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ABSTRACT: Herein we describe a formulation of self-
encapsulating poly(lactic-co-glycolic acid) (PLGA) micro-
spheres for vaccine delivery. Self-healing encapsulation is a
novel encapsulation method developed by our group that
enables the aqueous loading of large molecules into premade
PLGA microspheres. Calcium phosphate (CaHPO4) adjuvant
gel was incorporated into the microspheres as a protein-
trapping agent for improved encapsulation of antigen.
Microspheres were found to have a median size of 7.05 ±
0.31 μm, with a w/w loading of 0.60 ± 0.05% of ovalbumin
(OVA) model antigen. The formulation demonstrated continuous release of OVA over a 49-day period. Released OVA
maintained its antigenicity over the measured period of >21 days of release. C57BL/6 mice were immunized via the intranasal
route with prime and booster doses of OVA (10 μg) loaded into microspheres or coadministered with cholera toxin B (CTB),
the gold standard of mucosal adjuvants. Microspheres generated a Th2-type response in both serum and local mucosa, with IgG
antibody responses approaching those generated by CTB. The results suggest that this formulation of self-encapsulating
microspheres shows promise for further study as a vaccine delivery system.
KEYWORDS: poly(lactic-co-glycolic acid), polymer microspheres, encapsulation, vaccine delivery, calcium phosphate adjuvant,
intranasal immunization

■ INTRODUCTION
Vaccination is one of the most successful public health
interventions, as evidenced by the eradication of smallpox
and the approaching eradication of polio. Despite these
successes, there is still much room for improving vaccine
coverage and immunity. One major challenge to vaccine
coverage is that many vaccines require multiple immunizations
for protective immunity.1,2 Noncompliance with vaccination
programs can reach 70% in some developing countries.1,2 In
addition to coverage, next generation vaccines should address
the challenge of inducing potent immunity against complex
vaccine targets with a wide spectrum of antigens.3

These long-standing challenges have motivated the field to
develop novel approaches to vaccine delivery, with the goal of
improving vaccine performance.4 Antigen delivery systems
(e.g., microspheres, nanoparticles, and liposomes) and
adjuvants (e.g., aluminum and calcium compounds) have
been widely explored as approaches to improve the breadth
and potency of immune responses. This is especially true for
subunit- and recombinant protein antigens, which are generally
poorly immunogenic on their own due to a difficulty in

activating antigen-presenting cells and the short in vivo half-life
of these antigens.5,6 Adjuvants and delivery systems may
improve antibody- and cell-mediated immunity, decrease the
amount of antigen required per vaccine dose, and decrease the
number of necessary immunizations, among other benefits.4

Polymeric microspheres and nanoparticles have been widely
examined for their use as vaccine delivery systems. One of the
most commonly used polymers for vaccine applications is
poly(lactic-co-glycolic acid) (PLGA) due to its biodegradable
and biocompatible nature and proven safety record in
humans.1,5,7 Depending on polymer molecular weight and the
ratio of lactic to glycolic acid components, the release kinetics
of antigen from PLGA particles can be tuned from a few days to
over a year.8 In addition, studies performed with PLGA
microspheres have demonstrated their capacity to induce both
B and T cell-mediated immune responses in higher mammals.9
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Despite the benefits of PLGA particles, there are a number of
challenges facing the development of this delivery system. One
of the key challenges is antigen instability, which can occur
during microsphere production, lyophilization and storage of
the microspheres, and antigen release.7,10 Traditional PLGA
microsphere production methods expose the antigen to
detrimental conditions, including forces from emulsification
procedures and exposure to aqueous/organic solvent inter-
faces.10,11 Protein instability, which includes unfolding,
chemical instability, and aggregation, can result in a significant
loss of protein antigenicity.12

In an effort to improve protein stability in PLGA particles,
our group has developed a new paradigm for drug
encapsulation, termed “self-healing microencapsulation,” that
bypasses many of the challenges of traditional PLGA
encapsulation techniques.10,11 This method relies on the ability
of polymer surface pores to heal (close) spontaneously at
temperatures above the glass transition temperature (Tg) of the
hydrated polymer under aqueous conditions, without the need
to expose antigen to organic solvent, harsh mixing, and
micronization.13 The self-encapsulating microspheres contain
an interconnecting pore network and a protein-trapping agent
within the pores, such as an aluminum- or a calcium-based
adjuvant gel, which is accessible to the surface of the
microsphere via the percolating pore network. Through gentle
mixing of the microspheres in an aqueous solution of antigen,
the antigen diffuses into the pores and binds to the trapping
agent. Subsequent heating of the system above the Tg of the
hydrated polymer results in pore healing and closure of loaded
protein within the microsphere. Due to its gentle processing
conditions, self-encapsulation is a promising approach for
maintaining the antigenicity of encapsulated antigen.
We have previously shown the application of self-healing

microencapsulation for subcutaneous delivery of vaccine
antigen.14 In this current study, we present more detailed
characterization of self-encapsulating microspheres and their
application for intranasal vaccine delivery. Formulation
characteristics were studied, including the (1) incorporation
of protein-trapping agent (CaHPO4 adjuvant gel), (2)
encapsulation of ovalbumin (OVA) model antigen, (3) release
kinetics, and (4) stability and antigenicity of released OVA. The
formulation was then applied to an intranasal immunization
study in mice to explore the potency and quality of the immune
response generated.

■ EXPERIMENTAL SECTION
Materials. PLGA 50:50 (i.v. = 0.60 dL/g, Mw = 53.4 kDa,

ester terminated) was purchased from Lactel (Durect
Corporation, USA). Poly(vinyl alcohol) (PVA) (88% hydro-
lyzed, Mw = 25 kDa) was purchased from Polysciences Inc.
(USA). Alexa Fluor 647-OVA was purchased from Molecular
Probes (Thermo Fisher Scientific Inc., USA). Cholera toxin B
subunit, OVA grade V, and rhodamine 6G were purchased
from Sigma (USA). Endofit OVA (<1 EU/mg) for
immunization studies was purchased from Invivogen (USA).
Biotinylated goat antimouse IgG, IgG1, IgG2C, and IgA were
purchased from Southern Biotech (USA). All other reagents
and solvents were purchased from commercial suppliers and
were of analytical grade or higher.
Preparation of CaHPO4 Adjuvant Gel. CaHPO4 adjuvant

gel was prepared as described by Gupta et al.15 Na2HPO4 and
CaCl2 salt solutions were rapidly mixed together at equal mole
equivalents of HPO4

−2 and Ca2+, and the pH immediately

adjusted to 6.8−7.0 with NaOH. The resulting precipitate was
washed five times with sterile 0.9% NaCl to remove excess
phosphate and then was resuspended in sterile 0.9% NaCl to
the desired concentration. The mass of the CaHPO4 gel used
throughout the manuscript refers to the determined mass of
CaHPO4 salt within the aqueous ionomeric gel or dry
microspheres.

Preparation of Self-Encapsulating PLGA Micro-
spheres. PLGA microspheres without antigen were prepared
by the w/o/w double emulsion−solvent evaporation technique.
Calcium phosphate adjuvant gel (CaHPO4) was included as a
protein-trapping agent and trehalose as a porosigen. The inner
water phase contained CaHPO4 gel (28 mg/mL) and trehalose
(28 mg/mL) in 25 mM succinate buffer (pH 4.0). One
hundred microliters of inner water phase was added to 1 mL of
50 mg/mL PLGA in methylene chloride. The mixture was
sonicated at 50% amplitude for 1 min using a Sonics Vibra-Cell
VC130 Ultrasonic Processor (Sonics and Materials Inc., USA)
to form the first emulsion. Four milliliters of 5% (w/v) PVA
solution (used as an emulsion stabilizer) was added to the
primary w/o emulsion, and the mixture was vortexed (Genie 2,
Scientific Industries Inc., USA) for 30 s to produce the w/o/w
double emulsion. The w/o/w emulsion was poured into 100
mL of chilled 0.5% (w/v) PVA under rapid stirring and
hardened at room temperature for 6 h. Microspheres were
passed through a 10-μm mesh sieve (Newark Wire Cloth
Company, USA), and the filtrate was collected and centrifuged
(7000 rpm for 5 min). The microspheres in the pellet were
washed repeatedly with double-distilled (dd) H2O and then
lyophilized (FreeZone 2.5, Labconco, USA) without any
additional lyoprotectant for further studies.

Determination of CaHPO4 Loading by ICP-OES.
Loading of CaHPO4 in PLGA microspheres was determined
by inductively coupled plasma-optical emission spectrometry
(ICP-OES). Briefly, approximately 10 mg of microspheres was
added to 1 mL of acetone, vortexed, and then centrifuged at
7000 rpm for 5 min. The supernatant polymer solution was
removed, and the pellet was washed twice more with 1 mL of
acetone. The resulting residue was dried in a fume hood to
allow for evaporation of the acetone. One milliliter of 30% HCl
was added to each sample to dissolve the residue. The samples
were then diluted with ddH2O to bring the theoretical
concentration of Ca ion in the samples to between 1 and 15
ppm. The concentration of Ca ion was then analyzed by ICP-
OES (PerkinElmer Optima 2000 DV with Winlab software).
Each sample was measured three times, and analysis was done
in triplicate.

Scanning Electron Microscopy. The surface morphology
of microspheres was examined using a Hitachi S3200N
scanning electron microscope (SEM) (Hitachi, Japan). Briefly,
lyophilized microspheres were fixed on a brass stub using
double-sided carbon adhesive tape. The sample was made
electrically conductive by coating with a thin layer of gold for
120 s at 40 W under vacuum. Images were taken at an
excitation voltage of 8.0 kV. EDAX software was used to obtain
the final image.

Microsphere Size and Zeta Potential Analysis. The
volume median diameter of the microspheres was measured
using a Mastersizer 2000 (Malvern Instruments Ltd., UK). Ten
milligrams of lyophilized microspheres was suspended in 5 mL
of 0.5% PVA solution and briefly vortexed. Six measurements
were performed per sample at a stir speed of 2000 rpm and
sampling time of 15 s. Zeta potential was measured with a
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Zetasizer Nano ZSP (Malvern Instruments Ltd., UK).
Lyophilized microspheres were suspended in ddH2O (0.1%
mass) and placed in a disposable folded capillary zeta cell
(Malvern Instruments Ltd., UK). Each sample was measured
six times.
Active Self-Healing Encapsulation of OVA by PLGA

Microspheres. Active self-healing encapsulation of OVA by
PLGA microspheres was carried out in two phases, as similarly
described in Desai et al. and Reinhold et al.10,11 An initial
incubation of the porous microspheres in OVA solution at a
temperature below the hydrated polymer Tg, for OVA sorption
onto the CaHPO4 gel, was followed by incubation at a
temperature above the Tg for pore healing. Briefly, approx-
imately 20 mg of lyophilized microspheres were incubated in an
OVA solution (0.5 mg/mL OVA in 0.4 mL of 10 mM MOPS
buffer, pH 7.4) at 4 °C for 24 h and then 25 °C for 24 h (T <
Tg), followed by incubation at 42 °C for 48 h (T > Tg).
Incubation was performed under constant agitation using a
rigged rotator (Glas-Col, USA).
Determination of Protein Loading and Encapsulation

Efficiency. After self-encapsulation of the protein, the
microsphere samples were centrifuged at 7000 rpm for 5
min. The supernatant was passed through a low protein-
binding Durapore (PVDF) membrane-based syringe filter unit
(Millipore Corporation, USA) and the filtrate collected. The
microspheres were then washed once with ddH2O and the rinse
filtered and collected. A modified Bradford assay was used to
determine OVA concentration in the filtrates. Coomassie Plus
reagent (Thermo Fisher Scientific, USA) was added to the
appropriate volume of standard OVA solution or filtrate sample
in a 96-well plate (Nunc, Thermo Scientific, USA). After 10
min, the absorbance was read at 595 nm using a Dynex II MRX
microplate reader (Dynex Technology Inc., USA). The mass of
OVA encapsulated by the microspheres was calculated by
subtracting the mass of OVA in the filtrates from the mass of
OVA in the initial loading solution. Percent w/w loading and
encapsulation efficiency (EE) were quantified with the
following formulas:

= + ×

%w/w loading
mass of OVA encapsulated by the microspheres

mass of microspheres in loading sample

mass of OVA encapsulated

100

=

×

%EE
mass of OVA encapsulated by the microspheres

mass of OVA in initial loading solution

100

Capacity of Unencapsulated CaHPO4 Gel for OVA. To
determine the capacity of unencapsulated CaHPO4 gel for
OVA, 1 mg of gel was incubated with 200 μg of OVA (0.5 mg/
mL in 10 mM MOPS buffer, pH 7.4) at 25 °C for 24 h under
mild agitation. Following incubation, the mixture was
centrifuged at 7000 rpm for 5 min. The mass of OVA
remaining in the supernatant was determined using the
Coomassie Plus assay. Based upon the mass of OVA in the
original loading solution and the mass of OVA in the
supernatant, the amount of OVA loaded onto the gel was
calculated. The capacity of the gel for OVA was determined by
taking the ratio of OVA loaded and the mass of gel present in
the loading mixture.

Distribution of Encapsulated OVA within Micro-
spheres. To observe the distribution of self-encapsulated
OVA within microspheres, fluorescently labeled OVA was
loaded into microspheres containing a rhodamine dye in the
polymer phase and observed by confocal microscopy. Briefly,
rhodamine 6G was added to the oil phase during microsphere
production to dye the polymer. The microspheres were then
used to load Alexa Fluor 647-OVA using the self-healing
encapsulation process. Directly following encapsulation, the
loaded microspheres were centrifuged at 7000 rpm for 5 min
and the supernatant removed. Next, the microspheres were
rinsed once with ddH2O. Following centrifugation and removal
of the supernatant, the microspheres were resuspended in
ddH2O, placed on a glass side, and covered with a coverslip.
The sample was viewed using a Nikon A-1 spectral confocal
microscope with NIS Elements software (Nikon Instruments).

Size Exclusion-High Performance Liquid Chromatog-
raphy of OVA. Size exclusion-high performance liquid
chromatography (SE-HPLC) was performed using a TSKgel
G3000SWxl column (Tosoh Bioscience, USA) on a Waters
HPLC system (Waters, USA). The mobile phase consisted of
PBS, pH 7.4, at a flow rate of 0.7 mL/min and injection volume
of 50 μL. Protein detection by UV was done at 210 and 280
nm.

In Vitro Release of OVA from Self-Encapsulating
Microspheres. Directly after antigen loading, the OVA-
encapsulated microspheres (∼20 mg) were rinsed with
ddH2O, as described above, to remove any unencapsulated
OVA. The microspheres were then immediately resuspended in
0.5 mL of PBS, pH 7.4, and incubated at 37 °C under constant
agitation (240 rpm/min). At different incubation times (1, 3, 5,
and 7 days, and then every 7 days until day 49), the mixture was
centrifuged at 7000 rpm for 5 min, and the supernatant was
collected through a low protein-binding Durapore (PVDF)
membrane-based syringe filter unit (Millipore Corporation,
USA). Fresh PBS release media (0.5 mL) was then added to
the sample, and the microspheres were resuspended to
continue the release study. The OVA content in the
supernatants was analyzed by SE-HPLC.

ELISA for Quantifying Release of Antigenic OVA. In
vitro release samples collected and analyzed by SE-HPLC were
further analyzed by enzyme-linked immunosorbent assay
(ELISA) to quantify the amount of antigenic OVA in each
sample. Samples were collected at time points of 1, 3, 5, 7, 14,
and 21 days. Antigenic OVA was detected using a commercial
chicken egg OVA ELISA kit (Alpha Diagnostic International,
USA), which was used according to the manufacturer’s
instructions. Samples were diluted with the sample diluent
provided with the kit to fall within the working range of the
assay and then assayed in duplicate. The dilution was based
upon the calculated concentration of OVA in the samples
determined by SE-HPLC. The ELISA plate was read at 405 nm
using a Synergy Neo plate reader with Gen5 software (Biotek
Instruments Inc., USA).

Extraction of Unreleased Protein. At the end of release,
microspheres were dissolved in acetone (three washes at 1 mL
of acetone per wash) to remove the polymer. The CaHPO4 and
OVA pellet was allowed to dry before resuspension in 1 mL of
10% w/v sodium citrate to elute soluble OVA from the gel. The
samples were analyzed by SE-HPLC to determine remaining
soluble OVA. The residue was then dissolved in 0.1 mL of a
denaturing-reducing agent (6 M urea, 1 mM EDTA, and10 mM
dithiothreitol) to dissolve any noncovalent and disulfide-
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bonded aggregates. The aggregated OVA was quantified using
the Coomassie Plus assay using the denaturing-reducing solvent
as the standard solution matrix for the standard curve.
Immunization Study. Female C57BL/6 mice, 6−7 weeks

old, were purchased from Harlan Laboratories, Inc., and
handled according to the University of Michigan Institutional
Animal Care guidelines. Mice (10 mice per group) were
immunized intranasally (i.n.) with 15 μL (∼7.5 μL per nare) of
sterile PBS, cholera toxin B (CTB) coadministered with OVA
(10 μg CTB + 10 μg OVA), or microspheres loaded with OVA
(10 μg OVA). Microspheres were loaded with the antigen,
rinsed once with sterile ddH2O after loading, and immediately
resuspended in sterile PBS for administration. A booster dose
was given 3 weeks later on day 21 after primary immunization.
On days 20 and 41, blood samples were collected by
submandibular bleed for analysis of the serum antibody titers.
Blood was collected into Microvette 500 Z-Gel serum
collection tubes (Sarstedt, Germany) and centrifuged at
10,000g for 5 min to separate the serum. Serum was stored
at −80 °C until analysis.
Bronchial Alveolar Lavage. Mice were euthanized on day

42, and bronchial alveolar lavage (BAL) was performed for
analysis of mucosal antibody titers. Briefly, the trachea was
cannulated, and lavage was carried out with approximately 0.75
mL of PBS. The bronchial alveolar lavage fluid (BALF) was
centrifuged, and the supernatant collected and stored at −80
°C until ELISA analysis.
Measurement of Antibody Titers. Serum and BALF

samples were sent to the Immunology Core at the University of
Michigan Cancer Center for ELISA analysis. The assays were
performed using a standard ELISA protocol. Briefly, OVA (10
μg/mL in 0.05 M carbonate/bicarbonate buffer, pH 9.6) was
used to coat 384-well plates overnight at 4 °C. Plates were
washed with 0.1× PBS + 0.05% Tween-20 and residual binding
sites blocked with 0.2% casein in PBS, pH 7.4, for at least 1 h at
room temperature. Samples were diluted using the PBS−casein
buffer and added to the plates at a working volume of 25 μL in
duplicate wells. Plates were incubated overnight at 4 °C and
then washed. Ig detection antibodies were minimally diluted in
PBS to the manufacturer’s suggested working range and
incubated in the plates for 2.5 h at room temperature. IgG,
IgG1, and IgG2C response was measured for both serum and
BALF samples, while IgA response was also analyzed for the
BALF. After washing, plates were incubated with Streptavidin-
HRP (R&D Systems, USA) for 1 h at room temperature,
followed by further washing and incubation with TMB
substrate (Surmodics, USA); development was stopped after
4−10 min with 2 N H2SO4 solution. Plates were read on a
microplate reader at 450 nm with a correction at 650 nm.
Statistical Analysis. Statistical analyses were carried out

using GraphPad Prism 6.0 g software. Two-way ANOVA with
Bonferroni’s post-test was used to compare multiple groups.
Values are reported as mean ± SEM (standard error of the
mean).

■ RESULTS AND DISCUSSION
Preparation of Self-Encapsulating Microspheres.

Microspheres were prepared by a standard double emulsion−
solvent evaporation technique, with trehalose in the inner water
phase to act as a porosigen to create an interconnected pore
network. This pore network is necessary for the protein in the
loading solution to diffuse through the pores into the
microspheres prior to healing the pores shut.11 As shown in

Figure 1A, scanning electron microscopy was used to verify that
the formulation produced porous particles with a spherical
morphology.

Incorporation of CaHPO4 Adjuvant Gel. Calcium
phosphate (CaHPO4) adjuvant gel was present in the inner
water phase to be incorporated into the microspheres. The
purpose of the gel is to act as a protein-trapping agent within
the microsphere pores. In previous work done by our lab, use of
a protein-trapping agent, such as Al(OH)3 or CaHPO4 adjuvant
gels, improved the encapsulation efficiency of the microspheres,
compared with microspheres without an inner trapping
agent.10,11 To distinguish the two strategies, use of a protein-
trapping agent is termed “active” self-encapsulation.
Calcium phosphate is an alternative to the common

aluminum-based adjuvants. Being a natural constituent of the
body, it is well-tolerated and readily resorbed.15 CaHPO4 has
been used in France for many years as an adjuvant with
diphtheria−tetanus−pertussis (DTP) vaccines.16 Unlike alumi-
num adjuvants, calcium phosphate does not lead to enhanced
IgE production in animals and humans.15 The adjuvant is
thought to act as an antigen depot and improve uptake of the
antigen by antigen-presenting cells (APCs).1,15,17

The CaHPO4 gel was prepared by rapid mixing (<10 s) of
equimolar solutions of disodium hydrogen phosphate and
calcium chloride. Gel prepared by rapid mixing was found to
have much better adsorption of diphtheria toxoid, compared
with gel made by slower mixing (10 min).15 The adjuvant was
then washed thoroughly with 0.9% sodium chloride to remove
excess phosphate ions that would interfere with antigen
adsorption.
Successful incorporation of the adjuvant in the microspheres

was confirmed by ICP-OES (Table 1). In addition to

Figure 1. (A) SEM image of porous, self-encapsulating PLGA
microspheres prior to encapsulation of protein. (B) Healed micro-
spheres after self-encapsulation of OVA. Scale bars represent 5 μm.
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measurement of the % w/w loading of the adjuvant (2.2 ±
0.1%), the distribution of the gel within the microspheres was
viewed by confocal microscopy (Figure S1). The CaHPO4 gel
was preloaded with Alexa Fluor 647-OVA and used in the inner
water phase to be incorporated into microspheres. The gel was
observed to be loaded within both smaller and larger
microspheres and to be homogeneously distributed.
Microsphere Size and Zeta Potential. Based upon their

size, microspheres may carry out a number of functions. For
example, microspheres may (1) act as a depot for sustained
release of antigen, prolonging exposure of the immune system
to the antigen; and (2) facilitate uptake of the antigen by APCs,
improving delivery of the antigen to the lymphoid organs.18

Consequently, microsphere size is an important consideration
for antigen delivery.
The formulation parameters were designed to produce

microspheres of a size range smaller than 10 μm. In particular,
sonication was used to form the primary emulsion since greater
agitation is known to generate smaller particles.19 A smaller
microsphere size was desired for improved immune response as
prior research has shown that particles smaller than 10 μm are
preferentially phagocytosed by APCs, in comparison with larger
particles, with smaller particles eliciting stronger immune
responses.20−24 The median microsphere diameter was found
to be within the desired size range (7.05 ± 0.31 μm), with a
zeta potential of −21.9 ± 2.1 mV (Table 1). We have also
previously shown that the self-healing process did not typically
change the overall size distribution of the microspheres.10,11

Self-Encapsulation of OVA Model Antigen. OVA was
loaded into microspheres by the active self-healing encapsula-
tion process. Lyophilized microspheres were initially incubated
in a solution of OVA at lower temperatures, with mild mixing,
to allow the protein to diffuse through the pores and sorb onto
the CaHPO4 gel. Following this stage, the mixture was then
incubated at a temperature above the Tg of the hydrated
polymer in order for the microsphere pores to heal, thereby
trapping the antigen within the particle. Scanning electron
microscopy was used to verify pore closure after encapsulation
(Figure 1B).
Results of the self-encapsulation are shown in Table 2. The

mass of OVA loaded into the microspheres was assessed by
measuring the OVA mass loss from the original loading
solution. The measured % w/w loading of OVA was found to
be 0.60 ± 0.05%. The OVA capacity of CaHPO4 gel in either
the microsphere form or unencapsulated form was comparable
(Table 2). These results suggest that incorporation of the gel
within the microspheres did not adversely affect the ability of

the gel to sorb the protein and that the loading of OVA into
PLGA microspheres was likely to be limited by the binding
capacity of the CaHPO4 gel for the antigen within the
microspheres. CaHPO4 may adsorb antigen by electrostatic
interaction, hydrophobic interaction, and ligand exchange.17

The latter occurs by exchange of hydroxyl groups in the gel
with phosphate groups in the protein. Commercial OVA, such
as the type used in this study, contains 0−2 mol of PO4
covalently bound per mol of protein.25 Cargo loading of 0.60 ±
0.05% w/w may be low for common pharmaceutical proteins
but is sufficient for many antigens (e.g., the tetanus toxoid
human dose of 10 Lf or 30−40 μg of antigen would require
only a very modest ∼5−7 mg of microspheres to accommodate
each dose).
Self-encapsulation of OVA was also monitored by confocal

microscopy. Microspheres containing CaHPO4 gel were made
fluorescent by the addition of rhodamine 6G into the polymer
phase during microsphere preparation, and the self-encapsula-
tion process was carried out with Alexa Fluor 647-OVA.
Incorporation of the protein into the microspheres was
confirmed by confocal microscopy (Figure 2). Orthogonal
images verified that protein was internal to the microspheres
and not on the particle surface.

Release of Encapsulated OVA. Sustained release of OVA
from the microspheres containing CaHPO4 gel was observed
over a 49-day period, with a moderate burst release of 28%
(Figure 3). OVA in the PBS release media was quantified by

Table 1. Composition, Size, and Zeta Potential of the Self-Encapsulating PLGA Microsphere Formulationa

PLGA concentration (mg in 1
mL)

volume of inner water phase
(mL)

trehalose loading
(wt %)b

Measured CaHPO4 loading
(wt %)c

volume median diameter
(μm)

zeta potential
(mV)

50 0.1 5 2.2 ± 0.1 7.05 ± 0.31 −21.9 ± 2.1
aData represent mean ± SEM, n = 3. bTheoretical loading. cTheoretical loading = 5 wt %.

Table 2. Active Self-healing Encapsulation of Ovalbumin (OVA) by PLGA Microspheresa

theoretical % (w/w)
loadingb

measured % (w/w)
loading

% encapsulation
efficiencyc

OVA capacity of CaHPO4 within
microspheresd,e

OVA capacity of unencapsulated
CaHPO4 gel

d,f

1.0 0.60 ± 0.05 56 ± 6 0.27 ± 0.03 0.21 ± 0.01
aEncapsulation was performed using 20 mg of microspheres in 0.4 mL of a 0.5 mg/mL OVA solution. Data represent mean ± SEM, n = 3. bmg of
total OVA in loading solution/(mg of microspheres in sample + mg of total OVA in solution). cEfficiency relative to the original mass of OVA in the
loading solution. dmg OVA loaded/mg CaHPO4 gel. eBased upon the determined mass of CaHPO4 gel loaded within the microspheres.
fDetermined for OVA loaded onto unencapsulated CaHPO4 gel.

Figure 2. Confocal microscopy image of the distribution of Alexa
Fluor 647-OVA (violet) loaded within rhodamine-labeled PLGA
microspheres (cyan) by self-encapsulation. Orthogonal images are
shown in the right and bottom panels. Scale bar represents 10 μm.
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SE-HPLC, and the % cumulative release over time was
calculated based on the mass of OVA loaded into the
microspheres. PLGA-encapsulated CaHPO4 gel allowed slightly
more gradual release of OVA (50% at day 21), compared with
the unencapsulated CaHPO4 gel (61% at day 21, p < 0.0001,
Figure S2) but was highly similar. By the end of the study at
day 49, 70% of the PLGA-encapsulated OVA was observed in
the release media, and the monomer fraction remained stable
(88−98%) relative to the commercial OVA received (88−90%)
(data not shown). It is important to note that because of the
way OVA incorporates in the CaHPO4 gel with a ligand
exchange component, slow release from the microspheres may
in fact be strongly controlled by this interaction.
At the conclusion of the release study, the remaining

unreleased OVA was extracted from the polymer and desorbed
from the CaHPO4 gel. The fraction of soluble and insoluble
(covalent and noncovalent aggregates) remaining was deter-
mined. No unreleased soluble OVA was detected; however, a
small fraction of insoluble aggregates (3%) was recovered after
extraction (data not shown). Following mass balance, a total of
73% of the encapsulated OVA was accounted for after the
study. Protein loss may have occurred during the wash cycles
for extraction from the polymer and/or because of potential
incomplete desorption from the CaHPO4 gel.
The stability of OVA at the temperatures of self-healing

encapsulation was studied by incubating the protein in loading
solution buffer at the different process temperatures for the
specified periods (Figure S3). Samples of OVA were treated
separately at (1) 4 °C for 24 h, (2) 25 °C for 24 h, (3) 42 °C
for 48 h, and (4) 4 °C (24 h) + 25 °C (24 h) + 42 °C (48 h)
(the full self-encapsulation process). A separate sample of
protein was also incubated at 80 °C for 24 h to purposefully
induce denaturation and aggregation.26 Aggregation of the
protein was not observed during the self-encapsulation process,
as compared to the protein sample denatured at 80 °C.
Antigenicity of OVA Released from Microspheres. The

stability of released OVA was analyzed by measuring the
antigenicity of the protein by ELISA, using antibodies
monospecific for OVA. Previous work from our lab has
shown improved stability of protein loaded by self-encapsula-
tion compared to traditional encapsulation methods. Self-
encapsulated tetanus toxoid maintained >96% of its antigenicity
over 28 days of release, compared with only 27% for tetanus
toxoid loaded into PLGA particles by a traditional w/o/w
method.10

The antigenicity of released OVA was measured over 21
days. The protein was analyzed by HP-SEC to measure total

protein released and also by ELISA to determine the fraction of
released protein that was antigenic. As shown in Figure 4, there

was excellent agreement between the total protein released and
its antigenicity as measured by HP-SEC and ELISA,
respectively. This suggests that the model antigen loaded
within the microspheres via the self-healing encapsulation
process maintained its stability and antigenicity for at least 21
days.

Serum and Mucosal Antibody Response in Mice
Following Intranasal Immunization with Microspheres.
Intranasal immunization is an attractive route for vaccine
administration since the nasal cavity is easily accessible and has
a high density of dendritic cells.27 Intranasal vaccination has
shown the ability to produce an antibody response in the serum
and in both local and distal mucosal secretions.28,29 Since many
infections occur at mucosal surfaces, induction of a mucosal
immune response is important for protection against the
infectious agent.30

Female C57BL/6 mice were immunized via intranasal
administration of microspheres, which were used immediately
following loading with OVA (10 μg OVA per dose). A booster
dose was given 3 weeks later after primary immunization. The
immune response generated by immunization with micro-
spheres was compared with that for mice immunized with OVA
and cholera toxin B (CTB) (10 μg CTB + 10 μg OVA) or PBS.
We chose cholera toxin as the positive control in our studies
because, despite its reported toxicity in humans, it is widely
used as an experimental, gold-standard adjuvant for mucosal
immunization in preclinical studies.31,32 The B subunit of
cholera toxin used in our studies maintains intranasal
adjuvanticity but lacks the toxicity of the whole toxin.33

Following prime and booster intranasal immunization of
mice, the serum anti-OVA antibody response was measured.
The total IgG response was analyzed (Figure 5A), as well as
titers for IgG1 and IgG2C subclasses (Figures 5B,C,
respectively). Subclass titers provide information about the
polarization of the Th response, with IgG1 associated with a
Th2-type response and IgG2C associated with a Th1
response.34,35 Despite high variability among the groups,
prime vaccination with the CTB- and microsphere-vaccines
elicited similar levels of anti-OVA antibody responses (Figure
5). Poor response of some mice to immunization may be
attributed to inadequate intranasal deposition of the micro-
spheres, as intranasal administration is known to be a
challenging route of vaccination.36−38

Figure 3. Cumulative OVA released as a function of time by self-
encapsulating PLGA microspheres. In vitro release was conducted in
PBS (pH 7.4) at 37 °C. Data represent mean ± SEM (n = 3).

Figure 4. Plot of OVA released over a 21-day period from
microspheres as measured by HP-SEC (○) and ELISA (□). ELISA
analysis was performed to specifically measure the antigenic OVA
present in the release samples.
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Boost immunization resulted in >80% of mice achieving sero-
conversion, with significant total IgG and IgG1 responses
observed for both CTB and microsphere groups. Importantly,
the IgG and IgG1 responses following the boost immunization
with microspheres approached those for the mice immunized
with CTB, a strong mucosal adjuvant, although the CTB group
was statistically superior to the microsphere group. Neither
group displayed a significant IgG2C response after prime or
boost vaccination, suggesting that the response for both groups
was Th2-biased. This is confirmed in the literature as CTB is
known to trigger a more Th2-type response.39,40

The immune response was further assessed by studying the
cytokine profiles (IL-2, IL-6, IL-10, and IFN-γ) of splenocytes
restimulated ex vivo. IL-2 and IFN-γ are secreted by Th1 cells,
while IL-6 and IL-10 are indicative of a Th2-skewed
response.41,42 Splenocytes were collected from immunized
mice 3 weeks after booster administration and restimulated
with whole OVA. Splenocytes from microsphere-immunized
mice produced IL-6 and IL-10 as well as a robust level of IFN-γ
comparable to those from CTB-immunized mice (Figure S3).
Apart from systemic immunity, local mucosal responses were

also analyzed by determining anti-OVA antibody titers in
bronchial alveolar lavage fluid collected after booster
administration (Figure 6). The mucosal antibody responses
reflected the Th2-biased serum responses as we observed
predominant anti-OVA IgG1 titers with no detectable levels of
IgG2C. In addition, the IgG and IgG1 antibody titers for the
microsphere-immunized group once again approached the
responses generated in the CTB-immunized mice. No

detectable levels of anti-OVA IgA were found in the lavage
fluid (data not shown).
Taken together, the data presented in this article suggest that

our PLGA microspheres loaded with OVA via the “active” self-

Figure 5. Serum anti-OVA antibody titers for groups on days 20 (prime response) and 41 (boost response): (A) IgG, (B) IgG1, and (C) IgG2C. Data
were fit using a four-parameter curve, and titers were calculated by solving for the inverse dilution factor resulting in an absorbance value of 0.5. Data
represent mean ± SEM (n = 10). All groups were compared using two-way ANOVA followed by Bonferroni’s post-test (*p ≤ 0.05, **p ≤ 0.01,
***p ≤ 0.001, and ****p ≤ 0.0001). N.B. = no binding detected.

Figure 6. Anti-OVA antibody titers from bronchial alveolar lavage
(BAL) samples collected from groups on day 42. Data were fit using a
four-parameter curve, and titers were calculated by solving for the
inverse dilution factor resulting in an absorbance value of 0.5. Data
represent mean ± SEM (n = 9). All groups were compared using two-
way ANOVA followed by Bonferroni’s post-test. Statistical significance
shown is in relation to the corresponding PBS control (*p ≤ 0.05, **p
≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001). N.B. = no binding
detected.
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healing encapsulation process have the ability to maintain the
antigenicity of the protein and to generate a robust Th2-type
antibody response in both serum and local mucosa,
approaching that of a gold-standard intranasal adjuvant. This
work builds upon our previous research to develop a
formulation of self-encapsulating microspheres for vaccine
delivery, which showed unprecedented stability of tetanus
toxoid in PLGA10 and superior induction of T and B cell
immune responses compared with plain CaHPO4 gel-
adjuvanted OVA after SC vaccination.14 As the current study
on IN vaccination employed the same formulation of PLGA-
OVA microspheres in the same rodent species as in our earlier
SC study,14 we summarized the antibody responses from the
two studies (Table 3). SC vaccination with PLGA-OVA

microspheres generated significantly higher levels of anti-
OVA serum IgG, IgG1, and IgG2C responses, compared with IN
vaccination with PLGA-OVA microspheres or the CTB-OVA
positive control. While these results demonstrate the potency of
self-healing PLGA microspheres to elicit antibody responses
after SC and IN routes of vaccination, they also underscore the
need to further optimize our strategy for IN vaccination.
Overall, the combination of slow release of antigens and

targeting of antigen-presenting cells from the novel micro-
sphere formulation provides a unique vaccine delivery platform
potentially suitable for numerous antigens. The results of this
work motivate further investigation of this formulation for
delivery of clinically relevant antigen as well as direct
comparison to other adjuvants and vaccine delivery systems.
We also wish to develop means to increase antigen loading,
reduce the time for the self-encapsulation process, and improve
the IN vaccination, methods for which are under current
development.
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