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A B S T R A C T   

Aluminum salts are by far the most widely used adjuvants for human vaccines, showing 
acceptable safety and efficacy. Previous studies have shown that each aluminum adjuvant have 
different charges and morphologies, but whether the manufacturing and production processes 
affects the physicochemical properties of aluminum adjuvant has not yet been reported. In this 
study, we explored the physical and chemical properties of different aluminum adjuvants and 
Hib, sIPV antigens through particle size, zeta potential and morphological characteristics. The 
adsorption rate and efficacy were also investigated. The results showed that the preparation 
process had an impact on the physical and chemical properties of aluminum adjuvants, including 
differences in the particle size，zeta potential and morphological structure. Hib vaccine had 
larger particle size than sIPV vaccine with different aluminum adjuvants in the process of vaccine 
preparation. In addition, by measuring the adsorption rate, increasing the concentration of 
phosphate or Aluminum phosphate (AP) can improve the adsorption rate of Hib, but Aluminium 
hydroxide (AH) and amorphous aluminum hydroxyphosphate sulfate (AAHS) adjuvants are not 
affected. In vivo result showed that increasing the adsorption rate of Hib could enhance the Hib- 
IgG antibody titers. In conclusion, this study provides a reference for the application of adjuvants 
in vaccines by studying the physicochemical properties and adsorption conditions of different 
aluminum adjuvants and antigens.   

1. Introduction 

Vaccination is one of the main measures for prevention and control of human infectious diseases. Because the immunogenicity of 
some antigens is poor, adjuvants are usually needed to improve the level and duration of vaccine induced protection [1]. In 1926, 
Glenny et al. first showed that insoluble aluminum salt precipitation can enhance the immunogenicity of diphtheria toxoid [2]. Since 
then, aluminum adjuvants have often been used as immune enhancers in human vaccine formulations. The three aluminum adjuvants 
commonly used in licensed vaccines are aluminum hydroxide (AH), aluminum phosphate (AP), and amorphous aluminum hydrox-
yphosphate sulfate (AAHS) [3]. After the antigen absorbed by aluminum adjuvant enters human body, the antigen will be released 
slowly. At the same time, it can stimulate the process of phagocytosis of phagocytes, antigen presentation, cytokine secretion, the 
synergy between T cells and B cells, and the humoral immune response [4,5]. That is the reason why aluminum adjuvant could 
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improve the antibody response and enhance the immunogenicity of the antigen. However, aluminum adjuvants cannot participate in 
cellular immunity and cannot be used in some vaccines, such as influenza vaccine [6]. 

AH adjuvant is chemically crystalline aluminum oxyhydroxide AlO(OH), with the shape of fibers [7]. AP adjuvant is chemically 
amorphous Al (OH)x(PO4)y, with the shape of spherical. AAHS, which is proprietary to Merck, forms an amorphous mesh and carries 
approximately zero charge at neutral pH. The point of zero charge (PZC) of AH adjuvant is 11.4, and the PZC of AP adjuvant is usually 
between 5.0 and 5.5. However, AAHS adjuvant PZC were between AH and AP [8,9]. At physiological pH value, AH adjuvant has a 
positive charge, which can generate electrostatic attraction with acidic isoelectric point antigen [1]. The AP adjuvant has an negative 
charge, attracting with the antigen of alkaline isoelectric point. This electrostatic attraction between antigen and adjuvant is the main 
adsorption mechanism, and sodium chloride ion strength will affect the adsorption level of antigen [9]. Ligand exchange is the 
strongest adsorption between antigen and adjuvant, which is generated by the exchange of phosphate groups on antigen and hydroxy 
groups on the surface of aluminum-containing adjuvant [10]. In addition, other attractive forces, such as hydrogen bonding, hy-
drophobic interactions, and van der Waals forces may also contribute to this process [11,12]. Understanding the physical properties of 
adjuvants is important for improving the adsorption of adjuvants and clarifying the mechanism of combination of antigens and 
adjuvants. 

Haemophilus influenzae type B (Hib) is one of the common causes of pneumonia, meningitis and other serious infectious diseases in 
children [13]. Because the immunogenicity of Hib alone is not strong, it needs to be adsorbed by carrier to enhance its immunogenicity 
[1]. The World Health Organization (WHO) recommends that Hib conjugate vaccine be included in all routine infant immunization 
plans [14]. Hib conjugate vaccine has four main carriers: diphtheria toxoid protein based conjugate vaccine (Poly-
ribosyl-ribitol-phosphate-D, PRP-D), weak diphtheria flavone CRM197 based conjugate vaccine (Hb OC), group B meningococcal 
membrane protein (PRP-OMP), and tetanus toxoid based conjugate vaccine (PRP-T). At present, tetanus toxoid is mainly used as 
carrier (Hib-TT) [15,16]. Poliovirus is one of the most harmful viruses to human health, which can cause symptoms such as delayed 
nerve palsy and poliomyelitis [17]. It can be divided into type 1, 2 and 3 according to its antigenicity [18,19]. The inactivated polio 
virus vaccine (IPV) content of D-antigen which is a key index for determining the efficacy of IPV in vitro, which is consistent with its 
immune efficacy in human body. 

The studies of adjuvant can provide a basis for vaccine researchers to select appropriate adjuvants and accelerate the drug 
development, especially combined vaccines. Combined vaccines contain a variety of antigens, such as recombinant proteins, inacti-
vated viruses, polysaccharides, etc. Because the appropriate adjuvants for each antigen are different, it is necessary to comprehensively 
consider the characteristics of each adjuvant to improve combined vaccines development. 

In this study, a variety of aluminum adjuvants and vaccines were prepared and characterized physicochemical properties and 
immune efficacy. It was found that AH, AAHS and AP were different in particle size, zeta potential, and morphology. And aluminum 
adjuvants prepared using different processes also differ. Compared with AP, AH and AAHS can adsorb more antigens. The adsorption 
rate of AP adjuvant to Hib antigen increases with the increase of phosphate and adjuvant concentration. And high Hib adsorption rate 
can enhance the efficacy in vivo. These results indicate that the nature of vaccine components and the mechanism of adjuvants 
adsorption need to be fully studied to provide references for different vaccine design and product. 

2. Materials and methods 

2.1. Mice 

All the mice (NIH, 17–19 g) were purchased from SPF (Beijing) Lab Animals Technology Co., Ltd., Beijing, China, and maintained in 
a specific pathogen-free (SPF) environment at Beijing Laboratory Animal Research Center. 

2.2. Antigens and aluminum adjuvants 

Hib was produced by Lanzhou Institute of Biological Products Co., Ltd (LIBP) of Sinopharm. And sIPV was produced by Beijing 
Institute of Biological Products Co., Ltd (BIBP) of Sinopharm. AH1 was purchased from Croda (Danmark, 21645-51-2). AP was pur-
chased from InvivoGen (Danmark, 7784-30-7). AH2 and AAHS were produced by Beijing Institute of Biological Products Co., Ltd 
(BIBP) of Sinopharm. D-antigen ELISA kit was obtained from Beijing Institute of Biological Products Co., Ltd (BIBP) of Sinopharm. 

2.3. Vaccine suspensions preparation 

The final concentration of Hib was 20 μg/mL, and that of sIPV type 1/2/3 were 30/90/90 DU/mL, respectively. The final bulk was 
prepared by adding 1.3 mg/mL AH or 1.22 mg/mL AP as the adjuvant unless otherwise specified. Mix the suspensions using a magnetic 
stirrer. The adsorption rate of the samples was measured after being stored at 4 ◦C for 24 h. 

2.4. Determination of particles size and zeta potential 

The particle size and zeta potential of adjuvants and related vaccines were determined to delineate the physical characteristics and 
stability. The zeta potential of adjuvants and vaccines were determined by Zetasizer Nano ZS90 (Malvern, UK). The particle size was 
performed using Mastersizer 2000 (Malvern, UK). 
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2.5. Electron microscopy sample preparation 

SEM and TEM were used to observe the structure of samples. For the scanning electron microscope (SEM), stick the conductive 
adhesive on the sample table and stick the clean thin copper sheet on the conductive adhesive. Drop the liquid sample on the copper 
sheet, and wait for the solvent to completely volatilize, and then spray the gold and observe by Gemini SEM 300 (ZEISS, Germany). For 
the transmission electron microscope (TEM), dilute the sample by 1:10. Drop the diluted sample on the copper mesh, and dry it 
completely before loading for observation using JEM-2100 Plus (JEOL, Japan). 

2.6. Hib adsorption rate assay 

Add 5 mL 0.1% ferric chloride hydrochloric acid solution to the test solution and then add 0.4 mL of lichenol ethanol solution. After 
water bath for 5 min at 100 ◦C., the mixtures were transferred into the ice bath and was measured the absorbance at the wavelength of 
670 nm. The concentration of ribose reference solution was used to perform linear regression on its corresponding absorbance, and the 
linear regression equation was obtained. Substitute the absorbance of the test solution into the linear regression equation to calculate 
the ribose content of the test solution. 

2.7. D-antigen ELISA assays 

A sandwich enzyme-linked immunosorbent assay (ELISA) was used to quantify D-antigen units (DU) of the inactivated polio 
vaccine. ELISA plates coated with anti-polio antibodies were obtained from Beijing Institute of Biological Products Co., LTD. 100 μL 
vaccine and supernatant were added to the plate, respectively. Plates were kept at 37 ◦C for 1 h and then washed 5 times using the wash 
solution. And then 100 μL corresponding working solutions were added to the plates. Plates were incubated at 37 ◦C for 20min. After 
washing the plates 5 times, the chromogenic solution was added to the plates and the plates were kept at 37 ◦C. After 10mins, the 

Fig. 1. Particle size of aluminum adjuvants and vaccines. (A) Particle size of four kinds of aluminum adjuvant. (B–E) Particle size of four kinds 
of aluminum adjuvant-containing vaccines. 
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stopping solution was added to each well. The absorbance was read by a microplate reader at 450/630 nm wavelength. Adsorption rate 
= (antigen content of vaccine - antigen content of supernatant)/antigen content of vaccine x 100%. 

2.8. Animal immunity 

Normal saline was used as the negative control and the Pasteur Hib vaccine was used as the positive control. 10 μg/mL of Hib 
polysaccharide conjugate vaccines with different adsorption rates were injected subcutaneously through the abdomen. Mice were 
inoculated twice on the 1st and 14th days. On the 28th day, serum was collected to determine Hib titer. 

2.9. Hib titer determination 

The plate was coated with PRP tyrosine hydrochloride and incubated at 2–8 ◦C for 18–24 h. Wash the plate for 5 times. Add sealing 
solution and keep the plate at 37 ◦C for 1 h. After washing 5 times, add 100 μL serum sample to the plate. Keep the plate at 37 ◦C for 1 h 
and wash 5 times with detergent. Then add 1:1000 diluted enzyme labeled antibody to the plate. Keep the plate at 37 ◦C. After 30 min, 
add chromogenic solution to the plate and keep the plate at room temperature. After 10 min, add stopping solution. Use a microplate 
reader to read the absorbance at 450/630 nm wavelength. Calculate cut off value and the Hib antibody titer. 

2.10. Statistical analysis 

All results are represented as the means ± SEM. Multiple comparisons among three or more groups were performed using one-way 
ANOVA. *p < 0.05, **p < 0.01 and ***p < 0.001 were defined as statistically significant. 

3. Results 

3.1. Size of particles 

In order to evaluate the sizes of four aluminum adjuvants and related vaccines, suspensions were prepared and the sizes of particles 
were analyzed. The suspensions were homogeneous. The results showed that the particle sizes of AH using two different processes were 
4.86 μm, 5.06 μm, while that of AAHS and AP were 4.59 μm and 1.91 μm, respectively (Fig. 1A). We found that the particle size of AP 
was significantly smaller than that of AH and AAHS (p < 0.001), indicating that the particle size of various aluminum adjuvants was 
different based on their processing varies (Fig. 1A). 

Previous studies have found that sIPV antigens were spherical particles of about 30~40 nm [20,21]. When aluminum adjuvant 
combined with Hib or sIPV, the particle size of all vaccines increased compared with the corresponding aluminum adjuvant. Among 
these vaccines, the combinations of AH1 and Hib had the largest particle size, which was 10.97 μm (Fig. 1B). The particle size of the 
mixture of aluminum adjuvant and Hib was significantly larger than that of aluminum adjuvant and sIPV (p < 0.01) (Fig. 1B–E). This 
result suggests that the particle size changes after binding with antigen, and the changes are different after binding with different 
antigens. This may be explained by the fact that the particle size of Hib-TT is larger than that of sIPV, or Hib combines with adjuvant to 
produce an irregular shape, resulting in larger particle size than that of vaccines containing sIPV. 

3.2. Zeta potential analysis of aluminum adjuvants 

Zeta potential is a measure of the strength of mutual repulsion or attraction between particles and an indicator of the stability of 
colloidal dispersions [22]. According to zeta potential, it can be judged whether there is a binding mode of electrostatic adsorption 
between adjuvant and antigen [23]. The zeta potentials of different aluminum adjuvants and related vaccine samples are shown in 

Table 1 
Zeta potential and pH of antigens, adjuvants and vaccines.  

Group Zeta Potential(mV) Conductivity (mS/cm) pH 

Hib − 18.57 ± 0.86 1.58 6.35 
sIPV − 0.71 ± 0.44 2.42 6.48 
AH1 11.80 ± 0.70 0.03 6.13 
AH2 7.94 ± 0.50 0.51 6.33 
AAHS 7.85 ± 0.14 2.28 6.35 
AP − 24.70 ± 1.15 0.12 6.91 
Hib + AH1 7.87 ± 0.11 1.63 6.03 
sIPV + AH1 3.89 ± 0.18 2.31 6.24 
Hib + AH2 19.9 ± 0.46 0.53 6.25 
sIPV + AH2 29.73 ± 1.04 0.8 6.22 
Hib + AAHS 6.04 ± 0.37 1.88 6.38 
sIPV + AAHS 8.99 ± 0.37 2.52 6.43 
Hib + AP − 28.47 ± 1.17 0.41 6.74 
sIPV + AP − 21.23 ± 1.06 0.57 6.61  
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Table 1. 
The results showed that the isoelectric points of various aluminum adjuvants were different. At pH 6–7, the AH and AAHS adjuvants 

were positively charged (11.80 ± 0.70 mV, 7.94 ± 0.50 mV and 7.85 ± 0.14 mV), while the AP adjuvants had opposite charge (− 24.70 
± 1.15 mV). The zeta potential of Hib and sIPV were − 18.57 ± 0.86 mV and − 0.71 ± 0.44 mV, respectively. When antigens were 
mixed with adjuvants, the suspension showed the same charge as the adjuvants. When Hib antigens were mixed with AP, the sus-
pension also showed the same charge as Hib and AP. This indicates that in addition to electrostatic adsorption, there are other 
adsorption mechanisms when Hib or sIPV mixed with AP adjuvants, such as ligand exchange, hydrogen bonding, hydrophobic in-
teractions, and van der Waals forces. 

3.3. Morphology analysis of aluminum adjuvants 

Electron microscopy has been used to evaluate the structural characteristics of aluminum adjuvants [24]. But the structures of 
aluminum adjuvants prepared using different processes remain unclear. Here, we characterized four kinds of aluminum adjuvants 
using SEM and TEM. SEM microscopy indicated that AH1 have a fibrous structure (Fig. 2A). The structure of AH2 was fibers connected 
into a mesh. (Fig. 2B), while AAHS and AP showed spherical agglomerate (Fig. 2C–D). The diameter of AAHS was larger than AP, 
which was consistent with the particle size results. 

TEM images corresponded to the results of SEM and the particle size. TEM results showed that AH1 was fibrous (Fig. 3A). AH2 had 
the shape of net (Fig. 3B). AAHS and AP appeared spherical particles (Fig. 3C). Compared to AP, AH and AAHS were characterized by 
its irregular shape and interparticle connections, which may be the reason why AH and AAHS had larger particle size (Fig. 3D). 
Although the particle sizes of AH adjuvants were similar, the morphologic characters were different. This illustrates that the prepa-
ration process can affect the particle size, shape and density of aluminum adjuvants. Morphology may be responsible for the different 
adsorption capacities. AH adjuvant may combine more antigens due to larger surface area. 

3.4. Morphology analysis of aluminum-related vaccines 

To further investigate the morphological changes of adjuvant after combining with antigen, TEM was performed. Observation 
results revealed that the fibrous structure of the adjuvant became dense after Hib was combined with AH1, which may be the cause of 
the large particle size (10.97 μm) (Fig. 4A). Antigen particles were observed on the surface of the adjuvant when Hib was combined 
with AH2, AAHS and AP, respectively (Fig. 4B–D). We also found that sIPV-related vaccines had small particle sizes and less aggre-
gation than Hib-related vaccines (Fig. 4E–H). AH1 became dispersed and spherical antigen particles were attached to the adjuvant 
evenly (Fig. 4E). The mesh of AH2 became small (Fig. 4F), and the sIPV antigen was coated on the surface of the AAHS (Fig. 4G). AP 
combined with sIPV was still observed spherical structure (Fig. 4H). The antigen is bound to the adjuvant surface, and the interaction 
between them does not form a new structure. These results suggest that the types of adjuvants and antigens, the mechanism in which 
adjuvants bind to antigens can affect morphology. The binding of Hib to AH results in large particle size and tight structure, whereas 
sIPV binds loosely to AH adjuvants. This may be due to the stronger force between Hib and AH that allowed AH to adsorb more Hib, or 
Hib changed the microenvironment of AH to make AH bind closely. 

3.5. Adsorption of aluminum adjuvants to Hib and sIPV 

In order to further investigate whether the characteristics of adjuvant will affect the adsorption of antigen, we explored the 

Fig. 2. SEM morphology of aluminum adjuvants. (A–B) SEM morphology of AH1 and AH2. (C) SEM morphology of AAHS. (D) SEM morphology 
of AP. Scale bar: 400 nm (up) and 200 nm (down). 

C. Bo et al.                                                                                                                                                                                                              



Heliyon 9 (2023) e18800

6

influence of aluminum adjuvant on the adsorption capacity of Hib and sIPV antigen under different conditions. We found that the 
adsorption capacity of AH1 to the four antigens selected in this study was not affected by the concentration of PBS (pH = 6.0) (Fig. 5A). 
The adsorption capacity of AP on three types of sIPV is not affected by phosphate concentration (Fig. 5B). With the increase of PBS (pH 
= 6.0) concentration (from 0.75 mM to 3 mM), the Hib adsorbed on AP increased (from 63.11% to 86.19%) (Fig. 5B). Phosphate ions 
and sodium chloride ions in the buffer may be factors that affect the adsorption rate. 

The concentration of adjuvant also affected antigen adsorption rate. We found that the adsorption rate of aluminum adjuvant to the 
four antigens was 100% under three AH1 concentrations (1.3 mg/mL, 2.6 mg/mL, 3.9 mg/mL) (Fig. 5C). The adsorption of AP to Hib 
increased (from 74.1% to 100%) with the increase of AP concentration (from 1.3 mg/mL to 3.9 mg/mL). The adsorption rates of sIPV 
type 3 were 53%, 54%, and 51%, respectively (Fig. 5D). The free phosphate in the AP may affect the adsorption of the AP to the 
antigen. The particle size and electron microscope results suggest that AH1 has a significantly larger surface area than AP and can 
adsorb more antigens. 

3.6. Efficacy of AP to Hib 

In order to improve the efficacy of the Hib vaccine, we prepared vaccines with different adsorption rates of AP on Hib according to 
the above study to explore the relationship between adsorption rate and efficacy. The result showed that the seroconversion rate of all 
samples was 100%. The geometric mean titers (Log10) of Hib antibody corresponding to AP adsorption rates of 0%, 30%, 50%, 60%, 
80% and 100%, were 2.94, 3.27, 3.28, 3.60, 3.37 and 3.72, respectively (Fig. 6). With the increase of AP adsorption rate on Hib, the 
level of Hib antibody is also increased. There was a significant difference between the efficacy of 0% adsorption rate and 100% 
adsorption rate (p < 0.05). Moreover, the Hib antibody level of more than 30% adsorption rate was higher than that of the Hib positive 
control (3.00). These results suggested that complete adsorption of Hib antigen with aluminum adjuvant could improve vaccine ef-
ficacy compared with non-adsorption. According to the repository effect, when the vaccine was injected into mice, the antigen was 
continuously released from the aluminum adjuvant [25,26], which led to the increase of antigen concentration at the injection site and 
enhanced the uptake of antigen presenting cells [27]. 

Fig. 3. Structure of aluminum adjuvants. (A–B) TEM morphology of AH1 and AH2. (C) TEM morphology of AAHS. (D) TEM morphology of AP. 
Scale bar: 50 nm. 

Fig. 4. Structure of aluminum adjuvants combined with antigens. (A–D) TEM images of aluminum adjuvants combined with Hib. (E–H) TEM 
images of aluminum adjuvants combined with sIPV. Scale bar: 50 nm. 
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4. Conclusion and discussion 

Aluminum adjuvants have been used for nearly 100 years and have numerous advantages, including minimal reactogenicity, 
excellent safety profile, and low price [28]. In the early development of new vaccine products, it is necessary to understand the 
physical properties of the adjuvant used and their ability to adsorb antigens [29]. The three aluminum adjuvants commonly used in 
human vaccines are AH adjuvant, AAHS and AP adjuvant [9]. AH is prepared by mixing aluminum-containing solution with a base. AP 
is prepared by pumping aluminum chloride and sodium dihydrogen phosphate into a reaction container at a constant rate [30,31]. 
AAHS is similar to AP, but contains residual sulfate which was [AlK(SO4)2] used as the source material for AAHS produced. Due to 
different experimental conditions, temperatures, concentrations and even the addition speed of reagents, AH, AAHS, and AP from 
different sources may also have differences in physicochemical and biological properties [9,28]. However, there is currently no report 
in the peer-reviewed literature on a comparison of aluminum adjuvants from various process. 

Here, we report the particle size, zeta potential, morphology of various aluminum adjuvants and adsorption rate for Hib and sIPV 
antigen. This study focused on the physicochemical properties of three main aluminum adjuvants: AH, AAHS, and AP. We found that 
the particle size of AP varies with preparation technology, and the average particle size of AH and AAHS are larger than that of AP. And 

Fig. 5. Adsorption conditions of Hib and sIPV. (A, B) Effect of PBS concentration on the adsorption capacity of AH1 and AP. (C, D) Effects of 
different aluminum adjuvant concentrations on the adsorption capacity of AH1 and AP adjuvant. 

Fig. 6. Efficacy of Hib under different adsorption rates. Hib antibody geometric mean titer of Hib positive control group and adsorption rate 
from 0% to 100%. 
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the charge and absolute value of zeta potential also change with the type of aluminum adjuvants and preparation processes. 
It is reported that phosphate-containing antigens are more capable of binding to aluminum, and surface hydroxyl groups are 

obtained from AH. Unlike electrostatic adsorption, the ligand exchange of phosphate is not influenced by the relationship between the 
isoelectric point of antigen or aluminum-containing adjuvant and the pH value of vaccine [32]. Hib and sIPV have different char-
acteristics. The polyribosyl-ribitol-phosphate, capsular polysaccharide of Hib, is highly negatively charged due to its phosphate groups 
[32,33]. The isoelectric points of sIPV type 1, 2 and 3 are 7.4, 7.2, and 6.3 [34]. However, the isoelectric points of AH, AAHS and AP are 
about 11.4, 7.0, and 5.0, respectively [35,36]. This property influences the surface microenvironment of different aluminum adjuvants 
and antigens, and further affects the combination mechanism between aluminum adjuvants and antigens. Complementary surface 
charges of the antigen and the aluminum adjuvants were expected to optimize conditions for antigen-adjuvant interactions [37,38]. 
Under vaccine pH, negatively charged Hib and positively charged AH exist electrostatic adsorption. While AP is negatively charged, 
Hib and AP still show high adsorption capacity. Considering Hib have phosphate groups, this indicated that binding mode of Hib and 
AP may be ligand exchange [32]. 

This study also showed that 2.44 mg/mL AP (20 mM Aluminum) adsorbed about 18 μg/mL Hib, while 1.3 mg/mL (16 mM 
Aluminum) AH adsorbed 20 μg/mL Hib completely. Aluminum adjuvants maximum adsorption capacity differs. AH and AAHS with 
larger particle size can bind more antigens to the surface. However, it is not clear whether the adsorption capacity of adjuvant to 
antigen will affect the release and effect of antigen. Therefore, the optimal formulation of antigens adsorbed to adjuvants needs to be 
analyzed specifically. In addition to the study of the physicochemical properties of adjuvants and related vaccines, whether the 
adsorption capacity of aluminum adjuvants to antigens affects the immunogenicity of antigens needs to be further explored. Our study 
showed that the adsorption of Hib antigen on AP enhances the immune response, which may be caused by promoting phagocytosis and 
slowing the diffusion of antigen from the injection site. However, adsorption strength is also important because high-affinity in-
teractions may interfere with the immune response [39]. 

Given the differences in the physicochemical properties of aluminum adjuvants under different preparation processes, different 
manufacturers need to have strict quality standards and process parameter design when producing aluminum adjuvants. During the 
preparation of adjuvant-based vaccines, sufficient adsorption process research (pH, ionic strength, buffer, adjuvant and antigen ratio, 
adsorption time and adsorption temperature) is required to ensure the optimal immune effect. 

In conclusion, this investigation demonstrates that various aluminum adjuvants have different particle sizes, isoelectric points, and 
morphological characteristics, which may lead to differences in the affinity of adjuvants for antigens and vaccine efficacy. The broader 
research scope in the future should also include: (1) Study on the adsorption coefficient and adsorption strength of antigen by 
aluminum adjuvant with different processes; (2) Evaluation of antigen immune efficacy under different adsorption intensity condi-
tions; (3) Exploring the effects of different adjuvants on the structure and stability of antigens after adsorption; (4) Optimization of 
thermal stability of aluminum adjuvant vaccines. Our results will contribute to the design of vaccines and optimize the adsorption and 
stability of antigens in vaccines. 
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