the plate was read at 570/600 nm filter.

The mean O.D of each triplicate of animal samples were cal-
culated and the percentage of un-infected viable (live) cells in
each sample dilution was calculated by dividing the group mean
over the mean of uninfected viable cell control to determine the
percentage of the cell that remained viable post-infection in
virus–sample mixture of each group. The percentage of viable
cell indicate the neutralizing antibody titer among the group.
The sample dilution of 50% cell viability contains virus neutraliz-
ing antibody titer in the sera and saliva samples post to HEV71
vaccination was considered.
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