ISSN: 2157-7560
Journal of

Vaccines & Vaccination

OPEN @ ACCESS Freely available online

Research Article

Effect of Storage Temperature on the Quality Stability of Nanoparticle

Aluminum Hydroxide Adjuvant

Xifei Yang, Feiwei Zhang'

Department of Toxicology, Key Laboratory of Modern Toxicology of Shenzhen, Shenzhen Center for Disease Control and Prevention,

Shenzhen 518055, China

ABSTRACT

The aluminum hydroxide adjuvant exhibits a Poorly Crystalline Boehmite (PCB) structure, which is influenced by
storage conditions. In this research, we comprehensively disclosed the alterations in the crystal structure,
combination conventional quality indicators of the adjuvant during storage under different temperature conditions.
Three batches of aluminum hydroxide adjuvants were respectively stored at 2-8°C, 18-25°C, and 37°C for 6 months.
We detected the X-ray diffraction, pH, Isoelectric point (pl), adsorption rate, and average particle size of the
adjuvants. X-ray diffraction revealed that the aluminum hydroxide adjuvants were PCB. After being stored at 37°C for
1 months, new diffraction peaks emerged at 18.2° 20 in the diffract grams of the adjuvants, and the peak intensity
increased along with the extension of the storage time. Meanwhile, the decreases of pl and pH were the greatest,
being 0.78 and 1.33 respectively. When the adjuvant was stored at 2-8°C and 18-25°C for 6 months, only weak
diffraction peaks at 18.2° 20 were observed, showing that the crystal structure was stable or began to change. The
decreases of pl and pH were the minimum, being 0.43 and 0.80 respectively. The nanoparticle aluminum hydroxide
adjuvant retains a high level of adsorption capacity throughout the storage process, making it an extraordinary
vaccine adsorbent. However, the increase in storage temperature will accelerate the aging of the adjuvant and the
formation of highly crystalline gibbsite or bayerite, which is detrimental to the quality stability of the adjuvant.
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INTRODUCTION

In recent years, several novel adjuvants, such as MF59, ASO3,
and liposomes, have been utilized in human vaccines to enhance
the vaccine immunization effect [1,2]. Nevertheless, aluminum
adjuvant is currently the most commonly used in human
vaccines and has been verified to be safe and effective.
Aluminum hydroxide adjuvant mainly adsorbs antigens through
group exchange, electrostatic attraction, etc., and it is a potent
enhancer of antibody production by creating a local
inflammatory environment at the injection site, which activates
innate immune cells [3].

Aluminum hydroxide, AI(OH);, has numerous crystalline
polymorphs, for instance, amorphous aluminum gels, and highly
crystalline gibbsite, bayerite, pseudoboehmite, and nordstradite
[4]. However, the aluminum hydroxide adjuvant is chemically
aluminum oxyhydroxide, AIO(OH). Its X-ray diffraction pattern
is Poorly Crystalline Boehmite (PCB) which is sometimes
referred to as pseudoboehmite. Only PCBs possess the
characteristics of a large specific surface area and strong
adsorption capacity, which can serve as an excellent vaccine

adsorbent [5].

Aluminum hydroxide adjuvant can be produced by precipitation
from salt solutions, the hydrolysis of aluminum alkoxides, and
the thermal treatment of amorphous aluminum hydroxide,
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Al(OH); [6,7]. The methods of precipitating the aluminum
hydroxide adjuvant from salt solutions mainly involve the
reaction of aluminum salt solution with ammonia water or
sodium hydroxide. Several factors can affect the formation of
PCB, such as pH, the OH/ALI ratio, the rate of base addition,
the presence of clay minerals, stirring, and temperature. Pure
and stable PCBs can only be synthesized under specific reaction
conditions [8]. In this study, the aluminum hydroxide adjuvant
was prepared through the reaction of aluminum trichloride and
ammonia, followed by dialysis and thermal treatment at 121°C
for 60 minutes. This adjuvant is nanoparticle which is smaller
than the traditional aluminum hydroxide [9].

It is reported that nanoparticle aluminum hydroxide adjuvants
possess a large specific surface area and exhibit stronger
adsorption capacity as well as vaccine adjuvant activity compared
to traditional aluminum hydroxide adjuvants. As the particle
size of the adjuvantantigen conjugate grows, the antigen-

effect of APCs is

nanoparticle aluminum hydroxide adjuvant proves to be more

presentation weakened. Moreover,
efficient in reducing inflammatory responses in mouse models
of allergic asthma.

Aluminum hydroxide adjuvant mainly adsorbs antigens through
group exchange and electrostatic attraction, and it can enhance
antigen stability and protect them from thermal degradation.
Isoelectric point (pl) and pH are significant quality indicators of
aluminum hydroxide adjuvant. During either autoclaving or
aging at room temperature, aluminum hydroxide adjuvant
undergoes deprotonation and dehydration reactions, which
causes a decrease in pH and pl, eventually leading to a reduction
in width at half-height and protein adsorption capacity.

"The Chinese Pharmacopoeia" stipulates that the conventional
quality indicators for aluminum hydroxide adjuvants including
pH and adsorption rate. Aiming to enhance the production and
quality control of aluminum-containing vaccines, the China
medical products administration has freshly issued the
"Technical Guidelines for Vaccines Containing Aluminum
Adjuvants for Prophylaxis", recommending that X-ray diffraction
and pl should be included in the quality stability study of
adjuvants. There are relatively few reports regarding the effect of
storage temperature on the quality stability of nanoparticle
aluminum  hydroxide adjuvant. In this
comprehensively disclosed the changes in the crystal structure
and combined conventional quality indicators of the adjuvant
during under different
providing references for the storage of the adjuvant and ensuring

research, we

storage temperature conditions,

the effectiveness and safe production of vaccines.

MATERIALS AND METHODS

Aluminium hydroxide adjuvant

Aluminum hydroxide adjuvants were produced by the reaction
of aluminum trichloride and ammonia solution, followed by
dialysis and thermal treatment at 121°C for 60 minutes. Bovine
serum albumin (BSA; sigma) was commercially available.
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Storage and measurement of aluminum hydroxide
adjuvant

Three batches of aluminum hydroxide adjuvants were stored
respectively at 2-8°C, 18-25°C, and 37°C for 6 months, and the
Xeray diffraction, pH, pl, adsorption rate, and average particle
size were measured on the 1°¢, 3™, and 6% months.

Xeray diffraction

Samples for X-ray diffraction were prepared as random powder
mounts after air drying. X-ray diffraction patterns were obtained
using a powder Xray diffractometer (3100 XRG, Philips)
operated at 40 kV and 30 mA with CuKa radiation. The
scanning range was from 5 to 70° 20 with a step size of 0.026° 20
and a scanning speed of 0.22°/min.

Isoelectric point

The pl of the aluminum hydroxide adjuvants was determined by
measuring the zeta potential at various pH values using a
Zetasizer Nano ZS (2000, Malvern), and then interpolating to
obtain the pH value at which the zeta potential was zero.

Adsorption capacity

Aluminum hydroxide adjuvant samples were diluted to an Al3+
concentration of 1 mg/mL with a 9 g/L sodium chloride-
prepared adjuvant solution, and the pH was adjusted to 6.0-7.0.
The BSA solution was prepared by diluting BSA to 10 mg/mL
with 9 g/L sodium chloride, and the pH was adjusted to be the
same as that of the adjuvant solution. Then, 0.08, 0.16, 0.40,
0.80, and 1.20 mL of the BSA solution were added into five
centrifuge tubes respectively, and 9 g/L sodium chloride solution
was added to make a total volume of 4.0 ml. The mixtures were
mixed for 5 minutes, and 1 ml of the adjuvant solution was
added to each tube. The mixture was then left to adsorb for 1
hour at room temperature, shaken every 10 minutes, and
centrifuged to collect the supernatant. The concentration of
proteins in the supernatant was quantified using a UV.vis
spectrophotometer (UV1800) with the Lowry assay. The
adsorption rate was determined by analyzing the total protein in
the supernatant.

Average particle size

The average particle size of the aluminum hydroxide adjuvants
was measured by Zetasizer Nano ZS (2000, Malven). The
aluminum hydroxide adjuvant was diluted 100-fold with purified
water, and then a 1 mL diluted sample was detected to obtain
the average particle size.

Statistical analysis

Statistical analysis was conducted using SPSS 18.0 software, and
Origin 9.0 was used as the mapping tool. The pH and isoelectric
point drop value was the average difference of the three batches
of adjuvants before and after storage for 6 months.
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RESULTS

Xeray diffraction

As presented by the Xray diffractograms, the presence of five
distinct peaks at 14.3, 28.0, 38.2, 48.8, and 64.5° 20 across three
different batches of adjuvants at months 1, 3, and 6 respectively,
which align perfectly with the crystal structure of PCB. When
the new bands at 18.2° 20 appeared, corresponding to a d-
spacing of 4.84 A, highly crystalline bayerite or gibbsite was
generated, with a large particle size.

As shown in Figure 1, the adjuvant had no obvious diffraction
peak at 18.2° 20 after being stored at 2-8 °C for 6 months,
indicating that the crystal structure of the adjuvant was stable.
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Figure 1: X-ray diffractograms of the three batches of adjuvants
(A, B, C) after being stored at 2-8°C for 1, 3, and 6 months. The
horizontal axis represents the 20 degree, and the vertical axis
indicates the peak intensity.
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As shown in Figure 3, for three batches of the adjuvant, obvious
diffraction peaks at 18.2° 20 emerged after being stored at 37°C
for 6 months, indicating that the high temperature enhanced the
order of the crystal structure, resulting in the appearance of
highly crystalline gibbsite or bayerite.
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Figure 3: X-ray diffractograms of the three batches of adjuvants (A, B,
C) after being stored at 37°C for 1, 3, and 6 months. The horizontal

axis represents the 20 degree, and the vertical axis indicates the peak
intensity.

As shown in Figure 2, for 2 batches of the adjuvant, a weak
diffraction peak at 18.2° 20 was shown after being stored at
18-25°C for 6 months, indicating that the crystal structure was
beginning to change.
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Figure 2: Xray diffractograms of the three batches of adjuvants (A, B,
C) after being stored at 18-25°C for 1, 3, and 6 months. The horizontal
axis represents the 20 degree, and the vertical axis indicates the peak
intensity.
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As shown in Table 1, new diffraction peaks emerged at 18.2° 20
for the adjuvant after being stored at 37°C for 1 month, and the
peak intensity increased along with the storage time. Whereas
only weak diffraction peaks appeared in the adjuvant after being
stored at 2-8°C and 18-25°C for 6 months, indicating that the
crystal structure was stable or began to change.



Yang X, et al.

OPEN @ ACCESS Freely available online

Table 1: Xcray diffraction peaks at 18.2° 260 of the three batches of adjuvants (A, B, C) after storage at 2-8°C, 18-25°C, and 37°C for 6 months.

Storage time 2-8 °C 1825 °C 37°C
(months)
A B C A B C A B C
1 N N N N N N + N N
3 N N N N N N ++ + +
6 + N N N + +++ + +++

Note: “N” means no diffraction peak, “+” indicates a weak diffraction peak, and “+++” represents a strong diffraction peak.

pH and isoelectric point

As shown in Figure 4, the pH decreases by 0.78, 0.64, and 0.43
respectively, and the pl drops by 1.33, 1.13, and 0.80 respectively
after the adjuvant is stored at 37°C, 18-25 °C, and 2-8°C for 6
months. Notably, as the storage temperature increases, the
downward trends of both the pH and pl become more marked.
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Figure 4: The pH (A) and pl (B) of the three batches of
adjuvants (A, B, C) at 1, 3, and 6 months when stored at 37°C,
18-25°C, and 2-8°C. The horizontal axis represents the months,
and the vertical axis indicates the pH and pl values.

Adsorption capacity

As shown in Figure 5, the adjuvant maintained a high protein
adsorption capacity when stored at 2-8°C, 18-25°C, and 37°C for
6 months. The adsorption rate was all above 90% at a BSA
concentration of < 8 mg/mg AP, and the adsorption rate of
the adjuvant was approximately 8 mg BSA/mg AI>*. There was
no statistically significant difference in the adsorption rate when
the adjuvants were stored under different temperature

conditions (P>0.05).
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Figure 5: The adsorption rate of the three batches of aluminum
hydroxide adjuvants (A, B, C) stored at 2-8°C, 18-25°C, and
37°C for 1, 3, and 6 months. The horizontal axis represents the
different concentrations of BSA used in the adsorption test, and
the vertical axis shows the adsorption rate of aluminum

hydroxide.

Average particle size

As depicted in Figure 6, the three batches of adjuvants consist of
nanoparticle, and the average particle size ranges from 110 to
140 nm. The average particle size of aluminum hydroxide
adjuvants tends to increase over time when they are stored at

37°C (P<0.05).
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Figure 6: The average particle size of the three batches of
adjuvants (A, B, C) at 1, 3, and 6 months is presented. The
horizontal axis represents the storage time, and the vertical axis
indicates the average particle size.

DISCUSSION

The crystal structure of the aluminum hydroxide adjuvant was
PCB. After being stored at 37°C for 1 month, new diffraction
peaks emerged at 18.2° 20 in the diffract grams of the adjuvant,
and the peak intensity increased with the extension of the
storage time. However, only weak diffraction peaks at 18.2° 20
appeared in the adjuvant after being stored at 2-8°C and
18-25°C for 6 months, indicating that the crystal structure was
stable or began to change. An increase in storage temperature
can accelerate the change of the crystal structure. In this study,
the aluminum hydroxide adjuvant was produced by the reaction
of aluminum trichloride and ammonia, followed by dialysis and
thermal treatment at 121°C for 60 minutes. The main substance
is amorphous aluminum hydroxide AI(OH)s, and it is converted
into PCB after before 121°C, 60 min thermal treatment. A pure
and stable adjuvant can be formed only when all the amorphous
aluminum hydroxide converted into PCB. The common
crystalline forms of AI(OH); are bayerite and gibbsite. The
aluminum hydroxide adjuvant is chemically hydroxyl alumina
AlIO(OH), which is

spontaneously transform to highly crystalline phases, and the

unstable during storage, it can

residual amorphous aluminum hydroxide promotes the
formation of highly crystalline gibbsite or bayerite. The increase
of the storage temperature will accelerate the change of the

crystal structure.

When the aluminum hydroxide adjuvant was stored at 37 °C for
6 months, the pH and pl decreased the most, attaining 0.78 and
1.33 respectively. While the pH and pl decreased the least, being
0.43 and 0.80 respectively, when the aluminum hydroxide
adjuvant was stored at 2-8°C for 6 months. As the storage
temperature increases, the downward trends of both the pH and
pl become more marked. The chemical composition of the
aluminum hydroxide adjuvant is AIO(OH). The adjuvant’s
crystalline phases became more orderly, with the deprotonation
and dehydration reaction occurring, resulting in a decrease in
pH and pl. There are various immune proteins such as TT, PT,
DT, PRN, etc., all of which are acidic proteins in the DTaP
vaccine. The aluminum hydroxide adjuvant and the antigen are
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mainly electrostatically adsorbed through opposing charges in a
neutral pH environment. The adsorption capacity of adjuvant is
very important for the immune response of vaccine. However,
the reduction of the pH and pl is not conducive to the
adsorption of antigens by adjuvant.

The quality characteristics of aluminum hydroxide adjuvants
prepared through different crafts present significant variations.
In this study, the aluminum hydroxide adjuvant was produced
by the reaction of aluminum trichloride and ammonia. This
adjuvant possesses a smaller particle size, with the average
particle size ranging from 110 to 140 nm and a large specific
surface area, consequently, it has a high adsorption rate. During
the 6 months’ storage process, the adsorption rate of BSA by the
adjuvants was approximately 8 mg BSA/mg AI**, which was
higher than that of traditional micron-scale aluminum
hydroxide adjuvants (about 9 pum), which was 2-4 mg BSA/mg
AP*. Also, aluminum hydroxide nanoparticle adjuvants were
more efficient in reducing inflammation than traditional
aluminum hydroxide adjuvants. Concurrently, we find that the
average particle size of aluminum hydroxide adjuvants is prone
to increase over time when they are stored at 37°C. As shown in
the previous results, the rise in storage temperature will expedite
the aging of the adjuvants, leading to the formation of highly
crystalline gibbsite or bayerite. These substances, which are large
particle precipitates, can be witnessed in the later stage of
storage, and resulting in an increase in the average particle size
of the adjuvant. Furthermore, when these large particles
precipitate into the human body, they are likely to cause side
effects.

Factors influencing the immune efficacy of the aluminum
hydroxide adjuvant include the adsorption rate, adsorption
strength, particle size and uniformity, adjuvant dose, and
antigen type. The increase in storage temperature accelerates the
aging of the adjuvant, enhances the order of the crystals, and
leads to the decrease of pH and pl. This does not affect the
adsorption rate of adjuvant, but it can affect the adsorption
strength of adjuvant on antigen and may affect the immune
effect of vaccine.

CONCLUSION

The nanoparticle aluminum hydroxide adjuvant retains a high
level of adsorption capacity throughout the storage process,
making it an extraordinary vaccine adsorbent. However, the
increase in storage temperature will accelerate the aging of the
adjuvant and the formation of highly crystalline gibbsite or
bayerite, which is detrimental to the quality stability of the
adjuvant. The optimal storage temperature for the aluminum
hydroxide adjuvant is 2-8°C, at this temperature, the crystal
structure of the adjuvant can remain stable for 6 months, and
the pH and isoelectric point decrease minimally.
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