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Abstract. Vaccines are considered the most economical and effective preventive measure
against most deadly infectious diseases. Vaccines help protect around three million lives
every year, but hundreds of thousands of lives are lost due to the instability of vaccines. This
review discusses the various types of instability observed, while manufacturing, storing, and
distributing vaccines. It describes the specific stability problems associated with each type of
vaccine. This review also discusses the various measures adopted to overcome these
instability problems. Vaccines are classified based on their components, and this review
discusses how these preventive measures relate to each type of vaccine. This review also
includes certain case studies that illustrate various approaches to improve vaccine stability.
Last, this review provides insight on prospective methods for developing more stable

vaccines.
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INTRODUCTION

In general, a vaccine is a biological preparation that
provides acquired immunity or adaptive immunity to a
particular disease. According to the WHO (World Health
Organization), vaccines can now be administered to prevent
25 different diseases. A typical vaccine contains an agent,
which stimulates the body’s immune system. This agent can
be a weakened or inert form of the target pathogen, the
toxins produced by the pathogen, or surface proteins of the
pathogen.

Vaccination is the most economical method to prevent
many infectious diseases that cause morbidity or mortality.
However, the instability of vaccines limits their utilization in
many developing countries where adequate storage facilities
are unavailable. Most vaccines have poor thermostability;
they require uninterrupted storage at 2-8°C from the
manufacturing of the vaccine until it is administered to a
patient. The storage of vaccines outside of this required
temperature range is often due to poor infrastructure
facilities, and this accounts for about 80% of the total cost
of vaccination programs, which is around $200-$300 million
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per year [1, 2]. The development of vaccines that are stable
for long periods of time will not only reduce their financial
burden but also expand their accessibility to remote regions
around the world. This would help prevent millions of deaths
each year from infectious diseases that could be prevented by
vaccines [3].

Vaccines are biological products, which can be briefly
classified as (a) live, attenuated bacterial (LAB) vaccines; (b)
subunit vaccines; (c) live, attenuated viral vaccines; (d)
recombinant vaccines; (e) conjugated polysaccharide vac-
cines; (f) inactivated viral vaccines; and (g) combination
vaccines. Each of these vaccines has its own stability issues,
which must be considered during development. Due to their
instability, they cannot be stored in the same way as chemical
products. These stability problems hinder the safety and
efficacy of the vaccine, and this loss of potency cannot be
reversed. Vaccine instability can be caused by light, heat,
radiation, changes in the environment, or reactions with the
container or with other components in the mixture. Even
when optimal conditions are maintained, potency may
decline gradually as time passes after production. Optimizing
the use of vaccines depends heavily on maintaining optimal
storage conditions (e.g., 2-8°C).

Maintaining this temperature range generally requires a
cold chain. A cold chain is a temperature-controlled supply
chain used to maintain a desired low-temperature range. The
cold chain technique is a widely used process for the
transportation of vaccines to various parts of the world. This
process is frequently used with vaccines to maintain optimal
temperatures that ensure the vaccine will not lose potency.
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An ideal cold chain consists of uninterrupted refrigeration of
the vaccine through processes like production, storage, and
even distribution. This manuscript discusses the stability
issues of each vaccine type and provides insight on potential
methods for overcoming these challenges.

LIVE, ATTENUATED BACTERIAL VACCINES

The oral administration of LAB vaccines has been
successful due to their ability to imitate natural infections
and elicit both mucosal and systemic immune responses [4, 5].
These vaccines have been developed for a number of
diseases, such as anthrax, plague, cholera, dysentery, brucel-
losis, and Q fever; however, the bacillus Calmette—Guérin
(BCG) and Ty2la oral typhoid vaccines are the two most
widely used vaccines of these types.

Only a few LAB vaccines are commercially available due
to concerns about their safety and their poor stability. LAB
vaccines are commonly susceptible to instabilities caused by
high residual moisture, extreme temperatures, ultraviolet
radiation, and insufficient excipients [6, 7]. It is important to
monitor the stability of these vaccines throughout their
formulation and manufacture.

Salmonella Typhi Ty21a was discovered in the early
1970s through random chemical mutagenesis using
nitrosoguanidine, which resulted in GalE- and virulence
(Vi)-negative phenotypes [8, 9]. Random chemical mutagen-
esis has also led to other mutations in the Ty21a strain, and
these mutations are believed to cause sensitivity to thermal,
oxidative, and osmotic stresses [10]. Therefore, there is a
need for controlled mutagenesis in order to have defined,
attenuating mutations.

The characterization of these mutations has traditionally
been determined by the phenotypes associated with attenu-
ation, which poses a problem for controlled mutations. Also,
this method is only an indirect way of evaluating instability.
Kopecko et al. [10] used genetic tools to demonstrate that
these phenotypes could be correlated with specific genetic
mutations. These results are useful because a change in the
genotype could be identified before a noticeable change in
the phenotype can be observed [10]. This study indicates that
genetic analysis methods could be implemented in the
manufacturing process to directly validate the genetic stability
of Ty21a.

SUBUNIT VACCINES

Subunit vaccines are prepared by extracting and purify-
ing some components of the bacteria that can elicit an
immunologic process [11]. Compared to traditional attenu-
ated vaccines, subunit vaccines are safer as they circumvent
the stimulation of immune system thereby reducing the risk of
subsequent reversion, which can be caused by traditional
attenuated microorganism vaccines [12] and less thermally
sensitive [11, 12]. However, these vaccines can fail to elicit an
effective immune response [12], and these vaccines must be
administered to patients in several doses at designated time
intervals to ensure their long-term sufficiency [13].

The addition of adjuvants is needed in the vaccine
formulation in order to foster an immunologic response.
Adjuvants are substances that can be used as immuno-
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potentiators or delivery systems [14]. The most commonly
used adjuvants are aluminum salts [15], but the mechanism
behind their role in eliciting an immunological response
remains controversial as Alum is believed to promote Th2-
type immune responses and differentiation of B cells resulting
in robust antibody production. However, the role of Th2
cytokines in the adjuvant activity of alum is not clearly
defined. In vitro studies indicate that alum-induced activation
of macrophages and up-regulation of co-stimulatory mole-
cules did not depend on IL-4, whereas in vivo studies suggest
alum-induced priming of B cells through IL-4 producing Grl+
cells in mouse spleen, which is required for proliferation of
antigen-specific B cells and for optimal antibody production
[16, 17]. There is a need for further research on new
adjuvants and more definitive mechanisms to ensure effective
delivery systems and efficient immunological response [18].
Also, in order to optimize the characteristics of subunit
vaccines, several components must be contained in a single
vaccine, such as different antigens or adjuvants [17], which
require thorough and comprehensive studies on formulation.

As drug delivery systems, adjuvants can improve antigen
uptake, stabilize the antigens, and achieve sustained release
[16, 19]. Therefore, developing combination adjuvants as
immunopotentiators and stabilizers is an ideal way to develop
high-efficiency adjuvants [16]. However, combining adjuvants
could potentially cause antagonism [20]. The safety of new
adjuvants must be heavily researched, and adjuvants should
be assessed both individually and after their combination.
Many of the current adjuvants can cause side effects, such as
local inflammation [21-24].

Tetanus Toxoid

The tetanus toxoid vaccine first appeared in 1890 after
researchers had tried to eradicate tetanus for over a century
with no success [25]. Some studies have shown that the
tetanus toxoid vaccine was sensitive to freezing temperatures
but not highly sensitive to heat [12]. One study showed that
the tetanus toxoid vaccine could remain immunogenic and
safe in a CTC (controlled temperature chain) up to 40°C for
no more than 30 days [26].

The tetanus toxoid vaccine aggregates when moisture is
absorbed, similar to other solid protein drugs. This aggrega-
tion can reduce the potency of the vaccine. However, a
minimum amount of water is needed to maintain the 3D
structure of the protein. Therefore, osmolytes must be added
during the drying process of the protein [27, 28].

Jain and Roy [27] demonstrate that nucleic acid
aptamers can serve as stabilizers for proteins. Jain and
Roy lyophilized tetanus toxoid and specific aptamers, then
encapsulated them in PLGA microspheres. After sustained
release for 55 days, they found that the aptamers inhibited
the protein from absorbing moisture, which inhibited
aggregation [29].

Oral vaccinations are cheaper and safer in terms of
needle-borne infections. Therefore, the development of oral
vaccines is inevitable [30]. Harde et al. [25] developed a
method that uses glutaraldehyde as a cross-linking agent to
combine tetanus toxoid and sCh-GM-NPs (stabilized
mannosylated chitosan nanoparticles) for oral vaccination.
After in vitro stability studies and immunogenic studies in
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mice, they found that this stabilized nanoformulation exhibits
the desired high stability as well as high mechanical strength
in biological media. Harde et al. [25] concluded that sCh-GM-
NPs are a promising adjuvant for oral tetanus vaccinations.

Anthrax

Anthrax can infect humans in many ways, including skin
contact and inhalation. Although the anthrax epidemic has
been well controlled, occasional outbreaks of anthrax still
pose a grave threat to human health due to its high lethality
and its uncontrollable speed of dissemination. Therefore, it is
important to produce an anthrax vaccine that is both effective
and reliable. The stability of an anthrax vaccine often
depends on its formulation.

Aluminum salts are the most commonly used adjuvants
in anthrax vaccine formulations. Second-generation anthrax
vaccines use a recombinant protective antigen (rPA) to elicit
a strong immunologic response. Compared to the conven-
tional anthrax vaccine (AVA), rPA vaccines are highly
purified and can elicit an effective immunologic response
with fewer doses [31-33]. However, rPA vaccines exhibit a
thermal sensitivity, so extreme that instability issues arise
even in refrigerated conditions [34].

Several studies demonstrate the improved stability of
dried formulations [35-37]. According to these results,
Jones et al. [34] used drying techniques to develop a plant-
reduced, deglycosylated rPA vaccine candidate (pp-dPAS83)
with a hydrogel as the adjuvant. After a series of stability
tests, this vaccine remained immunogenic. Although this
technique must be further researched, it is still a promising
method for addressing thermal instabilities and eliminating
the need for a CTC.

Since anthrax can be inhaled into the body, some
scientists are developing nasal mucosal vaccination methods
[38, 39]. Nasal mucosal vaccinations can elicit both systemic
immunity and mucosal immunity [40]. Wang et al. [37] used a
mast cell activator compound C48/80 as an adjuvant in a
mucosal vaccination administered by direct nasal delivery.
They discovered that this is a promising method for develop-
ing stable and effective anthrax vaccines.

LIVE, ATTENUATED VIRAL VACCINES

Live, attenuated viral (LAV) vaccines are the most
promising method for the prevention of various viral diseases,
such as measles, mumps, yellow fever, polio (OPV), smallpox,
and influenza (LAIV) [41]. They are exceptionally unstable
because their infectivity and viability depend on their
complex structure, their need to retain protein conformation,
and the structure of their functional proteins [42]. It is
estimated that about 50% of vaccines formulated by lyoph-
ilization are discarded annually due to the poor thermosta-
bility of LAV vaccines [2].

LAV vaccines are highly instable in aqueous formula-
tions due to several chemical and physical reactions; hence,
the majority of these vaccines are manufactured as dry
formulations. Physical instabilities occur due to conforma-
tional changes. The unfolding of proteins increases unfavor-
able thermodynamic interactions that result in aggregation,
precipitation, or adsorption of proteins, because the
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secondary, tertiary, and quaternary structural units of the
proteins are altered. Chemical instabilities usually occur due
to chemical alterations of the protein structure.

LAV vaccines lose potency due to chemical reactions
that include hydrolysis, deamidation (alteration of amino acid
side chains in asparagine residues), oxidation (cysteine and
methionine residues), and alteration of disulfide bonds [42—
45]. Therefore, macromolecules are biologically active and
more stable in the dry state due to decreased mobility and the
absence of mechanisms that cause instability [46]. Many LAV
vaccines, which do not contain stabilizing agents, are more
heat sensitive, thus potency loss occurs during long-term
storage in the solid state as well as shortly after their
reconstitution.

Oral Polio Vaccine

Poliomyelitis is caused by any of the three poliovirus
serotypes (types 1, 2, or 3). It predominantly affects children,
and it cannot be treated. However, it can be prevented [47].
Two vaccines types are currently used for prevention of
poliomyelitis: the inactivated polio vaccine (IPV), adminis-
tered as an injection, or the attenuated polio vaccine (OPV),
administered as oral drops.

Although both OPV and IPV are effective for preventing
poliomyelitis, OPV is preferred over IPV because of its
advantages, such as superior mimicry of natural infection for
longer durations without adjuvants, ease of administration,
and ease of manufacturing. However, OPV has some
disadvantages. It requires a cold chain and can induce
vaccine-associated poliomyelitis [42]. OPV must be frozen
for long-term use or should be used within 30 days even when
stored between 2 and 8 °C.

The pH level of an OPV formulation also affects its
stability. Optimizing the pH enhances the stability of all three
strains of OPV at elevated temperatures. OPV can also be
stabilized by excipients, including MgCl,, L-cysteine, dimethyl
sulfoxide, lysine, and ethylene diamine [48, 49]. Some studies
show that deuterium and heavy water also act as stabilizing
agents in OPV formulations either alone or in combination
with MgCl, [50].

Lyophilized formulations of the polio vaccine have been
unsuccessful, since they become less effective during the
drying process [51]. Some researchers have studied the effect
of high hydrostatic pressure (HPH) on the thermal stability of
the OPV strains. Interestingly, HPH did not inactivate any of
the three strains; instead, it actually increased the thermal
stability of OPV strains at 37 °C. This suggests that the stated
method displays potential to enhance vaccine stabilization,
but further studies need to be conducted to ensure the
reproducibility and versatility of the same [52].

Seasonal Influenza

Seasonal influenza is the most prevalent respiratory
condition caused by the influenza virus. It is responsible for
high levels of mortality, morbidity, and financial loss [53-55].
There are three types of influenza virus (A, B, C). Influenza
vaccine development targets the type A and type B virus,
since these two types cause respiratory infections. Periodic
changes in the two main surface glycoproteins, hemagglutinin
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(HA) and neuraminidase (NA), result in antigenic shift and
antigenic drift. Because of these changes, the existing
influenza vaccine must be updated annually [56].

The three vaccines currently available for the prevention
of influenza infection are live-attenuated influenza vaccines
(LAIVs), trivalent inactivated vaccines (TIVs), and recombi-
nant influenza vaccines based on recombinant HA. Although
LAIVs are effective and have low manufacturing costs, they
require lyophilization, which limits their use in developing
countries [54].

The stability of LAIVs is affected by several factors, such
as the type of strain, buffer type, and aggregation [57].
Flumist®, a licensed LAIV, is reportedly stable for only
18 weeks at 2-8 °C. White et al. [58] developed a stable liquid
formulation of LAIV containing 1% arginine, 0.5% RHSA
(recombinant human serum albumin (HSA)), and an opti-
mized sucrose phosphate glutamate buffer, which is stable for
1 year at 2-8 °C.

Aqueous formulations of influenza vaccine are more
prone to physical and chemical alterations, including dena-
turation, aggregation, and changes in glycoprotein HA
conformation. High temperatures accelerate these physical
and chemical changes, while low temperatures (below the
freezing point of the vaccine) damage the antigen through ice
formation and enhance solute concentration [58].

MMR Vaccines

Measles, mumps, and rubella vaccines (MMR vaccines)
are considered some of the most unstable live vaccines for
humans. Many MMR vaccine formulations currently fail to
meet the minimum time requirement, established by the
WHO, of 1 week at 37 °C [59]. Rimevax®, produced by
GlaxoSmithKline, is stable for 5 weeks at 37 °C. However,
Attenuvax®, the commercially available preparation from
Mereck, in lyophilized form, is stable for 1 week at 37 °C.

In one study, Ohtake et al. [60] developed a thermally
stable formulation that remained stable for 8 weeks at 37 °C
using spray-drying. They used the sugars sucrose and
trehalose as stabilizers to protect against stresses from
processing conditions. These sugars also reduced degrada-
tion mechanisms (e.g., aggregation) by forming a glassy
matrix. Other components that helped enhance stability
include glycerol (to decrease molecular mobility) and L-
arginine (to decrease reactions between proteins). HSA is
believed to enhance thermostability by increasing T,. A pH
of 7 or lower was also found to enhance the stability of the
MMR vaccine [60].

Edens et al. [61] developed a patient-friendly formula-
tion of the MMR vaccine that can easily be administered by
unskilled personnel through a microneedle patch, thus
avoiding needlestick injury. In this study, the vaccine was
coated onto microneedles as a thin patch that dries immedi-
ately and does not require reconstitution. This formulation
has a stability profile of 1 week at 25 °C, which meets the
WHO minimum requirement of stability at 25 °C in the
presence of a desiccant. Commercially available MMR
vaccines can lose potency if stored above the maximum
recommended temperature (8 °C) despite containing protein
and salt stabilizers [60].
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Zhang et al. [62] developed a thermostable MMR
vaccine using silk proteins as a matrix. Silk is a biologically
derived protein polymer with useful properties, such as
biocompatibility, mechanical strength, and slow, controlled
degradation. In this study, the MMR vaccine was encapsu-
lated in silk films through both lyophilization and air-drying.
The MMR vaccine formulated with the air-drying technique
showed thermostability at 25, 37, and 45 °C, which is superior
to dry lyophilized formulations. Silk films retained 83.9%
potency after 6 months of storage, while the lyophilized
powder form retained only 74.5% potency. The proposed
mechanisms for this enhanced thermostability are a high T,
(178 °C), an extensive physical cross-linking that immobilizes
bioactive molecules, and a hydrophobic nature that results in
low moisture content [62].

Other LAV Vaccines

Modified vaccinia ankara (MVA) and human adenovirus
type 5 (ADHuS5) are both unstable at elevated temperatures.
Alcock et al. [3] used the sugars trehalose and sucrose to
stabilize attenuated poxvirus MVA and ADHuS. They
formed a glass in which the molecules were immobilized by
suspending both these vaccines in the solutions of sucrose and
trehalose and slowly drying them on a support membrane.
Both vaccines formulated by this method had high viral titer
recovery and immunogenicity for 6 months at 45 °C [3].
Another study used ice recrystallization inhibitors (IRI, N-
octyl-gluconamide (NOGIc) and ornithine glycine glycine
galactose (OGG-Gal) to stabilize three viral vectors: vaccinia
virus (VV), vesicular stomatitis virus (VSV), and herpes virus
(HSV-1) [63].

RECOMBINANT VACCINES

Recombinant vaccines are vaccines derived from DNA
recombination technology. The manufacturing of recombi-
nant vaccines involves two main steps. The first step is
inserting DNA fragments, which can encode the desired
antigens into bacterial, yeast, or mammalian cells. In the
second step, antigens are expressed in cells, extracted, and
purified from the cells. Compared to live, attenuated vaccines
and purified vaccines, recombinant vaccines can either reduce
the risk of virus and toxoids reversion or they can produce
pure antigens in sufficient quantities [64].

Recombinant vaccines must be highly specific to incite
apposite immune response. To ensure their efficacy different
kinds of adjuvants may be added to recombinant vaccines and
different delivery systems may be applied [64]. Common
recombinant vaccine strategies include recombination of
proteins, recombination of live vectors to produce antigens,
and injecting naked DNA into an organism to incite an
immune response [64].

Hepatitis B

Hepatitis B virus (HBV) vaccine [65] is an effective and
desirable tool for blocking the global spread of hepatitis B
viral infection [66, 67]. Currently, many formulations of HBV
vaccines are liquid and contain aluminum salts as adjuvants
[12]. Their formulation is the primary determining factor in



AAPS PharmSciTech (2019) 20: 42

the stability of HBV vaccine during cold chain [12]. Some
studies have shown that HBV vaccines are not highly heat
sensitive. When exposed to 45 °C for 1 week, or to 37 °C for
1 month, HBV vaccines still maintained immunogenicity,
although they lost some of their reactogenicity [68]. However,
Zapata et al. [69] illustrate that the noteworthy disadvantage
of HBV vaccine is its sensitivity to freezing. The process of
freezing and thawing elicits the aggregation of the aluminum
salts, which may cause irritation at the injection site [12] and
reduce the potency of the vaccine due to the increase in
aluminum particle size [70].

Currently available HBV vaccines must be kept in the
cold chain from manufacturing until administration [71].
According to a study by Jezek et al. [72], the thermal stability
of HBV vaccines was improved by adding a phosphate buffer
(20-100 mM, pH 4.6-7.0) because the surface chemistry of
the aluminum adjuvants was changed by the phosphate.
Braun et al. [73] show that propylene glycol and polyethylene
glycol 300 prevented HBV vaccines from agglomeration
during the freeze-thaw process. The colligative property of
glycols contributed to the depression of the freezing point.

Another way to improve the stability of HBV vaccines in
both elevated and subzero temperatures is to formulate the
vaccine as a dry powder. However, the extreme conditions of
the drying process used in this method may damage the
proteins in the vaccines [74]. Tonnis et al. [74] used inulin and
a sugar mixture of dextran and trehalose as two separate
stabilizers to formulate HBV vaccines as a powder through
spray freeze-drying. In this experiment, they tested the
thermal stability of the HBV vaccine during spray-freeze-
drying process, freeze-thaw cycles, and at 20 and 60 °C
storage conditions. ELISA results showed that in the
presence of sugars, the spray-drying process almost has no
effect on the antigenicity of HBsAg. The results also showed
that the antigenicity of spray freeze-drying formulations that
contain sugars remains intact after 10 freeze-thawing cycles.
In addition, powder HBV vaccines formulated by this method
can be stored at room temperature for 3 months or longer.

Human Papilloma Virus

There are about 40 types of human papilloma virus
(HPV), which are known to cause genital infections. Around
13 of them may cause cervical cancer in women. Vaccination
has been proven as the most effective method for blocking
the infection of HPV. Currently, bivalent, quadrivalent, and 9-
valent HPV vaccines are available on the market. The most
recent 9-valent HPV vaccines have been developed to
vaccinate against HPV-6, -11, -16, -18, -31, -33, -45, -52, and
-58, and they can completely substitute bivalent or quadriva-
lent HPV vaccines [75].

The recombinant method is desirable for developing
HPYV vaccines. HPV vaccines can be developed through the
recombination of L1 proteins, whose expression in vitro can
lead to the formation of VLPs derived from each subtype
[76]. Recombinant HPV vaccines have the advantage of being
safer than traditional vaccines, but their drawback is poor
immunogenicity, which cannot be ignored. HPV VLPs
obtained from yeast are inherently unstable and tend to
aggregate. The addition of adjuvants is required to enhance
the immune response [77]. Therefore, the development of
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new adjuvants is crucial for making HPV vaccines more
stable and protective.

Currently, aluminum salts are the most commonly used
adjuvant for the recombinant HPV vaccine. There have been
many attempts to optimize these adjuvants. Shi et al. [78]
show that non-ionic surfactants can improve the stabilization
of recombinant HPV vaccines. They used polysorbate 80
(PS80) as a surfactant and added PS80 and electrolytes to
HPV VLP solutions. After testing and characterizing, they
concluded that the presence of a non-ionic surfactant,
together with adequate number of electrolytes, could signif-
icantly enhance the stability of recombinant HPV vaccines.
This enhanced stability results because PS80 protects the
surface of the VLP and electrolytes provide sufficient ionic
strength. Both of these are important factors in stabilizing
HPV vaccines [78].

Furthermore, other platforms have been used in devel-
oping HPV vaccines. Some studies report that peptide-based
and protein-based vaccines have weak immunogenicity and
are not effective in eliciting all types of immune responses
[79, 80]. Live vector-based vaccines are relatively unsafe [81].
Therefore, DNA vaccines have improved potency, safety,
and stability.

CONJUGATED POLYSACCHARIDE VACCINES

The polysaccharide capsular antigens of various bacteria,
such as Pneumococci, meningococci, S. Typhi, Haemophilus
influenzae type b, produce an effective serum antibody
response when used as a vaccine. When a polysaccharide
hapten covalently conjugates with a protein carrier, a
humoral immune response can be observed. This serves as
an example of response that possesses the properties of T cell
dependent antigens. These types of vaccines have been
manufactured with four different protein carriers that vary
in structure and conformation. These vaccines are adminis-
tered using a very specific timeline: three doses during infancy
and a fourth dose at 2 years.

In polysaccharides, DNA bases are linked to a deoxyri-
bose backbone or carbohydrate monomers by glycosidic
bonds [82, 83]. These bonds are affected by pH, so these
vaccines exhibit a minimum loss of activity between pH 6 and
8. Aluminum salt adjuvants use electrostatic synergy to bind
to specific antigens. Therefore, opposite charges between
antigen and adjuvant are required for optimal formulation.
Tonic strength also has a significant effect on the stability of
these vaccines.

Debye-Huckel show that at comparatively low ionic
strength (7<0.15) with higher salt concentrations, biomolec-
ular solubility decreased [84]. Some anions and cations
display chaotropic effects, which can inflate macromolecular
solubility and can affect both intermolecular and intramolec-
ular stability. These effects are often caused by the involve-
ment of water solvent as well as certain binding effects.
Overall, ionic strength and pH both affect the stability of
these vaccines.

Hypervirulent strains of Neisseria meningitidis, or the
ET37 complex, were continually increasing during late 1990s.
Three other conjugate vaccines that were developed are two
conjugates to CRM197 (nontoxic mutant diphtheria toxins)
and one conjugate to tetanus toxoid [85-92].
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INACTIVATED VIRAL VACCINES

Inactivated viral vaccines have been developed for a
number of diseases, such as influenza, hepatitis A, rabies,
polio, and encephalitis. Inactivated viral vaccines are inject-
able and are administered intramuscularly in some vaccines.
Formaldehyde and p-propiolactone (BPL) are widely used
for the inactivation of licensed human viral vaccines for
decades. Inactivated vaccines are generally more stable
during long-term storage and are typically developed as
liquid formulations stored in glass vials and prefilled syringes.
However, some these vaccines can be sensitive to freezing
and susceptible to potency loss during storage and
distribution.

Inactivated Poliomyelitis Vaccine

The most widely used oral poliovirus vaccine (OPV), which
is a live attenuated vaccine, has proven to be less effective and
less safe than inactivated poliovirus vaccine (IPV) [93-95].
Therefore, in some developed countries, IPV has replaced OPV
due to its more reliable safety and desirable potency to eliminate
vaccine-derived poliomyelitis [95, 96].

Currently, the commercially available IPV vaccines are
formulated as liquids, and most of these can maintain stability
and potency in the cold chain up to 3 years. However, they
not only are sensitive to freezing but also lose potency quickly
when exposed to temperatures above room temperature
25 °C [43, 97]. Therefore, better formulations are needed to
improve the thermal stability of IPV. Qi et al. [98] show that
many stabilizers, such as disaccharides and sodium citrate,
enhanced the thermal stability of IPV3. D,O can protect
poliovirus virion from swelling or aggregation, making IPV
more stable [98].

Furthermore, Tzeng et al. [99] developed a microsphere-
encapsulated IPV formulation. IPV showed better stability in
higher temperatures after incubation with carbohydrate,
MgCl,, and MSG (monosodium glutamate). IPV was encap-
sulated into PLGA-based microspheres, which were protected
by the excipients. When these microspheres were developed
as dry formulations, they were more stable than the liquid
formulations [99]. Kraan et al. [100] changed the delivery
route of IPV and showed that IPV can be formulated as a bio-
needle, which are small hollow mini implants fabricated from
biodegradable polymers that can be filled with antigen. Bio
needles can be used for vaccination without syringes and
needles. IPV was filled into bio-needles and lyophilized with
the aid of excipients. This IPV formulation also showed
greater heat resistance compared to the liquid IPV formula-
tion. This IPV formulation is promising because it does not
rely on the cold chain due to the nature of the bio-needles.
However, this technique needs further research [100].

COMBINATION VACCINES

Combination vaccines are used to vaccinate against
multiple diseases. They were initially used in 1948 to
vaccinate infants and children. Individual diphtheria, tetanus,
and pertussis (DPT) vaccines were combined into a single
product commonly called DTP [101]. Various approaches
have tried to improve the reactogenicity profile of DTP,
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including the addition of other vaccines and the removal of
certain components.

The replacement of whole cell pertussis with less
reactogenic acellular pertussis was an important step taken
in the early 1990s to improve the reactogenicity profile. This
advancement helped combine other vaccines, such as the
H. influenzae vaccine (Hib), the IPV, and the hepatitis B
vaccine (HepB) to the existing DTP vaccine, which consisted
of diphtheria, tetanus, and acellular pertussis antigens [102].

The MMR vaccine is another combination vaccine, but
unlike the DTaP combination, no additional vaccines have
been included over the years. The MMR vaccine has
remained trivalent and is being administered as a single
product [102].

Evaluating the stability of combined vaccines is difficult
due to their complexity. The individual vaccines have their
own specific stability issues that must be overcome first.
Then, the vaccine components must maintain their stability
after they are combined, and they must be compatible with
each other.

The DTaP-IPV vaccine consists of the following eight
antigens: diphtheria toxoid, tetanus toxoid, pertussis toxoid,
filamentous haemaglutinin, pertactin, and inactivated poliovi-
rus antigen types 1-3. This vaccine requires multiple stability
studies to determine the shelf life of intermediates and the
final product expiration date [103]. The WHO states that the
shelf life of the combined vaccine should be determined by
the component with the shortest shelf life [104].

The stability problems of combination vaccines depend
on complex interactions with various components. The
pertussis antigens, diphtheria toxoid, and the hepatitis B
antigen compete with each other for the binding sites on the
adjuvant, and this competition often leads to a reduction in
the potency of the diphtheria toxoid as the other antigens
displace it.

Freeze-drying complex aluminum-absorbed preparations
also leads to stability problems, especially for the Hib
components [6]. A commonly reported immune interference
occurs when combining the Hib component to the DTP
vaccine, as it reduces antibody titers to the Hib component of
the polyribosylribitol phosphate antigen [105-107]. This
problem has also been reported in the hexavalent vaccine
DTaP-HBV-IPV/Hib [108, 109]. This problem has not been
observed to the same extent in the DTP vaccine, which has
been credited to the adjuvant effect of the whole-cell pertussis
component [105, 110, 111].

The adjuvant effect simply masks the underlying inter-
ference; hence, the mechanism by which Hib response is
reduced when combined with DTaP is still not completely
understood. Incompatibility with the aluminum adjuvant is
another possible explanation for the reduction in immune
response.

CASE STUDIES

Typhoid Vaccine

The commercial typhoid vaccine (Vivotif®) is a live
attenuated vaccine for oral administration only in form an
enteric-coated capsule formulation that has been lyophilized.
The stability of this product is dependent on processing
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conditions, shelf-life, temperature, residual water, and excip-
ients [7]. Freeze-drying and spray-drying are two common
methods employed to stabilize solid formulations, but both
methods expose the vaccine to extreme temperatures. Foam-
drying has been used to perform the drying process at room
temperature.

Ohtake et al. [7] conducted a study to evaluate the
differences in process loss and storage loss for the three
drying methods mentioned previously. The process losses for
freeze-drying, spray-drying, and foam-drying are 0.8 log;(, 0.7
logio, and 0.3 log;g CFU, respectively. The storage losses after
1 week at 25 °C for freeze-drying and spray-drying were 0.5
logip and 1.7 log;y CFU, respectively. The foam-drying
samples showed no loss at these storage conditions [7].
Opverall, foam-drying reduced the process loss and improved
storage stability. This drying process was then used to
evaluate the stability of Ty21a as it relates to growth media
and conditions and formulation development.

The bacteria were harvested in the log and stationary
phases for comparison. The theory is that the growth stages
may have phenotypic differences, resulting in different levels
of resistance to dehydration stresses [7]. The amount of
bacteria recovered after the drying process was higher for the
stationary phase. Next, the bacteria were grown with NaCl,
an osmotic stress-inducing agent, to determine whether this
environment affected growth media or kinetics. As the
concentration of NaCl increased, the bacteria exhibited a
slower growth rate. In terms of growth kinetics, there is no
advantage in using an osmotic stress-inducing agent.

The recovery of the bacteria after foam-drying and
storage at 25 °C up to 16 weeks was then determined for
the varying NaCl concentrations. The bacteria in the station-
ary phase showed increased process recovery for all concen-
trations of NaCl. The highest survival rate was at a NaCl
concentration of 0.3 M in the stationary phase [7]. However,
the NaCl concentrations showed no differential effect on the
survival rates of the bacteria harvested in the log phase.
Therefore, Ohtake et al. conclude that these results indicate
that the addition of NaCl benefits Ty2la by potentially
improving its tolerance to desiccation. Each of these studies
indicates that the growth media and the particular phase may
have an effect on the physical stability of the bacteria.

The second part of this study evaluates the effects of
excipients on the stability of Ty21a. Methionine is a natural
amino acid that is typically used as an antioxidant [7]. Its
stabilizing effect was evaluated for formulations with con-
centrations ranging from 0.5 to 2% (w/v). They were stored
for 8 weeks at 37 °C with a pH of 8 [7]. As the concentrations
increased, the storage stability actually decreased. The
optimal concentration of methionine was 0.5% (w/v). The
addition of plasticizers and even sugar solutions has shown
improved storage stability after dehydration. The plasti-
cizers, DMSO, and glycerol with concentrations from 0 to
2% (wl/v) were shown to increase the process loss over
4 weeks at 37 °C. However, DMSO was more successful at
stabilizing the bacteria than glycerol, and its optimal
concentration was 1% (w/v).

DMSO and methionine were then evaluated for their
combined stabilizing effects. Methionine was maintained at
0.5% (w/v), while the concentration of DMSO was varied
from 0 to 2% (w/v). The recovery of bacteria was calculated
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after being stored for 4 weeks at 37 °C. DMSO at 1% (w/v)
combined with methionine was found to be the optimal
concentration for minimizing the process loss.

Last, the addition of gelatin to the formulations was
evaluated. Although gelatin is commonly used as a stabilizer,
it was incorporated in this study to minimize the rate of
cavitation from drying by affecting the viscosity of the
solution. Formulations were developed with or without
gelatin, and each formulation contained either methionine,
DMSO, or glycerol. All formulations also contained treha-
lose. The formulations were stored for 12 weeks at 37 °C. The
addition of gelatin reduced the loss of bacteria for all
formulations, but the formulation that contained methionine
had the best survival rate. The formulation with trehalose,
methionine, and gelatin were also stable for 12 weeks at 4 °C
and at 25 °C [7]. These studies show how different types of
excipients have different stabilizing effects on the storage
stability of Ty2la. Therefore, formulation development
should be optimized to improve the stability of vaccines.

The stability of the typhoid vaccine is also strongly
dependent on pH and temperature. One technique for
determining the effect of pH and temperature on cell viability
is the use of a fluorescence-based analysis system, the
LIVE/DEAD® BacLight™ bacterial viability kit [112]. This
technique is based on the different permeabilities of intact
versus damaged cell membranes. The SYTO® 9 (a green-
fluorescent dye) is permeable to both intact and damaged
membranes. Propidium iodine (PI, a red-fluorescent dye) can
only permeate the damaged cells and will displace the green
dye in those cells. The fluorescence emission intensity (CPS)
is then plotted against the wavelength of light emitted. Peaks
at 510 nm are attributed to the SYTO® 9 dye, and peaks at
600 nm are attributed to the PL

When the Ty2la cell pH is 7, a negligible PI peak was
observed for temperatures of 10-30 °C, indicating the presence
of intact membranes. However, when the temperature was
increased to 40 °C or greater, the intensity of the SYTO® 9 was
greatly reduced and became similar to the PI peak. For Ty21a
cells at a pH of 4, the intensity was lower, and a PI peak was
visible for all temperatures. These results demonstrate that
more acidic environments and higher temperatures result in
ruptured cell membranes, which in turn leads to a lower stability
of Ty21a at these conditions [112].

Far-UV circular dichroism (CD) spectroscopy is another
method used to characterize the changes in Ty21a when the
pH and temperatures are varied. This technique showed the
alterations in the protein structures in Ty2la cells. On the
Far-UV spectra, the curves have two minima around 208 and
222 nm for pH 6, 7, and 8, which indicates an «-helix
secondary structure. At a pH of 5, the CD signal decreased to
208 nm, and the absolute minima shifted to around 225 nm.
Further structural change is visible for pH 4 with an even
lower CD signal and right-shifted absolute minima. This
demonstrates a considerable difference in protein structure
compared to the neutral pH samples [112]. These changes in
protein structure may be correlated with the membrane
damage observed in more acidic pH environments.

An empirical phase diagram (EPD) is a tool that
simplifies and compiles data for different techniques. An
EPD can facilitate excipient screening and formulation
development by providing necessary conditions for cell
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stability. An EPD was constructed for Ty21a cells using the
data from the analyses of the effects of pH and temperature
on the stability of these cells. The diagram plots temperature
and pH on its axes, and it is color-coded, with each color
signifying a different physical state of the Ty2la cells.
Changes in these colors show modifications in the physical
state of the cells.

The EPD for Ty2la has four distinct colors, which
indicate at least four phases. In phase I, considerable cell
membrane damage occurs for pH 4 and 5 across all
temperatures and for pH 6 and 7 at temperatures greater
than 30 °C. Ty2la cells displayed the greatest viability in
phase II, with the following parameters: pH 6 and 7 at 10—
30 °C and pH 8 at 10-25 °C. The conditions for phase III are
pH 8 for 25-45 °C, in which cells are partially damaged.
Last, phase IV is characterized by pH 8 and temperatures
greater than 45 °C, in which cells are even more severely
damaged [112].

The drying methods, bacterial growth conditions, and
excipients each affected the storage stability of Ty2la. For
each of these factors, the process conditions and formulations
must be optimized for better stability. The stability of Ty21a
also depends on the pH and temperature. The EPD can be
helpful in formulation development by summarizing the
optimal conditions for this bacterial strain. These different
instabilities of Ty21la are common to other live, attenuating
bacterial vaccines.

DTP Vaccine

The DTP vaccine is one of the most widely used vaccines
in immunization programs for children [113]. Other vaccines
in combination with DTP include inactivated poliovirus,
hepatitis B, or both. The diphtheria and tetanus toxoids,
however, are the most stable components of these vaccines;
they remain stable for 2.5-6 years. The stability of the
pertussis component is less stable, and there is limited
information on this vaccine due to complicated and expensive
potency tests [113]. Extreme temperatures and aluminum
adjuvants affect the stability of the diphtheria and tetanus
components. The pertussis vaccine is affected by temperature,
whether it is monovalent or a combination, and the nature of
the preservative or adjuvant [114].

Diphtheria and tetanus have been shown to remain
stable at higher temperatures for longer periods of time. The
toxoid components show little to no loss of potency when
stored at 18 °C for 1.5 years, at 24 °C for 6-12 months, and at
37 °C for 2-6 months. Even at 45 °C for 2-4 weeks, the
toxoids showed no significant loss of potency. However, by
week 8 at 45 °C, the loss of potency had decreased by 40%.
Above 45 °C, the protein-based toxoids denatured rapidly
and no longer followed Arrhenius behavior. The toxoids will
even be destroyed in 3-5 h when exposed to 60 °C. The
recommended shelf life temperature for these components is
2-8 °C, but unintentional exposure to elevated temperatures
is inevitable. Therefore, based on the above stability studies,
Galazka et al. [114] determine that these toxoids can be
stored at room temperature for up to 2 weeks without the
need to test for potency.

The above studies show that tetanus toxoids are rela-
tively stable at elevated temperatures, but they are more
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susceptible to loss of potency at freezing temperatures. In
animal potency testing, which is a challenge based study
wherein vaccinated and unvaccinated individuals may be
compared after direct challenge with the target pathogen
under controlled experimental conditions, the composition of
the vaccine varied the reductions in potency when the tetanus
toxoid was exposed to low temperatures [114]. In one study,
five DTP vaccines were exposed to —30 °C for 12 h, and the
tetanus component in two of these vaccines exhibited a
potency loss of around 30%. No significant loss of potency
was observed when these vaccines were exposed to temper-
atures between — 5 and — 10 °C. However, in the DT vaccine,
the tetanus compound showed a potency loss at both —5 and
—30 °C. It is obvious that the adjuvant effect in the pertussis
component causes this difference, but the reason for this
remains unknown.

Both elevated and freezing temperatures affect the
pertussis vaccine. When stored at 4-6 °C for 2 years, the
pertussis component in the DTP and DTP-polio vaccines
maintained a satisfactory level of potency. However, even
under optimal conditions, the vaccine still showed a contin-
uous loss of potency. The pertussis component retained 80%
of its initial potency level for 2-8 weeks at 22-25 °C. After
this time, the loss of potency was around 0.3-0.4% per day.
The loss of potency was about 10% within the first days at 45—
46 °C. Then after 4-7 days, the loss of potency was about
50% of the original value at this temperature. Once the
temperature reaches approximately 50-56 °C, the loss of
potency is rapid and complete [114].

The effect of freezing temperatures on the potency of the
pertussis component was even more pronounced than the
effect of elevated temperature. The potency decreases by
about 50% when the vaccine was stored at —20 °C for
15 days. In one study, three out of five manufactured vaccines
had a significant loss of potency at —5 to — 10 °C and from —
20 to —30 °C [114]. These studies demonstrate how extreme
temperatures affect the stability of the pertussis component in
DTP vaccines.

Another factor that affects the stability of the pertussis
vaccine is whether it is in monovalent form or combined with
another vaccine. Studies show that monovalent pertussis
vaccine is unstable at 4 °C, with some samples losing 58—
87% of their potency in 18 months. B. pertussis bulk
suspensions have more rapid rates of deterioration when
stored for 1 year at 4 °C compared to pertussis in DTP [114].
Preservatives and adjuvants also have an effect on the
stability of pertussis. If DTP-polio is preserved with
benzethonium chloride (BC), the pertussis component loses
a significant portion of its potency. One study preserved the
pertussis vaccine with BC at 37 °C for 16 weeks. After
5 weeks, the vaccine potency had decreased by almost 50%.
At the end of the 16 weeks, the pertussis vaccine treated with
BC had no measurable protection potency [114].

The stability issues of individual vaccines must be
addressed first before the stability and compatibility of the
combined vaccines can be evaluated. The DTP vaccine is one
of the most common combined vaccines used globally. The
tetanus and diphtheria components are more stable than the
pertussis components. Extreme temperatures affect the
stability of all three components. Other stability factors
include adjuvants, preservatives, and the composition of the
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vaccine. Overall, it is difficult to conduct stability studies on
combined vaccines due to their extreme complexity.

CONCLUSION

Vaccines have had a significant effect on medicine. They
have also significantly affected society as a proven and
powerful tool for public health. They provide protection
against multiple diseases, but they also have stability prob-
lems, such as poor thermostability and adverse reactions to
adjuvants. In the short term, overcoming these stability issues
will help vaccines become more accessible to developing
nations that have limited supplies of stable vaccines. In the
long term, due to the importance of vaccines, overcoming
these stability problems will be a major step toward the future
of medicine.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.
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