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Abstract
The adsorption of recombinant botulinum neurotoxin (BoNT) protein-derived vaccine antigens to
aluminum salt adjuvants has been previously studied for the development of a trivalent vaccine
against the neurotoxins1. The current paper describes an investigation of the stability of
recombinant BoNT antigens adsorbed to aluminum salt adjuvants during storage in aqueous
solution. Both chemical and physical changes occurred during storage. Phosphate groups in the
buffer exchanged with hydroxyl groups on the adjuvant surface. The resulting changes in solution
pH and adjuvant surface chemistry promoted more favorable electrostatic interaction between the
BoNT proteins and the surface, possibly increasing the affinity of the proteins for the surface
during storage. Fluorescence and UV spectroscopy suggested changes to protein structure during
storage, whereas differential scanning calorimetry showed changes to thermal processes related to
protein conformation and/or surface adsorption. The consequence of the chemical and physical
changes to the proteins was a decrease in the ability to desorb protein from the adjuvant surface
during storage. Overall, the results of this study emphasize the utility of a thorough
characterization of the interactions between protein antigens and aluminum salt adjuvants.
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Introduction
Botulinum neurotoxin (BoNT) is the most deadly known toxin2, with lethal doses as low as
0.05 to 0.1 μg in humans3. There are seven known serotypes of BoNT (BoNT/A – BoNT/G)
produced by commonly isolated strains of Clostridium botulinum and other Clostridium
bacterial species, that exist as structurally similar variants4. The serotypes differ with
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respect to nerve cell targets (e.g. BoNT/A and E target SNAP25, BoNT/B, D, F and G target
Vesicle Associated Membrane Protein, BoNT/C targets syntaxin) resulting in variation of
the severity or duration of symptoms following exposure to BoNT5. The development of
botulinum neurotoxin as a biological warfare agent began in Japan as early as the 1930’s,
prompting the initial attempts toward vaccine development in the United States during
World War II6. Between 1985 and 1991, Iraq is reported to have produced 19,000L of
concentrated neurotoxin formulated for delivery via inhalation as a part of their biological
warfare arsenal7,8.

The neurotoxin proteins are composed of a 50 kDa light chain joined by a disulfide bond to
a 100 kDa heavy chain. The light chain is the catalytic domain encoding a zinc-dependent
endopeptidase. The heavy chain is responsible for binding of the neurotoxin to the nerve cell
membrane, which promotes the internalization of the toxin into the cell. Recombinant
protein antigens based on the 50 kDa C-terminal domain of the heavy chain of the BoNT (C-
fragment or Hc domain; rBoNT(Hc) have been developed as vaccine candidates to provide
protection against exposure to BoNTs. These antigens were developed by The United States
Army Medical Research Institute of Infectious Diseases (USAMRIID). They have been
derived from the C-terminal domain of the heavy chain and comprise a protein with a
molecular weight of approximately 50Kda9.

Vaccines based on recombinant protein antigens generally require an adjuvant to achieve
protection from the associated disease or toxin10–12. Aluminum salts are the most prevalent
adjuvants in vaccines approved for human use by the U.S. Food and Drug
Administration13,14. The protein antigens investigated in this study have previously been
shown to adsorb to the hydrophilic surfaces of aluminum salt adjuvants1. The point of zero
charge (PZC) of the adjuvant is the point at which the net surface charge is zero; the PZC for
aluminum oxyhydroxide is approximately 11 whereas the PZC for aluminum phosphate is
approximately 4–5.5. Protein adsorption to the adjuvant surfaces is generally maximized
when the sign of the net charge of the protein is opposite that of the adjuvant surface,
allowing for an electrostatic attraction. The BoNT proteins included in this study have
isoelectric points (PI) in the range of 7–9, and are formulated at pH 4 to maximize stability.
Normally aluminum phosphate adjuvant would be the best choice as an adjuvant for these
conditions. However, samples of rBoNTB(Hc) prepared with this adjuvant in preliminary
studies conferred much greater protection against the neurotoxin in a mouse model than
samples prepared with aluminum phosphate (unpublished observation). Therefore the
vaccine formulation for this study included aluminum oxyhydroxide as the adjuvant, with
adsorption buffers containing phosphate ions added in order to improve adsorption to the
surface.

It is generally accepted that antigens should be adsorbed to the adjuvant in order to provoke
a suitable immune response15,16. However, protein conformation can change when proteins
bind to liquid-solid interfaces17–22. It is therefore important to monitor changes to protein
structure following adsorption to an adjuvant. Furthermore, conformational changes induced
by binding to adjuvant could alter protein stability during long-term storage. For example, if
adsorption is essentially complete, aggregation via pathways that occur in bulk solution are
not likely to occur. Conversely, unfolding upon binding may expose normally buried
residues to solvent, promoting degradation processes such as oxidation.

This study investigates the effect of adjuvant binding on the long-term stability of a trivalent
vaccine against the three serotypes most often found to be the causative agent for botulism
in humans10: BoNT/A, BoNT/B and BoNT/E. A monovalent vaccine against BoNT/E was
also investigated through the course of this work. Changes to adjuvant-bound protein were
compared to those of liquid control samples of unbound protein held under identical storage
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conditions. This work provides an assessment of changes to the structure and the stability of
the adsorbed protein during long-term storage. Product stability was monitored from three
perspectives; binding of protein to adjuvant, chemical stability of the adjuvant, and protein
conformational stability. Techniques utilized for the characterization of protein binding to
adjuvant included UV spectroscopy and capillary electrophoresis (Bioanalyzer®). Chemical
stability of the adjuvant was determined through zeta potential analysis of the adjuvant in
the absence of protein and Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-OES) analysis of the phosphate and aluminum concentrations in solution. Chemical
stability of the adsorbed protein has also been investigated by peptide mapping mass
spectrometry, as discussed by Estey et al23. Second derivative UV spectroscopy,
fluorescence spectroscopy and differential scanning calorimetry were utilized for the
analysis of protein conformational stability.

Previous work has indicated that adsorption profiles for mixtures of rBoNT(Hc) protein
antigens to aluminum oxyhydroxide adjuvant differ from those obtained for the individual
antigens1. Changes in binding stability of the adjuvant-bound trivalent vaccine formulation
rBoNTABE(Hc) formulations were monitored as a function of time, and compared with
control samples of unbound proteins held at identical storage conditions.

Materials and Methods
Materials

Alhydrogel™ 2.0% (aluminum oxyhydroxide adjuvant, AlOOH), made by Brenntag
Biosector, was purchased through E.M. Sergeant Pulp & Chemical Co, Inc (Clifton, NJ).
Succinic acid, sodium phosphate monobasic, and sodium phosphate dibasic were all
purchased from Sigma Chemical Company (St. Louis, MO). Trehalose (high purity, low
endotoxin) was purchased from Ferro Pfanstiel (Cleveland, OH), and Polysorbate (Tween)
20 (low carbonyl and peroxides) was purchased from Pierce (Rockford, IL). Protein 200
Plus LabChip® kits were purchased from Agilent Technologies (Palo Alto, CA).
rBoNTA(Hc) and rBoNTB(Hc) were provided by Cambrex Biosciences Hopkinton Inc.
(MA) (now Lonza Hopkinton Inc,) and rBoNTE(Hc) was provided by the Biological Process
Development Facility at the University of Nebraska, Lincoln.

Preparation of Samples for Storage Stability Experiments
Samples were prepared by dialyzing rBoNTA(Hc) (~0.8 mg/mL) and rBoNTB(Hc) (~0.8
mg/mL) into 15 mM sodium succinate, pH 4. The rBoNTE(Hc) stock was obtained from the
supplier in 15 mM sodium succinate, pH 4 at a concentration of ~0.2 mg/mL and
concentrated to ~0.46 mg/mL using an Amicon stirred cell concentration device. Buffers,
excipient solutions, and protein solutions were sterile filtered in a laminar flow hood under
aseptic conditions prior to mixing. For the trivalent rBoNTABE(Hc) study, the proteins were
mixed together prior to sterile filtration to achieve approximately equal concentrations of
each protein. The Alhydrogel™ was received as a sterile solution, and the material was
handled using aseptic technique prior to and during sample preparation.

Excipient solutions were added to protein solutions (rBoNTABE(Hc) or rBoNTE(Hc) only),
and mixed gently to create bulk solutions. These bulk solutions were each split into three
portions, one for control samples, one for adjuvant–bound samples, and a third for time-zero
(t=0) samples. Adjuvant was added as a suspension to the proteins to create the adjuvant-
bound samples. A volume of water equivalent to the adjuvant suspension volume was added
to the control samples (samples of rBoNT(Hc) in 10 mM sodium succinate 15 mM sodium
phosphate) in place of the adjuvant suspension. For the t=0 adjuvant containing samples,
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sample solution was aliquotted prior to the addition of adjuvant, and adjuvant was added
immediately before analysis.

The final protein concentration for each sample was approximately 0.1 mg/mL of each
protein. The final adjuvant concentration for adjuvant-bound samples was 0.2% (w/v)
Alhydrogel™. The final formulations (Table 1) included sodium succinate buffers to
maintain solution pH and sodium phosphate buffers to improve adsorption to the
Alhydrogel™. The rBoNT(Hc) proteins are susceptible to aggregation in solution. One
common strategy for decreasing aggregation potential for proteins in solution involves the
addition of stabilizing sugars (trehalose, sucrose) to promote a more native protein
conformation. Surfactants are also utilized to prevent protein denaturation that can lead to
aggregation by competing for adsorption sites at air-liquid and solid-liquid interfaces. In
order to determine the effect of these substances on adsorption and antigen stability, some
formulations included trehalose and surfactant (polysorbate 20).

A total of 30 samples for each adjuvant-containing formulation and control formulation
were aseptically pipetted into sterile 15 mL centrifuge tubes. Fifteen of the samples were
stored at 4°C and the other fifteen at 30°C. Three samples at each temperature and for each
formulation were available for triplicate analysis following storage for two, four, nine, and
eighteen weeks. Three replicate samples for each control and adjuvant containing
formulation were aseptically aliquotted for testing at t=0.

Binding of Proteins to Adjuvant
Samples containing adjuvant-bound protein were centrifuged for 5 minutes at 2300 × g to
pellet the adjuvant. The concentration of protein in supernatants was determined by UV
spectroscopy (A280). Extinction coefficients (A280) were determined from the primary
sequences of the proteins using the ProtParam program on the Expasy website
(http://us.expasy.org). The estimated extinction coefficients were 1.723 g/L, 1.929 g/L, and
1.587 g/L for rBoNTA(Hc), rBoNTB(Hc) and rBoNTE(Hc) respectively. The mass of bound
protein was determined as the difference between total mass of protein in the sample and the
mass in the supernatant. The UV absorbance data were collected in a 1 cm path length
quartz cell on a Hewlett Packard 8453 diode array spectrophotometer with a 25 second
integration time (1 nm bandwidth).

Ratios of Species Bound
Concentrations of the individual proteins in the sample supernatants were determined using
an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA) and a Protein 200
Plus LabChip® Kit (Agilent Technologies, Palo Alto, CA, USA). All reagents and samples
were prepared and analyzed under non-reducing conditions as described in the Protein 200
Plus LabChip® Kit manual (Agilent Technologies publication number G2938–90050). The
samples were not heated as suggested in the kit manual prior to analysis since the heating of
the rBoNTE(Hc) standards at 80°C resulted in greatly diminished Bioanalyzer signals.
Standard curves were prepared using mixed protein standards to quantitate the
concentrations of each rBoNT(Hc) protein in solution.

Desorption of Proteins from Adjuvant
Proteins were desorbed from adjuvant by incubating a mixture (1 mL) containing
Alhydrogel™ to which protein was bound with an equal volume (1 mL) of 250 mM
succinate, pH = 3.5 for 30 minutes at ambient temperature (approximately 25°C). This
desorption solution was shown in preliminary studies to promote approximately 100%
desorption of the proteins following incubation of protein with adjuvant for a minimum of
30 minutes with no apparent changes to protein conformation as determined by far UV CD
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spectroscopy, second derivative UV spectroscopy, capillary electrophoresis (Bioanalyzer)
analysis, and fluorescence spectroscopy (data not shown). The addition of the desorption
solution results in a solution at a pH at which both the protein and adjuvant surface have a
net negative charge, decreasing the attractive electrostatic interaction between the two. The
high salt concentration serves to further screen attractive electrostatic interactions.

Following incubation, samples were centrifuged for 5 minutes at 2300 × g. Supernatants
were analyzed by UV spectroscopy as described above to determine protein concentrations.
The UV absorbance spectra of each sample also were acquired to evaluate tertiary structure
of the desorbed proteins. Supernatants were analyzed by capillary electrophoresis, following
the methods as described above, to determine the concentrations of each protein.

Physicochemical properties of Formulations
pH

The pH of the adjuvant containing formulations and control samples was measured using a
micro pH probe attached to a Thermo Orion Model 420 pH meter at ambient temperature
(approximately 25°C).

Osmolality, Aluminum and Phosphate Determination
Samples (1.1 mL) of the adjuvant-bound protein mixtures were centrifuged for 5 minutes at
2300 × g. Control samples were also centrifuged for 5 minutes at 2300 × g. Aliquots (10 μL)
of the supernatants were analyzed on a Wescor 5500 Vapor Pressure Osmometer (Logan,
UT). The remaining supernatant was sent to Dr. John Drexler in the Department of
Geological Sciences at the University of Colorado for ICP-OES analysis to determine
aluminum and phosphorus concentrations. Measurements were performed using a Thermo
ICP-OES ARL 3410+ spectrometer (Waltham, MA).

Protein Structure
Differential Scanning Calorimetry

Analysis of protein thermal transitions was performed on a MicroCal (Northampton, MA)
VP-DSC differential scanning calorimeter. Thermograms were obtained from 10 to 90°C
with a scan heating rate of 90°C/hour and a pre-scan equilibration time of 15 minutes. For
control samples, the blank in the reference cell was the buffer without protein. Samples
containing adjuvant-bound protein were gently centrifuged (less than 450 × g, 5 seconds)
prior to analysis, and half of the total volume was removed as supernatant in order to
effectively double the final concentration of adjuvant and protein analyzed in the instrument.
The reference cell included both buffer and Alhydrogel™ at the same buffer:adjuvant ratios
as found in adjuvant-protein samples in order to measure transitions specific to the proteins.
DSC data were analyzed using Origin version 7.0 software (Origin-Lab Corporation,
Northampton, MA). The thermograms were analyzed by fitting the data to a two-state model
using three peaks.

Front Face Fluorescence Spectroscopy of Protein Bound to Adjuvant
Front-face fluorescence spectroscopic analyses were performed using a QuantaMaster™
Model QM-4/2005 fluorimeter made by Photon Technology International (Lawrenceville,
NJ). A Starna® (Atascadero, CA) triangular fluorimeter cell was used for each analysis.
Scans were performed using an excitation wavelength of 280nm, with an emission scan
range of 295 to 400nm. Data were collected every 1 nm at a scanning rate of 1 nm/s. The
samples were equilibrated at 10°C and the first scan taken. Subsequent scans were obtained
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after increasing the cell temperature in 2.5°C increments up to a final temperature of 80°C,
with a five-minute equilibration time at each temperature prior to each scan.

Second Derivative UV Spectroscopy of rBoNT(Hc) Proteins in Solution
In order to monitor tertiary structure of the rBoNT(Hc) proteins, UV absorbance scans were
taken from 200 to 500 nm for each sample after desorption from the adjuvant. The data set
obtained from the UV scans was truncated from 240 to 350 nm. Through a Savitzky-Golay
algorithm, the spectra were converted to second derivative at 3 degrees and 5 points. The
new data sets were then interpolated at 32× in the region 242 to 348 nm. The derivative data
were analyzed to monitor the positions for tryptophan and tyrosine/tryptophan peaks. The
conformational information was evaluated by calculating the peak-to-trough values near 284
nm (a), near 292 nm (b), and near 258 nm (c), which reflect the micro-environments of
tyrosine, tryptophan, and phenylalanine, respectively24. The relative exposure of the side
chains to the solvent in the native protein can be expressed from the ratio of “(a)” to “(b)”
(a/b ratio) or the ratio of “(a)” to “(c)” (a/c ratio)24. Both parameters reflect similar changes
in the conformation of the protein in solution.

Results
Initial Binding of Protein to Adjuvant

Approximately 100% of the monovalent rBoNTE(Hc) protein was adsorbed to adjuvant at
the initiation of the study (t=0) based on UV absorbance data (A280) (Figure 1). In contrast,
only about 80% of total protein in the trivalent rBoNTABE(Hc) samples was adsorbed to
adjuvant at t=0 (Figure 2) based on UV absorbance data (A280). Since UV absorbance is not
specific to the individual antigens and adequate separation of the antigens in a mixed
solution could not be achieved using reversed-phase or size-exclusion HPLC (data not
shown), capillary electrophoresis (Agilent 2100 Bioanalyzer®) was used for the
quantification of the individual antigens present in solution. Liquid samples of rBoNTA(Hc),
rBoNTB(Hc), and rBoNTE(Hc) were analyzed and the resulting electroferograms compared
to that of a mixed solution containing the same concentrations of all three proteins (Figure 3)
to determine the retention time and separation of each antigen by this technique.

The capillary electrophoresis results for supernatants collected following centrifugation of
the trivalent protein-adjuvant mixtures showed only a single protein peak and the retention
time identified this peak as rBoNTA(Hc) (Figure 3E). For adjuvant formulations containing
protein and buffer with no other excipients, only about 55% of the rBoNTA(Hc) was
adsorbed to the adjuvant at t=0 (protein adsorbed to adjuvant for 30 minutes, then
centrifuged for 5 minutes at 2300 × g and the supernatants analyzed immediately) as
illustrated in Figure 4. Since rBoNTA(Hc), rBoNTB(Hc) and rBoNTE(Hc) were added in
equal concentrations to the Alhydrogel™, the mass of free rBoNTA(Hc) accounts
completely for the total unadsorbed protein as determined by UV spectroscopy (A280).

Variability in protein adsorption was observed between the different formulations as
determined by capillary electrophoresis (Figure 4). The control formulation showed the
greatest percent adsorbed, whereas formulations containing trehalose and polysorbate 20
exhibited lower adsorption. The capillary electrophoresis data revealed that only the
rBoNTA(Hc) adsorption was significantly decreased by the presence of these excipients in
the rBoNTABE(Hc) samples.

Effect of Duration of Storage on the Amount of Protein Adsorbed to Adjuvant
In the monovalent BoNT/E vaccine samples, the amount of rBoNTE(Hc) adsorbed to
adjuvant remained constant from study initiation (t=0) to study termination (t=18 wk) for all
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formulations. In contrast, significant increases in total protein adsorption were observed for
all formulations of rBoNTABE(Hc) between the study initiation and two weeks of storage at
4 °C or 30°C (Figure 2). Specifically, there was a substantial increase in the mass of
rBoNTA(Hc) adsorbed following two weeks of storage compared to that adsorbed at t=0,
which accounts for the increase in total protein adsorption as determined by capillary
electrophoresis (Figure 4). There were no significant changes in the adsorption of
rBoNTB(Hc) or rBoNTE(Hc) during this time.

Desorption Studies
Prior to the initiation of the storage stability studies, a number of solutions and conditions
were tested for their ability to desorb the rBoNT(Hc) proteins from the Alhydrogel™. These
desorption conditions included solutions at varied pH and ionic strength, as well as
surfactant-containing solutions as detailed in Table 2. Adjuvant-bound protein was
incubated in each desorption solution for 30 minutes at ambient temperature (approximately
25°C). The adjuvant was then separated from the solution by centrifugation for 5 minutes at
2300 × g. The preliminary desorption solution screening studies were performed on
rBoNTB(Hc), since it showed the greatest affinity to Alhydrogel™ in previous studies1. The
solutions which resulted in some detectable desorption were further analyzed in the presence
of rBoNTA(Hc), rBoNTB(Hc), and rBoNTE(Hc) to confirm desorption and to evaluate
secondary structure. To assess changes to protein secondary and tertiary structure upon
desorption, the protein in the supernatant solution was analyzed by second derivative UV
spectroscopy, circular dichroism spectroscopy and fluorescence spectroscopy. The solution
which was chosen for desorption in the storage stability experiments was 250 mM succinate,
pH 3.5, which gave complete desorption of the protein with no apparent changes in protein
secondary or tertiary structure. Desorption solutions containing surfactant did not show
significant desorption of the proteins compared to desorption solutions with high salt
content. Additionally, high concentrations of surfactant appeared to result in changes to
protein structure based on spectroscopic measurements (data not shown).

Adjuvant-bound protein samples were tested for antigen desorption at each time point
during the storage stability study. The desorption of rBoNTE(Hc) from adjuvant decreased
during storage for all three formulations (Figure 5). The largest decrease in total protein
desorption occurred between the initiation of the study and the two week time point. Similar
trends were observed for samples stored at 4°C and 30°C, although the magnitude of loss of
desorption was greater for the samples stored at the higher temperature. Analysis of the
rBoNTABE(Hc) samples indicated a decreased ability to desorb each of the three
rBoNT(Hc) antigens from the trivalent antigen-adjuvant complex during storage (Figure 6).
At the initiation of the study, approximately 100% desorption was achieved for
rBoNTA(Hc). Approximately 80% of rBoNTB(Hc) was desorbed at the study initiation,
while 85–95% of rBoNTE(Hc) was desorbed. The desorption of the antigens decreased with
storage at 4°C, with only about 85% rBoNTA(Hc), 45% rBoNTB(Hc) and 55% rBoNTE(Hc)
desorbable by the 2-week time point. Samples stored at 30°C showed 80% desorption of
rBoNTA(Hc) and less than 20% desorption of rBoNTB(Hc) and rBoNTE(Hc) within two
weeks. There were further decreases in protein desorption at the later time points.

Formulations containing trehalose and polysorbate 20 showed greater desorption of
rBoNTA(Hc) compared to buffer only formulations throughout the storage study. Samples
stored at 4°C, containing both trehalose and surfactant, show greater desorption of
rBoNTA(Hc) following two weeks of storage compared to t=0. However, at storage times of
greater than four weeks, desorption of rBoNTB(Hc) and rBoNTE(Hc) was equivalent across
the formulations at 4°C. Storage at 30°C also resulted in approximately equivalent
desorption of rBoNTB(Hc) and rBoNTE(Hc) for all three formulations.
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Physicochemical Properties of Formulations
pH

For the monovalent vaccine (rBoNTE(Hc)) samples, all formulations showed a slight
increase in pH of the samples (approximately 0.1 to 0.3 pH units) during storage compared
to that in the control samples of unbound protein (Figure 7). The change in pH was greater
for samples stored at 30°C compared to those stored at 4°C.

Although the adjuvant-bound rBoNTABE(Hc) samples stored at 30°C also showed a slight
(approximately 0.1 pH unit) increase in pH with storage time compared to control samples,
no significant changes to pH were observed for samples stored at 4°C. It should be noted
that even at t=0, there were minor pH differences between the control samples and the
adjuvant-containing samples. The pH values were not obtained for samples stored for
eighteen weeks due to insufficient material.

Osmolality
Osmolality was tested at time zero and following two months of storage (Table 3). Changes
in osmolality of the solution may be indicative of breakdown of formulation components/
excipients. The results indicated similar values for the osmolality of the adjuvant containing
formulations prior to and following storage. There was, however, an increase in osmolality
for the rBoNTE(Hc) control samples following storage. The osmolality values obtained for
the control samples were outside the ideal range for the instrument. Although intra-day
variability for these measurements is low, the inter-day variability of the instrument may
explain this change. Osmolality was not tested following eighteen weeks of storage due to
insufficient material.

Solution Phosphate and Aluminum Concentrations
The rBoNTE(Hc) antigen was formulated in 10 mM phosphate, 10 mM succinate, pH = 4.
Phosphate is known to interact with aluminum oxyhydroxide adjuvant25. It has been
proposed that this interaction involves an exchange of phosphate ions for hydroxyl ions at
the adjuvant surface. Alternatively, this may result from the precipitation of AlPO4 from
solution due to the much lower solubility of AlPO4 compared to AlOOH. Either a surface
exchange of PO4− for OH− or precipitation of AlPO4 would result in a more negatively-
charged surface. The electrostatic interactions between an AlPO4 surface and the positively
charged proteins are expected to be more favorable compared to adsorption to the AlOOH
surface.

In our system, the inclusion of phosphate in the buffers was necessary to facilitate
adsorption of all three protein antigens to the Alhydrogel™ 1. Phosphate and aluminum
concentrations in the supernatants of the stored samples following centrifugation were
determined using ICP-OES, and the degree of phosphate substitution and/or AlPO4
precipitation calculated by mass balance.

The levels of aluminum in the solutions following centrifugation of the adjuvant-bound
protein were low (< 1ppm), and remained so consistently throughout the storage stability
study. These levels were observed for all formulations tested, and for storage at both 4°C
and 30°C.

Expected phosphate concentrations of 10 mM for the rBoNTE(Hc) samples were verified by
ICP-OES at t=0 in the control samples containing protein without adjuvant (Figure 8).
Adjuvant-containing samples had significantly lower phosphate concentrations (~ 20%
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lower). There was a continued decrease in sample phosphate concentration as a function of
time for formulations stored at 30°C.

The 10 mM phosphate, 10 mM succinate, pH 4 buffer for the rBoNTE(Hc) formulations was
chosen because it was used in early studies in a mouse model in which the vaccine was
shown to confer protection against the neurotoxin (unpublished observations). Similar
earlier studies (unpublished data) with adsorbed rBoNTABE(Hc), included higher buffer
concentrations (15 mM phosphate, 25 mM succinate) in an effort to increase adsorption of
the three proteins. We chose the same concentrations of buffers for the adsorbed
rBoNTABE(Hc) storage study. The ICP-OES analysis verified a concentration of 15 mM
phosphate in the rBoNTABE(Hc) control samples without adjuvant, and a significantly
lower phosphate concentration in the adjuvant containing samples (Figure 8). Decreases in
phosphate concentration as a function of time were measured for the adjuvant-bound
rBoNTABE(Hc) stored at 30°C.

Experiments were performed to study the kinetics of the surface exchange between
phosphate ion and Alhydrogel™. The Alhydrogel™ (10 mL, 0.2% w/v) was incubated in 10
mM succinate, 10 mM phosphate, pH 4 or 25 mM succinate, 15 mM phosphate, pH 4 at
room temperature for times ranging from 10 minutes to 10 days. Samples were then
centrifuged for 5 minutes at 2300 × g to pellet the adjuvant. The supernatants were analyzed
for phosphate using a HACH® DR/4000 colorimetric analysis kit. These experiments
indicated that in the absence of protein, the surface exchange of phosphate ions for hydroxyl
ions and/or precipitation of AlPO4 were rapid, with a plateau in the rate of surface
conversion attained at two days (Figure 9). The rBoNT(Hc) samples in the same buffer
system required between two and four weeks to reach similar phosphate concentrations
(~6.5 mM phosphate in rBoNTE(Hc) samples).

Protein Structure and Conformational Stability
Differential Scanning Calorimetry (DSC)

For some proteins, thermal unfolding is reversible and DSC can be used to obtain melting
temperatures and the enthalpy of unfolding. In the case of rBoNTE(Hc), heating-induced
conformational changes were not reversible due to aggregation. Hence, thermodynamic
parameters cannot be calculated. However, DSC thermograms were collected and studied
qualitatively at the initiation of the study, and following four and nine weeks of storage.
Sample volumes were insufficient for such analysis following eighteen weeks of storage.

The DSC measurements for adjuvant-containing samples included the use of an adjuvant
particle suspension in the reference cell that was identical to the sample except that proteins
were not present in the reference material. DSC measurements of control samples included
buffer only in the reference cell. The resulting thermodynamic observations are expected to
be specific to the proteins as opposed to buffer components or the adjuvant itself.

The DSC thermograms obtained at t=0 showed three distinct transitions for control (no
adjuvant, rBoNTE(Hc) in 10 mM phosphate, 10 mM succinate, pH 4). A representative
thermogram is shown in Figure 10A. The lowest-temperature transition was broad, spanning
from 20–55°C and overlapping the second and narrowest transition, which spanned from
40–50°C. The final transition was much smaller in magnitude, and spanned from 50–70°C.
Following nine weeks of storage, DSC thermograms for control samples were similar in
appearance to those observed at t=0, with approximately equivalent peak locations and
magnitudes.

Vessely et al. Page 9

J Pharm Sci. Author manuscript; available in PMC 2010 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The thermogram obtained for rBoNTE(Hc) adsorbed to Alhydrogel™ (10 mM phosphate,
10 mM succinate, pH 4) was much different in appearance compared to those for the control
sample (Fig. 10). Curve fitting indicated that there were still three transitions. The lowest
temperature transition for the adsorbed protein was similar in shape to the transition
observed for the control sample, although the magnitude appeared to have decreased. The
second peak, however, was significantly broadened, spanning from about 20–75°C. The
highest temperature transition also decreased in magnitude.

The thermograms for stored adjuvant-bound rBoNTE(Hc) samples (10 mM phosphate, 10
mM succinate, pH 4) were much different in appearance compared to that for the t=0
samples. The lowest temperature transition (peak max ~ 35°C) was no longer visible
following storage at either 4 or 30°C. The loss of this transition from the DSC scans most
likely indicates unfolding of the antigen on the surface of the adjuvant during storage. The
samples stored at 4°C showed a narrowing of the transition at approximately 50°C, and a
broadening of the higher temperature (60°C) transition. Samples stored at 30°C showed
significant losses in the magnitude of the remaining two transitions (50°C and 60°C).

Front-Face Fluorescence Spectroscopy
Fluorescence spectroscopy is useful in the analysis of protein tertiary structures, which
includes proteins that are adsorbed to aluminum salt adjuvants26. The location of the peak
maximum in a fluorescence emission scan can be indicative of the polarity of the
microenvironments of tryptophan residues. Peak maxima at higher wavelengths suggest a
more polar environment for the tryptophan residues, whereas peak maxima at lower
wavelengths suggest a decrease in the polarity of the environment for these residues. Also,
monitoring of peak maximum positions as a function of temperature can provide
information regarding thermally-induced unfolding events.

Emission scans at 20°C at t=0 (Figure 11A) had a fluorescence intensity maximum at 332
nm for the control (no adjuvant) samples and at 330 nm for adjuvant-bound rBoNTE(Hc) (in
10 mM phosphate, 10 mM succinate, pH 4), indicating a less polar microenvironment for the
tryptophan residues in the adsorbed protein. Following nine weeks of storage at 4°C,
fluorescence scans collected at 20°C for the control and adjuvant-bound protein showed no
change compared to the respective scans at t=0 (Figure 11). For adjuvant-bound
rBoNTE(Hc) sample stored at 30°C there was a shift in the fluorescence intensity maximum
to 332 nm. At low wavelengths, this emission scan almost overlayed that for the control
sample stored at 30°C, but the scan for the adjuvant-bound sample was slightly broader at
higher wavelengths.

Emission scans were also collected as a function of temperature to evaluate thermally-
induced changes to the rBoNTE(Hc) tertiary structure (in 10 mM phosphate, 10 mM
succinate, pH 4). There was a shift of the florescence intensity maximum for the
rBoNTE(Hc) control samples as a function of temperature, with the fluorescence intensity
maximum at 332 nm at 10°C increasing to 334 nm at 50°C (Figure 12A). Similar results
were obtained after nine week of storage at 4°C (Figure 12B).

There was also a heating-induced increase in the wavelength of the fluorescence intensity
maximum for the adjuvant-bound rBoNTE(Hc) samples, with the fluorescence intensity
maximum at 330 nm at 10°C increasing to 331.5 nm at 50°C. These shifts suggest a small
increase in the polarity of tryptophan microenvironments with increasing temperature, both
for control samples and for protein adsorbed to adjuvant. Data obtained at higher
temperatures (T > 50°C) showed a high degree of scatter. Samples stored at 4°C for nine
weeks showed similar thermal profiles to those observed at t=0 (Figure 12B). However,
samples stored for nine weeks at 30°C showed different thermal behavior, with a
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fluorescence intensity maximum at 332 nm at 10°C. The fluorescence intensity maximum
decreases to 331 nm by 20°C, with no significant changes to the spectra between 20 and
50°C. These data suggest an increased polarity of the microenvironment of adsorbed
rBoNTE(Hc) stored at elevated temperature prior to heating of the samples for the
fluorescence experiment.

Samples of rBoNTE(Hc) controls and adjuvant-bound rBoNTE(Hc) showed similar shifts in
the fluorescence intensity maxima with increasing temperature between samples stored for
four weeks (data not shown) and samples stored for nine weeks. Fluorescence scans were
not collected following eighteen weeks of storage due to insufficient sample volumes.

Second Derivative UV Spectroscopy of Desorbed rBoNTE(Hc)
Protein UV spectra for desorption supernatants (following removal of the adjuvant particles
by centrifugation) give a broad absorbance peak in the range of 200 to 300 nm. Specific
amino acid residues, including phenylalanine, tyrosine, and tryptophan contribute
significantly to the absorbance in the range of 240 to 300 nm27. The relative positions of the
individual spectral components, as determined from the second derivative of the original
spectrum, provide information on the polarity of the environment of these residues. Peak
maxima at shorter wavelengths indicate a more hydrophilic microenvironment, whereas
longer wavelengths indicate a more hydrophobic microenvironment. Peak shifts from longer
to shorter wavelength are labeled as blue shifts, while shifts from shorter to longer
wavelength are labeled as red shifts.

Representative second derivative UV spectral scans of the rBoNTE(Hc) antigen after
desorption from Alhydrogel™ are shown in Figure 13. A loss in the intensity of the second
derivative peaks at ~285 nm and~291 nm was observed as a function of storage time. This
was due to a decrease in protein concentration in the samples because of a reduction in
desorption of rBoNTE(Hc) from the adjuvant particles. This loss in signal intensity also
results in a decrease to the signal-to-noise ratio for these samples, especially for the later
time points.

As a function of storage, the second derivative UV spectra of desorbed rBoNTE(Hc) showed
changes in the locations of the tyrosine/tryptophan and the tryptophan second derivative
peaks, which are present at approximately 285 nm and approximately 291 nm, respectively
(Figure 14). These changes were similar for adjuvant-bound samples stored in buffer alone,
buffer plus trehalose and buffer plus trehalose and polysorbate 80. The tyrosine/tryptophan
peaks initially exhibit minima at approximately 283.9 nm. Following two weeks of storage
of the adjuvant-bound rBoNTE(Hc), these peaks were red-shifted for the desorbed
rBoNTE(Hc), with minima at 284.2 to 284.6 nm. This was observed for storage at both 4
and 30°C. The rBoNTE(Hc) in the control samples not bound to adjuvant showed a similar
shift in the location of the minima for this peak at two weeks. The locations of the tyrosine/
tryptophan peaks in the desorbed rBoNTE(Hc) following four weeks of storage of the
adjuvant-bound protein were similar to those observed at t=0. For the samples stored at 4°C,
the location of the tyrosine/tryptophan peaks for the desorbed rBoNTE(Hc) remain constant
between four and nine weeks, and were red-shifted following eighteen weeks of storage.
Although the observed peak shifts are small, they are significant considering the 0.03 nm
resolution of the data following processing.

In addition to monitoring the positions of the tyrosine and tryptophan peaks, a/b ratios were
calculated from each of the resulting sample spectra. However, due to the decreasing
concentrations, there was a high degree of scatter in the data after two weeks of storage that
precluded additional analysis (data not shown).
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The samples stored at 30°C show a blue shift in the tyrosine/tryptophan peaks of the
desorbed rBoNTE(Hc) by nine weeks, but return to approximately 283 nm by eighteen
weeks. Despite the large shifts observed for the tyrosine/tryptophan peaks, there are no
specific trends between peak location and adjuvant-bound protein storage time.

The tryptophan peak (approximately 291 nm) in the spectrum of desorbed rBoNTE(Hc) was
also monitored as a function of storage time. There were no significant changes to peak
position for this peak for samples stored at 4 or 30°C at the two week time point. However,
there was a red shift in the position of the tryptophan peak in the spectra of desorbed
rBoNTE(Hc) for samples stored at both 4 and 30°C with increased storage times. This trend
is suggestive of storage time-dependent conformational changes of the adjuvant-bound
rBoNTE(Hc).

Discussion
Mass of rBoNT(Hc) Adsorbed to Adjuvant During Long Term Storage

The PZC for aluminum hydroxide adjuvant in the absence of phosphate ions is
approximately 11, so the adjuvant would be expected to have a net positive surface charge
under the conditions studied. The proteins (pI rBoNTA(Hc) = 9.0, pI rBoNTB(Hc) = 7.2, pI
rBoNTE(Hc) = 8.7) would also have a net positive charge under these conditions, resulting
in electrostatic repulsion between the proteins and the adjuvant surface. Previous work
indicated that attractive electrostatic interactions could be achieved if the adsorption
solutions contain phosphate ions1. The presence of phosphate ions in the adsorption
solutions may result in either a change in the adjuvant surface chemistry or a conversion of
one salt species to the other due to precipitation of AlPO4, giving a more negative net
surface charge to the adjuvant. Generally one might hypothesize that aluminum phosphate
adjuvant would have been a better choice for these studies. However, early animal studies
indicated much greater protection against the toxins when the rBoNT(Hc) proteins were
adsorbed to aluminum hydroxide adjuvant compared to aluminum phosphate adjuvant.

Our results indicated essentially complete adsorption of rBoNTE(Hc) to adjuvant throughout
the study. The adsorption of rBoNTA(Hc) in the rBoNTABE(Hc) samples was incomplete at
study initiation, but showed a steady increase in the mass adsorbed as a function of storage
time. The incomplete adsorption of rBoNTA(Hc) at study initiation was not unexpected.
Previous short-term competitive adsorption studies indicated a maximum of approximately
40 μg rBoNTA(Hc) could be adsorbed per mg of Alhydrogel™ (10 mM succinate, 10 mM
phosphate, pH 4), whereas the intended loading for the stability study was approximately 50
μg of each rBoNT(Hc) antigen per mg of Alhydrogel™ 1. The adsorption of rBoNTA(Hc) at
the initiation of the storage stability study was slightly improved in the 25 mM succinate, 15
mM phosphate, pH 4 buffer compared to the previous competitive adsorption studies at this
loading level (which gave about 11 μg rBoNTA(Hc)/mg Alhydrogel™), with about 55% (23
μg rBoNTA(Hc) per mg of Alhydrogel™) adsorbed from the buffer-only formulation.

The adsorption of rBoNTA(Hc) was reduced in the presence of trehalose compared to the
buffer-only formulation. Specific interactions between trehalose and the adjuvant surface
(e.g. competitive binding between trehalose and protein for adjuvant surface sites) were not
investigated as a part of this study. The sugars are not expected to adsorb strongly to the
adjuvant surface due to a lack of attractive charge-charge interactions between the sugar
molecules and the adjuvant surface. Studies by Wendorf et al. also showed a decreased
adsorption of model proteins to solid surfaces in the presence of sugars28. The protein
surface adsorption was found to be inversely proportional to protein conformational stability
in the presence and absence of a number of stabilizing excipients, including sucrose and
trehalose. These authors concluded that these effects were not because of interactions
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between sucrose and the solid surface. Speculatively, an increase in the stability of the
native conformation in the bulk solution in the presence of trehalose may reduce the
capacity of the protein molecules to adsorb onto the adjuvant surface. Another suggestion is
that the sugar may increase spreading of the protein on the surface, reducing the number of
molecules representing monolayer coverage. However, our results do not provide a basis to
discriminate between these or other potential mechanisms for the observed reduction in
adsorption in the presence of trehalose.

The adsorption of rBoNTA(Hc) was further reduced in the presence of polysorbate 20.
Surfactants have been previously shown to reduce adsorption to solid surfaces and/or to
cause desorption of proteins from solid surfaces, presumably through competition for
surface sites29–31. Potentially the presence of surfactant in the adjuvant-containing
formulations may result in a similar competitive effect and thus decreased protein
adsorption.

The increases in adsorption of rBoNTA(Hc) between study initiation and the two week
storage time point were significant for all of the formulations. During the course of the
storage study, there were also slight reductions in solution phosphate concentrations and an
increase in pH. These changes result from exchange of hydroxyl ions from the adjuvant
surface for phosphate ions or from further precipitation of AlPO4. As a result, the charge
difference between the protein and the adjuvant surface would be increased, which would
favor more adsorption of protein to the adjuvant. However, the relevant adjuvant surface
chemistry changes were only significant at the two week time point for samples stored at
30°C. Because the increases in rBoNTA(Hc) adsorption to adjuvant were observed in
samples stored for two weeks at both 4 °C and 30°C, the changes in adjuvant surface
chemistry do not fully explain the changes in adsorption.

In studies by Estey et al.23, the chemical stability of the rBoNT(Hc) proteins was monitored
by peptide mapping mass spectrometry. The results of this work indicated an oxidation and
deamidation of a large number of residues in the protein during storage. These chemical
changes may alter the interactions between the rBoNT(Hc) proteins and the Alhydrogel™ as
a function of storage time. Deamidation would be expected to result in a more negative
charge for the proteins under these conditions. However, it is important to note that the net
electrostatic charge for both the proteins and the adjuvant is an average of the charges
present. Heterogeneous charge distribution could lead to attractive charge-charge
interactions even under conditions at which the net charge is electrostatically repulsive.
Oxidation may affect the non-specific interactions between the protein and the adjuvant
surface. Alternatively, the occurrence of so many chemical changes to the proteins may
result from protein unfolding during storage time, exposing amino acid residues that were
previously buried in the protein core to the adjuvant surface.

Desorption of rBoNT(Hc) Following Storage of the Adjuvant-Bound Protein
There was a decrease in the capacity to desorb rBoNTE(Hc) and rBoNTB(Hc) proteins from
the adjuvant during storage of samples. Previously, Shi et al.32, reported that storage of
ovalbumin bound to aluminum salt adjuvant resulted in increased retention of the adsorbed
protein upon subsequent exposure to sheep lymph fluid, which was used as a surrogate to
interstitial fluid. Conversely, storage of adjuvant-bound lysozyme did not significantly alter
the retention of adsorbed protein upon exposure to sheep lymph fluid. The authors suggested
that the greater conformational stability of hen egg white lysozyme was responsible for its
greater degree of desorption from adjuvant following storage. Studies by McGuire et al. also
showed that increased protein conformational stability increases the ability to desorb
proteins from surfaces31. In their studies, they utilized site directed mutagenesis techniques
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to alter conformational stability of a protein while maintaining its size and general structural
elements.

McNay et al. also showed changes in the ability to elute proteins from surfaces as a function
of time33. In this work, interactions between hen egg white lysozyme and chromatographic
resin were studied by multiple spectroscopic techniques. Their results indicated that proteins
with a greater degree of conformational change during adsorption were more difficult to
elute from the resin.

The unfolding of a protein at a surface has two consequences that may affect its desorption.
First, unfolded protein molecules generally have a greater surface area compared to that of
the native protein. The greater surface area results in a greater number of potential contacts
between the protein molecule and the surface, resulting in stronger adsorption 35,36.
Second, unfolded protein molecules may have a greater degree of surface-exposed
hydrophobic amino acid residues compared to native protein molecules, which could
facilitate protein aggregation on the adjuvant surface.

It is notable that of the three proteins adsorbed to adjuvant in the rBoNTABE(Hc) samples,
rBoNTB(Hc) has the lowest degree of desorption immediately following adsorption, with
only about 80% desorbed compared to 85–95% desorption of rBoNTE(Hc) and 100%
desorption of rBoNTA(Hc) immediately following adsorption. Studies by Morefield et al34
and by Iyer et al35 indicate that proteins with a greater degree of phosphorylation are more
resistant to desorption than those with no phosphorylated amino acid residues. Mass
spectroscopic analysis of the rBoNT(Hc) proteins indicated varying degrees of
phosphorylation for the three proteins included in this study, with one, five, and two
potential phosphorylation sites on rBoNTA(Hc), rBoNTB(Hc), and rBoNTE(Hc)
respectively1. The incomplete desorption of rBoNTB(Hc) and rBoNTE(Hc) at t=0 seems to
correlate with the number of phosphorylation sites on the proteins. Additionally, as protein
unfolding occurs at the adjuvant surface, the number of phosphorylated amino acids in
contact with the surface may also increase, thus further inhibiting desorption.

A comparison of rBoNTE(Hc) desorption between the adjuvant-bound rBoNTE(Hc) samples
and the adjuvant-bound rBoNTABE(Hc) samples show similar changes to desorption as a
function of time. This result suggests that changes that may occur to adsorbed rBoNTE(Hc)
as a function of storage time are not affected by the presence of additional protein molecules
at the adjuvant surface, at least over the time course studied.

The exception to the general observation of reduced desorption with storage time was
rBoNTA(Hc) from adjuvant-bound rBoNTABE(Hc) formulations containing both trehalose
and polysorbate 20 and stored at 4°C, which showed complete desorption even following
eighteen weeks of storage. The rBoNTA(Hc) had the lowest adsorption capacity of the three
proteins in previous competitive adsorption experiments1. The desorption data suggest that
this protein had the lowest affinity for the surface. This protein also had the least number of
phosphorylated amino acid residues at study initiation. In the screening of desorption
solutions, solutions containing surfactant did not show any advantages in terms of their
ability to desorb rBoNTB(Hc) compared to solutions containing no surfactant. Since the
screening was only performed on samples of rBoNTB(Hc) adsorbed to adjuvant, it is
impossible to say whether the inclusion of surfactant (instead of high salt) in the desorption
solution would have had an impact on the desorption of rBoNTA(Hc).

Protein Structure and Conformational Stability
Previous studies have shown that protein conformation is altered as a result of adsorption to
solid surfaces17,36,37, which is consistent with our investigation of the structure of
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rBoNTE(Hc) adsorbed to Alhydrogel™. We also found that there were alterations in the
conformation of the adjuvant-bound protein during storage in aqueous solution. However, it
is difficult to propose specific changes to the protein structure based on these results. For
example, the DSC thermograms for rBoNTE(Hc) adsorbed to adjuvant acquired at the
study’s initiation were much different in appearance compared to those obtained following
nine weeks of storage. The thermograms of the stored samples show a loss in magnitude for
the lower temperature transitions, and this loss was more pronounced for samples stored at
30°C compared to storage at 4°C. Transitions observed in DSC thermograms of proteins
may be associated with phase changes, such as the melting (unfolding) of a whole protein, or
the unfolding of a particular region on a protein38. The transitions may result from the
changes in heat capacity associated with the hydration of previously buried amino acid
residues. Furthermore, for proteins adsorbed to adjuvants, heat signals may arise from
thermally-induced interactions such as the reorientation of protein molecules at a surface
that do not necessarily include unfolding events39,40. In cases where these unfolding
processes are reversible (e.g. similar profiles are obtained through multiple heating and
cooling cycles), thermodynamic parameters including the enthalpy of the transitions, as well
as the melting temperature for the transitions may be calculated. In the case of rBoNTE(Hc),
the transitions were not reversible due to thermally-induced aggregation of the protein.
These data can therefore only be discussed qualitatively.

In the thermograms obtained for the rBoNTE(Hc) control samples three transitions were
observed, which suggests that at least three different thermally-induced processes occur.
Three transitions were also observed in the thermograms of rBoNTE(Hc) immediately
following adsorption to Alhydrogel™. However, thermograms of adsorbed rBoNTE(Hc)
stored at 4°C did not show the lowest-temperature transition, and thermograms of adsorbed
rBoNTE(Hc) stored 30°C showed only the highest-temperature transition. We have
interpreted the loss of the lower-temperature transitions from the thermograms of the stored
protein as an indication that the protein experienced some degree of unfolding during
storage. Unfolding of the proteins would result in both a greater degree of contact between
the proteins and the adjuvant surface, and an increase in resistance to desorption.
Alternatively, protein aggregation at the adjuvant surface may alter the heat capacity
profiles. The analyses of solution pH and phosphate concentrations suggest a greater degree
of electrostatic attraction between the adjuvant and proteins over time, which could also
result in changes to thermal events observed by differential scanning calorimetry.

The fluorescence spectra and second derivative UV spectra of rBoNTE(Hc) desorbed from
adjuvant suggest changes in the polarity of the environment of tyrosine and tryptophan
residues in the protein as a function of storage time. Both techniques appear to show shifts in
the peak locations for the tryptophan peaks as a function of storage time. The two techniques
give opposing results in terms of the polarity of the environment for the tryptophan residues
in the adsorbed rBoNTE(Hc) as a function of storage time, and are therefore difficult to
interpret. The different results between the two techniques may result from the handling of
the samples prior to testing. The proteins were desorbed from the adjuvant surface prior the
to second derivative UV analysis, while they remained adsorbed to adjuvant in the
fluorescence analysis. The microenvironment of each tryptophan residue in the protein may
be very different in the presence of the Alhydrogel™. This could explain why even at t=0, a
shift in the fluorescence peak maxima was observed upon adsorption to the adjuvant surface,
compared to the control samples. Second derivative UV spectroscopy was also performed on
samples of rBoNTE(Hc) adsorbed to the surface of the Alhydrogel™ (data not shown).
However, the presence of the adjuvant particles led to a high degree of light scattering in this
analysis. This resulted in a low signal to noise ratio, which precluded the monitoring of the
tryptophan and tyrosine peak positions as a function of storage time.
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Conclusions
Conformational and/or chemical changes occur to rBoNT(Hc) antigens adsorbed to
Alhydrogel™ in both a monovalent (rBoNTE(Hc)) and a trivalent (rBoNTABE(Hc))
configuration upon storage. These changes were evidenced both by spectroscopic techniques
and by changes in the ability to desorb the protein from the adjuvant surface following
storage. However, it is not known whether these changes are detrimental to the efficacy and
safety of the vaccine product.
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Abbreviations

BoNT Botulinum Neurotoxin

rBoNT(Hc) recombinant botulinum neurotoxin antigen

rBoNTA(Hc) recombinant botulinum neurotoxin antigen serotype A

rBoNTB(Hc) recombinant botulinum neurotoxin antigen serotype B

rBoNTE(Hc) recombinant botulinum neurotoxin antigen serotype E

rBoNTABE(Hc) mixture of recombinant botulinum neurotoxin antigen serotypes A, B
and E

PZC point of zero charge

PI isoelectric point

ζ zeta potential
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Figure 1.
Total protein adsorbed to Alhydrogel™ (determined as total mass of protein in adsorption
supernatants divided by the total mass added to samples) or % recovery of protein for
control samples, determined by A280 measurements, in the rBoNTE(Hc) formulations as a
function of storage time for samples stored at A) 4°C and B) 30°C. Data is shown for ●)
controls and adjuvant containing samples formulated in ○) buffer, ▼) buffer + trehalose,
and ▽) buffer + trehalose + Polysorbate 20. Each data point represents the average
adsorption across the three replicate samples. Error bars represent the standard deviation of
the replicate samples.
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Figure 2.
Total protein adsorbed to Alhydrogel™ (determined as total mass of protein in adsorption
supernatants divided by the total mass added to samples) or % recovery of protein for
control samples, determined by A280 measurements, in the rBoNTABE(Hc) sample
formulations as a function of time for samples stored at A) 4°C and B) 30°C. Data is shown
for ●) controls and for adjuvant containing samples formulated in ○) buffer, ▼) buffer +
trehalose, and ▽) buffer + trehalose + Polysorbate 20. Each data point represents the
average adsorption across the three replicate samples. Error bars represent the standard
deviation of the replicate samples.
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Figure 3.
Sample capillary electrophoresis interferograms of standards used for concentration
determination of protein in solution, and of protein remaining in solution following
adsorption to Alhydrogel ™. A) a rBoNTA(Hc) protein standard, B) a rBoNTB(Hc) protein
standard, C) a rBoNTE(Hc) protein standard, D) a rBoNTABE(Hc) protein standard, and E)
a representative adsorption supernatant (supernatant from a sample of rBoNTABE(Hc)
adsorbed to Alhydrogel™ from solution containing buffer in the absence of sugar or
surfactant for 30 minutes, then centrifuged for 5 minutes at 2300 × g). rBoNTA(Hc) and
rBoNTB(Hc) were at concentrations of ~ 0.05 mg/mL in the standards, while rBoNTE(Hc)
was at a concentration of approximately 0.1 mg/mL.
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Figure 4.
Adsorption of rBoNTA(Hc) to Alhydrogel™ (determined as total mass of protein in
adsorption supernatants divided by the total mass added to samples) as a function of storage
time as determined by capillary electrophoresis. Data shown is for samples stored at A) 4°C
and B) 30°C for adjuvant containing formulations of ○) buffer, ▼) buffer + trehalose, and
▽)buffer + trehalose + Polysorbate 20. Each data point represents the average adsorption
across the three replicate samples. Error bars represent the standard deviation of the replicate
samples.
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Figure 5.
Total protein desorption from Alhydrogel™ (determined as total mass of protein in
desorption supernatants divided by the total mass added to samples) or % recovery of
protein for control samples for the A) adjuvant-bound rBoNTE(Hc), 4°C storage, B)
adjuvant-bound rBoNTE(Hc), 30°C storage, C) adjuvant-bound rBoNTABE(Hc), 4°C
storage, D) adjuvant-bound rBoNTABE(Hc), 30°C storage as determined by Abs280. Data
for the control indicates the percent recovery of protein at each time point. Data points are
given for ●) controls (measured as % protein recovered in liquid samples following storage)
and for adjuvant containing formulations of ○) buffer, ▼) buffer + trehalose, and ▽) buffer
+ trehalose + Polysorbate 20. Each data point represents the average desorption across the
three replicate samples. Error bars represent the standard deviation of the replicate samples.
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Figure 6.
Desorption of protein from the rBoNTABE(Hc) sample formulations (determined as total
mass of protein in desorption supernatants divided by the total mass added to samples) or %
recovery of protein for control samples. Data is shown for the desorption of rBoNTA(Hc)
for storage at A) 4°C and B) 30°C, desorption of rBoNTB(Hc) for storage at C) 4°C and D)
30°C, and desorption of rBoNTE(Hc) for storage at E) 4°C and F) 30°C. Data points on each
graph indicate ○) buffer only formulation, ▼) buffer + trehalose, and ▽) buffer + trehalose
+ Polysorbate 20. Each data point represents the average desorption across the three
replicate samples. Error bars represent the standard deviation of the replicate samples.
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Figure 7.
pH as a function of storage time for rBoNTE(Hc) formulations stored at A) 4°C and B)
30°C, and for rBoNTABE(Hc) formulations stored at C) 4°C and D) 30°C. Data points
shown are for ●) controls and for adjuvant containing samples in formulations of ○) buffer,
▼) buffer + trehalose, and ▽) buffer + trehalose + Polysorbate 20. Each data point
represents the average pH across the three replicate samples. Error bars represent the
standard deviation of the replicate samples.
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Figure 8.
Concentrations of phosphate in supernatant solutions following centrifugation of the
antigen-adjuvant complex as a function of antigen-adjuvant complex storage time.
Phosphate concentrations were determined using ICP-OES. Data shown is for the
rBoNTE(Hc) formulations stored at A) 4°C and B) 30°C and for the rBoNTABE(Hc)
formulations stored at C) 4°C and D) 30°C. Data points shown are for ●) controls and for
adjuvant containing samples in formulations of ○) buffer, ▼) buffer + trehalose, and
▽)buffer + trehalose + Polysorbate 20. Each data point represents the average phosphate
concentration across the three replicate samples. Error bars represent the standard deviation
of the replicate samples.

Vessely et al. Page 26

J Pharm Sci. Author manuscript; available in PMC 2010 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 9.
Concentrations of phosphate in supernatant solutions following centrifugation of the
adjuvant in the absence of antigen as a function of buffer-adjuvant storage time. Data shown
is for the buffers used in the A) rBoNTE(HC) buffer-only formulation (10 mM succinate, 10
mM phosphate, pH = 4) and B) rBoNTABE(HC) buffer-only formulation (25 mM succinate,
15 mM phosphate, pH = 4). Each data point represents the average phosphate concentration
across the three replicate samples. Error bars represent the standard deviation of the replicate
samples.
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Figure 10.
DSC scans of rBoNTE(Hc) protein in the presence and absence of aluminum salt adjuvant.
Scans include A) control, T = 0, B) adjuvant-bound rBoNTE(Hc) T = 0, C) control, 4°C
storage, T = 9 week, D) adjuvant-bound rBoNTE(Hc), 4°C storage, T = 9 week, and E)
adjuvant-bound rBoNTE(Hc), 30°C storage, T = 9 week. All samples are for buffer only
formulations.
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Figure 11.
Fluorescence scans of rBoNTE(Hc) in control samples and adsorbed to aluminum salt
adjuvant. Scans were taken at a temperature of 20°C. Panel A shows data obtained for
control samples (——) and adjuvant-bound rBoNTE(Hc) (------) at t=0. Panel B shows data
for control samples stored at 4°C for 9 weeks (——), adjuvant-bound rBoNTE(Hc) (------)
stored at 4°C for 9 weeks, and adjuvant-bound rBoNTE(Hc) (· · · · ·) stored at 30°C for 9
weeks. All samples are for buffer only formulations.
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Figure 12.
Position of peak maxima in thermal fluorescence studies of rBoNTE(Hc) protein in the
presence and absence of aluminum salt adjuvant. Panel A shows data obtained for □)
controls and ●) adjuvant-bound rBoNTE(Hc) in the buffer only formulation at t=0. Panel B
shows data obtained for □) controls stored at 4°C for 9 weeks, ●) adjuvant-bound
rBoNTE(Hc) in the buffer only formulation stored at 4°C for 9 weeks, and ▲) adjuvant-
bound rBoNTE(Hc) in the buffer only formulation stored at 30°C for 9 weeks. Each data
point represents the average peak position across the three replicate samples. Error bars
represent the standard deviation of the replicate samples.
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Figure 13.
Representative second derivative spectra for rBoNTE(Hc) desorbed from Alhydrogel™.
Spectra shown are for buffer only samples stored at a temperature of 4°C. Individual spectra
are for ———) = 0, ------) t=4 weeks, and – – – –) t=18 weeks
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Figure 14.
Position of peaks from 2DUV spectroscopic analysis of desorbed rBoNTE(Hc) as a function
of antigen-adjuvant storage time. Graphs shown are for the A) ~285 nm and B) ~291 nm
peaks for samples stored at 4°C, and the C) ~285 nm and D) 291 nm peaks for samples
stored at 30°C. Data points shown are given for ●) control samples in buffer, and for
adjuvant-bound samples in formulations of ●) buffer, ▼) buffer + trehalose, and ▽) buffer
+ trehalose + Polysorbate 20. Each data point represents the average peak position across the
three replicate samples. Error bars represent the standard deviation of the replicate samples.
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