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a b s t r a c t
Accidental freezing of aluminum-based vaccines occurs during their storage and transportation, in both
developed and developing countries. Freezing damages the freeze-sensitive aluminum adjuvanted vaccines, through separation of lattice between aluminum adjuvant and antigen, leading to formation of aluminum aggregates, and loss of potency. In this study, we examined AlhydrogelTM ([AlO(OH)]xnH2O,
aluminum hydroxide, hydrated for adsorption) stored under recommended conditions, and exposed to
freezing temperature until solid-frozen. The main purpose of our research was to determine the destruction areas of the solid-frozen AlhydrogelTM using selected methods of scanning electron microscopy,
energy dispersive X-ray spectroscopy, Raman spectroscopy, Fourier-transform infrared spectroscopy
and transmission electron microscopy working in diffraction mode. The Zeta potential evaluation, measurements of albumin adsorption power, thermogravimetric analysis and estimation of the mass loss
after drying indicated significant structural (physical) and chemical differences between the freezedamaged and non-frozen vaccine adjuvant. The presented results are important to better understand
the type and nature of damages occurring in freeze-damaged aluminum-based vaccines. These results
can be used in future studies to improve the temperature stability of aluminum adjuvanted vaccines.
Ó 2018 Published by Elsevier Ltd.

1. Introduction
The World Health Organization (WHO) recommends that formulations of vaccines with aluminium adjuvant containing diphtheria, pertussis, tetanus, hepatitis B, Haemophilus influenzae type
b, IPV and their combinations should be stored at between +2 °C
and +8 °C, and should not be frozen [1–3].
Practices exposing vaccines to both high and low temperatures
are widespread in both developed and developing countries at all
levels of cold chain [4–20]. In a 2007 literature review, vaccines
in 75–100% of monitored vaccine shipments had been found to
be exposed to freezing temperatures [20]. The most recent
literature review on vaccine freezing highlights that inadvertent
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freezing occurs in all segments of the cold chain and continues to
be a problem [21].
Vaccines adversely affected by freezing lose their physical,
chemical, and immunological properties, and the loss of potency
can never be restored [1,22,23]. The loss of potency is usually
attributed to the aggregation of adjuvant particles [23]. Clausi
et al. suggests that freeze-concentration-induced phase changes
and ion-exchange reactions on aluminum hydroxide particle surfaces initiate aggregation during freezing [24]. Use of vaccine damaged by freezing can result in compromised immunogenicity, and
increase in adverse local reactions at an injection site, such as sterile abscesses [1,25].
The shake test is designed to determine whether adsorbed vaccines have been affected by freezing. Shake test was validated by a
study team in WHO in 2010 with 100% positive predictive value
[26]. After freezing, the lattice (made up of bonds between the
adsorbent and the antigen) in a vaccine is broken. Separated adsorbent tends to form larger, heavier granules that gradually settle at
the bottom of the vial when this is shaken [26,27]. When freezing
and thawing cycles are repeated, the granules appear to increase in

https://doi.org/10.1016/j.vaccine.2018.10.023
0264-410X/Ó 2018 Published by Elsevier Ltd.

Please cite this article in press as: Kurza˛tkowski W et al. Physical and chemical changes in AlhydrogelTM damaged by freezing. Vaccine (2018), https://doi.
org/10.1016/j.vaccine.2018.10.023

2

W. Kurza˛tkowski et al. / Vaccine xxx (2018) xxx–xxx

size and weight. In a typical demonstration of the shake test, two
identical vials of a vaccine (i.e. from the same batch and the same
manufacturer) that is suspected of having been exposed to freezing
temperatures are selected; one of the two vials is purposely frozen
and then thawed as the negative control, while the second vial
serves as the vial to be ‘‘tested” against this negative control. The
two vials are held together in one hand and shaken; they are then
placed side by side on a flat surface. Provided the test vial has not
been frozen, sedimentation is slower in the test vial than in the
control vial that has been frozen and thawed [26,28,29].
This study is designed to study the destruction areas of the
solid-frozen AlhydrogelTM using selected methods of scanning electron microscopy, energy dispersive X-ray spectroscopy, Raman
spectroscopy, Fourier-transform infrared spectroscopy and transmission electron microscopy working in diffraction mode. Particular goals of this study were to characterize the particles of the
freeze-damaged and non-frozen gel, to check if the tested methods
are useful for controlling the manufacturing procedures and the
proper distribution of AlhydrogelTM based vaccines, to show the
need to accelerate further research to increase the stability of
aluminum-based vaccines.
2. Materials and methods
2.1. Test material
AlhydrogelTM 2% referred to as alum (aluminum hydroxide,
hydrated for adsorption [AlO(OH)]xnH2O – 10 mg Al/ml, certified
for compliance with the European Pharmacopoeia, monograph
04/2008:1664- Ph. Eur. Grade) and HepB vaccine, IBSS Biomed S.
A., Poland were examined.
2.2. Methods used
2.2.1. Scanning electron microscopy (SEM)
For preparation of samples for examination, 100 ml of each nonfrozen and freeze-damaged well suspended HepB vaccine or alum
was placed on a conductive table (specimen holder) covered either
with carbon or a copper tape. The samples were dried over 24 h at
room temperature (20 °C). Samples of HepB vaccine were covered
with 3 nm gold-palladium layer using the SC7620 Sputter Coater
(Polaron, Mini Sputter Coater, Quorum Technologies Ltd., England).
Microscopic properties of the sediment surface were analyzed with
a SEM (Merlin, Zeiss, Oberkochen, Germany and Quanta 3D FEG,
FEI Europe).
2.2.2. Energy dispersive X-ray spectroscopy (EDS)
Elemental analysis on room temperature dried samples of nonfrozen and freeze-damaged alum (10 mg Al/ml) was executed with
a multichannel EDS device (XFlash Detector 5010 125 eV, Quantax
Bruker, Germany) using 10 kV electron beam energy coupled with
SEM (Merlin, Zeiss, Oberkochen, Germany and Quanta 3D FEG, FEI
Europe). The elemental composition of the samples without goldplating was analyzed using a spectrometer (Quantax 200 with
XFlash 4010 detector, Bruker AXS) coupled with the SEM (LEO
1430VP, Carl Zeiss).
2.2.3. Fourier-transform infrared spectroscopy (FTIR spectroscopy)
Samples were dried in vacuum dryer at 20 °C for 24 h. Tests
were performed using a spectrometer FTIR (Equinox 55, Bruker
Optic) on a CaF2 plate in the transmission mode, spectral range
900–3800 cm 1, with a resolution of 4 cm 1. A total of 20 scans
were performed. The spectra of the atmosphere and the pure
CaF2 plate were recorded before the spectra of the samples.

2.2.4. Raman spectroscopy
The tests were performed using a spectrometer microRaman
(Senterra, Bruker Optic, red laser 785 nm, object-glass 25x). Samples were dried in a vacuum dryer at 20 °C for 24 h, and measurements were conducted on a CaF2 plate in the reflection mode,
spectral range 900–3800 cm 1, resolution 9 cm 1, with number
of scans of 10, acquisition time 1 s, and laser power 25 mW.
2.2.5. Adsorption power
Adsorption power of frozen ( 25 °C for 24 h) and non-frozen
AlhydrogelTM was evaluated according to European Pharmacopoeia
9.0,
‘‘Aluminum
hydroxide,
hydrated
for
adsorption”
(01/2017:1664). Prior to examination, vaccine adjuvant was
diluted with distilled water to obtain an aluminum concentration
of 5 mg/ml. Solutions were prepared with the following concentrations of bovine serum albumin (BSA): 0.5 mg/ml, 1 mg/ml, 2 mg/ml,
3 mg/ml, 5 mg/ml, and 10 mg/ml. If necessary, the gel and the BSA
solutions were adjusted to pH 6.0 with diluted solution of
hydrochloric acid or sodium hydroxide. For adsorption, one part
of the diluted gel was mixed with four parts of the examined
BSA solution, and allowed to stand at room temperature for 1 h.
During this time the mixtures were shaken vigorously at least five
times, and then centrifuged for 15 min at 4000 rpm. The protein
content in the supernatants was determined immediately (according to European Pharmacopoeia 9.0, 2.5.33 ‘‘Total protein”, Method
2). Aluminum hydroxide, hydrated complies with the test if no
bovine albumin is detectable in the supernatant of the 2 mg/ml
bovine albumin solution (maximum level of adsorption) and in
the supernatant or filtrate of bovine albumin solutions of lower
concentrations. Solutions containing 3 mg/ml, 5 mg/ml and
10 mg/ml BSA may show bovine albumin in the supernatant, proportional to the amount of BSA in the solutions. The total protein
determination was performed using the Lowry method following
the pharmacopoeial instructions, 2.5.33. ‘‘Total Protein”, method 2.
2.2.6. Precipitation time
Samples of diluted (1:10 dilution, 1 mg Al/ml, adjuvant used in
vaccines) and non-diluted (10 mg Al/ml) alum were the subject of
our experiment. For optimum storage, the first group of diluted
and non-diluted samples were kept at recommended temperature
2–8 °C. The second group of diluted and non-diluted samples were
exposed to 25 °C for a period of 24 h until they become solidfrozen. Samples of the adjuvant kept at recommended temperature
and samples damaged by freezing were vigorously shaken in the
test tubes and the time of precipitation of both samples was measured after no further increase in the height of the sediment pillar
was observed. The time was measured using an electronic timer.
On the basis of the measurements, the precipitation coefficient
was calculated (full precipitation time for non-frozen sample/full
precipitation time for freeze-damaged sample).
2.2.7. Zeta potential
Non-frozen and freeze-damaged samples of non-diluted 2%
AlhydrogelTM (10 mg Al/ml) were examined for Zeta potential. Measurements were done with a Malvern Zetasizer instrument (Nano
ZS, UK) equipped with a 4 mW Helium-Neon laser with light wavelength of 632.8 nm using the U-folded capillary cell and two Au
electrodes. Zeta-potential was calculated from electrophoretic
mobility. For this purpose, the analyzer software used the equations of Henry and Smoluchowski.
2.2.8. Weight loss
Two weighing vessels were marked and weighed. Then each
vessel was filled with 10 ml of 2% AlhydrogelTM. One of the adjuvant
sample was frozen at 20 °C for 24 h, and the second one was kept
at recommended temperature. Both samples were dried at room
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temperature in a desiccator over phosphorus pentoxide until constant weight was achieved.

characterized by using transmission electron microscope (TEM)
Talos 200x (FEI, FEI Europe) working in diffraction mode.

2.2.9. Thermogravimetric analysis (TGA)
The dried samples of non-frozen and freeze-damaged alum
(10 mg Al/ml) were investigated using simultaneous thermal analysis (SDT 2960 Simultaneous DSC-TGA, TA Instruments). Samples
were measured using standard alumina crucibles and conventional
thermogravimetric measurement was performed in the temperature range of 30–1000 °C at a heating rate of 10 °C/min under air
and nitrogen atmosphere.

3. Results

2.2.10. Electron diffractograms
Non-frozen and solid-frozen samples of 2% AlhydrogelTM containing 10 mg Al/ml were examined. After vigorous shaking, drops
of each suspended sample were placed onto the copper grids. The
samples were dried over 24 h at room temperature (20 °C) and

SEM images of alum-based HepB vaccine kept at recommended
temperature and solid frozen are presented in Fig. 1. Significant
differences are seen at all levels of magnification. In non-frozen
samples (A–C), fluffy fine-grained structure of sediment is
observed, while in freeze-damaged samples (D–F) vaccine sediment produce a rough topographic view. Dimension of the conglomerates with sharp edges goes up to 100 mm.
The effects of freeze damage on features of AlhydrogelTM 2%
characterized using EDS are shown in Fig. 2. In non-frozen samples,
fluffy layer of sediment covering the copper tape is observed (A).
On the contrary, mass aggregates of crushed aluminum-based gel
is seen in freeze-damaged samples (B). EDS-spectra of the selected
elements in non-frozen samples is expressed in ratio of mass

Fig. 1. Scanning electron microscopy images of non-frozen and freeze-damaged Alum based HepB vaccine at various magnifications.
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Fig. 2. SEM and EDS analysis of selected elements in non-frozen and freeze-damaged samples of AlhydrogelTM 2% – aluminum hydroxide, hydrated for adsorption. (A, B)
scanning electron microscopy. (C, D) energy dispersive X-ray spectroscopy. EDS-analyzed areas are marked by rectangles or circles. (A, C) adjuvant stored at recommended
temperature. (B, D) adjuvant damaged by freezing ( 25 °C, 24 h).

percentages of oxygen to aluminum (43.7/36.5). Same ratio is
found to be (24.6/23.2) in freeze-damaged samples. This can be
expressed as 1.20 and 1.06 in non-frozen and freeze-damaged
samples respectively, giving a coefficient of 1.13. In addition, the
ratio of atomic percentages of oxygen to aluminum (59.0/29.2) in
sediment of non-frozen AlhydrogelTM is calculated to be 2.0, while
in freeze-damaged samples (44.7/25.1) as 1.8. this indicates higher
oxygen content presence in adjuvant stored at recommended

temperatures. This explains the loss of ‘‘hydrated for adsorption”
feature in freeze-damaged samples. Essential damage of the
freeze-damaged adjuvant can be characterized by decreased ratio
of oxygen to aluminum.
Bovine serum albumin (BSA) adsorption power of freezedamaged and non-frozen AlhydrogelTM is displayed in Table 1.
BSA is the protein comparable to most of vaccine antigens. The
results proved that the power of adsorption of Alhydrogel exposed
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Table 1
Bovine serum albumin (BSA) adsorption power of frozen ( 25 °C for 24 h) and non-frozen AlhydrogelTM (Al3+ = 5 mg/ml).
Bovine serum albumin in the
reaction mixture

Frezee-damaged

Non-frozen

(mg/ml)

(mg)

Adsorbed BSA (mg)

Adsorbed BSA (%)

Adsorbed BSA (mg)

Adsorbed BSA (%)

0.5
1.0
2.0
3.0
5.0
10.0

2
4
8
12
20
40

0.95
0.55
0
0
0
0

47.50
13.75
0
0
0
0

2
4
8
11.10
11.15
11.65

100
100
100
92.50
55.75
29.13

to freezing temperatures is significantly diminished and the power
of BSA adsorption depends on its concentration in the reaction
mixture. Non-frozen Alhydrogel adsorbed BSA efficiently (up to
100%), whereas freeze-damaged Alhydrogel was able to adsorb at
most 47.5% of the protein.
FTIR spectroscopy was used to obtain infrared spectrum of
absorption in AlhydrogelTM affected by freezing. Reduced vibration
is observed in freeze-damaged samples as a result of detachment
of water from freeze-damaged gel (Fig. 3). Reduced vibration
(0.01 Absorbance) represents the detachment of hydrating water
from the solid-frozen gel. (B) Note the high vibration (0.7 Absorbance) of the ‘‘hydrated for adsorption” adjuvant. The maxima at
3420 as well as 3100 cm 1 represent vibrations of hydroxyl groups
derived from the hydrating water.
Raman analyses indicate essential lack of homogeneity caused
by structural damages in freeze-damaged samples compared to
adjuvant kept at the recommended temperature range. (Fig. 4). Difference in intensity of measured spectra can be connected with
some lack of homogeneity as well as different amount and orientation of crystals in the damaged adjuvant (B). The overlapped spectra from two assay-places exhibit the component homogeneity of
the adjuvant stored at recommended temperature (D). In pictures
A and C an image of the analyzed areas is presented. In area A,
you can see crystallites, which are the result of changes caused
by freezing. There is no crystallite in area C, which indicates no
change from the original sample.

3420

Absorbance

0.8
0.7
0.5
0.4

1639

0.3
0.2
0.1
0.0

Absorbance

1070

3100

0.6

0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01
0.00

B

A

4000 3500 3000 2500 2000 1750 1500 1250 1000

Wavenumber [cm-1]

Fig. 3. Fourier-transform infrared spectroscopy measurements in non-frozen and
freeze-damaged AlhydrogelTM. (A) freeze-damaged, (B) non-frozen.

As shown in Table 2, detachment of water from hydrated for
adsorption particles of the 2% AlhydrogelTM affects also the precipitation time of the freeze-damaged adjuvant. Sample of AlhydrogelTM at concentration of 1 mg Al/ml (diluted 1:10) was solid
frozen at ( 25 °C, 24 h). Another sample, diluted in the same
way was kept at the room temperature. It was shown that frozen
sample precipitated fully during one minute, whereas non-frozen
AlhydrogelTM did not precipitate at all after 24 h. The decreased
bovine serum albumin adsorption power is correlated with the
much lower value of the Zeta potential of the damaged adjuvant
(Table 3). Significant differences in potential Zeta values were
obtained for samples that were frozen in comparison to the results
for non-frozen samples. Frozen samples have much lower Zeta
potential than those which were not exposed to freezing temperature. The difference is much clearer in case of undiluted samples.
Zeta potential for undiluted frozen sample is approximately 7.7
times lower than Zeta potential for non-frozen sample. This difference is however smaller in case of samples which were diluted, and
Zeta potential of frozen sample is about 1.7 times lower than the
one of non-frozen sample. Measurements of hydrodynamic diameter of AlhydrogelTM adjuvant samples were also performed (three
measurements were performed and averaged for the both angles
of 173° and 13°).
The close correlation between the decreased hydration of the
aggregated aluminum particles of the freeze-damaged gel and
the reduced Zeta potential as well as the loss of the protein adsorption power are both confirmed by the thermogravimetric measurements (Fig. 5).
Conventional measurement was performed in the temperature
range from 30 °C to 800 °C at a heating rate of 10 °C per minute
under air atmosphere. Samples were measured using standard alumina crucibles. Prior to thermogravimetric measurements, nonfrozen and freeze-damaged samples of the adjuvant were dried
at room temperature and then in desiccator over phosphorus pentoxide to a constant weight. The first temperature range from
ambient temperature up to 200 °C represents both the release of
hygroscopic water and the first phase of hydrate water detachment. The percentage weight loss of the sample by freezing is
expressed by the value of 2.19% (13.15% in non-frozen sample
against 10.96% in freeze-damaged sample) The temperature range
between 200 °C and 450 °C corresponds to the intensive stage of
AlhydrogelTM decomposition. According to the equation: [AlO
(OH)]xnH2O ? AlO(OH) + nH2O. The 1.95% greater weight loss is
seen by freezing (13.96%non-frozen sample and 12.01% freezedamaged sample). The third temperature range from 450 °C to
560 °C shows the next stage of AlhydrogelTM decomposition,
according to the equation: 2AlO(OH) ? Al2O3 + H2O. The slightly
higher percentage weight loss of the non-frozen sample is
expressed by the value of 0.43%.
After drying of non-frozen and freeze-damaged alum samples,
first at room temperature and then in desiccator over phosphorus
pentoxide, until constant mass was achieved, a greater weight loss
in freeze-damaged samples was observed (Table 4). This confirms
that during freezing water particles are being detached from the
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Fig. 4. Raman spectroscopy analyses of freeze-damaged and non-frozen samples of AlhydrogelTM sediments. (A) Freeze-damaged, (C, D) Non-frozen. (B) merged diagram of
freeze-damaged and non-frozen sample Analyzed areas are marked by circles.

Table 2
Comparative analysis of precipitation time of non-frozen and freeze-damaged AlhydrogelTM.
Samples

diluted 1:10 1 mg Al/ml
not diluted 10 mg Al/ml

Precipitation time (min)

Precipitation coefficient (non-frozen/freeze damage)

Non-frozen

Freeze-damaged

1,400
Lack of sedimentation after 24 h

1
1

1400
n/a
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Table 3
Zeta potential of non-frozen and freeze-damaged AlhydrogelTM.
Undiluted samples

Zeta potential
Hydrodynamic diameter
Polydispersity index PDI
Hydrodynamic diameter
Polydispersity index PDI

173o
(for 173°)
13o
(for 13°)

1:7 diluted samples

Frozen

Non-frozen

Frozen

Non-frozen

0.720 ± 0.188 mV
15850 ± 4142 nm
0.839
627 ± 24 nm
0.213

5.590 ± 1.83 mV
9325 ± 1266 nm
0.893
696 ± 153 nm
0.520

5.290 ± 0.139 mV
3871 ± 1363 nm
1
1156 ± 92 nm
1

8.840 ± 4.19 mV
3642 ± 250 nm
0.987
935 ± 38 nm
1

Fig. 5. Thermogravimetric measurement of the weight loss during the three-stage decomposition of freeze-damaged and non-frozen AlhydrogelTM. (a) freeze-damaged; (b)
non-frozen; (c) first derivative of weight loss of freeze-damaged sample; (d) first derivative of weight loss of non-frozen sample.

Table 4
Weight loss of non-frozen and freeze-damaged AlhydrogelTM.

*
**

Weight loss of samples after drying in desiccator
over P2O5 (%)

Thermo-gravimetric weight loss of samples after drying in desiccator over P2O5 (%)

Frozen*

Non-frozen**

Atmosphere

Frozen*

Non-frozen**

99.01

97.27

Air
Nitrogen

28.45
32.31

33.33
34.36

AlhydrogelTM damaged by freezing at 20 °C for 24 h (solid frozen sample).
AlhydrogelTM stored at recommended temperature.

adjuvant. When thermogravimetric method was used, conversely,
the previously dried over phosphorus pentoxide samples of the
freeze-damaged and non-frozen samples of the AlhydrogelTM
showed greater weight loss in non-frozen samples (Fig. 5).
To confirm previous observation HR-TEM electrondiffractograms of freeze-damaged and non-frozen adjuvants were
collected. Air-dried samples were put on copper grids and examined. Fig. 6 presents typical electron diffractograms obtained for
freeze-damaged and non-frozen AlhydrogelTM. Significant difference was not found between these two samples since diffraction
patterns were found to be similar. AlhydrogelTM during freezing is
losing its hydration water, however it is still aluminum hydroxide.
Moreover, due to its non-homogeneity and presence of large aggregates which are not transparent for TEM beam electron diffractograms were taken from similar looking regions; that in same
volume samples, even after air-drying it is found that they do
not lose all water.

4. Discussion
Adjuvants help activate the immune system, allowing the antigens - pathogen components that elicit an immune response - in
vaccines to stimulate a response that leads to long-term protection. Most common adjuvants used in vaccines are aluminum
hydroxide and aluminum phosphate. Freezing damages the aluminum adjuvanted vaccines in an irreversible way. Knowing the
mechanisms causing the damage in freeze-sensitive aluminum
adjuvanted vaccines is critical especially in finding solutions for
production of more stable vaccines.
Freezing of AlhydrogelTM samples (until solid frozen) causes
detachment of water from aluminum hydroxide hydrate particles,
which lose their proton coats that leads to crushing of the viscous
AlhydrogelTM structure. This results in forming aluminum aggregates that precipitate rapidly. The loss of proton coats causes a
decrease of the gel’s potential and lead to the antigen detachment
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Fig. 6. Electron diffractograms obtained for freeze-damaged and non-frozen
AlhydrogelTM.

from the adjuvant. This leads to destruction of the vaccine with the
gradual loss of its potency and this process is irreversible.
Based on the precipitation time of not-damaged and damaged
by freezing adjuvant, we can signal that one-time freezing and
thawing causes the damages, regardless of whether the adjuvant
was in a solid frozen state for 1 or 24 h. Repeated freezing and
thawing causes increased damage to the adjuvant (unpublished
data). On the basis of obtained results it may be concluded that
AlhydrogelTM in frozen state changes significantly its structural
and physicochemical characteristics and loses the ability to bind
antigens. These results confirm also the hypothesis about detachment of hydrating water in the adjuvant after freezing, and as a
consequence the most probable reason of vaccine’s potency
impairment.
The thermo-gravimetric measurement of the percentage weight
loss during three-stage decomposition of the non-frozen and
freeze-damaged samples of AlhydrogelTM was performed in our
study. About 23% weight loss of the frozen sample at temperature
450 °C may suggest that not all hydrate water is released from
AlhydrogelTM during freezing. In comparison with the solid frozen
gel, about 4% greater percentage weight loss of the non-frozen
sample in the first and second temperature range of the thermogravimetric measurement corresponds to the detachment of
hydrate water from AlhydrogelTM. This result is confirmed by about
3.5% greater weight loss of the non-frozen samples in thermogravimetric measurement in air and nitrogen atmosphere. The
electron diffractograms which showed that the content of different
phase in frozen material was less than 5% as well as by about 2%
increased percentage weight loss of the frozen sample after drying
in desiccator over phosphorus pentoxide – prior to thermo-graphic
measurements. As pointed out previously by Busca, this corresponds to a great damage to the gel, especially the loss of the
declared specification – ‘‘AlhydrogelTM [AlO(OH)]xnH2O aluminum
hydrate, hydrated for adsorption” [30].
On the basis of the Zeta potential measurements the conclusion
can be drawn that aluminum-based particles of the adjuvant
releases the hydrate water during freezing, causing destruction of
their proton coat and reduction in the value of the Zeta potential.
The presented results confirm that AlhydrogelTM affected by freezing loses ability to bind bovine serum albumin, especially when
the protein content in the reaction mixture is over 1 mg/ml. Bovine
serum albumin, as a protein mimics antigen adsorbed to the

AlhydrogelTM, thus it may be concluded that freezing significantly
impairs the ability of antigen adsorption by the adjuvant. It confirms the previous literature reports that the lattice made up of
bounds between the adsorbent and the antigen in aluminumbased freeze-sensitive vaccines is broken when the vaccine is
affected by freezing.
In comparison with the non-frozen gel, the freeze-damaged
adjuvant exhibited significant structural damages shown by SEM
and Raman analyses. In our study the loss of the fluffy structure
of the sediment and creation of mass aggregates were observed.
This completely changes the physical and chemical properties of
the solid-frozen gel, expressed by increased precipitation rate of
the aggregates. In a recent study, the precipitation co-efficient
was found to be between 2 and 15 [27]. In the same study, it
was concluded that low phosphate content in aggregates of aluminum hydroxide-based vaccines is connected with the high values of the precipitation coefficient. The feature of significant
precipitation time differences between non-frozen and freezedamaged vaccines was used to elaborate the shake test to distinguish freeze-damaged vaccines, thus preventing them from being
used [26].
A number of studies aim to improve stability of vaccines during
freeze-thawing by addition of compounds that stabilize aluminum
adsorbed proteins in solutions, including osmolytes and cryoprotectants such as glycine, propylene glycol, PEG 300, sucrose and
trehalose. Clausi et al. studied the effect of glass-forming excipients
on particle size distribution (PSD) of processed aluminum hydroxide adjuvant suspensions [24]. In this study, samples of freezethawed in concentrations of trehalose (>10w/v%) displayed minimal aggregation and retain PSD nearly identical to that of the stock
formulation. In this study, it is shown that aggregation of AlhydrogelTM adjuvant particles during freeze-thawing and lyophilization
can be avoided by modifying either the process parameters or formulation variables. Use of high concentrations of trehalose, a glassforming excipient reduces the propensities to aggregate. The
mechanism of aggregation of AlhydrogelTM particles in sodium succinate buffers is related to freeze-concentration-induced buffer ion
crystallization and surface charge modification, which can be monitored by X-ray powder diffraction and Zeta potential measurements, respectively. In one of these studies it was proved that
during freezing in sodium phosphate buffers, the presence of glycine at the lower concentrations suppressed the pH decrease usually observed during freezing in sodium phosphate buffer, possibly
by reducing the nucleation rate of salt and thereby decreasing the
extent of buffer salt crystallization. The presence of glycine at
higher concentration in this buffer resulted in a more complete
crystallization of the disodium salt. Glycine, in its amorphous state,
can also be stabilizing on a protein via the preferential exclusion
mechanism [31]. Other study results also show that following multiple exposures to -20 °C in hepatitis B vaccine, inclusion of PEG
300, propylene glycol or glycerol, particle agglomeration, changes
in the antigen tertiary structure, and losses of in vitro and in vivo
indicators of potency are prevented. However, the question that
was not addressed in this study is the long-term effects of these
excipients on the stability of the vaccines, stored either at 4 °C or
at freezing temperatures and the potential consequences of the
presence of these excipients on vaccines containing an aluminum
salt adjuvant following a temperature excursion above room temperature [32,33]. PEG, glucose and trehalose added to aluminum
hydroxide adsorbed tetanus toxoid was also shown to maintain
the integrity of both adjuvant and antigen in case of freezinginduced stress [34]. Experimental studies were also conducted,
which provided evidence that in accelerated stability studies compounds that stabilize the protein in solution also stabilize the
adsorbed protein. However, the stability of the adsorbed protein
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in the presence of the stabilizer remained lower than that of the
protein in solution [35].
Our cooperation with the industry indicates that the described
methods are very useful to control and improve the manufacturing
technologies of aluminum-based vaccines, e.g. by lowering both
the freezing point and the aluminum content (unpublished data).
Mechanisms of immuno-stimulation by aluminum hydroxidebased adjuvants include the repository effect (depot effect),
pro-phagocytic effect and NLRP3 pathway. Adsorbed antigens
aggregate on the surface and inside aluminum hydroxide-based
adjuvant particles, which helps to maintain their chemical and
physical characteristics and promotes and prolongs interaction
between antigen and immunological system’s cells (antigen presenting cells - APCs), which induces immunological response.
Uptake of antigens by APCs is crucial for induction of immunity.
The ‘‘repository effect” is connected with physical properties of
aluminum hydroxide-based adjuvants such as electric charge,
surface area and morphological structure [30,36].
More comprehensive understanding of processing and formulation effects of the PSD of aluminum adjuvant particles, as well as
searching for options that would prevent destruction of proton
coat of adjuvant particles resulting in loss of binding power ability,
are required to better predict both the behavior of immunogenicity
of adsorbed vaccines and therefore to improve freeze-stability.
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