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Abstract. With the continuous emergence of new infectious diseases and new strains of current diseases,
such as the novel H1N1 influenza in 2009, in combination with expanding competition in the vaccine
marketplace, the pressure to develop vaccine formulations right the first time is increasing. As vaccines
are complex, costly, and have high risk associated with their development, it is necessary to maximize the
potential for development of a successful formulation quickly. To accomplish this goal, the historical
empirical approach to formulation development needs to be updated with a rational, systematic approach
allowing for more rapid development of safe, efficacious, and stable vaccine formulations. The main
components to this approach are biophysical characterization of the antigen, evaluation of stabilizers,
investigation of antigen interactions with adjuvants, evaluation of product contact materials, and
monitoring stability both in real time and under accelerated conditions. An overview of investigations
performed for each of these components of formulation development is discussed. The information
gained in these studies is valuable in forming the base of knowledge for the design of a robust
formulation. With the use of continually advancing technology in combination with maintaining a
rational, systematic approach to formulation development, there is a great increase in the probability of
successfully developing a safe, effective, and stable vaccine formulation.
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INTRODUCTION

Development of vaccines is a complex and costly under-
taking with high risk associated as the majority of vaccine
candidates fail in preclinical and phase I development (1).
Because of the complexity of manufacturing vaccine products,
it is important to have a good understanding of what factors
can impact the safety, efficacy, and stability of the formulation
all along the development path. Failure to understand factors
that can adversely impact the vaccine formulation can result
in selection of sub-optimal conditions leading to failures of
safety, efficacy, or stability causing project delays or cancel-
ation. In addition, with the continuous emergence of new
infectious diseases and new strains of current diseases, such as
with the novel H1N1 influenza in 2009, along with expanding
competition in the vaccine marketplace the pressure to
develop vaccine formulations quickly is increasing.

An outline of a rational, systematic approach for the
development of robust vaccine formulations is presented in
Fig. 1. The main components of this approach are: biophysical
characterization of the antigen, evaluation of stabilizers,
investigation of antigen interactions with adjuvants, evaluation

of product contact materials such as sterile filter membranes,
and monitoring stability both in real time and under accelerated
conditions. In this approach, development is initiated with
biophysical characterization of the antigen with various ana-
lytical techniques with the goal of determining appropriate pH,
buffer species, and ionic strength to prevent antigen aggregation
andmaintain the antigen in an appropriate folded state for early
preclinical studies. These studies are followed up with an
evaluation of stabilizers to enhance the physical and chemical
stability of the antigen moving towards the typical goal for
vaccines of a 3-year shelf life. Next, investigations of what the
most appropriate adjuvant is to obtain the desired immune
response and how the antigen and adjuvant interact with one
another should be performed. As developmentmoves towards a
formulation for phase I clinical trials initial evaluations of how
the formulation is impacted by product contact materials such as
sterile filter membranes should be initiated. All of these
investigations need to be supported by real-time and acceler-
ated stability studies to verify that changes to the formulation
during the development process maintain the antigen in a
chemically and physically stable state. Each of these compo-
nents occurs over multiple development phases and are
complimentary with one another. An overview of each of these
steps in the development process will be discussed. By replace-
ment of historical empirical approach to development of
vaccines with a rational and systematic approach quality can
be built into the formulation allowing for more rapid develop-
ment of safe and reliable vaccines.
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Biophysical Characterization

In the early phases of vaccine development, it is
important to understand the physical characteristics of the
antigen. It is critical to understand how parameters such as
pH, buffer species, and ionic strength impact the folded state
of the antigen as well as the propensity of the antigen to
aggregate. Knowing how characteristics of the formulation
will impact physical stability of the antigen will aid selection
of appropriate excipients during the development process.
The laboratory of C Russell Middaugh at the University of
Kansas has performed extensive research in the area of
biophysical characterization of vaccine antigens and thera-
peutic proteins through the use of spectroscopic techniques
(2). Studies performed by Peek et al. (3,4) used a systematic
three-step approach towards development of ricin toxin A-
chain and erythrocyte binding antigen vaccines. In this
systematic approach, the stability of the antigen is first
evaluated as a function of pH and temperature, then a library
of compounds is screened for their potential to stabilize the
antigen, and finally the adsorption characteristics of the
antigen to aluminum-containing adjuvants is investigated. In
the evaluation of antigen stability as a function of pH, they
utilized empirical phase diagrams which are a valuable tool to
combine data from various analytical techniques to obtain a
broad view of antigen stability.

Empirical Phase Diagrams

When initiating preformulation studies for the systematic
development of a vaccine formulation, a logical place to start
is understanding how the physical stability of the antigen is
impacted by changes in pH and temperature. The pH of the
formulation can impact both the physical stability of the
antigen, such as whether the antigen maintains the appro-
priate folding and if the antigen will aggregate, as well as the
chemical stability of the antigen. The pH can impact the
chemical degradation rate of many mechanisms of degrada-
tion such as hydrolysis, oxidation, and deamidation (5). The

empirical phase diagram offers a convenient way to display
how the physical stability of an antigen is impacted with
changes in pH and temperature. Generally in this approach,
characterization data are taken from various spectroscopic
techniques such as second derivative UV/Vis (6), intrinsic
fluorescence, extrinsic fluorescence (7,8), and circular dichro-
ism (9,10) are combined and transformed into data vectors to
construct the empirical phase diagram (11). An example of
data typically transformed into vectors is from second
derivative UV/Vis spectroscopy and is shown for an antigen
of Clostridium difficile (Fig. 2). In this technique, shifts in the
wavelength of absorbance peak minima of phenylalanine,
tyrosine, and tryptophan residues are associated with changes
in the protein structure. A shift in the blue direction is
associated with unfolding as the amino acid residues are
exposed to a more polar environment (Fig. 2a). A shift in the
red direction is associated with aggregation as the amino acid
residues are exposed to a less polar environment (Fig. 2b). So
depending on the environment the antigen was exposed to
either unfolding or aggregation occurred. These data can be
combined with other characterization data into vectors which
are assigned a color based on the magnitude and an empirical

Fig. 1. Components of a rational and systematic approach to the
development of vaccine formulations are biophysical characteriza-
tion, stabilizer screening, adjuvant interactions, sterile filtration and
container interactions, and stability studies. Each of these compo-
nents occurs over multiple phases of development and are compli-
mentary to one another

Fig. 2. Second derivative UV/Vis spectroscopy is a useful technique
for antigen characterization. In this technique, shifts in wavelength of
absorbance peak minima for phenylalanine, tyrosine, and tryptophan
residues reveal if the protein changes states with increasing temper-
ature. Under various formulation conditions an antigen for Clostri-
dium difficile can be observed in different physical states of unfolding
(a) and aggregation (b). Unfolding of the antigen is indicated by a
blue shift in the wavelength of the absorbance peak minima while
aggregation is indicated with a red shift in the peak minima
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phase diagram of pH versus temperature can be constructed
from these color vectors (Fig. 3). In empirical phase diagrams,
regions of similar color indicate conditions where the antigen
is in a similar state. Different color regions indicate that the
antigen is in a different state under those formulation
conditions. Depending on what information is known about
the antigen, regions of the phase diagram can be labeled for
example as: native structure, unfolded, and aggregated. If
information on the stability of the various forms of the
antigen is know the regions can be identified as stable or
unstable states. The empirical phase diagram approach has
been used in development of viral (12), bacterial (13), as well
as sub-unit (14,15) vaccine antigens and is a valuable tool for
selection of appropriate pH conditions early in development.

In addition to pH evaluation, the empirical phase
diagram approach can be utilized to determine the impact
of other variables on antigen stability like buffer type and
concentration, ionic strength, and impact of product contact
materials. For instance, it was investigated what the effect on
physical stability would be of increasing levels of phosphate
buffer for the C. difficile antigen discussed previously (Fig. 4).
At the lowest concentration of phosphate buffer investigated
a transition in the physical state of the antigen was observed
at approximately 43°C. This is shown on the empirical phase
diagram by the shift in color from brown to green. This
transition was associated with an unfolding event of the
antigen. There were also transitions seen at the same
temperature for the higher buffer concentrations. However,
those transitions resulted in a different physical state of the
antigen than was observed at the low buffer concentration
indicated by the purple and blue colors on the empirical
phase diagram. The transitions at the 100 and 150 mM
phosphate buffer concentrations were associated with antigen
aggregation and reduced stability. The data suggest that high
concentrations of phosphate should be avoided to maintain
optimal physical stability of the antigen. The empirical phase
diagram approach is a convenient method to have a broad
overview of the impact of various formulation parameters on

the physical stability of an antigen. This allows for a more
rational selection of formulation conditions moving forward
through the development phases.

Evaluation of Stabilizers

Optimization of formulation parameters such as pH,
ionic strength, and buffer species may not prove to be enough
to stabilize an antigen for the typically desired 3-year shelf life
of vaccine products. In this case stabilizing excipients need to
be investigated for incorporation into the vaccine formula-
tion. Evaluation of antigen stabilizers typically begins with
investigation of generally regarded as safe (GRAS) exci-
pients. By utilizing GRAS excipients, development may
proceed more rapidly as regulatory concerns regarding safety
of the formulation excipients will be lower. Since at the early
stage of development the primary mechanism of antigen
degradation may not be known it is important to evaluate
excipients from various classes of stabilizers (Table I). For
stabilizer investigation, information on the physical stability
of the antigen obtained from the empirical phase diagram
approach can be used to select appropriate formulation
conditions in which to perform the studies. It is useful to
select formulation conditions in which the antigen exhibits
some instability in order to be able to detect stabilization

Fig. 3. When evaluating antigen stability by the empirical phase
diagram approach regions of like color indicate under those
conditions the antigen is in a similar state. A change in color suggests
that an event such as unfolding or aggregation has occurred. In the
empirical phase diagram presented here for a theoretical antigen as
the color changes from green to blue to red, the antigen goes from the
native conformation to an unfolded state and finally to an aggregated
state. The diagram also indicates that the antigen is most stable at
pH 7.0 as the transition temperatures are highest at that pH

Fig. 4. An empirical phase diagram for a Clostridium difficile antigen
exhibits how buffer concentration can impact the physical state of an
antigen. There is a transition in the physical state of the antigen at all
levels of phosphate buffer at approximately 43°C. The transition
observed at the low level of phosphate was associated with protein
unfolding while the transition at the higher buffer levels was
associated with aggregation of the antigen

Table I. Classes of Excipients and Examples of GRAS Compounds
in Each Class that can be Evaluated as Stabilizers in the Develop-

ment of a Vaccine Formulation

Excipient class Examples

Amino acids Arginine, aspatate, glycine, glutamate,
lysine, and proline

Antioxidants Ascorbic acid, EDTA, and malic acid
Cyclodextrins α-Cyclodextrine, β or γ

2-hydroxypropylcyclodextrine
Proteins Albumim and gelatin
Sugars/Sugar Alcohols Sucrose, trehalose, lactose, dextrose,

glycerol, sorbitol, and mannitol
Surfactants Brij, pluronic, and Tween
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effects of excipients more easily. Using the empirical phase
diagram for the theoretical antigen in Fig. 2, a low pH of 6.0
or a high pH of 8.0 would be selected to evaluate stabilizers
for that antigen since, at those pHs, the transition temper-
atures of the antigen is lower. Once the formulation
conditions are selected the impact of each stabilizer on the
onset of aggregation are determined for each excipient or
combination of excipients. The excipient(s) that exhibit the
greatest increase in the transition temperature, or the time
until the transition occurs at a given temperature, should be
considered for inclusion in the final formulation. The ability
of two excipients to stabilize a meningococcal serotype B
recombinant protein antigen against aggregation was eval-
uated (Fig. 5). In this experiment, optical density of each
formulation was monitored at 60°C and the time until the
onset of aggregation was determined. The formulation with
no added excipient exhibited aggregation after approximately
13 min. Excipient 1 actually destabilized the antigen and was
aggregated immediately upon monitoring the formulation
indicated by the high optical density. Excipient 2 was a good
stabilizer of the antigen as it prevented aggregation through
the duration of the experiment. Therefore, excipient 2 was
selected to perform further development studies to optimize
the formulation.

Excipient screening such as monitoring of optical density
or extrinsic fluorescence can be performed in a 96 well format
to allow high-throughput screening of many excipients and
excipient combinations at one time. This is a powerful
approach to obtain a large quantity of stability data quickly
and has been used in the development of C. difficile (16,17),
Bacillus anthracis (14), measles (12), hepatitis (18), as well as
other vaccines. Once the pH, buffer, and stabilizer(s) have
been determined, focus of development can shift towards
understanding how environmental stresses such as low or
high temperatures as well as incorporation of adjuvants to
enhance immunogenicity may impact antigen stability.

Correlation of Real-time and Accelerated Stability

It is important to understand how extreme environ-
mental conditions such as high temperatures can impact the

stability of the formulation. Correlation of accelerated
stability with real-time data is valuable to support activities
such as expiration dating and assessment of the impact of
temperature excursions during shipment and storage of the
vaccine for clinical trials. When initiating stability studies it is
important to understand what potential mechanism the
antigen can degrade by. In general, physical instability is
associated with loss of protein structure and aggregation
while common forms of chemical degradation are oxidation
and deamidation (19). One method to evaluate the stability of
the antigen against these types of degradation is Arrhenius
kinetics. The temperature dependence of the rate constants
for elementary chemical reactions can be described simply by
the Arrhenius equation (20):

k ¼ Ae�Ea=RT

In the equation, k is the rate constant, A is the pre-
exponential factor, Ea is the activation energy, R is the gas
constant, and T is the temperature. If a plot of Ln (k) versus
1/T is linear the data obtained from the accelerated conditions
can be extrapolated to real-time storage conditions such as
refrigerated at 4°C. An underlying assumption of the
Arrhenius equation is that the reaction mechanism does not
change in the temperature range of interest. Generally, a
change in the mechanism of degradation results in a non-
linear Arrhenius plot. An example of an antigen whose
degradation follows Arrhenius kinetics is meningococcal
serotype A polysaccharide conjugated to tetanus toxoid
(Fig. 6). This does not necessarily mean there is a single
degradation mechanism for the conjugate that is an elemen-
tary chemical reaction, but that the rate limiting reaction
follows Arrhenius kinetics or possibly the average of all the
potential degradation mechanisms approximates Arrhenius
type behavior. From this type of data, predictions can be
made regarding whether the antigen will remain stable for the
desired shelf life of the product. This allows decisions to be
made earlier on in the development process regarding the
necessity of further development work to reach stability
goals. The accelerated data should always be supported with
real-time studies to verify the predicted relationship between
antigen degradation at high and low temperatures.

Obtaining data on how extreme temperatures impacts
the vaccine formulation is also important for supporting
clinical studies. Temperature excursions, where the vaccine
formulation is exposed to temperatures outside of the
recommended range such as freezing or ambient temperature

Fig. 5. One method to assess the ability of excipients to stabilize an
antigen is to monitor optical density of each formulation over time.
Two excipients were evaluated for their ability to stabilize a
meningococcal serotype B recombinant protein antigen. The optical
density of the formulations was monitored over time at 60°C to
evaluate the onset of aggregation

Fig. 6. The degradation of meningococcal serotype A conjugate can
be described by Arrhenius kinetics. By extrapolation of data from
accelerated conditions, predictions of the kinetics in real time can be
made

194 Morefield



for refrigerated products, can occur during the shipment and
storage of clinical trial materials. The data obtained in
accelerated stability studies are useful for determination
whether a vaccine remains acceptable for administration to
a patient following exposure to a temperature higher than the
recommended storage temperature. For example, if a vaccine
containing the meningococcal conjugate discussed above, in
which refrigeration is the recommended storage condition,
was left overnight at ambient temperature the equation for
the best fit line of the Arrhenius plot above could be used to
predict if the vaccine remains within the potency specification
and can still be administered to patients.

In addition to high temperature excursions it is useful to
determine the impact of other factors on formulation stability.
Environmental stresses such as exposure to cycles of freezing
and thawing, extended exposure to light as well as contact
with various storage container materials. As more knowledge
is obtained on how environmental stresses impact the
formulation this information can be used to develop a more
robust and stable vaccine. These early characterization and
stability investigations also give indications regarding whether
a lyophilized formulation will be required to meet the shelf
life goals of the product. While this review focuses on
development for liquid presentations there are reviews in
the literature regarding the considerations needed when
developing a lyophilized vaccine formulation (21–23).

Adjuvantation

A side effect of vaccine antigens becoming more pure as
purification technology has advanced is a reduction in the
immunogenicity of the antigen. The first vaccines were killed
or inactivated bacteria or viruses (24). These formulations
retained intrinsic molecules such as Toll-like receptor agonists
and exotoxins that could activate the immune system.
However, the potential reactogenicity of these whole cell or
virus formulations presents a safety issue versus a highly
purified antigen. To retain antigen immunogenicity with more
highly purified antigens, adjuvants can be incorporated into
the vaccine formulation. Adjuvants interact with the immune
system through various mechanisms thereby enhancing the
immune response. Currently, the most utilized adjuvants in
licensed products are aluminum salts and squalene-based oil-
in-water emulsions. Use of these adjuvants will be the focus
of this section, however there are many other types of
adjuvants in development for use in vaccines such as Toll-
like receptor agonists, examples include LPS mimics, flagellin,
and CpG motif DNA, saponins such as QS-21, and cytokines
including type I Interferons and IL-12 (25–32).

Aluminum Adjuvants

Aluminum-containing adjuvants are currently the most
widely used in marketed vaccines. These adjuvants have a
long history of use and an excellent safety profile. The
adjuvant effect of aluminum salts was first discovered by
Glenny et al. in 1926. He observed an increase in the immune
response of diphtheria toxoid when precipitated with potas-
sium alum versus a solution of the toxoid (33). Since that time
much has been learned about the properties and mechanism
of action of aluminum-containing adjuvants, particularly from

Stanley Hem’s laboratory at Purdue University. This section
described what aluminum-containing adjuvants are, how they
interact with vaccine antigens, and current hypotheses on the
mode of action of these adjuvants.

Characterization of Antigen Interactions
with Aluminum-Containing Adjuvants

When formulating a vaccine with aluminum-containing
adjuvants, it is important to understand both the nature of the
surface of the adjuvant and how the antigen interacts with
that surface. When considering the nature of the adjuvant
surface it is convenient to imagine a continuum of surfaces
with slightly different properties, with aluminum hydroxide
adjuvant on one end of the continuum, and aluminum
phosphate adjuvant on the other. Aluminum hydroxide
adjuvant is chemically crystalline aluminum oxyhydroxide
AlO(OH) (34). The surface of aluminum hydroxide adjuvant
is composed of hydroxyls that are able to accept and donate
protons which allow the surface to have an electrical charge
(35). Because the adjuvant surface can have a positive or
negative charge depending on the pH the adjuvant has a
point of zero charge (PZC). It is important to understand
what the PZC of the adjuvant is as this gives an indication of
whether the surface charge at a given pH will be positive or
negative which in turn impacts antigen adsorption. The PZC
of aluminum hydroxide adjuvant is 11.4 so at physiological
pH the surface has a positive charge. The PZC of aluminum
hydroxide adjuvant can be decreased to an acidic value by
treatment of the adjuvant with phosphate anions (36). The
decrease in PZC is proportional to the level of phosphate
exposure as the greater amount of phosphate exposure the
lower the PZC value.

Aluminum phosphate adjuvant is chemically amorphous
aluminum hydroxyphosphate, Al(OH)x(PO4)y, and is not a
stoichiometric compound. The PZC of aluminum phosphate
adjuvant decreases with increasing phosphate incorporation
and commercially available material generally has a PZC
between 5.0 and 5.5 (37). Therefore, at physiological pH
aluminum phosphate adjuvant generally has a negative sur-
face charge.

Once the physical properties of the adjuvant are known,
how a given antigen will interact with the adjuvant can be
determined. There are many mechanisms by which an antigen
can adsorb to an aluminum-containing adjuvant such as
electrostatic attractive forces, hydrophobic interactions,
ligand exchange, hydrogen bonding and van der Waals forces
(38). Of these types of interaction forces, electrostatic
attractive forces, ligand exchange, and hydrophobic interac-
tions are typically the predominate adsorption mechanisms
observed in vaccine formulations.

Electrostatic attractive forces act in formulations where
the antigen and adjuvant have opposite electrical charges. At
physiological pH, aluminum hydroxide adjuvant has a pos-
itive charge and will have electrostatic attraction with
antigens having an acidic isoelectric point (pI). Aluminum
phosphate adjuvant has a negative charge at physiological pH
and will have electrostatic attraction with antigens that have a
basic pI. This has been demonstrated with model antigens, as
albumin which has an acidic pI and adsorbs preferentially to
aluminum hydroxide adjuvant and lysozyme which has a basic
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pI adsorbs preferentially to aluminum phosphate adjuvant
(39). A method to determine the extent to which electrostatic
attractive forces are involved in adsorption of an antigen is to
treat the formulation with increasing concentrations of
sodium chloride (40). The ions from the salt shield the
charges on the adjuvant surface and antigen, therefore as
the ionic strength increases the adsorption level of the antigen
will decrease if electrostatic attractive forces are the predom-
inate adsorption mechanism.

Ligand exchange is the strongest adsorption force and
occurs when a phosphate group on an antigen exchanges with
a hydroxyl on the surface of an aluminum-containing
adjuvant. Ligand exchange can occur even in the presence
of electrostatic repulsive forces. This was demonstrated by
preparing ovalbumin with varying amounts of phosphoryla-
tion and determining the level of adsorption with aluminum
phosphate adjuvant (41). All of the different ovalbumin
samples had electrostatic repulsive forces present in the
system. Ovalbumin with low phosphate content exhibited no
adsorption to the adjuvant as electrostatic repulsion was the
dominant force. Hyperphosphorylated ovalbumin could over-
come the electrostatic repulsive force with ligand exchange
binding and was 99% adsorbed to aluminum phosphate
adjuvant. However, this high strength of binding can have a
deleterious impact on antigen immunogenicity. It was shown
with hepatitis B surface antigen as well as with alpha-casein, a
model antigen that as the strength of binding increased the
resulting geometric mean antibody titer in mice decreased
(42,43). It was determined that the reduction in immunogenicity,
seen in systems exhibiting very tight binding of antigen to the
adjuvant, resulted from interference in antigen processing and
presentation as no activated T cells were found in the spleens of
mice vaccinated with the tightly bound antigen formulations.
These data demonstrate that antigen adsorption strength must
be considered, in addition to the amount of adsorption when
developing a stable, immunogenic vaccine formulation with
aluminum-containing adjuvants.

Historically, it was hypothesized that the vaccine antigen
must be adsorbed to the surface of the adjuvant to observe an
enhancement of immunogenicity. However, recently it was shown
that antigen adsorption is not required for potentiation of the
immune response with aluminum-containing adjuvants (44). The
necessity of adsorption is antigen dependent. Some antigens do
require a high level of adsorption to maintain optimal immuno-
genicity, while for others equivalent immunogenicity is achieved
for adsorbed and non-adsorbed formulations, and others exhibit
optimal immunogenicity in non-adsorbed formulations. It is
important to understand early in formulation development the
importance of adsorption if aluminum-containing adjuvants are
utilized. This can generally be achieved by evaluating the
immunogenicity of an antigen in adsorbed and non-adsorbed
formulations in an appropriate animal model. Formulations in
which the antigen is adsorbed and not adsorbed to the adjuvant
can typically be obtained by manipulation of the surface charge of
the adjuvant through addition of phosphate anion (Fig. 7). In this
example, meningococcal serotype A conjugate was combined
with a series of aluminum-containing adjuvants and the adsorption
level was determined. As the conjugate has an acidic pI, it is not
surprising that it is nearly all adsorbed to the adjuvant surfaces that
have a positive surface charge due to electrostatic attractive forces.
As the surface charge of the adjuvant becomes more negative, the

conjugate remains adsorbed even in the presence of electrostatic
repulsive forces. This is due to the ability of serotype A conjugate
to adsorb by the ligand exchange mechanism. However, once all
of the ligand exchange binding sites are blocked electrostatic
repulsive forces become dominant and the adsorption level
quickly drops. For this antigen, the adjuvant selected for the
adsorbed formulation would likely have a zeta-potential
near −10 mV. An adjuvant having a more positive surface charge
would generally not be selected as the binding strength would be
too great due to ligand exchange binding and issues with stability
would result over time. For the non-adsorbed system, the adjuvant
selected would have a zeta-potential around −35 mV. Adjuvants
with surface charges on the steep slope of the curve should be used
with caution as it may be difficult to consistently prepare a
formulation having an intermediate level of adsorption due to the
inherent variability of adjuvant and formulation preparation.
Once the importance of adsorption is determined the focus of
subsequent development efforts can be targeted towards optimiz-
ing the stability of the adsorbed or non-adsorbed formulation.

Impact of the Micro-environment pH

If adsorption is critical for antigen immunogenicity, then
the impact of the micro-environment pH must be evaluated.
As vaccine formulations with aluminum-containing adjuvants
are suspensions of charged particles in an aqueous solution,
the charged adjuvant surface attracts ions of opposite charge
from the surrounding water. This includes attraction of
protons by a negatively charged adjuvant and attraction of
hydroxyls by a positively charged adjuvant. The result of
attracting protons or hydroxlys to the surface of the adjuvant
produces a micro-environment pH which can be up to pH 2
units different than what can be measured in the bulk of the
formulation (45). The difference in pH between the bulk and
micro-environment can have a dramatic impact on the
stability of adsorbed antigens (46). The stability of most
antigens exhibits a dependence on pH. Figure 8 shows the pH
dependence for the degradation of the meningococcal sero-
type A polysaccharide conjugate discussed previously. The
data indicate that the conjugate exhibits greater stability at a
pH lower than physiological pH. The adjuvant used to
prepare an adsorbed formulation of the serotype A conjugate
would have a zeta-potential of −10 mV. Since the adjuvant
surface has a negative charge the micro-environment pH will
be lower than the bulk pH. Therefore, a formulation having a
pH near physiological could still be utilized as the pH

Fig. 7. Adsorption profile of meningococcal serotype A conjugate on
a series of aluminum-containing adjuvants with varying surface
charges
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experienced by the conjugate will be lower and in the range
of enhanced stability.

In contrast, if the only factor used to select the adjuvant
for adsorption of the conjugate was to optimize electrostatic
attractive forces an adjuvant having a positive surface would
likely be selected. In this case the micro-environment pH
would be greater than that seen in the bulk due to the
attraction of hydroxyls to the adjuvant surface. This would
result in destabilization of the conjugate if the formulation
was prepared at physiological pH. A much lower formulation
pH would need to be utilized to maintain stability of the
conjugate in this situation. However, care must be taken
when considering formulating at a pH away from physiolog-
ical pH as the potential of pain associated with administration
of the vaccine increases the further away from physiological
pH the formulation gets. Therefore, when formulating
vaccines with antigens adsorbed to aluminum-containing
adjuvants the optimal formulation is often found with
conditions that balance adsorption level, adsorption strength,
and the micro-environment pH.

Mechanism of Action of Aluminum-Containing Adjuvants

Aluminum-containing adjuvants play many roles in the
potentiation of the immune response to an antigen from
recruitment of antigen-presenting cells (APCs), enhancing
the uptake of antigen, and influencing the differentiation of
APCs and T cells. Following administration of a vaccine
with an aluminum-containing adjuvant, an inflammatory
response is induced that recruits immune cells such as
monocytes, neutrophils, and eosiniophils to the administration
site (47–50). The adjuvant then facilitates uptake of the antigen
by resident and infiltrating APCs. This is likely a result of the
adjuvant making the antigen particulate in nature so it can be
internalized by APCs through the efficient phagocytosis mech-
anism (51). Finally, it is thought that aluminum-containing
adjuvants impact the activation and differentiation of dendritic
cells through the Nalp3 inflammasome and up-regulation of
cytokines, though this is still under investigation (52–56).
Historically, a Th2 type response with a high level of IgG1
antibodies is obtained with the use of aluminum-containing
adjuvants (26).

Emulsions

An emulsion is a dispersion of at least two immiscible
liquid phases stabilized with an emulsifying agent (57). The

most typical emulsion types utilized in formulation of
vaccines are water-in-oil and oil-in-water emulsions,
though nonaqueous emulsions can be prepared. Emul-
sions were first evaluated in vaccine formulations by
Freund in the 1940s (58–60). He found that enhanced
immunogenicity could be obtained by formulating anti-
gens in a water-in-paraffin oil emulsion either with
Mycobacterium tuberculosis, complete Freund’s adjuvant,
or without the mycobacteria, incomplete Freund’s adju-
vant (IFA). Salk and colleagues evaluated IFA with whole
virus influenza vaccine in humans and nonhuman primates
and found that formulation with the adjuvant induced a
faster and longer lasting immune response than formula-
tion with saline alone (61–63). The mechanism of action
of water-in-oil emulsions was thought to be the formation
of an antigen depot in the continuous oil phase at the site
of injection (64). The success of water-in-oil emulsion
vaccine formulations in clinical studies led to the licensure
of a seasonal influenza vaccine with IFA in the UK (65).
In the initial years of licensure, around one million doses
of the emulsion adjuvanted influenza vaccine were admin-
istered. However, water-in-oil emulsion adjuvanted vaccines
exhibited high reactogenicity and their use was discontinued
over time (66).

Currently, the primary focus of vaccine formulation
development is on squalene-based oil-in-water emulsions.
Squalene is a biodegradable oil which is a precursor of
cholesterol. The primary source of squalene is shark liver
oil; however, methods for obtaining squalene from renew-
able sources such as olives are being developed (67).
Typically, nonionic surfactant emulsifiers such as Tween
80 and Span 85 are used to prepare stable emulsions of
squalene. To manufacture the emulsion generally the two
phases are prepared separately then mixed together. The
squalene is mixed with the low hydrophilic-lipophilic
balance (HLB) emulsifier as a low HLB indicates a
preference for the oil phase, and the high HLB emulsifier
is mixed with the aqueous phase. The oil phase is then
dispersed into the water phase. Finally, a homogeneous
preparation having a sub-micron particle size can be
obtained through processes such as microfluidization or
temperature induced phase inversion. This provides a
preparation that can be sterilized by terminal filtration
and stored ready to use. Squalene emulsions are generally
stored refrigerated to stabilize the oil from degradation due to
chemical oxidation (68).

Squalene-based oil-in-water emulsions act on the
immune system in multiple ways to provide their adjuvant
effect (69). The emulsion stimulates the release of chemo-
kines which attract monocytes and granulocytes to the site of
injection. The adjuvant induces maturation of the recruited
monocytes into dendritic cells and enhance antigen uptake by
those cells by stimulating endocytosis. Finally, migration of
mature dendritic cells to the draining lymph node for antigen
presentation to T cells is enhanced through induction of
chemokine receptors. In addition to these direct effects on
cells of the immune system it has also been shown that
squalene emulsions can interact with skeletal muscle to
promote the immune response (70). All of these mechanisms
of action contribute to the ability of squalene emulsions to
induce robust antibody responses.

Fig. 8. The pH dependence of the degradation of meningococcal
polysaccharide conjugate serotype A at 45°C
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Squalene-based emulsion adjuvants currently in develop-
ment include MF59 (Novartis Vaccines and Diagnostics),
AS03 (GlaxoSmithKline), and AF03 (Sanofi Pasteur). The
primary target for use of these emulsion adjuvants has been
pandemic and seasonal inactivated influenza vaccines. All
three of these squalene emulsion adjuvants have been found
to boost the immune response to both seasonal and pandemic
strains of influenza (71–76). While the frequency of reactions
at the injection site for vaccines containing squalene emulsion
adjuvants is generally higher than non-adjuvanted vaccines
these reactions tend to mild and of short duration (77,78).
Because of the ability to induce Th1 responses, the dose
sparing potential and relative safety demonstrated by the
squalene-based emulsion adjuvants, they will continue to play
an important role in the future for seasonal and pandemic
influenza vaccines as well as vaccines for other emerging
infectious diseases.

Sterile Filtration

As vaccines are administered to infants, children, and
adults who are generally healthy at the time of injection there
is a high level of safety that must be ensured when
manufacturing the product. Prevention of microbial contam-
ination of vaccines is an important part of producing a safe
vaccine formulation. Typically, this can be achieved through
aseptic processing and sterile filtration of the vaccine
formulation. However, formulations with aluminum-contain-
ing adjuvants cannot be sterilized by filtration due to the
particle size of the adjuvant being greater than 0.2 μm.
Materials used to prepare vaccines with aluminum-containing
adjuvants must be sterilized prior to formulation and handled
aseptically during the formulation and filling process.

Sterile filter membranes are produced with various
materials. Typical membranes used in vaccine production
are cellulose acetate (CA), polyethersulfone (PES), and
polyvinylidene fluoride (PVDF) (79–81). Components of
vaccine formulations can interact with the filter membrane
material and it must be determined if that interaction may be
detrimental to the vaccine. Investigating the amount of
antigen lost during filtration, the amount of material than
can be filtered prior to clogging, and the ability of the filter to
retain microbial organisms following exposure to the vaccine
formulation are important for determining the optimal
membrane material for sterile filtration. These parameters
were used to investigate the most appropriate membrane for
an influenza formulation (Fig. 9). In pressure monitoring
experiments, it was observed that CA and PVDF membrane
materials clogged more rapidly than PES. The amount of
influenza antigen lost during filtration was analyzed by serial
radial immunodiffusion and these results correlated with the
pressure data as the PES membrane had the least loss of
material. These data suggest that PES should be used as the
membrane for sterile filtration. However, before moving
forward the PES membrane was evaluated in the bacterial
challenge test to confirm that interaction with the formulation
did not diminish the ability of the membrane to retain
microbial organisms. In this case the membrane did maintain
its ability to retain microbial contaminants following exposure
to the influenza formulation. Therefore, a PES membrane
was selected for use in sterilization of the influenza formula-

tions for future development studies. These investigations are
important for both ensuring the safety of the vaccine by
removing potential contamination from the formulation and
avoiding loss of product during production.

CONCLUSIONS

With the continuous emergence of new infectious
diseases and new strains of current diseases, such as with
the novel H1N1 influenza in 2009, in combination with
expanding competition in the vaccine marketplace the
pressure to quickly develop robust vaccine formulations is
increasing. Utilizing a rational, systematic approach allows for
more rapid development of safe, efficacious, and stable
vaccine formulations. The main components to this approach
are biophysical characterization of the antigen, evaluation of
stabilizers, investigation of antigen interactions with adju-
vants, evaluation of product contact materials, and monitor-
ing stability both in real time and under accelerated
conditions. While this is not a wholly comprehensive list of
the investigations that are needed to complete development
of a vaccine formulation the information gained in these
studies should form the base of knowledge for a robust
formulation. Building this broad package of knowledge on
factors that impact the formulation is valuable in supporting
decisions for moving through the various phases of develop-
ment projects. In addition, information gained in these studies
can aid in determining the impact of unplanned events such

Fig. 9. It is important to understand how the formulation interacts
with the membrane during sterile filtration. Pressure (a) and antigen
loss (b) were monitored to investigate the optimal sterile filtration
membrane material for an influenza formulation
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as deviations in manufacturing or temperature excursions
during storage allowing decisions regarding the suitability of
use of the product to be made with greater confidence. With
the use of continually advancing technology and maintaining
a rational, systematic approach to formulation development
there is increasing probability of success in developing a safe,
effective, and stable formulation.
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