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a  b  s  t  r  a  c  t

Preventing  losses  in vaccine  potency  due  to accidental  freezing  has recently  become  a  topic  of interest  for
improving  vaccines.  All  vaccines  with  aluminum-containing  adjuvants  are  susceptible  to  such  potency
losses.  Recent  studies  have  described  excipients  that  protect  the  antigen  from  freeze-induced  inactiva-
tion,  prevent  adjuvant  agglomeration  and  retain potency.  Although  these  strategies  have  demonstrated
success,  they  do not  provide  a mechanistic  understanding  of  freeze–thaw  (FT)  induced potency  losses.  In
the current  study,  we  investigated  how  adjuvant  frozen  in  the  absence  of  antigen  affects  vaccine  immuno-
genicity  and whether  preventing  damage  to the  freeze-sensitive  recombinant  hepatitis  B  surface  antigen
(rHBsAg)  was  sufficient  for maintaining  vaccine  potency.  The  final  vaccine  formulation  or  Alhydrogel®

alone  was  subjected  to three  FT-cycles.  The  vaccines  were  characterized  for  antigen  adsorption,  rHB-
sAg  tertiary  structure,  particle  size  and  charge,  adjuvant  elemental  content  and  in-vivo  potency.  Particle
agglomeration  of  either  vaccine  particles  or adjuvant  was  observed  following  FT-stress.  In vivo  studies
demonstrated  no  statistical  differences  in IgG responses  between  vaccines  with  FT-stressed  adjuvant
and  no  adjuvant.  Adsorption  of  rHBsAg  was  achieved;  regardless  of  adjuvant  treatment,  suggesting  that
the  similar  responses  were  not  due  to soluble  antigen  in  the  frozen  adjuvant-containing  formulations.
All  vaccines  with  adjuvant,  including  the non-frozen  controls,  yielded  similar,  blue-shifted  fluorescence
emission  spectra.  Immune  response  differences  could  not  be traced  to differences  in the  tertiary  structure
of the  antigen  in  the  formulations.  Zeta  potential  measurements  and  elemental  content  analyses  suggest

that  FT-stress  resulted  in a significant  chemical  alteration  of  the  adjuvant  surface.  This  data  provides  evi-
dence  that  protecting  a freeze-labile  antigen  from  subzero  exposure  is insufficient  to maintain  vaccine
potency.  Future  studies  should  focus  on  adjuvant  protection.  To our  knowledge,  this  is the  first  study  to
systematically  investigate  how  FT-stress  to  adjuvant  alone  affects  immunogenicity.  It  provides  definitive
evidence  that this  damage  is  sufficient  to reduce  vaccine  potency.

©  2014  Elsevier  Ltd. All  rights  reserved.
. Introduction
Antigens have been combined with aluminum-containing
djuvants since 1926, when Glenny and colleagues originally
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precipitated diphtheria toxoids with alum and observed an
improved immune response over a soluble antigen inocula-
tion [1]. Today, the majority of the recommended vaccines for
children are formulations with the antigen adsorbed onto an
aluminum-containing adjuvant. An important formulation and sta-
bility concern for vaccines with aluminum-containing adjuvants is
their reduced efficacy following freeze–thaw (FT) stress. Exposure
to FT stress results in agglomeration of the vaccine particles and

vaccine potency loss.

For vaccines with aluminum-containing adjuvants, there is a
narrow range of temperatures at which the vaccines are sta-
ble during storage: 2 ◦C to 8 ◦C. The cold chain vulnerability has
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een documented in the developing and developed world during
oth transport and storage [2–5]. In 2012, the DHHS audited 45
roviders for vaccine management practices, and 89% did not meet
ualifications for adherence to the CDC’s temperature monitoring
equirements. Furthermore, 42% were found to have refrigerators
t less than 2 ◦C for five or more hours during a two  week time
eriod [5].

Vaccines that have been damaged following accidental freezing
hould not be used, but discarded. It is not always ideal, however, to
iscard a vaccine if accidental freezing is only suspected, especially
hen the result is an unimmunized population and usable vaccines

n the trash. Nevertheless, it is also important to not provide a false
ope of protection by immunizing with damaged vaccines. One way
o minimize the risk of administering a previously frozen vaccine at
he point-of-use is to use the shake test. This qualitative test relies
n correctly evaluating relative rates of vaccine particle sedimenta-
ion. It has been widely reported that following freeze-thaw stress,
T-stressed vaccines have large agglomerates with faster sedimen-
ation rates [6–8]. A validation study by the WHO  determined that,
hen performed correctly, the shake test could identify previously

rozen vaccines with aluminum-containing adjuvants with 100%
ccuracy [6]. There are two major problems with the shake test.
irst, the shake test is not always performed. In addition, if the per-
onnel are improperly trained in conducting this assay, accurate
ssessment of vaccine quality is not guaranteed [9].

The characteristic size range of the particles in vaccines with
luminum-containing adjuvants has been reported to be on the
rder of 1–10 �m,  with the average size less than 5 �m [10–12]. A
ut-off size for adjuvants to retain their immune-stimulating prop-
rties has been suggested to be less than 10 �m [12]. Particles larger
han 10 �m in size have been reported to yield decreased anti-
en uptake by antigen presenting cells (APC) [13]. It has also been
bserved that the particle surface area affects the resulting IgE and
gG2 reactions. Specifically, the large surface area of small particles
as been suggested to promote cell contact and cellular responses
14]. Most recently, the freezing of aluminum-containing vaccines
as reported to result in disruption of the antigen-adjuvant lat-

ice. The formation of aluminum clusters, based on microscopy and
ncreases in the analyzed aluminum content of the particles, was
ttributed to the lattice disruption [15]. Although particle agglom-
ration is a likely reason for reduced immune response, it may  not
e the only cause. In our previous publications, we have reported

osses on the order of only 10% of the particles that were under
0 �m in size (sizes evaluated 1.5 to 9.0 �m)  but significant losses
f potency [16,17]. We  hypothesize that some of the loss in anti-
ody response when using vaccines subjected to FT stress may  be
ue to antigen FT instability.

To test our hypothesis, this study compares the total anti-
HBsAg IgG response in mice following administration of a
on-stressed rHBsAg vaccine, a vaccine containing rHBsAg formu-

ated with FT-treated Alhydrogel®, or soluble rHBsAg. We  further
nvestigated FT-induced physicochemical alterations to the vac-
ine based on extent of antigen adsorption, tertiary structure of
he adsorbed antigen, adjuvant zeta potential, vaccine particle size
istribution and adjuvant microscopic structural/elemental analy-
es. To the best of our knowledge, this is the first study to evaluate
he effect of damaging the adjuvant alone on vaccine potency.

. Material and methods

.1. Vaccine preparation
A Saccharomyces cerevisiae-derived recombinant hepatitis B sur-
ace antigen (rHBsAg), subtype adw (purity >98%) was  purchased
rom Advanced Immunochemical Services, Inc. (Long Beach, CA).
 (2014) 3765–3771

Aluminum hydroxide adjuvant (Alhydrogel® 2%) was purchased
from Accurate Chemical and Scientific Corporation (Westbury, NY).
Sodium phosphate monobasic anhydrous (USP), dibasic anhydrous
(USP) and sodium chloride (ACS) were purchased from Fisher Sci-
entific. Distilled de-ionized water was  used to prepare the buffers.
Buffers were filtered with 0.22 �m Stericup filter units (Millipore,
Billerica, MA)  prior to use. Stock protein solutions of 0.3 mg/ml
rHBsAg were prepared in 1.5-ml lo-bind microcentrifuge tubes
(Eppendorf, Hamburg, GERMANY). Stock Alhydrogel® suspensions
(1.8 mg  Al/ml) were prepared in 15-ml conical tubes (Fisher Scien-
tific, Pittsburgh, PA). The formulation buffer for both was 9 mg/ml
NaCl, 0.78 mg/ml  Na2HPO4, 0.54 mg/ml  NaH2PO4 buffer, referred
to hereon as phosphate buffer. Borosilicate vials with butyl rub-
ber stoppers and aluminum seals were purchased from Wheaton
(Millville, NJ).

Samples were prepared in 2-ml borosilicate vials aseptically in
a laminar-flow hood. Samples designated for FT treatment were
settled at room temperature for 1 h prior to placement at −20 ◦C.
Twenty-two hours later, the frozen samples were removed from
the freezer to thaw at room temperature for 2 h. This was repeated
two additional times, such that all FT-stressed samples underwent
three FT-cycles. Three rHBsAg vaccine formulations (see Table 1)
were prepared at a final concentration of 50 �g/ml HBsAg with
1.5 mg/ml  Alhydrogel®. A fourth formulation was 50 �g/ml rHBsAg
in phosphate buffer. All formulations were prepared in triplicate. In
accordance with the designated timing of the final vaccine prepa-
ration (see Table 1), vaccines containing adjuvant were rotated on
a bench-top rotisserie for 15 min  at room temperature to facilitate
antigen adsorption. For the formulation in which only the adju-
vant was  frozen (i.e., Alhydrogel® 3FT @ −20 ◦C), antigen adsorption
was conducted at the conclusion of the final 2-h thawing time. For
vaccine formulation characterizations, samples were diluted to a
final concentration of 20 �g/ml rHBsAg with or without 600 �g/ml
Alhydrogel®.

2.2. rHBsAg vaccine formulation characterization

2.2.1. Particle sizing
Vaccine formulation particle sizing and counting was conducted

using microflow imaging with a digital particle analyzer (DPA)
model DPA 4100 (Protein Simple, Santa Clara, CA). For all for-
mulations, the instrument was  in the “set point 3” configuration
(100 �m flow cell, low magnification and open diaphragm). This
mode allows for a minimum particle size detection of 1 �m [18,19].
The formulation buffer was  used as the diluent, and measurements
of diluent were analyzed for background. For analysis, sam-
ple measurements were grouped in the following size intervals:
1.0–3.0 �m,  3.0–6.0 �m,  6.0–9.0 �m,  9.0–12.0 �m,  12.0–15.0 �m
and 15.0–30.0 �m.

Particle sizing and counting of adjuvant samples were con-
ducted using an AccuSizer 780 SIS (Particle Sizing Systems, Port
Richey, FL). This technique combines light scattering and light
obscuration detectors to cover a size range of 0.5–500 �m. The
adjuvant sample measurements were grouped in the following
size intervals: 0.5–1.0 �m,  1.0–3.0 �m,  3.0–6.0 �m,  6.0–9.0 �m,
9.0–12.0 �m,  12.0–15.0 �m and 15.0–30.0 �m.  Analysis of this data
was truncated at the 15.0–30.0 �m bin to correlate with the MFI
data. No particles above 60 �m were detected, and the excluded
data represents less than an additional 1% of the total particle count.

2.2.2. Determination of anti-rHBsAg IgG by ELISA

Immulon-1B high-binding polystyrene plates (Thermo Fisher

Scientific Inc., Waltham, MA)  were coated by incubating each well
with 100 �l of 5 �g/ml goat anti-rHBsAg (ad/ay) (Meridian Life Sci-
ence, Inc., Memphis, TN) in sodium bicarbonate/carbonate buffer
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Table  1
Administered vaccine formulations.

Abbreviation Contains Alhydrogel®? FT-treated? rHBsAg adsorbed prior to FT stress?

1 Positive Control vaccine (4 ◦C) AH/HB Yes No N/A
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range (Fig. 1). Vaccines subjected to three 24-h FT cycles at −20 ◦C
resulted in agglomerated particles and yielded an altered particle
size distributions when compared to the Positive Control (AH/HB)
(Fig. 1). This was consistent with results previously reported by

Fig. 1. The effect of three 24-h FT cycles at −20 ◦C on the agglomeration of vac-
cine  formulations containing Alhydrogel® , (AHFT/HBFT) and FT-treated Alhydrogel®

(AHFT/HB) vaccines compared to Positive Control (AH/HB) vaccine was measured
2  FT-treated conventional vaccine (3FT @ −20 C) AHFT/HBFT

3  FT-treated Alhydrogel® vaccine (3FT @ −20 ◦C) AHFT/HB 

4  Soluble rHBsAg (no adjuvant): antigen alone baseline HB 

100 mM and pH 9.3) overnight at 4 ◦C. Plates were washed three
imes (3×)  with 8 mM Na2HPO4, 150 mM NaCl, 2 mM KH2PO4,

 mM KCl, 0.05% Tween® 20, pH 7.4 (1×  PBS-T) using a plate washer
ELx405 Auto Plate Washer, Bio-Tek Instruments, Inc., Winooski,
T). The plates were then blocked with a solution of 50 mM Tris,
00 mM NaCl, 0.1% NaN3, and 1% BSA (TNN) for 30 min. After-
ards, the plates were rinsed 3× with 1× PBS-T, and then 100 �l

f 1.67 �g/ml rHBsAg in TNN was added to each well. Uncaptured
HBsAg was removed by rinsing 3× with 1× PBS-T. Appropriate
ilutions of sera and/or positive control (mouse monoclonal HBsAg

gG1 (MyBioSource, San Diego, CA)) in TNN were added. After wash-
ng (3×)  with 1× PBS-T, 1:1000 horseradish peroxidase (HRP) goat
nti-mouse IgG, Fcϒ (Jackson ImmunoResearch Laboratories, Inc.,
est Grove, PA) with 20 mM Tris, 150 mM NaCl and 1% BSA (TBS-T)
as added to each well. Plates were washed 5× with PBS-T, and the
RP substrate TMB  (3,3′,5,5′-tetramethylbenzidine) (1-step Ultra
MB-Substrate, Thermo Fisher Scientific Inc. (Waltham, MA)  was
dded to all wells. The reaction was allowed to proceed for up to
0 min. The reaction was stopped by addition of 2 M H2SO4, and the
ptical density measured at 450 nm (EL×808 Microplate Reader,
io-Tek Instruments, Inc., Winnoski, VT).

.2.3. Antigen adsorption
The amount of rHBsAg adsorbed to Alhydrogel® was  measured

y analyzing the supernatant using a microBCA kit (Pierce, Rock-
ord, IL). An rHBsAg standard curve was generated and used to
nterpolate the value in the supernatant. The amount adsorbed was
alculated by subtracting the interpolated value from the amount
n the control.

.2.4. Intrinsic tryptophan fluorescence spectroscopy
The tertiary structure of rHBsAg was analyzed using a Quan-

aMaster spectrofluorometer (Photon Technologies International,
awrenceville, NJ). An excitation wavelength of 280 nm was used
nd emission was monitored from 295 to 400 nm. The data were
nalyzed starting at 310 nm to minimize scattering effects. Front
ace fluorescence sampling geometry was attempted for all sam-
les. Samples were settled overnight in the cuvettes, and the
esulting cakes were analyzed. Front face fluorescence geome-
ry was not useful for the conventional vaccine formulation that
as frozen (i.e., AHFT/HBFT) because the vaccine particle layer was

oo compact; therefore, this sample was analyzed suspended in a
quare cuvette. The emission peak positions were determined by
rocessing the spectra using Origin version 7.0 software. Initially, a
-point Savitsky–Golay smoothing function was  applied to all spec-
ra. The peak positions were then determined using first derivative
nalysis.

.2.5. Particle zeta potential
The zeta potential of each sample (with and without rHB-
Ag) was measured with a Zetasizer Nano Series ZS (Malvern,
estborough, MA). Samples were diluted and resuspended in the

ormulation buffer. Three readings of each sample were averaged as
ne of the triplicate sample values for zeta potential measurement.
es Yes Yes
es Yes No
o No N/A

2.2.6. Scanning electron microscopy and energy dispersive
spectroscopy

Alhydrogel® samples at 600 �g Al3+ with no rHBsAg were exam-
ined by scanning electron microscopy. Samples were washed with
sterile water in triplicate prior to analysis. A 5 �l volume of sus-
pended adjuvant was  mounted onto a silicon wafer. The samples
were dried overnight at room temperature and micrographed at
300× and 4000× using the scanning microscope JEOL 6480LV(JEOL,
Peabody, Massachusetts) with an electron beam energy of 5 kV. Ele-
mental content was determined using a NORAN System SIX Energy
Dispersive X-ray Spectrometer (EDS) (Thermo Scientific, Waltham,
MA).

2.3. In-vivo immunogenicity

All animal experiments were approved and conducted accord-
ing to the University of Colorado Institutional Animal Care and
Use Committee. For antibody studies, five 5-week old female
BALB/c mice (Jackson Laboratory, Bar Harbor, ME)  per formula-
tion were used. Mice were injected on day 0 with a total volume
of 100 �l/mouse (50 �l intramuscularly in each hind-leg). Serum
samples were collected every two weeks through day 28.

3. Results and discussion

3.1. Particle size and count distribution following freeze-thaw
(FT) stress

The particle size distribution in terms of particle counts were
evaluated for all vaccines formulations containing Alhydrogel®.
The majority of particles in all formulations are in the 1.0–3.0 �m
using MFI. Total particle count data was evaluated by binning the data in narrow
size bins between 1.0 �m and 30.0 �m. (results of two-way ANOVA analyses with
Tukey’s post-test to compare the control mean values to the FT-treated Alhydrogel®

(AHFT/HB) vaccine: error bars the standard deviation of three independent repli-
cates.).
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Fig. 2. The number of nanoparticles in Alhydrogel® (AH) samples (no rHBsAg) down
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Fig. 3. Intrinsic fluorescence emission peak position: Positive Control (AH/HB), FT-
treated Alhydrogel® (AHFT/HB) and soluble rHBsAg (HB) vaccines. (Results of one-
o  0.5 �m were measured using an Accusizer particle sizer. (Results of two-way
NOVA analyses with Tukey’s post-test: error bars the standard deviation of three

ndependent replicates.).

ur own group and others [20–22]. There were no statistical differ-
nces in the total particle counts in the less than 3.0 �m bin across
he conventional vaccine formulations (i.e., AH/HB and AHFT/HBFT),
egardless of thermal treatment (Fig. 1). In contrast, the FT-treated
lhydrogel® vaccine formulation had significantly more particles

n this size range than either conventional vaccine formulation.
oth frozen formulations had significantly more particles than the
ositive Control vaccine in the 3.0–6.0 �m range. These results sug-
est that the 1.0–3.0 �m range is being repopulated during the
T-treatment.

Aluminum hydroxide adjuvant has a primary particle size on
he order of 10 nm [11]. The 1.0–10.0 �m particles that are often
escribed as being the adjuvant particle is in fact a porous agglom-
rate of these primary nanoparticles. The increases in the numbers
f particles in the 1.0–10.0 �m range in the FT-treated formula-
ions relative to the Positive Control vaccine suggest that (1) large
gglomerates were broken into smaller particles due to shear dur-
ng the MFI  measurement and/or (2) populations of nanoparticles
gglomerated to yield micron-sized particles after the FT-stress.
hese phenomena would also explain the similar particle counts
or the 1.0–3.0 �m range of the Positive Control and the AHFT/HBFT
accines despite a larger particle count in the 3.0–6.0 �m range for
he AHFT/HBFT vaccine (Fig. 1).

A limitation of MFI  is that it cannot measure particles below
.0 �m.  To explore the possibility that nanoparticles in the for-
ulation agglomerate, a particle sizer based on light scattering

nd light obscuration was used. Unlike MFI, the light scattering
etector can detect nanoparticles. The Accusizer is reported to mea-
ure particles down to 0.5 �m [23]. To investigate the possibility
hat nanoparticles repopulated the 1.0–3.0 �m range, a separate
tudy comparing non-stressed and FT-stressed Alhydrogel® prepa-
ations lacking antigen was conducted. The results, presented in
ig. 2, indicate that not only did nanoparticles exist in the non-FT-
tressed Alhydrogel® but they accounted for a majority of particles
easured by the Accusizer. Moreover, this technique yielded a

tatistically significant decrease in the number of particles in the
.5–1.0 �m range following FT-stress that was concurrent with a
tatic particle count in the 1.0–3.0 �m range (Fig. 2).

.2. Antigen adsorption and tertiary structure of adsorbed rHBsAg
The current convention for formulations with aluminum-
ontaining adjuvants is that the antigen should be adsorbed [24].
he World Health Organization requires that in diphtheria and
etanus toxoid vaccines at least 80% of those antigens be adsorbed
way ANOVA analyses with Tukey’s post-test to compare the mean values to rHBsAg
solution state: error bars the standard deviation of three independent replicates).

to aluminum [25]. In all formulations with Alhydrogel®, the amount
of rHBsAg in solution following adsorption was below the limit of
detection of the microBCA assay (i.e., less than 2 mg/ml; data not
shown). Thus, the microBCA assay indicated that all vaccine formu-
lations with adjuvant met  the conventional formulation criteria.

The tertiary structures of adsorbed and solution-state rHBsAg
were evaluated using intrinsic fluorescence spectroscopy, a tech-
nique that is very sensitive to changes in the local environment of
tryptophan (Trp). This type of measurement provides insight into
the polarity of the Trp environment. Using excitation wavelengths
of 280 nm or 295 nm,  the emission spectra peak maxima range for
proteins is typically ∼308 nm to ∼350 nm,  correlating to Trp in non-
polar or polar environments, respectively. A decrease in the average
polarity of the Trp environment results in a blue shift in the spectral
peak. Exposure to a more polar environment results in a red shift
of the emission peak [26].

The emission peak maximum for rHBsAg in solution was at
331.0 ± 0.9 nm,  indicating the Trp residues are in a relatively apo-
lar environment. When rHBsAg was adsorbed to Alhydrogel® in
the Positive Control (AH/HB) vaccine or FT-treated Alhydrogel®

(AHFT/HB) vaccine, there was a statistically significant blue shift
compared to solution state (Fig. 3). It was not possible to ana-
lyze the AHFT/HBFT vaccine using front face fluorescence geometry
because the vaccine particle layer was too compact; therefore, these
samples were analyzed suspended in a square cuvette (data not
shown). The blue shift for rHBsAg adsorbed in the Positive Control
vaccine or in the FT-treated Alhydrogel® vaccine suggests that the
tertiary structure was perturbed upon adsorption to Alhydrogel®.
There are conflicting reports in the literature regarding structural
perturbation of rHBsAg and other proteins when adsorbed to an
aluminum-containing adjuvant [20,27,28]. The data reported here
is in agreement with reports that rHBsAg’s structure is likely per-
turbed upon adsorption. However, it is important to state that
antigen source, formulation, and vaccine age prior to analysis may
affect the observed result. Interestingly, the data in Fig. 3 suggests

that the structure is less perturbed when the antigen is adsorbed
onto FT-treated Alhydrogel® compared to the Positive Control
vaccine.
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Fig. 4. Atom % of (a) aluminum (b) oxygen (c) phosphorous of Alhydrogel® (AH) in the absence of rHBsAg following three 24-h FT cycles at −20 ◦C measured by SEM-EDS. (d)
Effect  of FT on the Alhydrogel® ’s zeta potential. (Results of unpaired T-test. Error bars for EDS results are the standard deviation of three independent sections on one silicon
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afer.  For zeta potential, three readings of each sample were averaged as one of the
tandard deviation of the triplicate measurements.).

.3. Elemental content of Alhydrogel following FT stress

Another possible interpretation of shifts in the fluorescence
mission peak position of an adsorbed protein is that simply the
hemistry (and hence polarity) of the local environment of Trp
esidues has changed due to a chemical change of the surface,
ithout necessarily a change in the conformation of the pro-

ein. A recent study of structural damage of FT-stressed adsorbed
accines demonstrated that the lattice between the antigen and
djuvant was broken following FT-stress, and it was  suggested
hat it was accompanied by a change in the elemental composi-
ion of the surface of the particles [15]. Kurzatkowski et al. did not
nvestigate adjuvant alone samples (i.e., absent of antigen); there-
ore, structural/elemental changes could not be solely attributed
o alterations in the adjuvant elemental properties. In our study,
lhydrogel® was formulated in buffer and stored for 72-h at 4 ◦C
r subjected to three FT-cycles and then analyzed by zeta potential
nd SEM in the absence of antigen. Thus, the observed physico-
hemical and elemental content differences would be solely due to
hanges to the adjuvant.

EDS was utilized to investigate the elemental content of the
djuvant precipitates. The detected elements were aluminum, oxy-
en and phosphorous (Fig. 4a–c). The contribution of phosphorous
as due to ligand exchange with buffer for hydroxyl groups on

he adjuvant surface, further verified by the negative zeta potential
Fig. 4d). In both adjuvant formulations, weight and atom per-
ent (wt% and at%) content was highest in oxygen and lowest in
hosphorous (Fig. 4b and c, respectively). The oxygen content in
T-stressed adjuvant slightly, but significantly, decreased (Fig. 4b).
he aluminum and phosphorous contents in FT-stressed adjuvant
lightly, but significantly increased, (Fig. 4a and c). In the previ-
us report, the loss of oxygen and high aluminum content was
uggested to be due to the damaged structure of lattice between
ntigen and adjuvant [15]. We  speculate this loss may  be due to
ehydration of the adjuvant during freezing or a potential change

n the alumina phase, which has been reported to occur with high

eat stress [29,30].

Previously, autoclaving of the adjuvant was reported to result
n deprotonation/dehydration reactions resulting in a decreased
urface area and increased crystallinity [29]. In recent literature,
cate sample values for zeta potential measurement: error bars are indicative of the

high heat treatment of boehmite (the mineral form of Alhydrogel®)
results in dehydration, an elimination of hydroxyl groups, and
formation of various transition aluminas. Furthermore, transition
aluminas have much lower surface areas than boehmite [30]. Fur-
ther investigation of whether the altered elemental content also
coincides with an alumina phase transition and/or reduced surface
area is therefore warranted.

We also speculate that the increase in the at% of aluminum
and phosphorous and decrease in the at% of oxygen is due to
fewer exchangeable hydroxyl groups following FT treatment. Less
exchangeable hydroxyl groups would reduce phosphate ligand
exchange of rHBsAg and result in weaker adsorption strength fol-
lowing FT. In fact, it has previously been reported by others that
decreasing exchangeable hydroxyl groups by increasing the phos-
phorous content in the buffer results in weaker adsorption of
rHBsAg onto aluminum hydroxide adjuvant [31].

3.4. In-vivo anti-rHBsAg concentrations

With the exception of the AHFT/HBFT vaccine, the rHBsAg in the
formulations was kept at 4 ◦C until use and had not been subjected
to FT-stress. The Positive Control vaccine, which contained non-
FT stressed Alhydrogel®, was  immediately mixed with rHBsAg and
injected into mice within 1-h of mixing. All vaccine formulations
containing Alhydrogel® were compared to an antigen alone formu-
lation. Inoculating some mice with an adjuvant-free formulation
established whether the adjuvant in the remaining formulations
had provided a boost in the native anti-rHBsAg antibody response.
As seen in Fig. 5, rHBsAg administered without Alhydrogel®

elicited a weak immune response at day 28 post-injection (aver-
age antibody concentration: 12.33 ± 0.82 �g/ml anti-rHBsAg IgG,
refer to Table 1 for formulation abbreviations) in comparison
to the Positive Control vaccine (average antibody concentration:
96.93 ± 25.97 �g/ml anti-rHBsAg IgG). This result suggested that
we should be able to detect loss of the adjuvant effect in the FT-
stressed formulations.
The AHFT/HBFT vaccine was  a traditionally formulated vaccine
with rHBsAg adsorbed to Alhydrogel® prior to exposure to FT-
stress. In addition to the FT induced agglomeration of the vaccine
particles, FT labile rHBsAg had the potential to be damaged or
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Fig. 5. In vivo anti-rHBsAg (�g/ml) at day 28 following intramuscular injection with
5  �g rHBsAg alone or adsorbed to 150 �g of Alhydrogel®: Positive Control (AH/HB),
Negative Control (AHFT/HBFT), FT-treated Alhydrogel® (AHFT/HB) and soluble rHB-
sAg (HB) vaccines. (Statistical significance was  determined by a one-way ANOVA
t
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that future formulation strategies should be focused on protect-
est, followed by a Tukey’s multiple comparison test: the line is indicative of the
verage anti-rHBsAg response.).

bscured by particle agglomeration following the FT-treatments.
hus, stress to the rHBsAg was also anticipated to negatively
mpact the production of IgG antibodies against native rHBsAg com-
ared to the Positive Control (AH/HB) vaccine and the FT-stressed
lhydrogel® (AHFT/HB) vaccine. As expected, the AHFT/HBFT vac-
ine elicited the lowest antibody concentration (6.83 ± 2.79 �g/ml).
nterestingly, the response was not statistically different than the
est formulation where Alhydrogel® was frozen in the absence of
HBsAg (FT-treated Alhydrogel® vaccine) or the Alhydrogel®-free,
oluble rHBsAg formulation. In fact, both formulations exposed to
T-stress elicited anti-rHBsAg titers similar to the Soluble rHBsAg
ormulation and were statistically less than the Positive Control
accine.

Studies investigating structural perturbations and chemical
odifications following antigen adsorption have reported chemical
odification within two weeks of adsorption [32,33]. Furthermore,

hese studies have correlated these modifications and time fol-
owing adsorption with a decreased ability to desorb the antigen
rom the aluminum-containing adjuvant [33]. Previous reports for
epatitis B surface antigen and model antigen vaccines found an

nverse relationship between tightness of binding and the elicited
mmune response [24,31]. The tightness of the interaction between
he antigen and adjuvant is expected to increase with time as the
bility of desorption decreases with time. In this study the rHB-
Ag in the AHFT/HBFT vaccine was in the presence of Alhydrogel®

uring the three 24-h FT cycles; therefore, we evaluated the func-
ion of rHBsAg incubation time (three-24 h cycles at 4 ◦C) with
on-FT-stressed and FT-stress on the elicited anti-rHBsAg concen-
ration. Interestingly, we did not observe a statistically different
mmune response; Supplementary Fig. S1. This suggests that an
ncubation time of 72-h in which rHBsAg is in the presence of

lhydrogel® does not alter the immune response compared to sam-
les administered within 1 h of rHBsAg adsorption. Furthermore,
he effect of an extended incubation time on the tertiary structure of
 (2014) 3765–3771

rHBsAg when adsorbed to non-FT-stress Alhydrogel® was investi-
gated and found to not result in a statistically significant shift in the
emission peak maximum when compared to the Positive Control
vaccine (Supplementary Fig. S2).

It has been previously established that FT-stress of vaccines
with adjuvants such as Alhydrogel® can lead to reduced vaccine
efficacy [16,20,34–36]. The prevailing thought is that agglomer-
ation of the vaccine particles is largely to blame; however, the
emphasis has been primarily on the increase in vaccine parti-
cles that are larger than 10.0 �m.  Our results suggest, however,
that losses in the immune response are not correlated to losses
in the number of particles between 1.0 �m and 10.0 �m and
increases in particles 10.0 �m and larger. Instead, the results of
a particle size measurements of antigen-free formulations sug-
gest that the reduced total anti-rHBsAg IgG response observed
in mice administered FT-stressed formulations with rHBsAg may
be correlated to losses in the measured nanoparticle population.
Interestingly, recent studies comparing the immune stimulating
properties of nanoparticles versus microparticles of other poten-
tial adjuvants suggest that nanoparticles may  have a more potent
effect on the immune response than micron-sized particles [14,37].
Moreover, our adjuvant only investigations indicated that the sur-
face chemistries of non-FT-stressed Alhydrogel® and FT-stressed
Alhydrogel® differed. Collectively, these findings suggest that the
specific properties that have traditionally been the focus of studies
to better understand the FT-inactivation of aluminum-containing
adjuvants have not necessarily probed the parameters that are most
important to the immune response.

4. Conclusions

AHFT/HBFT and FT-treated Alhydrogel® (i.e., AHFT/HB) vaccines
were used to investigate whether losses in antibody concentra-
tion following FT-stress were due to adjuvant agglomeration/size,
antigen FT instability or a combination of mechanisms. This result
suggests that FT damage to Alhydrogel® alone was  sufficient to
result in a significant reduction in total IgG antibody concentration
against rHBsAg. Since no FT-stressed formulation responded statis-
tically better than antigen alone, instability of the antigen does not
appear to be a major contributor to the loss of activity in this system.
This result suggests that vaccine stabilization strategies should be
aimed toward understanding and characterizing the physical prop-
erties of the adjuvant, which are necessary to prevent FT-induced
efficacy loss.

In all adsorbed formulations, rHBsAg was  completely adsorbed
and experienced a blue shift in the tertiary structure compared
to solution state antigen. All formulations exposed to FT-stress
elicited anti-rHBsAg concentrations similar to antigen alone and
statistically less than the Positive Control vaccine. Interestingly,
the immunological outcome did not correlate to a loss in the
number of particles between 1.0 �m and 10.0 �m. Instead, ini-
tial evidence collected for Alhydrogel® alone samples (i.e., no
rHBsAg) suggests that the immunological outcome may corre-
spond to a distinct loss of particles in the nanoparticle range
instead of a loss of micron-sized particles. Furthermore, investi-
gation into the adjuvant’s physicochemical properties suggested
altered elemental content and surface properties. It still has not
been clearly determined what other adjuvant properties are altered
following FT-stress. This is the first study to provide definitive
evidence, for an rHBsAg vaccine at least, that damage to the adju-
vant alone is sufficient to reduce vaccine potency. We  suggest
ing the adjuvant from FT damage to retain vaccine potency. This
work highlights a need for a better fundamental understanding
of additional physicochemical properties of the adjuvant that are
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