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Nanoparticles are an attractive vaccine carrier with potent adjuvant activity. Data from our previous
studies showed that immunization of mice with lecithin/glyceryl monostearate-based nanoparticles with
protein antigens conjugated onto their surface induced a strong, quick, and long-lasting antigen-specific
immune response. In the present study, we evaluated the feasibility of preserving the immunogenic-
ity of protein antigens carried by nanoparticles without refrigeration using these antigen-conjugated
nanoparticles as a model. The nanoparticles were lyophilized, and the immunogenicity of the antigens
accine storage
yophilization
ntibody response

was evaluated in a mouse model using bovine serum albumin or the Bacillus anthracis protective antigen
protein as model antigens. With proper excipients, the nanoparticles can be lyophilized while maintain-
ing the immunogenicity of the antigens. Moreover, the immunogenicity of the model antigen conjugated
onto the nanoparticles was undamaged after a relatively extended period of storage at room temperature
or under accelerated conditions (37 ◦C) when the nanoparticles were lyophilized with 5% mannitol plus
1% polyvinylpyrrolidone. To our knowledge, the present study represents an early attempt to preserve
the immunogenicity of the protein antigens carried by nanoparticles without refrigeration.
. Introduction

Cold chain refrigeration is required for the storage and distribu-
ion of most vaccines. One major challenge in vaccine development
s to develop formulations that do not require refrigeration.
roteins are increasingly used as antigens to prepare vaccines.
owever, proteins alone are generally only weakly immunogenic,
nd a vaccine adjuvant is needed to improve the immunogenicity
f the protein antigens (Clark and Cassidy-Hanley, 2005; Perrie et
l., 2008). A growing body of evidence demonstrated the feasibility
nd advantages of using nanoparticles as an adjuvant or delivery
ystem for protein antigens (Singh et al., 2007). It will be beneficial
f future nanoparticle-based vaccines can be stored without refrig-
ration, preferably at ambient temperature, while preserving the
mmunogenicity of the antigens. However, it is well known that

rotein pharmaceuticals in liquid formulations are rarely stable
nough for long-term storage. Usually, a dried solid state formu-
ation of proteins is prepared using methods such as lyophilization
o avoid or to slow down the degradation of the proteins, making
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it possible to store the protein pharmaceuticals for months or even
years at ambient temperature (Carpenter et al., 1997). To assure the
long-term stability of proteins in a dried solid state, the glass tran-
sition temperature (Tg) of the protein formulations must be higher
than the planned storage temperature so that molecular motion
and any associated degradation will be minimized (Carpenter et
al., 1997; Chang et al., 1996; Roy et al., 1992).

Previously, we reported the preparation of nanoparticles from
lecithin/glyceryl monostearate-in-water emulsions (Cui et al.,
2006; Sloat et al., 2010; Yanasarn et al., 2009), which have the
potential to serve as a universal protein-based antigen carrier
capable of inducing strong immune responses (Sloat et al., 2010).
Using two model antigens, bovine serum albumin (BSA) and the
B. anthracis protective antigen (PA) protein, we showed that mice
immunized with the BSA-conjugated nanoparticles (∼200 nm in
diameter) developed strong anti-BSA antibody responses compa-
rable to that induced by BSA adjuvanted with incomplete Freund’s
adjuvant, and stronger than that induced by BSA adsorbed onto
aluminum hydroxide as an adjuvant (Sloat et al., 2010). Mice immu-
nized with the PA-conjugated nanoparticles elicited a quick, strong,

and durable anti-PA antibody response that afforded protection of
the mice against a lethal dose of anthrax lethal toxin challenge
(Sloat et al., 2010). We attributed the potent adjuvant activity of
the nanoparticles to their ability to move the antigens into local
draining lymph nodes, to enhance the uptake of the antigens by

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:zhengrong.cui@austin.utexas.edu
dx.doi.org/10.1016/j.ijpharm.2010.04.003
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ntigen-presenting cells, and to activate the antigen-presenting
ells (Sloat et al., 2010).

In a preliminary study, we found that the immunogenicity of a
rotein antigen (BSA) conjugated onto the surface of the nanopar-
icles decreased significantly after only 1 month of storage at room
emperature in an aqueous suspension. Therefore, in the present
tudy, we aimed to use these antigen-conjugated nanoparticles as
model to evaluate the feasibility of developing a nanoparticle-

ased vaccine formulation that can be stored at a temperature
bove refrigeration temperature while maintaining the immuno-
enicity of the antigens. There have been extensive researches on
eveloping new technologies that allow the storage and distribu-
ion of vaccines while avoiding cold chain. So far, the most effective
pproach remains to be the formulation of the vaccines into a dried
olid form (Amorij et al., 2008; Chen and Kristensen, 2009). There
re many methods of drying, such as freeze drying, spray drying,
pray-freeze drying, vaccum drying, and supercritical fluid drying
Amorij et al., 2008). Because the freezing and/or drying processes
an significantly damage the protein antigens in a vaccine formu-
ation, excipients, often sugars, are used as a stabilizer during the
reezing and/or drying steps. It is expensive to use freeze drying
o generate a dried solid, but the damage to proteins during the
reeze drying is minimal, and there are plenty of industrial expe-
ience (Amorij et al., 2008). Mechanistically, it is believed that the
tabilizers allow the formation of a matrix of the vaccine embedded
n an amorphous sugar glass. The sugar glass provides a physical
arrier between particles and molecules and reduces the diffusion
nd mobility of molecules, and thus, prevent the aggregation and
egradation of the proteins (Amorij et al., 2008). Moreover, during
he drying process, the sugar replaces the water molecules in the
ydrogen-bonding interaction with the protein molecules and thus
elp preserve the integrity of the proteins (Amorij et al., 2008).

Data from the present study showed that storage in a lyophilized
orm may represent a viable approach to preserve the immuno-
enicity of the antigens carried by nanoparticles while avoiding
efrigeration.

. Materials and methods

.1. Preparation of nanoparticles

Nanoparticles were prepared as previously described (Sloat et
l., 2010). Briefly, soy lecithin (3.5 mg, Alfa Aesar, Ward Hill, MA)
nd glyceryl monostearate (GMS, 0.5 mg, Gattefosse Corp., Para-
us, NJ) were weighed into a 7-ml glass scintillation vial. One
illiliter of de-ionized and filtered (0.2 �m) water was added into

he vial, followed by heating on a hot plate to 70–75 ◦C with stir-
ing and brief intermittent periods of sonication (Ultrasonic Cleaner
odel 150T, VWR International, West Chester, PA). Upon forma-

ion of homogenous milky slurry, Tween 20 (Sigma–Aldrich, St.
ouis, MO) was added in a step-wise manner to a final concen-
ration of 1% (v/v). The resultant emulsions were allowed to stay at
oom temperature while stirring to form nanoparticles. The size
f the nanoparticles was determined to be 178 ± 20 nm using a
oulter N4 Plus Submicron Particle Sizer (Beckman Coulter Inc.,
ullerton, CA). To prepare the maleimide containing nanoparticles
m-NPs), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-
4-(p-maleimideophyl)butyramide] (Avanti Polar Lipids, Alabaster,
L), which has a reactive maleimide group, was included in the lipid
ixture (5%, w/w).
.2. Conjugation of protein antigens onto the nanoparticles

The conjugation of the protein antigens onto the nanoparticles
as completed as previously described (Cui et al., 2005; Sloat et
harmaceutics 393 (2010) 197–202

al., 2010). We used two antigens, BSA (69 kDa, isoelectric point
(pI) = 4.7) from Sigma–Aldrich and the protective antigen (PA) pro-
tein (83 kDa, pI = 5.6) from Biodefense and Emerging Infections
(BEI) Research Resources Repository (Manassas, VA). Prior to the
conjugation, the proteins were thiolated using 2-iminothiolane
(Traut’s Reagent, Sigma–Aldrich). The proteins were diluted into
phosphate buffered saline (PBS, 0.1 M with 3.0 mM EDTA, pH 8.0),
followed by the addition of Traut’s reagent (20 × molar excess) and
a 60 min incubation at room temperature. Thiolated proteins were
purified/desalted using a PD10 column (Amersham Biosciences,
Bellefonte, PA). To react the thiolated proteins with the m-NPs,
1 ml of freshly prepared m-NPs were mixed with the thiolated pro-
teins (1 mg BSA or 0.25 mg PA) in PBS (0.1 M, pH 7.4) and stirred
under N2 gas for 12–14 h at room temperature. Un-conjugated
proteins were removed by ultracentrifugation (1.0 × 105 × g). The
amount of proteins conjugated onto the nanoparticles was esti-
mated as previously described using fluorescein-labeled proteins
(Sloat et al., 2010). The size of the BSA-conjugated nanoparticles
was 201 ± 5 nm, and that of the PA-conjugated nanoparticles was
197 ± 6 nm. It was estimated that about 65–70 �g of the antigen
proteins (BSA or PA) were conjugated onto 1 mL of the nanoparti-
cles (∼14.2 mg by weight).

2.3. Lyophilization and storage of the nanoparticles

Thirty percent (w/v) stock solutions of potential lyoprotec-
tants (sucrose, dextrose, mannose, PVP (average molecular weight,
40,000), mannitol, lactose, and trehalose, all from Sigma–Aldrich)
were prepared with de-ionized and filtered (0.2 �m) water. To the
nanoparticles in suspension, an equal volume of twice the desired
concentration of the lyoprotectant was added. Upon complete mix-
ing, the nanoparticles were frozen in liquid nitrogen overnight
followed by lyophilization at −40 ◦C for about 24 h using a Free-
Zone 6 Liter Freeze Dry System (Labconco, Kansas City, MO). Water
was added to reconstitute the nanoparticles to a volume equal to
that prior to lyophilization. The number of inversions required for
the complete re-suspension of the nanoparticles was recorded.

In the storage study, BSA-conjugated nanoparticles were
lyophilized with 5% mannitol and 1% of PVP and sealed into 2 ml
amber vials with standard rubber stoppers and aluminum caps
(Wheaton Science Products, Millvile, NJ). The vials were then
stored in dark at −80 ◦C, 4 ◦C, room temperature (22–23 ◦C), or
37 ◦C for 2.5 months. The size of the nanoparticles did not change
significantly after the storage. For example, after 2.5 months at
37 ◦C, the size of the particles immediately after reconstitution
was 208 ± 11 nm, compared to its original size of 201 ± 5 nm. The
moisture content in the lyophilized cake after the 2.5 months of
storage was determined using a gravimetric method (Shackell,
1909). The weight of the dried samples (n = 3) before and after the
storage was measured and compared. Furthermore, each sample
was heated at an elevated temperature (> 100 ◦C) for 2 h, and the
final weight was used to determine the moisture accumulation dur-
ing the storage period. The weight gain (likely from water) was
0.18 ± 0.04%, 0.45 ± 0.11%, 0.47 ± 0.14%, and 0.30 ± 0.11% for the
−80 ◦C, 4 ◦C, room temperature, and 37 ◦C samples, respectively.
The PA-conjugated nanoparticles were lyophilized using the opti-
mal excipients found in the lyophilization of the BSA-nanoparticles.

2.4. Differential scanning calorimetry (DSC)

DSC measurements were carried out using a TA Instruments Dif-

ferential Scanning Calorimeter (New Castle, DE) to estimate the
glass transition temperature of the samples. Samples weighing
between 7 and 10 mg were sealed into the aluminum DSC pans,
which were placed in sample cells under nitrogen. Samples were
scanned from −20 ◦C to 200 ◦C at 10 ◦C/min. Mannitol, PVP, and the
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mice. As shown in Fig. 1, the anti-BSA IgG titer induced by the
BSA-nanoparticles after the storage was significantly lower than
that induced by the freshly prepared BSA-nanoparticles (p < 0.001),
demonstrating a significant loss of immunogenicity. Data from a
preliminary study showed that the size of the BSA-nanoparticles
B.R. Sloat et al. / International Journ

hysical blend of mannitol and PVP were scanned once and allowed
o cool before final measurements were taken. The Tg of the pure
VP was found to be about 168 ◦C.

.5. Immunization Studies

All mouse studies were carried out following NIH guidelines
or animal use and care. BALB/c mice (female, 6–8 weeks) were
rom Simonsen Laboratories, Inc. (Gilroy, CA). The vaccine for-

ulations were administered by subcutaneous injection. Except
here mentioned, mice (n = 5) were dosed with 5 �g of antigens

n days 0, 14, and 28, and euthanized and bled on day 42. As
ontrols, mice were either left untreated or vaccinated with 5 �g
f antigens adsorbed onto 50 �g aluminum hydroxide gel (Alum)
Spectrum Chemicals and Laboratory Product, New Brunswick, NJ).
n an initial mouse study, BSA-nanoparticles were stored at room
emperature as an aqueous suspension before being injected into

ice, where all three doses were prepared 1 month before the
rst injection. Mice in the control group were left untreated or

njected with freshly prepared BSA-nanoparticles. To understand
hether the lyophilization per se had altered the immunogenicity

f the antigens on the nanoparticles, BSA-nanoparticles or PA-
anoparticles were lyophilized, immediately reconstituted with
ater to its original volume prior to the lyophilization, and injected

nto mice within 30 min. To evaluate the immunogenicity of BSA-
anoparticles after 2.5 months of storage, BSA-nanoparticles were

yophilized, stored at the desired temperature for 2.5 months, and
econstituted within 30 min prior to injection into mice. In other
ords, the BSA-nanoparticles used for every dosing were stored

or 2.5 months.

.6. Enzyme linked immunosorbent assay (ELISA) and toxin
eutralization assay

The levels of anti-BSA and anti-PA IgG in serum samples were
etermined using ELISA (Sloat et al., 2010). EIA/RIA flat bot-
om, medium binding, polystyrene, 96-well plates (Corning Costar,
orning, NY) were coated with 100 ng of PA in 100 �l of carbon-
te buffer (0.1 M, pH 9.6) or BSA in PBS (10 mM, pH 7.4) overnight
t 4 ◦C. For anti-BSA Ab measurement, plates were washed with
BS/Tween 20 (10 mM, pH 7.4, 0.05% Tween 20) and blocked with
% (v/v) horse serum in PBS/Tween 20 for 1 h at 37 ◦C. Samples
ere diluted two-fold serially in 5% horse serum/PBS/Tween 20,

dded to the plates following the removal of the blocking solution,
nd incubated for an additional 3 h at 37 ◦C. The serum sam-
les were removed, and the plates were washed five times with
BS/Tween 20. Horse radish peroxidase (HRP)-labeled goat anti-
ouse immunoglobulin (IgG, 5000-fold dilution in 1.25% horse

erum/PBS/Tween 20, Southern Biotechnology Associates, Birm-
ngham, AL) was added into the plates, followed by another hour
f incubation at 37 ◦C. Plates were again washed five times with
BS/Tween 20. The presence of bound antibody was detected fol-
owing a 30 min incubation at room temperature in the presence of
,3′,5,5′-tetramethylbenzidine solution (TMB, Sigma–Aldrich), fol-

owed by the addition of 0.2 M sulfuric acid (Sigma–Aldrich) as
he stop solution. The absorbance was read at 450 nm. Anti-PA
gG was determined similarly; except that the 5% horse serum in
BS/Tween 20 was replaced by 4% (w/v) BSA in PBS/Tween 20 in
he plate blocking and the sample dilution steps. In addition, the
econdary antibody was diluted in 1% (w/v) BSA in PBS/Tween 20.
he antibody titers were determined by considering an OD value

igher than the mean plus two times of the standard deviation
mean + 2 × S.D.) of the negative control group as positive. Antibody
iters were reported as the anti-log2 values.

The lethal toxin neutralization assay was also completed as pre-
iously described (Sloat and Cui, 2006). In brief, confluent J774A.1
harmaceutics 393 (2010) 197–202 199

cells were plated (5.0 × 104 cells/well) in sterile, 96-well, clean-
bottom plates (Corning Costar) and incubated at 37 ◦C, 5% CO2
for 24 h. A fresh solution (50 �L) containing PA (400 ng/mL) and
lethal factor (100 ng/mL, BEI Resources) was mixed with 50 �L
of diluted serum samples and incubated for 2 h at 37 ◦C. The cell
culture medium was removed, and 100 �L of the serum/lethal
toxin mixture was added into each well and incubated for 3 h at
37 ◦C, 5% CO2. Cell viability was determined using an MTT (3-(4,5-
dimethyl-2-thiazolyl)-2, 5-diphenyl-2H-tetrazolium bromide) kit
(Sigma–Aldrich) with untreated and lethal toxin alone treated cells
as controls.

2.7. Statistics

Statistical analyses were completed using ANOVA followed by
the Fischer’s protected least significant difference procedure. A p-
value of ≤0.05 (two tail) was considered significant.

3. Results and discussions

3.1. Significant loss of immunogenicity when the
antigen-conjugated nanoparticles were stored as an aqueous
suspension

In the present study, we aimed at using the protein antigen-
conjugated nanoparticles previously developed in our laboratory
as a model to evaluate the feasibility of storing protein antigens
carried by nanoparticles at a temperature above refrigeration tem-
perature while maintaining the immunogenicity of the antigens.
It was expected that the immunogenicity of the protein antigens
conjugated onto the nanoparticles would be damaged significantly
when they were stored as an aqueous suspension. To confirm
it, the BSA-conjugated nanoparticles suspended in PBS were left
at room temperature for up to a month and used to immunize
Fig. 1. Significant decrease of immunogenicity when the BSA-conjugated nanoparti-
cles were stored as an aqueous suspension. BSA-conjugated nanoparticles (BSA-NPs)
were stored at room temperature in an aqueous suspension (BSA-NPs, Aq/RT) for
upto a month, and the anti-BSA IgG titer induced by them was compared to that of
freshly prepared BSA-NPs. Data shown are mean ± S.D. (n = 5) (anti-log2 values).
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ig. 2. The lyophilization of the BSA-conjugated nanoparticles. (A) The size of the BSA
ith water to its original volume. The concentration of the excipient was 5% (w/v)

ndicates that no excipient was used. “NPs” means the freshly prepared BSA-nano
eeded to reconstitute the lyophilized BSA-nanoparticles. Data are mean ± S.D. (n =

ncreased from 201 ± 5 nm to 255 ± 8 nm when stored as an aque-
us suspension at room temperature for only 7 days. Therefore,
t was likely that particle aggregation had contributed to the loss
f the immunogenicity. However, it is unclear to what extent the
oss of immunogenicity was caused by the chemical degradation
f the BSA proteins during the storage. In the following studies,
e used this nanoparticle system as a model to test the feasibility

o lyophilize the antigen-conjugated nanoparticles and to preserve
he immunogenicity of the protein antigens carried by nanoparti-
les by storing the nanoparticles in a freeze-dried formulation.

.2. Lyophilization of the antigen-conjugated nanoparticles:
article size, cake formation, and reconstitution

Based on previous data on the storage of protein pharmaceu-
icals, we hypothesized that the immunogenicity of the protein
ntigens conjugated onto nanoparticles can be preserved at a tem-
erature above refrigeration if the nanoparticles are to be stored in
dried solid formulation. Therefore, we first evaluated the feasi-

ility of lyophilizing the protein antigen-conjugated nanoparticles.
SA-conjugated nanoparticles were frozen and lyophilized using
everal protectants. As shown in Fig. 2A, mannitol and sucrose at
% adequately preserved the size of the BSA-nanoparticles. The 5%
as chosen because it was found to be sufficient to protect the
ntigen-free nanoparticles during the freezing step (Sloat and Cui,
npublished data). Although dextrose helped preserve the size of
he BSA-nanoparticles, it was not further considered because it is a
educing sugar and should be avoided in the lyophilization of pro-
eins (Wang, 2000). Interestingly, the size of the BSA-conjugated
particles lyophilized with different excipients and immediately after reconstitution
sucrose, Dex: dextrose, Mans: mannose, Mann: mannitol, Tre: trehalose.) “None”

les. (B) Photos of the lyophilized BSA-nanoparticles. (C) The number of inversions

nanoparticles did not change after the lyophilization even with-
out any protectant (Fig. 2A). It is likely that the polymeric BSA
molecules conjugated on the surface of the nanoparticles helped
prevent the aggregation of the BSA-nanoparticles because a proper
lyoprotectant was required to successfully lyophilize the uncon-
jugated nanoparticles (Sloat and Cui, unpublished data). However,
an aesthetically appealing lyophilized cake was not formed when
a lyoprotectant was not used (Fig. 2B). Only when mannitol was
used, an elegant, un-collapsed cake was formed (Fig. 2B), and the
cake required the fewest number of inversions to completely recon-
stitute (Fig. 2C). In future studies, we will examine whether the
lyophilization has been placed above the collapse temperature for
the formulations lyophilized with sucrose or trehalose.

3.3. Lyophilization of antigen-conjugated nanoparticles using
mannitol (5%) and PVP (1%) as excipients did not alter the
immunogenicity of the antigen

Sugars such as trehalose and sucrose with a relatively high glass
transition temperature (Tg) are typically used as the primary excip-
ient to formulate dried vaccines (Chen and Kristensen, 2009), but
our data in Fig. 2 clearly showed that mannitol at 5% was optimal to
lyophilize the BSA-nanoparticles. However, mannitol has a very low
glass transition temperature of 11–14 ◦C (Kim et al., 1998), making

it unlikely to store the dried antigen-conjugated nanoparticles at a
temperature above room temperature (22–23 ◦C) while preserving
the immunogenicity of the antigen proteins. Therefore, we tested
the feasibility of including the polymeric PVP as a co-protectant
to lyophilize the BSA-nanoparticles. PVP (MW 40,000) has a Tg of
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Fig. 3. The lyophilization did not damage the immunogenicity of the antigens conjugated onto the surface of the nanoparticles. (A) Lyophilization of the BSA-nanoparticles
using both mannitol and PVP. (B) The lyophilized, antigen-conjugated nanoparticles (freeze-dried) were as immunogenic as the freshly prepared ones (fresh). BSA and
protective antigen (PA) protein were used as model antigens. For the PA, a PA adsorbed onto Alum (Ag/Alum) group was included as a control. For each dosing, freshly
p tuted
f um sa
f mic
m

1
s
W
t
o
(
i
5
w
o
R
1
p
s

i
u
a
t
e
T
t
a

l
w
W
i
a
2
n
p
a
l
t
i
l
p
i
a
c
b
m
A
f
g

BSA-nanoparticles stored for 2.5 months at room temperature
was not different from that induced by the freshly prepared BSA-
nanoparticles. In fact, storage of the lyophilized BSA-nanoparticles
at 37 ◦C for 2.5 months also did not cause any detectable change

Fig. 4. After 2.5 months of storage at 37 ◦C, room temperature (RT), 4 ◦C, or −80 ◦C,
repared antigen-conjugated nanoparticles were lyophilized, immediately reconsti
rom 5 mice per group. (C) The anthrax lethal toxin neutralization activity of the ser
reshly prepared PA-NPs. Neg Ctrl means un-immunized mice. Serum samples from

easurements.

60–168 ◦C. It also has a favorable safety profile, even when injected
ubcutaneously or intramuscularly (La-Chapelle, 1966; Wade and

eller, 1994). Blending it into the mannitol can potentially increase
he Tg of the lyophilized powder of the BSA-nanoparticles. More-
ver, in a preliminary study, we found that the inclusion of the PVP
1%) slightly, but significantly, increased the antibody responses
nduced by the antigen-conjugated nanoparticles lyophilized with
% mannitol (Sloat and Cui, unpublished data). Shown in Fig. 3A
as the effect of PVP at various concentrations, with and with-

ut mannitol (5%), on the size of the lyophilized BSA-nanoparticles.
econstituted BSA-nanoparticles lyophilized with 5% mannitol and
% PVP had a particle size most close to that of the freshly pre-
ared BSA-nanoparticles (Fig. 3A), and thus, were chosen for further
tudies.

To test whether the lyophilization step had damaged the
mmunogenicity of the antigen, the BSA-nanoparticles lyophilized
sing 5% mannitol plus 1% PVP were immediately reconstituted
nd used to immunize mice. As shown in Fig. 3B, the anti-BSA IgG
iter induced by the lyophilized BSA-nanoparticles was not differ-
nt from that induced by the freshly prepared BSA-nanoparticles.
herefore, the lyophilization step per se did not change the size of
he nanoparticles, nor did it damage the immunogenicity of the
ntigens conjugated onto the nanoparticles.

In order to test whether the antisera induced by the
yophilized antigen-conjugated nanoparticles were still functional,

e replaced the BSA antigen with the PA protein of B. anthracis.
hen the PA protein was used as an antigen, the neutralizing activ-

ty of the anti-PA antibodies induced can be easily measured using
n in vitro anthrax lethal toxin neutralization assay (Sloat and Cui,
006). Again, the anti-PA IgG titer induced by the lyophilized PA-
anoparticles was not different from that induced by the freshly
repared PA-nanoparticles (Fig. 3B). More importantly, the anti-PA
ntisera induced by the lyophilized PA-nanoparticles had a simi-
ar anthrax lethal toxin neutralization activity as those induced by
he freshly prepared PA-nanoparticles, as illustrated by their abil-
ty to protect the mouse J774A.1 macrophages from the anthrax
ethal toxin (Fig. 3C). Anthrax lethal toxin is comprised of the PA
rotein and the lethal factor protein. The PA protein is non-toxic

tself, but it is required to transport the lethal factor into cells such
s macrophages, and the lethal factor is toxic only when inside
ells (Young and Collier, 2007). Therefore, neutralizing anti-PA anti-

odies can prevent the lethal factor from entering the J774A.1
acrophages and protect them from the toxicity of the lethal toxin.
pparently, the lyophilization step did not cause any detectable

unctional damage to the immunogenicity of the antigens conju-
ated onto the nanoparticles.
with water to its original volume, and then injected into mice. Data are mean ± S.D.
mples from mice immunized with lyophilized/freeze-dried PA-NPs (PA-NPs FD) or

e in individual group were pooled, and the data reported were mean ± S.D. from 4

3.4. The immunogenicity of the antigens conjugated onto the
nanoparticles can be potentially preserved without refrigeration

To test whether the immunogenicity of the antigens conjugated
onto the surface of the nanoparticles can be potentially preserved
by storing the nanoparticles in a lyophilized solid form at a tem-
perature above refrigeration temperature, the BSA-nanoparticles
lyophilized with 5% mannitol plus 1% PVP were stored at room
temperature or 37 ◦C in sealed amber vials for 2.5 months and
used to immunize mice. The anti-BSA IgG titers induced by the
stored nanoparticles were then compared to that induced by the
freshly prepared BSA-nanoparticles. As controls, the lyophilized
BSA-nanoparticles were also stored at −80 ◦C or 4 ◦C for 2.5 months.
As shown in Fig. 4, the anti-BSA IgG titer induced by the lyophilized
the lyophilized BSA-conjugated nanoparticles were as immunogenic as the freshly
prepared BSA-conjugated nanoparticles. Groups of mice (n = 5) were dosed every
2 weeks with 5 �g of BSA 3 times and bled 1 week after the last dosing. The BSA-
nanoparticles used for each dosing were prepared separately and stored for 2.5
months before reconstitution and injection. BSA-NPs means freshly prepared BSA-
conjugated nanoparticles. Data are mean ± S.D.
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n the immunogenicity of the BSA-nanoparticles (Fig. 4). This was
robably due to the vitrification of the BSA-nanoparticles with
he PVP and mannitol (Crowe et al., 1998), which resulted in

lyophilized powder with a relatively high Tg of 58–59 ◦C, as
ompared to 13–14 ◦C for the BSA-nanoparticles lyophilized in
annitol alone. A 2.5-month storage at 37 ◦C could be equal to

bout 20 months at room temperature (22 ◦C), assuming an acti-
ation energy (Ea) value of 24.5 kcal/mol (Connors et al., 1985).
learly, although a longer term of storage study has to be completed
o confirm it, our data suggested that refrigeration can be poten-
ially avoided while preserving the immunogenicity of the antigens
onjugated onto the nanoparticles by storing the nanoparticles in a
reeze-dried formulation. Although the lyophilization of nanopar-
icles is not new, the present study represented a successful early
ffort towards the development of a nanoparticle-based vaccine
ormulation that can be stored and distributed while avoiding the
old chain.

. Conclusions

In conclusion, we showed that protein antigen-conjugated
anoparticles can be lyophilized without damaging the immuno-
enicity of the antigens, and that the immunogenicity of the
ntigens can potentially be preserved by storing the nanoparti-
les in a lyophilized powder form while avoiding the cold chain
n vaccine storage and distribution. This approach is likely applica-
le to protein antigens in other nanoparticle formulations. We are
lanning to test the feasibility of developing an antigen-conjugated
anoparticle formulation with a shelf-life of up to 2 years at ambi-
nt temperature.
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