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Purpose. To study the use of poly (lactide-co-glycolide) (PLGA) microparticles in respirable sizes as
carriers for recombinant tuberculosis (TB) antigen, TB10.4-Ag85B, with the ultimate goal of pulmonary
delivery as vaccine for the prevention of TB.
Materials and Methods. Recombinant TB antigens were purified from E. coli by FPLC and encapsulated
into PLGA microparticles by emulsion/spray-drying. Spray-drying condition was optimized by half-
factorial design. Microparticles encapsulating TB antigens were assessed for their ability to deliver
antigens to macrophages for subsequent presentation by employing an in vitro antigen presentation assay
specific to an Ag85B epitope.
Results. Spray-drying condition was optimized to prepare PLGA microparticles suitable for pulmonary
delivery (aerodynamic diameter of 3.3µm). Antigen release from particles exhibited an initial burst
release followed by sustained release up to 10 days. Antigens encapsulated into PLGA microparticles
induced much stronger interleukin-2 secretion in a T-lymphocyte assay compared to antigen solutions for
three particle formulations. Macrophages pulsed with PLGA-MDP-TB10.4-Ag85B demonstrated
extended epitope presentation.
Conclusion. PLGA microparticles in respirable sizes were effective in delivering recombinant TB10.4-
Ag85B in an immunologically relevant manner to macrophages. These results set the foundation for
further investigation into the potential use of PLGA particles for pulmonary delivery of vaccines to
prevent Mycobacterium tuberculosis infection.
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INTRODUCTION

Tuberculosis (TB) is the leading cause of mortality in the
world (1,2). Currently, Bacillus Calmette-Guérin (BCG) is
the only TB vaccine available for human use (3). However,
BCG demonstrated varying levels of efficacy in distinct
populations and different field trials (4,5), which can be
explained partly by the waning of protective efficacy after
approximately 10–15 years (6). BCG revaccination has been
reported to confer no additional protection (7); hence,
although effective against childhood TB (8,9), BCG has
limited use against adult pulmonary disease. Therefore, there
is an urgent need to develop more effective vaccine either for
prophylactic use or as a booster vaccine for BCG. Among
those under active investigation, subunit vaccine represents a
promising vaccine candidate for its simplicity and safety (10).
Although frequently administrated by parenteral route,
aerosol delivery of TB vaccines into lungs may possess special
advantages, since the lung is the primary site of Mycobacte-
rium tuberculosis (MTB) infection and lung macrophages are

initial host cells for MTB (10). It has been shown that lung
immunization of guinea pigs with BCG nanomicroparticles
significantly reduced bacterial burden and lung pathology
compared to animals immunized with standard parenteral
BCG (11). However, lung delivery requires the particle size to
have an aerodynamic diameter of 1–5µm (12).

Poly (lactide-co-glycolide) (PLGA) is a copolymer that
has been used in a number of FDA-approved therapeutic
devices due to its biodegradability and biocompatibility (13).
For example, Lupron Depot® is a commercially available
drug delivery device using PLGA for the treatment of
advanced prostate cancer (14,15). In addition, there have
been numerous reports employing PLGA to encapsulate
insulin for improved pharmacokinetics and pharmacodynam-
ics as well as reduced dosing frequency (16–18). There exist
several protocols to manufacture PLGA microparticles such
as primary emulsion/spray-drying method (19), single emul-
sion-solvent evaporation method (20) and double emulsion-
solvent evaporation method (21). An advantage with the
spray-drying method lies in its scalability and reproducibility
with respect to particle preparation, since each process
variable associated with this technique can be well-controlled
(22).

TB10.4-Ag85B is a novel TB antigen that has been
previously designed in our lab by recombinant fusion of
TB10.4 to the N-terminal of Ag85B (23).This molecule has

1Molecular Pharmaceutics, Eshelman School of Pharmacy, Univer-
sity of North Carolina at Chapel Hill, Chapel Hill, North Carolina
27599-7571, USA.

2 To whom correspondence should be addressed. (e-mail: ahickey@
unc.edu)

Pharmaceutical Research, Vol. 27, No. 2, February 2010 (# 2009)
DOI: 10.1007/s11095-009-0028-7

0724-8741/10/0200-0350/0 # 2009 Springer Science+Business Media, LLC 350



been shown to have greatly improved solubility compared to
Ag85B-TB10.4 and could be purified in milligram quantities
from the soluble fraction of E. coli culture (23). TB10.4 is a
protein belonging to the 6-kDa early secretory antigenic
target (ESAT-6) family comprising culture filtered protein 10
(CFP-10), ESAT-6, TB10.3 and TB10.4 etc. (24,25). TB10.4
was strongly recognized by BCG-vaccinated donors and was
even more strongly recognized in TB patients compared to
ESAT-6 (26). Ag85B is among the most potent antigen
species yet identified, inducing both humoral and cell-
mediated immune responses in MTB-infected patients
(27,28). It has been shown that recombinant Ag85B encapsu-
lated in PLGA microspheres could induce a significant
amount of interleukin-2 (IL-2) production in an in vitro
antigen presentation assay (19).

Both CD4 and CD8 T cell responses are important
immunological responses for the control of MTB infection,
among which major histocompatibility complex class II (MHC
II)-dependent activation of CD4 Tcells was believed to play the
key role (10,29). MHC II epitopes are first processed inside the
endosomes of antigen-presenting cells (APCs) and presented in
the context of MHC II complex to CD4 T cells via cell-cell
interaction and signal transduction (30). This process was
mimicked by an in vitro antigen presentation assay developed
by Boom’s group, which employed THP-1 cell as an APC and
DB-1T hybridoma as the CD4 T cell specific for an MHC II
epitope in Ag85B (Ag85B97-112) (31). DB-1 activation leads to
IL-2 secretion, which can be easily quantified by ELISA. This
assay has been successfully employed to evaluate Ag85B-
specific immune response in vitro (19).

In the present study, the novel fusion TB antigen
TB10.4-Ag85B was encapsulated into PLGA microparticles
by primary emulsion/spray-drying method. The spray-drying
condition was systemically optimized with respect to both
particle size and yield. The resulting particles were exten-
sively characterized by several physical methods. Compar-
isons were made between different formulations with respect
to inducing Ag85B-specific immune response in vitro. The
kinetics of antigen presentation were also evaluated for
PLGA-MDP-TB10.4-Ag85B.

MATERIALS AND METHODS

Preparation of Recombinant Antigens

Recombinant antigens Ag85B, TB10.4 and TB10.4-
Ag85B were expressed in E. coli and purified by a combina-
tion of nickel-affinity and size-exclusion chromatography as
described previously (23). Endotoxin in the protein prepara-
tions was removed by Detoxi-GelTM Endotoxin removing Gel
(Pierce, Rockford, IL). The homogeneity of purified antigens
was determined by SDS-PAGE under reducing conditions.

Microparticle Preparation

Poly (lactide-co-glycolide) (PLGA, lactic/glycolic ratio
75:25, MW 84.7 kDa, intrinsic viscosity 0.68 dL/g in CHCl3)
was purchased from Durect (Lactel® Absorbable Polymers,
Pelham, AL, USA). Muramyl dipeptide (MDP) was pur-
chased from Sigma (St. Louis, MO, USA). Dichloromethane
(DCM) was purchased from Burdick & Jackson (HPLC

grade, Muskegon, MI, USA). To optimize spray-drying
condition, PLGA (700 mg) was dissolved in 200 ml DCM
(0.35%, w/v). MDP (adjuvant, 3.5 mg) and bovine serum
albumin (BSA, 1 mg) were dissolved in 2.4 ml phosphate
buffered saline (PBS, pH7.4). The aqueous and organic
phases were probe sonicated for three 10-s periods on an
ice bath immediately prior to spray-drying. The emulsion was
spray-dried through a 0.7-mm diameter nozzle of a Buchi
mini spray-dryer (B-191, Buchi, Flawil, Switzerland) accord-
ing to the half-factorial design (Table I) constructed in the
statistical software Design-Expert®. Particles were collected
from the jar and cyclone wall of the spray-dryer. These
particles were labeled as PLGA-MDP-BSA. To prepare
particles for in vitro antigen presentation assay, recombinant
TB antigens rather than BSA were encapsulated into PLGA
microparticles with the same procedure as described above,
except that they were prepared at optimized spray-drying
condition. These formulations include PLGA, PLGA-MDP,
PLGA-MDP-TB10.4, PLGA-MDP-Ag85B, PLGA-MDP-
TB10.4+Ag85B and PLGA-MDP-TB10.4-Ag85B.

Characterization of PLGA Microparticles

Projected area diameter and particle morphology were
examined by a scanning electron microscope (Hitachi S-
4700). Stubs were coated with gold-palladium alloy using a
sputter coater.

Volume median diameter (VMD, Dv, 50) and particle size
distribution expressed as span ((Dv, 90- Dv, 10)/ VMD) were
measured using a laser diffraction particle sizer (Malvern
2600, Worcestershire, UK).

Mass median aerodynamic diameter (MMAD) was
measured by an eight-stage non-viable Andersen cascade
impactor (Andersen, Smyrna, GA) operated at a flow rate of
60 L/min. Sodium fluorescein (1% w/w) was incorporated
into PLGA-MDP-BSA microparticles during preparation.
The particles were discharged from a dry powder inhaler
device (Inhalator®, Boehringer Ingelheim, Germany) and
sampled into the cascade impactor. Mass deposition at each
stage, the sampling inlet (throat) and preseparator was
calculated based on the fluorescein content assayed by UV
spectrophotometry at 490 nm.

For bulk and tapped density, approximately 1 g PLGA
microparticles was placed in a graduated cylinder. The mass/
volume before tapping was calculated as bulk density. The
tapped density was obtained following about 100 taps, which
allowed the powder volume to plateau. Carr’s compressibility
index (CCI) was calculated as (tapped density-bulk density)/
tapped density. Hausner ratio was calculated as tapped
density/bulk density.

Static angle of response was measured by pouring PLGA
microparticles through a glass funnel onto a flat collection
surface until the angle of response did not change with the
addition of powder. The angle to the horizontal surface was
measured.

Thermal analyses were carried out by differential scan-
ning calorimetry (Perkin Elmer DSC 6, Wellesley, MA).
Known quantities of powders were sealed in an aluminum
pan. Analyses were performed at a ramp rate of 10°C/min.

Zeta potential was measured in a Malvern Zetasizer
(NanoZS, Malvern Instruments Inc., Worcestershire, UK) for
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0.2 mg/ml PLGA microparticles suspended in PBS thermo-
stated at 37°C.

Surface free energy of PLGA particles was studied by
inverse gas chromatography with a Hewlett-Packard 5890
Series II GC as described previously (32). A series of alkanes
(C6-C10) were used as probes.

SDS-PGAE Analysis of Antigen Integrity

To study the effect of spray-drying on antigen integrity,
5 mg PLGA microparticles encapsulating different antigens
were weighed after two-month storage. 300 µL SDS sampling
buffer with DTT as the reducing agent was added into
microparticles and extracted for 30 min at room temperature.
The mixture was then boiled for 5 min at 95°C to denature
the protein followed by centrifugation at 12, 000 g for 10 min.
5µg soluble antigens were also boiled for 5 min at 95°C after
mixing with SDS sampling buffer containing DTT. 20µL
samples from each preparation were loaded into a 12% SDS-
PAGE gel (Biorad, Hercules, CA). Proteins were visualized
by Coomassie Blue staining.

Release From PLGA Microparticles

Microparticles (90 mg) of PLGA-MDP-TB10.4-Ag85B
were put into 5 ml PBS (0.1% Tween 80) solution, and
shaken in 37°C water bath. A volume of 0.6 ml suspension
was removed at selected intervals and centrifuged for 10 min
at 8, 000 g. 0.5 ml of supernatant was removed to measure the
concentration of TB10.4-Ag85B and MDP. The rest of
the sample and 0.5 ml fresh medium were added back into
the dissolution vial. Bicinchoninic acid assay was used to
determine antigen concentration, and MDP was quantified by

HPLC. HPLC conditions for MDP were C18 reversed phase
column (4.6×25 mm), mobile phase: 95% phosphate buffer
(25 mM, pH 3.0) and 5% methanol at a flow rate of 1 ml/min
and UV wavelength of 200 nm.

Cells and Media

THP-1 cells (American Type Culture Collection) were
maintained in RPMI 1640 (Invitrogen Corp., Grand Island,
NY) supplemented with 10% fetal bovine serum (FBS)
(Hyclone, Logan, UT), 50µM 2-mercaptoethanol, 1 mM
sodium pyruvate, nonessential amino acids, 1% antibiotics/
antimycotics (Invitrogen Corp., Grand Island, NY). The CD4
T-hybridoma DB1 cells (kindly provided by Dr. W. Henry
Boom, Case Western Reserve University) were derived from
transgenic mice with human MHC genes for HLA-DR1. They
are restricted to human HLA alleles and respond to human
MHC molecules presenting Ag85B97–112 epitope. DB-1 cells
were maintained in DMEM (Invitrogen Corp., Grand Island,
NY) supplemented as indicated above (complete DMEM).
Infection medium was DMEM supplemented with 10% non-
heat-inactivated FBS with antibiotics/antimycotics.

In Vitro Antigen Presentation Assay

The anitigenicity of recombinant TB antigens was
evaluated by a modified CD4 T cell hybridoma recognition
assay. THP-1 cells were incubated in 96-well flat-bottom
plates (105 cells/well) with 20 ng/ml of phorbol myristate
acetate (PMA, Sigma, St Louis, MO) in infection medium for
24 h to promote adherence. Cells were washed once with PBS
and incubated with 5 ng/ml of recombinant human IFN-
γ(Endogen, Woburn, MA) for 24 h. The cells were washed

Table I. Half Factorial Design (25-1) for the Optimization of Spray-Drying Parameters

Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Res1 Res2 Res3 Res4

Run Atomization Spray Flow Inlet Temp Aspirator Pump VMD Yield Mode Span

Bar L/hr °C % ml/min µm %

1 4 700 75 100 8 2.79 27.86 1 0.76
2 3 550 65 75 6 3.87 42.32 2 0.92
3 2 400 75 100 8 6.40 66.71 3 1.80
4 2 400 55 50 8 9.58 46.57 2 1.56
5 4 700 55 50 8 4.21 5.86 2 0.95
6 2 700 75 100 4 2.98 22.14 2 1.10
7 3 550 65 75 6 3.77 39.66 2 0.88
8 4 700 75 50 4 3.26 6.43 2 0.78
9 2 700 55 50 4 5.05 1.14 2 1.03

10 2 400 75 50 4 5.74 47.00 2 1.25
11 4 400 55 50 4 7.74 46.71 1 1.33
12 4 400 75 50 8 6.28 45.14 1 1.37
13 4 400 55 100 8 8.27 69.57 2 1.54
14 3 550 65 75 6 3.75 39.32 2 0.91
15 2 700 55 100 8 3.32 24.29 2 0.98
16 2 700 75 50 8 4.27 2.86 2 0.89
17 4 400 75 100 4 5.43 49.86 2 1.36
18 2 400 55 100 4 7.19 64.57 3 1.62
19 3 550 65 75 6 3.80 40.57 2 0.90
20 4 700 55 100 4 3.06 18.71 1 0.65

Labeled in red are four experimental runs to check reproducibility
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twice with PBS prior to antigen exposure. Antigen solutions
were added at 28 ng/well into THP-1 cells. Antigens
encapsulated in PLGA microparticles were added at the
same concentration. DB1 T-hybridoma cells (105 cells/well)
were added 12 h later after antigen exposure. The cells were
co-incubated at 37°C for 24 h, and supernatants were
harvested to measure the amount of IL-2 secreted by DB-1
by IL-2 ELISA (Biosource, Camarillo, CA).

Six-Day Antigen Presentation Assay

THP-1 cells (105 cells/well) were first stimulated with
PMA and IFN-γ as described above and then pulsed either
with 5µg soluble TB10.4-Ag85B or 28 ng TB10.4-Ag85B
encapsulated in PLGA-MDP-TB10.4-Ag85B microparticles
followed by further incubation for 6 h. The cells were then
washed extensively with PBS to remove the antigen
solution or microparticles. DB-1 (105 cells/well) were
added at each time point (from day 1 to 6). After 24 h
co-incubation, the supernatant was harvested for IL-2
ELISA assay.

Cell Viability Assay

THP-1 cells (105 cells/well) were plated in 96-well plates
and stimulated with PMA and IFN-γ as described above.
THP-1 cells were exposed to microparticles at various
concentrations for 24 h. 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) at 0.5 mg/ml was
added into each well and incubated for 4 h. The supernatant
was then removed, and 200µl of DMSO was added into the
well to dissolve formazan crystals. The formazan was
quantified by measuring the absorbance at the wavelength
of 570 nm. Cell viability was normalized by calculating the
percentage of formazan formed by cells treated with
microparticles to that formed after incubation of cells in a
particle-free medium.

Statistical Analysis

Multivariate statistical analysis was performed in Design-
Expert® software to optimize spray-drying conditions.
ANOVA was used for other analyses.

RESULTS

Half-Factorial Design for Optimization of Spray-Drying
Parameters

Spray-drying was employed to produce poly (lactide-co-
glycolide) (PLGA) microparticles. Variables playing pivotal
roles in the spray-drying process include atomization pres-
sure, spray flow, aspirator flow, inlet temperature and pump
feeding rate. In order to dissect out the contribution of each
variable and their interactions with respect to achieving
favorable particle properties, a half-factorial design (25-1)
was constructed in Design-Expert® as shown in Table I (16
design points plus 4 midpoints to check reproducibility),
where five process variables and four response variables were
listed with corresponding set and measured values. Among
the four response variables, volume median diameter (VMD)

and the yield were used to optimize the spray-drying
parameters simultaneously. The optimization criteria were as
follows: a) a VMD around 3µm (greater macrophage
uptake), b) a yield greater than 15% (cost), c) a single
mode of size distribution and a span less than 1 (uniformity)
and d) mass median aerodynamic diameter (MMAD)
between 1 and 5µm (aerosol delivery to the lung). Among
these, MMAD was not an independent variable since it was
determined by VMD, particle density, aggregation states and
dispersion.

Analysis of Spray-Drying Parameters with Respect to Size
and Yield Respectively

Process variables were first analyzed with respect to size
(VMD), since this is the most important factor determining
particle aerosolization and macrophage uptake. The half-
normal plot in Fig. 1a suggests that spray flow (B), inlet
temperature (C), aspirator flow (D) and the interaction
between spray flow and inlet temperature (BC) are main
contributors in determining particle size. B and C contribute
almost 75% of the overall effect, while together with D and
BC, they contribute almost 85% of the overall effect based on
statistical analysis (not shown). Pump feeding rate and
atomization pressure showed minimal effect on particle size
in the test range. According to above analysis, spray flow and
inlet temperature deserve most attention with respect to
target particle size. As shown in Fig. 1b, VMD decreased
when spray flow and inlet temperature increased. In addition,
VMD was more sensitive to spray flow.

Process variables were next analyzed with respect to
the yield. Fig. 1c clearly suggests that only spray flow (B)
and aspirator flow (D) have statistically significant con-
tributions. Spray flow accounts for 80% of the overall
effect, and aspirator flow accounts for 15% of the overall
effect according to statistical analysis (not shown). How-
ever, it should be noticed that the effect of spray flow is
negative, indicating that particle yield decreased with the
increase of spray flow. None of the other variables or
interactions was statistically significant. Therefore, atten-
tion should be drawn to these two variables to achieve
greater yield.

Simultaneous Optimization of Spray-Drying Parameters

Multivariate statistical analysis was employed to optimize
spray-drying parameters to achieve target particle properties
proposed above. A desirability function was used to make an
overall assessment of the desirability of the combined
response variables, particle size and yield. In the desirability
plot as shown in Fig. 1d, only one parameter combination
(marked by the red dot) leads to a desirability of 1, while all
other combinations give rise to 0. The optimized spray-drying
conditions are as follows: atomization pressure (3 bars), spray
flow (700 L/hr), pump feeding rate (4 ml/min), aspirator flow
(100%) and inlet temperature (55°C). Although the mode
and span listed in Table I were not used for optimization,
particles prepared by the optimized condition showed a
unimodal and narrow size distribution, which meet the
proposed criteria for optimization.
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Morphology Analysis of Spray-Dried PLGA Microparticles

First, 6 batches of particles with a VMD around 3µm and 1
batch with the largest VMD from the optimization experiments
were selected and imaged by SEM (Fig. 2a). The projected area
diameter revealed by SEM images was always smaller than
VMD obtained from the laser diffraction experiment (Fig. 2a).
Spray-dried PLGA particles showed a wrinkled and irregular
surface morphology for all batches except the one with a VMD
of 9.58µm. Particles prepared for antigen presentation assay
were also imaged by SEM as shown in Fig. 2b; these particle
preparations all had very similar surface morphology, although
different proteins were encapsulated, indicating a high reprodu-
cibility of particle preparation at the optimized spray-drying
conditions.

Particle Size Analysis of PLGA Microparticles

Particle sizes for six formulations were listed in Table II. All
formulations have a VMD of approximately 3.0µm, Dv, 10 of
2.2µm and Dv, 90 of 4.4µm. Again, these data suggested a high
reproducibility of particle preparation at the optimized con-

ditions. These particles were then analyzed with respect to the
aerodynamic diameter. Fig. 3a suggests that 80% of the total
mass was deposited inside the impactor, yet very little deposition
was observed below 1.1µm. Fine particle fraction (FPF) of the
emitted dose was 61.5±6.4%, and FPF of the total dose was
37.0±5.5%. It should be noted that particle size distribution
deviated from the ideal log-normal distribution with a MMAD
of 3.3±0.2µm and GSD of 2.7±0.1 (Fig. 3b).

Physical Characterization of PLGA Microparticles

The flow characteristics of PLGA microparticles were first
evaluated. The bulk density of these powders is 0.083 g/ml. The
tap density is 0.11 g/ml. Calculated Carr’s compressibility index
(CCI) is 24.5%, and Hausner ratio is 1.32. The static angle of
response for these powders is 37±2˚. All these data suggest that
PLGA microparticles have intermediate flow characteristics.
Thermal analysis in Fig. 4a suggests that all formulations have
very similar glass transition temperature (Tg) of approximately
44°C. Detailed thermodynamic parameters were calculated and
listed in Table III, which again showed almost equivalent
thermal behavior for all formulations. The dispersive surface

Fig. 1. Optimization of spray-drying parameters. a, half-normal plot with respect to particle size (VMD); b, response surface plot of particle size
(VMD) as a function of spray flow and inlet temperature; c, half-normal plot with respect to particle yield; d, desirability plot with respect to the
simultaneous optimization of both particle size (VMD) and yield.
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free energy of PLGA microparticles at 25°C is 31.65 mJ/m2

based on IGC analysis is shown in Fig. 4b. These particles were
all negatively charged with a zeta potential of approximately
−25 mV for all formulations (Table II, last column). SDS-PAGE
was performed to investigate whether spray-drying or PLGA
encapsulation compromised antigen integrity. As shown in
Fig. 4c, antigens prior to and post encapsulation migrated to
the same position. No degradation or truncated fragments were
visible on the gel.

Release Profiles of PLGA Microparticles

The release of TB10.4-Ag85B and MDP from PLGA
microparticles was characterized in a 10-day period. As shown in
Fig. 5, MDP exhibited almost complete burst release during the
first half hour and no release from subsequent sampling period.
In contrast, TB10.4-Ag85B showed an initial burst release of
58% in the first half hour. Subsequent release exhibited a
sustainedmanner with another 25% released during the first six-

Fig. 2. Morphology analysis of spray-dried PLGA microparticles. a, SEM images of seven batches of
microparticles prepared according to the half-factorial design. Experimental run numbers labeled in fig. a
correspond to the run number in Table I; b, SEM images of PLGA microparticles prepared for antigen
presentation assay under optimized spray-drying conditions.
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day period. Very similar release profiles were observed for other
formulations (data not shown), suggesting highly reproducible
PLGA microparticle preparations.

PLGA Microparticles Encapsulating Antigens Induced
Ag85B-Specific Immune Response In Vitro

THP-1 cells were employed as antigen presenting cells in
this assay. The viability of THP-1 cells was first studied under a
series of PLGA particle concentrations (Fig. 6a). Two-way
ANOVA analysis suggests that there is no significant difference

among formulations (P>0.05), among concentrations (P>0.05),
and no interactions between two factors (P>0.05). Therefore,
the viability of THP-1 cells was not compromised by micro-
particle treatment compared to medium control in the test
concentration range. A dose of 20µg/well PLGAmicroparticles
was selected for the following studies. The concentration of
encapsulated antigens was 28 ng/well at such dose.

Ag85B specific in vitro immune response was first com-
pared at day 1 as shown in Fig. 6b. Not surprisingly, neither
control PLGA nor PLGA-MDP-TB10.4 induced IL-2 secretion
due to the absence of Ag85B specific epitope. Particles
encapsulating Ag85B induced the strongest IL-2 secretion.
Compared to Ag85B, there was 24.7% decrease in IL-2
secretion induced by particles encapsulating both Ag85B and
TB10.4 (p<0.05). IL-2 secretion elicited by particles encapsulat-
ing the fusion antigen TB10.4-Ag85B was further decreased by
54.8% compared to the blend of Ag85B and TB10.4 (p<0.05).
However, it should be noticed that antigen solutions at the same
concentration failed to induce IL-2 secretion at all.

Prolonged epitope presentation may be an advantageous
property for a vaccine. The ability of PLGA-MDP-TB10.4-
Ag85B to present epitope over time was studied (Fig. 6c). In this
experiment, TB10.4-Ag85B solution was used at a concentra-
tion of 178-fold higher (5µg/well), since it failed to induce IL-2
secretion at the same concentration as in the particle formula-
tion (28 ng/well, Fig. 6b). Although amuch higher concentration
was used, IL-2 elicited by TB10.4-Ag85B solution was contin-
uously lower than that induced by the particle formulation. For
TB10.4-Ag85B solution, IL-2 secretion peaked at day 2 yet
decreased rapidly afterwards, and only 20% of the peak IL-2
concentration was observed at day 6. In contrast, PLGA
particles encapsulating TB10.4-Ag85B induced a prolonged
IL-2 secretion. IL-2 concentration was fairly stable in the first
4 days and declined afterwards. However, 74% of the peak IL-2
was still observed at day 6.

DISCUSSION

The half-factorial design (25-1) reduced the number of
spray-drying experiments from 25 to 24. An advantage of this
particular design lies in that it is a resolution V design, which
means that both main effects and two-factor interactions are
not confounded with each other. Particle size is the most
important particle property which affects both lung
deposition and alveolar macrophage uptake (33–36). Hirota
et al. reported that the most efficient delivery of rifampicin-
loaded PLGA microspheres into alveolar macrophage was
achieved by the phagocytosis of 3 μm particles (33).
Therefore, a volume median diameter (VMD) of 3µm was

Table II. Particle Size and Surface Charge Characterization of Spray-Dried PLGA Microparticles

Formulation Dv,10 (μm) Dv,50 (μm) Dv,90 (μm) Zeta Potential (mV)

PLGA 2.36±0.06 3.06±0.06 4.34±0.34 −26.8±5.2
PLGA-MDP 2.21±0.07 2.97±0.08 4.53±0.26 −25.7±4.7
PLGA-MDP-Ag85B 2.16±0.08 3.10±0.10 4.26±0.32 −25.2±4.9
PLGA-MDP-TB10.4 2.43±0.05 3.02±0.09 4.45±0.28 −26.1±5.0
PLGA-MDP-TB10.4+Ag85B 2.27±0.08 2.95±0.12 4.58±0.41 −24.4±5.1
PLGA-MDP-TB10.4-Ag85B 2.12±0.06 3.08±0.07 4.31±0.35 −24.6±3.9

Fig. 3. Aerodynamic particle size analysis of spray-dried PLGA
microparticles prepared under optimized conditions. a, relative mass
deposition measured by Andersen cascade impactor (n=3, mean ±
SD); b, log-probability plot of the mass distribution shown in a.
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selected as the optimization target. Statistical analysis showed
that spray flow and inlet temperature were main contributors
in determining particle size, by reducing droplet size and
facilitating evaporation rate respectively. Unexpectedly,

atomization pressure showed minimal effect on particle size,
but, however, did affect the maximal spray flow achieved at
given pressure. With respect to particle yield, only spray flow
and aspirator flow were significant contributors, yet they

Fig. 4. Physical characterization of spray-dried PLGA microparticles. a, thermal characterization by differential scanning calorimetry (n=3,
mean ± SD, 1: PLGA, 2: PLGA-MDP-TB10.4-Ag85B, 3: PLGA-MDP-Ag85B, 4: PLGA-MDP-TB10.4+Ag85B, 5: PLGA-MDP-TB10.4, 6:
PLGA-MDP); b, surface energy analysis by inverse gas chromatography; c, SDS-PAGE analysis of antigen integrity after spray-drying (lane 1:
Ag85B (s: solution), 2: Ag85B (p: powder), 3: TB10.4 (s), 4: TB10.4 (p), 5: TB10.4+Ag85B (s), 6: TB10.4+Ag85B (p), 7: TB10.4-Ag85B (s), 8:
TB10.4-Ag85B (p)). Difference in band intensity was due to different loading.

Table III. Thermal Characterization of Spray-Dried PLGA Microparticles (n=3, Mean±SD)

Formulation ΔCp (J/g*°C) Tg onset (°C) Tg end (°C) Tg (°C)

PLGA 0.478±0.014 43.6±0.2 46.7±0.1 44.9±0.1
PLGA-MDP 0.476±0.008 42.2±0.1 45.9±0.1 43.9±0.1
PLGA-MDP-Ag85B 0.495±0.010 42.6±0.1 45.8±0.2 44.0±0.2
PLGA-MDP-TB10.4 0.451±0.018 41.9±0.2 45.5±0.1 43.5±0.1
PLGA-MDP-TB10.4+Ag85B 0.456±0.011 41.6±0.2 45.1±0.0 43.1±0.0
PLGA-MDP-TB10.4-Ag85B 0.473±0.013 42.9±0.3 45.6±0.2 43.8±0.3
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exerted effects in the opposite direction. Smaller droplet was
created by higher spray flow, thus collected less efficiently
by the centrifugal force. Higher aspirator flow created
greater centrifugal force, thus increasing the collection
efficiency. Interestingly, no interaction between these two
factors was observed. In addition to particle size and yield,
the risk of thermal denaturatoin of antigens during spray-
drying should be considered. As reported previously in our
lab, the melting temperature for Ag85B and TB10.4-Ag85B
was 73.7°C and 75.1°C, respectively (23). Therefore, the
inlet temperature was kept as low as 55°C to avoid potential
antigen denaturation. Spray flow was maintained at high
level (700 L/h) for acceptable particle sizes. Maximal
aspirator flow was used to compensate the low yield
caused by high spray flow.

PLGA particles were frequently spheres prepared by the
double emulsion-solvent evaporation method (21,37). In
contrast, particles prepared by primary emulsion/spray-drying
method showed irregular surface morphology, in agreement
with previous report (19,38). Such morphology may explain
why particles with a VMD of 3µm had a mass median
aerodynamic diameter (MMAD) of 3.3µm. MMAD is
correlated with VMD by multiplying the square root of
particle density (38). Theoretically, the low density nature of
PLGA particles should result in significantly smaller MMAD
than VMD. However, the irregular surface morphology of
PLGA particles may greatly increase the contact surface area
of nearby particles, which again increased particle aggrega-
tion. These aggregates may be partly deaggregated after
being discharged from the dry powder inhaler, yet a complete
dispersion of particles was not achieved. This may also
explain why few particles were deposited on stages with
cutoff diameters less than 1.1µm (Fig. 3a), resulting in a
distribution significantly deviating from ideal log-normal
distribution (Fig. 3b). Therefore, although PLGA particles
prepared under optimized conditions showed narrow primary
size distributions, they underwent incomplete deaggregation
and existed as heterologous aggregates when delivered as
aerosols. However, the MMAD and fine particle fraction of
the aerosols were still acceptable, and no excipients, such as
lactose, were blended with PLGA particles.

Thermal analyses of PLGA particles revealed a glass
transition temperature (Tg) of approximately 44°C. This
temperature had important implications for particle storage.
Polymers exist in rubbery state above Tg and have increased
mobility compared to the glassy state (39). Polymer annealing
would likely to occur above this temperature, which may affect

Fig. 5. Release of TB10.4-Ag85B and MDP from PLGA-MDP-
TB10.4-Ag85B microparticles (n=3, mean ± SD).

Fig. 6. In vitro immune response to different formulations as
measured by IL-2 ELISA. a, viability study of THP-1 cells treated
by different formulations (MDP: PLGA-MDP, Ag85B: PLGA-MDP-
Ag85B, TB10.4: PLGA-MDP-TB10.4, A+T: PLGA-MDP-Ag85B+
TB10.4, T-A: PLGA-MDP-TB10.4-Ag85B, n=3, mean ± SD, for all
formulations); b, in vitro immune response elicited by different
formulations at day one (powder: antigens encapsulated in PLGA
microparticles, antigen dose = 28 ng/well; solution: antigen solutions,
dose=28 ng/well, n=3, mean ± SD, Ctrl: PLGA microparticles w/o
antigen); c, kinetic study of epitope presentation by THP-1 cell
derived macrophages pulsed with PLGA-MDP-TB10.4-Ag85B (n=3,
mean ± SD).
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particle morphology, microstructure and ultimately the release
kinetics of encapsulated antigens (40). In order to minimize
polymer annealing, PLGA particles should be stored below the
Tg. In addition, moisture contact should be avoided, since water
serves as a plasticizer to lower the Tg (41). Therefore, PLGA
particles are recommended to store with desiccant at either
room temperature or in the refrigerator.

Emulsifiers were not used to prepare the primary water-in-
oil emulsion, since they might influence phagocytosis (42–44).
The high initial burst of MDP and TB10.4-Ag85B from PLGA
microparticles indicates that the primary emulsion was not
sufficiently stable to retain the internal water phase. Therefore,
it is possible that a portion of MDP and TB10.4-Ag85B are
associated with microparticle surfaces after spray-drying via
electrostatic and hydrophobic interactions (45). In addition,
both MDP and TB10.4-Ag85B are water-soluble molecules
immiscible with the PLGA polymer. Rather than dissolved in
the matrix of PLGA, they were more likely to be dispersed in
the matrix by occupying internal voids. Channels/pores may
directly connect these voids to the particle surface, thus leading
to a high burst release before the bulk erosion of PLGA occurs
(40). All these mechanisms may explain the high initial burst.
Interestingly, the sustained-release phase observed in TB10.4-
Ag85B was absent for MDP. The nearly complete burst release
of MDP may be partly explained by the rapid diffusion of this
small molecule, which has a molecular weight two orders of
magnitude below TB10.4-Ag85B. Although MDP was not
shown to significantly enhance the immunogenicity of Ag85B
in vitro (19), it might have significant effect in vivo, which could
be compromised by the high initial burst. Efforts should be spent
to optimize the release kinetics of both MDP and TB10.4-
Ag85B in the future.

Antigen solutions failed to elicit IL-2 secretion at the
same concentration as in the particle formulation (28 ng/
well). However, IL-2 was induced by antigen solutions at
much higher concentration (5µg/well), possibly due to macro-
pinocytosis of antigens into endosomes in a concentration-
dependent manner (46). Compared to PLGA-MDP-Ag85B,
which induced the highest level of IL-2 secretion, the blend of
TB10.4 with Ag85B led to a reduction in IL-2 secretion,
which may be explained by the competition of TB10.4 for
major histocompatibility complex (MHC) molecules. The
fusion of TB10.4 with Ag85B (TB10.4-Ag85B) further
decreased IL-2 secretion. There are two possible explanations
for this observation. First, competition may exist between
TB10.4 and Ag85B for MHC molecules as mentioned above.
Second, the fusion of TB10.4 with Ag85B may alter the
structure of the fusion antigen and affect the processing of
Ag85B epitopes inside endosomes, which may ultimately
affect Ag85B specific epitope presentation. Nevertheless, a
moderate decrease of Ag85B-specific immune response was
not unexpected for the fusion antigen. It did not compromise
the developability of TB10.4-Ag85B as the subunit vaccine,
since a balanced and diversified immune response may be
more favorable from a vaccine point of view (10). TB10.4-
specific immune response will be investigated in the future.
Six-day antigen presentation data illustrated another advant-
age of microparticle formulation of antigen, that is, prolonged
epitope presentation favoring T cell activation. Processed
epitope was first presented by MHC molecules onto the
surface of antigen presenting cell (APC). This complex

should be stable during the transit to the draining lymph
node where T cell activation mainly occurs (47). Rapid
decrease of epitope presentation by APC may compromise
T cell recognition and activation.

CONCLUSION

TB10.4-Ag85B, a novel recombinant TB antigen de-
signed previously in our lab, was developed as a PLGA
particle formulation in this study. The spraying-drying con-
dition to prepare PLGA microparticles was successfully
optimized by employing the concept of quality by design
(QbD). Particles with suitable sizes for pulmonary delivery
were obtained and characterized extensively with respect to
their physical properties. PLGA-MDP-TB10.4-Ag85B
induced much stronger Ag85B-specific immune response in
vitro at much lower concentration compared to antigen
solutions. This formulation also provided prolonged epitope
presentation up to 6 days. Taken together, these data suggest
that dry powder delivery of recombinant TB10.4-Ag85B in a
microparticle formulation has potential as a vaccine strategy
for preventing MTB infection or as a promising boosting
vaccine.
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