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instability, and loss of antigenicity and 
immunogenicity due to exposure of the Ag 
to harsh conditions during the production 
of polymeric particles.[13–15] To address this 
challenge, we have previously developed 
a novel method of self-healing encapsu-
lation in PLGA microspheres, where large 
biomolecules are loaded into pre-made 
PLGA microspheres under aqueous con-
ditions.[16,17] This “self-encapsulating” pro-
cedure exploits the passive healing of the 
polymer chains above the glass transition 
temperature (Tg) of PLGA polymer to close 
pores within the particles. By adjusting the 
environmental temperature, bio-macro-
molecules in aqueous conditions diffuse 
through open pores into the particle cores 
and then subsequently become trapped 
as pores close.[18,19] We have reported 
that the “self-encapsulating” procedure 
avoids exposure of Ags to harsh condi-
tions, thus maintaining their antigenicity 
and immunogenicity.[17] In this work, we 
investigated the interaction between self-
encapsulating PLGA microspheres and 
APCs and performed immunological ana-

lyses of Ag-specific T cell and humoral immune responses after 
subcutaneous immunization with these particles. Prime-boost 
immunizations with self-encapsulating PLGA microspheres 
significantly improved Ag-specific CD8α+ T cell and antibody 
responses, compared with immunizations with free, soluble pro-
tein admixed with calcium phosphate gel, a widely used adju-
vant in Europe.[20–23] Importantly, a single-dose of microspheres 
designed for >40 d Ag release elicited Ag-specific CD8α+ T cell 
and antibody responses as efficiently as the prime-boost vaccina-
tions with the equivalent total dose of Ag plus calcium phosphate 
gel. Our results suggest that self-encapsulating PLGA micro-
spheres have great potential for further development as a versa-
tile vaccine delivery system for multiple- as well as single-dose 
vaccinations, which may address a lack of patient compliance 
and poor medical infrastructure in resource-limited settings.

APCs, namely dendritic cells (DCs), are the main cell type 
that orchestrates the interaction between innate and adaptive 
immunity and thus are the major target for vaccine delivery.[1,2] 
DCs internalize and process exogenous Ags (e.g., bacterial prod-
ucts) and endogenous Ags (e.g., tumor and viral products). Pro-
cessed Ag epitopes are then displayed on the cell surface to be 
recognized by Ag-specific T cells and contribute to cellular and 
humoral immune responses.[24] Therefore, vaccine strategies 

Poly(lactic-co-glycolic acid) (PLGA) microspheres have been widely examined 
for vaccine applications due to their attractive features of biocompatibility, 
biodegradability, ability to be internalized by antigen-presenting cells, and 
long-term antigen release. However, one of the major challenges for PLGA 
particle vaccines is the potential for antigen instability and loss of antigenicity 
and immunogenicity. To address this challenge, we have developed a new 
method of “self-healing” encapsulation in PLGA microspheres, where pre-
made PLGA microspheres are loaded with protein antigens under aqueous 
conditions with minimal impact on their antigenicity and immunogenicity. 
In this report, we show that mice immunized with self-encapsulating PLGA 
microspheres in a prime-boost regimen generated significantly enhanced 
antigen-specific CD8α+ T cell and antibody responses, compared with mice 
immunized with free, soluble protein admixed with calcium phosphate gel, a 
widely used adjuvant. Furthermore, a single-dose of microspheres designed 
for >40 day sustained antigen release elicited robust cellular and humoral 
immune responses as efficiently as the prime-boost vaccinations with cal-
cium phosphate gel. Overall, these results suggest excellent potential of our 
self-encapsulating PLGA microspheres as a vaccine platform for multiple-
dose as well as single-dose vaccinations.
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Vaccine Delivery

Priming of adaptive immune responses requires internaliza-
tion and processing of antigen (Ag) by antigen-presenting cells 
(APCs). Consequently, Ag delivery to APCs is a major focus 
of vaccine development that is crucial for eliciting strong pro-
tective immunity.[1–5] In particular, poly(lactic-co-glycolic acid) 
(PLGA) nano- and microspheres have been explored widely 
for vaccine delivery applications due to their biocompatibility, 
biodegradability, ability to be internalized by APCs, and poten-
tial for long-term Ag release and hence, single-dose vaccina-
tion.[6–12] Despite their promising attributes, one of the major 
challenges for PLGA particle vaccines is the potential for Ag 
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should address how to promote Ag delivery to DCs as well as 
subsequent Ag uptake and processing by DCs. PLGA particles 
have been extensively investigated for vaccine delivery applica-
tions because of their ability to target APCs, induce particulate 
phagocytosis, and serve as a sustained-release depot, thus pro-
longing Ag exposure to the immune system.[25] However, one 
of the remaining challenges for PLGA particle-based vaccine 
delivery systems is the potential for Ag instability, which can 
occur during particle production and Ag release.[13–15] Tradi-
tional methods for loading Ags into polymeric particles expose 
the Ags to detrimental conditions, including high shear stress 
and oil–water interfaces, that may lead to protein unfolding 
and aggregation and subsequent loss of antigenicity and 
immunogenicity.[8]

To address these issues, we have developed a method for 
protein loading into PLGA microspheres that bypasses many 
of the challenges of traditional techniques.[16,17] This method, 
which we termed “self-healing encapsulation” or more simply 
“self-encapsulation,” loads Ag by simple mixing of pre-made 
microspheres in an aqueous solution of protein (Figure 1a). 
These microspheres contain an interconnecting pore network 
and a protein-trapping agent (e.g., aluminum- or calcium-
based adjuvant gel) that is accessible through the pores. During 
mixing, the Ag diffuses into the pores and binds to the trap-
ping agent, allowing efficient remote loading. We have reported 
that addition of a protein-trapping agent strongly improves 

encapsulation efficiency, compared to microspheres without 
an internal trapping agent.[16,17] Subsequent heating of the 
system above the Tg of the polymer closes the pores, sealing 
Ag inside the microspheres (see Figure 1b for before and after 
images of pore healing). We have previously reported improved 
antigenicity of tetanus toxoid released from self-encapsulating 
microspheres over 28 d, compared with that loaded by tradi-
tional encapsulation techniques.[17] Furthermore, the use of 
Ag-binding aluminum or calcium-based trapping agents during 
the self-encapsulating procedure offers a unique and conven-
ient strategy for incorporating one or more different types of 
Ags in PLGA microspheres produced in a single large batch.

Having established a versatile procedure for Ag encapsula-
tion, here we set out to investigate the interaction between APCs 
and self-encapsulating PLGA microspheres and to explore the 
potential of the sustained Ag release formulation for multiple-
dose as well as single-dose vaccination in mice. Specifically, we 
studied the internalization of the microspheres by DCs and 
investigated the type and magnitude of the immune responses 
generated by the microspheres after subcutaneous immu-
nization. We found that the microspheres were successfully 
internalized by murine DCs and produced balanced humoral 
and cellular immune responses. Importantly, a single dose of 
microspheres designed for >40 d Ag release elicited compa-
rable, if not superior, CD8α+ T cell and antibody responses as 
the total equivalent dose of Ag administered in two separate 
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Figure 1. Formulation and characterization of self-encapsulating PLGA microspheres. A) Schematic illustration of the self-encapsulation of protein 
Ags into PLGA microspheres. B) SEM images of self-encapsulating PLGA microspheres containing CaHPO4 adjuvant gel as the protein-trapping agent. 
Microspheres are shown before (left) and after (right) self-encapsulation of OVA and pore healing. Scale bars represent 10 µm. C) Summary of key prop-
erties of the self-encapsulating microspheres and percentage cumulative OVA release from the microspheres. Data are shown as mean ± SEM (n = 3).
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doses with calcium phosphate gel, a routinely used adjuvant in 
human vaccines.[20–23] Our results presented here suggest that 
these self-encapsulating microspheres have great potential for 
further development as a vaccine delivery system for multiple-
dose as well as single-dose vaccination.

To prepare self-encapsulating PLGA microspheres for vac-
cine delivery applications, we have employed the standard 
double emulsion-solvent evaporation technique and formulated 
antigen-free PLGA microspheres with trehalose and calcium 
phosphate (CaHPO4) adjuvant gel in the inner water phase 
(Figure 1a). We added trehalose as a porosigen to create the 
interconnecting pore network within the polymer spheres.[16] 
Calcium phosphate gel was used as the protein-trapping agent 
within the microsphere pores since it is a natural constituent of 
the body and is well-tolerated, readily resorbed, and has been 
widely used as an adjuvant in Europe.[20–23] We have recently 
reported the development of a “self-encapsulating” PLGA 
microsphere formulation and characterized its efficacy as an 
intranasal vaccine delivery system.[26] Briefly, CaHPO4 gel was 
incorporated within the PLGA microspheres at 2.2 ± 0.1% w/w 
loading as determined by inductively coupled plasma optical 
emission spectrometry (ICP-OES) (Figure 1c). Following the 
self-encapsulation procedure, ovalbumin (OVA), a prototypical 
model antigen, was loaded within the PLGA microspheres at 
0.60 ± 0.05% w/w loading with 56% encapsulation efficiency 
(Figure 1c). A moderate burst release of 28% was observed on 
day 1 in phosphate buffered saline (PBS) at 37 °C. This was 
followed by steady, sustained release of OVA, achieving 67% 
total Ag release at the termination of the experiment on day 42 
(Figure 1c). The size of the microspheres is an important factor 
that influences internalization by APCs. A number of studies 
have demonstrated that microspheres less than 10 µm in diam-
eter are more efficiently internalized by APCs, compared with 

larger particles.[27–30] Therefore, we have refined the formu-
lation parameters, including the polymer concentration and 
energy of agitation for emulsion, to produce microspheres of 
the desired size range with the median microsphere diameter 
of 7.0 ± 0.3 µm, with a negative zeta potential of -21.9 ± 2.1 mV 
(Figure 1c). Sonication was preferable to homogenization for 
forming the primary emulsion in our system since greater agi-
tation generated smaller particles.[31]

Using microspheres in the target size range of less than 
10 µm in diameter, we next studied the interaction between the 
vaccine microparticles and DCs, which are capable of internal-
izing PLGA particles via phagocytosis.[32] To evaluate this inter-
action, we used flow cytometry to measure particle uptake by 
JAWSII cells, a murine bone marrow-derived DC line. JAWSII 
cells were incubated with three different concentrations of rho-
damine 6G-labeled microspheres for 6 or 24 h at 37 °C. Cells 
were then treated with phalloidin-iFluor 405 dye to stain the 
actin filaments. To quantify the percentage of cells with rho-
damine fluorescence signal, we used an Amnis ImageStreamx 
Mark II imaging flow cytometer (Figure 2a). As we anticipated, 
the percentage of microsphere-positive cells increased with 
both the incubation time and microsphere concentration, with 
~60% of cells internalizing microspheres after 24 h of incuba-
tion with the initial particle concentration of 100 µg per well. 
Representative fluorescence images obtained from the flow 
cytometer showed the association of DCs with one or more 
PLGA particles (Figure 2b–e).

Next, to investigate the interaction between particles and 
JAWSII cells more closely, we used confocal microscopy. Cells 
were incubated with rhodamine-labeled microspheres for 24 h 
at 37 °C and stained with DAPI and Alexa Fluor 647-phalloidin 
to visualize cellular nuclei and actin filaments, respectively. As 
shown in Figure 2f, JAWSII cells successfully phagocytosed 
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Figure 2. Internalization of self-healing PLGA microspheres by dendritic cells. A) Flow cytometry analysis of JAWSII dendritic cells treated with different 
doses of rhodamine 6G-labeled microspheres for 6 or 24 h. Columns show the percent of gated events containing cells with associated microspheres. 
Data represent mean ± SEM (n = 3). Representative ImageStreamx images showing B) bright-field image of JAWSII cells with associated microspheres; 
C,D) fluorescence images of the microspheres and JAWSII cells, respectively; and E) overlay of images. F) Confocal microscopy image showing JAWSII 
dendritic cells that internalized rhodamine-labeled self-encapsulating microspheres (green) after 24 h of incubation. Actin filaments were stained with 
Alexa Fluor 647-phalloidin (violet) and nuclei were stained with DAPI (blue). Scale bar represents 10 µm.
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one or more microspheres over 24 h with a range of particle 
sizes taken up into the cells. Orthogonal confocal images con-
firmed that the microspheres were not merely attached to the 
cell surface but internalized within the cells, as demonstrated 
by actin filaments surrounding fluorophore-loaded particles. 
Taken together, results shown in Figure 2 indicated that self-
encapsulating PLGA microparticles are readily taken up by 
DCs, allowing for intracellular Ag delivery to DCs.

Having characterized the particles and their cellular inter-
action with APCs in vitro, we performed vaccination studies 
in mice to examine the induction of Ag-specific cellular and 
humoral immune responses. The route of vaccine delivery 
plays a major role in shaping immune responses, perhaps due 
to local cell types (e.g., different subsets of APCs) and stability 
of the microspheres by a particular administration method 
(e.g., particle agglomeration at the site of injection).[33] We 
designed our immunization studies (1) to determine cellular 
and humoral immune responses after subcutaneous immu-
nization with the microspheres; (2) to compare the immune 
responses elicited by the microspheres to those induced by 
commercial CaHPO4 adjuvant gel; and (3) to test a single-dose 
vaccination with the microspheres capable of long-term Ag 
release (as shown in Figure 1c). C57BL/6 mice were immu-
nized subcutaneously at tail base with CaHPO4 adjuvant gel 
coadministered with free soluble OVA (100 µg gel + 10 µg 
OVA) or microspheres coloaded with CaHPO4 adjuvant gel and 
OVA (37 µg gel + 10 µg OVA, denoted as “10 µg OVA × 2”), 
with both groups treated on days 0 and 21 using the prime-
boost vaccine regimen shown in Figure 3a. Ag-specific T-cell 
responses were measured on day 28 (7 d after the booster dose) 
using tetramer staining on peripheral blood mononuclear cells, 
while anti-OVA serum IgG responses were measured on days 
20 and 42 since subunit antigen vaccines generally induce peak 
cellular and humoral immune responses on week 1 and weeks 
2–3 after immunization, respectively. In addition, to examine 
the potency of self-encapsulating PLGA microparticles as a 
platform for single-dose administration, we included a prime-
only vaccination group with twice the dose of OVA-containing 
microspheres (74 µg gel + 20 µg OVA, denoted as “20 µg OVA ×  
1”) (Figure 3a). Subunit vaccination generally induces tran-
sient immune responses, thus necessitating multiple immu-
nizations.[4,5,12] Therefore, we chose to use the prime-boost 
immunizations with CaHPO4 adjuvant gel with 10 µg OVA at 
the same total antigen dose as the control group rather than 
the prime-only CaHPO4 adjuvant gel with 20 µg OVA, which is 
expected to generate weaker immune responses.

On day 28, four weeks after the prime vaccination (i.e., one 
week after the boost vaccination), mice were analyzed for the 
percentage of Ag-specific CD8α+ T cells using the tetramer 
staining assay with SIINFEKL-H-2Kb tetramer, as we described 
previously (Figure 3b).[34,35] As CaHPO4 adjuvant reportedly 
promotes humoral but not cellular immune responses,[20–23] we 
found that the control group, with soluble OVA admixed with 
CaHPO4 adjuvant, did not generate CD8α+ T cell responses 
above the PBS baseline even after prime-boost vaccinations 
(Figure 3b). By contrast, the microsphere group administered 
with prime-boost vaccinations (10 µg OVA × 2) produced ~1% 
Ag-specific CD8α+ T cell responses, which is a sevenfold greater 
frequency of OVA-specific CD8α+ T cells than the PBS control 

group (P < 0.0001) and a fourfold greater frequency than the 
CaHPO4 adjuvant control group (P < 0.001, Figure 3b). Impor-
tantly, self-encapsulating PLGA microspheres administered in a 
prime-only vaccination (20 µg OVA × 1) also generated robust 
Ag-specific CD8α+ T cell responses with a threefold greater 
frequency of OVA-specific CD8α+ T cells among periph-
eral blood mononuclear cells (PBMCs) than the PBS control 
group (P < 0.001) and a twofold greater response than the dual 
prime-boost vaccination with soluble OVA plus CaHPO4 adju-
vant (Figure 3b), although the latter difference was not statis-
tically significant. Taken together, our results showed that the 
self-encapsulating PLGA microspheres elicited significantly 
enhanced Ag-specific CD8α+ T cell immune responses relative 
to the soluble vaccine formulated with the CaHPO4 adjuvant. 
In addition, we found that the self-encapsulating PLGA micro-
spheres designed for long-term Ag release can serve as a single-
dose vaccination platform for eliciting CD8α+ T cell immune 
responses.

We have performed parallel immunization trials and analyzed 
the induction of humoral immune responses (Figure 3c–e). We 
measured serum anti-OVA antibody titers for total IgG, IgG1, 
and IgG2C subclasses, as the subclass levels provide information 
on the polarization of Th responses, with IgG1 associated with 
a Th2-type response and IgG2C associated with a Th1-skewed 
response.[36] The PLGA microspheres (10 µg OVA × 2) elicited 
38- and 27-fold increases in total anti-OVA serum IgG titers com-
pared with soluble OVA plus CaHPO4 adjuvant after prime and 
boost immunizations, respectively (P < 0.01, Figure 3c). Simi-
larly, compared with soluble OVA admixed with the CaHPO4 
adjuvant, the PLGA microsphere group (10 µg OVA × 2) elic-
ited 36- and 1400-fold higher serum titers for anti-OVA IgG1 
and IgG2C subclasses, respectively, after boost immunizations 
(P < 0.0001 for IgG2C, Figure 3d,e). Importantly, the single 
prime-only vaccination group with PLGA microspheres (20 µg 
OVA × 1) also generated robust anti-OVA serum total IgG, 
IgG1, and IgG2C titers that were comparable to those observed 
only after two rounds of vaccinations with soluble OVA plus 
CaHPO4 adjuvant (Figure 3c–e). In addition, anti-OVA total IgG 
and IgG1 titers induced after a single vaccination with PLGA 
microspheres (20 µg OVA × 1) were maintained for the dura-
tion of the study, while anti-OVA IgG2C titers exhibited a 69-fold 
increase between day 20 and day 42 postvaccination (P < 0.01, 
Figure 3c–e). These results indicated that the sustained-release 
formulation of PLGA microspheres elicited robust and durable 
total IgG and IgG1 responses while simultaneously promoting 
maturation of Ag-specific IgG2C responses over time.

From these results we can conclude that two doses of OVA 
in microspheres administered in a prime-boost regimen (10 µg 
OVA × 2) elicited significantly greater Ag-specific CD8α+ T cell 
immune responses and generated stronger Th1/Th2-balanced 
humoral immune responses than the equivalent dose and reg-
imen of protein vaccination with CaHPO4 adjuvant (Figure 3). 
Additionally, the single-dose vaccination with microspheres 
(20 µg OVA × 1) generated similar or stronger Ag-specific cel-
lular and humoral immune responses, compared with the dual 
prime-boost vaccinations with soluble protein Ag plus CaHPO4 
adjuvant (Figure 3).

In summary, our results presented in this communication 
showed that the self-encapsulating PLGA microspheres, with 
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a median diameter of 7 µm, were successfully internalized 
by DCs and elicited potent Ag-specific cellular and humoral 
immune responses after subcutaneous immunizations in mice. 
Two-dose immunizations with the microspheres significantly 
improved CD8α+ T cell responses and Th1/Th2-balanced 
humoral responses, compared with two doses of protein vac-
cination with CaHPO4 adjuvant. Furthermore, a single dose 
of sustained-release formulation of microspheres, containing 
twice the amount of Ag, produced strong cellular and humoral 
immune responses, comparable to or stronger than those 
observed after two separate vaccinations with the equivalent 
total dose of Ag plus the CaHPO4 adjuvant. Overall, this report 
has provided proof-of-concept data showing excellent poten-
tial of our self-encapsulating PLGA microspheres as a vaccine 
platform for multiple-dose as well as single-dose vaccinations 

— an attractive and critical attribute of our vaccine technology 
that may address a lack of patient compliance and poor medical 
infrastructure in resource-limited settings.

Experimental Section
Experimental protocols are reported in the Supporting Information 
available online.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 3. Cellular and humoral immune responses elicited by self-healing PLGA microspheres in vivo. A) Shown are the vaccine doses and regimen. 
Naïve C57BL/6 mice were administered subcutaneously at tail base on days 0 and 21 with 10 µg of OVA either admixed with CaHPO4 adjuvant gel 
or formulated with CaHPO4 adjuvant gel in self-healing PLGA microspheres (10 µg × 2). A group of mice was immunized on day 0 with a prime-only 
administration of 20 µg of OVA formulated with CaHPO4 adjuvant gel in self-healing PLGA microspheres (20 µg × 1). B) Shown are the percentages of 
SIINFEKL-tetramer + CD8α + T cells among total CD8α + T cells in PBMCs on day 28. C–E) Serum anti-OVA antibody titers were measured on day 20 
(prime response) and day 42 (boost response). Shown are OVA-specific serum C) IgG, D) IgG1, and E) IgG2C titers. Data were fit using a 4-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 = 5). 
All groups were compared using one-way ANOVA (B) or two-way ANOVA (C–E), followed by Bonferroni’s post-test (*P < 0.05, **P < 0.01, ***P < 0.001, 
and ****P < 0.0001).
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