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ABSTRACT: Porous poly(L-lactic acid) (PLA) and poly(lactic- A

co-glycolic acid) (PLGA) nanoparticles were tested for pulmo-
nary delivery of hepatitis B vaccine. In particular, the effects of
particle size and hydrophobicity on mucosal and cell-mediated
immune responses were investigated. Three formulations of PLA
and PLGA nanoparticles containing a fixed amount of hepatitis B
surface antigen (HBsAg) were prepared by a double-emulsion—
solvent-evaporation method and characterized for surface mor-
phology, charge, size, density and in vitro release. The immune
responses were studied by measuring secretory IgA levels in
mucosal fluids and quantitating cytokine levels in rat spleen
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homogenates. Particle uptake was studied in rat alveolar macrophages. Scanning electron microscopy revealed particles with smooth
surfaces. Zeta potential measurements indicated that the particles carried negative surface charges. The antigen was continuously
released for 42 days in phosphate buffer. Hydrophobic particles >500 nm elicited a more robust increase in secretary IgA,
interleukin-2 and interferon-y levels compared to hydrophilic particles <500 nm. Large hydrophobic particles were more efliciently
internalized by rat alveolar macrophages compared to smaller hydrophilic particles. Calu-3 cell viability studies indicate that the
viability of cells is not affected by nanoparticulate formulations. This study demonstrates that inhalable nanoparticles of HBsAg

produce an enhancement of immune responses.

KEYWORDS: hepatitis B surface antigen, poly(p,L-lactic-co-glycolic acid), microspheres, pulmonary drug delivery, vaccine delivery,

mucosal delivery

l INTRODUCTION

Like many recombinant peptide and protein antigens, hepa-
titis B surface antigen (HBsAg) does not elicit a robust immune
response when administered alone. Consequently, HBsAg is
required to be administered with alum as adjuvants."”> Despite
the fact that alum adjuvanted hepatitis B vaccine has been used
for more than two decades, the safety and compliance have
negatively impacted the mass vaccination program against hepa-
titis B infection.® Indeed, needle-based administration of cur-
rently available thermolabile hepatitis B vaccine poses a major
challenge for mass vaccination against hepatitis B in third world
countries. The limitations of current hepatitis B vaccine have
been documented in many publications and WHO reports.”>
Current intramuscular hepatitis B vaccine elicits only humoral
antibody response. Mucosal vaccination via the pulmonary route
would induce both mucosal and systemic immune response. In
the case of hepatitis B vaccination, a mucosal vaccine would
provide more robust immune response because the disease is
transmitted via the mucous membrane.®” Secretory immunoglo-
bulin antibodies (sIgA) produced upon mucosal administration
can prevent the entry of pathogens through the mucosal sites. For
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these reasons, various approaches to develop and deliver hepa-
titis B vaccine via the mucosal route have been an intensive area
of research for many years now. The strategies that have been
tested include use of polymeric carriers such as chitosan, poly-
(p,L-lactide-co-glycolide) (PLGA), and poly(lactic acid) (PLA)
as adjuvants and/or delivery carrier."® Indeed, both micro- and
nanoparticles made of these polymers have been used to develop
vaccines against many infectious diseases.">®

However, to achieve a predictable and strong immune res-
ponse upon administration of particulate vaccines via the muco-
sal or parenteral routes, it is imperative to optimize the carriers
for optimal size, surface charge and hydrophobicity. In fact, the
factors that may influence immune response produced by poly-
meric particles include inner structure of particulate carriers, use
of adjuvants, surface charge, particle size, and surface hydropho-
bicity.”'® These parameters can also affect differential uptake by
macrophages and dendritic cells, which play an important role in
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generating the immune response. For example, particles

prepared with hydrophobic and higher molecular weight poly-
mers tend to be phagocytosed to a greater extent compared to
their hydrophilic counterparts.'*” "> Polymeric particles of poly-
(&-caprolactone), which is more hydrophobic than PLGA, are
taken up more efficiently by Caco-2 cells and produce a higher
level of antibody in response to diptheria toxoid.'® Interestingly,
PLGA polymers with a hydrophilic surface are also reported to be
readily taken up by the dendritic cells.'* Similar to hydrophobic
or hydrophilic characters of particles, surface charge may influ-
ence the immune responses generated by nanoparticles. Cationic
nanoparticles are reported to be more efficient in generation of
antibody and CD8 T cell responses compared to neutral or
anionic particles.'”'”'® However, there are conflicting reports
regarding the influence of particle size on the generation of
immune responses. Some studies suggest that particles with a size
range of about 5 ym are more efficacious in generating immune
response upon mucosal administration, while others showed that
particles in the size range of ~1 ym are more efficiently taken up
by antigen presenting cells than 500 and 200 nm size particles
and subsequently produce a stronger immune response.” Con-
trasting these observations, others demonstrated that particles of
~500 nm size are more suitable for uptake than particles of 1—
5 um size.'””° Immune response may also vary depending on the
route of administration because of the involvement different sets
of APCs at different routes of administration.”** Indeed, a
combination of factors are involved that may modulate immune
response produced by particulate carrier based vaccination.

However, most of the previously published reports investigated
the influence of the above-mentioned parameters of particulate
carriers in generating immune response upon nasal, oral and
parenteral vaccination.”*"**”?* Little is known about the influence
of surface charge, particle size and hydrophobicity in the generation
of mucosal immune response upon pulmonary administration of
polymeric particle-based vaccines. Recently, we have shown that
PLGA microparticles (~S um) of HBsAg show size dependent
increase in immune response after pulmonary administration.”® We
have also shown that the presence of positive surface charge on
HBsAg containing microparticle leads to significant enhancement
in mucosal and cell mediated immune response.”” In addition to
microparticles, nanoparticles made of different polymers have also
been used for delivery of hepatitis B surface antigen.”>*>**” > It has
been suggested that compared to micrometer size particles, poly-
meric nanoparticles are more efficacious in generating immune
response®’ because nanoparticles offer greater surface area for
adsorption that allows a higher antigen:polymer ratio and for this
reason nanoparticles are taken up more efficiently than micro-
particles.'”*"** However, there is no study concerning the use of
nanoparticles for pulmonary delivery of hepatitis B vaccine. It is still
unknown how the size and hydrophobicity of nanoparticulate for-
mulations of HBsAg may affect mucosal and cell-mediated immune
response. In this study, we seek to use nanoparticles as carrier of
pulmonary vaccination of hepatitis B vaccine and investigate the
influence of size and hydrophobicity in generating mucosal and cell
mediated immune response.

B MATERIALS AND METHODS

Materials. Poly(p,L-lactide) (PLA) (inherent viscosity
0.55—0.75 dL/g; average molecular weight ~93 kDa), and
poly(p,L-lactide-co-glycolide) polymer (PLGA-50:50: inherent
viscosity 0.55—0.75 dL/g, average molecular weight =52.4 kDa;

PLGA-85:15, inherent viscosity 0.55—0.75 dL/g, average molecu-
lar weight = 85.2 kDa) were purchased from Boehringer Ingelheim
(Lactel Absorbable Polymers, Pelham, AL). Hepatitis B surface
antigen (HBsAg) in phosphate buffer at a concentration of 2 mg/mL
was provided as a gift by Shantha Biotechnics (Hyderabad,
India). Poly(vinyl alcohol) (PVA) was purchased from Sigma
(Sigma-Aldrich Inc., St. Louis, MO). The BCA and micro BCA
protein assay kit was purchased from Pierce Biotechnology
(Rockford, IL). Fluorescein isothiocyanate-conjugated bovine
serum albumin (BSA—FITC) and tetramethylrhodamine iso-
thiocyanate—phalloidin (TRITC—phalloidin) were purchased
from Sigma (Sigma-Aldrich Inc., St. Louis, MO). DRAQS
(Biostatus Ltd., Leicestershire, U.K.) was provided by Dr. Ulrich
Bickel from Texas Tech University Health Sciences Centre,
Amarillo, TX.

Formulation and Characterization PLA and PLGA Nano-
particulate Vaccines. Three sets of nanoparticulate formula-
tions were prepared using PLA or PLGA by the w/o/w double
emulsion solvent evaporation method. Polymeric nanoparticles
prepared with PLA, PLGA 85/15 and PLGA 50/50 were
designated as (i) NP-A, (ii) NP-B and (iii) NP-C, respectively.
Briefly, 250 4L of recombinant HBsAg solution (internal aque-
ous phase; IAP) containing 2% (w/v) sucrose and 2% (w/v)
Mg(OH), as protein stabilizers was first emulsified in 5.0 mL of
dichloromethane (organic phase, OP) containing 0.250 g of PLA
or PLGA polymer with a probe sonifier (Branson Sonifier 450,
Branson Ultrasonics Corporation, Danbury, CT) for 60 s in an
iced bath. The resulting water-in-oil (w/0) primary emulsion was
then poured into 25 mL of 5.0% w/v polyvinyl alcohol (PVA)
aqueous solution (external aqueous phase, EAP) and emulsified
by homogenization for 30 min at 21,500 rpm. The secondary
emulsion was then stirred overnight at room temperature for
evaporation of organic phase. The resulting polymeric particles
were washed thrice and lyophilized to get free-flowing nanopar-
ticles. A set of blank nanoparticles without HBsAg was also
prepared. For rat alveolar macrophage uptake studies, fluorescein
isothiocyanate-conjugated bovine serum albumin (BSA—FITC)
was encapsulated in PLGA nanoparticles. Fluorescent particles of
two different size ranges were prepared by varying the energy
input during the primary emulsification as well as varying the
homogenization speed during the secondary emulsification. The
average size of one set of particle sizes was close to 1—1.5 um
(NP-F-1), and that for another set of particles was around
711 nm (NP-F-2).

Physical Characterization of Nanoparticles. The nanopar-
ticulate formulations were characterized for surface morphology,
particle size and zeta potential. The morphology of the formulations
was studied by scanning electron microscopy (SEM). The samples
for SEM were prepared by sprinkling a small amount of powdered
and freeze-dried formulation (1—2 mg) onto a double sided
adhesive tape attached to an aluminum stub and then sputter-
coated with gold under argon (Emitech KSS0X, Kent, UK.). The
formulations were then examined by SEM and photomicrographs
were taken by using a Hitachi S-3400N (Freehold, NJ) scanning
electron microscope.

Particle size distribution and mean volume based diameter of the
formulations was studied by dynamic light scattering using
Nanotrac Ultra from Microtrac (North Largo, FL) particle size
analyzer. Samples for particle size analysis were prepared by
dispersing the freeze-dried formulations in 0.2% w/v solution of
Tween 80. The experiments for particle sizing were performed in
triplicate, and data is presented as mean &+ SD.
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The tapped density of the nanoparticles was estimated as described
previously.”® An aliquot of 100 mg of particles was transferred to
a 10 (£0.05) mL graduated cylinder and initial volume was
recorded. Tapped density of the formulations (p) was calculated
as the ratio between sample weight (g) and the volume (mL)
occupied after 200 tappings. The zeta potential measurements of
nanoparticles were measured using a NICOMP 380 ZLS instru-
ment (PSS NICOMP, Santa Barbara, CA). For zeta potential
measurements, HBsAg entrapped formulations were dispersed in
deionized water containing 1 mM potassium chloride solution as
previously reported.” Each sample was tested in triplicate and
data reported as = SD.

Entrapment Efficiency. The amount of the antigen loaded in
PLA and PLGA nanoparticles was estimated by the micro BCA
method after modifying a previously published technique.* This
commercial assay kit is a detergent-compatible bicinchoninic acid
formulation for the colorimetric detection and quantitation of
total protein (Pierce, Rockford, IL). The detection limit of the
micro BCA method is 0.5—20 yg/mL. Further, possible degrada-
tion products of PLA/PLGA particles, lactic and glycolic acid, are
unlikely to interfere with the assay because micro BCA assay
reagents only interact with chemicals with reducing potential,
chelating agents, and strong acids or bases. To conduct this assay,
S5 mg of HBsAg entrapped nanoparticles was dissolved in 1 mL of
5% w/v sodium dodecylsulfate (SDS) in 0.1 M NaOH solution.
NaOH dissolves the polymers and help release of the protein and
SDS serve as solubulizer of the protein. SDS does not interfere with
micro BCA reagents, and it has been extensively used at concentra-
tions between 1 and 5% to determine entrapment efficiency of
PLA/PLGA particles of peptides and small molecular weight
drugs.>> 7 The dispersion was then vortexed and centrifuged at
12,000 rpm at 4 °C for 10 min to remove any undissolved PLA. The
supernatant was removed carefully and HBsAg antigen content in
the supernatant was determined using the micro BCA method.
Blank nanoparticles without HBsAg containing only sucrose and
Mg(OH), were used as control. The entrapment efficiency of the
formulations was expressed as the percentage of calculated antigen
loaded in the nanoparticles with the actual amount of antigen added
during the preparation of the nanoparticles.*®

In Vitro Release Experiments. The in vitro release studies
were performed in phosphate buffer. An aliquot (10 mg) of freeze-
dried nanoparticles of HBsAg was suspended in microcentrifuge
tubes containing 1 mL of phosphate-buffered saline (PBS) (pH
7.4). The samples were incubated at 37 °C under gentle shaking
(150—200 rpm). At predetermined time points, beginning at time
zero, the vials were removed from the incubator and centrifuged at
4000 rpm for 10 min at 4 °C. The samples were collected for a
period of 42 days. About 400 1L of the supernatant was collected
and fresh PBS was added to the vial in order to maintain the pH.
The antigen concentrations in the supernatants were determined
by micro BCA assay. The release profile of HBsAg was calculated
by taking into account the entrapment efficiency of the HBsAg-
loaded nanoparticles for each formulation and was reported in
terms of cumulative antigen released versus time. Furthermore,
the amount of antigen released (percent cumulative release) at
time zero was considered as surface-associated antigen, whereas the
amount of antigen released at the end of 1 h was considered as the
initial burst phase of antigen release.” All the samples were tested
in triplicate, and the data are expressed as mean & SD.

Pulmonary Immunization Studies. Pulmonary immuniza-
tion studies were performed according to our previously published
method.*® Female Sprague—Dawley (Charles River Laboratories,

Charlotte, NC) rats weighing between 150 and 200 g were used for
all the immunization studies. Prior to the experiment, rats were
anesthetized by an intramuscular injection of an anesthetic cocktail
containing xylazine (20 mg/mL) and ketamine (100 mg/mL) and
animals were divided into five groups (8—12 rats in each group) to
receive the following treatments: NP-A, NP-B and NP-C formula-
tions, plain HBsAg administered via the pulmonary route, and
intramuscular injection of HBsAg. The dose of HBsAg adminis-
tered was 10 yg/animal, and all treatment groups received the dose
of antigen on days 0 and 14. The formulations were administered as
aerosols to the lungs by a microsprayer attached to a syrin%e
(Penn-Century, Inc., Wyndmoor, PA) as described previously.m 8
The microsprayer generates aerosols through a patented atomizer
at the tip of the device. The atomizer has a diameter of 1.5 mm and
produces an aerosol plume of 25—30 um size.

Blood Sample Collection and Evaluation of Serum Immune
Response. The humoral immune response was evaluated by
determining serum IgG levels. Blood samples were collected
on days 7, 14, and 28 from rats that received test and control
formulations via the pulmonary or intramuscular route. Briefly, the
animals were anesthetized as described above and blood was
collected from the tail vein. The collected samples were centrifuged
at 6000 rpm for 10 min in a microcentrifuge tube (Eppendorf AG,
Hamburg, Germany), and the supernatant serum was collected and
stored at —20 °C until further analysis. Specific antibodies gener-
ated to HBsAg were analyzed by using a commercially available
quantitative ELISA kit (HBsAb, International Immuno Diagnostics,
Foster City, CA) as per published procedure and manufacturers’
protocol.”**® Briefly, the microplates for ELISA were precoated
with purified heat-inactivated HBsAg. The samples and the stan-
dards were added into the microplate and incubated for 60 min
at 37 °C. Following incubation, microplates were washed; the
enzyme conjugate was added into the wells and again incubated
for 60 min at 37 °C. The reaction was stopped by adding sulfuric
acid, and the absorbance was measured in a microplate reader at
450 nm. The kit was standardized in our laboratory to further
confirm the limit of quantitation using the standard samples
provided in the kit.

Evaluation of Mucosal Immune Response. To study the
mucosal immune response, secretory antibody levels (sIgA) in
salivary, vaginal and bronchoalveolar lavage (BAL) fluids were
quantified. The vaginal and salivary secretions were collected at
three time periods: (i) day 0, prior to immunization; (ii) day 28,
four weeks after the first immunization; and (iii) day 42, at the end
of the six-week study period. The vaginal washes and salivary
secretions were collected according to a previously published
method.”** For collection of salivary secretion, an approximately
10 mg/mL sterile solution of pilocarpine was administered intra-
peritoneally (0.1—0.2 mL, depending on the weight of the rat).
Within a few minutes of injection, the rats began to salivate and the
saliva was collected using a pipet. For collection of vaginal wash,
about 50 uL of 1% (w/v) bovine serum albumin (1% BSA—PBS)
was introduced into the vaginal tract of anesthetized rats using a
pipet. The solution was withdrawn and again reintroduced nine
times, and the final wash was stored at —20 °C. The following day, a
second vaginal wash was collected by following the same procedure
and pooled with the first sample. For collection of BAL fluid,
animals were sacrificed on day 42 and the BAL fluid was obtained as
described previously.®® In brief, the respiratory apparatus was
exposed by a midlevel incision in the thoracic cavity of the
anesthetized animal. After exsanguination by severing the abdo-
minal aorta, the lungs were surgically removed and lavaged by
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instilling a 5 mL aliquot of normal saline into the trachea. The
instilled saline was left in the lungs for 30 s, withdrawn, reinstilled
for an additional 30 s and then finally withdrawn into a centrifuge
tube. The lavage fluid obtained was centrifuged at 500g for 10 min,
and the supernatant was collected. All the samples were stored
at —20 °C for further analysis. Secretory antibody levels were
determined by using a commercially available ELISA kit (Bethyl
Laboratories, Montgomery, TX). The ELISA kit used for estima-
tion of sIgA levels had a quantification range between 15.625 and
1000 pg/mL. The kit was standardized in our laboratory to further
confirm the limit of detection. To minimize interference, the
samples were diluted up to SO times with the diluting reagent
provided in the kit.

Evaluation of Endogenous Cytokine Levels. The cell-
mediated immune response was evaluated by measuring cytokine
levels—interferon-y (IFN- y) and interleukin-2 (IL-2)—in spleen
homogenates according to a published procedure.”® Spleens were
removed after euthanizing the animals at the end of immunization
study. The spleens were weighed, and 10% w/v homogenates were
prepared by homogenizing the spleen in ice-cold 1% 3-[(3-chol-
amidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS)
(Sigma, St. Louis, MO) prepared in PBS. The homogenates thus
obtained were incubated for 2 h in an ice bath to allow the insoluble
matter to settle. The supernatant was centrifuged at ~2000g for
20 min, and the endogenous cytokines (IL-2 and IFN-y) in the
supernatant were assayed using Duoset sandwich ELISA kits
(R&D systems, Minneapolis, MN) in accordance with the manu-
facturer’s instructions and published procedure.”” For estimation of
both IL-2 and IEN-y, standards provided by the manufacturer were
used to determine the concentrations of the test samples. First,
96-well microplates were coated with the capture antibody. Follow-
ing a cycle of incubation and washing, aliquots of standards and test
samples were added to the wells. The detection antibody and
streptavidin-HRP was then added to each well and incubated for
20 min for color development. The reaction was then stopped by
adding 2 N H,SO, and the optical density (OD) was measured at
450 nm.

Particle Uptake by Rat Alveolar Macrophages. To conduct
uptake study by rat alveolar macrophages, we first collected alveolar
macrophages from male Sprague—Dawley (Charles River Labora-
tories, Charlotte, NC) rats weighing between 300 and 350 g after
modifying the bronchoalveolar lavage method reported by us and
other groups.26’38’41 The lungs were isolated from anesthetized
animals, and lavage was performed by instilling 5 mL of calcium and
magnesium free Dulbecco’s phosphate buffered saline (DPBS)
(Gibco, Grand Island, NY) containing 0.5 mM disodium EDTA
(Fisher Scientific, Fair Lawn, NJ). The procedure was repeated
until a volume of around 30 mL was obtained. The lavaged fluid was
centrifuged at around 400g for 10 min to obtain pellets of alveolar
macrophages. The cell pellet was resuspended in 500 uL of 0.1%
BSA (w/v) in Hanks balanced salt solution (phenol red free, pH
7.4, Gibco, Grand Island, NY) and counted in a hemocytometer. A
cell density of 4 x 10° cells per mL was added on a coverslip
(12 mm in diameter) placed in a 24 well cell plate. The plate was
then incubated for 1 h in a humidified chamber at 37 °C in 5% CO,.
Following an hour of incubation, the media containing the non-
adherent cells were aspirated and the plates were washed with PBS.

For uptake study, an aliquot of PLGA particles dissolved in
medium at a concentration of 1 mg/mL was added into a 24 well
plate and incubated for 1 h in a humidified chamber at 37 °C in
5% CO,. The cells were then washed with PBS and fixed with 3%
freshly prepared paraformaldehyde for 15 min at room temperature.

The cells were washed again with PBS to remove the paraformal-
dehyde and permeabilized with 0.2% Triton X-100 for 40 min at
room temperature. Following permeabilization, tetramethylrhod-
amine isothiocyanate—phalloidin (TRITC—phalloidin) was added
onto the coverslip to stain the actin cytoskeleton microfilament
network of the macrophages and incubated at room temperature in
the dark for 90 min. After the incubation period, the cells were
washed three times with PBS. Nuclear staining was performed with
DRAQS by incubating for 10 min by following the manufacturer’s
protocol, after which the cells were again washed three to four
times. The glass coverslips were then carefully removed, placed on a
glass slide by using a drop of antifade solution, and sealed. Uptake of
the fluorescent particles by the alveolar macrophages was viewed
under a Leica confocal microscope (TCS SL; Leica Microsystems,
Heidelberg, GmbH) with 63X /1.4 oil objective and immersion oil.
FITC—BSA was excited with the 488 nm line of the system’s argon
laser, and TRITC—phalloidin was excited with the 546 nm line of
the HeNe laser whereas the nuclear staining with DRAQS was
visualized by excitation at 633 nm. Leica confocal software, version
2.61 Build 1537, was used for image acquisition and analysis.

Cytotoxicity Studies of PLGA Microspheres in the Calu-3
CellLine. The safety of PLGA particles was studied by MTT assay
(3-(4,5- dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
using the human bronchial epithelial cell line Calu-3. The toxicity
of three formulations was studied: NP-A, NP-B and NP-C. The
concentrations of PLGA particles used were 0.5 mg/mL, 2.5 mg/mlL,
S mg/mL and 10 mg/mL. Saline and sodium dodecyl sulfate
(SDS, 0.1%) were used as negative and positive controls,
respectively. The cells were plated into 96-well microtiter tissue
culture plates at a density of 50,000 cells per well and incubated at
37 °Cin 5% CO, and 90% relative humidity. The cells were plated
into 96-well microtiter tissue culture plates at a density of 50,000 cells
per well and incubated at 37 °C in 5% CO, and 90% relative
humidity. Cell viability was measured by the MTT assay as
previously described.*® Briefly, 4 h after incubation with 20 uL test
formulations, 20 4L of MTT (S mg/mL) solution was added to each
well and the cells were incubated at 37 °C for another 4 h. The
solution in each well was then carefully aspirated, and 100 uL of
DMSO was added. Finally, the plates were incubated again at 37 °C
for 1 h. Each formulation was tested in 12—16 wells (n = 12—16).
Optical density of the wells was measured on a microtiter-plate
reader (TECAN U.S. Inc., Research Triangle Park, NC) at $70 nm.
Cell viability was expressed as the percentage absorbance of test
compound and controls relative to DMEM medium alone.

All animal studies were approved by the Texas Tech University
Health Sciences Center (TTUHSC) Animal Care and Use Com-
mittee and were conducted in accordance with the NIH Guide for
the Care and Use of Laboratory Animals.

Statistical Analysis. One-way ANOVA was used to compare
the data. When the differences in the means were significant, post
hoc pair wise comparisons were conducted using Tukey—Kramer
multiple comparisons by GraphPad InStat software (GraphPad
Software, San Diego, CA). P-values of less than 0.0S were
considered statistically significant.

B RESULTS AND DISCUSSION

Characterization of PLA and PLGA Nanoparticles. The
surface morphology of the PLA and PLGA nanoparticles loaded
with HBsAg were studied using a scanning electron microscope
(SEM). PLA-based particles (NP-A) were almost perfectly spher-
ical in shape with a uniform distribution of size (Figure 1A). Like
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Figure 1. Surface morphology of HBsAg-loaded nanoparticles prepared
with PLA and PLGA: (A) NP-A, (B) NP-B, and (C) NP-C.
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Figure 2. Physical characterization of HBsAg-loaded nanoparticles:
(A) mean diameter, (B) tapped density, and (C) zeta potential.
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p < 0.001).

PLA-based formulations, particles prepared with PLGA 85/15
(NP-B) were spherical in shape and had smoother surface. How-
ever, particles prepared with PLGA 50/50 (NP-C) showed rather
rough surface and agglomerates of particles (Figures 1B and 1C).
Particles’ varying surface morphology can be explained by differ-
ences in hydrophilicity of polymer. A hydrophilic polymer matrix
tends to retain more water; upon drying, polymeric film around the
particles may shrink, which eventually leads to the development of
rough surfaces. Further, hydrophilic polymers facilitate formation
of particle—particle contact points that may result in aggregation or
agglomeration.®® The size of nanoparticles prepared with PLA,
PLGA 85/15 and PLGA 50/50 were ~940, 774, and 474 nm,
respectively, suggesting that the particle size decreased with the
decrease in the molecular weight of the polymers (Figure 2A). The
variation in the size of particles made of different polymers can
be explained by their differences in their molecular weight and the
amount of surfactant added during the emulsification. The molec-
ular weight of PLA is higher than that of the other two polymers,
and the high molecular weight of the polymer is re&orted to be
associated with the increase in size of the particles.*””** In fact, the
molecular weight of polymers used in this study can be ranked as
follows: PLA > PLGA 85:15 > PLGA 50:50, which correlates well
with the particle size data presented in Figure 2A. The use of
stabilizing surfactant, PVA, during the emulsification process may
have also contributed to the differences in particle size.*””*

The tapped density data presented in Figure 2B show that all
particles are highly porous in nature because the porosity of the
formulation is inversely proportional to the density of the formula-
tion. The tap density of the three formulations was between 0.0703

409

and 0.0793 g/mL with the PLA based NP-A formulation showing
the lowest porosity (Figure 2B). No significant differences in the
porosity of three formulations were observed because the volume
of the IAP was the same for all particles (p > 0.05). The zeta
potential was negative for all the three preparations with values
ranging from —6.66 to —9.82 mV (Figure 2C), suggesting that the
particles carried negative surface charge, which is in agreement with
published studies.”***

Entrapment Efficiency. The entrapment efficiency of HBsAg
antigen loaded into the PLGA nanoparticles was determined by
using the micro BCA protein assay kit. The entrapment efficiency
of the nanoparticles was between 80 and 93% (Figure 3A). The
entrapment efficiency of the PLA based nanoparticles (NP-A) was
higher than that of PLGA based particles (NP-B and NP-C),
although the entrapment efficiencies of the two PLGA based
particles were very similar with a value of 81% and 80% for the
NP-B and NP-C particles, respectively. Importantly, the entrap-
ment efficiency of the particles presented in this study is signifi-
cantly higher than that of previously reported PLGA/PLA particles
of HBsAg. The differences between the entrapment efficiencies of
previously reported HBsAg-PLGA/PLA nanoparticles and those
reported in this manuscript may stem from two factors: First, use of
protein stabilizers and cryoprotectant may have contributed to
enhanced entrapment efficiency by increasing the stability of
primary emulsion as well as protecting the antigen from degrada-
tion. This reasoning agrees with a previous report that suggests that
the use of sucrose in the internal phase increases the entrapment
efficiency.*” Further, Mg(OH), was used to prevent acid induced
degradation of protein. Lactic and glycolic acids released due to
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HBsAg-loaded PLA and PLGA nanoparticles (% cumulative release
profiles for 42 days). Inset shows % burst and surface-associated HBsAg
release; data represent mean & SD (n = 3).

hydrolysis of PLGA cause a drop in pH in the microenvironment of
particles. Mg(OH), prevents any such drop in pH and subse-
quently helps stabilize protein against acid-induced degradation. As
Mg(OH), was suspended in the internal aqueous medium, it is
likely to be part of the core of the particles and function as stabilizer.
Itis not going to leach out from the internal phase to the external oil
phase, methylene chloride, in which Mg(OH), is insoluble. Similar
to this study, Mg(OH), has been used in internal aqueous phase to
prevent acid induced degradation of protein.*® Second, a higher
concentration of PVA in the external phase has further led to an
increase in entrapment efficiency by increasing the stability of
secondary emulsion and preventing diffusion of HBsAg from the
internal aqueous phase to the external phase.***’

In Vitro Release Profiles. The cumulative release profiles of
HBsAg loaded PLA and PLGA nanoparticles were studied for a
period of 42 days (Figure 3B). The release of HBsAg from the
nanoparticles was mainly influenced by the lactide to glycolide
ratios of the polymers.’>*' PLA-based particles showed the least
surface-associated (6.45%) and burst release (12.80%) of the
antigen (Figure 3B). On the other hand, PLGA 50/50 particles
showed more surface-associated and burst release of the antigen
compared to PLGA 85/1S particles. For example, NP-B nanopar-
ticles released 14% of the antigen in the burst phase, while 22%
antigen was released for NP-C particles. NP-A formulation showed
almost a constant release of the antigen throughout the release
study period. PLA nanoparticles (NP-A) showed a cumulative
release of 56% at the end of the 42 day study, while NP-B and NP-C
showed a cumulative release of around 64% and 78%, respectively.
Differences in the ratios of glycolic to lactic acid in the polymers
used to prepare the formulations can explain the differences in the
release profiles. There was a higher proportion of glycolic acid in
PLGA 50:50 compared to either plain PLA (having no glycolide)

Anti-HBsAg (mIU/ml)
> 8 88888

Figure 4. Immune response profiles of nanoparticulate based formula-
tions at the end of 28 days after dosing of NP-A (PLA based, 943 nm);
NP-B (PLGA 85:15 based, 774 nm) and NP-C (PLGA 50:50 based,
474 nm) formulations on days 0 and 14. Data represent mean =+ SD, n =
6—9 (*results are significantly different, p < 0.05; **results are significantly
different, p < 0.01; ***results are significantly different, p < 0.001).

or PLGA 85:15. Increase in the glycolide content increases the
hydrophilicity of PLGA, which in turn increases the hydration of
the polymer and contributes to the increase in the release of the
antigen.52’53 Moreover, for PLGA nanoparticles, the differences in
the size of the nanoparticles may also contribute to the total antigen
release from the polymeric material.>*

Estimation of Serum and Mucosal Antibody Titers from
Different Sized Nanoparticles. When the total anti-HBsAg
antibody levels were measured using an ELISA kit, similar to the
results obtained in our previously published studies,*®*” when plain
HBsAg was administered by intramuscular (im) injection, it
showed an antibody profile that was significantly higher compared
to the plain HBsAg administered by the pulmonary route (Figure 4,
p < 0.05).

However, the HBsAg administered by the im route showed a
decline in the immune response after 21 days, which could be due
to the deviation from the standard immunization schedule. Unlike
the plain im or pulmonary HBsAg administration, the different
sized PLA and PLGA nanoparticulate formulations showed a
significant increase in the immune response after 28 days
(Figure 4). The highest increase in serum anti-HBsAg levels was
produced by NP-B formulation, followed by NP-A and NP-C
formulations. The NP-A and NP-B formulations did not show any
significant differences between them after 28 days of the immuniza-
tion studies (p > 0.05). However, when the two formulations were
compared with NP-C formulations, both PLA based NP-A nano-
particles (p < 0.01) and the PLGA 85:15 based NP-B formulations
(p<0.001) showed statistically significant levels of immune
response after pulmonary immunization. The immune response
data (Figure 4) shows clearly that antigen encapsulated in the
nanoparticles was biologically active and was capable of generating
antibody specific to HBsAg much higher than the required minimal
clinically protective level, >10 mIU/mL as reported earlier.*>**

The mucosal immune responses were determined by measuring
sIgA levels in salivary secretions and the vaginal wash on days 28
and 42 and in the BAL fluid on day 42. The sIgA response produced
in saliva after im administration of plain HBsAg was negligible
(Figure SA). When plain HBsAg was administered by the pulmo-
nary route, it led to a slight increase in sIgA levels compared to both
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Figure 5. Mucosal immune response profiles after 2 doses of vaccine or
control formulation on days 0 and 14. Secretory IgA (sIgA) levels in (A)
salivary secretion, (B) vaginal wash, and (C) bronchoalveolar lavage (BAL)
fluid of rats immunized with different formulations, and control groups.
Data represent mean £ SD, n = 3—8 (*results are significantly different,
p < 0.0S; *results are significantly different, p < 0.01; ***results are signi-
ficantly different, p < 0.001).

the untreated animals and im vaccine. However, when nanoparti-
culate HBsAg formulations were administered by the pulmonary
route, all three formulations showed a statistically significant
increase in sIgA levels compared to three control groups: untreated,
im and animals treated with plain inhaled HBsAg (p < 0.001).

Similar to the serum antibody levels, the highest increase in sIgA
levels was produced by NP-B formulation, followed by NP-A and
NP-C formulations. However, the differences between sIgA levels
for NP-A and NP-B formulations were not statistically significant
(Figure SA). Similarly, all three formulations produced increase in
sIgA levels in vaginal washes. But NP-A and NP-B formulations
showed a higher statistically significant increase in sIgA levels in the
vaginal wash (Figure SB) compared to three control groups (p <
0.001) and (p < 0.05) NP-C formulation. In the case of sIgA levels
in BAL, all three groups also showed statistically significant
difference compared to the control groups with NP-A and NP-B
showing p < 0.001 while NP-C showed a significance level of p <
0.01 (Figure SC). Both the serum and mucosal immune response
data can be explained on the basis of particle size of the formula-
tions and hydrophobicity, i.e., lactide to glycolide ratio of the
polymer used in the preparation of the nanoparticles. Based on the
particle size analysis, the three formulations can be ranked as
NP-A > NP-B > NP-C. NP-A formulations showed a particle size in
the range of 940 nm which is very close to micrometer range; the
particle size of NP-B was around 774 nm, and it was around 474 nm
for NP-C formulations (Figure 2A). NP-A and NP-B formulation
particle sizes are more close to each other and they have shown
similar increase in antibody levels as compared to NP-C formula-
tions. Further, NP-C formulation is more hydrophilic compared to
NP-A and NP-B formulation and so the reduced hydrophilicity
may have led to decreased immune responses. Previously, it has
been shown that the differences in immune responses may stem
from the differences in particle size: Intranasal administration of
1000 nm size particles showed higher serum IgG responses
compared to the 500 or 200 nm size particles.” As discussed below
in the macrophage uptake study, depending on the particle size,
particles may be preferentially taken up by either dendritic cells or
macrophages. As these formulations were of nanometer size, they
are likely to increase antibody levels grobably because of prefer-
ential uptake by dendritic cells.""'>*%*” Further, the differences in
hydrophobicities of particles can also make a difference in the
uptake because more hydrophobic particles have a propensity to
adsorb more to the cell surface compared to its hydrophilic
counterpart perhaps because of enhanced nonspecific interaction
with the hydrophobic cell surface.>®

Estimation of Cytokine Levels. Cytokine levels in spleen
homogenates were measured 6 weeks following the receipt of first
dose of the formulations. It is important to point out that although
sIgA levels were evaluated on days 0, 28 and 42, cytokine levels
were determined at the end of 42-day treatment period when
cytokine level is expected to be much higher compared to the earlier
time point on day 28. The rationale for this experimental design was
to reduce the number of animals and to measure cytokine level
when it reaches its maximal level. As shown in Figure 6, compared
to three control groups—no treatment, im injection of hepatitis B
and plain HBsAg administered by pulmonary route—all three
nanoparticulates showed a significant increase in both IL-2 and
IEN-y levels at the end of 6 weeks (Figure 6, p < 0.001).

The cytokine levels produced by NP-B particles were slightly
higher than than the NP-A particles, but the differences were not
statistically significant (p > 0.05). However, NP-B formulation
showed statistically significantly enhancement in the both the
cytokine levels compared to NP-C nanoparticles (p < 0.01). These
differences can be attributed to the differences in the particle size
and hydrophobicity of the nanoparticles. In fact, compared to our
previous studies with microparticles of 5 um size,”” nanoparticles
used in this study produced more pronounced increased in
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Figure 6. Interferon-y (IFN-y) and interleukin-2 (IL-2) levels in spleen
homogenates of rats immunized with different formulations, and control
groups. IEN-y and IL-2 levels were assayed 42 days after the first dose of
the formulations. Data represent mean £ SD, n = 3—8 (*results are
significantly different, p < 0.05; **results are significantly different, p < 0.01;
***regults are significantly different, p < 0.001).

endogenous cytokine levels. This data also agrees with studies
published by Kanchan et al,,* who reported that nanoparticles are
more preferentially taken up by the macrophages (200—600 nm)
compared to the microparticles (2—8 m). Similar increases in
cellular responses were observed for nanoparticles in the size of
300 nm after subcutaneous administration of PLGA based nano-
particles.*® Overall, this set of studies indicates that particles with a
size range between 700 and 1000 nm are ideal for generation of
robust humoral, mucosal and increased levels of cytokines after
pulmonary vaccination.

Particle Uptake Studies by Rat Alveolar Macrophages. In
this set of experiments, we have studied the influence of particle size
on the uptake by alveolar macrophages, an antigen presenting cell.
This study was also designed to indirectly rule in or rule out if the
uptake by dendritic cells has any contribution to generation of
immune response. For this study, we used particles of two different
size ranges: (i) NP-F-1 with a diameter of ~1—1.5 um and (ii) NP-
F-2 with a diameter of NP-F-2 ~700—750 nm. These two size
ranges for fluorescent particles were selected based on the size of
particles used in immunization studies. In fact, NP-A and NP-B
nanoparticles used in mucosal immunization studies fall within the
size range of of NP-F-1 and NP-F-2 formulations, respectively, used
in this study. The confocal images presented in Figures 7A and
7B suggest that larger particles (NP-F-1: 1—1.5 um) showed
more preferential uptake compared to smaller particles (NP-F2:
711 nm). The reduced uptake by macrophages could be because
other main antigen presenting cell, dendritic cells, may be con-
tributing to the generation of enhanced mucosal immunity and
cellular responses as reported earlier.'"">**>” Previously, it has
been shown that dendritic cells show greater of uptake of particles
in the range of 500 nm or below and the uptake may be also
influenced by other factors such as surface charge and hydropho-
bicity of the polymer used in the formulation.”"****"** In fact,
particles that resemble the size of virus (20—200 nm) are
preferentially taken up by dendritic cells, while particles that are
close to the size of bacteria (0.5 to S «m) are more efficiently taken
up by macrophages.'® Further, we have shown that PLGA micro-
particles show size dependent uptake by rat alveolar macrophages:
particles greater than 10 um either showed no uptake by the

Figure 7. CLSM images of rat alveolar macrophage uptake study: (A)
BSA—FITC PLGA particles of ~1—1.5 um size showing increased uptake
by rat alveolar macrophages; (B) BSA—FITC nanoparticles of 700—
750 nm size showing lesser uptake at the end of 1 h incubation. The actin
cytoskeleton was visualized by labeling with rhodamine—phalloidine (red),
the microspheres by labeling with FITC (green), and far red fluorescent
DNA dye DRAQS was used as a nuclear stain.

macrophages or surface attachment and microparticles in the range
of 4—5 um showed enhanced uptake.*®

MTT Cell Viability Studies. To evaluate the effect of nanoparti-
culate formulations on pulmonary epithelium, cell viability studies
were conducted by MTT assay on Calu-3 cells. MTT, a tetrazolium
salt, is cleaved by mitochondrial dehydrogenase in living cells to
form a measurable, dark blue product called formazan. Damaged or
dead cells display reduced dehydrogenase activity and therefore
lower levels of formazan production compared to live cells. All
the results are expressed as a percentage of the DMEM medium
alone treatment group. As seen in Figure 8, cell viability after saline
treatment was high, ~90%, whereas treatment with the positive
control, 0.1% SDS, caused a significant reduction in viability to
~16% (p < 0.05). Each of the three nanoparticulate formulations,
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Figure 8. Effects of nanoparticulate PLA and PLGA formulations
NP-A, NP-B and NP-C on the viability of Calu-3 cells. The test samples
contained 0.5 mg/mL, 2.5 mg/mL, S mg/mL and 10 mg/mL of different
formulations. Data represent mean + SD, n = 8—16 (*results are
significantly different from other treatment groups, p < 0.05).

NP-A, NP-B and NP-C, showed concentration-dependent in-
creases in cytotoxicity. However, compared to the positive control
0.1% SDS all of the treatment groups showed high cell viability of
between 65 and 80% for the different concentrations employed.
Thus the data suggest that nanoparticulate formulations did not
produce major damage to the pulmonary epithelium.

In summary, this is the first study that demonstrates that PLA
and PLGA nanoparticles administered via the pulmonary route can
be used for mucosal vaccination against hepatitis B. Humoral and
mucosal immune responses produced by the formulations are
functions of particle size and hydrophobicity of the polymers used.
Uptake by dendritic cells may play a role in generating mucosal
immunity upon administration of nanoparticles. However, a com-
bination of factors including particle size, hydrophobicity and
polymer type may play a role in generation of mucosal immune
response.
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