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Abstract: Nanomaterials have found extensive interest in the development of novel vaccines, as 

adjuvants and/or carriers in vaccination platforms. Conjugation of protein antigens at the particle 

surface by non-covalent adsorption is the most widely used approach in licensed particulate 

vaccines. Hence, it is essential to understand proteins’ structural integrity at the material interface 

in order to develop safe-by-design nanovaccines. In this study, we utilized two model proteins, the 

wild-type allergen Bet v 1 and its hypoallergenic fold variant (BM4), to compare SiO2 nanoparticles 

with Alhydrogel® as particulate systems. A set of biophysical and functional assays including 

circular dichroism spectroscopy and proteolytic degradation was used to examine the antigens’ 

structural integrity at the material interface. Conjugation of both biomolecules to the particulate 

systems decreased their proteolytic stability. However, we observed qualitative and quantitative 

differences in antigen processing concomitant with differences in their fold stability. These changes 

further led to an alteration in IgE epitope recognition. Here, we propose a toolbox of biophysical 

and functional in vitro assays for the suitability assessment of nanomaterials in the early stages of 

vaccine development. These tools will aid in safe-by-design innovations and allow fine-tuning the 

properties of nanoparticle candidates to shape a specific immune response. 
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1. Introduction 

Engineered nanomaterials have gained significant research interest as novel 

vaccination platforms. They have been utilized to enhance vaccine efficacy by modulating 

the quality, specificity and durability of immune responses towards a specific antigen [1]. 

Adjuvants and/or carriers are important in vaccine formulations as they are essential for 

the efficient activation of the immune system. In this regard, nanomaterials are attractive 

platforms as they can transport protein antigens effectively close to or even into antigen-

presenting cells, leading to decreased systemic or local side effects concomitant with a 

reduction in the antigen dose [2], in addition to their intrinsic immunomodulatory 

properties [3], [4]. Moreover, the huge diversity in the physicochemical properties of 

engineered nanomaterials along with their ability to be tailored can be harnessed for 

directing a specific immune response [5]. Together, these novel opportunities have 

contributed to an explosion in the exploration of nanoparticles (NPs) in novel vaccine 

technologies, especially in the field of infectious disease, allergy and cancer [6–8]. 

Citation: Johnson, L.; Aglas, L.; Soh, 

W.T.; Geppert, M.; Hofer, S.;  

Hofstätter, N.; Briza, P.; Ferreira, F.; 

Weiss, R.; Brandstetter, H.; et al.  

Structural Alterations of Antigens at 

the Material Interface: An Early  

Decision Toolbox Facilitating Safe-

by-Design Nanovaccine  

Development. Int. J. Mol. Sci. 2021, 

22, 10895. https://doi.org/10.3390/ 

ijms221910895 

Academic Editors: Monica  

Terracciano, Ilaria Rea, Nicola 

Borbone and Chiara Tramontano 

Received: 24 August 2021 

Accepted: 4 October 2021 

Published: 8 October 2021 

Publisher’s Note: MDPI stays 

neutral with regard to jurisdictional 

claims in published maps and 

institutional affiliations. 

 

Copyright: © 2021 by the authors. 

Licensee MDPI, Basel, Switzerland. 

This article is an open access article 

distributed under the terms and 

conditions of the Creative Commons 

Attribution (CC BY) license 

(http://creativecommons.org/licenses

/by/4.0/). 



Int. J. Mol. Sci. 2021, 22, 10895 2 of 16 
 

 

However, despite their promising potential, only a limited number of nanovaccines 

have been approved for clinical use thus far. This may be due to challenges in the clinical 

translation and commercialization of nanomaterials, which include restrictions in large-

scale manufacturing, establishment of biopharmaceutical correlations between the 

properties of the nanomaterial and their in vivo performance and the lack of clear 

regulatory and safety guidelines [9]. The structural and physicochemical diversity of 

nanomaterials complicates large-scale manufacturing and can pose difficulties for quality 

assessment [10]. Compared to other biopharmaceutical products (e.g., highly purified 

monoclonal antibody preparations), vaccines are, in general, more complex due to the 

often heterogeneous nature of the active components (live-attenuated or 

inactivated/chemically modified whole microbes, crude allergen extracts, etc.) and their 

interaction with adjuvants or other excipients [11]. This contributes to increased concerns 

regarding the safety and efficacy of vaccines and results in the scrutiny of novel vaccine 

technologies. To a great extent, vaccines still rely on in vivo testing; nevertheless, a strong 

demand for novel in vitro testing methods ensuring consistency of vaccine formulations 

has been articulated [12]. The establishment of in vitro testing methods which are 

applicable early in the development pipeline and have a satisfying predictive power is in 

high demand. These methods in combination with functional assays can be used to 

determine the safety, efficacy and consistency of nanovaccines. 

One critical step in the development of nanovaccines includes the rational selection 

of a nanoparticulate adjuvant for a specific antigen aiming at eliciting a desired immune 

response. To attain a potent antitumor response, a nanoparticulate system that can 

enhance the host immunity is favored, whereas in the case of hypersensitivity or 

autoimmune disorders, materials suppressing a harmful immune response are beneficial 

[13]. Thus, tailoring the physical and biochemical properties of NPs is crucial in evoking 

a specific immune response, thereby improving the efficacy of vaccines with an optimum 

safety profile. Tailoring novel vaccine strategies is of particular interest for the elderly and 

immunocompromised population, who are more prone to diseases and less responsive to 

vaccines [14]. In the case of the SARS-CoV-2 pandemic, we can see a direct impact of age 

on the increased vulnerability to severe infection [15]. The increased susceptibility to 

infection and diminished responsiveness to vaccines can be explained by the reduced 

number of naïve T cells, reduced T cell receptor diversity and other defects in the innate 

immune cells usually associated with aging [16]. Hence, to increase the efficacy of vaccines 

in the immunocompromised or elderly population, NPs that can induce inflammatory 

responses in a well-controlled fashion may be favorable as they are reported to enhance T 

cell function [17]. Furthermore, the tunable properties of NPs can be used to manipulate 

and optimize the quantity and proteolytic accessibility of antigens [18]. The differences in 

an antigen’s stability, spacing and orientation when linked to NPs can affect the immune 

response. For example, a desired antibody response with negligible adverse effects can be 

accomplished by intentionally masking the undesirable epitopes of the antigen and 

exposing the desired epitopes. Once the structural integrity of an antigen associated with 

a specific NP is established, it may be tuned in such a way that a desired outcome can be 

achieved. By understanding its structural integrity, we can predict the behavior of an 

antigen upon conjugation to NPs. The resulting insights in antigens’ immunogenicity will 

ultimately facilitate a “safe-by-design” nanovaccine development strategy [19]. 

In this study, we established an in vitro test strategy to study the interaction of 

nanoparticulate adjuvants with antigens, investigating the structural integrity of antigens 

at the nanoparticulate surface by using biophysical methods and a set of functional assays. 

We aimed to evaluate the early events in immune modulation to fine-tune nanoparticulate 

adjuvants. The goal was to test for desired immunological outcomes of novel 

nanovaccines displaying an optimal safety and efficacy profile. SiO2 NPs were used as a 

model nanoparticulate platform and were compared with Alhydrogel®, the most-applied 

particulate adjuvant in vaccines. Alhydrogel® or alum is still considered as the gold 

standard among the clinically available adjuvants despite its recognized drawbacks 
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[20,21]. SiO2 NPs, on the other hand, are promising candidate adjuvants and/or vaccine 

carriers and are widely studied due to their biodegradability, biocompatibility, ease of 

surface modification, low production costs and low toxicity [22]. The model proteins used 

for this study included Bet v 1, the major birch pollen allergen, and BM4, a molten globule-

like hypoallergenic variant of Bet v 1 [23]. Both proteins display almost identical amino 

acid sequences (with a deviation in five amino acids only) but differ in their 

conformational stability [24]. We deliberately opted for model allergens with different 

conformations to determine if the conformational stability of the antigens has an influence 

on the interaction of the proteins and the particulate systems. The model proteins were 

conjugated to both selected particulate systems by non-covalent surface adsorption. This 

is the best established approach in developing licensed particulate vaccines due to its 

simplicity and increased effectiveness [25]. 

2. Results and Discussion 

2.1. Characterization of the Synthesized SiO2 NPs and Alhydrogel® 

As the initial step, we characterized the two particulate systems to determine 

differences in their physicochemical properties. We adopted the microemulsion method 

for the synthesis of SiO2 NPs as this method has been reported to produce highly 

monodisperse NPs [26]. Characterization of the synthesized NPs by dynamic light 

scattering (DLS) indicated a highly monodisperse suspension of SiO2 NPs with an average 

hydrodynamic diameter of 100.3 ± 3.4 nm and a zeta potential of −38.9 ± 2.8 mV. 

Consistently, monodispersity and a hydrodynamic diameter of 102.4 ± 39.3 nm were 

confirmed by nanoparticle tracking analysis (NTA) (Table 1). Furthermore, from the 

transmission electron microscopy (TEM) images, the primary particle size of the 

synthesized NPs along with the uniform spherical shape was further established. The 

average diameter of the NPs was calculated from the TEM images and was found to be 

96.3 ± 4.9 nm (Figure 1A). On the contrary, Alhydrogel® was found to be highly 

polydisperse, with an average size of 585.9 ± 174.2 nm, and exhibited a surface zeta 

potential of +18.0 ± 1.5 mV (Table 1). Alhydrogel® consisted of large clusters of nanofibers, 

which heavily agglomerated to form microstructures, as evident from the TEM images 

(Figure 1B, Figure S1A). The scanning electron microscopy (SEM) images further 

confirmed these heterogeneous microstructures (Figure S1B). The presence of these larger 

agglomerates impaired their characterization by NTA. The characterization data for 

Alhydrogel® concur with previously published reports [27,28]. From these 

characterization data, the morphological distinction of both particulate systems was 

evident. 

Table 1. Physicochemical characterization of the synthesized SiO2 NPs and Alhydrogel® by measurement of 

hydrodynamic size, polydispersity index and zeta potential by DLS (NP concentration of 0.1 mg/mL) and NTA (NP 

concentration of 0.02 mg/mL). 

Sample Technique Number Mean Diameter (nm) PDI 
Size (Z Average) 

(nm) 
Zeta Potential (mV) 

SiO2 NPs DLS 100.3 ± 3.4 0.025 120.2 ± 1.2 −38.9 ± 2.8  

SiO2 NPs NTA 102.4 ± 39.3 - - - 

Alhydrogel® DLS 585.9 ± 174.2 0.345 1082.0 ± 63.4 +18.0 ± 1.5 
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Figure 1. Characterization of the particulate systems by determining the morphology and primary size of particles. 

Transmission electron microscopy (TEM) image of synthesized SiO2 NPs (A) and Alhydrogel® (B). 

2.2. Efficient Conjugation of Allergens with SiO2 NPs and Alhydrogel® 

Following the characterization of particles, we examined their conjugation efficiency 

with the model allergens. The allergens were incubated with the particles, and the 

conjugated allergens were quantitatively and qualitatively analyzed. From the analysis of 

the centrifuged pellets by sodium dodecyl sulphate-polyacrylamide gel electrophoresis 

(SDS-PAGE), a conjugation efficiency of 14.5 ± 3.5% for Bet v 1 and 58.7 ± 5.8% for BM4 

was obtained with SiO2 NPs (Figure 2). To further confirm our observation, the 

supernatant, which contained the non-conjugated allergen, was quantified using standard 

protein assays such as Bradford and bicinchoninic acid (BCA) assays. The amounts of 

protein bound were back-calculated from the concentrations obtained from these assays. 

From the Bradford assay, the percentage of conjugation efficiency was found to be 16.8 ± 

6.2% for Bet v 1 and 64.3 ± 1.5% for BM4. This was similar in the BCA assay, where 28.1 ± 

11.8% of Bet v 1 and 63.7 ± 4.8% of BM4 were conjugated to SiO2 NPs (Figure 2). These 

results are consistent with the SDS-PAGE analysis. Thus, we observed significant 

differences in conjugation efficiency with both allergens when bound to SiO2 NPs. This 

discrepancy can be attributed to the conformational differences in both allergens [24]. We 

used only BCA and Bradford assays for the quantification with Alhydrogel® as we 

obtained comparable results from all three methods using SiO2 NPs, and a lack of 

complete dissociation of allergens from Alhydrogel® leads to technical difficulties in their 

analysis by SDS-PAGE. Alhydrogel® exhibited a conjugation efficiency of 103.7 ± 0.4% for 

Bet v 1 and 97.0 ± 0.3% for BM4 from the Bradford assay. Similarly, we attained 99% 

efficiency with both allergens from the BCA assay (Figure 2). Furthermore, the 

conjugation efficiency of both candidate allergens and the particles was confirmed 

qualitatively by the changes in the zeta potential. Upon conjugation of the allergens to 

SiO2 NPs or Alhydrogel®, we observed a more positive zeta potential compared to the 

pristine NPs (Table 2). This further confirms the effective conjugation of the allergens. 

From all these data, it can be concluded that the conjugation efficiency of allergens with 

both candidate NPs is quite different. From previous reports, Alhydrogel® adsorbs 

proteins dominantly through ligand exchange and by electrostatic interactions [29], 

whereas SiO2 NPs adsorb proteins mainly by hydrophobic and electrostatic forces [30,31]. 

As both model allergens have a pI of around 5 (Bet v 1, 5.4; BM4, 5.6), they exhibit a 

negative net charge at pH 7.4 [32]. Alhydrogel® displays a strongly positive zeta potential, 

which further indicates the possible role of strong electrostatic interactions leading to the 

increased conjugation efficiency in Alhydrogel®. Furthermore, the network of 
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nanofibrillary structures of Alhydrogel® can create more binding sites for the protein 

compared to the highly monodisperse spherical SiO2 NPs used as model NPs here (Figure 

1). SiO2 NPs exhibit a negative zeta potential at neutral pH. Thus, theoretically the role of 

electrostatic interactions should be negligible or repulsive in SiO2 NPs. However, there 

are reports indicating the adsorption of proteins to equally charged surfaces [33]. Even 

though a protein exhibits an overall negative charge, it can have local positively charged 

surface patches [34]. These areas in the allergen can attract the negatively charged SiO2 

NPs, leading to weak attractive electrostatic interactions resulting in effective protein 

conjugate formation.  

 

Figure 2. Conjugation efficiency of particulate systems. The quantitative analysis of percentage of 

allergen bound to SiO2 NPs and Alhydrogel® was performed by SDS-PAGE, Bradford assay and 

BCA assay. A 100% conjugation efficiency here represents a conjugation of the total amount of 

allergen taken for the experiment (160 µg/mL). 

Table 2. Zeta potential of the particles and particle–allergen conjugates determined by DLS. 

Sample  Zeta Potential (mV) 

SiO
2
 NPs −38.9 ± 2.8 

SiO
2
 NPs + Bet v 1 −25.7 ± 5.8 

SiO
2
 NPs + BM4 −19.2 ± 5.5 

Alhydrogel® +18.0 ± 1.5 

Alhydrogel® + Bet v 1 +31.2 ± 1.2 

Alhydrogel® + BM4 +32.3 ± 1.4 

2.3. Conjugation of Allergens Decreases their Proteolytic Stability  

The structural stability of proteins can affect the major molecular events leading to 

an immune response, from uptake to antigen presentation, thereby exerting a significant 

impact on the immunogenicity of the administered vaccine [35,36]. As an initial method 

to understand the structural integrity of the conjugated protein, we determined the 

proteolytic stability of the allergens conjugated to SiO2 NPs and Alhydrogel® by 

comparing the degradation kinetics, using microsomal extracts of an immortalized 

murine dendritic cell line (JAWS II). The microsomal extracts are composed of several exo- 

and endoproteases which include cathepsin S, D, K and L and legumain, amongst others 

[37]. These proteases proteolytically process the protein antigens to smaller peptides for 

their presentation by MHC molecules. Initially, we confirmed that the conjugation of SiO2 

NPs and Alhydrogel® did not inhibit the activity of proteolytic enzymes by an enzymatic 

assay (Figure S2). Furthermore, the stability of allergen–NP conjugates in the microsomal 

degradation assay was verified (Figure S3). We observed that conjugation of allergens to 

0

50

100
SiO2 NPs+Bet v 1

SiO2 NPs+BM4

Alhydrogel®+Bet v 1

Alhydrogel®+BM4
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both candidates increased the proteolytic susceptibility of the allergen. Bet v 1 bound to 

SiO2 NPs and Alhydrogel® was proteolytically cleaved much faster than the unconjugated 

allergen (Figure 3A,B). With BM4, we observed a similarly increased degradation upon 

conjugation (Figure 3A,B). This observation was further confirmed by simulating in vitro 

endolysosomal processing using recombinant human cathepsin S, a prominent 

endolysosomal cysteine protease (Figure S3). In accordance with the former results, a 

similar trend in the kinetics of degradation was evident. Subsequent analysis of the 

peptides derived from the endolysosomal degradation using liquid chromatography-

mass spectrometry (LC-MS) resulted in qualitatively identical degradation patterns 

(Figure 4). However, we could observe a large diversity in the peptides generated for the 

conjugated samples. Interestingly, alterations in the kinetics of proteolytic processing also 

prompted the generation of more peptides in the immunodominant T cell epitope region 

[38] (Figure 4, highlighted in gray). For the quantitative analysis of the peptides, we 

grouped the generated peptides into eight main clusters based on the qualitative data and 

calculated the percentage of relative abundances for each peptide cluster (Figure 5). The 

conjugation of allergens to both particle systems clearly affected the rate of peptide 

production in different ways. Conjugation of both allergens to SiO2 NPs significantly 

increased the relative abundance of peptides in clusters 1 and 8 compared to the 

unconjugated allergen. However, in Alhydrogel®, we observed this shift towards peptide 

clusters 2 and 3 (Figure 5). The increased rate of core peptide production in cluster 8, thus, 

resulted in a more efficient generation of the immunodominant T cell epitope in the case 

of SiO2-conjugated allergens. However, the increased or decreased peptide abundance in 

other clusters was, immunologically, not as significant as cluster 8. Even though both 

particles showed identical processing patterns, there is a deviation in their relative 

abundance of peptides. The fold or conformational stability of allergens has previously 

been shown to have a huge impact on the processing and immunogenicity of allergens 

[39]. Thus, the increased proteolytic processing of allergens upon conjugation to particles 

may be due to a change in the conformational stability of the allergens, and the deviation 

in the relative abundance of peptide clusters may indicate alterations in the interaction of 

allergens with the two different particulate systems, leading to differences in preferential 

exposure to the proteolytic enzymes.  

 

Figure 3. Impact of allergen conjugation to particles on the kinetics of allergen processing. (A) Comparison of the 

processing behavior of allergens conjugated to the particulate systems and the unconjugated allergens by assessing their 

proteolytic degradation at 37 °C for different time points (0, 0.5, 1, 3, 6, 12, 24 and 48 h) using the microsomal extracts from 

JAWS II determined by 15% SDS-PAGE and Coomassie staining (left panel denotes samples with Bet v 1 and right panel 
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those with BM4), and (B) densitometric analysis of their proteolytic stability with Image lab 4.01 software (left panel 

denotes samples with Bet v 1 and right panel those with BM4). 

 

Figure 4. Impact of allergen conjugation to particles on the outcome of allergen processing determined qualitatively. The 

peptides obtained after 1 h of proteolytic degradation at 37 °C by LC-MS using the microsomal extract from JAWS II cells 

are displayed. The immunodominant T cell epitope region is highlighted in gray. 

 

Figure 5. Impact of allergen conjugation to particles on the outcome of allergen processing determined quantitatively. 

Relative abundances of peptides obtained after 1 h of proteolytic degradation using the microsomal extract from JAWS II 
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cells are shown (upper panel indicates samples with Bet v 1 and lower panel those with BM4). The peptides obtained by 

LC-MS analysis were grouped into eight clusters based on the qualitative data. 

2.4. Changes in the 3D Fold of the Allergen upon (Nano)Particle Conjugation 

The proteolytic resistance of allergens depends on their structural integrity; thus, a 

partial or complete unfolding of the allergen can make it more susceptible to proteolytic 

enzymes. The proteolytic cleavage sites for Bet v 1 are mostly located within its secondary 

structures, thus making Bet v 1 relatively proteolytically resistant [40,41]. Therefore, we 

investigated if the conjugation of the allergens to SiO2 NPs or Alhydrogel® changed the 

conformational stability of both model allergens. From the circular dichroism (CD) 

spectroscopy data, it was evident that conjugation to SiO2 NPs induced conformational 

changes in the allergens (Figure S5). The deconvoluted CD spectra indicated that upon 

conjugation to SiO2 NPs, the allergen significantly lost its alpha-helical structures, as seen 

in the case of Bet v 1, whereas in the case of BM4 (partially unfolded allergen), it induced 

a partial stabilizing effect in the alpha-helical content (Figure 6A). This may be due to the 

interaction of the positively charged amino acid residues in both the allergens with the 

negatively charged surface of SiO2 NPs. In the case of Alhydrogel®, we observed that the 

alpha-helical structures were relatively stable, whereas there was notable depletion in the 

beta structures in both model allergens. However, in the case of BM4, an apparent re-

folding effect was observed, as indicated by an increase in the alpha-helical content 

(Figure 6A). Thus, we hypothesize that in a well-folded allergen (Bet v 1), the interaction 

disrupts the fold stability, while in a molten globule-like allergen (BM4), the interaction 

with particles partially induces fold stabilization, as indicated by the increase in beta 

structures in BM4 conjugated to SiO2 NPs and alpha structures in Alhydrogel®. The 

distinct stabilizing effects on BM4 by the two types of particles are intriguing and may 

occur due to the differently charged surfaces of SiO2 NPs and Alhydrogel®. The observed 

beta-stabilizing effect in BM4 by SiO2 NPs may result from their high curvature and their 

potential for electrostatic interactions, whereas in Alhydrogel®, the interaction stabilizes 

the alpha-helical content of BM4 with a concomitant decrease in the beta structure content. 

We observed that the negatively charged SiO2 NPs induced a relative destabilization of 

the alpha-helical structures in both Bet v 1 and BM4, suggesting that the interaction tends 

to distort the alpha helices in the protein. Conversely, the positively charged Alhydrogel® 

repels the alpha helices and attracts the beta structures, thereby destabilizing the beta 

structures and stabilizing the alpha helices. To further confirm this observation, we 

carried out infrared spectroscopy, which, in general, is more sensitive to the beta 

structures of proteins. The results additionally verify that the conjugation of allergens to 

SiO2 NPs did not alter the beta structures (Figure 6B). However, in the case of allergens 

conjugated to Alhydrogel®, interpretation of the data was not possible as Alhydrogel® 

interfered with the results by exhibiting a strong peak similar to the allergen in the amide 

I region (Figure S6). The anilino-napthalene sulfonic acid (ANS) fluorescence 

spectroscopy data reveal that conjugation to SiO2 NPs decreased the fluorescence intensity 

at least two-fold, which is an indication that the interaction of the allergens with the SiO2 

NPs further prevents the accessibility of hydrophobic regions of Bet v 1. Bet v 1 in its 

native state exhibits a solvent-exposed hydrophobic cavity favoring the binding of ANS 

[42]. In the case of the molten globule-like allergen (BM4), conjugation to SiO2 NPs led to 

a slight decrease in the fluorescence intensity, whereas in Alhydrogel®, the fluorescence 

intensity increased to a level seen in native Bet v 1, which suggests that conjugation 

induces a stabilization of the correctly folded allergen (Figure 6C). This may be an 

indication that SiO2 NPs interact with positive charges in the C-terminal alpha helix of Bet 

v 1 in close proximity to the solvent-accessible hydrophobic cavity. 

The conjugation of the well-folded allergen Bet v 1 to SiO2 NPs or Alhydrogel® 

resulted in fold destabilization (at pH 7.4). During the process of allergen processing, these 

candidates are subjected to further chemical or physical stress. This includes a change in 

pH (acidic environment in the endolysosomes). It is obvious that the change to a more 
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acidic environment can further pose chemical stress to the allergens and thereby induce 

further destabilization or unfolding of the allergen, making it more accessible for 

proteases [43]. 

 

Figure 6. Determination of the fold stability of allergens conjugated to SiO2 NPs and Alhydrogel®. (A) Comparison of the 

secondary structural contents of the allergens conjugated to particulate systems and unconjugated allergens by CD 

spectroscopy and (B) 2nd derivatives of amide I by Bio-ATR-FTIR spectroscopy, and (C) determination of the accessibility 

of the hydrophobic cavity by ANS spectroscopy. The upper panel indicates samples with Bet v 1 and the lower panel those 

with BM4. 

2.5. Structural Integrity of T Cell and IgE Epitopes 

The conformational stability of allergens has been reported to alter their allergenicity 

and immunogenicity [35]. We, therefore, sought to investigate if the changes in the fold 

stability of the allergens upon conjugation resulted in any differences in the 

immunological properties of the allergens. We determined T cell activation using a 

dominant T cell epitope recognizing T cell hybridoma by measuring the concentration of 

secreted interleukin (IL)-2, a cytokine indicative of T cell proliferation, but we could not 

detect any significant differences between the conjugated and the unconjugated allergens. 

However, we observed a tendency for an increase in the IL-2 concentration when 

conjugated to SiO2 NPs. This increase most likely resulted from the activation of T cells by 

SiO2 NPs alone (Figure S7). This observation also corresponds to the appearance of more 

peptides in the immunodominant T cell epitope cluster (Figures 4 and 5). Even though the 

conjugation affected the 3D fold of the allergens, it did not drastically affect the integrity 

of T cell epitopes. This confirms the functional integrity of T cell epitopes in both 

conjugated forms (Figure 7A). Decreased fold stability of an allergen can also lead to the 

loss of conformational epitopes. This property has been applied for hypoallergenic 

variants, where the T cell epitope is still intact and functional, whereas conformational B 

cell epitopes recognized by IgE are reduced [44,45]. We investigated the integrity of IgE 

epitopes by a mediator release assay using a humanized rat basophil leukemia cell line 

assay. As shown in Figure 7B, conjugation of both allergens to SiO2 NPs did not change 

their capacity to crosslink cell-bound IgE. However, allergens conjugated to Alhydrogel® 
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significantly reduced their IgE crosslinking capacity compared to the unconjugated 

allergens. Thus, we could confirm that the surface structure of the SiO2 NP-conjugated 

allergens resembled the native Bet v 1, whereas in Alhydrogel®, it was significantly altered 

or blocked by Alhydrogel® binding. The IgE epitope binding in Bet v 1 has been 

established to be strongly conformation-dependent [46]. There are also reports on amino 

acids that may be involved in the recognition of IgE antibodies. This includes amino acids 

E42, N43, I44, E45, G46, N47, G48, G49, P50, G51 and T52, and R70, D72, H76, I86 and K97 

[47,48]. These amino acids are predominantly located in the beta structures of Bet v 1. In 

the case of SiO2 NPs, the beta structures are stabilized, whereas in Alhydrogel®, they are 

distorted and electrostatically attracted, i.e., blocked. It is likely that this distortion, and 

potential blockage, of beta structures is the reason for the decreased IgE crosslinking. 

 

Figure 7. Immunologic properties of conjugated allergens. (A) The integrity of the dominant T cell 

epitope was determined as the concentration of IL-2 (indicator of T cell activation) released from T 

cell epitope-recognizing T cell hybridoma (panel on the left shows particulate systems with Bet v 1 

and that on the right those with BM4). (B) The integrity of IgE epitopes was determined by mediator 

release assay using a humanized rat basophil leukemia cell line (panel on the left shows particulate 

systems with Bet v 1 and that on right those with BM4). Values are expressed as the protein 

concentration required to attain half-maximal release compared to the maximum release attained 

with 10% Triton X-100. Stars indicate the significance of difference in the protein concentration for 

half-maximal release: *** p < 0.0001, * p < 0.01. 

3. Materials and Methods 

3.1. Patients and Sera 
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Sera from birch pollen-allergic patients were collected for the mediator release assay 

and were selected (n = 10) based on their allergen-specific IgE reactivity. The procedure 

was approved by the local ethics committees of the Medical University and General 

Hospital of Vienna (no. EK1263/2014) and Salzburg (No. 415-E/1398/4-2011). 

3.2. Synthesis and Physicochemical Characterization of SiO2 NPs 

SiO2 NPs were synthesized by the microemulsion method using 

tetraethylorthosilicate (TEOS) (Sigma, Darmstadt, Germany) as the precursor, as 

previously described [49]. A detailed description of the synthesis can be found in the 

Supplementary Materials File. Alhydrogel® was purchased from Brenntag, Germany. The 

size distribution, polydispersity index and zeta potential of particulate systems were 

determined using dynamic light scattering (Malvern Zetasizer Nano ZS, Malvern 

instruments Ltd., Malvern, UK) and nanoparticle tracking analysis (NanoSight LM10, 

Malvern instruments Ltd., Malvern, UK). The morphology of the particulate systems was 

observed by a transmission electron microscope (EM 910, Zeiss, Oberkochen, Germany; 

JEM F-200, JEOL, Freising, Germany). The average primary particle size of the SiO2 NPs 

was calculated from the TEM images by utilizing 30 particles. 

3.3. Determination of the Efficiency of Conjugation 

Two recombinant pollen allergens, Bet v 1.0101 and BM4 (hypoallergenic variant of 

Bet v 1), were chosen as the model allergens for this study. Both allergens were produced 

and characterized in our laboratory according to previously published protocols [24,50]. 

NPs and Alhydrogel® (2 mg/mL) were incubated with 160 µg/mL of allergens in an 

isotonic environment by maintaining a pH of 7.4 and a temperature of 4 °C for 17 h on a 

rotator. After incubation, the samples were centrifuged at 18,000× g for 1 h at 4 °C, and the 

supernatant and pellet were separated. The obtained pellet was then washed with 

endotoxin-free water to remove the unbound proteins. The protein content of the pellet 

was determined by SDS-PAGE by successfully separating the allergen bound to the NPs 

using a reducing buffer, whereas the supernatant was analyzed by colorimetric protein 

assays, which included Bradford and BCA assays (Sigma-Aldrich, St. Louis, MI, USA). 

The supernatant was also quantified using SDS-PAGE, and the amount of adsorbed 

allergen was back-calculated from the value obtained. The identity of the allergens was 

confirmed using standard molecular weight markers, while the quantity of adsorbed 

allergens was determined by comparing the intensity of the bands of the samples with the 

standard allergen concentration after Coomassie brilliant blue R250 staining (Bio-Rad, 

Irvine, CA, USA). The absolute quantity of adsorbed allergens was calculated using the 

quantity tool function of Image lab 6.01 software. The efficiency of conjugation was 

calculated by determining the percentage of allergen bound to the NPs. Furthermore, 

allergen corona formation was qualitatively confirmed by DLS. 

3.4. Simulation of In Vitro Endolysosomal Degradation Using Microsomes 

The endolysosomal degradation assay was performed with SiO2 NPs and 

Alhydrogel® conjugated to both model allergens and compared to unconjugated 

allergens, as previously described [37,51]. The samples containing 5 µg equivalent 

allergen were incubated with 7.5 µg of microsomal extract of JAWS II (American Type 

Culture Collection, Manassas, VA, USA) in 0.1 M citrate buffer pH 4.8 and 2 mM 

Dithiothreitol (DTT) for 0, 0.5, 1, 3, 6, 12, 24 and 48 h at 37 °C. At the end of incubation, the 

digestion was halted by incubation of samples at 95 °C for 5 min. The intact protein after 

different time points was analyzed by SDS-PAGE and quantitatively determined using 

Image lab 6.01 software. The proteolytic stability of conjugated allergens was compared 

with the unconjugated allergens. The quantitative amount of allergen at the zero time 

point was considered as 100%. The abundance of generated peptides obtained after 1 h of 

digestion was further analyzed by mass spectrometry (MS) using a Q-Exactive Orbitrap 
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Mass Spectrometer (Thermo Fisher Scientific, Waltham, MA, USA), nanoelectrospray 

ionization and nano-HPLC (Dionex Ultimate 3000, Thermo Fisher Scientific) [35]. The MS 

data were qualitatively analyzed using MS Tools software [52]. Furthermore, the 

generated MS data were quantitatively analyzed by calculating the relative abundance of 

the generated peptides at 1 h of degradation. This was achieved by clustering the obtained 

peptide sequences into 8 groups according to their amino acid sequence. For Bet v 1, the 

clusters are cluster 1: GVFNYETETTSVIPAARLFKAFILD, cluster 2: 

FKAFILDGDNLFPKVAPQA2, cluster 3: 

ILDGDNLFPKVAPQAISSVENIEGNGGPGTIKKISFPEGFPFK, cluster 4: 

YVKDRVDEVDHTNFK, cluster 5: YNYSVIEGGPIGDTLEKISN, cluster 6: 

GDTLEKISNEIKIVATPDGGSILKISN, cluster 7: KAEQVKASKEMGETL and cluster 8: 

GETLLRAVESYLLAHSDAYN. Similarly, for BM4, the clusters include cluster 1: 

GVFNYETETTSVIPAARLFKAFILD, cluster 2: FKAFILDGDNLFPKVAPQA2, cluster 3: 

ILDGDNLFPKVAPQAISSVENIEGNGGPGTIKKISFPEGFPFK, cluster 4: 

YVKDRVDEVDHTNFK, cluster 5: YNYSVIEGGPIGDTLEKISN, cluster 6: 

GDTLEKISNEIKIVATPSGSTIKSISN, cluster 7: KAEQVKASKEMGETL and cluster 8: 

GETLLRAVESYLLAHSDAYN. The peak areas of each cluster were calculated by 

summing up the sequences appearing under each cluster, and this was expressed in 

percentage by counting the total sum of the peptide sequences.  

3.5. Evaluation of the Changes in the Protein Structure 

The changes in the conformation of the proteins with allergen–(nano)particle 

conjugation were determined by techniques such as ANS spectroscopy, circular dichroism 

spectroscopy and Fourier transform infrared spectroscopy (FTIR). The changes in the 

accessibility of hydrophobic regions of allergens when bound to particles were monitored 

by using the fluorescent probe ANS. The samples (SiO2 NPs and Alhydrogel® conjugated 

with both model allergens) and controls (unconjugated allergens) at a concentration of 19 

µM (90 µL) were incubated with 1 mM of ANS (10 µL). The fluorescence intensity was 

measured after 30 min using an Infinite M200 Pro plate reader (Tecan, Grödig, Austria). 

The excitation wavelength was set at 370 nm, and an emission scan was performed from 

450 to 550 nm. For CD spectroscopy, samples (Alhydrogel® and SiO2 NPs with BM4 and 

Bet v 1 and unconjugated allergens) were diluted to a concentration of 0.12 mg/mL using 

10 mM sodium phosphate buffer, pH 7.4, and the ellipticity was measured with a JASCO 

J-815 spectropolarimeter fitted with a PTC-423S Peltier-type single position cell holder 

(Jasco, Tokyo, Japan) over the wavelength range of 190 to 260 nm. The CD spectra 

obtained were deconvoluted using Bestsel software [53]. The changes in protein structure 

were confirmed using FTIR where the spectra in the range of the amide I and amide II 

peaks (1500–1700 cm–1) were recorded at a constant temperature (25 °C) using a Bio-ATR 

II transmission cell adapted to a Tensor II FTIR system (Bruker Optics, Bremen, Germany). 

Protein concentrations of 1.0 mg/mL were used for the measurement. The analysis of the 

software was accomplished by using OPUS spectroscopy software 6.0 (Bruker Optics). 

The second derivative of the amide I vibration was calculated after vector normalization 

(25 smoothing points) using the Savitzky–Golay algorithm [46]. 

3.6. Determination of the Structural and Functional Integrity of T Cell Epitope by T Cell 

Activation Assay 

To determine the structural and functional integrity of the T cell epitopes of the 

conjugated allergens to SiO2 NPs or Alhydrogel®, a T cell activation assay was performed. 

SiO2 NPs and Alhydrogel® bound to both model allergens along with unconjugated 

allergens, as controls, were incubated with murine bone marrow-derived dendritic cells 

(BMDCs) from BALB/c mice at a concentration of 10 µg/mL or 5 µg/mL for a defined 

period of 16 h. After incubation, BMDCs were washed and cocultured with CD4+ T cell 

hybridoma cells specific for the immunodominant epitope of both proteins (amino acids 

142-153) in a ratio of 1:10 for 16 h. The supernatants were harvested, and the concentration 
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of IL-2 release was measured by ELISA (ELISA MAXTM standard set mouse IL-2, 

Biolegend, CA, San Diego, USA). To avoid the variability within repeated experiments, 

the concentration of IL-2 release was normalized to unconjugated Bet v 1 and BM4. 

3.7. Determination of the Structural and Functional Integrity of IgE Epitopes by Mediator 

Release Assay 

To determine the structural and functional integrity of the IgE epitopes of the 

allergens when conjugated to SiO2 NPs or Alhydrogel®, a mediator release assay was 

performed [54]. Human high-affinity IgE receptor (FcεRI)-transfected rat basophilic 

leukemia cells (RBL-2H3) were sensitized with the sera (containing allergen-specific IgE 

antibodies) of birch pollen-allergic patients overnight at 37 °C, 5% CO2. Sera from birch 

pollen-allergic patients were selected (n = 10) based on their allergen-specific IgE 

reactivity. All of the patients’ sera were preincubated with AG-8 cells (ATCC, Germany) 

in order to deactivate the complement system. After incubation, cells were washed with 

Tyrode’s buffer (9.5 g/L Tyrode’s salts (Sigma), 1 g/L sodium bicarbonate and 0.1% (w/v) 

BSA) and incubated with either SiO2 NP- or Alhydrogel®-bound model allergens as well 

as the unconjugated allergen controls for 1 h at 37 °C, 5% CO2. The concentrations of 

allergens used for the assay ranged from 10,000 to 0.0001 ng/mL (8 serial dilutions). After 

the incubation time, the supernatants were collected, and the fluorogenic substrate 4-

methyl umbelliferyl-N-acetyl-β-glucosaminide (Sigma-Aldrich, St. Louis, MO, USA) was 

added. The release of β-hexosaminidase into the supernatant cleaves the fluorogenic 

substrate, leading to fluorescence. The reaction was stopped after 1 h using 0.2 M glycine 

buffer pH 10.7. The fluorescence intensity was measured at an excitation wavelength of 

360 nm and emission at 440 nm, and the percentage of release was calculated by 

comparing it with the maximum release attained with 10% Triton X 100 (Sigma-Aldrich). 

The viability of the cells was confirmed with an MTT assay. The results were statistically 

evaluated by ANOVA followed by a Bonferroni post hoc test. A p value greater than 0.05 

was considered as not statistically significant. 

4. Conclusions 

In this study, we utilized an in vitro test strategy that is suitable to analyze antigens 

at the material interface during the early stage of product development. The strategy 

comprises biophysical methods and functional assays to understand the structural 

integrity of proteins, using allergens as models here, at the particle surface. Our findings 

indicate the dominant role of electrostatic interactions in modulating protein–particle 

interaction, and we were able to prove that both particulate systems induced structural 

alterations in the model allergens. These changes significantly altered the immunological 

response, as confirmed by the biophysical and functional assays. This is a strong 

indication that the structural stability of antigens should be thoroughly investigated in the 

initial stages of nanovaccine development. In our study, when we compared the safety of 

the two particulate systems, the results revealed Alhydrogel® was still a better candidate 

for allergen-specific immunotherapy, as it exhibited a decreased IgE crosslinking 

potential, which is an indication of lower adverse effects. Furthermore, it showed better 

conjugation efficiency putatively due to its nanofibrillar, highly agglomerated and 

polydisperse state. For SiO2 NPs, IgE crosslinking was similar to the unconjugated 

allergen, thereby indicating a risk of adverse effects during allergen-specific 

immunotherapy. However, fine-tuning of these NPs through surface functionalization 

could potentially attenuate this fold destabilization effect, thereby maintaining structural 

integrity. This could be a desirable property for other types of nanovaccine development. 

Thus, our early decision toolbox can readily be employed to compare an array of different 

NP and/or antigen candidates. 

In summary, we herein described an early-stage in vitro test strategy applied for 

nanomaterial candidates for use as adjuvants and/or carriers of allergens, but which can 

also be applied for other diverse antigens in nanovaccine development, allowing fine-
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tuning of the nanovaccine properties in order to achieve a desired immune response. This 

approach, integrated early into the development process, can contribute to the 

establishment of safe and efficacious nanovaccines in a cost-effective and time-efficient 

manner and, thus, aid safe-by-design approaches in nanovaccine innovation. 

Supplementary Materials: The following are available online at 

www.mdpi.com/article/10.3390/ijms221910895/s1. 

Author Contributions: Conceptualization: L.J., L.A., H.B., A.D., M.H.; Investigation: L.J., M.G., S.H., 

N.H.; Methodology: W.T.S., L.A., R.W., P.B.; Formal analysis: M.G., W.T.S., R.W., H.B.; 

Visualization: L.J., S.H., N.H.; Funding acquisition and supervision: F.F., A.D., M.H.; Writing-

original draft preparation: L.J.; Writing-review and editing: L.J., L.A., W.T.S., M.G., S.H., N.H., F.F., 

R.W., H.B., A.D., M.H. All authors have read and agreed to the published version of the manuscript. 

Funding: This work was funded by the international PhD program “Immunity in Cancer and 

Allergy—ICA” of the Austrian Science Fund (FWF, grant no. W01213), by the Austrian Science 

Funds Project P32189 and by the Allergy Cancer BioNano Research Centre of the Paris Lodron 

University of Salzburg (PLUS). Open Access Funding by the Austrian Science Fund (FWF). 

Institutional Review Board Statement: Sera from birch pollen-allergic patients were collected for 

the mediator release assay. The procedure was approved by the local ethics committees of the 

Medical University and General Hospital of Vienna (no. EK1263/2014) and Salzburg (No. 415-

E/1398/4-2011). The animal study was reviewed and approved by the Austrian Ministry of 

Education, Science and Research (permit no. BMWF-66.012/0013-WF/V/3b/2017). 

Informed Consent Statement: Not applicable. 

Data Availability Statement: All data generated or analyzed during this study are included in this 

manuscript and its supplementary information files. 

Acknowledgments: The authors thank Stephan Drothler, BSc, for helping with the isolation of 

BMDCs, Athanasios Bethanis, BSc, scientific project staff, Robert Mills-Goodlet, MSc, for their 

scientific inputs, and Wright Jacob, Faculty of Medical Science, UCL, UK, for the scientific inputs 

and proofreading the manuscript.  

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Yun, C.-H.; Cho, C.-S. Nanoparticles to improve the efficacy of vaccines. Pharmaceutics 2020, 12, 418. 

2. Ilyinskii, P.O.; Roy, C.J.; O’Neil, C.P.; Browning, E.A.; Pittet, L.A.; Altreuter, D.H.; Alexis, F.; Tonti, E.; Shi, J.; Basto, P.A. 

Adjuvant-carrying synthetic vaccine particles augment the immune response to encapsulated antigen and exhibit strong local 

immune activation without inducing systemic cytokine release. Vaccine 2014, 32, 2882–2895. 

3. Getts, D.R.; Shea, L.D.; Miller, S.D.; King, N.J. Harnessing nanoparticles for immune modulation. Trends Immunol. 2015, 36, 419–

427. 

4. Thakur, N.; Thakur, S.; Chatterjee, S.; Das, J.; Sil, P.C. Nanoparticles as smart carriers for enhanced cancer immunotherapy. 

Front. Chem. 2020, 8, 1217. 

5. Perciani, C.T.; Liu, L.Y.; Wood, L.; MacParland, S.A. Enhancing immunity with nanomedicine: Employing nanoparticles to 

harness the immune system. ACS Nano 2020, 15, 7–20. 

6. Johnson, L.; Duschl, A.; Himly, M. Nanotechnology-based vaccines for allergen-specific immunotherapy: Potentials and 

challenges of conventional and novel adjuvants under research. Vaccines 2020, 8, 237. 

7. Bhardwaj, P.; Bhatia, E.; Sharma, S.; Ahamad, N.; Banerjee, R. Advancements in prophylactic and therapeutic nanovaccines. 

Acta Biomater. 2020, 108, 1–21. 

8. Zhu, G.; Zhang, F.; Ni, Q.; Niu, G.; Chen, X. Efficient nanovaccine delivery in cancer immunotherapy. ACS Nano 2017, 11, 2387–

2392. 

9. Hua, S.; De Matos, M.B.; Metselaar, J.M.; Storm, G. Current trends and challenges in the clinical translation of nanoparticulate 

nanomedicines: Pathways for translational development and commercialization. Front. Pharmacol. 2018, 9, 790. 

10. Tinkle, S.; McNeil, S.E.; Mühlebach, S.; Bawa, R.; Borchard, G.; Barenholz, Y.; Tamarkin, L.; Desai, N. Nanomedicines: 

Addressing the scientific and regulatory gap. Ann. N. Y. Acad. Sci. 2014, 1313, 35–56. 

11. De Mattia, F.; Chapsal, J.-M.; Descamps, J.; Halder, M.; Jarrett, N.; Kross, I.; Mortiaux, F.; Ponsar, C.; Redhead, K.; McKelvie, J. 

The consistency approach for quality control of vaccines–a strategy to improve quality control and implement 3rs. Biologicals 

2011, 39, 59–65. 



Int. J. Mol. Sci. 2021, 22, 10895 15 of 16 
 

 

12. Akkermans, A.; Chapsal, J.-M.; Coccia, E.M.; Depraetere, H.; Dierick, J.-F.; Duangkhae, P.; Goel, S.; Halder, M.; Hendriksen, C.; 

Levis, R. Animal testing for vaccines. Implementing replacement, reduction and refinement: Challenges and priorities. 

Biologicals 2020, 68, 92–107. 

13. Liu, Y.; Hardie, J.; Zhang, X.; Rotello, V.M. In Effects of Engineered Nanoparticles on the Innate Immune System; Seminars in 

Immunology; Elsevier: Amsterdam, The Netherlands, 2017; pp. 25–32. 

14. Ciabattini, A.; Nardini, C.; Santoro, F.; Garagnani, P.; Franceschi, C.; Medaglini, D. In Vaccination in the Elderly: The Challenge of 

Immune Changes with Aging; Seminars in Immunology; Elsevier: Amsterdam, The Netherlands, 2018; pp. 83–94. 

15. Kang, S.-J.; Jung, S.I. Age-related morbidity and mortality among patients with covid-19. Infect. Chemother. 2020, 52, 154. 

16. Nikolich-Žugich, J. The twilight of immunity: Emerging concepts in aging of the immune system. Nat. Immunol. 2018, 19, 10–

19. 

17. Haynes, L.; Eaton, S.M.; Burns, E.M.; Rincon, M.; Swain, S.L. Inflammatory cytokines overcome age-related defects in cd4 t cell 

responses in vivo. J. Immunol. 2004, 172, 5194–5199. 

18. Hamad-Schifferli, K. Exploiting the novel properties of protein coronas: Emerging applications in nanomedicine. Nanomedicine 

2015, 10, 1663–1674. 

19. Schmutz, M.; Borges, O.; Jesus, S.; Borchard, G.; Perale, G.; Zinn, M.; Sips, Ä.A.; Soeteman-Hernandez, L.G.; Wick, P.; Som, C. 

A methodological safe-by-design approach for the development of nanomedicines. Front. Bioeng. Biotechnol. 2020, 8, 258. 

20. HogenEsch, H.; O’Hagan, D.T.; Fox, C.B. Optimizing the utilization of aluminum adjuvants in vaccines: You might just get what 

you want. NPJ Vaccines 2018, 3, 1–11. 

21. Willhite, C.C.; Karyakina, N.A.; Yokel, R.A.; Yenugadhati, N.; Wisniewski, T.M.; Arnold, I.M.; Momoli, F.; Krewski, D. 

Systematic review of potential health risks posed by pharmaceutical, occupational and consumer exposures to metallic and 

nanoscale aluminum, aluminum oxides, aluminum hydroxide and its soluble salts. Crit. Rev. Toxicol. 2014, 44, 1–80. 

22. Navarro-Tovar, G.; Palestino, G.; Rosales-Mendoza, S. An overview on the role of silica-based materials in vaccine development. 

Expert Rev. Vaccines 2016, 15, 1449–1462. 

23. Kitzmüller, C.; Wallner, M.; Deifl, S.; Mutschlechner, S.; Walterskirchen, C.; Zlabinger, G.; Ferreira, F.; Bohle, B. A hypoallergenic 

variant of the major birch pollen allergen shows distinct characteristics in antigen processing and t-cell activation. Allergy 2012, 

67, 1375–1382. 

24. Wallner, M.; Himly, M.; Neubauer, A.; Erler, A.; Hauser, M.; Asam, C.; Mutschlechner, S.; Ebner, C.; Briza, P.; Ferreira, F. The 

influence of recombinant production on the immunologic behavior of birch pollen isoallergens. PLoS ONE 2009, 4, e8457. 

25. Oyewumi, M.O.; Kumar, A.; Cui, Z. Nano-microparticles as immune adjuvants: Correlating particle sizes and the resultant 

immune responses. Expert Rev. Vaccines 2010, 9, 1095–1107. 

26. Finnie, K.S.; Bartlett, J.R.; Barbé, C.J.; Kong, L. Formation of silica nanoparticles in microemulsions. Langmuir 2007, 23, 3017–

3024. 

27. Harris, J.R.; Soliakov, A.; Lewis, R.J.; Depoix, F.; Watkinson, A.; Lakey, J.H. Alhydrogel® adjuvant, ultrasonic dispersion and 

protein binding: A tem and analytical study. Micron 2012, 43, 192–200. 

28. Shardlow, E.; Mold, M.; Exley, C. From stock bottle to vaccine: Elucidating the particle size distributions of aluminum adjuvants 

using dynamic light scattering. Front. Chem. 2017, 4, 48. 

29. Huang, M.; Wang, W. Factors affecting alum–protein interactions. Int. J. Pharm. 2014, 466, 139–146. 

30. Lee, J.G.; Lannigan, K.; Shelton, W.A.; Meissner, J.; Bharti, B. Adsorption of myoglobin and corona formation on silica 

nanoparticles. Langmuir 2020, 36, 14157–14165. 

31. Kubiak-Ossowska, K.; Tokarczyk, K.; Jachimska, B.; Mulheran, P.A. Bovine serum albumin adsorption at a silica surface 

explored by simulation and experiment. J. Phys. Chem. B 2017, 121, 3975–3986. 

32. Himly, M.; Nony, E.; Chabre, H.; Van Overtvelt, L.; Neubauer, A.; Van Ree, R.; Buchheit, K.H.; Vieths, S.; Moingeon, P.; Ferreira, 

F. Standardization of allergen products: 1. Detailed characterization of gmp-produced recombinant bet v 1.0101 as biological 

reference preparation. Allergy 2009, 64, 1038–1045. 

33. Kubiak-Ossowska, K.; Jachimska, B.; Mulheran, P.A. How negatively charged proteins adsorb to negatively charged surfaces: 

A molecular dynamics study of bsa adsorption on silica. J. Phys. Chem. B 2016, 120, 10463–10468. 

34. Henzler, K.; Haupt, B.R.; Lauterbach, K.; Wittemann, A.; Borisov, O.; Ballauff, M. Adsorption of β-lactoglobulin on spherical 

polyelectrolyte brushes: Direct proof of counterion release by isothermal titration calorimetry. J. Am. Chem. Soc. 2010, 132, 3159–

3163. 

35. Machado, Y.; Freier, R.; Scheiblhofer, S.; Thalhamer, T.; Mayr, M.; Briza, P.; Grutsch, S.; Ahammer, L.; Fuchs, J.E.; Wallnoefer, 

H.G. Fold stability during endolysosomal acidification is a key factor for allergenicity and immunogenicity of the major birch 

pollen allergen. J. Allergy Clin. Immunol. 2016, 137, 1525–1534. 

36. Scheiblhofer, S.; Laimer, J.; Machado, Y.; Weiss, R.; Thalhamer, J. Influence of protein fold stability on immunogenicity and its 

implications for vaccine design. Expert Rev. Vaccines 2017, 16, 479–489. 

37. Egger, M.; Jürets, A.; Wallner, M.; Briza, P.; Ruzek, S.; Hainzl, S.; Pichler, U.; Kitzmüller, C.; Bohle, B.; Huber, C.G. Assessing 

protein immunogenicity with a dendritic cell line-derived endolysosomal degradome. PLoS ONE 2011, 6, e17278. 

38. Jahn-Schmid, B.; Radakovics, A.; Lüttkopf, D.; Scheurer, S.; Vieths, S.; Ebner, C.; Bohle, B. Bet v 1142-156 is the dominant t-cell 

epitope of the major birch pollen allergen and important for cross-reactivity with bet v 1–related food allergens. J. Allergy Clin. 

Immunol. 2005, 116, 213–219. 



Int. J. Mol. Sci. 2021, 22, 10895 16 of 16 
 

 

39. Winter, P.; Stubenvoll, S.; Scheiblhofer, S.; Joubert, I.A.; Strasser, L.; Briganser, C.; Soh, W.T.; Hofer, F.; Kamenik, A.S.; Dietrich, 

V. In silico design of phl p 6 variants with altered folding stability significantly impacts antigen processing, immunogenicity 

and immune polarization. bioRxiv 2020, 11, 1824. 

40. Kamenik, A.S.; Hofer, F.; Handle, P.H.; Liedl, K.R. Dynamics rationalize proteolytic susceptibility of the major birch pollen 

allergen bet v 1. Front. Mol. Biosci. 2020, 7, 18. 

41. Freier, R.; Dall, E.; Brandstetter, H. Protease recognition sites in bet v 1a are cryptic, explaining its slow processing relevant to 

its allergenicity. Sci. Rep. 2015, 5, 1–9. 

42. Kofler, S.; Asam, C.; Eckhard, U.; Wallner, M.; Ferreira, F.; Brandstetter, H. Crystallographically mapped ligand binding differs 

in high and low ige binding isoforms of birch pollen allergen bet v 1. J. Mol. Biol. 2012, 422, 109–123. 

43. Kishore, D.; Kundu, S.; Kayastha, A.M. Thermal, chemical and ph induced denaturation of a multimeric β-galactosidase reveals 

multiple unfolding pathways. PLoS ONE 2012, 7, e50380. 

44. Thalhamer, T.; Dobias, H.; Stepanoska, T.; Pröll, M.; Stutz, H.; Dissertori, O.; Lackner, P.; Ferreira, F.; Wallner, M.; Thalhamer, 

J. Designing hypoallergenic derivatives for allergy treatment by means of in silico mutation and screening. J. Allergy Clin. 

Immunol. 2010, 125, 926–934.e910. 

45. Ferreira, F.; Ebner, C.; Kramer, B.; Casari, G.; Briza, P.; Kungl, A.J.; Grimm, R.; Jahn-schmid, B.; Breiteneder, H.; Kraft, D. 

Modulation of ige reactivity of allergens by site-directed mutagenesis: Potential use of hypoallergenic variants for 

immunotherapy. FASEB J. 1998, 12, 231–242. 

46. Aglas, L.; Bethanis, A.; Chrusciel, P.; Stolz, F.; Gruen, M.; Jaakkola, U.-M.; Jongejan, L.; Yatkin, E.; Van Ree, R. In vivo induction 

of functional inhibitory igg antibodies by a hypoallergenic bet v 1 variant. Front. Immunol. 2020, 11, 2118. 

47. Spangfort, M.D.; Mirza, O.; Ipsen, H.; Van Neerven, R.J.; Gajhede, M.; Larsen, J.N. Dominating ige-binding epitope of bet v 1, 

the major allergen of birch pollen, characterized by x-ray crystallography and site-directed mutagenesis. J. Immunol. 2003, 171, 

3084–3090. 

48. Mirza, O.; Henriksen, A.; Ipsen, H.; Larsen, J.N.; Wissenbach, M.; Spangfort, M.D.; Gajhede, M. Dominant epitopes and allergic 

cross-reactivity: Complex formation between a fab fragment of a monoclonal murine igg antibody and the major allergen from 

birch pollen bet v 1. J. Immunol. 2000, 165, 331–338. 

49. Malik, M.A.; Wani, M.Y.; Hashim, M.A. Microemulsion method: A novel route to synthesize organic and inorganic 

nanomaterials: 1st nano update. Arab. J. Chem. 2012, 5, 397–417. 

50. Wallner, M.; Hauser, M.; Himly, M.; Zaborsky, N.; Mutschlechner, S.; Harrer, A.; Asam, C.; Pichler, U.; van Ree, R.; Briza, P. 

Reshaping the bet v 1 fold modulates th polarization. J. Allergy Clin. Immunol. 2011, 127, 1571–1578.e1579. 

51. Soh, W.T.; Aglas, L.; Mueller, G.A.; Gilles, S.; Weiss, R.; Scheiblhofer, S.; Huber, S.; Scheidt, T.; Thompson, P.M.; Briza, P. 

Multiple roles of bet v 1 ligands in allergen stabilization and modulation of endosomal protease activity. Allergy 2019, 74, 2382–

2393. 

52. Kavan, D.; Man, P. Mstools—Web based application for visualization and presentation of hxms data. Int. J. Mass Spectrom. 2011, 

302, 53–58. 

53. Micsonai, A.; Wien, F.; Bulyáki, É.; Kun, J.; Moussong, É.; Lee, Y.-H.; Goto, Y.; Réfrégiers, M.; Kardos, J. Bestsel: A web server 

for accurate protein secondary structure prediction and fold recognition from the circular dichroism spectra. Nucleic Acids Res. 

2018, 46, W315–W322. 

54. Vogel, L.; Lüttkopf, D.; Hatahet, L.; Haustein, D.; Vieths, S. Development of a functional in vitro assay as a novel tool for the 

standardization of allergen extracts in the human system. Allergy 2005, 60, 1021–1028. 


