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Many currently licensed and commercially available human vaccines contain aluminum salts as vaccine adju-
vants. A major limitation with these vaccines is that they must not be exposed to freezing temperatures during
transport or storage such that the liquid vaccine freezes, because freezing causes irreversible coagulation that
damages the vaccines (e.g., loss of efficacy). Therefore, vaccines that contain aluminum salts as adjuvants are for-
mulated as liquid suspensions and are required to be kept in cold chain (2–8 °C) during transport and storage.
Formulating vaccines adjuvanted with aluminum salts into dry powder that can be readily reconstituted before
injection may address this limitation. Spray freeze-drying of vaccines with low concentrations of aluminum salts
and high concentrations of trehalose alone, or amixture of sugars and amino acids, as excipients can convert vac-
cines containing aluminum salts into dry powder, but fails to preserve the particle size and/or immunogenicity of
the vaccines. In the present study, using ovalbumin as a model antigen adsorbed onto aluminum hydroxide or
aluminum phosphate, a commercially available tetanus toxoid vaccine adjuvanted with potassium alum, a
human hepatitis B vaccine adjuvanted with aluminum hydroxide, and a human papillomavirus vaccine
adjuvanted with aluminum hydroxyphosphate sulfate, it was shown that vaccines containing a relatively high
concentration of aluminum salts (i.e., up to ~1%, w/v, of aluminum hydroxide) can be converted into a dry pow-
der by thin-film freezing followed by removal of the frozen solvent by lyophilizationwhile using low levels of tre-
halose (i.e., as low as 2% w/v) as an excipient. Importantly, the thin-film freeze-drying process did not cause
particle aggregation, nor decreased the immunogenicity of the vaccines. Moreover, repeated freezing-and-
thawing of the dry vaccine powder did not cause aggregation. Thin-film freeze-drying is a viable platform tech-
nology to produce dry powders of vaccines that contain aluminum salts.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Some aluminum salts, including aluminum hydroxide and alumi-
num phosphate, have been used as human vaccine adjuvants for de-
cades. The primary particles of aluminum hydroxide and aluminum
phosphate are in the nanometer-scale. However, when dispersed in an
aqueous solution, the primary particles aggregate to form larger micro-
particles of 1–20 μm [1,2]. Thus, a vaccine that is prepared by binding an
antigen with an aluminum salt is physically a suspension of aluminum
salt particles with antigens adsorbed on them. Many currently licensed
and commercially available human vaccines such as diphtheria–teta-
nus–pertussis, Hepatitis B, and human papillomavirus vaccines contain
aluminum salts as adjuvants [3].

A major limiting factor with these vaccines is that they must not be
exposed to freezing conditions during transport and storage, and are too
fragile to be stable at ambient temperatures. In other words, vaccines
that are adjuvanted with aluminum salts must remain stored as a liquid
suspension at 2–8 °C from manufacturing to being administered to pa-
tients, because inadvertently exposing the suspension to freezing tem-
peratures causes irreversible coagulation that damages the vaccines
(e.g., loss in activity and stability) [4]. Vaccines that have been inciden-
tally exposed to freezing conditions before administration to patients
must be discarded, causing significant productwaste and limited utility.
This is significant considering that an estimated 75–100% of the vaccine
shipments are actually exposed to freezing temperatures at somepoints
during shipment [5], resulting in costly waste and the loss of nearly half
of all global vaccine supplies [6].

There is great interest in addressing this problem, and the strategies
to solve it are generally two-fold. The first is to add stabilizing reagents
in vaccines to prevent aggregation during freezing. For example, the
Program for Appropriate Technology (PATH) and its research collabora-
tors have shown that adding glycerin, polyethylene glycol 300, or
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propylene glycol into vaccines that contain aluminum salts prevents
vaccine aggregation and preserves vaccine immunogenicity, even after
the vaccines are subjected to multiple exposures to−20 °C [4]. Zapata
et al. also reported that the adsorption of polymers or surface-active
agents, such as hydroxypropyl methylcellulose or polysorbate 80, on
aluminum hydroxide prevents aggregation after a freeze–thaw cycle
[7]. It is thought that the stabilizing agents produce a large steric repul-
sive region between particles and hinder particle–particle interactions
[7]. However, the addition of the aforementioned excipients into a vac-
cinemay result in amore complex formulation and increase the cost per
dose of the vaccine.

Another strategy is to convert aluminum salt-adjuvanted vaccines
into a solid form using novel freezing and/or drying techniques. Various
methods, such as vacuum-foam drying [8], spray drying [9], spray
freeze-drying [10], and spray freezing into liquid [11], have been
previously explored to convert protein products into dry powders.
Spray freeze-drying has been studied for freeze-drying vaccines that
contain aluminum salts [12,13]. For example, using vaccines that were
adjuvanted with aluminum hydroxide or aluminum phosphate and
contained various excipients (e.g., a mixture of mannitol, glycine, and
dextran, or trehalose alone at up to 10 w/v%), Maa and co-workers
[10] and Clausi and co-workers [14–16] sprayed atomized liquid vac-
cine droplets into liquid nitrogen and then successfully lyophilized the
frozen particles into dry powder. However, the spray freeze-drying
and then reconstitution process either causes particle aggregations or
significantly alters the immunogenicity of the vaccines [10,14–16].
Nonetheless, it was concluded that lower aluminum concentration,
higher freezing rate, and higher excipient level help minimize adjuvant
agglomeration and maximize the immunogenicity of the vaccine [10,
15].

Thin-film freezing (TFF) has recently been studied for preparing sta-
ble submicron protein particles [17]. In the TFF process, a liquid
(e.g., solution) is spread out on a cryogenic substrate to form a thin
film in less than one second. The resultant frozen film is then dried by
lyophilization. For example, Engstrom et al. produced dried protein
powders with a diameter of 300 nm using TFF, and the enzyme activity
of the proteins was fully preserved [17]. In the present study, the feasi-
bility of freeze-drying vaccines that are adjuvantedwith aluminum salts
using TFF was tested. Ovalbumin (OVA) was initially used as a model
protein antigen, and it was adjuvanted with aluminum hydroxide or
aluminumphosphate and lyophilized after thin-film freezing. The appli-
cability of the thin-film freeze-drying (TFFD) in drying vaccines
adjuvanted with aluminum salts was further validated with commer-
cially available veterinary tetanus toxoid vaccine, human hepatitis B
vaccine, and human papillomavirus quadrivalent vaccine. The vaccines
were evaluated after they were subjected to TFFD and reconstitution
to test whether subjecting them to TFFD and reconstitution causes parti-
cle aggregation and decreases the immunogenicity of the vaccines. Final-
ly, the dry vaccine powderswere also subjected to repeated freezing-and-
thawing cycles to test whether freezing conditions cause aggregations.

2. Materials and methods

2.1. Materials

Dried aluminum hydroxide gel (AH gel) and aluminum phosphate
were from Spectrum Chemical and Laboratory Products (New Bruns-
wick, NJ). OVA, trehalose, and Laemmli sample buffer were from
Sigma-Aldrich (St. Louis, MO). Bio-safe™ Coomassie blue staining solu-
tion and Bio-Rad DC™ protein assay reagents were from Bio-Rad Labo-
ratories (Hercules, CA). Alhydrogel® (2%, w/v) was from InvivoGen
(San Diego, CA). Tetanus antitoxin concentrated/purified (TT vaccine)
was from Colorado Serum Company (Denver, CO). The TT vaccine con-
tains potassium alum (personal communication with Dr. Randall
Berrier at Colorado Serum). Potassium alum is also known as potas-
sium aluminum sulfate. Engerix-B, a human hepatitis B vaccine

from GlaxoSmithKline, and Gardasil, a human papillomavirus
(HPV) quadrivalent vaccine from Merck & Co., Inc., were purchased
through the University of Texas at Austin University Health Services.
Engerix-B contains aluminum hydroxide (0.5 mg of aluminum per
ml). Gardasil contains amorphous aluminum hydroxyphosphate sul-
fate (0.45 mg/ml of aluminum) as an adjuvant. Mouse Anti-Tetanus
Toxoid IgG ELISA kit was from Alpha Diagnostic International (San
Antonio, TX). Tetanus toxoid was from List Biologics Laboratory
(Campbell, CA). Purified polyclonal horse anti-tetanus serum and
guinea pig anti-tetanus IgG were from the National Institute for Bio-
logical Standards and Control (Hertfordshire, England).

2.2. Thin-film freeze-drying (TFFD)

Three types of aluminum-containing compounds, dried aluminum
hydroxide gel (USP grade) (AH gel to differentiate from commercially
prepared Alhydrogel), 2% Alhydrogel®, and aluminum phosphate,
were used to adsorb OVA as a model antigen. The OVA-adsorbed alumi-
num hydroxide vaccine was prepared by mixing an OVA solution with
an aluminum hydroxide suspension in phosphate buffered saline (PBS,
pH 7.4, 10 mM) to reach an OVA to aluminum weight ratio of 1:10.
The vaccine contained 31.4 μg/ml of OVA, 0.09% of aluminumhydroxide,
and 0–5% (w/v) of trehalose. The OVA-aluminum phosphate vaccine
(31.4 μg/ml of OVA, 0.142% (w/v) of aluminum phosphate, and 2% (w/
v) of trehalose) was prepared similarly. When the 2% Alhydrogel®
was used, Alhydrogel® (25 ml) was added into a 50 ml tube, followed
by the addition of 25ml of an OVA solution (1mg/ml) at an OVA to alu-
minumweight ratio of 1:10, and 1 g of trehalose to obtain a final formu-
lation with 2% (w/v) of trehalose, ~1% (w/v) of Alhydrogel®, and
0.5 mg/ml of OVA. The samples were subjected to TFF and lyophilized
as described previously [17,18]. Briefly, the aluminum-containing vac-
cine suspensions were dropped onto a pre-cooled rotating cryogenic
steel surface to form thin films. The thin films were removed by a
steel blade. In order to avoid the overlap of two droplets, the speed at
which the cryogenic steel surface, on which the vaccine suspension
was dropped, was rotating was controlled at 5–7 rpm. The frozen
film-like solids were collected in liquid nitrogen and dried using a VirTis
Advantage bench top tray lyophilizer (The VirTis Company, Inc. Gardi-
ner, NY). Lyophilization was performed over 72 h at pressures less
than 200 mTorr, while the shelf temperature was gradually ramped
from −40 °C to 26 °C. After lyophilization, the solid vaccine powder
was quickly transferred to a sealed container and stored in a desiccator
at room temperature before further use [19].

To dry TT vaccine, trehalose was added into the TT vaccine that was
diluted 50-fold in PBS (pH 6.3, 10mM) to adjust the final concentration
of trehalose to 2% (w/v). The vaccine was then subjected to TFFD as
mentioned above. To dry Engerix-B, trehalose was added directly into
the commercial vaccine (without pre-dilution) to obtain a formulation
with 2% (w/v) of trehalose, ~20 μg/ml of HBsAg, and ~500 μg/ml of alu-
minum, and the vaccine was then subjected to TFFD. In Engerix-B vac-
cine, each 1-ml adult dose contains 20 μg of HBsAg adsorbed on
0.5 mg of aluminum as aluminum hydroxide. To dry the Gardasil vac-
cine, 100 μl of the vaccinewas diluted to 1ml of 0.9% (w/v) sodium chlo-
ride, and trehalosewas added to reach a final concentration of 2% (w/v).
The vaccinewas then subjected to TFFD. Each 0.5-ml dose of the original
Gardasil contains approximately 20 μg of HPV 6 L1 protein, 40 μg of HPV
11 L1 protein, 40 μg of HPV 16 L1 protein, and 20 μg of HPV 18 L1 pro-
tein. Each 0.5-ml dose of Gardasil also contains approximately 225 μg
of aluminum as amorphous aluminum hydroxyphosphate sulfate.

The morphology of the vaccines in suspension was examined under
an Olympus BX60 microscope (Olympus America, Inc., Center Valley,
PA). The size of particles and particle size distribution in all samples
were determined using a Sympatec Helos laser diffraction instrument
(Sympatec GmbH, Germany) equipped with a R3 lens. The moisture in
the dried powder was measured using a Karl Fisher Titrator Aquapal
III from CSC Scientific Company (Fairfax, VA).
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