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nanoparticles
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ABSTRACT
Chitosan-coated ISCOMATRIX nanoparticles co-administrated with PR8 influenza virus were successfully
developed via a lipid film hydration method to evaluate their in vivo immuniadjuvant potential in
immunization against influenza. The prepared ISCOMATRIX (ISC) and chitosan-coated ISCOMATRIX
(ISC-CIT) showed a particle size of 171 and 233 nm with a zeta potential of –9.47 and þ5.65, respect-
ively. Furthermore, ISC-CIT formulations were co-administered with PR8 antigen (PR8-ISC-CIT) and their
immunogenicity was investigated after intranasal and intramuscular immunization of BALBc/mice. The
PR8-ISC formulation elicited more IFN-c after intranasal or intramuscular administration compared with
PR8-ISC-CIT formulation. In contrast, although PR8-ISC-CIT formulation administered by intranasal route
secreted more IFN-c, it significantly decreased the IgG2a/IgG1 ratio and a less immune response was
induced. Altogether, the ISC-adjuvanted influenza PR8 antigen could be considered as a powerful intra-
muscular antigen delivery system for producing a variety of prophylactic and therapeutic vaccines.
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Introduction

During the past 30 years, enormous efforts have been per-
formed for development of new adjuvants to be able to
induce both humoral and cellular immune responses, particu-
larly those with critical criteria including safety, immunogen-
icity and clinical efficacy for human vaccines. Natural and
synthetic polymers are also utilized to get nanoparticles car-
rier systems for development of nasal mucosal antibodies [1].
For the first time, Morein et al. [2] in 1984 described the
immunostimulating complex or “iscom”. Iscoms are usually
caged-like structures that composed of phospholipid, choles-
terol and saponin with mean diameter of �40 nm [2–5]. Over
the past 20 years, many progresses on development of
human vaccines based on ISCOM adjuvant technology have
been achieved (i.e. usually referred to as ISCOMVR , a registered
trademark of ISCOTEC AB, a CSL Limited company, Sweden)
[6]. ISCOMTM-based vaccines have the requisite characteristics
to be used as a novel prophylactic and therapeutic agents to
induce strong cellular immune response and/or antibody
response, including CTL (CD8þ T-cell) responses. They
showed to be safe, highly immunogenic and efficacious that
induced broad immune responses in human clinical trials
resulted in 10- to 100-fold lower doses of antigen than is
required with most of adjuvants, including aluminium [7]. It
has been also shown that ISCOMTM-based vaccines are potent
inducers of IgG2a antibody responses in mice resulted in a
Th1-type immune response. Th1 immune response is gener-
ally considered as a critical factor for producing a variety of

prophylactic and therapeutic vaccines, especially those are to
prevent or treat viral infections and intracellular pathogens
[8,9]. Although ISCOMTM-based vaccines consist of saponin as
an adjuvant; however, ideal CTL induction is reached when
antigen is also physically incorporated into their structures.
The rationale behind this is that the ISCOMTM-based vaccines
have a particulate nature by which more efficiently taken up
by immune cells such as antigen-presenting cells (APCs) or
dendritic cells. Furthermore, the antigen is rapidly processed
and presented to CD8þ T-cells [6,10,11]. Antibody induction
has been proved after immunization with ISCOMTM-based
vaccines containing influenza virus antigens [12,13]. Also,
antigen-specific proliferative T-cell responses have been
reported in a variety of animal species immunized with an
ISCOMTM-based vaccine formulation with influenza virus anti-
gens [14]. In addition, it has been shown that ISCOMTM-based
vaccines that were physically associated with influenza virus
antigens could prime T cells and result in proliferation of
these cells and cytokine secretion (IL-4 and IFN-c) [15]. Also,
immunological outcomes clearly indicated significant
improvement in humoral as well as cellular immune
responses after pulmonary immunization against mycobacter-
ium tuberculosis with Antigen 85 complex (Ag85)-loaded
ISCOMs in mice [16]. ISCOMTM-based vaccines were tradition-
ally prepared with incorporation of viral membrane proteins
with a hydrophobic nature [17,18]. However, incorporation of
hydrophilic antigens into the ISCOM structures was not suc-
cessful [3]. This defect is mainly rooted from difficulty in
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manufacturing procedures. To overcome this limitation,
ISCOMATRIX adjuvant (also called ISCOMATRIXTM, a trademark
of ISCOTEC AB) was introduced. ISCOMATRIX adjuvants are
also usually cage-like structures consisting of phospholipid,
cholesterol and saponin, but without the inclusion of antigen.
These could be simply prepared by admixing the antigens
with pre-formed ISCOMATRIXTM adjuvants [11]. One of the
most important physical properties of the ISCOMATRIX adju-
vants is their negatively charged surface, help them to associ-
ate with positively charged materials such as chitosan.

Chitosan is a biocompatible and biodegradable cationic
polymer derivatized from naturally occurring chitin, is com-
posed of randomly distributed N-acetylglucosamine and b-
(1,4)-linked glucosamine residues [19,20]. Numerous studies
have established that chitosan is a penetration enhancer
polymer for large hydrophilic compounds across the mucosal
surfaces that not only increase the local therapeutic activity,
but also increase the systemic availability of the drugs by
increasing the residence time at the site of application
[21,22]. The proposed mechanism is opening of intracellular
tight junctions. Therefore, in this study, chitosan was used to
1 – act as a penetration enhancer and increase the trans-
mucosal drug delivery; 2 – physically link the ISCOMATRIX to
negatively charged antigens; and 3 – act as an adjuvant [23].
Nasal influenza immunization has distinct features compared
with intramuscular vaccines, providing protection at the path-
ogen’s entry site, higher levels of mucosal antibodies, cross-
protection and needle-free application [1]. Human influenza
A/Puerto Rico/8//1934 (H1N1) virus (PR8) was the most com-
mon cause of human influenza at 2009 that is a subtype of
influenza A virus [24,25]. Therefore, the PR8 antigen was
mixed with ISCOMATRIX structures to evaluate the in vivo
immunoadjuvant potential of these promising adjuvants.

Materials and methods

Materials

Low molecular weight chitosan (deacetylation degree: 95%,
intrinsic viscosity (1% solution: 11 cP) was donated by Primex
(Siglufjordur, Iceland). IgG1 and IgG2a secondary antibodies
were obtained from Zymed Inc. (South San Francisco, CA,
USA). Coating and detection mAb antibodies for IFN-c and IL-
4 as well as streptavidin-HRP were obtained from Mabtech
(Nacka Strand, Sweden). Concanavalin A was obtained from
Sigma Aldrich (St. Louis, MO, USA). Fetal calf sera (FCS),
RPMI1640 culture medium and penicillin–streptomycin solu-
tion were purchased from Sigma Aldrich (St. Louis, MO, USA).

BALB/c mice and PR8 antigen were purchased from the
Pasteur Institute of Iran. Mice were treated based on the
guidelines of the Institutional Ethical Committee of Mashhad
University of Medical Sciences.

Preparation of chitosan-coated ISCOMATRIX NPs

A lipid film hydration method was used to prepare the
ISCOMATRIX (ISC) formulation [26]. The 2:2:1 (w/w/w) ratios
of the EPC (Egg phosphatidylcholine) lipid: Quil-A saponin:
cholesterol were used. Firstly, 8mg EPC and 4mg cholesterol

were dissolved in chloroform, followed by the removal of
chloroform under reduced pressure by a rotary evaporator
(Hettich, Germany). Next, a mixture of tert-butanol and
sucrose solution (100mg/ml) was added to the dried lipid
film (4ml, v/v 1:1) and stirred for 5min. The resulting lipid
phase was flash-frozen on dry ice and then freeze-dried over-
night at –60 �C (Lyph-Lock 12; Labconco Corp, Kansas City,
MO, USA). To hydrate the solid matrices, a PBS solution
(0.01M, pH 7.4) of Quil A (8mg/4ml) was poured into the
lipid phase and was subsequently subjected to short bath
sonication for 10min to facilitate the dispersion. Finally, the
ISCOMATRIX dispersion was extruded through the polycar-
bonate membranes with pore diameters between 100 and
400 nm (Avestin, Ottawa, Canada). The total lipid concentra-
tion in the obtained formulation was 3mg/ml.

In the next step, Chitosan-coated ISC (ISC-CIT) formulation
was prepared by physical interaction between chitosan and
ISC formulation [27,28]. One part (w) of ISC was simply mixed
with two parts (w) of chitosan. Each component was dis-
solved in phosphate buffer (PB, 8mM, pH 6). Finally, PR8 anti-
gen was added to the ISC-CIT formulation and simply mixed
to prepare the PR8-ISC-CIT formulation. The PB dispersion of
ISC-CIT formulations showed a pH of 6.2 that had a good col-
loidal stability for two weeks at 2–8 �C in PB solution.
Therefore, all of ISCOMATRIX formulations were prepared in
PB and stored at 2–8 �C until use.

Particle size distribution and morphology

Dynamic light scattering analysis (NANO-ZS, Malvern, UK) and
transmission electron microscopy (Philips CM120; Philips
Electron Optics, Holland) were used to determine the particle
size distribution as well as the morphological of ISC
nanoparticles.

In vivo vaccination protocol

The in vivo evaluation of immunoadjuvant potential of pre-
pared ISCOMATRIX formulations was investigated in male
BALB/c mice. Eight groups were immunized by intramuscular
(Im) or intranasal (In) routes with: 1: PBS solution as a nega-
tive control (only subcutaneously injection), 2 and 3: PR8 anti-
gen (15 mg/mouse), 4 and 5: PR8-ISC formulation (15 mg PR8
antigen þ25 mg ISC/mouse), 6 and 7: PR8-ISC-CIT formulation
(15mg PR8 antigen þ25 mg ISC þ20 mg chitosan/mouse) and 8
and 9: Blank ISC formulation (25mg ISC/mouse). Mice (6 per
group) were injected three times in two-week intervals with
these formulations. For nasal immunization, an intraperitoneal
injection of ketamine and xylazine (100 and 10 mg/g body
weight, respectively) were used to anesthetize the mice and
a total volume of 5 ml of each formulation was administered
into the two separated nostrils. For Im immunization, a total
volume of 100 ml of each formulation was administered.

In vitro cytokine production

An ELISA method was used to detect the levels of IFN-c and
IL-4 produced by spleen cells. Ten days after the last booster
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injection, 3 mice in each group were sacrificed and the
spleens were removed, aseptically. To obtain a single-cell sus-
pension, the spleen tissues were homogenized and then the
mononuclear cells were removed using ammonium chloride
[29]. Next, the washed splenocytes were resuspended in RPMI
1640 culture medium and seeded in 96-well plates at a dens-
ity of 2� 105 cells/well. Then, the spleen cells were stimu-
lated with either culture medium alone as negative control,
PR8 antigen (10mg/ml), or Concanavaline A (Con A) as posi-
tive control and incubated at 37 �C for 72 h. After that, the
concentration of IL-4 and IFN-c were determined in the
supernatants using ELISA technique based on the man-
ufacturer’s instructions (Mabtech, Nacka, Sweden).

Antibody isotype assay

Ten days after the last booster injection, the mice blood sam-
ples were obtained by heart puncture and retro orbital bleed-
ing. The blood was allowed to coagulate at 4 �C and then the
serum was collected by centrifuging for 10min at 14,000 rpm.
The serum samples were and kept at �20 �C [30]. The sera of
vaccinated BALB/c mice were used to titrate IgG1 and IgG2a
antibodies using an ELISA technique [31]. Briefly, 96-well
plates were coated with 50 ll (10mg/ml in bicarbonate buffer,
pH 9.6) of PR8 antigen and kept overnight at 4 �C. After
washing the plates, they were blocked with 300ml of 2.5%
BSA in PBS-Tween per well for 1 h at 37 �C. Different dilutions
of serum were added to the plates for 75min at 37 �C. After
washing with PBS-Tween solution, plates were treated with
IgG1 and IgG2a secondary antibodies based on the man-
ufacturer’s instructions (Zymed Inc., South San Francisco, CA,
USA). Optical density was measured by using a microplate
reader (StatFaxVR 4200 microplate reader, NEOGENVR

Corporation, USA) at 450 nm, with a reference wavelength
of 630 nm.

Statistical analysis

Statistical analysis was performed using the version 6 of the
GraphPad Prism (La Jolla, CA, USA). The data were analyzed

by a Tukey’s multiple comparison tests and a one-way ana-
lysis of variance (ANOVA).

Results

Characterization of ISCOMATRIX formulations

In this study, ISCOMATRIX nanoparticles were prepared by a
lipid film hydration method. The mean diameter of ISC for-
mulation was 171.0 nm, as measured by DLS method (Figure
1(A)). The morphology of ISC NPs was depicted by TEM
(Figure 1(B)). Coating of ISC NPs with chitosan significantly
increased the particle size to 233.9 nm. Chitosan has a
positive charge, thus resulting in higher zeta potential for the
chitosan-coated ISC formulation compared to that of ISC
alone. The obtained results are summarized in Table 1.

Cytokine assay

Splenocytes of mice immunized with different formulations
were cultured. The concentration of IL-4 and IFN-c in the
supernatant of cell cultures were determined by an ELISA
method (Figure 2(A,B)). The results show that a more signifi-
cant IFN-c response was induced following In administration
of PR8-ISC formulations as compared with Im delivery of these
formulations (p< .001). Also, a significant reduction of IFN-c
concentration was observed when the PR8-ISC formulations
were coated with CIT. The difference between IFN-c concentra-
tions induced by PR8-ISC-CIT formulation after nasal adminis-
tration was more significant than Im injection. Altogether,
ISCOMATRIX NPs as efficient immunoadjuvant could signifi-
cantly increase the IFN-c response to the PR8 whole virus after
In (p< .001) and Im administration (p< .001). Additionally, no

Figure 1. Particle size distribution and morphology and of ISC nanoparticles. (A) and (B) show the particle size and morphology of ISC nanoparticles using DLS and
TEM analysis, respectively.

Table 1. Particle size, zeta potential and PDI of ISC formulation.

Formulations Method Particle size (nm)a PDI Zeta potentials (mV)

ISC DLS 171.0 0.23 �9.47
TEM 64 – –

ISC-CIT DLS 233.9 0.36 þ5.65
aIs based on z-average results.
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significant secretion of IL-4 was observed after immunization
with these formulations.

Antibody response

In this study, the adjuvanticity of ISCOMATRIX NPs was inves-
tigated by immunization of BALB/c mice [30]. The sera of vac-
cinated BALB/c mice were used to titrate IGG1 and IgG2a
antibodies using an ELISA technique [31]. ISCOMATRIX NPs
could significantly increase both IgG1 and IgG2a antibody
responses against PR8 whole virus after In and Im administra-
tion (Figure 3(A,B)). Generally, no significant difference was
observed between anti-PR8 IgG antibody titres of CIT-coated
formulations and non-coated ones after In or Im administra-
tion. The results also show that after Im administration, the
IgG2a antibody titres are significantly higher than In adminis-
tration, both after administration of PR8-ISC and PR8-ISC-CIT
formulations (p< .001) (Figure 3(B)). Also, the IgG2a/IgG1
ratio was significantly higher in intramuscularly administered
PR8-ISC and PR8-ISC-CIT formulations to those induced with
intranasally delivered formulations (p< .001) (Figure 3(C)).

Discussion

Although aluminium salts are used in almost of the currently
adjuvanted human vaccines, they usually induce a Th2 anti-
body dominated response. Accordingly, they are not suitable
adjuvants for vaccination against intracellular pathogens,
chronic infections or cancers. To overcome this limitation,
ISCOM and ISCOMATRIX adjuvants have shown good poten-
tials [6,7]. ISCOMATRIX-adjuvanted vaccines are simply pre-
pared by admixing the antigen with preformed ISCOMATRIX
nanoparticles. Sj€olander et al. [32] showed that a CTL

response as well as strong mucosal and systemic immune
responses was induced when PR8 antigen was co-adminis-
tered with ISCOM formulations and delivered by the In route
in BALBc/mice.

In this study, it has been shown that ISCOMATRIX NPs as
efficient immunoadjuvant could significantly increase the IFN-
c response to the PR8 whole virus, after both In (p< .001)
and Im administration (p< .001). Helgeby et al. [33,34] incor-
porated both the cholera toxin A1 (CTA1)-DD and PR8 influ-
enza virus into the ISCOM and demonstrated that the
immunogenicity of PR8 virus is significantly augmented after
In immunization of BALBc/mice when compared with PR8
virus alone.

Both ISCOMATRIX and PR8 are negatively charged. With a
hypothesis that connection between antigen and
ISCOMATRIX could increase the potential of co-delivery of the
both particles to the same APC or macrophage and increase
the immune responses, ISCOMATRIX NPs were coated with
chitosan as a cationic polymer. It is supposed that this cat-
ionic coat could attach to the PR8 and help to co-delivery.
However, after co-administration of chitosan coated
ISCOMATRIX NPs with PR8 virus (PR8-ISC-CIT), the IFN-c con-
centration was less than PR8-ISC group. However, the nega-
tive results (p< .01) could be attributed to the agglomeration
of chitosan-coated PR8-ISC (PR8-ISC-CIT) and lower uptake of
this formulation by M cells and APCs. After nasal administra-
tion, the difference between IFN-c concentrations induced by
these two formulations was more significant (p< .001) than
im injection (p< .01). After nasal administrations, formulations
should first pass through or be uptaken by epithelial, and
mainly microfold cells. The possible aggregation of chitosan-
coated PR8-ISC (PR8-ISC-CIT) could adversely affect this step
and result in lower uptake and lower immune responses. But
after Im injection, because of the absence of this epithelial

Figure 2. BALB/c mice were injected with different formulations. Splenocyets were cultured 10 days after the last booster injection and stimulated in vitro with
either PR8 antigen (10mg/ml), Con A as positive control and culture medium alone as negative control incubated for 72 h. ELISA technique was used to determine
the concentration of IFN-c and IL-4 in supernatants. Significant differences between the PR8-ISC (Im) and PR8-ISC-CIT (Im) groups with the PR8 (Im) group marked
as ���(p< .001). Significant differences between PR8-ISC-CIT (Im) and PR8-ISC-CIT (In) groups labelled with #(p< 0.05). Data expressed as mean ± SD (n¼ 6).
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barrier, both PR8-ISC-CIT and PR8-ISC formulations are simi-
larly uptaken by immune cells, and no significant differences
were observed between the immune responses induced by
PR8-ISC and PR8-ISC-CIT formulations.

It has been also shown that influenza antigens are potent
inducers of IgG2a antibody responses in mice and resulted in
a Th1-type immune response that is generally considered as
a critical factor for producing a variety of prophylactic and
therapeutic vaccines, especially those are to prevent or treat
viral infections and intracellular pathogens [8,9]. Therefore, it
is beneficial to elicit a higher ratio of IgG2a/IgG1 antibody
titres for immunization against influenza virus. The ratio of
IgG2a/IgG1 antibody titres is usually used as an indicator of
Th profile [35]. When the IgG2a/IgG1 ratio is higher, it is in
favour of Th1 immune response that is elicited by a cell-
mediated response to IFN-c [36]. IFN-c has an important role
in blocking the virus spread [37]. Renegar et al. [38] showed
that a vaccine formulation against Barratt (BAR) strain of influ-
enza virus has significantly increased the ratio of IgG2a/IgG1
antibody titres. Also, Mahmoudi et al. investigated the
immunogenicity of ISCOMs formulations loaded with a type 2
herpes simplex virus (HSV-2) antigen. Higher IgG2a antibody,
IFN-c and IL-2 levels were observed in BALBc/mice immu-
nized subcutaneously [39]. In another study, Madhum et al.

[40] showed a strong antibody responses and a the high fre-
quency of multifunctional Th1 CD4þ cells after Im immuniza-
tion of BALBc/mice with ISCOM-adjuvanted influenza A H5N1
virosomal vaccine than those of non-adjuvanted vaccines . In
many studies, the ability of cationic ISCOM derivations
(PLUSCOMs) in antigen attachment and elicitation of T cell
responses was also compared to anionic ISCOMs. It has been
shown that the PLUSCOMs have advantages including the
incorporation of purified anionic antigen and inducing T cell
responses similar to ISCOMs [41,42].

After In or Im administration, PR8-ISC formulation had the
potential to elicit more IFN-c levels compared with PR8-ISC-
CIT formulation. However, it significantly decreased the ratio
of IgG2a/IgG1 antibody titres. After nasal administration of
these formulations, less immune responses than Im delivery
was induced; especially when this formulation coated with
CIT. Altogether, although after Im administration no signifi-
cant difference was observed between anti-PR8 IgG titres of
CIT-coated and non-coated formulations, both of these for-
mulations had induced a significantly higher ratio of IgG2a/
IgG1 antibody titres to those induced with non-adjuvanted
PR8 antigen (p< .001). This notable achievement showed that
ISCOMATRIX adjuvanted PR8 vaccines are potent inducer of
Th1 immune responses, especially after Im delivery.

Figure 3. The level of IgG1 (A), IgG2a (B) antibodies and the IgG2a/IgG1 ratio (C) of BALBc/mice immunized by In and Im routes, ten days after the last booster
injection with different formulations. The assays were performed using an ELISA method in triplicate at different dilutions of serum samples. Significant differences
between the PR8-ISC (Im) and PR8-ISC-CIT (Im) groups with the PR8 (Im) group marked as ���(p< .001). Significant differences between PR8-ISC-CIT (Im) and PR8-
ISC-CIT (In) groups labelled with #(p< .05), ##(p< .01) and ###(p< .001). Data expressed as mean± SD (n¼ 6).
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Conclusions

It is concluded that ISCOMATRIX NPs are efficient immunoad-
juvants for immunization against PR8 whole influenza virus.
This effect was proved after immunization from both nasal
and Im routes. However, the chitosan coated ISCOMATRIX
NPs, as cationic ISCOMATRIX adjuvant, did not show
any superiority over ISCOMATRIX NPs. Chitosan-coated
ISCOMATRIX NPs sowed less or comparable immune
responses after In and Im administration, respectively.
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