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ABSTRACT
Insoluble aluminum salts such as aluminum oxyhydroxide have been used for decades as adjuvants in
human vaccines, and many vaccines contain aluminum salts as adjuvants. Aluminum salt-adjuvanted
vaccines must be managed in cold-chain (2–8� C) during transport and storage, as vaccine antigens in
general are too fragile to be stable in ambient temperatures, and unintentional slowing freezing causes
irreversible aggregation and permanent damage to the vaccines. Previously, we reported that thin-film
freeze-drying can be used to convert vaccines adjuvanted with an aluminum salt from liquid suspension
into dry powder without causing particle aggregation or decreasing in immunogenicity following
reconstitution. In the present study, using ovalbumin (OVA)-adsorbed Alhydrogel� (i.e. aluminum
oxyhydroxide, 2% w/v) as a model vaccine, we showed that the immunogenicity of thin-film freeze-dried
OVA-adsorbed Alhydrogel� vaccine powder was not significantly changed after it was exposed for an
extended period of time in temperatures as high as 40� C or subjected to repeated slow freezing-and-
thawing. It is expected that immunization programs can potentially benefit by integrating thin-film freeze-
drying into vaccine preparations.
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Introduction

Some insoluble aluminum salts, e.g., aluminum oxyhydroxide
and aluminum hydroxyphosphate, have been widely used as
human vaccine adjuvants for decades, and many currently
licensed and commercially available vaccines, including those
for diphtheria-tetanus-pertussis, hepatitis A and B, pneumo-
coccal disease, anthrax, and rabies, contain aluminum salts as
adjuvants.1-3 The primary particles of aluminum oxyhydroxide
and aluminum hydroxyphosphate are in the nanometer range.
However, when dispersed in an aqueous solution, these par-
ticles aggregate to form large microparticles (e.g., 1–20 mm).3,4

Thus, a vaccine that is prepared by binding an antigen onto an
aluminum salt is physically a liquid suspension of aluminum
salt particles with antigens adsorbed on them.

Protein antigens adsorbed on aluminum salt adjuvants in
liquid suspension are generally too fragile to be stable in ambi-
ent temperatures. Also, exposing the liquid suspension of alu-
minum salt-adjuvanted vaccines to slow freezing causes
irreversible aggregation of the aluminum salt particles that
damages the vaccines (e.g., permanent loss in potency and/or
effectiveness).5-10 Because of these reasons, aluminum salt-
adjuvanted vaccines must be maintained in cold-chain (i.e.,
2–8� C) during production, handling, transport, storage, and
use.11 Unfortunately, published reports and field evidence dem-
onstrate that inadvertent freezing of vaccines during transport
and storage in cold-chain is a commonplace, and not resource
limited.9,12-17 This in effect causes the widespread delivery of
vaccines with compromised potency, which could result in

unintentional administration of suboptimal vaccines to
patients,8,18-22 and/or costly waste of global vaccine sup-
plies.14,23 Meanwhile, as the costs and/or logistical constraints
of vaccine delivery associated with the cold-chain requirements
significantly obstructs global vaccine access, there is increasing
interest in novel approaches to vaccine stability management
such as controlled temperature chain (CTC) storage.24,25 CTC
allows vaccines to be managed in temperatures outside of the
traditional cold-chain for a limited period of time, typically a
single excursion into ambient temperature not exceeding 40� C
for the duration of a specific number of days before administra-
tion.26 For example, in 2012, MenAfriVacTM became the first to
be prequalified by the World Health Organization (WHO) to
receive regulatory approval during mass vaccination that
allowed vaccine storage at or below 40� C for up to 4 d.23,24,27 It
is estimated that by using CTC, the costs of using cold-chain
and the associated logistics can be reduced by 50%.23

Thin-film freeze-drying (TFFD) is a rapid freezing technol-
ogy originally studied to enhance the solubility of poorly water
soluble compounds, and was recently used to prepare stable
submicron protein particles.28,29 In the process of TFFD, drop-
lets of drug formulation are rapidly frozen upon impact with a
cryogenically-cooled substrate to form thin films in less than a
second. These thin films are then lyophilized to remove solvent
in the formulation.29 Previously, we reported that vaccines
adjuvanted with aluminum salts can be successfully converted
from liquid suspension to dry powder by TFFD, without caus-
ing particle aggregation or decreasing in immunogenicity
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following reconstitution.30 In an effort to test whether convert-
ing vaccines adjuvanted with aluminum salts from liquid sus-
pension to solid dry powder can afford managing the vaccines
in CTC, here we tested the stability of a thin-film freeze-dried,
aluminum oxyhydroxide-adjuvanted vaccine powder. The sta-
bility of the dry vaccine powder was evaluated in temperatures
as high as 40� C for up to 6 months by measuring the particle
size distribution and the immunogenicity of the vaccine powder
upon reconstitution. Moreover, as the risk of unintentional
exposure of vaccines to freezing temperatures remains regard-
less whether the vaccines are managed in cold-chain or CTC,
or by any other approaches, we also tested the immunogenicity
of a thin-film freeze-dried, aluminum oxyhydroxide-
adjuvanted vaccine powder after it was subjected to repeated
slow freezing-and-thawing cycles (and then reconstitution) in a
mouse model. Data from our previous study showed that
subjecting thin-film freeze-dried, aluminum salt-adjuvanted
vaccines to repeated slow freezing-and-thawing cycles does not
cause particle aggregation upon reconstitution.30

Commercial vaccines usually contain additional excipients
such as buffer, stabilizer(s), and preservative(s) that are unique
and often proprietary to each vaccine and could potentially
protect the vaccines from freezing or heat stress to a certain
degree. Therefore, in the present study, we prepared a model
vaccine by adsorbing ovalbumin (OVA) as a model antigen
onto Alhydrogel�, i.e., aluminum oxyhydroxide (2%, w/v), and
used it for the immunogenicity evaluations. It is known that
freezing or heating OVA denatures the protein,31,32 and dena-
tured OVA is less immunogenic than native OVA and has dif-
ferent immunogenic epitopes.33,34 There are also reports that
certain excipients such as high concentrations of phosphate
(e.g., 40 or 100 mM) and histidine can help improve the ther-
mal stability of vaccine, and polyols such as propylene glycol,
polyethylene glycol 300, and glycerol can help make vaccine
insensitive to freezing.35-37 In this study, the OVA-adsorbed
Alhydrogel� liquid vaccine was prepared in the absence of
those excipients, making it ideal, in our opinion, for the present
study. The OVA-adsorbed Alhydrogel� dry powder was pre-
pared by TFFD using OVA-adsorbed Alhydrogel� liquid vac-
cine containing 2% (w/v) trehalose.30

Results and discussion

Previously, we reported that vaccines adjuvanted with an insol-
uble aluminum salt, e.g., aluminum oxyhydroxide, aluminum
hydroxyphosphate, or amorphous aluminum hydroxyphos-
phate sulfate, can be converted from liquid suspension to dry
powder without causing particle aggregation or decreasing in
immunogenicity following reconstitution.30 In the present
study, we tested whether an aluminum salt-adjuvanted vaccine
powder prepared by TFFD could be a potential candidate for
CTC. CTC allows a single excursion into ambient temperature
not exceeding 40� C for the duration of a specific number of
days before administration. Therefore, we evaluated the immu-
nogenicity of a model vaccine prepared by adsorbing OVA as a
model antigen onto Alhydrogel� after it was converted to a dry
powder by TFFD in the presence of 2% (w/v) of trehalose and
then stored in temperatures as high of 40� C for up to 6 months.
OVA was adsorbed onto Alhydrogel� at an OVA to aluminum

ratio of 1:10 (w/w, with »100% antigen adsorption, data not
shown).

Stability of OVA/Alhydrogel� liquid vaccine

Initially, we evaluated the immunogenicity of the OVA/
Alhydrogel� vaccine in liquid suspension (with 2% trehalose,
w/v, to keep the composition identical to that in the dry vaccine
powder). The liquid suspension was stored at 4� C, room tem-
perature, 30� C, and 40� C for 3 months, and the particle size
and size distribution of the vaccine were determined 1 and
3 months later. Shown in Figs. 1A-B are representative particle
size distribution curves of the OVA/Alhydrogel� vaccine liquid
suspension after 1 month (Fig. 1A) or 3 months (Fig. 1B) of
storage in various temperatures. The representative particle size
distributions, expressed as X10, X50, and X90 of the OVA/
Alhydrogel� vaccine liquid suspension after 1 month or
3 months of storage in various temperatures, are shown in
Table 1. X10, X50, and X90 denote particle dimensions corre-
sponding to 10%, 50%, and 90% of the cumulative undersize
distribution. Aggregation was minimal after 1 month of stor-
age, but became apparent after 3 months, as can be seen by the
increase in X90 values (Fig. 1B, and Table 1). For example, the
X90 values of the liquid vaccine suspension stored at 30� C
increased from »10 mm to »42 mm (Table 1). For the liquid
vaccine suspension stored at 30� C, there is a slight decrease in
the X10 and X50 values from 1 month to 3 months of storage,
but the X90 values are increased, indicating that smaller size
particles may have aggregated to form bigger particles. This
increase in X90 values skews the particle size distribution to the
right. However, it is not clear why there was a slight decrease in
the particle size for the OVA/Alhydrogel� liquid vaccine stored
at 40� C (Table 1).

To evaluate the immunogenicity of the OVA/Alhydrogel�

vaccine liquid suspension after 3 months of storage in room
temperature or 4� C, mice were immunized (s.c.) with it, and
the serum anti-OVA IgG levels induced were compared with
that induced by freshly prepared OVA/Alhydrogel� vaccine
liquid suspension. As shown in Fig. 1C, storing the OVA/
Alhydrogel� vaccine liquid suspension in room temperature
for 3 months led to significantly reduced anti-OVA IgG
response, as compared with freshly prepared OVA/
Alhydrogel� vaccine liquid suspension (Fig. 1C). We did not
test the immunogenicity of the OVA/Alhydrogel� liquid vac-
cine stored at 30� C and 40� C because the vaccine does not
contain any excipient that is known to improve the thermal sta-
bility of vaccines, which could explain the decrease in immuno-
genicity even when the liquid vaccine was stored at 4� C
(Fig. 1C). This is critical as there are aluminum salt-adjuvanted
vaccines in liquid suspension that were reported to be stable at
elevated temperatures (e.g., HavrixTM is stable at 37� C for
3 weeks; NeisVac-CTM is stable at 40� C for 1 month).38-41

Therefore, the OVA/Alhydrogel� vaccine is a good candidate
for us to test the immunogenicity of thin-film freeze-dried, alu-
minum salt-adjuvanted vaccine dry powder when exposed to
temperatures outside the cold-chain. Data from a previous
study reported that high concentrations of phosphate ion (�
40 mM) increase the thermal stability of aluminum oxyhydrox-
ide-adjuvanted hepatitis B vaccine.36 When preparing the
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OVA-adsorbed Alhydrogel� vaccine, we dissolved the OVA in
a low concentration of PBS, and the final PBS concentration in
the OVA/Alhydogel� liquid vaccine was 5 mM. As expected,
the low concentration phosphate ion did not render the liquid
vaccine thermostable.36

Stability of OVA/Alhydrogel� vaccine dry powder

We then stored the thin-film freeze-dried OVA/Alhydrogel�

vaccine powder in room temperature, 30� C, and 40� C. The
dry powder was reconstituted 1, 3, and 6 months later to

Figure 1. Representative particle size distribution curves of OVA/Alhydrogel� vaccine liquid suspension after 1 month (A) or 3 months (B) of storage in various tempera-
tures. The experiment was performed with 3 replicates with similar results (RT, room temperature; FV, fresh vaccine). (C) Serum anti-OVA IgG levels in mice immunized
with OVA/Alhydrogel� liquid vaccine that was stored in 4� C or room temperature for 3 months. As controls, mice were injected with sterile PBS or freshly prepared
OVA/Alhydrogel� vaccine (i.e., Fresh vaccine). Female BALB/c mice (n D 5) were injected (s.c.) on days 0, 14, and 28 with 5 mg of OVA per mouse. Total anti-OVA IgG lev-
els in serum samples were measured about 3 weeks after the third dose. Data are mean § SD (�p < 0.05, Fresh vaccine vs. others).
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evaluate the particle size and size distributions, and/or the
immunogenicity of the vaccine. Shown in Fig. 2 are representa-
tive particle size distribution curves of the OVA/Alhydrogel�

vaccine reconstituted from thin-film freeze-dried powder that
was stored in room temperature, 30� C, or 40� C for 1 month
(Fig. 2A), 3 months (Fig. 2B), or 6 months (Fig. 2C), respec-
tively. Particle aggregation was not detected after 1 month of
storage in all 3 temperatures (Fig. 2A, Table 2). Slight particle
aggregation was detected after 3 months of storage at 40� C, as
can be seen by the increase of X90 values from 20 mm to 51 mm
(Fig. 2B, Table 2). After 6 months of storage, particle aggrega-
tion became noticeable in all 3 temperatures, especially 40� C
(Fig. 2C, Table 2). Similar to the particle size distribution in the
liquid vaccine after storage, the increase in the particle size in
the dry powder after storage can be seen in the X90 values only.
This is likely because as the particles aggregate, there is a slight
increase in the X90 value. An increase in the X50 value would
indicate the aggregation is more severe, as will be showed in
the case of subjecting the vaccine to repeated freezing-and-
thawing cycles in a later section.

The chemical stability of the OVA antigen in the OVA/
Alhydrogel� vaccine dry powder was also monitored. SDS-
PAGE data show that after the OVA/Alhydrogel� vaccine dry
powder was stored for 1 month in different storage tempera-
tures, the OVA desorbed from the OVA/Alhydrogel� dry pow-
der was similar to the OVA desorbed from freshly prepared
OVA/Alhydrogel� liquid suspension (data not shown). How-
ever, after 6 months of storage, especially at 40� C, the band
intensity of the OVA desorbed from the OVA/Alhydrogel� dry
powder became much weaker than that desorbed from freshly
prepared OVA/Alhydrogel� liquid suspension (data not
shown), which may be attributed to protein chemical degrada-
tion and/or decreased desorption of OVA from Alhydrogel�

due to tight binding. There are reports that storing vaccines for
an extended period of time may increase the tightness of the
binding of the antigens to Alhydrogel�.42-44

Shown in Fig. 3 are the anti-OVA IgG levels in mice that
were immunized with OVA/Alhydrogel� vaccine reconstituted
from dry powder that was stored in various temperatures for
1 month (Fig. 3A) or 3 months (Fig. 3B). Clearly, after 3 months
of storage, the serum anti-OVA IgG levels in mice immunized
with OVA/Alhydrogel� reconstituted from the thin-film

freeze-dried powder were not significantly different from that
induced by freshly prepared OVA/Alhydrogel� vaccine
(Fig. 3). Also, the serum anti-OVA IgG levels for the dry vac-
cine powders stored for 1 month and 3 months are not differ-
ent. Due to the physical and chemical instability (e.g., particle
aggregation, potential antigen degradation) detected after the
OVA/Alhydrogel� dry powder was stored in various tempera-
tures, especially at 40� C, it became meaningless to test the
immunogenicity of the vaccine dry powder after 6 months of
storage.

It was previously reported that converting vaccines from liq-
uid to dry powder can render the otherwise fragile vaccine sta-
ble in ambient temperatures.45-51 The OVA/Alhydrogel�

particles in the thin-film freeze-dried powder are embedded in
a glass of trehalose with a glass transition temperature (i.e., Tg)
of 120� C. The Tg is significantly higher than highest tempera-
ture (i.e., 40� C) in which the vaccine dry powder was stored,
allowing the vaccine to remain in a low-mobility, glassy state.
However, it is worth pointing out that in the present study,
while the temperatures in which the OVA/Alhydrogel� vaccine
was stored was controlled, the moisture content in the powder
increased with the extended period of storage, and was higher
in higher temperature. For example, after 3.5 months of stor-
age, the moisture content in the powders stored at 40� C, 30�

C, and room temperature increased from the initial value of
1–3% to 7.7 § 1.9%, 6.0 § 0.9%, 5.4 § 0.5%, respectively
(n D 6–9, p < 0.05, values at 40� C vs. in room temperature). It
is thus expected that the vaccine dry powder may potentially be
stored in room temperature or above for a longer period of
time, if the moisture content of the dry powder is better con-
trolled during storage.48 Alternatively, an excipient that is less
hygroscopic than trehalose and has a higher Tg value, e.g., dex-
tran, could be potentially used to improve the storage stabil-
ity.47 For instance, recently Kunda et al. showed that modified
packaging system (inert N2 gas, oxygen scavengers, and desic-
cant sachet) can be used to control the moisture content to
increase the stability of the dry powder vaccines in elevated
temperatures.52 Nonetheless, data in Fig. 3 show that thin-film
freeze-drying offers a potentially viable approach to manage
aluminum salt-adjuvanted vaccines in CTC, because exposing
the thin-film freeze-dried vaccine powder to temperatures as
high as 40� C for up to 3 months did not cause significant
decrease in the immunogenicity of the vaccine upon
reconstitution.

Stability of OVA/Alhydrogel� dry powder vaccine to
freezing

The risk of exposing a vaccine to freezing temperatures during
transport and/or storage exists regardless whether the vaccine is
managed in cold-chain, CTC, or in ambient temperatures. Con-
verting aluminum salt-adjuvanted vaccines from a liquid suspen-
sion to dry powder by thin-film freeze-drying is expected to
render the vaccine insensitive to freezing. The OVA/Alhydrogel�

particles in the thin-film freeze-dried powder are embedded in a
glass of trehalose with a Tg value of 120� C.30 Trehalose limits
the mobility of the aluminum salt particles by forming glass dur-
ing freezing,53 and we have previously shown using transmission
electron microscopy that the OVA-adsorbed aluminum

Table 1. Effect of storage temperatures on the particle size and size distribution of
OVA/Alhydrogel� liquid vaccine.

X10 (mm) X50 (mm) X90 (mm)

1 month
OVA/Alhydrogel�, FV 1.56§ 0.07 4.29 § 0.68 10.77 § 3.46
OVA/Alhydrogel�, RT 1.30§ 0.04 3.03 § 0.09 8.59§ 1.57
OVA/Alhydrogel�, 4�C 1.65§ 0.08 4.50 § 0.66 10.35 § 2.98
OVA/Alhydrogel�, 30�C 1.41§ 0.04 3.23 § 0.17 9.25§ 1.56
OVA/Alhydrogel�, 40�C 1.50§ 0.04 3.86 § 0.55 9.25§ 2.07

3 months
OVA/Alhydrogel�, FV 1.56§ 0.07 4.29 § 0.68 10.77 § 3.46
OVA/Alhydrogel�, RT 1.23§ 0.05 3.19 § 0.15 24.81 § 15.07
OVA/Alhydrogel�, 4�C 1.35§ 0.05 3.23 § 0.16 17.38 § 8.35
OVA/Alhydrogel�, 30�C 1.20§ 0.06 3.07 § 0.24 41.56 § 23.29
OVA/Alhydrogel�, 40�C 1.04§ 0.25 2.37 § 0.51 6.38§ 0.72

X10, X50, and X90 denote particle dimensions corresponding to 10%, 50%, and 90%
of the cumulative undersize distribution (FV, fresh vaccine; RT, room tempera-
ture). Data are mean § SD (n � 3).
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hydroxide particles are embedded in the bulk structure of treha-
lose, which likely prevents the particles from interacting with
one another during freeze-drying process.30 Similarly, the treha-
lose glass is expected to make it difficult, if possible, for any sub-
sequent slow freezing process to break the lattice that binds the
antigen (i.e., OVA) to the Alhydrogel� and/or for the separated

Alhydrogel� particles, if any, to aggregate to form larger and
heavier particles. This explains our previous finding that subject-
ing the thin-film freeze-dried powder of aluminum salt-adju-
vanted vaccines, e.g., GSK’s Engerix-BTM, to repeated slow
freezing-and-thawing cycles does not cause particle aggregation
upon reconstitution.30

Figure 2. Representative particle size distribution curves of OVA/Alhydrogel� vaccine dry powder after stored in various temperatures for 1 month (A), 3 months (B), or
6 months (C) and then reconstituted (TFFD, thin-film freeze-dried vaccine powder; RT, room temperature; FV, fresh vaccine). The experiment was performed with 3 repli-
cates with similar results.
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In the present study, we further tested whether the immuno-
genicity of thin-film freeze-dried OVA/Alhydrogel� vaccine is
affected after it was subjected to 3 cycles of repeated slow freez-
ing-and-thawing and reconstitution. Changes (or lack of them)
in the immunogenicity of a vaccine are difficult to predict. Any
slight change in the physical and chemical characteristics of the
antigen (i.e., OVA) and/or the vaccine if inadvertently sub-
jected to freezing can potentially lead to a decrease in the
immunogenicity of the vaccine. Shown in Table 3 are the parti-
cle size distributions of the OVA/Alhydrogel� vaccine in liquid
suspension or as dry powder, before and after being subjected
to 3 cycles of slow freezing-and-thawing (i.e., F/T stress). As
expected,30 after the OVA/Alhydrogel� vaccine in liquid sus-
pension was subjected to 3 cycles of slow freezing-and-thawing,
the X50 value increased by 8.6-fold (i.e., from 7.5 to »64 mm)
(Table 3), but subjecting the thin-film freeze-dried OVA/
Alhydrogel� powder to the same 3 cycles of freezing-and-thaw-
ing did not cause any significant change in the particle size and
size distribution (Table 3). Data in Fig. 4 show that the serum
anti-OVA IgG levels in mice immunized with OVA/
Alhydrogel� dry powder that was subjected to the slow freez-
ing-and-thawing cycles are not significantly different from that
in mice that were immunized with OVA/Alhydrogel� dry

powder that was not subjected to the freeze-and-thaw cycles, or
in mice that were immunized with freshly prepared OVA/
Alhydrogel� liquid vaccine (Fig. 4). On the other hand, the
serum anti-OVA IgG levels in mice that were immunized with
OVA/Alhydrogel� liquid vaccine that was subjected to 3 cycles
of slow freezing-and-thawing are significantly lower than that
in mice immunized with the freshly prepared OVA/
Alhydrogel� liquid vaccine (Fig. 4). It is clear that the OVA/
Alhydrogel� liquid vaccine is sensitive to freezing, because
freezing caused significant particle aggregation (Table 3) and
significantly reduced its immunogenicity (Fig. 4). It was
reported previously that subjecting OVA protein to 5 repeated
freezing-and-thawing cycles induces OVA denaturation in a
concentration dependent manner.31 However, it is unclear to
what extent the reduction in the immunogenicity (i.e., anti-
OVA IgG levels) of the OVA/Alhydrogel� liquid vaccine after
it was subjected to repeated freezing-and-thawing cycles can be
attributed to OVA denaturation in the present study. It is cer-
tain though that converting the OVA/Alhydrogel� vaccine
from liquid suspension to dry powder by thin-film freeze-
drying can protect the vaccine from damages induced by slow
freezing (and thawing) (Fig. 4).

The development of aluminum salt-adjuvanted vaccines that
can be managed in CTC or potentially in ambient temperatures
and are not sensitive to freezing will not only help decrease the
loss of global vaccine supplies due to breaches in cold-chain,
but also avoid the unintentional administration of damaged,
suboptimal vaccines to patients. Data in the present study con-
firm that TFFD is a technology that can potentially enable the
development of such vaccines. The traditional TFFD process
involves dropping droplets of liquid (e.g., a liquid suspension
of vaccine) over a cryogenically-cooled substrate, e.g., the sur-
face of a rotating cooled metal drum, to form frozen thin-film
upon impact.28 We also showed that the inner surface of silan-
ized glass vials can be used as a cryogenically-cooled substrate
as well to drop liquid vaccine droplets onto to form frozen
thin-films upon impact. Subsequently, the glass vials with the
frozen vaccine thin films can be subjected to standard lyophili-
zation to remove water. As shown in Fig. 5, the particle size dis-
tribution of OVA/Alhydrogel� reconstituted from the dry
powder prepared by single vial TFFD is similar to that of the
freshly prepared OVA/Alhydrogel� liquid vaccine or that
reconstituted from the dry powder prepared by the traditional
TFFD. As expected,5-10 slow tray-freezing followed by

Figure 3. Serum anti-OVA IgG levels in mice immunized with OVA/Alhydrogel� vaccine dry powder that was stored at 40� C, 30� C, or room temperature for 1 month (A)
or 3 months (B) and then reconstituted. As controls, mice were injected with sterile PBS or freshly prepared OVA/Alhydrogel� vaccine (i.e., Fresh vaccine). Female BALB/c
mice (n D 5) were injected (s.c.) on days 0, 14, and 28 with 5 mg of OVA per mouse. Total anti-OVA IgG levels in serum samples were measured about 3 weeks after the
third dose. Data are mean § SD (n.s., not significant).

Table 2. Effect of storage temperatures on the particle size and size distribution of
OVA/Alhydrogel� dry vaccine powder.

X10 (mm) X50 (mm) X90 (mm)

1 month
OVA/Alhydrogel�, FV 2.36 § 0.005 6.37§ 0.02 13.79 § 0.11
OVA/Alhydrogel�, RT 2.14 § 0.02 5.96§ 0.46 15.39 § 2.54
OVA/Alhydrogel�, 30�C 1.97 § 0.21 5.44§ 0.87 13.89 § 3.42
OVA/Alhydrogel�, 40�C 2.13 § 0.33 6.25§ 1.49 20.37 § 4.41

3 months
OVA/Alhydrogel�, FV 2.36 § 0.005 6.37§ 0.02 13.79 § 0.11
OVA/Alhydrogel�, RT 1.73 § 0.05 4.76§ 0.06 15.28 § 0.55
OVA/Alhydrogel�, 30�C 1.95 § 0.04 6.29§ 0.31 28.24 § 15.39
OVA/Alhydrogel�, 40�C 1.88 § 0.01 6.17§ 0.20 51.17 § 28.14

6 months
OVA/Alhydrogel�, FV 2.36 § 0.005 6.37§ 0.02 13.79 § 0.11
OVA/Alhydrogel�, RT 1.10 § 0.01 3.78§ 0.36 16.44 § 5.01
OVA/Alhydrogel�, 30�C 2.19 § 0.03 6.86§ 0.18 30.04 § 5.49
OVA/Alhydrogel�, 40�C 2.20 § 0.32 7.53§ 1.75 47.03 § 44.14

X10, X50, and X90 denote particle dimensions corresponding to 10%, 50%, and 90%
of the cumulative undersize distribution (FV, fresh vaccine; RT, room tempera-
ture). Data are mean § SD (n � 3).
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lyophilization led to significant aggregation of the OVA/
Alhydrogel� vaccine (Fig. 5). The feasibility of TFFD in single
vials is expected to allow the TFFD technology to be readily
adopted in existing freeze-drying facilities with minimal
modifications.

It is worth mentioning that besides TFFD, other freezing
and/or drying techniques are also explored to convert protein
products into dry powders.54-57 Spray freeze-drying has been
particularly studied to convert aluminum salt-adjuvanted vac-
cines into dry powder using various excipients (e.g., mixture of
glycine, mannitol, and dextran up to 10% w/v).58,59 Besides the
approach of converting aluminum salt-adjuvanted vaccine
from liquid suspension to dry powder, there are also reports
that certain excipients such as high concentrations of phos-
phate anions and histidine can help improve the thermal stabil-
ity of vaccine. In addition, polyols such as propylene glycol and
glycerol can help make vaccine insensitive to freezing.21,35-37

Neither one of those approaches alone will likely be universally
applicable to all vaccines, but it is certain, as demonstrated in
the present study, that technologies are available to make alu-
minum salt-adjuvanted vaccines thermostable.

In conclusion, using a model vaccine prepared by adsorbing
OVA onto Alhydrogel�, we confirmed that the vaccine dry

powder prepared using TFFD is stable in temperatures as high
as 40� C for 3 months and no longer sensitive to slow freezing.
Global immunization program may potentially benefit by inte-
grating TFFD into vaccine preparations.

Materials and methods

Preparation of OVA-adsorbed Alhydrogel� vaccine dry
powder

The OVA-Alhydrogel� vaccine was prepared by adding
25 mL of Alhydrogel� (2% w/v, or 10 mg/mL aluminum,
manufactured by Brenntag, and supplied by InvivoGen, San
Diego, CA) into a 50 mL tube followed by the addition of
25 mL of an OVA solution (1 mg/mL in phosphate-buff-
ered saline (PBS), pH 7.4, 10 mM, Sigma-Aldrich, St. Louis,
MO) and 1 g of trehalose (as a cryoprotectant) (Sigma-
Aldrich) to obtain a final formulation with 2% (w/v) of tre-
halose, »1% (w/v) of Alhydrogel�, and 0.5 mg/mL of OVA,
with a low 5 mM concentration of PBS. The size and size
distribution of the OVA-adsorbed Alhydrogel� in suspen-
sion was determined using a Sympatec Helos laser diffrac-
tion instrument equipped with an R3 lens (Sympatec
GmbH, Germany). The vaccine suspension was converted
into a dry powder using our previously reported thin-film
freeze-drying method.28-30 The powder was dried using a
VirTis AdVantage Bench Top Lyophilizer (The VirTis
Company, Inc. Gardiner, NY). Lyophilization was per-
formed over 72 h at pressures less than 200 mTorr, while
the shelf temperature was gradually ramped up from ¡40�

C to 26� C. After lyophilization, the solid dry vaccine pow-
der was transferred into a sealed container and stored in a
desiccator.60 The moisture content in the dried powder was
determined using a Karl Fisher Titrator Aquapal III from
CSC Scientific Company (Fairfax, VA).

To test the feasibility of preparing dry vaccine powder by
thin-film freeze-drying in a single vial, silanized glass vials were
used to provide the cryogenic surface for rapidly freezing the
liquid vaccine. Glass vials were submerged into liquid nitrogen
to make the cryogenic surface, with the mouth and neck of the
vials remaining in the air (not submerged). Using a pipette or
syringe, the OVA/Alhydrogel� vaccine liquid suspension with
2% of trehalose (w/v) (0.25–0.5 mL) was added drop wise into
the glass vials. Thin films of vaccine were quickly formed by
ultra-rapid freezing on the inner surface of the vial, which were
then lyophilized as mentioned above. After lyophilization, the
glass vials were quickly crimped, transferred to a sealed con-
tainer, and stored in a desiccator in room temperature before
further use. As a control, OVA/Alhydrogel� vaccine liquid sus-
pension in a glass vial was placed on the shelf on the lyophi-
lizer. The shelf temperature was gradually decreased from
room temperature to ¡40� C, and then ramped from ¡40� C
to 26� C over 72 h at pressures of less than 200 mTorr. To test
whether the above mentioned freeze-drying method signifi-
cantly affected the particle size distribution of the vaccine, the
lyophilized dry vaccine powder was reconstituted using water.
The particle size and particle size distribution were determined
using a Sympatec Helos laser diffraction instrument. As con-
trols, the particle size distribution profiles of freshly prepared

Figure. 4. Serum anti-OVA IgG levels in mice immunized with dry powder that was
subjected to 3 cycles of freezing-and-thawing (F/T) and then reconstitution or the
same OVA/Alhydrogel� liquid vaccine subjected to the same 3 cycles of freezing-
and-thawing. As controls, mice were immunized with freshly prepared OVA/
Alhydrogel� liquid vaccine or dry powder upon reconstitution. Female BALB/c
mice (n D 5) were injected (s.c.) on days 0, 14, and 28 with 5 mg of OVA per
mouse. Total anti-OVA IgG levels in serum samples were measured about 3 weeks
after the third immunization. Data are mean § SD (�p < 0.05, Fresh vaccine, after
F/T vs. other immunized groups).

Table 3. Effect of repeated freezing-and-thawing on the particle size and size dis-
tribution of OVA/Alhydrogel� vaccine dry powder.

X10 (mm) X50 (mm) X90 (mm)

OVA/Alhydrogel� FV 2.13§ 0.35 7.51 § 1.92 26.66 § 11.35
OVA/Alhydrogel� TFFD 2.83§ 0.06 7.58 § 0.21 22.27 § 2.15
OVA/Alhydrogel� FV, F/T 12.35 § 0.48 64.31 § 1.86 137.39 § 3.31
OVA/Alhydrogel� TFFD, F/T 1.36§ 0.05 5.01 § 0.29 16.15 § 2.19

The particle size distributions of freshly prepared OVA/Alhydrogel� liquid vaccine
(i.e., OVA/Alhydrogel� FV) or thin-film freeze-dried OVA/Alhydrogel� vaccine
powder after reconstitution (i.e., OVA/Alhydrogel� TFFD) were measured before
or after they were subjected to 3 cycles of freeze-and-thaw (F/T). X10, X50, and X90
denote particle dimensions corresponding to 10%, 50%, and 90% of the cumula-
tive undersize distribution. Data are mean § SD (n � 3).
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OVA/Alhyrogel� vaccine and the same OVA/Alhydrogel� vac-
cine that was subjected to TFFD using the previously reported
method and then reconstitution were also evaluated.30

Stability study

The OVA/Alhydrogel� dry powder was crimp-sealed with alu-
minum seals over rubber lids in silanized glass vials, which
were then stored in desiccators placed in room temperature
(i.e., 22–24� C) or in incubators (30� C or 40� C). As a control,
OVA/Alhydrogel� liquid suspension that was crimp-sealed
with aluminum seals over rubber lids in silanized glass vials
was also stored at 4�C, room temperature, 30� C, and 40� C. At
various time points (i.e., 1, 3, or 6 months later), the particle
size and size distribution of the vaccine, in liquid suspension or
reconstituted from dry powder, were determined using a Sym-
patec Helos laser diffraction instrument. The immunogenicity
of the vaccine was evaluated in a mouse model.

Chemical stability of the OVA protein desorbed from OVA/
Alhydrogel�

SDS-PAGE electrophoresis was used to evaluate the chemical
integrity of the OVA desorbed from Alhydrogel� after storage
as mentioned above. Briefly, OVA/Alhydrogel� dry vaccine
powder containing 1 mg of OVA was reconstituted and incu-
bated in the presence of sodium citrate (Sigma-Aldrich) to a
final concentration of 10% (w/v) at 37� C overnight. The sam-
ples were then centrifuged to collect the supernatant. Control
samples included reconstituted OVA-adsorbed Alhydrogel�

incubated similarly but in the absence of sodium citrate, freshly
prepared OVA/Alhydrogel�, and OVA alone. Samples were

mixed with a Laemmli sample buffer (Sigma-Aldrich) before
applied to 7.5% Mini-PROTEAN� TGXTM precast polyacryl-
amide gels (Bio-Rad Laboratories, Hercules, CA). Precision
plusTM protein standards (Bio-Rad) were also run along with
the samples at 130 V for 1 h. The gels were then stained in a
Bio-SafeTM Coomassie blue staining solution and scanned
using a Kodak Image Station 440CF (Rochester, NY).

Repeated freezing-and-thawing studies

Thin-film freeze-dried OVA/Alhydrogel� powder was placed
at ¡20� C for 8 h and then thawed at 4� C for 16 h for 3 cycles.
After the third cycle, the dry powder was reconstituted to (i)
measure its particle size and size distribution using a Sympatec
Helos laser diffraction instrument and (ii) evaluate its immuno-
genicity in a mouse model. As a control, OVA/Alhydrogel�

vaccine in liquid suspension was also subjected to 3 cycles of
freezing-and-thawing, and its particle size distribution and
immunogenicity were evaluated.

Animal studies

All animal studies were conducted following the US. National
Research Council Guide for the Care and Use of Laboratory
Animals. The Institutional Animal Care and Use Committee at
The University of Texas at Austin approved the animal proto-
col. Female BALB/c mice, 6–8 weeks of age, were from Charles
River Laboratories, Inc. (Wilmington, MA). Mice (n D 5) were
subcutaneously (s.c.) injected with OVA/Alhydrogel�, freshly
prepared, after storage, or after freezing-and-thawing cycles.
Mice were immunized on days 0, 14, and 28, and the dose of
OVA was 5 mg per mouse. As controls, mice were s.c. injected

Figure 5. Representative particle size distribution curves of OVA/Alhydrogel� vaccine before (i.e., OVA/Alhydrogel� , FV, &) and after it was subjected to thin-film freez-
ing on a pre-cooled rotating metal drum (OVA/Alhydrogel� , TFFD,B), thin-film freeze-drying on the inner surface of a silalized glass vial (OVA/Alhydrogel�, single vial
TFFD, D), or conventional tray-freezing (OVA/Alhydrogel�, Tray freezing, �), and then lyophilization and reconstitution (FV, fresh vaccine; TFFD, thin-film freeze-drying).
The experiment was performed with 3 replicates with similar results.
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with sterile PBS or OVA alone in PBS. Sixteen days after the
third dose, mice were bled, and the anti-OVA IgG levels in
serum samples were determined using enzyme-linked immu-
nosorbent assay (ELISA).61 Briefly, EIA/RIA flat bottom,
NUNC Maxisorp, 96-well plate (Thermo Fisher) were coated
with 1 ng/ml of OVA solution in carbonate buffer (0.1 M, pH
9.0) overnight at 4� C. Plates were blocked with horse serum
for one hour before adding the blood serum. Horse radish per-
oxidase (HRP)-labeled goat anti-mouse immunoglobulin (IgG,
5000-fold dilution, Southern Biotechnology Inc., Birmingham,
AL) was added into the plates, and the presence of bound anti-
body was detected in the presence of 3,30,5,50-tetramethylbenzi-
dine solution (TMB, Sigma–Aldrich). The absorbance was read
at 450 nm.

Statistics

Statistical analyses were conducted using analysis of variance
followed by Fischer’s protected least significant difference pro-
cedure. A p-value of < 0.05 (2-tail) was considered statistically
significant.
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