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A B S T R A C T   

Routine immunization against diphtheria and tetanus has drastically reduced the incidence of these diseases 
worldwide. Anti-diphtheria/tetanus vaccine has in general aluminum salt as adjuvant in its formulation that can 
produce several adverse effects. There is a growing interest in developing new adjuvants. In this study, we 
evaluated the efficiency of SBA-15 as an adjuvant in subcutaneous immunization in mice with diphtheria (dANA) 
and tetanus (tANA) anatoxins as well as with the mixture of them (dtANA). The tANA molecules and their 
encapsulation in SBA-15 were characterized using Small-Angle X-ray Scattering (SAXS), Dynamical Light Scat
tering (DLS), Nitrogen Adsorption Isotherm (NAI), Conventional Circular Dichroism (CD)/Synchrotron Radiation 
Circular Dichroism (SRCD) Spectroscopy, and Tryptophan Fluorescence Spectroscopy (FS). The primary and 
secondary antibody response elicited by subcutaneous immunization of High (HIII) and Low (LIII) antibody 
responder mice with dANA, tANA, or dtANA encapsulated in the SBA-15 were determined. We demonstrated that 
SBA-15 increases the immunogenicity of dANA and tANA antigens, especially when administered in combina
tion. We also verified that SBA-15 modulates the antibody response of LIII mice, turning them into high antibody 
responder. Thus, these results suggest that SBA-15 may be an effective adjuvant for different vaccine 
formulations.   

1. Introduction 

Diphtheria and tetanus are potentially lethal diseases caused by 
toxins produced by Corynebacterium diphtheriae and Clostridium tetani, 
respectively. While diphtheria is a respiratory infection characterized by 
a membranous inflammation of the pharynx, larynx, and trachea [1], 
tetanus is a neurological disorder where presynaptic membranes at 
neuromuscular junctions are affected by the bacteria toxin, which re
sults in the characteristic spasms [2]. 

Since 1948, vaccines containing both diphtheria and tetanus ana
toxins have been used to immunize adults and children worldwide. In 
addition, it has already been demonstrated that combinations of 
different components enhance the immune response to specific antigens 
in the presence of aluminum salts as an adjuvant [3]. Despite the com
mon use of aluminum salts (as aluminum hydroxide and aluminum 
phosphate), along other compounds like calcium phosphate in licensed 
vaccines [4,5], aluminum adjuvants are responsible for some undesir
able side effects like swelling, induration, erythema, induction of allergy 
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and autoimmune reaction [6–8]. Besides, aluminum salts induce mainly 
TH2 [9] responses, being less efficient in vaccines against diseases that 
involve predominantly a TH1-like response Thus, it would be suitable 
and relevant to develop novel adjuvant candidates less harmful, 
economically viable, chemically stable, and effective in immunocom
promised people. 

The ordered mesoporous silica (OMS) SBA-15 [10] has been studied 
as an adjuvant due to its specific physical and structural properties. Its 
pores enable efficient loading of antigen with a high loading capacity 
[11,12]. In recent years, a number of studies conducted by our group 
demonstrated the SBA-15 adjuvant properties in animal models. Several 
antigens were used as E. coli bacterial protein (Int1β) and Micrurus snake 
venom [13], bovine serum albumin (BSA) [14] and HBsAg from the 
Hepatitis B virus [15]. 

Two heterogeneous lines of mice were produced by bidirectional 
selective breeding based on the quantitative antibodies production to 
the flagellar antigen of Salmonella enterica serotype Typhimurium and 
called Selection III [16–18]. Two High (HIII) and low (LIII) antibody 
responder line of mice constitute an adequate model for the study of 
immune responsiveness [19], infectious diseases [20–22] and vaccine 
efficacy [23]. The experimental use of these genetically heterogeneous 
mice brings the investigation closer to what is observed in the human 
population. For this reason, HIII and LIII mouse lines were used as a 
suitable model for the assessment of the efficacy of vaccine processes. 

The present study evaluates the effectiveness of SBA-15 as adjuvant 
in the humoral response to subcutaneous immunization with diphtheria 
anatoxin (dANA), tetanus anatoxin (tANA) and combined anatoxins 
(dtANA) in both HIII and LIII mouse lines. The characterization data for 
dANA have already been published by our group [24] so in this study we 
focused our efforts in the characterization of tANA macromolecules and 
their encapsulation into SBA-15. Small-Angle X-ray Scattering (SAXS), 
Dynamical Light Scattering (DLS), Nitrogen Adsorption Isotherm (NAI), 
Conventional Circular Dichroism (CD)/Synchrotron Radiation Circular 
Dichroism (SRCD) spectroscopy and Tryptophan Fluorescence Spec
troscopy (FS) were used. 

SAXS and DLS measurements of pure antigens dispersed in buffer 
solution provided information on their typical dimensions and aggre
gation state, which is limiting for their encapsulation inside the SBA-15 
mesopores. Moreover, variations in the SAXS curves obtained for the 
immunogenic complexes SBA-15+anatoxins are indicative of protein 
encapsulation. These results agreed with NAI results, which by 
comparing the pristine silica with the samples containing the antigens 
showed variations of surface area, pore’s volume and pore’s diameters. 
CD/SRCD and FS results confirmed the protein integrity after encapsu
lation. Our biological results indicate that a higher antibody response 
could be achieved in both HIII and LIII mouse lines with a combined 
immunization with both antigens encapsulated in SBA-15. We also 
demonstrated that OMS SBA-15 increases the immunogenicity and 
modulates the antibody response of LIII, turning them into a high anti
body responder to dANA and tANA antigens. 

2. Material and methods 

2.1. SBA-15 and anatoxins 

The OMS SBA-15 was synthesized according to Zhao et al. [10]. 
Briefly, 4 g of Pluronic® P123 (PEO20PPO70PEO20, average Mn ~5800), 
from Sigma-Aldrich, was solubilized in a mixture of deionized water (30 
mL) and 120 mL of hydrochloric acid (HCl, ACS reagent, from Synth, 
37%) at concentration 2 mol L− 1, remaining under magnetic stirring for 
1 h at room temperature (25 ◦C). Then, 8,3 g of tetraethyl orthosilicate, 
TEOS (from Sigma-Aldrich, 98%), silica source, were added into the 
mixture at 40 ◦C and maintained under vigorous magnetic stirring for 
24 h. After that step, the solution was placed in an autoclave for hy
drothermal treatment at 100 ◦C for 48 h. Next, the sample was washed 
with deionized water and dried at 100 ◦C for 24 h. The triblock 

copolymer Pluronic® P123 (template) was removed by combining sol
vent extraction, using ethanol, and calcination under air atmosphere at 
540 ◦C for 6 h. This process is more efficient for template removal than 
only calcination [25]. The obtained SBA-15 powder was named batch 
number 11. 

The tANA and dANA, produced by the Bioindrustrial Center of 
Butantan Institute, Brazil, were loaded to SBA-15 at 1:10 protein:silica 
mass ratio in phosphate-buffered saline (PBS) at pH 7.0. This buffer was 
used in all measurements of liquid samples. 

2.2. Characterization of tANA, SBA-15 and encapsulation studies 

Complete SAXS and DLS characterization of dANA in PBS buffer was 
already reported by our group [24]. The same experimental conditions 
and data analysis procedure of SAXS, DLS and NAI were used herein. 
Scanning Electron Microscope (SEM) images were used to check the 
morphology of the SBA-15 and they were recorded in a JEOL micro
scope, model JSM 6610LV, operating with a secondary electron imaging 
(SEI) detector. The SBA-15 sample was placed onto conductive 
double-sided adhesive carbon tape and covered with a thin layer of gold. 

Conventional CD spectra of tANA (0.2 mg/ml) in PBS buffer or 
encapsulated into SBA-15 were collected in a J-815 CD spec
tropolarimeter (Jasco, Japan) in a wavelength range from 190 to 280 
nm, in 1 nm intervals, using a Suprasil quartz-glass cuvette of 0.1 cm 
pathlength (Hellma Scientific), at 20 ◦C, taking an average of six scans 
per sample. SRCD measurements were collected on the AU-CD beamline 
at ASTRID2 synchrotron (Aarhus, Denmark) with tANA (20 μM) in PBS 
buffer over the wavelength range from 170 to 280 nm, in 1 nm intervals, 
using a 0.0106 cm pathlength quartz cuvette (Hellma Scientific), col
lecting 3 individual scans per sample, at 20 ◦C. After all CD/SRCD 
measurements, final sample spectra were subtracted from the respective 
buffer baseline, zeroed at 265–270 nm region, and converted to delta 
epsilon units (using mean residue ellipticity value of 114.7) with 
CDtoolX software [26]. Final CD spectra deconvolution was estimated 
with ContinLL algorithms [27], available on Dichroweb server [28], 
using data set SP175 [29]. FS, used to assess the emission spectrum of 
the tryptophan residues in tANA (2.0 μM) dispersed in PBS buffer or 
incorporated into SBA-15, was measured in an ISS K2 fluorimeter (ISS 
Inc., Champaign, IL) with excitation performed at 295 nm and emission 
spectra recorded from 305 to 450 nm, in 1 nm intervals, using a 1 cm 
pathlength quartz cuvette (Hellma Inc, USA). Measurements were taken 
at 20 ◦C, controlled by a circulating water bath (Fisher Scientific, USA). 

2.3. Animals 

Mice phenotypically selected for High (HIII) or Low (LIII) antibody 
response, obtained by selective breeding [18], were provided by the 
Immunogenetics Laboratory of Butantan Institute. Male and female 
animals at ages ranging from 10 to 12 weeks were used. The experi
mental protocols were approved by the Ethical Committee of Animal 
Experimentation at the Butantan Institute (CEUAIB # 2666080319). 

2.4. Immunization 

HIII and LIII mice (n = 6 each lineage) were subcutaneously immu
nized on days 0 and 40 with 10 μg of dANA or tANA encapsulated in 100 
μg of SBA-15 (mass ratio 1:10) in a final volume of 200 μL of PBS buffer 
per dose. Suspensions were kept overnight at 2–8 ◦C prior to use. 
Separate groups were also immunized under the same condition but 
with a mix of the two antigens (dtANA) encapsulated in SBA-15 (10 μg of 
dANA + 10 μg of tANA in 200 μg of SBA-15). Control groups (n = 3) 
were immunized with a mixture of 10 μg of each anatoxin dispersed in 
200 μL of PBS buffer per dose. 
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2.5. Antibody titration 

Blood samples were collected 10 and 30 days after each immuniza
tion dose and serum samples were individually analyzed by ELISA to 
detect IgG anti-dANA and anti-tANA [24]. Briefly, microplates were 
coated with dANA (5 μg/mL) or tANA (1 μg/mL) in 0.1 M carbo
nate/bicarbonate buffer (pH 9.6) and incubated at 37 ◦C for 2 h. After 
blocking the reaction with 1% BSA (Sigma-Aldrich) overnight at 4 ◦C, a 
washing cycle was performed (Bio-Rad Immunowash, USA), serial di
lutions of serum samples were added, and the plate incubated for 1 h at 
37 ◦C. After another washing cycle, peroxidase-labeled anti-mouse IgG 
(Sigma-Aldrich, 1:7500) was added and plates were then incubated for 
1 h at 37 ◦C. The plates were washed again and the reaction was 
developed with 0.5 mg/mL o-phenylenediaminedihydrochloride and 
0.03% H2O2 (Merck) at room temperature. The reaction was stopped 
with hydrochloric acid 0.2 N and the absorbance was measured at 450 
nm. The antibody titers were calculated as the reciprocal serum dilution 
giving an absorbance of two deviations above the average obtained from 
a control pool of normal sera and expressed as [log2[xmean ±SEM]]. 

2.6. Statistical analysis 

Bioinformatics analyses were performed using Gor4 [30] software 
for predictions of secondary structure in tANA. A 3-D homology model 
was obtained at Swiss-model software [31] using the crystalline struc
ture deposited at PDBID 5N0C as a template, and PDB2CD [32] server 
was used to obtain a predicted CD spectrum of a 3-D model of tANA. 
Antibody titer data were expressed as mean ± SEM. Statistical signifi
cance of the differences between groups was calculated by one-way 
ANOVA followed by Tukey’s test with the aid of the GraphPad Prism 
6. The differences were considered significant for p ≤ 0.05. 

3. Results 

3.1. Characterization of tANA, SBA-15 and encapsulation 

Fig. 1 shows the SAXS data for tANA particles dispersed in PBS buffer 
(filled circles). The slope of the curve observed at low q values could be 
related to interparticle interaction or the presence of large tANA ag
gregates, as already reported in the literature [33–35]. Because the 
sample concentration was low (2 mg/mL), the first hypothesis seems 
unlikely. 

Fortunately, it is possible to deal with both effects using the Gener

alized Indirect Fourier Transform (GIFT) analysis, which evaluates 
simultaneously the form factor, P(q), related to the size and shape of the 
protein, and the structure factor, S(q), associated to interpartiLowcle 
interaction or aggregation [36], the former aspect being our case. 
Assuming a structure factor of simple globular aggregates with overall 
radius of gyration Rgagg [37], the satisfactory fitting was performed 
using the WGIFT program [38], and the result is shown in Fig. 1 
(continuous line). From P(q) (dashed line), the pair distance distribution 
function, p(r), is obtained (inset of Fig. 1), which provides the particle 
longest length of ~14 nm (where p(r) ≈ 0) and radius of gyration of Rg =
(4.47 ± 0.02) nm. From the S(q) evaluation, Rgagg = (19.30 ± 0.77) nm. 
Using the SAXS curve without the first points (for q < 0.02 ̊A

− 1
) as input 

to the PRIMUS program [39], the molecular weight of tANA was esti
mated as ~140 kDa. 

The tANA atomic resolution structure has not yet been obtained. 
Nevertheless, it is possible to compare the experimental SAXS data 
presented in Fig. 1 to the theoretical scattering of tetanus toxin crys
tallographic structure (PDBID 5N0C, exhibited in green color in the 
upper inset of Fig. 2). The comparison was performed using the CRYSOL 
program [40] and the result is shown in Fig. 2 (green continuous line). 
The unsatisfactory fitting is expected because the formaldehyde treat
ment [41], responsible to turn tetanus toxin into tANA anatoxin, pro
motes changes in the overall protein structure whereas essentially keeps 
the secondary structure content, as shown by CD analysis presented 
herein and in agreement with previous works [42]. In addition, pH plays 
an important role in the tetanus toxin shape: Over a physiological range 
from 5.0 to 8.0, the higher the pH, the more open the structure [35]. The 
experimental data for the 5N0C structure was obtained at pH 6.0, then, 
it is expected to be more packed than it would be at pH 7.0, the same as 
tANA sample. In this sense, it would be worth it to check if 5N0C pdb 
model could fit tANA data after suitable “opening” shape modifications. 
To perform this test, it was used the SREFLEX program [43], which 
applies normal mode analysis to both estimates the flexibility of protein 
crystallographic structure and improve its agreement with SAXS data. 
The satisfactory result is presented in Fig. 2 (red continuous line) and the 
obtained high-resolution model reasonably agrees with the ab initio bead 
model from DAMMIN program [40] (bottom inset of Fig. 2). SUPALM 
program [44] was used to superimpose one 3D structure onto another. 
Therefore, both formaldehyde treatment and pH may introduce impor
tant structural changes that explain why the tetanus toxin 

Fig. 1. SAXS data (filled circles) and fitting obtained from WGIFT (red 
continuous line). The form factor P(q) is also shown (blue dashed line). Inset: p 
(r) function obtained from P(q). (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 

Fig. 2. SAXS data (filled circles) and fittings obtained from CRYSOL (green 
line), SREFLEX (red line) and DAMMIN (blue line) programs. Inset: Crystallo
graphic structure of tetanus anatoxin, PDB code 5N0C, low-resolution ab initio 
bead model obtained from DAMMIN and high-resolution model obtained from 
SREFLEX based on 5N0C (PDBID). (For interpretation of the references to color 
in this figure legend, the reader is referred to the Web version of this article.) 
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high-resolution model is not suitable to fit tANA SAXS data. 
In order to check the presence of tANA aggregates in PBS buffer, DLS 

was performed and the measured autocorrelation function, C(τ), is 
shown in Fig. 3 (filled circles). By using the Non-Negatively constrained 
Least Squares (NNLS) method [45] to satisfactorily fit C(τ) (Fig. 3, 
continuous line), the histograms of hydrodynamic diameter per in
tensity, per volume and per number of particles were obtained (Fig. 3, 
inset). From the histogram of diameter per intensity, it is observed two 
populations centered at ~10.0 and ~200.0 nm. Despite the existence of 
the larger particles, they are much less numerous according to the his
tograms of diameter per volume and per number. 

The SAXS results of SBA-15 and SBA-15+anatoxins are depicted in 
Fig. 4. In all curves is observed well-ordered mesoporous phases with 
five well-defined diffraction peaks corresponding to the (hkl) Miller 
indices (100), (110), (200), (210), and (300), attributed to a 2D hex
agonal mesoporous structure (p6mm), typical of pure SBA-15 [10]. The 
higher scattered intensity observed for the complexes, mostly at lower q 
values, is probably associated with the presence of protein aggregates on 
the silica macropores. Due to this aggregation effect, an increase in the 
load ratio SBA-15 to anatoxins higher than 1:10 is not recommended. 

Fig. 5 shows the NAI results obtained for pristine SBA-15 and SBA-15 
containing tANA encapsulated at 1:10 mass ratio. After encapsulation, 
the surface area and pore volume decreased from 668 m2 g− 1 to 267 m2 

g− 1 and from 1.39 cm3 g− 1 to 0.70 cm3 g− 1, respectively, suggesting that 
tANA is retained in the silica matrix. 

Fig. 6 shows the SEM imagens of pristine SBA-15 particles. SBA-15 
particles have a typical interconnected rod-like morphology, with uni
form size, forming aggregates in a wheat-like macrostructure, as re
ported by Zhao et al. [10]. 

Secondary structure predictions of tANA based on its primary 
structure suggest that the protein is arranged in 29% α-helix, 19% 
β-strands, and 52% disordered, as shown in Supplementary Fig. 1. In 
agreement with such analysis, the 3D structure deposited at PDBID 
5N0C for the tetanus toxin total length protein shows the content of 
secondary structure arranged as 28.4% in α-helix, 22.1% in β-strands, 
and 49.6% others (disordered, turns). 

The predicted CD spectrum of tANA (entry 5N0C), shown in Fig. 7, is 
typical of a protein with mixed alpha/beta/disordered content due to 
the low spectral magnitude of the peaks and the two asymmetric minima 
presented at 220 and 208 nm. Moreover, the theoretical spectrum is in 
agreement with the corresponding experimental spectra. 

The SRCD spectrum of tANA in PBS (pH 7.0) presents quite equiva
lent spectral lineshape to that seen on the CD spectrum of this anatoxin 
incorporated in SBA-15 particles (1:10), with two negative bands at 222 
and 208 nm of different intensities (with the 208 nm band being more 
pronounced), and a positive peak at the 192 nm region (Fig. 7). Besides, 
it is possible to observe a negative band at 175 nm in the SRCD spectrum 
of tANA in PBS, which is assigned to the β-strand content of the protein 
[46]. The similar spectra suggest the preservation of protein secondary 
structure in the process of incorporation into the mesoporous particle. 
Estimates of secondary structure with the SRCD spectrum of tANA gave 
28% α-helix, 19% β-strands, and 53% in other structures. 

An additional negative band at 170 nm is clearly seen on the SRCD 
spectrum of the dehydrated film of tANA. The SRCD spectrum of the 
anatoxin on a partially dehydrated film is equivalent to the one obtained 
in solution. Such similarity is in agreement with the preservation of 
tANA secondary structure in the process of film formation (by 
dehydration). 

The fluorescence spectrum of Tryptophan (Trp) residues in tANA 
(0.1 mg/ml in PBS) was quite similar to that of the protein incorporated 
into SBA-15 (Fig. 8), presenting maximum emission centered at ~326 

Fig. 3. Autocorrelation function curve (filled circles) fitted by the NNLS 
method (continuous line). Inset: Hydrodynamic diameter distributions of tANA 
per number, volume and intensity. 

Fig. 4. SAXS of pristine SBA-15 and the same silica encapsulated with dANA 
and tANA. 

Fig. 5. NAI of pure SBA-15 and with tANA encapsulated at 1:10 mass ratio. 
Inset: Pore size distribution of the same two samples taken from adsorption and 
desorption branches. 
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nm, indicating the preservation of both the aromatic residues from 
exposure with the polar solvent and the aromatic microenvironment 
after the protein incorporation into the silica. 

3.2. Effect of SBA-15 on modulation of antibody response after 
immunization with combination dANA and tANA vaccine 

To evaluate the role of SBA-15 as an adjuvant, both HIII e LIII mice 
were immunized with two doses of dtANA antigens encapsulated or not 
in SBA-15. Individual anti-dANA and anti-tANA specific IgG were 
titrated in the serum from blood samples collected 10 and 30 days after 
each immunization dose. Anti-dANA IgG titers of HIII mice (blue lines) 
that received or not SBA-15 (Fig. 9A) were similar 10 days after the 
booster (SR 10) and so remained until the thirtieth day (SR 30). For the 
LIII mice, the use of SBA-15 significantly increased anti-dANA IgG titers 
(Fig. 9A) reaching levels similar to those of HIII animals throughout the 
study period. This phenomenon was also observed in the anti-tANA IgG 
response (Fig. 9B) for HIII and LIII mice during the secondary response 
(SR 10 and SR 30). 

3.3. Antibody response after dANA and tANA administered individually 
or in combination 

To determine if the mixture of the two anatoxins is more effective to 
induce specific IgG antibodies against dANA and tANA than individual 
immunization, groups of HIII and LIII mice were immunized with dANA 
or tANA individually encapsulated in SBA-15 and compared to groups 
immunized with the both antigens in combination encapsulated in SBA- 
15. Blood samples were collected 10 and 30 days after each immuni
zation dose, and serum samples were tested by ELISA. A similar anti- 
dANA IgG production occurred after immunization with individual 
dANA or combined dtANA in both mouse lines (Fig. 10A). However, 
dtANA was more potent to stimulate anti-tANA IgG antibodies than 
individual tANA in both HIII and LIII mice groups (Fig. 10B). 

4. Discussion 

We analyzed the effectiveness of subcutaneous immunization with 
diphtheria (dANA), tetanus (tANA) anatoxins, and dtANA combination, 
encapsulated in SBA-15 in mice selected for their high (HIII) or low (LIII) 
antibody response. SBA-15 has been widely used in vaccine efficacy 
studies due to the physical and structural properties that allow it to 
encapsulate several antigens without damaging their protein structure, 
promoting a more effective immune response in either subcutaneous or 
oral immunization [13–15,24]. There are few adjuvants approved for 

Fig. 6. SEM images of pure SBA-15 at different magnifications: (A) = x 1000 and (B) = x 5000.  

Fig. 7. SRCD spectrum of tANA in PBS (green) and its CD spectrum when 
incorporated into SBA-15 (blue) at 1:10 mass ratio. Theoretical CD spectrum of 
tANA (black) and SRCD spectrum of a partially dehydrated film of the anatoxin 
deposited on a quartz plate (red). 

Fig. 8. Normalized fluorescence spectrum of Trp residues of tANA in PBS 
(green) and incorporated into SBA-15 particles (blue) at 1:10 mass ratio. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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human use like calcium phosphate and aluminum salts [4, 5, 47]. 
Aluminum salts present some significant side effects as swelling, indu
ration, erythema, induction of allergy and autoimmune reaction [4,5,8, 
48]. SBA-15 silica is a promising adjuvant candidate given its intrinsic 
and useful properties. Its low toxicity was demonstrated by propidium 
iodide staining assays using macrophages [14], Besides, no traces of 
silica were found in the liver and spleen of animals injected with silica 
by oral or intramuscular route and no toxicity was observed. It was also 
demonstrated that silica degradation occurred naturally in the body 
over a period of time [49,50]. 

Regarding the physical characterization of tANA, it was possible to 
determine, from SAXS analysis, the pair distribution function p(r) profile 
(Fig. 1, inset), which suggests a globular and slightly elongated shape for 
the protein, with longest length of ~14 nm, radius of gyration of Rg =

(4.47 ± 0.02) nm and molecular weight of ~140 kDa, all results in 
agreement with previous studies [42]. The most extended length of 
tANA is larger than the silica mesopores (~10 nm), therefore its incor
poration is expected to be in the macropores of the silica matrix. In 
addition, mesopore blockage can occur, which can be reflected on the 
decrease of the surface area and pore volume detected by the NAI results 
(Fig. 5). Moreover, the aggregates responsible for the slope of the SAXS 
curve at low q values (Fig. 1) have Ragg = (19.30 ± 0.77) nm, leading to 
the conclusion that tANA monomers coexist with large oligomers. In all 
subsequent analyses using CRYSOL, SREFLEX and DAMMIN programs 

(Fig. 2), the first points of the SAXS curve corresponding to those olig
omers (q < 0.2 nm− 1) were not considered because they interfere in the 
modeling outcomes. 

It is interesting to note that even if the longest length of tANA is ~14 
nm, evidenced by the p(r) function, a quick inspection in the obtained 
bead model (Fig. 2) leads to the conclusion that other dimensions have a 
length of ~10 nm or less, thus permitting the protein encapsulation 
inside the SBA-15 mesopores. However, this loading process is expected 
to be more difficult than for other smaller antigens, such as diphtheria 
anatoxin [24]. Additionally, the size distribution of hydrodynamic 
diameter per intensity, obtained from DLS measurements (Fig. 3), 
corroborate the conclusion, from SAXS analyses, that tANA coexists with 
its oligomeric forms. 

The SAXS and NAI results of SBA-15+tANA suggest that a fraction of 
the antigens are encapsulated inside the SBA-15 mesopores, while the 
remaining part is probably protected inside SBA-15 macropores. This 
effect is likely more pronounced for tANA, which is larger than dANA, 
whose physicochemicals characteristics have already been published by 
our group [24]. 

Another important finding was related to the integrity of tANA 
structure after encapsulation either inside the meso- or macropores, 
confirmed by CD, SRCD and FS, being a guarantee that it can still induce 
the formation of antibodies. 

Due to the size of the tANA [33,34] it mainly stands in the silica 

Fig. 9. IgG antibody production by HIII e LIII mice 
after combined dANA and tANA immunization 
with or without SBA-15. (A) Anti-dANA anti
bodies, (B) anti-tANA antibodies. PR 10 – primary 
antibody response, 10 days after first dose; PR 30 
– primary antibody response, 30 days after first 
dose; SR 10 – secondary antibody response, 10 
days after second dose; SR 30 – secondary anti
body response, 30 days after second dose. Blue 
lines: HIII mice; Red lines: LIII mice; discontinuous 
lines: only antigens; continuous lines:antigens 
plus SBA-15 (p ≤ 0.05, # dtANA LIII vs dtANA 
SBA-15 LIII; & dtANA HIII vs dtANA SBA-15 HIII; 
*dtANA LIII vs dtANA HIII). (For interpretation of 
the references to color in this figure legend, the 
reader is referred to the Web version of this 
article.)   
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macropores, as evidenced by SAXS and NAI analysis. We believe that 
higher levels of anti-tANA could be achieved if silica particles with 
larger pores were used. On the other hand, LIII mice are low antibody 
responders to multiple antigens, phenomena known as multispecific 
effects [51]. Despite their low humoral response, under the SBA-15 
adjuvanticity these mice responded with equivalent titers to HIII ones 
for both antigens, corroborating data previously obtained by our group 
[13,14]. 

It has been shown that the vaccination with mixture of tetanus and 
diphtheria antigens using aluminum as an adjuvant enhances the pro
duction of antibodies against tetanus when compared with tetanus 
vaccine alone [52,53]. In the present work, we intended to explore if this 
would also happen in the presence of another type of adjuvant, the 
nanostructured silica SBA-15. We found a significant increase in 
response to tANA in HIII and LIII mice when immunized with dtANA 
encapsulated in SBA-15, indicating an adjuvant effect of diphtheria in 
the antigen association protocol using SBA-15. 

Capacity of incorporating proteins characteristics and several kinds 
of proteins have been loaded to SBA-15 including BSA [8,54], Lysozyme 
[55], Myoglobine [56], intimin and snake venon [13] for a variety of 
applicaton. A possible mechanism by which SBA-15 can enhance the 
immune response could be the depot effect [54,57], which increases the 

antigen permanence at the injection site since the proteins inside the 
silica are released slowly, prolonging the period of interaction of the 
antigen with the immune system. Furthermore, the SBA-15 improve 
their uptake by the professional antigen presenting cells (APC) where 
the antigens are delivered [58]. Together with these characteristics, 
SBA-15 also can give a mixed response pattern with both TH1 and TH2 
type responses, often desirable in vaccination [58]. 

This study demonstrates that ordered mesoporous silica SBA-15 re
tains tANA antigens in its matrix, preserving their properties and stim
ulating antibody production after a subcutaneous vaccination schedule. 
It has also shown that immunization with such formulation provides a 
better anti-tANA antibodies response for both HIII and LIII mice. More 
importantly, our study demonstrates that immunization with dtANA 
encapsulated in SBA-15 induced antibody titers in LIII mice similar to 
those observed in HIII mice, demonstrating the efficacy of SBA-15 as 
adjuvant in our model (Fig. 9). It is also important to highlight that 
unlike other authors that have used only the C chain of the molecule of 
tetanus anatoxin encapsulated in silica [59,60], we have used all the 3 
chains, A, B and C in our vaccine. Therefore, we show for the first time 
the encapsulation of the whole tANA molecule in SBA-15 and the effect 
of this immunogenic complex on subcutaneous immunizations. 

In conclusion, our data supports the use of SBA-15 as a suitable 

Fig. 10. IgG antibody production by HIII e LIII 
mice after combined or individual dANA and 
tANA immunization with SBA-15. (A) Anti-dANA 
antibodies, (B) anti-tANA antibodies. PR 10 – 
primary antibody response, 10 days after first 
dose; PR 30 – primary antibody response, 30 days 
after first dose; SR 10 – secondary antibody 
response, 10 days after second dose; SR 30 – 
secondary antibody response, 30 days after sec
ond dose. Blue lines: HIII mice; Red lines: LIII mice; 
discontinuous lines: only antigens; continuous 
lines:antigens plus SBA-15 (p ≤ 0.05, # tANA 
SBA-15 LIII vs dtANA SBA-15 LIII; *tANA SBA-15 
HIII vs dtANA SBA-15 HIII). (For interpretation of 
the references to color in this figure legend, the 
reader is referred to the Web version of this 
article.)   
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adjuvant in the production of vaccines. Furthermore, since the antigen is 
encapsulated, SBA-15 can potentially provide protection to the proteins 
from the external environment during the passage through the gastro
intestinal tract, being an antigen vehicle for oral vaccination schemes. 
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