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Particle-based vaccine delivery systems are under exploration to enhance antigen-speciﬁc immunity
against safe but poorly immunogenic polypeptide antigens. Chitosan is a promising biomaterial for antigen
encapsulation and delivery due to its ability to form nano- and microparticles in mild aqueous conditions
thus preserving the antigenicity of loaded polypeptides. In this study, the inﬂuence of chitosan encapsulation on antigen uptake, activation and presentation by antigen presenting cells (APCs) is explored.
Fluorescein isothiocyanate-labeled bovine serum albumin (FITC-BSA) and ovalbumin (OVA) were used as
model protein antigens and encapsulated in chitosan particles via precipitationecoacervation at loading
efﬁciencies >89%. Formulation conditions were manipulated to create antigen-encapsulated chitosan
particles (AgCPs) with discrete nominal sizes (300 nm, 1 mm, and 3 mm). Uptake of AgCPs by dendritic cells
and macrophages was found to be dependent on particle size, antigen concentration and exposure time.
Flow cytometry analysis revealed that uptake of AgCPs enhanced upregulation of surface activation
markers on APCs and increased the release of pro-inﬂammatory cytokines. Lastly, antigen-speciﬁc T cells
exhibited higher proliferative responses when stimulated with APCs activated with AgCPs versus soluble
antigen. These data suggest that encapsulation of antigens in chitosan particles enhances uptake, activation
and presentation by APCs.
Ó 2012 Elsevier Ltd. All rights reserved.
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1. Introduction
Over the last several decades, vaccine development has shifted
away from using attenuated or inactivated whole pathogens in
favor of recombinant subunit antigens [1e3]. This shift is partly due
to safety concerns over potentially harmful pathogens and partly
due to an increasing interest in inducing immunity towards
non-pathogenic self or self-like antigens such as tumor-associated
antigens or overexpressed proteins implicated in disease (e.g.
amyloid beta) [4e6]. While subunit antigens are much safer, they
are also much less immunogenic than whole pathogens. Subunit
antigens are rapidly degraded by proteases and lack the requisite
secondary immune stimulus, i.e. co-stimulation and/or danger
signals, required for the generation of antigen-speciﬁc immunity
[7]. As a result, a great deal of effort has been spent developing
delivery systems and/or adjuvants capable of enhancing vaccine
responses to subunit and polypeptide antigens [7e9].
The encapsulation of polypeptide antigens in nano- and/or
microparticles has been explored extensively as a strategy to enhance
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immunogenicity. The advantage of this strategy is three-fold: First,
encapsulation of antigens in particles can prevent antigen degradation and enhance antigen persistence. Second, antigen presenting
cells (APCs), such as macrophages and dendritic cells have been
shown to readily phagocytose and process particles ranging in size
from 150 nm to 4.5 mm [10,11]. Third, most particle-based platforms
can be engineered to contain additional adjuvants and/or targeting
moieties to further inﬂuence immunogenicity [1, 2]. In general,
antigens in particulate form have been shown to be more immunogenic than their soluble counterparts [12,13]. A myriad of particlebased antigen delivery approaches including liposomes, immune
stimulating complexes (ISCOMs), and polymeric particles are under
development and have been reviewed elsewhere [1,14,15].
Chitosan-based vaccine delivery systems have received
increasing attention due to chitosan’s remarkable versatility and
unique characteristics [16e23]. Chitosan is a natural polysaccharide
derived primarily from the exoskeletons of crustaceans. Chitosan
nano- and microparticles can be manufactured via either
precipitationecoacervation [24] or ionotropic gelation [25]. Polypeptides can be encapsulated either during particle formation [26]
or adsorbed to particle surfaces after formation [27]. Chitosan’s
mucoadhesiveness and ability to loosen epithelial gap junctions
justiﬁes its use in mucosal vaccines. Several studies have shown
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that chitosan nano- and microparticles loaded with antigens can
generate mucosal immunity following intranasal vaccination
[28,29]. However, chitosan particles are also expected to elicit
robust immune responses via non-mucosal routes. Yet, in the only
s.c. vaccination study to date, no signiﬁcant immunity was generated with a vaccine comprised of ovalbumin (OVA) adsorbed to
chitosan nanoparticles [27].
While the above study may have failed to induce immune
activation due to a documented change in antigen conformation, it is
important to note that vaccine responses are highly complex,
involve multiple cell types and require successful completion
of many interdependent processes including antigen uptake,
cytokine release, immune cell trafﬁcking, antigen presentation,
co-stimulation, etc. To simplify the contributions of chitosan-based
particles, in this study, we focused solely on APC function. In
particular, we evaluated the ability of antigen-encapsulated chitosan particles (AgCPs) to enhance antigen uptake, APC activation and
antigen presentation. The effect of particle size on antigen uptake by
both bone marrow-derived dendritic cells and RAW 264.7 macrophages was quantiﬁed via spectrophotometry and ﬂow cytometry.
The ability of AgCPs to induce APC activation was determined by
measuring upregulation of surface activation markers as well as
cytokine release. Finally, APCs exposed to AgCPs or soluble antigens
were compared for their ability to present antigen and induce
proliferation of antigen-speciﬁc T cells.
2. Materials and methods
2.1. Reagents and antibodies
Chitosan (molecular weight: 95  20 kDa), sodium sulfate, polysorbate 80 (Tween
80), acetic acid, ﬂuorescein isothiocyanate-labeled bovine serum albumin (FITC-BSA),
and OVA were purchased from Sigma (St. Louis, MO). Cell culture media components,
including L-glutamine, HEPES buffer, trypsin-EDTA, FBS, antibiotics, DMEM, and RPMI1640, were purchased from Thermo Scientiﬁc (Rockford, IL). Recombinant murine
granulocyte-macrophage colony-stimulating factor (rmGM-CSF) was purchased from
Peprotech (Rocky Hill, NJ). OVA257e264 peptide was purchased from AnaSpec, Inc.,
Fremont, CA. All antibodies used for ﬂow cytometry along with cytometric bead array
kits were purchased from BD Biosciences (San Jose, CA).
2.2. Laboratory animals
Female C57BL/6 J, OT-1 and OT-II mice were purchased from The Jackson
Laboratory (Bar Harbor, ME). Mice were housed in microisolator cages and used at
8e12 weeks of age. All experimental procedures were approved by the Institutional
Animal Care and Use Committee at the University of Arkansas. Animal care was in
compliance with The Guide for Care and Use of Laboratory Animals (National
Research Council).
2.3. Cell culture
RAW 264.7 mouse macrophage cells obtained from American Type Culture
Collection (Manassas, VA) were cultured in complete media consisting of DMEM
supplemented with 20% FBS and 1% penicillin/streptomycin. Bone marrow-derived
dendritic cells (BMDCs) were cultured from bone marrow cells using an established
protocol [30].
2.4. Preparation of AgCPs
AgCPs were prepared via precipitationecoacervation as described previously
with slight modiﬁcations [24,26,27]. Brieﬂy, chitosan was dissolved in 2% acetic acid
and passed through a 0.2 mm ﬁlter. AgCPs were formed by adding a 10% w/v sodium
sulfate solution containing either FITC-BSA or OVA as model protein antigens,
henceforth referred to as BsaCPs or OvaCPs, respectively. Chitosan particles containing no antigen (CPs) were formed in the same manner but without BSA or OVA.
Tween 80 was added as a nonionic stabilizer and particles were stirred for 2 h with
intermittent sonication (S4000, Misonix, Farmingdale, NY). Chitosan particles were
separated through centrifugation at 25,000g for 10 min and freeze dried before
further use. Particles of various sizes were obtained by varying chitosan concentration, the rate of sodium sulfate addition, sonication power, and chitosan:antigen
ratio as seen in Table 1. These parameters and the levels of these parameters
were selected based on results from ongoing AgCP optimization studies (data not
shown).

Table 1
Formulation parameters and measurements for AgCPs and CPs.
“300 nm” AgCPs “1 mm” AgCPs “3 mm” AgCPs “300 nm” CPs
Chitosan
concentration
(mg/ml)
Sodium sulfate
addition
rate (ml/min)
Sonication power
(Watts)
Chitosan:
FITC-BSA
ratio

1

5

8

1

8

5

0.2

8

40

10

0

40

10:1

10:1

10:1

e

1034  74

2918  333

289  9

Mean diametera 332  19
(nm)
0.09  0.03
Polydispersity
indexa
Surface chargea 16.8  0.8
(mV)
89.2  0.1
Protein loading
efﬁciencya (%)

0.16  0.09

0.33  0.05

0.10  0.06

17.8  0.5

18.0  0.7

36.8  1.4

91.0  0.1

96.2  0.2

e

a
Measured data are presented as mean  standard deviation of three independent experiments.

2.5. Characterization of AgCPs
Particle size and surface charge were measured via dynamic light scattering
(DLS) (Nano ZS90, Malvern Instruments, Malvern, UK). Morphological characteristics were documented using scanning electron microscopy (SEM) (Nanolab 200, FEI,
Hillsboro, OR). Brieﬂy, AgCPs were dispersed in DI water and vacuum dried onto
a glass slide. The slides were sputter coated with gold using an Emitech SC7620
(Quorum Technologies, Ashford, Kent, UK) prior to imaging. SEM images were
acquired at a beam voltage of 10e15 kV. The encapsulation efﬁciencies of FITC-BSA
in AgCPs were quantiﬁed spectrophotometrically (Synergy2, Biotek, Winooski. VT)
by measuring the supernatant after centrifugation. Antigen encapsulation efﬁciency
(EE) was calculated as:
EE ¼

ðInitial antigen conc:  Unencapsulated antigen conc:Þ
 100
Initial antigen conc:

2.6. Uptake of AgCPs by APCs
RAW 264.7 macrophages or BMDCs were collected and seeded at a density of
50,000 cells/well in 24 well plates. To determine the effect of particle size on uptake,
cells were co-incubated with of 300 nm, 1 mm, or 3 mm BsaCPs. To determine the
effect of antigen concentration on uptake, cells were co-incubated with BsaCPs at an
effective antigen concentration of 1, 5, 10, 20, or 30 mg/ml. To determine the effect of
incubation time on uptake, cells were co-incubated with 1 mm BsaCPs at an effective
antigen concentration of 30 mg/ml for 12, 24, or 48 h. After each co-incubation, cells
were rinsed three times with PBS and lysed with 1% triton solution. The amount of
FITC-BSA released was quantiﬁed via ﬂuorescence spectroscopy. To assess the
percentage of cells taking up BsaCPs, cells were rinsed three times with PBS and
brieﬂy trypsinized to form a single cell suspension prior to analyzing on a FACSCantoII (BD biosciences, San Jose, CA).
2.7. APC activation
Activation markers on macrophages and BMDCs co-cultured with AgCPs were
analyzed via ﬂow cytometry. Brieﬂy, RAW 264.7 macrophages and BMDCs were
seeded onto 6 well plates at a density of 1 106 cells/well and cultured in their
respective growth media for 2 h. Media containing BsaCPs was then added at a ﬁnal
antigen concentration of 30 mg/ml. Unloaded 300 nm CPs that contained no antigen
were used at the same dry weight as 300 nm AgCPs. Media alone was used as
a negative control. After 24 h, cells were rinsed three times with PBS and brieﬂy
trypsinized to form a single cell suspension. FcgII and FcgIII receptors were
blocked via incubation with 1 mg puriﬁed anti-mouse CD16/CD32 (clone: 2.4G2)
per 1 106 cells for 15 min on ice. Cells were stained for 30 min on ice with
ﬂuorescence-labeled antibodies (1 mg/1 106 cells) to the following markers: MHC I
(clone: AF6-88.5), MHC II (clone: 2G9), CD11b (clone: M1/70), CD11c (clone: HL3),
CD80 (clone: 16-10A1), CD86 (clone: GL1), CD40 (clone: HM40-3) and CD54 (clone:
3E2). Cells were then washed twice with cold PBS and analyzed on a six-color
FACSCantoII. Data analysis was performed using BD FACSDiva software (BD
biosciences, San Jose, CA).
Cytokines released from macrophages and BMDCs were quantiﬁed via cytometric bead array (CBA) analysis. In brief, RAW 264.7 macrophages and BMDCs were
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Fig. 1. Morphology and size distribution of AgCPs. Representative SEM images and DLS data show that (a, e) 300 nm AgCPs, (b, f) 1 mm AgCPs, (c, g) 3 mm AgCPs, and (d, h) 300 nm
CPs are unimodally distributed and spherical to elliptical with porous non-uniform structures.
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seeded at 5  105 cells/well in 96 well plates. Cells were co-incubated with FITC-BSA
alone or BsaCPs with approximate mean diameters of 300 nm, 1 mm or 3 mm. Once
again, unloaded CPs and media alone were used as controls. After 72 h, culture
supernatants were harvested to quantify concentrations of inﬂammatory cytokines
including, IL-1b, IL-6, TNF-a, MCP-1a, and MIP-1 with a customized CBA ﬂex set (BD
Biosciences, San Jose, CA). The multiplex beads were read on a FACSCantoII and
analyzed using FACP Array software (Soft Flow, Burnsville, MN).

and T cell proliferation data in response to the soluble antigen treatment group and
an AgCP treatment group were compared. Analysis of variance was used to identify
treatment-related differences among the three different AgCP sizes. All statistical
analyses were performed using JMP software (SAS, Cary, NC). Signiﬁcance was
accepted at the p  0.05 level.

3. Results
2.8. Antigen presentation
The antigen presenting ability of BMDCs co-incubated with AgCPs was evaluated
by quantifying proliferation of Ag-speciﬁc T cells. Brieﬂy, BMDCs were seeded onto 6
well plates at a density of 1 106 cells/well and cultured with OvaCPs with
approximate mean diameters of 300 nm, 1 mm, or 3 mm at ﬁnal antigen concentration of 10 mg/ml. BMDCS were pulsed with MHC I-restricted peptide OVA257e264
(SIINFEKL) or whole OVA protein, and unloaded CPs were used as positive and
negative controls, respectively. After 24 h, BMDCs were collected and co-cultured
with CD8þ or CD4þ T cells isolated via negative selection using magnetic beads
(Invitrogen, Grand Island, NY) from the spleens of OT-I and OT-II mice, respectively.
After 72 h of co-culture, T cell proliferation was assessed by the CellTiter-Glo
(Promega, Madison, WI) cell proliferation assay.
2.9. Statistical analysis
All particle characterization measurements, i.e. mean diameter, polydispersity
index, encapsulation efﬁciency and surface charge, are presented as mean  standard deviation for 3 independent chitosan particle preparations. Antigen
uptake, APC activation and cytokine release experiments were carried out in triplicate. Antigen presentation experiments, which evaluated the proliferation of
antigen-speciﬁc T cells, were performed in duplicate. Student’s t-test was used to
compare data from two groups of interest as indicated. For example, cytokine release

3.1. Characterization of AgCPs
SEM images revealed that AgCPs were spherical to elliptical
in shape with porous non-uniform structures (Fig. 1a). Formulation
factors including chitosan concentration, sodium sulfate addition
rate, and sonication power were varied to generate AgCPs with
nominal sizes of 300 nm, 1 mm, or 3 mm. The measured mean diameters of these particles as determined by DLS were 332  19 nm,
1034  74 nm, and 2918  333 nm (Table 1). All preparations displayed a unimodal size distribution (Fig. 1b) with modest polydispersity (Table 1). Antigen encapsulation efﬁciencies were very
reproducible and increased slightly with particle size from 89.2% to
96.2%. To determine the effect of antigen on particle size and charge,
unloaded CPs were prepared using the same conditions as the
“300 nm” AgCPs except without antigen. The mean diameter of CPs
was slightly smaller than similarly prepared AgCPs e 289  9 nm vs.
332  19 nm (Table 1). Also, the surface charge of CPs, þ36.8 mV, was
higher than the surface charge of similarly sized AgCPs, þ16.8 mV.

Fig. 2. Effect of size, concentration, and incubation time on uptake of AgCPs by APCs. (a) RAW 264.7 macrophages or (c) BMDCs were co-incubated with 1 mm AgCPs at an effective
antigen/FITC-BSA concentration of 30 mg/ml for 12, 24, or 48 h. (b) RAW 264.7 macrophages or (d) BMDCs were co-incubated with 300 nm, 1 mm, or 3 mm AgCPs at effective antigen
concentrations of 1, 5, 10, 20, or 30 mg/ml for 24 h. After each co-incubation, cells were rinsed three times with PBS and lysed with 1% triton solution. The amount of FITC-BSA
released was quantiﬁed via ﬂuorescence spectroscopy. Data are presented as mean  standard deviation from three independent experiments. *p  0.05 vs. 12 h incubation;
**p  0.05 comparing AgCP sizes for a particular antigen concentration.

Fig. 3. Surface marker expression by RAW 264.7 macrophages following exposure to soluble antigen, CPs without antigen or AgCPs. Macrophages were co-incubated with soluble or
particulate antigens at a ﬁnal antigen concentration of 30 mg/ml. After 24 h, cells were rinsed three times, harvested, blocked with puriﬁed anti-mouse CD16/CD32 and stained with
ﬂuorescence-labeled antibodies to MHC molecules and activation markers (solid lines). Filled histograms represent cells treated with media alone. Dotted line histograms are
treated cells stained with appropriate isotype controls. All histograms are from one representative experiment of three independent experiments producing similar results. Panel
numbers indicate the mean percentages of positive cells (top number) and mean ﬂuorescence intensities (bottom number) of respective samples.
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3.2. Uptake of AgCPs by APCs
Uptake of AgCPs by APCs was found to depend on particle size,
total antigen concentration, and incubation time. Regarding incubation time, uptake of AgCPs by both macrophages and BMDCs
increased from 12 h to 24 h (Fig. 2a and c). After 24 h, no signiﬁcant
increase in antigen uptake was observed. Flow cytometry analysis
revealed that 100% of macrophages and BMDCs exposed to AgCPs
produced a strong FITC signal indicating that every cell had internalized some amount of AgCPs (Supplemental Fig. S1).
Regarding antigen concentration, antigen uptake by both
macrophages and BMDCs increased steadily up to the maximum
total antigen concentration of 30 mg/ml (Fig. 2b and d). At lower
concentrations, nearly all of the AgCPs co-incubated with macrophages were internalized. As antigen concentration increased,

uptake efﬁciency decreased for both cell types. Macrophages were
found to be more efﬁcient at antigen uptake as they had phagocytosed 3 to 14 times as much AgCPs than did BMDCs.
Regarding particle size, maximum antigen uptake by macrophages was observed with 1 mm AgCPs (Fig. 2b). Increasing particle
size to 3 mm reduced antigen uptake by macrophages. Antigen
uptake by BMDCs was independent of particle size up to 20 mg/ml
(Fig. 2d). However, at 30 mg/ml concentration, BMDCs performed
similarly to macrophages in that maximum antigen uptake was
observed with 1 mm AgCPs.
3.3. Macrophage activation
AgCPs outperformed soluble antigen in enhancing upregulation
of antigen presenting machinery, co-stimulatory and activation

Fig. 4. Cytokine release by RAW 264.7 macrophages. Cells were co-incubated with soluble or particulate antigens at a ﬁnal antigen concentration of 30 mg/ml. After 24 h,
supernatants of all groups were collected and analyzed for cytokine production using a customized CBA ﬂex set. Data are presented as mean  standard deviation from three
independent experiments. *p  0.05 vs. soluble antigen (FITC-BSA); **p  0.05 vs. other sizes of AgCPs.
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Fig. 5. Surface marker expression by BMDCs following exposure to soluble antigen, CPs without antigen or AgCPs. Macrophages were co-incubated with soluble or particulate
antigens at a ﬁnal antigen concentration of 30 mg/ml. After 24 h, cells were rinsed three times, harvested, blocked with puriﬁed anti-mouse CD16/CD32 and stained with
ﬂuorescence-labeled antibodies to MHC molecules and activation markers (solid lines). Filled histograms represent cells treated with media alone. Dotted line histograms are
treated cells stained with appropriate isotype controls. All histograms are from one representative experiment of three independent experiments producing similar results. Panel
numbers indicate the mean percentages of positive cells (top number) and mean ﬂuorescence intensities (bottom number) of respective samples.
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markers on macrophages. Speciﬁcally, up to 2-fold increases in
MHC I and CD80 expressions, up to a 3-fold increase in CD86
expression, and up to a 10-fold increase in CD80 expression were
observed following APC exposure to AgCPs compared to soluble
antigens (Fig. 3). Increases in MHC II and CD54 were also observed
albeit to a lesser degree (data not shown). Upregulation of all
markers was dependent on AgCP size with 1 mm AgCPs producing
maximum responses.
In addition to higher activation status, CBA analyses revealed
that macrophages co-incubated with AgCPs released higher
amounts of pro-inﬂammatory cytokines (Fig. 4). IL-6 and MCP-1
secretions were more than doubled with 1 mm AgCPs compared
to soluble antigen while TNF-a production increased by more than
70-fold. MIP-1a release was also modestly, but signiﬁcantly
increased with AgCP co-incubation. IL-1b was not secreted by
macrophages exposed to soluble antigen but secreted at high levels

with AgCPs co-incubation. Similar to macrophage surface marker
expression, cytokine release was dependent on AgCP size. IL-1b,
MCP-1 and IL-6 secretions were maximum with 1 mm AgCPs while
TNFa and MIP-1a responses were highest with 3 mm AgCPs.
3.4. BMDC activation
Similar to the above studies with macrophage, AgCPs were more
effective than soluble antigen at enhancing upregulation of antigen
presenting molecules, co-stimulatory molecules and activation
markers on BMDCs. Speciﬁcally, CD40 was increased by up to 5-fold,
MHC I and CD54 expressions were increased by up to 2-fold on
BMDCs treated with AgCPs compared to soluble antigens (Fig. 5). To
a lower degree, upregulation of MHC II and CD86 was also observed
(data not shown). The dependence of BMDC surface marker
expression on AgCP size showed a different pattern than was

Fig. 6. Cytokine release by BMDCs. Cells were co-incubated with soluble or particulate antigens at a ﬁnal antigen concentration of 30 mg/ml. After 24 h, supernatants of all groups
were collected and analyzed for cytokine production using a customized CBA ﬂex set. Data are presented as mean  standard deviation from three independent experiments.
*p  0.05 vs. soluble antigen (FITC-BSA); **p  0.05 vs. other sizes of AgCPs.
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observed for macrophages. Maximum responses for CD40, CD80
and CD54 expressions were elicited by 300 nm AgCPs, whereas
a slightly higher expression of MHC I was produced by 1 mm AgCPs.
CBA analysis revealed that BMDCs co-incubated with AgCPs
release greater levels of pro-inﬂammatory cytokines (Fig. 6).
Secretions of IL-1b, IL-6, MCP-1, MIP-1a and TNFa were increased
from 5- to more than 45-fold when BMDCs were co-incubated with
AgCPs rather than soluble antigen. For IL-1b and MCP-1, cytokine
release was driven by the presence of chitosan since CPs alone
account for most, if not all, of the response. Particle size signiﬁcantly affected cytokine release for 4 of the 5 cytokines measured.
Maximum MIP-1a release was achieved with 300 nm AgCPs,
maximum IL-6 and TNF-a release with 1 mm AgCPs while MCP-1
release was maximized with 3 mm AgCPs.
3.5. Antigen presentation by BMDCs
To investigate the effect of encapsulation on antigen presentation, OVA was encapsulated in chitosan particles (OvaCPs) and coincubated with BMDCs. The pulsed BMDCs were then co-cultured
with CD4þ and CD8þ T cells isolated from the spleens of OVA
transgenic OT-II and OT-I mice, respectively, to investigate whether
BMDCs pulsed with OvaCPs were capable of priming naive antigenspeciﬁc T cells in vitro. BMDCs pulsed with OvaCPs induced significantly higher levels of proliferation in CD4þ OT-II cells compared to
BMDCs pulsed with OVA antigen alone (Fig. 7a). Furthermore, CD4þ
proliferation increased signiﬁcantly with the size of OvaCPs. BMDCs

Fig. 7. Proliferation of (a) OVA-speciﬁc CD4þ T cells, and (b) OVA-speciﬁc CD8þ T cells
in response to presentation of antigen by BMDCs. BMDCs were pulsed with CPs, AgCPs,
soluble full length OVA or the MHC I-restricted OVA257e264 peptide for 24 h and then
co-incubated with CD4þ or CD8þ T cells from OT-II or OT-I mice, respectively. After
72 h, T cell proliferation was determined via a non-radioactive proliferation assay
(CellTiter-Glo; Promega, Madison, WI). Data are presented as mean relative light unit
(RLU)  standard deviation from one of two independent experiments with similar
results. *p  0.05 vs. OVA or OVA peptide; **p  0.05 vs. other AgCP sizes.
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pulsed with 1 mm and 3 mm OvaCPs also induced signiﬁcantly
higher proliferative responses in CD8þ OT-I cells compared to
BMDCs pulsed with OVA257e264 peptide alone (Fig. 7b). Once again,
larger particles resulted in greater proliferation.
4. Discussion
The synthesis of chitosan nano- and microparticles to deliver
drugs as well as polypeptides has been reported previously [24e28].
However, formulation conditions, starting materials and resulting
particle sizes vary considerably in the literature. Because uptake of
particles by APCs was found to be dependent on particle size [10,11],
it was important to reproducibly synthesize AgCPs of discrete sizes
to explore their effects on APC function. Consequently, we developed
a set of parameters, which when manipulated, could reproducibly
control chitosan particle size. SEM images and DLS data conﬁrmed
the formation of AgCPs that were unimodal and well dispersed in
aqueous media. Zeta potential measurements demonstrated that
encapsulation of FITC-BSA signiﬁcantly reduced the cationic surface
charge of similarly sized particles from þ36.8 mV to þ16.8 mV. This
was expected given that the pI of BSA is 4.7 and thus BSA carries an
overall negative charge at neutral pH. These data are similar to those
of Gordon et al., who reported a reduction from þ28.8 mV
to þ18.3 mV when ovalbumin was adsorbed to the surfaces of
chitosan nanoparticles [27]. The fact that AgCPs retained a positive
surface charge in our study likely facilitated uptake by APCs.
Previous research has shown that cationic particles interact with
negatively charged cell membranes thus encouraging endocytosis
[10,31].
Antigen encapsulation efﬁciency increased slightly with particle
size as anticipated. The high encapsulation efﬁciencies were
consistent with values observed by others [24,32]. It is likely that
the negative charge of BSA facilitated a high encapsulation rate by
encouraging interaction with polycationic chitosan. The effect of
polypeptide charge on encapsulation efﬁciency is the subject of
ongoing research.
Uptake studies demonstrated that particle size, concentration,
and incubation time inﬂuenced AgCP uptake by APCs (Fig. 2).
Maximum uptake of AgCPs by both macrophages and dendritic
cells was achieved by 24 h to 48 h of co-incubation. The decrease in
antigen uptake after 48 h may be explained by breakdown of
antigen and a subsequent loss of ﬂuorescence signal from FITC-BSA.
For macrophages, AgCP uptake increased with particle size from
300 nm to 1 mm. However, a further increase to 3 mm, reduced
antigen uptake. These data were in agreement with previous
studies which demonstrated that macrophage uptake reached
a maximum with 1 mm polystyrene particles with a similar positive
surface charge [10,33]. For BMDCs, antigen uptake was independent of AgCP size until the highest concentration whereupon 1 mm
particles were preferentially internalized. While it is not surprising
that higher concentrations of AgCPs resulted in higher levels of
antigen uptake, it is noteworthy that the percentage of antigen that
was internalized decreased with increasing AgCP concentration.
For instance, at 1 mg/ml AgCPs, nearly all of the antigen could
be detected in macrophages after 24 h. However, at 30 mg/ml,
only about 25e50% of antigen could be detected. These data
indicate that uptake may become saturated at higher antigen
concentrations.
As seen in Figs. 3 and 5, AgCPs outperformed soluble antigen and
unloaded CPs in inducing the upregulation of antigen presenting
molecules MHC I, MHC II as well as activation and co-stimulatory
markers CD40, CD80, and CD86. These marker in particular were
chosen as their upregulation is important for APC function during
T-cell priming [34,35]. The ﬁnding that unloaded CPs caused modest
increases in surface marker expression demonstrated that chitosan
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itself may have modest immunostimulatory properties or that
uptake of particles caused a phenotypic change. Additional studies
in our lab are focused on deﬁning the immunomodulatory contributions of chitosan in vitro and in vivo.
Surface marker upregulation was more obvious with the
macrophage cell line than with BMDCs which likely contained
multiple cell types at different stages of differentiation. Nevertheless, these experiments demonstrated that delivery of encapsulated
antigen provided an additive or synergistic effect compared to
either soluble antigens or unloaded CPs alone. Similar to the uptake
studies, macrophages responded most strongly to 1 mm AgCPs,
while BMDCs responded to all sizes more or less the same.
The enhanced activation status of APCs exposed to AgCPs was
conﬁrmed in cytokine release studies. In both macrophages and
BMDCs, AgCPs induced robust increases in production of all proinﬂammatory cytokines tested: IL-1b, IL-6, TNF-a, MCP-1 and
MIP-1a. These cytokines were selected based on their potential to
stimulate antigen-speciﬁc immune responses. IL-1b helps stimulate helper T cells; IL-6 is a B cell differentiation factor and a T cell
activator; TNF-a induces T cell proliferation; MCP-1 induces
chemotaxis of APCs; and MIP-1a is a granulocyte activator/chemokine and induces the synthesis of other pro-inﬂammatory
cytokines. Macrophages, not surprisingly, released greater levels
of monocyte/macrophage speciﬁc cytokines MCP-1 and MIP-1a.
BMDCs on the other hand, produced much higher levels of IL-1b
and IL-6. In general, our results are consistent with other studies
showing that particulate antigens enhance inﬂammatory responses
by APCs [36,37].
Up to this point, our results had indicated that AgCPs outperformed soluble antigen in all measures of APC activation.
However, these ﬁndings would be futile if encapsulated antigens
were not appropriately processed and presented. To this end, the
ability of BMDCs pulsed with OvaCPs to stimulate OVA-speciﬁc T
cells was assessed. In accordance with our surface marker and
cytokine release studies, we found that BMDCs pulsed with OvaCPs
induced signiﬁcantly higher OVA-speciﬁc CD4þ T-cell proliferation
than BMDCs pulsed with soluble OVA protein. Unlike the activation
studies, the CD4þ T-cell proliferative response, and hence, BMDC
antigen presenting function increased with increasing AgCP size. It
is possible that the higher concentration of antigen per 3 mm
particles outweighed any advantages of other AgCP sizes in cytokine release or activation status.
Similarly, BMDCs pulsed with OvaCPs induced higher OVAspeciﬁc CD8þ T-cell proliferation than BMDCs pulsed with
OVA257e264 peptide. It should be noted that, while BMDCs pulsed
with peptide alone were effective at stimulating OVA-speciﬁc CD8þ
T cells in vitro, peptides are rapidly degraded and highly inefﬁcient
without an delivery system in vivo. Our planned studies will assess
vaccine responses to AgCPs in vivo.
It is also worth noting that full length OVA protein was encapsulated in chitosan particles for both CD4þ and CD8þ stimulation
studies. Therefore, our ﬁndings indicate that encapsulated OVA
antigens were presented via both MHC I and II pathways. In fact,
encapsulation of antigens by chitosan particles may facilitate
endosomal escape and cross presentation [38].
5. Conclusion
Delivery systems which enhance vaccine responses to weakly
immunogenic subunit and polypeptide antigens are critical for future
vaccine development. Chitosan is a versatile biomaterial with unique
properties that support vaccine delivery applications. In this study,
we demonstrated that chitosan particles are capable of efﬁciently
delivering encapsulated antigens and enhancing the activation
status of both macrophages and dendritic cells. In all measures of APC

activation and presentation, AgCPs outperformed soluble antigen.
The ability of BMDC’s pulsed with AgCP to present both MHC I and
MHC II epitopes is particularly encouraging. Potential modiﬁcations
of chitosan or incorporation of additional immune response modiﬁers underscore the versatility of this technology to enhance or
control vaccine responses. Our results indicate that AgCPs are
a promising vaccine delivery platform deserving of continued
exploration. Future studies will explore factors affecting antigen
encapsulation and evaluate the in vivo immune response to chitosan
particle-based antigen delivery systems.
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