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Abstract
Aluminum hydroxide is used as a vaccine adjuvant in various human vaccines. Unfortunately,
despite its favorable safety profile, aluminum hydroxide can only weakly or moderately potentiate
antigen-specific antibody responses. When dispersed in an aqueous solution, aluminum hydroxide
forms particulates of 1–20 µm. There is increasing evidence that nanoparticles around or less than
200 nm as vaccine or antigen carriers have a more potent adjuvant activity than large
microparticles. In the present study, we synthesized aluminum hydroxide nanoparticles of 112 nm.
Using ovalbumin and Bacillus anthracis protective antigen protein as model antigens, we showed
that protein antigens adsorbed on the aluminum hydroxide nanoparticles induced a stronger
antigen-specific antibody response than the same protein antigens adsorbed on the traditional
aluminum hydroxide microparticles of around 9.3 µm. The potent adjuvant activity of the
aluminum hydroxide nanoparticles was likely related to their ability to more effectively facilitate
the uptake of the antigens adsorbed on them by antigen-presenting cells. Finally, the local
inflammation induced by aluminum hydroxide nanoparticles in the injection sites was milder than
that induced by microparticles. Simply reducing the particle size of the traditional aluminum
hydroxide adjuvant into nanometers represents a novel and effective approach to improve its
adjuvanticity.
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1. Introduction
Many vaccines and antigens require an adjuvant to induce a strong immune response [1].
Aluminum–containing adjuvants are approved by the United States Food and Drug
Administration for human use. There are two main aluminum-containing adjuvants,
aluminum hydroxide and aluminum phosphate. Aluminum hydroxide adjuvant is composed
of small primary fibers with an average calculated dimension of 4.5 × 2.2 × 10 nm, whereas
the primary particles of aluminum phosphate adjuvant are around 50 nm [2]. In an aqueous
solution, however, the size of the primary particles of both aluminum hydroxide and
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aluminum phosphate becomes 1– 20 µm as a result of aggregation [3]. The mechanisms of
immunopotentiation by aluminum-containing adjuvants have yet been fully elucidated.
Originally, it was proposed that aluminum-containing adjuvants could form an antigen depot
in the injection site, from where the antigens are slowly released, and thereby the adsorption
efficiency of antigens on aluminum-containing adjuvants is thought to be critical [1].
However, data from Hansen et al. (2007) showed that the tight binding of antigens onto
aluminum-containing adjuvants may significantly reduce the amount of antigens that can
elute from the aluminum salts, resulting in a weak antibody response [4]. Berthold et al.
(2005) examined whether the full adsorption of antigens onto adjuvants is necessary by
comparing the immune responses induced by two vaccine formulations: B. anthracis
recombinant protective antigen (PA) protein adsorbed onto aluminum hydroxide with a high
binding efficiency, and PA admixed with aluminum phosphate with a negligible binding [5].
It was found that both formulations induced comparable anti-PA antibody responses,
suggesting that the adjuvant activity of aluminum salts may not be entirely depended on the
adsorption of the antigens onto the adjuvants [5]. Other mechanisms of immunopotentiation
by aluminum-containing adjuvants have been proposed as well [2, 6, 7]. HogenEsch (2002)
summarized that aluminum-containing adjuvants may enhance immune responses by (i)
direct or indirect stimulation of dendritic cells (DCs) [8]; (ii) activation of complements [9];
and (iii) induction of the release of chemokines [6, 9]. More recently, aluminum-containing
adjuvants have been shown to promote caspase-1 activation and IL-1β secretion through the
NALP3 inflammasomes [10].

Due to their favorable safety profile, aluminum-containing adjuvants have been widely used
in human vaccines for decades. Unfortunately, aluminum-containing adjuvants can only
weakly or moderately potentiate antigen-specific antibody responses and are generally
considered incapable of helping antigens to induce cellular immune responses [11]. As
aforementioned, when dispersed in an aqueous solution, both aluminum hydroxide and
aluminum phosphate form 1–20 µm particulates [3]. Recently, there had been extensive
efforts in identifying the relationship between the size of particulate vaccine carriers and
their adjuvant activities [12–14]. Although it remains controversial as to what particle size is
associated with the most potent adjuvant activity, it is clear that the size of particulate
vaccine carriers significantly affects their adjuvant activities, and there are data showing that
particulate vaccine carriers of around 200 nm (or less) may be optimal. For examples, Fifis
et al. (2004) reported that ovalbumin (OVA)-conjugated polystyrene particles of 230 nm
induced stronger OVA-specific antibody and cellular immune responses than other larger
OVA-conjugated polystyrene particles after intradermally injected into mice [13, 15]. In a
previous study, we also showed that small solid lipid nanoparticles of 200 nm have a more
potent adjuvant activity than larger solid lipid nanoparticles of 700 nm, when OVA as an
antigen is surface-conjugated on them [16]. The ability of the smaller nanoparticles to more
effectively facilitate the uptake of antigens carried by them by antigen-presenting cells
(APCs) and to up-regulate the expression of major histocompatibility complex and co-
stimulatory molecules is likely related to their potent adjuvant activity [16]. Based on these
findings, we proposed to improve the adjuvant activity of the traditional aluminum-
containing adjuvants by reducing their particle size. We hypothesized that small aluminum
hydroxide nanoparticles of ≤ 200 nm have a more potent vaccine adjuvant activity than the
traditional aluminum hydroxide adjuvant with a particle size of 1–20 µm. To test this
hypothesis, we synthesized aluminum hydroxide nanoparticles with a mean diameter of 112
nm and compared their adjuvant activity with that of the traditional aluminum hydroxide
suspension with a mean diameter of 9.3 µm. OVA and B. anthracis PA protein were used as
model antigens.
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2. Materials and Methods
2.1. Materials

Dried aluminum hydroxide gel was from Spectrum (Gardena, CA). Aluminum chloride
hexahydrate, sodium hydroxide, OVA, horse serum, Laemmli sample buffer,
fluorescein-5(6)-isothiocyanate (FITC), sodium bicarbonate, sodium carbonate, phosphate-
buffered saline (PBS), and incomplete Freund’s adjuvant (IFA) were from Sigma-Aldrich
(St. Louis, MO). Goat anti-mouse immunoglobulins (IgG) were from Southern
Biotechnology Associates, Inc. (Birmingham, AL). Carbon-coated 400-mesh grids were
from Electron Microscopy Sciences (Hatfield, PA). Vectashield mounting medium with 4’,
6-diamidino-2-phenylindole (DAPI) was from Vector Laboratories, Inc. (Burlingame, CA).
B. anthracis PA protein was from List Biological Laboratories, Inc. (Campbell, CA). Bio-
safe™ Coomassie blue staining solution and Bio-Rad DC™ protein assay reagents were
from Bio-Rad Laboratories (Hercules, CA). GM-CSF was from R&D Systems, Inc.
(Minneapolis, MN). Tissue-Tek® O.C.T. compound medium was from Sakura Finetek USA,
Inc. (Torrance, CA). Cell culture medium and fetal bovine serum (FBS) were from
Invitrogen (Carlsbad, CA).

2.2. Mice and cell lines
Female BALB/c and C57BL/6 mice, 6–8 weeks of age, were from Charles River
Laboratories, Inc. (Wilmington, MA). The OVA-expressing B16-OVA cell line was
generously provided by Dr. Edith M. Lord and Dr. John Frelinger (University of Rochester
Medical Center, Rochester, NY) [17] and cultured in RPMI1640 medium supplemented with
5% FBS and 400 µg/ml of geneticin (Sigma). Mouse J774A.1 macrophage cells (#
TIB-67™) were from the American Type and Culture Collection (Manassas, VA) and
grown in DMEM supplemented with 10% FBS, 100 U/ml of penicillin and 100 µg/ml of
streptomycin, all from Invitrogen. DC2.4 cells (a mouse dendritic cell line) were originally
created by Dr. Kenneth Rock (University of Massachusetts Medical School, Worcester,
MA) [18] and grown in RPMI1640 medium supplemented with 10% FBS, 100 U/ml of
penicillin and 100 µg/ml of streptomycin.

2.3. Preparation of aluminum hydroxide nanoparticles and microparticles
Aluminum hydroxide nanoparticles of less than 200 nm were synthesized by reacting
aluminum chloride with sodium hydroxide in a solution. An equal volume of a 3.6 mg/ml
AlCl3·6H2O solution and a 0.04 M NaOH solution were added into a glass vial, and a small
volume of 0.01 M NaOH was added to adjust the pH to 7.0. After 20 min of stirring at room
temperature, the particle suspension was sonicated for 15 min to break down the particle
size. A PD10 desalting column (Amersham Biosciences, Piscataway, NJ) was then used to
remove the sodium chloride in the suspension, and the eluted fractions were analyzed for
nanoparticles by measuring the particle size using a Malvern Zetasizer Nano ZS
(Westborough, MA), and for aluminum content using a Varian 710-ES Inductively Coupled
Plasma Optical Emission Spectrometer in the Civil Architectural and Environmental
Engineering Department at the University of Texas at Austin. The fourth fraction with the
highest concentration of aluminum was used for further studies. Endotoxin was not
detectable in the nanoparticle preparation with a ToxinSensor™ chromogenic limulus
amebocyte lysate endotoxin assay kit from GenScript (Piscataway, NJ) [16]. Aluminum
hydroxide microparticles were prepared by dispersing dried aluminum hydroxide gel into
sterile water, followed by vigorous vortexing and 5 min of water-bath sonication, if needed.
The size of the microparticles was determined using a Sympatec Helos laser diffraction
instrument (Sympatec GmbH, Germany) equipped with a R3 lens.
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2.4. Stability of aluminum hydroxide particles
The stability of aluminum hydroxide particles in suspension at 4°C or room temperature was
initially examined before adsorption with proteins. The particles in suspension were kept at
4°C for 30 days, and their sizes were measured on days 0 and 30. In another study, the
particles in suspension were kept at room temperature for 15 days, and their sizes were
measured on days 0, 1, 7 and 15.

2.5. X-ray diffraction
The X-ray diffractograms of aluminum hydroxide particles were obtained with a Scintag X1
theta-theta powder diffractometer using Cu K-alpha radiation and a solid state Si(Li)
detector in the Texas Materials Institute X-Ray Facility in the Chemical Engineering
Department at the University of Texas at Austin.

2.6. Adsorption of protein antigens on aluminum hydroxide particles
The adsorption of proteins (OVA or PA) on aluminum hydroxide particles was carried out
by mixing the particles in suspension with the protein in solution. Briefly, a certain volume
of the protein solution was added into a tube (10 µg OVA or 4 µg PA), followed by the
addition of particles in suspension at a weight ratio of 1:5 to 1:1 (OVA vs. particles) or 1:5
(PA vs. particles). After 20 min of gentle stirring, the protein-particle mixtures were stored
at 4°C or freeze-dried, if needed, before further use.

The OVA-adsorbed aluminum hydroxide nanoparticles were lyophilized using a FreeZone
plus 4.5 liter cascade console freeze dry system (Labconco, Kansas City, MO). A proper
cryoprotectant such as trehalose (2%, w/v) was needed to successfully freeze-dry the
nanoparticles (Fig. S1A). In a short-term 28-day study and when stored as a lyophilized
powder at 4°C, the size of the lyophilized, OVA-adsorbed aluminum hydroxide
nanoparticles did not significantly change (Fig. S1B), indicating that the antigen-adsorbed
aluminum hydroxide nanoparticles may be stored long-term as a lyophilized powder.

2.7. Transmission electron microscopy (TEM)
The OVA-adsorbed aluminum hydroxide nanoparticles were examined using an FEI Tecnai
Transmission Electron Microscope in the Institute for Cellular and Molecular Biology
(ICMB) Microscopy and Imaging Facility at The University of Texas at Austin [19].
Carbon-coated 400-mesh grids were activated for 1–2 min. One drop of the OVA-adsorbed
nanoparticle suspension was deposited on the grids and incubated for 2 min at room
temperature. The grids were washed with water and dried for 1 min. Extra water was
removed using filter paper. The grids were then stained with uranyl acetate for 2 min,
washed with water, and allowed to dry for 15 min before observation.

2.8. Scanning electron microscope (SEM)
The OVA-adsorbed aluminum hydroxide nanoparticles and microparticles were examined
using a Zeiss Supra 40 VP Scanning Electron Microscope in the ICMB Microscopy and
Imaging Facility. One drop of aluminum hydroxide particle suspension was deposited on the
specimen stub using a double stick carbon tape and allowed to dry overnight. The specimen
stubs with samples were then placed in the sputter coater chamber and coated with a very
thin film of iridium before SEM examination [20].

2.9. SDS-PAGE
SDS-PAGE assay was used to determine the extent to which the protein antigen was bound
onto the aluminum hydroxide particles. Briefly, OVA (10 µg) was mixed with various
amounts of aluminum hydroxide particles in suspension (0, 1, 2, 5, 10, 20, 50, and 100 µg).
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The OVA-particle mixtures were then lyophilized. The resultant powders were reconstituted
in de-ionized water and mixed with Laemmli sample buffer (62.5 mM Tris-HCl, pH 6.8,
25% glycerol, 2% SDS, and 0.01% Bromophenol Blue). Electrophoresis was performed
with 7.5% Mini-PROTEAN® TGX™ precast polyacrylamide gels (Bio-Rad). Precision plus
protein standards were run along with the samples at 130 V for 1 h. The gels were stained in
a Bio-Safe Coomassie blue staining solution and scanned using a Kodak Image Station
(Rochester, NY).

2.10. Preparation of bone marrow dendritic cells
Bone marrow dendritic cells (BMDCs) were generated from bone marrow precursors from
C57BL/6 mice [21]. Briefly, femur bones were removed from C57BL/6 mice and purified
from surrounding tissues. The bones were left in 70% ethanol for 2 min for disinfection and
washed with sterile PBS. After both ends of femur bones were removed, bone marrow was
flushed out with PBS using a hypodermic needle attached to a syringe. After 3 washes with
PBS, all leukocytes obtained were transferred into bacteriological petri dishes and cultured
with 10 ml of RPMI1640 medium supplemented with 10% FBS, 100 U/ml of penicillin, 100
µg/ml of streptomycin, 2-mercaptomethanol (50 µM) and granulocyte-macrophage-colony
stimulating factor (GM-CSF) (100 ng/ml). Cells were allowed to grow at 37°C under 5%
CO2 for 3 days, and another 10 ml of culture medium was added into the original dish. On
day 6, half of the supernatant was collected and centrifuged at 800 rpm for 4 min. Cell pellet
was re-suspended in culture medium and added back into the original dish. Cells on days 7
or 8 were used for further studies. In order to examine the purity of BMDCs, the cells were
stained with antibodies against CD11c (BD Pharmingen, San Diego, CA) [21], and analyzed
using a Guava EasyCyte 8HT microcapillary flow cytometer (Millipore Corporation,
Hayward, CA). A high purity of 86.5% BMDCs was obtained after 8 days in culture
medium.

2.11. Uptake of the OVA-adsorbed particles by BMDCs, DC2.4 cells and J774A.1 cells in
culture

In vitro uptake studies were carried out using OVA that was pre-labeled with FITC [16].
BMDCs, DC2.4 or J774A.1 cells (50,000 cells/well) were seeded into 24-well plates and
allowed to grow overnight at 37°C, 5% CO2. FITC-labeled OVA-particles were added into
the cell culture and incubated at 37°C under 5% CO2 or at 4°C. After further incubation (3 h
for DC2.4 and J774A.1 cells, 6 h for BMDCs), cells were washed with PBS (10 mM, pH
7.4) three times, lyzed with Triton X-100 (0.17%, v/v) and then applied to a BioTek Synergy
HT microplate reader to measure the fluorescence intensity. Endocytosis is inhibited at 4°C.
Therefore, a subtraction of the fluorescence intensity of the cells incubated at 4°C from the
fluorescence intensity of the cells incubated at 37°C, 5% CO2, allowed us to estimate the
amount of FITC-OVA that was internalized.

2.12. Fluorescence microscopy
DC2.4 cells (1.5 × 104) were plated on poly-D-lysine-coated glass coverslips overnight.
FITC-labeled OVA-adsorbed particles were added and incubated with the cells for 30 to 60
min at 37°C, 5% CO2. Cells were then washed with PBS, fixed in 3% paraformaldehyde for
20 min at room temperature, followed by three times of wash with PBS. Coverslips were
mounted on the slides using Vectashield mounting medium with DAPI. Fluorescent images
were acquired using an Olympus BX60 Biological Microscope (Center Valley, PA).

2.13. Immunization studies
All animal studies were carried out following National Institutes of Health guidelines for
care and use of laboratory animals. The animal protocol was approved by the Institutional
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Animal Care and Use Committee at The University of Texas at Austin. When OVA was
used as the antigen, female BALB/c mice (18–20 g) were subcutaneously injected with
OVA-adsorbed aluminum hydroxide particles once a week for three consecutive weeks. The
dose of the OVA was 10 µg per mouse per injection; 20 (or 50) µg per mouse per injection
for the particles. Sterile PBS or OVA (10 µg) dissolved in PBS was used as controls. Twenty
seven days after the first dose, mice were bled for antibody assay. When PA was used as the
antigen, female BALB/c mice (18–20 g) were immunized subcutaneously with PA-adsorbed
aluminum hydroxide particles on days 0 and 14. As negative controls, mice were injected
with sterile PBS or PA alone. The dose of PA was 4 µg per mouse per injection, and the
dose of the particles was 20 µg per mouse per injection. Mice were bled one week and one
month after the second immunization for antibody assay. Specific antibody levels in serum
samples were determined using enzyme-linked immunosorbent assay (ELISA) as previously
described [19].

2.14. Tumor prevention assays
Female C57BL/6 mice (18–20 g) were immunized with OVA-adsorbed particles, PBS, or
OVA alone on days 0, 7, and 14 by subcutaneous injection. The dose of OVA was 10 µg per
mouse per injection, and the particles were 20 µg. As a positive control, mice were also
immunized with OVA adjuvanted with IFA (50 µl per mouse per injection). On day 21,
B16-OVA cells (50,000/mouse) were subcutaneously injected in the right flank of the mice
(different from the sites of immunization). Tumor growth was monitored daily. Tumor size
was measured using a caliper, and the volume was calculated using the following equation
[22]: tumor volume (mm3) = 1/2 [length × (width)2]

2.15. Histological examination
BALB/c mice were injected with PA adsorbed aluminum hydroxide particles on day 0 and
19. As negative controls, mice were injected with sterile PBS or PA alone. On day 40, mice
were euthanized for histological examination. The hair on the injection site was initially
removed using Nair® lotion (Church and Dwight Co, Princeton, NJ). The skin at the
injection sites, including skin and muscle tissues, were removed and spread out on a piece of
index paper. The tissue and paper together were cut into a 1 cm × 1 cm square and
transferred to tissue cryomolds (25 mm × 20 mm × 5 mm, Sakura Finetek USA, Inc.). Any
residual spaces in the cryomolds were filled with Tissue-Tek® O.C.T. compound medium
and fixed in the vapor of liquid nitrogen for 10 min. After the O.C.T. compound medium
was frozen into a solid white color, the whole cryomoles were removed and wrapped with
aluminum foil. The prepared samples were stored at −80 °C for cryostat sectioning and
staining with Hematoxylin and eosin (H&E, Sigma, St. Louis, MO) in the Histology and
Tissue Analysis Facility in the Dell Pediatric Research Institute, University of Texas at
Austin [23].

2.16. Statistics
Statistical analyses were completed using analysis of variance followed by Fisher’s
protected least significant difference procedure. A p-value of ≤ 0.05 (two-tail) was
considered statistically significant.

3. Result and Discussion
3.1. Synthesis and characterization of aluminum hydroxide particles

In order to evaluate the effect of the size of aluminum hydroxide particles on their adjuvant
activity, aluminum hydroxide nanoparticles and microparticles with mean diameters of 112
± 6.2 nm and 9.3 ± 2.2 µm, respectively, were prepared (Fig. 1A). At neutral pH, the zeta
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potentials of both particles were positive (Fig. 1A), but the zeta potential of the aluminum
hydroxide microparticles was less positive than that of the aluminum hydroxide
nanoparticles (Fig. 1A). The positive charge of aluminum hydroxide particles was likely due
to the metallic hydroxyls on their surface, which could accept protons and show a positive
zeta potential [24]. Since the reduction of particle size increases the total surface area of the
particles [25], the aluminum hydroxide nanoparticles are expected to have a relatively larger
surface area than the microparticles, and thus more metallic hydroxyl groups on their
surface, resulting in a more positive zeta potential. The aluminum hydroxide nanoparticles
were stable when stored at 4°C (or room temperature (Fig. S2)), whereas the microparticles
were slightly less stable (Fig. 1B), likely because the zeta potential of the nanoparticles was
> 30 mV, whereas the zeta potential of the microparticles was < 30 mV, at which the
electrostatic repulsion was not strong enough to prevent aggregation [26]. The X-ray powder
patterns of aluminum hydroxide particles are shown in Figures 1C–D. The nanoparticles
were completely amorphous (Fig. 1C). The microparticles were mostly crystalline Al(OH)3
(Fig. 1D), although the large peak in the left indicated that some amorphous AlO(OH)
materials existed as well (Fig.1D).

3.2. Characterization of OVA-adsorbed aluminum hydroxide particles
Shown in Fig. 2A are the size and zeta potentials of the aluminum hydroxide nanoparticles
and microparticles after the adsorption of OVA protein at a 1:2 ratio (OVA vs. particle, w/
w). The mean diameters of the OVA-adsorbed nanoparticles and microparticles were 129 ±
20 nm and 9.4 ± 1.7 µm, respectively; and their zeta potentials were 16 ± 1.8 and −23 ± 1.9,
respectively. The sizes of both particles increased after the adsorption of OVA. Since OVA
is net negatively charged at neutral pH (isoelectric point (pI), 4.7), after the adsorption of
OVA, the zeta potentials of the resultant nanoparticles became less positive, and the zeta
potential of microparticles even changed from positive to negative (Fig. 2A).

Shown in Fig. 2B are the fractions of free OVA when a fixed amount of OVA was mixed
with increasing amounts of the aluminum hydroxide nanoparticles or microparticles. As
expected, the fraction of unbound OVA decreased when the amount of aluminum hydroxide
particles added was increased. When the ratio of OVA to nanoparticles was decreased to 1:2
and 1:5, the OVA protein bands can no longer be detected on the SDS-PAGE, indicating
that all the OVA proteins were bound on the particles when OVA and nanoparticles were
mixed at 1:2 ratio or lower. The adsorption of the OVA to the aluminum hydroxide
microparticles was not as extensive as to the nanoparticles. Only when the weight ratio of
microparticles to OVA was increased to 5:1, the OVA protein bands were no longer
detectable using SDS-PAGE (Fig. 2B). The mechanisms of the adsorption of OVA to
aluminum hydroxide particles are likely two-fold: (1) the electrostatic interaction between
OVA and aluminum hydroxide particles because they have opposite net charges at neutral
pH; and (2) ligand exchange as OVA protein contains up to two phosphate groups, which
could strongly bind to aluminum instead of a hydroxyl group [27]. The higher protein
adsorption capacity of the aluminum hydroxide nanoparticles is consistent with the larger
total surface area of the nanoparticles, which contain more binding sites for protein
adsorption. The relatively smaller total surface area of the aluminum hydroxide
microparticles limited the amount of proteins adsorbed on them. Besides the effect of the
surface area, the zeta potential of the aluminum hydroxide particles may also have
contributed to the adsorption capacity. The zeta potential of the aluminum hydroxide
nanoparticles was more positive than that of the microparticles (Fig. 1A). Therefore, the
aluminum hydroxide nanoparticles may have attracted more OVA proteins to their surface.

Shown in Fig. 2C is a representative SEM picture of the OVA-adsorbed aluminum
hydroxide microparticles. A representative TEM picture of the OVA-adsorbed aluminum
hydroxide nanoparticles is shown in Fig. 2D. A representative SEM picture of the OVA-
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adsorbed aluminum hydroxide nanoparticles is also available in Fig. S3. The nanoparticles
are rod-shaped with a smooth surface, whereas the microparticles have a rough surface and
are in irregular shapes.

3.3. OVA-adsorbed small aluminum hydroxide nanoparticles induced a stronger OVA-
specific antibody immune response than OVA-adsorbed large aluminum hydroxide
microparticles

Aluminum hydroxide particles with diameters in the range of 1–20 µm have been widely
used in human vaccines [11]. Previous data showed that nanoparticles with a mean diameter
of around or less than 200 nm have a more potent adjuvant activity than larger particles [16,
19]. To test whether small aluminum hydroxide nanoparticles of less than 200 nm can help
an antigen to induce a stronger immune response than larger aluminum hydroxide
microparticles, the anti-OVA immune responses induced by OVA-adsorbed aluminum
hydroxide nanoparticles and microparticles at the OVA to particles ratio of 1:2 were
compared. Data in Fig. 3A showed that the anti-OVA IgG level in mice that were
immunized with the OVA-adsorbed aluminum hydroxide nanoparticles was significantly
higher than that in mice that were immunized with OVA-adsorbed microparticles or OVA
alone (at 100-fold dilution, p < 0.001, OVA-NPs vs. OVA; p = 0.018, OVA-NPs vs. OVA-
MPs; p = 0.05, OVA alone vs. OVA-MPs).

There were data showing that nanoparticles as a carrier may allow proteins to induce
antitumor responses. For example, Falo et al. (1995) evaluated the ability of particulate
antigens against tumor growth and found that immunization of mice with OVA-conjugated
iron beads more effectively prevented the growth of tumor cells that overexpress OVA
(B16-OVA) in the immunized mice, as compared to immunization with OVA alone [28].
Falo et al. (1995) also concluded that the antitumor immunity was essentially contributed by
specific CD8+ T cells [28]. Accordingly, a tumor prevention study was carried out to
evaluate the ability of our OVA-adsorbed aluminum hydroxide nanoparticles in preventing
tumor growth. Twenty-one days after C57BL/6 mice were immunized with OVA-adsorbed
aluminum hydroxide nanoparticles or microparticles, they were challenged with the OVA-
expressing B16-OVA tumor cells, and the tumor growth was monitored. As shown in Fig.
3B, 31 days after tumor cell injection, tumors were detected only in one of the 5 mice that
were immunized with the OVA-adsorbed aluminum hydroxide nanoparticles. In contrast, all
mice immunized with the OVA-adsorbed microparticles or with OVA alone developed
tumors, indicating that the immune responses induced by OVA-adsorbed aluminum
hydroxide nanoparticles can inhibit tumor growth. However, the antitumor activity was
likely antibody-mediated because we were not able to consistently detect OVA-specific
CD8+ T cell response in the immunized mice (data not shown).

As shown in Fig. 2B, when the ratio of particles to OVA was 1:2, the OVA protein was fully
adsorbed on the nanoparticles, but the adsorption of the OVA to the aluminum hydroxide
microparticles was not as extensive. Only when the microparticles to OVA weight ratio
reached 5:1, the OVA protein was fully adsorbed on both nanoparticles and microparticles.
To make sure that the stronger immune response induced by the OVA-adsorbed aluminum
hydroxide nanoparticles shown in Fig. 3A was not due to the difference in the extent to
which the OVA was adsorbed on the aluminum hydroxide nanoparticles and microparticles,
another mouse immunization study was carried out by immunizing mice with OVA-
adsorbed aluminum hydroxide nanoparticles or microparticles at an aluminum hydroxide to
OVA weight ratio 5:1. As shown in Fig. 3C, the serum anti-OVA IgG response induced by
the OVA-adsorbed aluminum hydroxide nanoparticles was still stronger than that induced
by the OVA-adsorbed aluminum hydroxide microparticles (p = 0.02 at all three dilutions,
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OVA-NPs vs. OVA-MPs), demonstrating that the stronger immune response induced by the
OVA-adsorbed aluminum hydroxide nanoparticles was truly due to their smaller size.

3.4. PA-adsorbed aluminum hydroxide nanoparticles induced a stronger PA-specific
antibody response than PA-adsorbed aluminum hydroxide microparticles

To test whether the potent adjuvant activity of the aluminum hydroxide nanoparticles was
unique to OVA as an antigen, we completed a similar immunization study with the anthrax
PA protein. Anthrax is a toxin-mediated disease, and anthrax toxin is consisted of three
proteins, PA, lethal factor, and edema factor [29]. PA proteins form a heptamer on the
surface of cells, from which the edema factor and lethal factor enter cells [29]. Therefore,
the induction of anti-PA antibody responses is critical and sufficient for a vaccine to protect
against anthrax [30]. PA was absorbed on aluminum hydroxide particles at a particle to PA
ratio of 5:1 (w/w). The mean diameters of the resultant PA-adsorbed aluminum hydroxide
nanoparticles and microparticles were 204 ± 25 nm and 7.1 ± 3.4 µm, respectively (Fig. 4A).
Mice were then immunized with the PA-adsorbed aluminum hydroxide nanoparticles or
microparticles on days 0 and 14. One week after the first dose, anti-PA IgG was not
detectable in any mice (data not shown). One week after the second dose, significant anti-
PA IgG responses were detected in mice that were immunized with the PA-adsorbed
aluminum hydroxide nanoparticles or microparticles, but the levels of the anti-PA IgG were
not different (Fig. 4B). However, four weeks after the second immunization, the anti-PA
IgG level in mice that were immunized with the PA-adsorbed aluminum hydroxide
nanoparticles was significantly higher than that in mice that were immunized with the PA-
adsorbed aluminum hydroxide microparticles (Fig. 4C). The anti-PA IgG1 levels 4 weeks
after the second immunization are shown in Fig. 4D. A significantly higher level of anti-PA
IgG1 was detected in mice that were immunized with PA-adsorbed aluminum hydroxide
nanoparticles than in mice that were immunized with PA-adsorbed aluminum hydroxide
microparticles (Fig. 4D). PA-specific IgE was not detected 4 weeks after immunization with
PA-adsorbed aluminum hydroxide nanoparticles or microparticles (data not shown). The
kinetics of the total serum anti-PA IgG levels within 4 weeks after the last immunization is
shown in Fig. 4E. It is clear that during the 4-week period after the second immunization,
the total serum anti-PA IgG level significantly increased in mice that were immunized with
the PA-adsorbed aluminum hydroxide nanoparticles (p = 0.005, week 1 vs. week 4), but
decreased in mice that were immunized with the PA-adsorbed aluminum hydroxide
microparticles (p = 0.005, week 1 vs. week 4).

3.5. The uptake of OVA-adsorbed aluminum hydroxide particles by antigen-presenting
cells in culture

One important step for an antigen to induce an immune response is its uptake by APCs.
Therefore, we evaluated the extent to which DCs and macrophages, two critical APCs, can
take up OVA as an antigen adsorbed on aluminum hydroxide nanoparticles or
microparticles. BMDCs, DC2.4, or J774A.1 cells in culture were incubated with fluorescein-
labeled OVA adsorbed on aluminum hydroxide nanoparticles or microparticles for up to 6 h,
and the % of OVA internalized by the cells was determined. As shown in Fig. 5A, in all
three cell lines, more OVA was internalized when adsorbed on the aluminum hydroxide
nanoparticles than when adsorbed on the aluminum hydroxide microparticles. The
fluorescence microscopic pictures in Fig. 5B are also supportive of the data in Fig. 5A and
may explain why the aluminum hydroxide nanoparticles were more effective than the
microparticles in facilitating the uptake of OVA by DC2.4 cells. Green fluorescence signal,
an indication of the location of the OVA protein, was detected only inside cells that were
incubated with OVA-adsorbed aluminum hydroxide nanoparticles, but not in cells that were
incubated with OVA-adsorbed aluminum hydroxide microparticles (Fig. 5B). In fact, for
cells that were incubated with the OVA-adsorbed aluminum hydroxide microparticles,
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almost all fluorescence signals were extracellular (Fig. 5B), and it appeared that some OVA-
adsorbed aluminum hydroxide microparticles were even larger than the cells (Fig. 5B),
which may explain why the OVA adsorbed on the aluminum hydroxide microparticles did
not enter the cells (Fig. 5A).

Previous data showed that antigens eluted from adjuvants are taken up by DCs by
macropinocytosis, while those remaining adsorbed are internalized with adjuvant particles
by phagocytosis [31]. Because close to 100% of the OVA was adsorbed on the aluminum
hydroxide nanoparticles, it is likely that phagocytosis or endocytosis was the predominant
mechanism for the internalization of the OVA that was adsorbed on the aluminum hydroxide
nanoparticles. In contrast, only less than 20% OVA was adsorbed onto the microparticles (at
the OVA to particle ratio of 1:2, w/w). The small percentage of OVA that was internalized
by DC2.4 cells incubated with the OVA-adsorbed aluminum hydroxide microparticles was
probably from the macropinocytosis of the unbound OVA and the OVA that was eluted
from the microparticles. Morefield et al. (2005) showed that DCs are able to internalize
particles with a diameter larger than that of cells [32], but we could not find any
internalization of the OVA-adsorbed aluminum hydroxide microparticles using fluorescence
microscopy. Previously, Kanchan and Panda (2007) also reported that nanoparticles (200–
600 nm) were more efficiently taken up by macrophages in comparison to microparticles (2–
8 µm) [33]. Thus, we suspect that the ability of the aluminum hydroxide nanoparticles to
more effectively facilitate the uptake of the OVA adsorbed on them by APCs is related to
their potent adjuvant ability (Figs. 3–4).

Finally, a comparison of the internalization of the OVA by the macrophages (J774A.1 cells)
and DCs (BMDCs and DC2.4 cells) indicated that the percentage of OVA adsorbed on the
aluminum hydroxide microparticles that was internalized by the macrophages was relatively
higher than by the DCs (Fig. 5A). This finding is in agreement with a previous report that
macrophages can effectively take up particles larger than 500 nm, whereas DCs are more
effective in taking up smaller nanoparticles (< 200 nm) [34].

3.6. Aluminum hydroxide nanoparticles induced milder local inflammation reactions than
aluminum hydroxide microparticles

Aluminum adjuvants have been administered safely to humans since 1932 [35]. Adverse
reactions that have been reported with vaccines adjuvanted with aluminum salts are
generally local reactions including subcutaneous (s.c.) nodule, granulomatous inflammation,
and sterile abscesses [36]. In order to preliminarily evaluate the safety profile of our
aluminum hydroxide nanoparticles, the injection sites were examined histologically. As
shown in Fig. 6, microparticles and nanoparticles both induced local cutaneous
inflammation in the injection sites when examined 40 days after the last injection, but the
inflammation induced by the PA-adsorbed microparticles was much more severe, as
indicated by the greater number of neutrophils accumulated in the injection sites and the
more pronounced epidermal hyperplasia. Clearly the aluminum hydroxide nanoparticles are
less proinflammatory than the microparticles.

4. Conclusions
In the present study, we synthesized aluminum hydroxide nanoparticles with a mean
diameter of 112 nm and showed that the adjuvant activity of the aluminum hydroxide
nanoparticles was more potent than that of the traditional aluminum hydroxide
microparticles (~9 µm). The specific antibody responses induced by protein antigens
adjuvanted with the aluminum hydroxide nanoparticles were stronger and more durable than
that induced by the same amount of antigens adjuvanted with the traditional aluminum
hydroxide microparticles. The more potent adjuvant activity of the aluminum hydroxide
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nanoparticles may be partially attributed to their ability to more extensively bind to antigens
and increase the uptake of the antigens adsorbed on them by APCs. Moreover, the aluminum
hydroxide nanoparticles were less proinflammatory than the microparticles in the injection
sites. The new aluminum hydroxide nanoparticles have the potential to be developed into a
more effective and safer adjuvant to formulate new vaccines and reformulate existing
vaccines.
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Fig. 1. Physical properties of aluminum hydroxide nanoparticles (NPs) and microparticles (MPs)
(A). Particle sizes (open bar) and zeta potentials (●).
(B). The stability of the aluminum hydroxide nanoparticles and microparticles when stored
in suspension at 4°C for 30 days.
(C–D). X-ray diffractograms of aluminum hydroxide nanoparticles (C) and microparticles
(D). Data shown in A and B are mean ± S.D. (n = 3).
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Fig. 2. Physical characterization of aluminum hydroxide nanoparticles and microparticles after
adsorption of OVA
(A). Particle sizes (open bar) and zeta potentials (●) of OVA-adsorbed aluminum hydroxide
nanoparticles (OVA-NPs) and OVA-adsorbed aluminum hydroxide microparticles (OVA-
MPs). Data shown are mean ± S.D. (n = 3).
(B). The binding efficiency of OVA to the aluminum hydroxide nanoparticles and
microparticles. Shown is the fraction of free (unbound) OVA at various OVA to particle
ratios (w/w) as determined from the intensities of the protein bands on the SDS-PAGE
(inset, OVA to nanoparticle ratio: lane 1, 10:0; lane 2, 10:1; lane 3, 5:1; lane 4, 2:1; lane 5,
1:1; lane 6, 1:2).
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(C). A representative SEM picture of OVA-MPs.
(D). A representative TEM picture of OVA-NPs.

Li et al. Page 16

J Control Release. Author manuscript; available in PMC 2015 January 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3. OVA-adsorbed aluminum hydroxide nanoparticles induced a stronger OVA-specific
antibody response and more effectively protected the growth of OVA-expressing tumor cells
than OVA-adsorbed aluminum hydroxide microparticles
(A). Serum total IgG response. Mice (n = 5) were dosed with OVA-NPs or OVA-MPs at an
OVA to particle ratio of 1:2 (w/w) on days 0, 7 and 14. Total anti-OVA IgG level in serum
samples was measured on day 27 (ap < 0.001, OVA vs. OVA-NPs; bp = 0.02, OVA-NPs vs.
OVA-MPs; also, OVA vs. OVA-NPs, p = 0.005 at 1000-fold dilution, p = 0.05 at 10,000-
fold dilution).
(B). The volumes of B16-OVA tumors in mice immunized with OVA-NPs or OVA-MPs.
Tumor volumes shown are 31 days after tumor cell implantation. B16-OVA tumor cells
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were s.c. implanted into mice (n = 5) 10 days after the third immunization. OVA adjuvanted
with IFA (OVA/IFA) was a positive control. (Notes: A volume of 1 mm3 is assigned to mice
that do not have tumors because the Y-axis in this figure is in log scale).
(C). Serum total anti-OVA IgG responses. Mice (n = 5) were dosed with OVA-NPs or
OVA-MPs at an OVA to particle ratio of 1:5 (w/w) on days 0, 7 and 14. Anti-OVA IgG
level in serum samples was measured on day 24 (a–cp = 0.02 at all dilutions, OVA-NPs vs.
OVA-MPs).
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Fig. 4. PA-adsorbed aluminum hydroxide nanoparticles induced a stronger PA-specific antibody
response than PA-adsorbed aluminum hydroxide microparticles
(A). Particle sizes (open bar) and zeta potentials (●) of PA-adsorbed aluminum hydroxide
nanoparticles (PA-NPs) and PA-adsorbed aluminum hydroxide microparticles (PA-MPs).
(B–D). Anti-PA antibody responses. Mice (n = 5) were dosed with PA-adsorbed aluminum
hydroxide nanoparticles (PA-NPs) or microparticles (PA-MPs), or PA alone on days 0 and
14 (PA dose, 4 µg per mouse per injection). Anti-PA IgG and IgG1 levels were measured
one week (B) and four weeks after the second immunization (C–D). Data shown in B are
anti-PA IgG level in serum samples that were diluted 10,000-fold (ap = 0.0002, PA vs. PA-
NPs; p = 0.001, PA vs. PA-MPs). In C at 10,000-fold dilution, bp = 0.0002, PA vs. PA-
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NPs; cp = 0.002, PA-NPs vs. PA-MPs. * p = 0.007, PA-NPs vs. PA-MPs at 100,000-fold
dilution; and p = 0.0002, PA-NPs vs. PA-MPs at 1,000,000-fold dilution. In D at 100,000
dilution, dp < 0.05, PA-NPs vs. PA-MPs.
(E). A comparison of the anti-PA IgG levels in mice one week (W1) and four weeks (W4)
after the last immunization (serum samples were diluted 10,000-fold). Data shown are mean
± S.E. (n = 5). e,fp < 0.05, week 1 vs. week 4 for both PA-NPs and PA-MPs.
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Fig. 5. The uptake of OVA-adsorbed aluminum hydroxide nanoparticles and microparticles
(A) The uptake of OVA-NPs and OVA-MPs by BMDCs, DC2.4, and J774A.1 cells in
culture. Aluminum hydroxide nanoparticles or microparticles adsorbed with FITC-labeled
OVA were incubated with BMDCs, DC2.4 cells or J774A.1 cells for 3–6 h at 37°C with 5%
of CO2 or at 4°C, and the % of FITC-labeled OVA that was internalized was determined (*p
< 0.05, OVA-NPs vs. OVA-MPs in all three cells). Data shown are mean ± S.D. (n = 6).
(B). Representative fluorescence microscopic pictures of DC2.4 cells after incubation with
aluminum hydroxide nanoparticles or microparticles pre-adsorbed with FITC-labeled OVA.
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(I). FITC-labeled OVA alone; (II). OVA-NPs; (III). OVA-MPs. Cell nuclei were stained
with DAPI (blue).
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Fig. 6. Representative H&E histograms of the skin in the injection sites
BALB/c mice were s.c. injected with PA-adsorbed aluminum hydroxide particles on days 0
and 19. As negative controls, mice were injected with sterile PBS or PA alone. On day 40,
mice were euthanized and the skin samples in the injection sites were collected for cryostat
sectioning followed by H&E staining (scale bar, 200 µm).
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