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Herein, we describe the detailed development of a simple and effective method to microencapsulate vaccine
antigens in poly(lactic-co-glycolic acid) (PLGA) by simplemixing of preformed active self-microencapsulating
(SM) PLGAmicrospheres in a low concentration aqueous antigen solution at modest temperature (10–38 °C).
Co-encapsulating protein-sorbing vaccine adjuvants and polymer plasticizers were used to “actively” load the
protein in the polymer pores and facilitate polymer self-healing at a temperature>the hydrated polymer glass
transition temperature, respectively. The microsphere formulation parameters and loading conditions to pro-
vide optimal active self-healing microencapsulation of vaccine antigens in PLGA was investigated. Active
self-healing encapsulation of two antigens, ovalbumin and tetanus toxoid (TT), in PLGAmicrospheres was ad-
justed by preparing blank microspheres containing different vaccine adjuvants (aluminum hydroxide
(Al(OH)3) or calcium phosphate). Active loading of vaccine antigen in Al(OH)3–PLGA microspheres was
found to: a) increase with an increasing loading of Al(OH)3 (0.88–3 wt.%) and addition of porosigen, b) de-
crease when the inner Al(OH)3/trehalose phase to 1 mL outer oil phase and size of microspheres was respec-
tively >0.2 mL and 63 μm, and c) change negligibly by PLGA concentration and initial incubation (loading)
temperature. Encapsulation of protein sorbing Al(OH)3 in PLGA microspheres resulted in suppression of
self-healing of PLGA pores, which was then overcome by improving polymer chain mobility, which in turn was
accomplished by coincorporating hydrophobic plasticizers in PLGA. Active self-healing microencapsulation of
manufacturing process-labile TT in PLGA was found to: a) obviate micronization- and organic solvent-induced
TT degradation, b) improve antigen loading (1.4–1.8 wt.% TT) and encapsulation efficiency (~97%), c) provide
nearly homogeneous distribution and stabilization of antigen in polymer, and d) provide improved in vitro con-
trolled release of antigenic TT.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Immunization of children with vaccines such as those against teta-
nus, diphtheria and pertussis protect them from fatal childhood infec-
tions [1], which in turn prevents millions of deaths every year [2–4]. A
full immunization schedule typically includes 2–3 parenteral doses of
traditional vaccines (e.g., aluminum potassium sulfate-precipitated tox-
oids) with an interval of 4–6 weeks [1–3,5]. Accomplishment of the full
immunization schedule is often found to be difficult in developing coun-
tries. For example, up to 70% drop-out rate after the primary immuniza-
tion has been reported in developing countries [6]. Further, operational
costs in vaccine campaigns contribute to almost 90% of the total costs
[3,6]. Therefore, a single-dose vaccine formulation has become increas-
ingly important to overcome these obstacles [5].

Injectable biodegradable polymer microspheres represent an impor-
tant approach to obtain controlled release of vaccine antigens, which in
turn has shown to reduce the number doses in immunization schedule
[7–10]. Injectable microspheres based on poly(DL-lactic-co-glycolic acid)
(PLGA) have been studied most widely for this purpose because
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of: a) impressive safety record of the polymer in humans, b) the ability
to inject these particles through a syringe needle with minimal discom-
fort, and c) excellent ability of PLGA toprovide log-term release of vaccine
antigens and improved immunogenic responses in mammalian subjects
relative to soluble antigen [5,7,11,12]. Despite these benefits, a number
challenges still remain with the development of controlled-release
PLGA/vaccine microspheres. A key issue includes significant instability
of vaccine antigens during a) microencapsulation in PLGA, b) drying and
storage of encapsulated antigen, and c) long-term release from PLGAmi-
crospheres [4,13–18].

Microencapsulation of vaccine antigens in PLGA is commonly
achieved by emulsion–solvent evaporation [17,18], coacervation [19,20],
or spray drying [19,21] methods. The harsh conditions such as organic
solvent/water interfaces, shear or cavitation forces, excessive heat,
freezing, and drying involved in these encapsulation methods often
causes significant degradation of vaccine antigens [5,15–18]. Themech-
anistic approaches studied thus far, including: co-incorporationof stabi-
lizing excipients with antigen in the inner water phase to minimize the
effect of organic/aqueous interface [15,17,18,22,23], freeze-drying of an
antigenwith a stabilizer to obtain fine particles for anhydrous encapsu-
lation [24,25], and use of supercritical carbon dioxide in place of organic
solvent [26], have been shown to minimize antigen instability during
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encapsulation. However, the overall complexity associatedwith the tra-
ditional encapsulation methods still remains the same. For example,
drop off of the production of Nutropin Depot (prepared by a spray
freeze-drying method), the first and only FDA approved injectable pro-
tein depot [27], is suggestive of lack of the feasibility of available encap-
sulation processes for sensitive and expensive vaccines. Hence, new
PLGA encapsulationmethods are needed to overcome themanufacturing
process complexity.

“Self-healing” is a unique phenomenon of polymers, in which the
damaged structure (e.g., pores, cracks, and dents) is healed (repaired)
through spontaneously rearrangement of the polymer chains [28,29].
Previously, while characterizing the initial burst release of a model
peptide from PLGA microspheres, we observed spontaneous PLGA
pore closing in the surface of the polymer at physiological tempera-
ture, sealing off the pore-diffusion pathway and leading to cessation
of the initial burst of peptide [30]. Taking advantage of this phenom-
enon, we recently developed a new method of microencapsulation
based on spontaneous polymer pore closing (or self-healing) capacity
of PLGA at temperatures (T)>the glass transition temperature (Tg) of
the polymer to microencapsulate biomacromolecules (proteins, pep-
tides, and polysaccharides) in aqueous media [31,32]. A PLGA
self-healing microencapsulation paradigm based on a passive loading
strategy could provide 1–10% wt.% protein and peptide loading
without significant loss of protein stability, since no excess mixing
(e.g., sonication or homogenization), organic solvent/water interfaces,
or protein micronization steps were used. As the passive loadingmeth-
od required addition of large amount of protein in the aqueous loading
solution (>100 mg/mL), the encapsulation efficiency of passive
self-healing microencapsulation method was found to be low (1.5 to
13%) [31,32].

In order to increase encapsulation efficiency and reduce manufactur-
ing costs, a protein-trapping agent, Al(OH)3 gel, was placed in the PLGA
pores to effectively removeprotein from the lowconcentration of antigen
(b1 mg/mL) to increase encapsulation efficiency to near 100% [32,33].
The purpose of this paper is to describe the detailed development and
optimization of the active PLGA self-healing microencapsulation method
for vaccine antigens. Employing ovalbumin (OVA) and tetanus toxoid
(TT) model antigens, microsphere formulation and loading parameters
appropriate for the optimal active self-healing microencapsulation
were determined by studying the influence of: a) PLGA concentra-
tion, b) inner water phase volume, c) microspheres size, d) adjuvant
type (Al(OH)3 or CaHPO4), e) Al(OH)3 loading, f) trehalose (porosigen)
loading, g) co-incorporation of hydrophobic plasticizers (diethyl
phthalate (DEP) and tributyl acetylcitrate (TBAC)), and h) incubation
temperature on the active loading characteristics of active SM PLGA mi-
crospheres. In addition, the stability and release behavior of TTwas exam-
ined as a function of the type of plasticizer and porosigen incorporated in
PLGA relative to encapsulation by the standard solvent evaporation
method.

2. Materials and methods

2.1. Materials

Aluminum hydroxide gel (Al(OH)3), ovalbumin (OVA, phosphorylat-
ed), poly(vinyl alcohol) (PVA) (80% hydrolyzed), succinic acid, DEP, bo-
vine serum albumin (BSA), 4-morpholinepropanesulfonic acid (MOPS),
DL-dithiothreitol, urea, hydrochloric acid (30%), ethylenediamine-
tetraacetic acid (EDTA), p-nitrophenyl phosphate liquid substrate,
and trehalose were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Fluorescein-ovalbumin (Fluorescein-OVA) was purchased from
Biosearch Technologies Inc. (Novato, CA, USA). Tributyl acetylcitrate
(TBAC) was purchased from SAFC supply solutions (St. Louis, MO,
USA). PLGA 50:50 [i. v=0.57 dl/g, Mw=51 kDa, end group=lauryl
ester] was purchased from (Medisorb, Alkermes, Cambridge, MA, USA).
Tetanus toxoid (3120 Lf/mL) was received as a gift sample from Serum
Institute of India Ltd. (Pune, India). Equine tetanus antitoxin was
received as a gift sample from U.S. Food and Drug Administration (Silver
Spring, MD). Human tetanus immune globulin (HyperTET™ S/D,
250 units) was purchased from Talecris Biotherapeutics, Inc. (Research
Triangle Park, NC, USA). Goat anti-human IgG-alkaline phosphatase
was purchased from Jackson ImmunoResearch Laboratories, Inc. (West
Grove, PA, USA). All other reagents and solvents were of analytical
grade or purer and purchased from commercial suppliers.

2.2. Preparation of blank active self-microencapsulating PLGA and tradi-
tional TT/PLGA microspheres

Blank active SM PLGA (Al(OH)3- or CaHPO4–PLGA-hydrophobic
plasticizer) and traditional TT/PLGA microspheres were prepared by
a w/o/w emulsion–solvent evaporation method. For active SM PLGA
microsphere preparation, an inner water phase contained varying
amount of Al(OH)3 or CaHPO4 and trehalose in 25 mM succinate buffer
(pH 4.0). Purified TT in normal saline (3120 Lf/mL) was used as an
inner water phase to prepare traditional TT/PLGA microspheres. Two
hundred or three hundred microliters of inner water phase was added
to 1 mL of 250 or 350 mg/mL PLGA (with or without a hydrophobic
plasticizer (DEP or TBAC) and MgCO3) in methylene chloride. The mix-
ture was homogenized at 17 000 rpmwith a Tempest IQ2 homogenizer
(The VirTis Company, Gardiner, NY, USA) equipped with a 10 mm shaft
in an ice/water bath for 1 min to prepare the first emulsion. Two milli-
liters of 5% (w/v) PVA solution was immediately added to the primary
w/o emulsion (PVA at 5% w/v concentration was used as an emulsifier
to stabilize w/o/w emulsion), and the mixture was vortexed (Genie 2,
Fisher Scientific Industries, Inc., Bohemia, NY, USA) for 50 s to produce
the w/o/w double emulsion. The resultant emulsion was poured into
100 mL of 0.5% (w/v) chilled (plasticizer-loaded active SM PLGAmicro-
spheres) or unchilled (plasticizer-free active SM PLGA and traditional
TT/PLGAmicrospheres) PVA solution under rapid stirring and hardened
at room temperature for 3 h (PVA at 0.5% w/v concentration was used
as an emulsifier to prevent agglomeration of particles). Hardened mi-
crospheres were collected by sieve (20–63 and 63–90 μm), washed re-
peatedly with double-distilled (dd) H2O, and freeze-dried.

2.3. Determination of Al(OH)3 loading by ICP-OES

Actual loading of Al(OH)3 in PLGAmicrospheres was determined by
ICP-OES. Briefly, ~15 mg Al(OH)3–PLGA microspheres were added to
1.5 mL ethyl acetate, vortexed for 2 min, and centrifuged at 8000 rpm
for 10 min. The supernatant polymer solution was then removed and
the remaining residue was washed twice with 1-mL ethyl acetate.
The residue was dried at 30 °C using a Vacufuge™ concentrator 5301
(Eppendorf International, Barkhausenweg 1, Hamburg, Germany). One
milliliter of 30% HCl was added to each sample, incubated at 70 °C for
1 h, and vortexed for 1 min before dilutingwith distilledwater to a suit-
able volume (10–75 mL). The dilution was done in such a way that the
theoretical concentration of Al ion in the samples fell between 1 and
15 ppm. The concentration of Al ion was then analyzed by ICP-OES
(Perkin-Elmer Optima 2000 DV with Winlab software, Waltham,
Massachusetts, USA) at the detection wavelength of 396.85 nm in the
radial plasma mode. Each sample measurement was an average of
three scans and ion analysis was done in triplicate.

2.4. Modified Bradford protein assay

A modified Bradford assay was used to determine antigen concen-
trations. Briefly, appropriate volume of standard or sample was mixed
with Coomassie Plus® reagent (Thermo Fisher Scientific, Rockford, IL,
USA) in a 96-well plate (Nalge Nunc International, Rochester, NY,
USA). Then the absorbance was read at 595 nm within 30 min using
a Dynex II MRX microplate reader (Dynex Technology Inc., Chantilly,
VA, USA).
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2.5. Effect of microencapsulation process on protein adsorption
characteristics of Al(OH)3

Extraction of Al(OH)3–trehalose fraction from about 20 mg micro-
spheres (3.2 wt.% Al(OH)3/3.5 wt.% trehalose/PLGA microsphere for-
mulation) and subsequent drying was performed as per the method
described in the determination of Al(OH)3 content. Then, the residual
Al(OH)3–trehalose or control (unencapsulated Al(OH)3) was incubat-
ed with 0.4 mL of 1 mg/mL OVA solution at 25 and 42 °C for 24 and
48 h, respectively. At different incubation times (3, 6, 24, and 72 h),
the Al(OH)3/trehalose/OVA mixture was centrifuged at 6000 rpm
for 10 min and the remaining OVA mass in the supernatant was deter-
mined by modified Bradford assay. To study the effect of drying process
on the antigen adsorption characteristics of Al(OH)3, the unencapsulated
Al(OH)3 with and without trehalose was similarly dried and used for the
adsorption study.

2.6. Scanning electron microscopy (SEM)

The surface and inner morphology of microspheres was examined
by taking SEM images using a Hitachi S3200N scanning electron micro-
scope (Hitachi, Tokyo, Japan). Briefly,microsphereswerefixedpreviously
on a brass stub using double-sided adhesive tape and then were made
electrically conductive by coating, in a vacuum, with a thin layer of gold
(approximately 3 to 5 nm) for 100 s at 40 W. The images of microsphere
surface or cross-section were taken at an excitation voltage of 8–10 kV.

2.7. Active self-healing encapsulation of vaccine antigens in PLGA
microspheres

Active self-encapsulation of vaccine antigens (OVA and TT) in PLGA
microspheres was achieved in two phases: incubation of porous active
SM PLGA microspheres (Al(OH)3– or CaHPO4–PLGA microspheres
with and without hydrophobic plasticizer) with antigen solution at
TbTg of the polymer to allow active antigen sorption by Al(OH)3 or
CaHPO4 in PLGA pores and raising the T>Tg of the polymer to irrevers-
ibly close the pores of the polymer. Briefly, ~20 mg active SM PLGA mi-
crospheres were taken into microcentrifuge tube and then OVA/
fluorescein-OVA (0.4 mL of 0.5–1 mg/mL antigen in 10 mM MOPS) or
TT (0.5 mL of 0.64–1 mg/mL TT in normal saline (pH 6.8)) solution
was added and mixed carefully. The microcentrifuge tubes were first
incubated at 10 and 25 °C for 24–48 h (loading phase), and then at
37–43 °C for 30–48 h (pore closing/healing phase) under constant rota-
tion on a rigged rotator (Glas-Col, Terre Haute, IN, USA) to obtain anti-
gen self-encapsulated PLGA microspheres (see Fig. 1). To monitor the
mass loss of TT from TT/active SM PLGA microsphere mixture as a func-
tion of incubation duration, the mixture was passed through a low pro-
tein binding Durapore (PVDF) membrane-based syringe-driven filter
unit (Millipore Corporation, Billerica,MA, USA) after a specified duration,
diluted suitably with normal saline (pH 6.8), and remaining TT in the su-
pernatant was quantified by amodified Bradford assay. Active loading of
0.64-1 mg/mL TT i
(pH 6.8) under m

TT Loading at
10 and 25 °C

Fig. 1. Active self-healing encapsulation of tetanus toxoid (TT) in PLGA microspheres. The sur
microspheres (ASM-1, Table 1) before and after active self-healing encapsulation of TT.
vaccine antigens in Al(OH)3–PLGA or CaHPO4–PLGA microspheres was
then calculated by subtracting the OVA or TTmass remaining in themix-
ture from the initial incubated mass.

2.8. Determination of adsorption capacity of Al(OH)3 accessible after
PLGA microencapsulation for antigen loading

The required quantity (mass equivalent to about 20 mg active SM
PLGA microsphere formulations) of unencapsulated Al(OH)3 was taken
and OVA adsorption was examined as described in "Active self-healing
encapsulation of vaccine antigens". Using the OVAmass sorbed by active
SM PLGA microsphere formulations and respective unencapsulated
Al(OH)3, the adsorption capacity of Al(OH)3 in self-healing PLGAmicro-
spheres was then determined as follows:

Adsorption capacity of Al OHð Þ3 in self � healing PLGA microspheres %ð Þ ¼
Mass of OVA adsorbed by Al OHð Þ3 after PLGAmicroencapsulation=mass of Al OHð Þ3 in PLGA
Mass of OVA adsorbed by unencapsulated Al OHð Þ3 =mass of unencapsulated Al OHð Þ3�100%:

2.9. Differential scanning calorimetry

The Tg of Al(OH)3–PLGA microspheres with and without hydropho-
bic plasticizers (DEP and TBAC)wasmeasured by a differential scanning
calorimeter (Perkin-Elmer® DSC7, Waltham, USA). Microsphere sam-
ples (~7 mg)were sealed in aluminumhermetic pans and thermograms
were determined by first cooling the sample to−40 °C, then heating to
80 °C at a heating rate of 10 °C/min under purged nitrogen atmosphere.
The startpoint of the second run was used for Tg calculation.

2.10. Analysis of soluble and insoluble TT in PLGA microspheres prepared
by traditional w/o/w emulsion–solvent evaporation

Soluble and insoluble TT in PLGA microspheres prepared by a
w/o/w emulsion–solvent evaporation method was determined after
extraction of the antigen, as described previously [17], before analysis
by a modified Bradford assay.

2.11. Enzyme-linked immunosorbent assay (ELISA) for determining of anti-
genically active TT

Antigenically active TT was determined by the ELISA as described
previously with a slight modification [4]. In the final step, 100 μL of
ready-to-use p-nitrophenyl phosphate liquid substrate was added and
incubated for 30 min at 37 °C. The absorbance of samples was read at
405 nm on a Dynex II MRX microplate reader (Dynex Technology Inc.,
Chantilly, VA, USA) equipped with Revelation 3.2 Software. A log/logit
curve-fitting model was used to plot the standard curve and calculate
unknown concentration of TT in test samples.
n normal saline
ild agitation

Healing of PLGA 
pores at 38 °C

face morphology of 3.2 wt.% Al(OH)3–PLGA–3.5 wt.% trehalose–5 wt.% diethyl phthalate
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2.12. Evaluation of in vitro release of antigenic tetanus toxoid from PLGA
microspheres

About 20 mg of TT encapsulated microspheres were incubated
in 1 mL of PBST+0.2% BSA at 37 °C under constant agitation
(240 rpm/min). At different incubation times (1, 3, 7, 14, 21, and
28 days), the mixture was centrifuged at 8000 rpm for 10 min and
supernatant was taken out, followed by the addition of fresh medium
(1 mL). Analysis of released antigenic TT was performed by ELISA.

2.13. Statistical analysis

The results are expressed as mean±SEM (n=3) with error bars
not listed when smaller than symbols. An unpaired Student's t-test
was used to compare the means for each study parameter at the dif-
ferent sample times and assess statistical significance. Results were
considered statistically significant if pb0.05.

3. Results and discussion

3.1. Identification of protein antigen-trapping agents for active self-healing
microencapsulation in PLGA

One approach to increase encapsulation efficiency of PLGA
self-healing microencapsulation is to identify protein-trapping agents,
which are placed in the PLGA preformed microspheres. Several criteria
for this new excipient type include: a) reversible sorption of the protein
antigen fromaqueous solution, b) the ability to retain protein antigen sta-
bility when bound, c) biocompatibility, d) the ability to dry, e) acceptable
excipient to protein antigen binding ratio, and f) the ability to encapsulate
the excipient in preformed PLGA suitable for self-healing encapsulation.
Al(OH)3 and CaHPO4 are commercially available vaccine adjuvants to
augment the immune response of vaccines, which in turn enhance pro-
tective immunity against the targeted disease [34,35]. However, clinically
used vaccine preparations (e.g., TT adsorbed: suspension of TT-aluminum
potassium sulfate) are not useful for long-term release [36]. PLGA on the
other hand is a polymeric and non-immunogenic vaccine adjuvantwith a
long history of safe use in humans to achieve long-term release of vaccine
antigens [5,7,37–39]. The twoadjuvants appear tofit the expected criteria
for successful trapping agentwith the exception that Al(OH)3 is not easily
dried. However, polyol lyoprotectants such as sorbitol and trehalose can
be use used to retain the adjuvants protein-binding function upon drying
[4,40]. In order to test the trapping agents, they first needed to be encap-
sulated in PLGA to eventually create an interconnected pore-network.

3.2. Effective encapsulation of vaccine adjuvants (Al(OH)3 or CaHPO4) in
PLGA microspheres for vaccine antigen sorption

Classical vaccine adjuvants were successfully encapsulated in PLGA
microspheres by a w/o/w emulsion method with excellent encapsula-
tion efficiency of 87–98% (see Table 1). Trehalose was co-encapsulated
as a lyoprotectant to Al(OH)3 or CaHPO4 during freeze-drying of micro-
spheres [40] and porosigen [32]. Adsorption of OVA onto Al(OH)3
before and after PLGA microencapsulation was determined to find out
the effect of encapsulation processing on the antigen adsorption prop-
erty of Al(OH)3 (see Fig. 2). Unencapsulated Al(OH)3 in the hydrated
state adsorbed OVA very rapidly (615 and 629 μg OVA/mg Al(OH)3
after 3 and 72 h incubation, respectively). To determine the adsorption
characteristics of Al(OH)3 after microencapsulation, the polymer was
extracted with ethyl acetate and residual Al(OH)3–trehalose was
vacuum-dried at 30 °C before incubating with OVA solution. The rate
of OVA adsorption to Al(OH)3 extracted from the polymer was found
to be slower (251 and 568 μg OVA/mgAl(OH)3 after 3 and 72 h incuba-
tion, respectively) than unencapsulated hydrated Al(OH)3. To under-
stand further the role of initial state (hydrated or dry) of Al(OH)3,
unencapsulated Al(OH)3 was similarly vacuum-dried with appropriate
amount (equivalent to encapsulated Al(OH)3–trehalose sample) of tre-
halose and then the OVA adsorption trend was evaluated (see Fig. 2).
There was no significant difference in OVA adsorption between
vacuum-dried unencapsulated and encapsulated Al(OH)3. It is notewor-
thy to mention that vacuum-dried Al(OH)3 without the trehalose did
not adsorb any OVA. These results indicated effective microencapsula-
tion of Al(OH)3 in PLGA without significant loss of its adsorption capac-
ity. The slow OVA adsorption property of vacuum-dried samples
compared to unencapsulated hydrated Al(OH)3 can be attributed to
slow and steady hydration of vacuum-dried Al(OH)3, which appears to
be governed by the incubation temperature and duration. After the
72 h incubation, both dried Al(OH)3 specimens absorbed 92–94% OVA
relative to the non-dried Al(OH)3.

3.3. Development of PLGA microsphere formulation and incubation
parameters for optimal active self-healing microencapsulation

Microsphere formulation variables and loading temperature that
are required for optimal active self-encapsulation in PLGA micro-
spheres were determined by investigating the effect of initial water
phase volume, polymer concentration, microspheres size, type and
loading of vaccine adjuvant, trehalose loading, incubation temperature,
and co-incorporation of hydrophobic plasticizers on the encapsulation
efficiency of Al(OH)3 (see Table 1), active loading of OVA (see Fig. 3), ad-
sorption capacity of Al(OH)3 accessible inside PLGA microspheres for
OVA adsorption (see Fig. 4), and self-healing of PLGA pores were thor-
oughly investigated and the same is described below.

3.3.1. Ratio of inner Al(OH)3/outer polymer (primaryw/o-emulsion) phase
Al(OH)3 was encapsulated in PLGA microspheres by a double emul-

sion (w/o/w)–solvent evaporation method. The primary w/o-emulsion
was formed by adding 0.2 or 0.3 mL of inner Al(OH)3/trehalose phase to
1 mL outer oil phase (350 mg PLGA in 1 mL CH2Cl2).With almost same
amount of particles, OVA sorption capacity of microspheres prepared
with 0.2 mL inner Al(OH)3/trehalose phase-to-1 mL oil phase ratio
was significantly higher (pb0.05) than those prepared with 0.3 mL
inner Al(OH)3/trehalose phase-to-1 mL oil phase ratio (see Fig. 3A). In
the latter active SM formulation, Al(OH)3 was not effectively encapsu-
lated in PLGA microspheres (see Supplementary Fig. 1 for the pres-
ence of free Al(OH)3 aggregates along with microspheres). This
poor Al(OH)3 microencapsulation can be attributed to formation of a
less stable primary w/o-emulsion with higher fraction (0.3 mL) of inner
phase, which is known to originate from inner phase droplet coalescence
and agglomeration [41–43], resulting in drainage of Al(OH)3–trehalose
from PLGA. Then, extensive washing of blank active SM microspheres
to remove PVA before freeze-drying also removed lyoprotectant treha-
lose from Al(OH)3 remaining outside PLGA microspheres (see Supple-
mentary Fig. 1), thereby leading to loss of adsorbing capacity of the non
encapsulated Al(OH)3 due to freeze-drying without sufficient trehalose
[40]. In addition, the adsorption capacity of Al(OH)3 accessible in
preformed microspheres prepared with 0.3 mL inner Al(OH)3/trehalose
phase-to-1 mL oil phase ratio was significantly lower (pb0.05) when
compared to those prepared with a 0.2 mL inner Al(OH)3/trehalose
phase-to-1 mL oil phase ratio (see Fig. 4A). As expected from the perco-
lation theory, these results suggest the necessity of an appropriate inner
Al(OH)3/trehalose phase-to-1 mL oil phase ratio to achieve effective mi-
croencapsulation of Al(OH)3 in PLGA and protect its adsorbing capacity.

3.3.2. Size of PLGA microparticles
Al(OH)3–PLGA microspheres of different size distributions (20–63

and 63–90 μm)were obtained by passing the microspheres through 20,
63, and 90 μm sieves. The influence of size of preformed Al(OH)3–PLGA
microspheres on active OVA loading capacity and accessibility of
Al(OH)3 adsorption capacity in preformed microspheres for OVA load-
ing was then determined. OVA loading (see Fig. 3B) and accessibility of
Al(OH)3 adsorption capacity in preformed PLGA microspheres for OVA



Table 1
Evaluation of microencapsulation of aluminum hydroxide (Al(OH)3) in PLGA microspheres as a function of inner Al(OH)3/trehalose phase-to-1 mL oil phase ratio (ASM-2 and
ASM-3), microsphere size (ASM-4 and ASM-5), PLGA concentration (ASM-6 and ASM-7), adjuvant type (ASM-8 to ASM-9), Al(OH)3 loading (ASM-10 to ASM-12), and trehalose
loading (ASM-13 to ASM-16), and co-incorporation of hydrophobic plasticizers (ASM-1 and ASM-20 to ASM-26).

Formulation PLGA
concentration
(mg/mL)

Inner water
phase-to-1 mL oil phase
ratio (mL)

Trehalose loading (wt.%) Hydrophobic
plasticizer
loading (wt.%)

Microsphere
size (μm)

Al(OH)3/CaHPO4 loading
(wt.%)

Al(OH)3
encapsulation
efficiency (%)⁎

Tg (°C)

Theoretical Actual Al(OH)3
loading⁎a

ASM-1 250 0.2 3.5 5 (DEP) 20–63 3.20 3.10±0.02 96.8±0.7 37.4
ASM-2 350 0.2 7.8 – 20–63 1.85 1.80±0.03 97.3±1.4 –

ASM-3 350 0.3 7.8 – 20–63 2.80 2.69±0.07 96.0±2.6 –

ASM-4 350 0.2 7.8 – 20–63 1.85 1.80±0.03 97.3±1.4 –

ASM-5 350 0.2 7.8 – 63–90 1.90 1.79±0.01 94.1±0.7 –

ASM-6 250 0.2 7.8 – 20–63 3.20 3.10±0.07 96.8±2.1 –

ASM-7 350 0.2 7.8 – 20–63 3.10 2.97±0.02 95.8±0.6 –

ASM-8 250 0.2 4.0 – 20–63 3.20 – – –

ASM-9 250 0.2 4.0 – 20–63 3.20b – – –

ASM-10 350 0.2 7.8 – 20–63 0.88 0.83±0.02 93.9±2.5 42.5
ASM-11 350 0.2 7.8 – 20–63 1.85 1.80±0.03 97.3±1.4 42.6
ASM-12 350 0.2 7.8 – 20–63 3.04 2.82±0.03 92.7±1.0 42.7
ASM-13 250 0.2 0 – 20–63 3.20 3.10±0.05 96.8±1.5 –

ASM-14 250 0.2 2.5 – 20–63 3.20 3.07±0.09 95.8±2.9 –

ASM-15 250 0.2 4.0 – 20–63 3.10 3.02±0.06 97.6±2.0 –

ASM-16 250 0.2 10.4 – 20–63 2.90 2.51±0.04 86.6±1.3 –

ASM-17 350 0.2 4.0 20–63 3.20
B-1 350 0.2 4.0 – 20–63 – – – 42.7
ASM-18 350 0.2 4.0 20–63 3.20b – – –

ASM-19 250 0.2 3.5 0 20–63 3.20 3.04±0.04 95.0±1.3 42.7
ASM-20 250 0.2 3.5 2.5 (DEP) 20–63 3.20 3.11±0.04 97.2±1.2 39.0
ASM-21 250 0.2 3.5 10 (DEP) 20–63 3.20 – – 29.1
ASM-22 250 0.2 3.5 20 (DEP) 20–63 3.20 – – 20.3
ASM-23 250 0.2 3.5 2.5 (TBAC) 20–63 3.20 – – 37.6
ASM-24 250 0.2 3.5 5 (TBAC) 20–63 3.20 – – 32.7
ASM-25 250 0.2 3.5 10 (TBAC) 20–63 3.20 – – 24.4
ASM-26 250 0.2 3.5 20 (TBAC) 20–63 3.20 – – 13.2
PLGA – – – – – – – – 43.0

*Mean±SEM, n=3; aAl(OH)3 was analyzed by inductively coupled plasma optical emission spectrometry; b: CaHPO4 loading.
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loading (see Fig. 4B)was significantly higher (pb0.05) for 20–63 μmmi-
crospheres than those of 63–90 μm. The microspheres of both the size
distributions had similar (1.85 to 1.9 wt.%) Al(OH)3 loading (see
Table 1). Therefore, the lower OVA loading exhibited by the larger size
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Fig. 2. Retention of Al(OH)3-sorption capacity after encapsulation in PLGAmicrospheres.
Effect of initial state (hydrated or dry) of Al(OH)3 on ovalbumin (OVA) adsorption as a
function of incubation time. Samples studied were unencapsulated Al(OH)3 in hydrated
state (●), vacuum-dried (with trehalose as a stabilizer) Al(OH)3 before encapsulation
(▲), vacuum-dried Al(OH)3 after encapsulation and polymer removal (○), and 3.2 wt.%
Al(OH)3/3.5 wt.% trehalose/5 wt.% DEP/PLGA microspheres (ASM-1, Table 1) (■). All
the samples were incubated with 0.4 mL of 1 mg/mL OVA in 10 mM MOPS buffer
(pH 7.4) under mild agitation at 25 and 42 °C respectively for 24 and 48 h. The mass of
Al(OH)3 in all the samples was about 0.6 mg and symbols represent mean±SEM, n=3.
distribution can be attributed to an increased difficulty of the OVA to
access the protein-trapping agent deep within the larger microspheres.

3.3.3. PLGA concentration
Polymer concentration can potentially affect the distribution of

the inner water phase droplets in the polymer phase during the forma-
tion of primary w/o-emulsion and hence drug-loading in the polymer
[41,43]. We investigated the influence PLGA concentration (250 and
350 mg/mL) on encapsulation efficiency of Al(OH)3, active loading of
OVA, and accessibility of Al(OH)3 adsorption capacity in preformed
PLGAmicrospheres for OVA loading. Therewas no significant difference
(p>0.05) in encapsulation efficiency of Al(OH)3 (see Table 1), active
loading of OVA (see Fig. 3C), and post microencapsulation accessibility
of Al(OH)3 adsorption capacity (see Fig. 4C) between 250 and
350 mg/mL polymer concentration-based Al(OH)3–PLGA microsphere
formulations.

3.3.4. Type of vaccine adjuvant
The effect of type of vaccine adjuvant (Al(OH)3 or CaHPO4) on ac-

tive loading/adsorption of OVA after and before PLGA encapsulation
of adjuvant is shown in Fig. 3D and E, respectively. Adsorption of
OVA to Al(OH)3 before and after PLGA encapsulation was correspond-
ingly higher than that of CaHPO4. The key mechanisms responsible for
protein's adsorption to vaccine adjuvants are electrostatic interac-
tions and ligand exchange [34,35,44]. Electrostatic interactions occur
between a protein with the lowest isoelectric point (pI) and an adjuvant
having the highest points of zero charge, and vice versa [34,35,44].
Points of zero charge for Al(OH)3 and CaHPO4 are 11 and 5.5, respectively
[34,35]. The pI of OVA is 4.6 [34]. OVA, Al(OH)3 and CaHPO4 respectively
carry negative, positive and negative charges in loading buffer (10 mM
MOPS) having pH 7.4 [34,35]. Hence, stronger (higher) OVA adsorption
to Al(OH)3 before and after PLGA microencapsulation of Al(OH)3 can



0

2

4

6

8

10

12

0

200

400

600

0

2

4

6

8

10

12

0

2

4

6

8

10

12

0 10 20 30 40 50 60 70
0

2

4

6

8

10

12

0 10 20 30 40 50 60 70

0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70

0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70

0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70

0

2

4

6

8

10

12

Incubation Time (h)

O
va

lb
u

m
in

 A
d

so
rb

ed
 (

µ
g

/m
g

 A
l(

O
H

) 3
 o

r  
C

aH
P

O
4)

 o
r 

L
o

ad
ed

 (
µ

g
/m

g
 A

l(
O

H
) 3

 o
r  

C
aH

P
O

4-
P

L
G

A
 M

ic
ro

sp
h

er
es

)

0

2

4

6

8

10

12

0

2

4

6

8

10

12

A B

C D

E

G H

F

Fig. 3. Optimization of active self-microencapsulating (SM) PLGA microsphere formulation variables and antigen loading temperature (ASM-2 to ASM-16, Table 1). Ovalbumin
(OVA) sorption by unencapsulated Al(OH)3 control (E: μg OVA/mg Al(OH)3 or CaHPO4) or active SM PLGA microspheres (A–D and F–H: μg OVA/mg Al(OH)3 or CaHPO4 –PLGA mi-
crospheres) as a function of incubation time. Effect of the following variables on OVA sorption: inner water phase volume (A: 0.2 (●) or 0.3 (○) mL inner Al(OH)3/trehalose
phase-to-1 mL oil phase ratio), microsphere size (B: 20–63 (●) and 63–90 (○)μm), PLGA concentration (C: 250 (●) and 350 (○)mg/mL), adjuvant type (D and E: Al(OH)3 (●)
or CaHPO4 (○) after (D) or before (E) PLGA encapsulation), Al(OH)3 loading (F: 0.88 (○), 1.85 (●), and 3.04 (▲)wt.%), trehalose loading (G: 0 (□), 2.5 (○), 4 (●), and 10.4
(Δ)wt.%), and initial loading temperature (H: 10 (○) and 25 (●)°C). A: ASM-2 and ASM-3; B: ASM-4 and ASM-5; C: ASM-6 and ASM-7; D: ASM-8 and ASM-9; F: ASM-10 to
ASM-12; G: ASM-13 to ASM-16; and H: ASM-8. Mass of unencapsulated Al(OH)3 and microspheres (20–63 μm in size) used in the study was ~0.6 and 20 mg, respectively. All
the samples were incubated with 0.4 mL of 1 mg/mL OVA in 10 mM MOPS buffer (pH 7.4) under mild agitation at 10 (H: (○)) or 25 (A-H) °C and 42 °C respectively for 24 and
48 h. Symbols represent mean±SEM, n=3.
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be attributed to both electrostatic interaction (between negatively
charged OVA and positively charged Al(OH)3) and ligand exchange
(ligand exchange of phosphate groups of phosphorylated OVA with sur-
face hydroxyl groups of Al(OH)3) [44]. Since OVA and CaHPO4 both carry
a negative charge at pH 7.4, adsorption of OVA to CaHPO4 before and
after PLGA encapsulation was likely governed by ligand exchange via
phosphate groups of OVA with hydroxyl groups of CaHPO4 adjuvant, in
agreement with the report of Jiang et al. [35]. Jiang et al. studied the
adsorption of alpha casein (which also has pI of 4.6) to CaHPO4 adjuvant
at pH 7.4, and found that adsorption of alpha casein to CaHPO4 was due
to ligand exchange and ruled out significant electrostatic interactions
[35]. Hence, these results indicated both the ease and flexibility of the
novel strategy to actively load different vaccine antigens in PLGA by
placing different protein trapping substances in PLGA pores.

3.3.5. Al(OH)3 loading
The quantity of Al(OH)3 required for optimal antigen loading in

PLGA microspheres was investigated by preparing 0.88, 1.85, and
3.04 wt.% Al(OH)3 loaded PLGA microspheres. As the loading of
Al(OH)3 was increased from 0.88 to 3.04 wt.%, the fraction of OVA
sorbed by the microspheres increased significantly (pb0.05), indicat-
ing excellent antigen sorbing ability of Al(OH)3–PLGA microspheres.
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For example, about 20 mg of 0.88, 1.85, and 3.04 wt.% Al(OH)3/PLGA
microspheres respectively sorbed 88, 114 and 194 μg OVA (4.4, 5.7
and 9.7 μg OVA/mg Al(OH)3–PLGA microspheres, respectively) after
active self-healing microencapsulation (see Fig. 3F). Note that there
was no significant difference (p>0.05) in encapsulation efficiency
(see Table 1) and post microencapsulation accessibility of Al(OH)3 ad-
sorption capacity (see Fig. 4D) when the loading of Al(OH)3 in PLGA
was increased over the entire range studied (0.88 to 3.04 wt.%).
3.3.6. Porosigen (trehalose) loading
In order to create optimal pores in the polymer so that maximal

antigen loading and pore closing is achieved, varying amounts (2.5,
4, and 10.4 wt.%) of porosigen (trehalose) was co-encapsulated with
Al(OH)3 in PLGA microspheres (Supplementary Fig. 2). As expected,
co-incorporation of trehalose (2.5–10.4 wt.%) in Al(OH)3–PLGA micro-
spheres significantly improved post microencapsulation accessibility
of Al(OH)3 adsorption capacity for OVA loading relative to the control
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formulation (see Fig. 4E), thereby increasing the OVA loading signifi-
cantly (pb0.05) in PLGA microspheres (see Fig. 3G). For example,
about 20 mg of Al(OH)3–PLGA microspheres loaded with 0, 2.5, 4, and
10.4 wt.% trehalose respectively sorbed 88, 196, 202, and 112 μg OVA
(4.4, 9.8, 10.1 and 5.6 μg OVA/mg Al(OH)3–PLGAmicrospheres, respec-
tively). However, there was no significant enhancement in accessibility
of post microencapsulation adsorption capacity of Al(OH)3 for OVA
loading above 4 wt.% trehalose loading, suggesting that 2.5 to 4 wt.%
trehalose appears to be optimal composition for maximal antigen load-
ing in 3 wt.% Al(OH)3/PLGA microspheres.

3.3.7. Initial loading temperature
The influence of initial loading temperature on OVA sorption by

plasticizer-freeAl(OH)3–PLGAmicrosphereswas investigated by incubat-
ing the microspheres separately at 10 and 25 °C for 24 h (see Fig. 3H).
After completion of loading, Al(OH)3–PLGA microspheres incubated at
25 °C exhibited slightly higher OVA loading (9.7 μg OVA/mg Al(OH)3–
PLGA microspheres) than those incubated at 10 °C (8.5 μg OVA/mg
Al(OH)3–PLGA microspheres). However, there was no significant differ-
ence (p>0.05) in OVA adsorption to unencapsulated Al(OH)3 after 24 h
incubation at 10 and 25 °C (617 and 620 μg OVA adsorption/mg
Al(OH)3 at 10 and 25 °C, respectively). It is noteworthy to mention here
that, when we incubated Al(OH)3–PLGA microspheres containing 5% of
the hydrophobic plasticizer, DEP, at 25 °C, pores in the polymer began
to heal (due to the lower Tg of the polymer, see Table 1), thereby reducing
OVA loading in themicrospheres (data not shown). Hence, a temperature
ramp from 10 to 37/38 °C was used to maximize the vaccine antigen
loading in hydrophobic plasticizer loaded Al(OH)3–PLGA microspheres.

The Al(OH)3–PLGA or CaHPO4–PLGA microsphere formulations
studied above demonstrated a strong ability to absorb vaccine antigen
selectively from very low concentration (1 mg/mL) aqueous antigen so-
lution. The above studied parameters can be summarized as follows. Ac-
tive loading of vaccine antigen was a) manipulated by encapsulating
different adjuvant (Al(OH)3 or CaHPO4), b) found to increase with an
increasing loading of Al(OH)3 (0.88–3.04 wt.%) and significantly by
co-incorporation of 2.5–4 wt.% trehalose, c) found to decrease when
the inner Al(OH)3/trehalose phase to 1 mL outer oil phase and size of
microspheres was >0.2 mL and 63 μm, respectively, and d) slightly
influenced by the polymer concentration and initial loading temperature.

3.4. Al(OH)3 suppresses self-healing of PLGA

The effect encapsulation of Al(OH)3 or CaHPO4 in PLGAmicrospheres
on pore-closing/self-healing of PLGA is shown in Fig. 5. The pores in the
polymeric matrix of Al(OH)3–PLGAmicrospheres did not close/self-heal
under the selected healing conditions (see Fig. 5A). In contrast, almost all
pores on the surface of PLGA microspheres without Al(OH)3 or CaHPO4

healed under similar conditions (see Fig. 5B), indicating a suppression
of PLGA healing by Al(OH)3. This was further evident when this effect
was not exhibited by the other adjuvant studied, CaHPO4, where almost
all pores on the surface of CaHPO4–PLGAmicrospheres appeared to close
under similar loading andhealing conditions (see Fig. 5C). To understand
further, the Tg of 0, 0.88, 1.85, and 3.04 wt.% Al(OH)3 loaded PLGAmicro-
spheres was measured (see Table 1) and found to be unaffected by the
Al(OH)3 loading level (42.7, 42.5, 42.6, and 42.7 °C, respectively). There-
fore, interactions of the gel with PLGA did not affect bulk PLGA chain
mobility in the dry state, although changes to the PLGA chain mobility
in the wet state cannot be ruled out. It is also possible that gel/polymer
surface interactions may be responsible. Further studies are underway
to understand the kinetics and mechanism of PLGA self-healing.

3.5. Hydrophobic plasticizers overcome Al(OH)3-induced self-healing
suppression

In order to overcome the self-healing suppression inducedbyAl(OH)3
(see Fig. 6A), we sought to increase PLGA mobility by co-incorporating
hydrophobic plasticizers in the polymer. For example, DEP or TBAC
equivalent to 2.5, 5, 10, and 20 wt.% based on polymer mass was in-
corporated in the polymer. As expected, with increasing content of
DEP or TBAC in PLGA, Tg of the dry polymer was reduced consider-
ably (see Table 1), thereby improving polymer chain mobility and
providing self-healing of PLGA pores in the polymeric matrix of
Al(OH)3–PLGA at 37 °C (see Fig. 6B and C). A similar finding was ob-
served with another hydrophobic plasticizer (TBAC) (Supplementary
Fig. 3). This finding indicates that any suppression of self-healing by
Al(OH)3 could be overcome by the hydrophobic plasticizer. However,
interparticle self-healingwas observedwith 10 and 20 wt.% DEP loaded
PLGA microspheres (see Fig. 6D and E), indicating the necessity of ap-
propriate quantity of plasticizer for optimal self-healing. Importantly,
successful employment of plasticizer to reduce the required healing tem-
perature opens-up the door to self-encapsulate temperature-sensitive
molecules in higherMw PLGA at or below physiological temperature.

3.6. Distribution of vaccine antigen in PLGA microspheres after active
self-healing microencapsulation

To examine vaccine antigen distribution inside active self-
microencapsulated PLGA microspheres, fluorescein-OVA was simi-
larly self-encapsulated using 0.5 mg/mL loading solution and ob-
served under a confocal microscope. Fluorescein-OVA appears to be
distributed homogeneously inside the microspheres (see Fig. 7, Sup-
plementary Fig. 4 and Supplementary video), indicating uniformity
of encapsulated material by active self-microencapsulation para-
digm. Importantly, fluorescein-OVA was characterized by SE-HPLC
before encapsulation to check the presence of free fluorescein dye
in the sample and found to be free from un-conjugated/free fluores-
cein dye (data not shown). Hence, homogeneous fluorescence ob-
served inside active self-microencapsulated PLGA microspheres was
mainly due to effective and uniform encapsulation of fluorescein-OVA
and not because of free dye, which is known to partition in the PLGA
polymer phase [45,46].

3.7. Active PLGA self-healing microencapsulation overcomes tetanus tox-
oid instability relative to the double emulsion–solvent evaporation
method

The stability of manufacturing process-labile TT after encapsula-
tion by the traditional w/o/w emulsion–solvent evaporation was
evaluated and compared with that obtained by active self-healing mi-
croencapsulation. The fraction of soluble, insoluble (covalent and
non-covalent aggregates), and antigenically active TT remaining in
PLGA after microencapsulation by w/o/w emulsion–solvent evapora-
tion method is given in Table 2. As expected, the encapsulation of
manufacturing process sensitive TT in PLGA microspheres by the tradi-
tional method resulted in significant loss of stability of TT (only about
27% of the encapsulated TT was antigenically active). The cause for TT in-
stability during encapsulation has been attributed to harshmanufacturing
conditions such as water/methylene chloride interface, homogenization,
and freeze-drying [17,18]. In contrast, active PLGA self-healing microen-
capsulation obviated this key instability issue, as indicated by 96–99%
antigenically active TT release from DEP and TBAC loaded Al(OH)3–
PLGA microspheres (formulations with optimal release behavior) after
28 days of incubation in PBST+0.2% BSA (see in vitro TT release curve).
It is important to note that the antigenic release fraction recorded for
self-encapsulated microsphere formulations was normalized by TT load-
ing determined by mass loss from loading solution. The results of in
vitro release and loading assays (mass loss from loading solution and
amino acids analysis of microspheres) indicate that >96% of the
self-encapsulated TT was antigenically active. Therefore, further determi-
nation of soluble and insoluble fraction of self-encapsulated TT by poly-
mer extraction was not necessary to compare with the stability results
of w/o/w emulsion–solvent evaporation. Further, the integrity of OVA
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Fig. 5. Aluminum hydroxide (Al(OH)3) suppresses self-healing of PLGA. Effect of encapsulation of aluminum hydroxide (Al(OH)3) or calcium phosphate (CaHPO4) in PLGA micro-
spheres on PLGA healing. Scanning electron microscopic images of Al(OH)3–trehalose–PLGA (A), blank (trehalose/PLGA) (B), and CaHPO4/trehalose/PLGA (C) microspheres before
and after active self-healing microencapsulation process. Image A, B, and C respectively correspond to ASM-17, B-1, and ASM-18 in Table 1. Microspheres (20–63 μm in size) were
incubated with 0.4 mL of 1 mg/mL OVA in 10 mM MOPS buffer (pH 7.4) under mild agitation at 25 and 43 °C respectively for 24 and 48 h.
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after active self-microencapsulation process was also assessed by size
exclusion chromatography. The chromatogram of OVA after active
self-microencapsulation was similar to that of native OVA (before encap-
sulation) (Supplementary Fig. 5). Also, there were no additional peaks in
the chromatogram, suggesting the absence of any soluble OVA aggregates
or fragments. These results strongly suggest that Al(OH)3-adsorbing
vaccine antigens can now be encapsulated in PLGA microspheres with
minimal loss of their integrity and antigenicity. Additional in vivo potency
will be needed in future studies to confirm these in vitro data.

3.8. Kinetics of active PLGA self-microencapsulation of manufacturing
process-labile tetanus toxoid

Previously, the kinetics of active PLGA self-microencapsulation was
investigated using a model vaccine antigen (ovalbumin) [32]. These
characteristics were further investigated in this study with manufactur-
ing process-labile TT. As shown in Table 3, 3.2 wt.% Al(OH)3–3.5 wt.%
trehalose–PLGA–5 wt.% DEP microspheres actively sorbed TT as a func-
tion of incubation time and temperature from 1 mg/mL aqueous solu-
tion with a maximal loading of ~18 μg TT/mg Al(OH)3–PLGA–DEP
microspheres (~1.8 wt.% loading), a significant improvement compared
to OVA loading (~10 μg OVA/mg Al(OH)3–PLGA–DEP microspheres or
1.0 wt.% OVA loading) [32]. The Al(OH)3 adsorption capacity accessible
in preformed PLGA microspheres for TT loading was similarly higher
(~80%) compared to that of OVA (~55%). Higher TT loading exhibited
by active SM PLGA microspheres can be attributed to higher adsorption
capacity of Al(OH)3 for TT. The encapsulation efficiency of the same for-
mulation was further evaluated using 0.64 and 0.8 mg/mL TT solution
(see Table 4). Active SM PLGAmicrospheres exhibitedmaximal encapsu-
lation efficiency of 97% for sensitive TT (see Table 4). In contrast, encapsu-
lation of TT by traditional w/o/w emulsion–solvent evaporation required
significantly higher concentration of TT (6.24 mg/mL TT) in inner water
phase but resulted in significantly less TT loading (0.47 wt.%) in the poly-
mer (see Table 2).
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Fig. 6. Co-incorporation of hydrophobic plasticizer (diethyl phthalate (DEP)) in PLGA overcomes self-healing suppression induced by Al(OH)3. Scanning electron microscopic
images of 0 (A), 2.5 (B), 5 (C), 10 (D), and 20 (E)wt.% DEP loaded Al(OH)3–PLGA microspheres before and after active self-healing microencapsulation. Images A, B, C, D, and E
respectively correspond to ASM-19, ASM-20, ASM-1, ASM-21 and ASM-22 in Table 1. Microspheres (20–63 μm in size) were incubated with 0.4 mL of 1 mg/mL OVA in 10 mM
MOPS buffer (pH 7.4) under mild agitation at 10, 25 and 37 °C respectively for 48, 24, and 30 h.
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3.9. Effect of encapsulation methods, hydrophobic plasticizers, and mixed
porosigens on in vitro release of antigenic tetanus toxoid from PLGA
microspheres

Continuing from our previous study reporting in vitro release of an-
tigens from one active self-microencapsulating PLGA microsphere for-
mulation [32], we further studied some important aspects relevant to
active self-healing microencapsulation and their probable effects on
long-term antigenic TT release. Additional studies were performed to
understand in vitro antigenic TT release behavior from: a) TT/PLGA
microspheres prepared by w/o/w emulsion–solvent evaporation to
compare with that provided by active self-healing encapsulation,
b) active self-microencapsulation of TT with a chemically different and
significantly less water soluble (0.005 mg TBAC/mL at 20 °C compared
to 1 mg DEP/mL at 25 °C) plasticizer (TBAC) instead of previously stud-
ied DEP, and c) mixed porosigens (trehalose and MgCO3) with varying



20 µm

Fig. 7. Distribution of vaccine antigen in 3.2 wt.% Al(OH)3/3.5 wt.% trehalose–PLGA–5 wt.%
diethyl phthalate microspheres (ASM-1) after active self-healing encapsulation of FITC–
OVA. Confocal microscopic image of FITC–OVA, which was encapsulated in a self-healing
PLGA microsphere. Active self-healing microencapsulation of fluorescein-OVA was per-
formed by incubating 20 mg microspheres (20–63 μm in size) with 0.4 mL of 0.5 mg/mL
fluorescein-OVA in 10 mMMOPSbuffer (pH 7.4) undermild agitation at 10, 25 and37 °C re-
spectively for 48, 24, and 30 h.
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water solubility. Using the actual content of antigenic TT in traditionally
encapsulated PLGAmicrospheres (see Table 2) or TTmass loss from ac-
tive SM PLGA/TT mixture, the cumulative amount of antigenic TT re-
leased from PLGA microspheres as function of time was calculated
(see Fig. 8). All the active self-microencapsulated PLGA microspheres
exhibited significantly improved in vitro controlled antigenic TT release
(significantly less initial burst and slow and continuous antigenic TT
release thereafter over a period of 28 days) when compared to those
prepared by traditional w/o/w emulsion–solvent evaporation method,
indicating the ability of active PLGA self-healing microencapsulation to
provide improved long-term stable release of sensitive vaccine anti-
Table 2
Evaluation of stability of tetanus toxoid (TT) in PLGA microspheres prepared by traditional

Concentration of TT in WP (mg/mL) TT loading (wt.%)

Theoretical Actualb

Solublea,d Antige

6.24 0.5 0.36±0.03 0.12±

WP: inner water phase.
a Based on TT content in polymer.
b Mean±SEM, n=3.
c Determined by ELISA.
d Determined by modified Bradford assay.

Table 3
Tetanus toxoid (TT) mass loss kinetics in the presence of antigen/unencapsulated Al(OH
(ASM-1) mixture during temperature ramping in contrast (10–38 °C).

Incubation temperature (°C)
and duration (h)

Initial TT massa (μg) Formulation

Remaining TT m

°C h Unencapsulated

10 3 500 18±2
6 500 15±1
24 500 12±1
48 500 ND

25 24
+

38 40 500 10±1

ASM: active SM PLGA microspheres; ND: Not determined.
a Volume=0.5 mL.
b Mean±SEM, n=3.
gens. Poor controlled release of antigenic TT from PLGA microspheres
(noncontinuous and incomplete release) prepared by the traditional
w/o/w solvent evaporation has been attributed to instability of TT in
the polymer matrix due to protein damage by organic solvent and ho-
mogenization exposure during encapsulation, the PLGA acidic microcli-
mate pH and formaldehyde-induced inactivation [17]. It is important to
note that the release fraction recorded for the solvent evaporation mi-
crosphere formulation was normalized by the extractable antigenic TT
(Table 2). In fact most of the TT originally loaded in this formulation
wasnot antigenically active (Table 2). In vitro release of antigen fromac-
tive self-encapsulated PLGAmicrospheres was not significantly affected
by the type of plasticizer used to achieve self-healing of PLGA pores
(moderately water soluble DEP or nearly insoluble TBAC). However,
coincorporation of MgCO3 in place of a portion of trehalose was found
to exhibit slower antigen release compared to control, suggesting
that the base was less successful in creating a pore network in the
pre-formed microspheres. In addition, the TT adsorbed to the Al(OH)3
in the PLGA appeared to be spared the damaging acidic microclimate
pH often presence in PLGAs.
4. Conclusions

The optimization of a novel active self-healingmethod to encapsulate
protein antigens in PLGA [32,33] is described. Effective and stable encap-
sulation of protein trapping agent (vaccine adjuvant) in PLGA micro-
spheres was governed by the inner adjuvant/trehalose phase to outer
oil phase ratio during formation of primary emulsion. Active loading of
vaccine antigens in preformed active SM PLGA microspheres was found
to be adjustable by: a) placing different adjuvant in PLGA pores, b) vary-
ing the loading of vaccine adjuvant in preformed active SM PLGA micro-
spheres, c) co-incorporating a porosigen, and d) changing the vaccine
antigen. The self-healing suppression induced by interaction between
vaccine adjuvant andPLGAcould beovercome, and temperature required
w/o/w emulsion–solvent evaporation method.

Encapsulation efficiency (%)a,b

Antigenic TT Total TT

nica,c Insolublea,d Totala,d

0.01 0.11±0.02 0.47±0.01 24.6±2.2 94.0±1.3d

)3 and antigen/3.2 wt.% Al(OH)3–3.5 wt.% trehalose–5 wt.% DEP–PLGA microsphere

ass in solutiona (μg)b TT loaded (μg)b

Al(OH)3 ASM Unencapsulated Al(OH)3 ASM

374±14 482±2 126±14
338±13 485±1 162±13
300±18 488±1 200±18
ND ND ND

99±5 490±1 401±5



Table 4
Evaluation of tetanus toxoid (TT) active self-healing microencapsulation in PLGA microspheres as a function of initial concentration of vaccine antigen in loading solution (ASM-1),
and type of the plasticizer (ASM-24) and porosigen (ASM-27) incorporated.

Formulation TT massa TT loading based on Encapsulation efficiency (%)b

Mass loss from loading solution (μg)b Polymer content

Initial (μg) Remaining (μg)b (μg)b (wt.%)b

ASM-1 400 70±3 330±3 308±43c 1.38±0.2c 77±11c,d

ASM-1 320 6±2 314±2 309±10c 1.38±0.1c 97±3c,d

ASM-24 320 38±4 282±4 ND 1.35±0.03e 88±1e

ASM-27 320 81±3 239±3 ND 1.11±0.02e 75±1e

ASM-1: 3.2 wt.% Al(OH)3/3.5 wt.% trehalose/5 wt.% DEP/PLGA microspheres; ND: not determined; ASM-24: 3.2 wt.% Al(OH)3/3 wt.% trehalose/5 wt.% TBAC/PLGA microspheres;
ASM-27: 3.2 wt.% Al(OH)3/1.5 wt.% trehalose/1.5 wt.% MgCO3/5 wt.% TBAC/PLGA microspheres. Active self-healing encapsulation of TT was performed by incubating ~20 mg mi-
crospheres (20–63 μm in size) with 0.5 mL of 0.64–0.8 mg/mL TT in normal saline (pH 6.8) under mild agitation at 10, 25 and 38 °C respectively for 24, 24, and 40 h.

a Volume=0.5 mL.
b Mean±SEM, n=3.
c TT content in the polymer was determined by amino acid analysis.
d Based on the antigen content in the polymer.
e Based on the TT mass loss from loading solution.
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for self-healing was suitably reduced by co-encapsulating hydrophobic
plasticizers. Active PLGA self-healing microencapsulation obviated
instability of TT caused by traditionalw/o/wemulsion–solvent evapora-
tion method, and provided improved controlled release of antigenic TT.
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Fig. 8. Effect of encapsulationmethods (traditional w/o/w emulsion–solvent evaporation vs.
active self-healing encapsulation), type of plasticizer (slightly water-soluble diethyl phthal-
ate (DEP) vs. insoluble tributyl acetylcitrate (TBAC)), and mixed porosigens (3 wt.% treha-
lose vs. 1.5 wt.% trehalose+1.5 wt.% MgCO3) on initial burst (A) and long-term (B) in
vitro antigenic TT release kinetics from PLGA microspheres. The TT release kinetics were
fromunencapsulatedAl(OH)3 (●), TT/PLGAmicrospheres prepared fromw/o/wemulsion
solvent evaporation (▲), and TT/adjuvant/plasticizer/PLGA microspheres after self-
healing microencapsulation (□: 3.2 wt.% Al(OH)3/3.5 wt.% trehalose/5 wt.% DEP/PLGA
microspheres; ♦: 3.2 wt.% Al(OH)3/3 wt.% trehalose/5 wt.% TBAC/PLGA microspheres;
○: 3.2 wt.% Al(OH)3/1.5 wt.% trehalose/1.5 wt.% MgCO3/5 wt.% TBAC/PLGA microspheres).
The release curveswith dashed line are reproduced from [32] for comparison. In vitro release
was evaluated in PBST+0.2% BSA at 37 °C, and symbols represent mean±SEM, n=3.
Using this self-healing approach, further efforts are underway to devel-
op appropriate active SM PLGA microspheres for delivery of important
therapeutic proteins and protein antigens.
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