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a b s t r a c t

This work reports the encapsulation of proteins with different molecular weights into SBA-15 ordered
mesoporous silica, a potential immunological adjuvant. The Human Gammaglobulin G (HGG) and Bovine
Serum Albumin (BSA) proteins were incorporated into the mesoporous silica with expanded pores. A
structure swelling agent, triisopropylbenzene (TIPB), was used in the synthesis process, promoting an
increase of the average pore diameter and a more disordered pore network, as revealed by nitrogen
adsorption isotherm (NAI) and small angle X-ray scattering (SAXS) data. SAXS measurements were also
performed to obtain the overall size of the studied proteins. The results showed that both proteins have
dimensions that would allow their encapsulation inside the pores of SBA-15. The HGG and BSA proteins
were dissolved in phosphate buffered saline (PBS) solutions before encapsulation. It was evidenced the
filling of the micropores by the PBS solution and a larger variation in pore volume and surface area for
the material with higher mean pore diameter, which was also confirmed by the modeling of SAXS data. It
was not observed any significant difference in the SAXS and NAI results of both proteins, indicating that
the immunogens could be encapsulated in the silica macroporosity, obstructing the mesopore entrances.

© 2016 Elsevier Inc. All rights reserved.
1. Introduction

Materials with adjustable porous structure have always been
of great interest for industry and academic community. Their
advantageous properties are a narrow distribution of pore sizes,
large surface areas and pore volumes. Microporous aluminosili-
cates with pore diameters less than 2 nm, known as zeolites,
often satisfy these conditions and thus find many applications in
catalysis and molecule selection. However, the use of zeolites is
restricted to the size of their pores. In the last decades there was
a growing demand for ordered mesoporous materials due to
their potential application on the encapsulation of large mole-
cules [1].

The family M41S of ordered mesoporous materials (OMM)
was developed by Mobil Corporation Laboratories in the early
90s and the first developed silica structure was MCM-41, whose
average pore diameter is 4 nm [2]. This material consists of pores
arranged in a hexagonal symmetry with amorphous silica walls.
).
According to the definition of the International Union of
Pure and Applied Chemistry (IUPAC) [3], the so called “meso-
porous materials” should display pore diameters between 2 and
50 nm.

Since the discovery of OMM, the use of surfactants as structure-
directing agents and the development of synthesis routes and
conditions in which an ordered structure is formed were explored
in a large number of publications in the literature. Nonionic poly-
mer surfactants also started to be used. Pinnavaia et al. [4] devel-
oped worm-like disordered mesoporous silica with pore sizes
between 2 and 5.8 nm using nonionic surfactants in a neutral
aqueous medium.

Using nonionic surfactants of high molecular weight in acidic
aqueous medium (pH ~ 2), Zhao et al. [5] obtained highly ordered
mesoporous silica (OMS), named SBA-15. In the synthesis of this
silica, the associations between silicate species and polymer occur
through hydrogen bonds [6]. Examples of OMS obtained with
neutral surfactants are the SBA-11 (cubic), SBA-12 (hexagonal) and
SBA-14 (cubic).

The main route of synthesis of these materials utilizes three
basic reagents: a structure-directing agent, a solvent and a silicon
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Table 1
SBA-15 samples with proteins and different amounts of TIPB. In addition to the
samples shown in this table there is also the sample with PBS, named P0P.

SAMPLE P0 P0B P0H P05 P05B P05H P2 P2B P2H
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source; the construction comprises an activated self-assembly
process, leading to the formation of polymeric micelles by a
mechanism known as Liquid Crystal Template (LCT), proposed by
Kresge and Beck [2,7].

OMSs have applications in several areas such as petroleum
refining industry, catalysis and microelectronics [8e10]. The ca-
pacity to release and adsorb molecules inside the pores of these
materials has been extensively studied also for medical applica-
tions [11e13]. For example, the encapsulation of drugs such as anti-
inflammatory ibuprofen [14], camptothecin and immobilization of
globular enzymes [15] has been carried out.

A major advantage of using copolymers as structure-directing
agents is the possibility of adjusting the pore diameter by chang-
ing the size of the polymer chains. Another possibility is the
expansion of the micelles by the use of swelling agents such as
1,3,5-trimethylbenzene (TMB) and 1,3,5-triisopropylbenzene
(TIPB). When these agents are added in the synthesis, they are
solubilized with the hydrophobic portion of the micelle. In partic-
ular, this approach is preferable since the pore size could, in prin-
ciple, be increased continuously by increasing the amount of the
swelling agent [16].

In the field of immunology, the pioneer studies of Mercuri et al.
[17] and Carvalho et al. [18] demonstrated that the SBA-15 acts as
an efficient adjuvant. These studies showed unusual antibody
production when the isogenic BALB/c line and the genetically
selected High or Low outbred antibody responders mice were
immunized with the SBA-15 as a vehicle to transport antigens. The
tested antibody responses were performed with 16.5 kDa Escher-
ichia coli recombinant protein Intimin 1b, Micrucurus ibiboboca
snake venom proteins with molecular weights ranging from 7 to
8 kDa and 66 kDa bovine serum albumin (BSA). The SBA-15 pro-
moted similar or higher responses than the aluminum hydroxide
and Incomplete Freund's adjuvants.

Another advantage of the use of the non-toxic SBA-15 is that it
does not cause any tissue damage in the application area of in-
jection and, therefore, does not produce unwanted effects pre-
sented by other adjuvants [17]. The BSA release from SBA-15 in
gastric and intestinal fluids was also explored, as well the pres-
ence of silicon in mice organs, showing its applicability as an oral
vaccine adjuvant [19]. Moreover, SBA-15 protects the antigens
from hostile stomach environment and proteases, providing the
efficacious catabolic activity of antigen presenting cells (APC),
such as macrophages and dendritic cells, thereby allowing an
effective immunogenicity [17].

For these applications, the knowledge about protein encapsu-
lation process is fundamental. Information on the filling of surface
area and pore volume are very important to determine optimal
conditions for the system such as the appropriate protein:silica
concentration and suitable pore size, among others.

Here, the incorporation of proteins in SBA-15 samples with
expanded pores was investigated by small angle X-ray scattering
(SAXS) and nitrogen adsorption isotherms (NAI). The efficiency of
incorporation of the Human Gammaglobulin G (HGG) and bovine
serum albumin (BSA) was compared. In order to promote the
expansion of the pores, TIPB was added to the silica synthesis.
SAXS measurements provided information about the porous
network and also an estimation of the protein dimensions. This
information is necessary in order to verify the possibility of
encapsulation inside the silica pores. An advanced theoretical
model was applied to analyze the SAXS data permitting the
retrieval of valuable structural information. The NAI measure-
ments were used for textural information such as pore volume,
surface area and pore diameter.
2. Materials and methods

2.1. Synthesis of SBA-15 samples

Three samples of SBA-15 with different amounts of the TIPB
swelling agent were prepared. They are: P0, P05 and P2, where the
number indicates the mass ratio TIPB/P123 (the sample P0 has a
mass ratio TIPB/P123 ¼ 0 and therefore it is a conventional sample
SBA-15). The synthesis route for conventional SBA-15 was used
[20], but with the addition of TIPB in the formulation. The TIPB/
P123 ratios were chosen to check the effect on the OMS
morphology of a small (TIPB/P123 ¼ 0.5) and large (TIPB/
P123 ¼ 2.0) amount of TIPB.

For the synthesis of these samples, 1 g of the triblock copolymer
Pluronic P123 (PEO20PPO70PEO20), from BASF, was solubilized with
30.5 g of hydrochloric acid at a concentration of 2 mol L�1. The
solution was kept under magnetic stirring for two hours at 40 �C.
Then 2.15 g of the silicon source, tetraethyl orthosilicate, TEOS
(from Fluka), and the swelling agent TIPB (from Sigma-Aldrich)
were added to the solution and the mixture was kept under mag-
netic stirring for more 24 h. The resulting solution was inserted in
an autoclave and submitted to hydrothermal treatment at 100 �C
for 48 h. After, the sample was washed with deionized water and
dried at 100 �C for 24 h. The resulting material was calcined at
540 �C for two hours under nitrogen atmosphere and for 4 h in air
in order to remove the polymer.

The incorporation of BSA (66.5 kDa, from Sigma-Aldrich) and
HGG (150 kDa, from Sigma-Aldrich) was performed by dissolving
these proteins and the silica samples in a phosphate-buffered saline
solution (PBS). The mass proportion protein:silica used was 1:5. For
the incorporation, 20 mg of the protein were dissolved in 10 ml of
PBS and kept under magnetic stirring for 45 min. Then, 100 mg of
silicawere added and the solutionwas stirred for 30min. After that,
the samples were dried at 35 �C for 96 h. Table 1 identifies the
samples studied in this work.

The samples with BSA were named P0B, P05B and P2B. The
samples with HGG were named P0H, P05H and P2H. One conven-
tional SBA-15 sample was prepared with only PBS and was named
P0P.
2.2. SAXS experimental conditions and analysis

The samples P2, P2B, P2H and the proteins were characterized in
experiments performed in a small angle X-ray scattering camera
(Xenocs, Xeuss), placed at the Institute of Physics, University of S~ao
Paulo. The set-up has a microfocus Genix X-ray source (CuKa ra-
diation), focusing X-ray mirrors, two scatterless slits sets and a
Pilatus two-dimensional detector.

All other SBA-15 samples were characterized on a Bruker AXS
Nanostar small angle X-ray scattering camera also placed at the
Institute of Physics, University of S~ao Paulo. This camera has a
microfocus Genix 3D system (source þ focusing mirrors), two
scaterless slits sets for collimation and a 2D Vantec-2000 detector.

For both cameras the X-ray wavelength was l ¼ 1.5418 Å, the
cross section of the beamwas 0.8� 0.8mm2 and sample to detector
distance were 66.7 cm for the Nanostar and 72.5 cm for the Xeuss.
TIPB/P123 0 0 0 0.5 0.5 0.5 2 2 2
PROTEIN e BSA HGG e BSA HGG e BSA HGG
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The range of scattering vectors q (q ¼ (4p/l)sinq, where 2q is the
scattering angle) was 0.01 Å�1 to 0.35 Å�1.

SBA-15 samples, in powder form, were placed between two
mica sheets and the measurements were performed at room
temperature for exposure times of 600 s.

The protein samples were prepared in PBS solution at a con-
centration of 3 g L�1. They were stored on sealed quartz capillaries,
which were glued on stainless steel cases. The capillaries were
rinsed and reused, enabling a reliable background subtraction. The
exposure times were 1800 s and around 30 frames were obtained
for each protein. This large number of frames was useful to inves-
tigate the stability of the proteins over time. The SAXS measure-
ment of HGG was performed at a temperature of 38 �C because the
protein is more stable at this temperature. Measurements of the
BSA sample were performed at room temperature (T ~ 20 �C).

The SAXS data measured with the Vantec-2000 detector were
corrected for detector efficiency and spatial distortions. The
azimuthal average was calculated for the whole q range. The scat-
tering of the two mica foil was used as background and it was
subtracted from the sample data. For the proteins the PBS scat-
tering was used as background. All the data treatment was per-
formed by using the program SUPERSAXS (Oliveira and Pedersen,
unpublished).

SAXS measurements of the protein samples were converted to
absolute scale so that the unit of the scattering intensity I(q) is
cm�1. Since there was no need to express the SAXS data of the
samples of SBA-15 in absolute scale, these data were shown in
arbitrary units.

The lattice parameter a is a function of diffraction peak positions
and for hexagonal structures it is given by:

�qhkl
2p

�2
¼ 4

3

�
h2 þ hkþ k2

a2

�
þ l2

c2
(1)

where h, k and l are Miller indices; qhkl is the central value of the
diffraction peak with the (hkl) index. SBA-15 pores network is a 2D
hexagonal system, so that l ¼ c ¼ 0. Equation (1) was applied to the
peaks (100) of the SAXS curves to calculate the lattice parameter of
the samples. A Gaussian curve was fitted to these diffraction peaks
to determine their central value (qhkl).

Estimations of the size of the proteins was performed using the
pair-distance distribution p(r) evaluated through the Indirect
Fourier Transform (IFT) method. The function p(r) is the Fourier
transform of the scattering intensity I(q). By the use of the IFT
method the scattering intensity I(q) may be obtained through the
function p(r) by Ref. [21]:

IðqÞ ¼ 4p
ZDmax

0

pðrÞsinðqrÞ
qr

(2)

where Dmax is the largest dimension of a particle. The integral is
calculated from 0 to Dmax because the p(r) function vanishes for
r > Dmax and r ¼ 0.

In the IFT method the function p(r) is described by a series of
orthogonal functions, and the indirect Fourier transform (Equation
(2)) is calculated to obtain the function in reciprocal space, seeking
the curve which best describes the experimental I(q) data. This
process was performed by the Gnom software [22].

The function p(r) can be used to determine the maximum par-
ticle diameter Dmax and it also provides information on the particle
shape [23].

Since the atomic resolution model for the BSA protein is known,
it is possible to compare the experimental SAXS data with the
theoretical scattering intensity obtained from this model. The file
with the atomic coordinates (PDB file) was obtained at the protein
data bank website (id code: 4F5S). Interestingly, the asymmetric
unit on the pdb file is a dimer and therefore is possible to describe
the SAXS data either with a monomer or with dimers of BSA. The
fits were performed by the use of the program Crysol [24].

For the proper description of the BSA SAXS data, it was neces-
sary to assume a polydisperse system composed of monomers and
dimers in the system. Therefore it was possible to determine the
volume fractions of monomers and dimers of the BSA sample using
the software Oligomer [25]. This software uses the theoretical
scattering curves obtained from atomic coordinates (program
Crysol), providing the volume fractions of each species that give the
best fit of the experimental data. The scattering intensity of a
sample that is composed of K components is written as:

IðqÞ ¼
XK

i¼1
ðwi � IiÞ (3)

where wi and Ii are the volume fraction and the scattering intensity
of the i-th component, respectively.

In order to obtain additional information on experimental SAXS
data for the samples with ordered mesopores, a theoretical model
including geometrical considerations can be used [26]. In this work
it was applied an advanced model procedure, described by Manet
et al. [27] and Sundblom et al. [28], developed to describe hexag-
onal ordered mesoporous silicas. The final theoretical intensity is
decomposed into the form factor and the structure factor contri-
butions, permitting a full curve fitting. It is based on a system of
core-shell cylinders, with a diffuse outer interface. Here, the cyl-
inders core can be understood as the pores of the SBA-15 and the
overall scattering intensity can be expressed by:

IðqÞ ¼ ðr1 � r2Þ2nPðqÞ$SðqÞ þ IðqÞchain (4)

where (r1 e r2) is the electron density contrast between the pores
and the silica matrix, n is the number of pores per unit volume, P(q)
is the form factor, S(q) is the structure factor and I(q)chain is the
scattering intensity of micropores. This intensity due to the mi-
cropores is given by the Debye formula for Gaussian chains [29]:

Ichain qð Þ ¼
2
h
e�q2R2

g � 1þ
�
q2R2g

� i
�
q2Rg

�2 (5)

In equation (5) Rg is the average radius of gyration of the chains.
As the length of the pores of SBA-15 is very large compared to its

diameter one can use the decoupling approximation [30]. The form
factor can be expressed as the form factor of an infinitely long rod
(Prod) [31] times the form factor of the cross-section of a cylinder
(PCS):

PðqÞ ¼ ProdðqÞ$PCSðqÞ (6)

where PCS(q) is given by:

PCSðqÞ ¼
�
2J1ðqRÞ

qR

�2
(7)

where J1(qR) is a Bessel function.
A scale factor Scconst was added to describe the background. The

final expression of this model is:



Fig. 1. SAXS curves of the conventional and pores expanded SBA-15 samples.

Table 3
Ratios between diffraction peak positions in reciprocal space of the silica samples
and the expected value for a hexagonal lattice.

q(110)/q(100) q(200)/q(100) q(210)/q(100) q(300)/q(100)

P0 1.734 1.995 2.646 2.998
P05 1.727 1.992 e e

P2 1.741 2.020 e e

Expected value 1.732 2.000 2.646 3.000
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IðqÞ ¼ Sc1Prod
D
F2CSðqÞ

E
ð1þ bðqÞ½〈ZðqÞ〉� 1�GðqÞÞ þ Sc2IðqÞchain

þ Scconst
(8)

where Sc1 is the scale factor of the mesopores, FCS is the cross-
sectional amplitude of the mesopores, Z(q) is the lattice factor
describing the spatial distribution of the mesopores, Sc2 is scale
factor of the micropores and I(q)chain is the scattering intensity due
to micropores. The b(q) factor is related to the polydispersity in
pore diameter. A nonlinear least-square method was used to fit the
curve given by Equation (8) to the experimental data.

The scattering intensity is affected by the smearing effects,
which are caused by the finite size of the beam and finite resolution
of the detector. To take this effect into account, the experimental
intensity I

�
ðqÞ is calculated considering a resolution function

R(<q > ,q) [32]:

I
�

qð Þ ¼
Z

Rð<q> ; qÞI qð Þdq (9)

The parameters that comprise the model are shown in Table 2.

2.3. NAI experimental conditions

Nitrogen adsorption isotherms measurements were performed
using Micromeritics ASAP 2020 equipment, placed at the Institute
of Physics, University of S~ao Paulo. This equipment has two degas
stations and one analysis station. The samples were degassed for
24 h. The SBA-15 samples without proteinwere degassed at 200 �C,
while the samples with protein were degassed at 40 �C to prevent
the degradation of the proteins. The measurements were per-
formed in a liquid nitrogen bath with relative pressures ranging
from 10�6 to 0.995.

The pore surface area was determined by the BET method [33],
the total pore volume and the pore size distribution (PSD) were
determined by the BJH-KJS method [34,35] using the adsorption
branch. The volume and surface area of micropores were deter-
mined by the t-plot method [36].

3. Results

3.1. The addition of TIPB

The SAXS data show that the addition of TIPB resulted in larger
pores and a more disordered pore structure, as observed in other
studies [16]. This fact is evidenced by the decrease in the integrated
Table 2
Parameters included in the theoretical SAXS model.

Sc1 Scale factor of the c
Sc2 Scale factor of the c
Scconst Background scale fa
c Correction constan
a Lattice parameter
D Domain size
n Peak shape parame
sa Disorder parameter
Rin Inner radius of the
Rout Outer radius of the
L Length of the cylin
Drout/Drin Ratio between oute
sin Length of the Gaus
sR/R Relative polydisper
Rg Average radius of g
intensity of the diffraction peaks and the absence of (210) and (300)
peaks in the curves of the samples with TIPB (Fig. 1). The (100)
peaks are displaced to lower q values and this fact is related to the
increase of the lattice parameters of these samples.

If the pore network is ordered the positions of the diffraction
peaks in reciprocal space will have well-defined ratios. In the case
of the hexagonal network the ratios between the values of q of all
peaks and the q(100) value of the (100) peak are√1,√3,√4,√7 and
√9 [37]. Table 3 shows the calculated value of these ratios for all
samples. These values are very close to those expected for a hex-
agonal lattice.

The isotherms and the pore size distribution are presented in
Fig. 2. The NAI data, shown in Table 4, reveal that the TIPB
addition caused a decrease of the BET specific surface areas. The
BET specific surface areas of the samples with expanded pores
ontribution of the mesopores
ontribution of the micropores
ctor
t for conservation of the Porod invariant

ter

cylinder
cylinder
der
r and inner electron density contrast of the cylinder
sian interface
sity
yration of the micropores



Fig. 2. (a) Isotherms and (b) pore size distribution of conventional and expanded pore
SBA-15 samples.
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presented reductions of 16% and 23%. The decrease in BET spe-
cific surface area is due to the cylindrical shape of the mesopores:
since the specific total pore volume remained unchanged, an
increase in the average pore diameter causes a decrease in the
pore surface area [20].

The isotherm of P05 sample indicates a secondary porosity. This
secondary porosity is also evident in the bi-modal pore size dis-
tribution curve of this sample which shows a small peak located at
D z 104 Å. This result shows that the amount of TIPB was not
enough to expand all pores of the matrix. On the other hand, the
increase of TIPB mass during the synthesis to a larger TIPB/P123
ratio promoted an increase in lattice parameter, preserving the
hexagonal structure, but with smaller ordered domains.
Table 4
NAI and SAXS data. Here Vt is the total pore volume, Vm is the micropore volume,
ABET is BET specific surface area, Am is the micropore specific surface area, Dp is the
average pore diameter and a is the lattice parameter. Errors in the fitting calculations
of the BET area and the lattice parameter are less or equal to 0.5%.

Vt (cm3/g) Vm (cm3/g).10�2 ABET (m2/g) Am (m2/g) Dp (Å) a (Å)

P0 1.33 12.99 (25) 910 297 (4) 109 121
P05 1.33 13.80 (25) 765 304 (5) 117 125
P2 1.34 13.74 (22) 698 303 (4) 135 146
3.2. The characterization of the proteins

In order to estimate the dimensions of the proteins used in this
work, SAXS measurements of the BSA and HGG diluted in PBS so-
lution were performed.

First, the Gnom software was used to fit the experimental data
SAXS of the BSA in solution, considering it as a monodisperse
system [supplementary figures S1 (a) and (b)]. The maximum
diameter of the particle provided by the fitting procedure was
Dmax ¼ 142 Å, which is similar to the mean pore size of P2 sample.
This maximum dimension is larger than the expected size for the
native BSA (~90 Å). It is possible to show that the BSA sample is a
polydisperse system composed of monomers and dimers, since the
BSA atomic structure is known. One can compare the experimental
scattering data with the theoretical calculated intensity. This can be
performed by the use of the software Crysol. Interestingly, the
asymmetric unit in the pdb file of the BSA is a dimer. Neither the
monomers nor the dimers single models are capable to describe the
SAXS data. Therefore, a mixture of monomers and dimers was
calculated, using the software Oligomer. The form factors calculated
by the program Crysol were used as input and the software opti-
mized the volume fractions, as shown in equation (3). Fig. 3 shows
the results, considering BSA as a monodisperse system of mono-
mers, a monodisperse system of dimers and a polydisperse system
of monomers and dimers, demonstrating a good agreement be-
tween experimental and model results of this last approach. Using
this fit it was possible to determine themolecular mass through the
gyration radius and the concentration of monomers and dimers.
The background was also adjusted by adding a constant for all fits.
Also, the pdb file was used in Massha software [38] to estimate the
BSA dimensions. These data are shown in Table 5.

The maximum diameter obtained by the p(r) curve of BSA
sample using the Gnom software agrees with the larger dimension
of the dimer (140 Å) determined by Massha software. Also, the p(r)
of BSA is characteristic of elongated particles and the peak at
r z 35 Å corresponds to the average value of the other two di-
mensions (cross section dimensions) of the monomer and dimer,
which are approximately 30 Å and 40 Å.

Fig. 4(a) and (b) show the SAXS curves of the HGG solution using
Gnom software fit. The IFT modeling provides a good fitting of the
SAXS curve and the overall dimensions obtained from the p(r)
Fig. 3. BSA SAXS data, simulated as a monodisperse system of monomers, mono-
disperse system of dimers and polydisperse system of monomers and dimers.



Table 5
Molecular mass, volume fraction and dimensions of BSA particles.

Monomers Dimers

Molecular mass (kDa) 66.4 133.0
Volume fraction (%) 66.3 (4) 33.7 (3)
Dimensions (Å) 28 � 70 � 41 30 � 140 � 40

Fig. 4. (a) SAXS data fitting and (b) pair-distance distribution function for HGG
samples.

Fig. 5. SAXS curves of the (a) P0, (b) P05 and (c) P2 SBA-15 samples with proteins and
PBS.
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curve of the HGG in solution was ~270 Å. This p(r) resembles the
one obtained from elongated particles [39]. The obtained
maximum size indicates that the protein is probably forming ag-
gregates [40].

Other important aspect that may influence the incorporation is
the particle flexibility. Information about flexibility can be obtained
by the so called Kratky Plots (I x q2 vs. q). These plots indicated that
the BSA protein is globular and compact, whereas the HGG protein
presents higher degree of flexibility [supplementary information
S2].
3.3. Incorporations of the proteins

The intensity of the SAXS curves of the SBA-15 samples with
proteins (Fig. 5(a)-5(c)) is shifted to lower values. This is related to
the absorption of the proteins present in the sample and also to the
filling of the micropores by the PBS solution. The lattice parameter



Table 6
NAI and SAXS data of the silica samples with proteins. Here Vt is the total specific pore volume, Vm is the micropore specific volume, ABET is the BET specific surface area, Am is
micropore specific surface area, DP is the average pore diameter, a is the lattice parameter and Apeaks is the sum of the integrated areas of the (100), (110) and (200) diffraction
peaks.

Vt (cm3/g) Vm (cm3/g)$10�2 ABET (m2/g) Am (m2/g) DP (Å) a (Å) Apeaks (arb. u.)

P0 1.33 12.99 (25) 910 297 (4) 109 121 269.35 (8)
P0B 0.58 0.34 (7) 256 15 (2) 107 121 52.20 (30)
P0H 0.57 0.33 (5) 208 14 (1) 108 120 52.82 (36)
P0P 0.44 0.33 (7) 188 14 (1) 111 120 103.51 (74)
P05 1.33 13.80 (25) 765 304 (5) 117 125 19.12 (44)
P05B 0.39 0.10 (2) 119 4.8 (4) 106 125 9.22 (6)
P05H 0.43 0.21 (1) 105 7.4 (7) 112 125 9.09 (5)
P2 1.34 13.74 (22) 698 303 (4) 135 146 6.82 (3)
P2B 0.30 0.00 78 0 116 145 2.47 (1)
P2H 0.28 0.21 (2) 101 3.5 (8) 117 146 3.72 (4)
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did not change with the incorporation, which is already expected
considering the hydromechanical stability of SBA-15.

The integrated areas of the (100), (110) and (200) peaks were
calculated because these peaks have higher intensities and are
more defined. The values (sum of the integrated areas of the peaks)
are shown in the Table 6. Fig. 5(b) shows the SAXS results of the
samples synthesized with TIPB/P123 ¼ 0.5 mass ratio. In this case
Fig. 6. (a) Isotherms and (b) pore size distribution of the conventional SBA-15 samples
encapsulated with proteins and PBS.
the (210) diffraction peak became apparent after the incorporation
of the proteins. This fact is probably related to the reduction of
contrast of electron density of smaller mesopores and micropores
due to their filling. These smaller pores and micropores contribute
significantly to the intensity of the scattering curve at high values of
q [27]. Therefore, as the influence or the scattering due to them
Fig. 7. (a) Isotherms and (b) pore size distributions of the SBA-15 samples with mass
ratio TIPB/P123 ¼ 0.5 encapsulated with proteins and PBS.



Table 7
Parameters obtained by fitting the SAXS data of the SBA-15 samples with proteins.
The c2 is the reduced chi-squared and it is an estimative of the quality of the fit.

Parameter P0 P0P P0B P0H

Sc1 0.53 (6)$104 1.56 (17)$104 5.71 (14)$104 4.08 (13)$104

Sc2 0.76 (20) 1.35 (7) 1.38 (13) 1.17 (12)
C 12.6 (5) 4.0 (4) 4.0 (2) 4.8 (2)
a (Å) 119 (1) 118 (1) 118 (1) 118 (1)
D (Å) 8.85 (69)$103 8.62 (44)$103 8.62 (44)$103 8.62 (44)$103

sa 8.68 (14)$10�2 5.81 (23)$10�2 5.81 (23)$10�2 5.81 (23)$10�2

Rin (Å) 54.3 (3) 49.0 (3) 50.0 (8) 51.1 (9)
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decreases, the scattering due to hexagonal network of mesopores
becomes more evident causing the appearance of the (210) peak.

The NAI results are shown in Figs. 6e8. The reduction in volume
and surface area of the micropores was larger than 95%. The mi-
cropores were filled only by PBS since the volume and specific
surface area of micropores of this sample with only PBS, of the
sample with BSA and of the sample with HGG are the same. In
addition, the size of the proteins, which were approximately
calculated in section 3.2, would not allow their encapsulation in-
side the micropores.
Rout (Å) 64.3 (3) 75.2 (3) 75.4 (2) 74.6 (2)
Drout/Drin 11 (2) 1.42 (5) 1.10 (1) 1.08 (1)
sR/R 11.4 (2)$10�2 7.5 (3)$10�2 7.6 (1)$10�2 7.9 (1)$10�2

c2 4.1 5.2 9.1 7.9
3.4. SAXS modeling

This section presents the parameters obtained with the theo-
retical model described in section 2.2. The fits were made only for
the SBA-15 samples without TIPB since the samples with expanded
pores have only three diffraction peaks with very small integrated
intensities compared to the diffraction peaks of the conventional
sample.

Some parameters were fixed because they became unstable
during the fit, they are: n ¼ 0.01, sint ¼ 3.0, L ¼ 5000 Å and
Rg ¼ 50 Å. The background parameter has two different values: for
P0 sample Scconst ¼ 1.4$10�2 and to the others samples
Scconst ¼ 0.26$10�2. The results are shown in Table 7 and Fig. 9.
Fig. 8. (a) Isotherms and (b) pore size distributions of the SBA-15 samples with mass
ratio TIPB/P123 ¼ 2 encapsulated with proteins and PBS.
4. Discussion

The SAXS results indicated that, on average, the pore network
remained hexagonal with the TIPB addition. As expected, the PSD
curve of the P0 sample presented a narrow distribution of pore
sizes, while the samples synthesized with TIPB presented a broader
distribution of pore diameters, which is characteristic of a more
polydisperse pore network. The average pore diameter increased
with the mass ratio TIPB/P123, the sample with the highest amount
of TIPB has an average pore diameter 23% higher than the con-
ventional sample P0. The volume and the micropore specific sur-
face area did not change significantly with the expansion of the
mesopores. The SAXS results showed that BSA has dimensions that
allow its encapsulation inside the pores of the SBA-15 samples, as
shown in section 3.1. The p(r) of the HGG shows a shapeless peak at
r z 70 Å, which indicates, as in the BSA case, that the particles of
the HGG have maximum diameter of 270 Å and the other two di-
mensions have an average value of r z 70 Å. Thus, the particles of
the HGG sample also can be captured inside the pores of the SBA-
15. The total areas of the SAXS peaks of the samples with proteins
are smaller than the total areas of the peaks of the samples without
protein. This is an indication of the presence of proteins and PBS
inside the silica pores since the reduction of the scattering intensity
of the diffraction peaks indicates a decrease in the electron density
contrast between the pores and the silica matrix. There was no
significant difference between the experimental results for samples
with BSA and HGG, with the exception of the sample P2. The area of
the diffraction peaks of the samplewith PBS is higher than the areas
of the diffraction peaks of samples with proteins, due to the fact
that the sample with only PBS has a lower absorption than the
other samples and also that part of the proteins could enter the
mesopores. The micropore volume and surface area of the P2B
sample have lower values than the accuracy of t-plot method,
therefore these parameters were considered as zero (Table 6). The
pore size distributions also indicated a filling of larger pores since
the average pore diameter was shifted to lower values. This
decrease is more evident for samples with expanded pores
(Figs. 7(b) and 8(b)). The P0P sample presents a mean pore diam-
eter slightly larger than the P0 sample without protein, again
indicating the filling of pores of smaller diameters by PBS. Also, the
BET specific surface area of this sample has a lower value than the
values of the samples with BSA and HGG. These results indicate that
the presence of the protein molecules may obstruct the pores and
also interfere with the capacity of PBS molecules to adsorb on the
silica pores. It is noticeable that the encapsulation of BSA is more
effective than HGG due to its smaller size, being a result more
evident for the P05 samples when compared to the P2 samples. The
incorporation of proteins caused a decrease in the loop of the



Fig. 9. SAXS data and fitting curves of the P0, P0B, P0H and P0P samples.
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isotherms, as well as in the maximum adsorption amount. This fact
is related to the decrease of the total volume and specific surface
area of the pores. The filling of the total specific pore volume ranged
from 60 to 80%, confirming the filling of the pores signaled by the
SAXS measurements. The percentage variation in the total specific
pore volume and BET specific surface area is higher for samples
with expanded pores and increases with the increase of average
pore diameter, initially suggesting that samples with larger average
diameters and lattice parameters could lead to even larger varia-
tions in BET surface area and total pore volume.

Analyzing the results obtained from the SAXS model, it is
important to notice that the scale factor Sc1 presented an increase
with the incorporation of PBS and proteins, indicating the forma-
tion of clusters that cause extra scattering. Comparing the sample
with HGG and BSA one verifies that this extra scattering is larger for
the sample with BSA. The modification of the parameter Sc2 when
compared to the values of the P0 sample, similar for the P0P, P0H
and P0B samples, indicates the filling of the micropores by the PBS
solution, in agreement with the results of section 3.3. The pore
radius Rin decreased after the incorporation of PBS and it is not
different for samples with proteins. This fact may be another evi-
dence of the partial filling of the mesopores. The outer radius Rout
increased after the addition of PBS and protein indicating an elec-
tronic density contrast difference between pores and silica walls
after PBS incorporation in the micropores. The variation in the
Drout/Drin is different for samples with proteins when compared
with the sample with only PBS, which indicates the presence of the
proteins inside the pores of thematerial. The c parameter presented
a similar decrease for the samples with PBS and proteins, so this
change is related to the filling of pores by PBS. The variation in the
sa disorder parameter is similar for the samples with PBS and
proteins and less than the value of pure SBA-15.
5. Conclusions

In this paper we confirmed that the addition of TIPB provided
silica with larger pores and with a more disordered pore network.
The SAXS measurements indicated that the pore network
remained, on average, hexagonal even after the addition of a large
amount of TIPB. The increase in pore size and lattice parameter
reached values of the order of 24% and 20%, respectively. This shows
that, in order to obtain a larger pore diameter, changes in other
synthesis parameters are required such as, for example, the syn-
thesis temperature. The total specific pore volume remained un-
changed with the TIPB addition. The increase of the average pore
diameter is followed by a decrease in the BET specific surface area
due to the cylindrical shape of the mesopores. It was possible to
perform estimations of the size of the BSA and HGG proteins in
order to verify if their dimensions are compatible with incorpora-
tion into the silica pores. The results indicated that the BSA and
HGG proteins have dimensions compatiblewith their incorporation
within the mesopores of SBA-15 samples. The measurements of the
silica samples with proteins revealed that more than 95% of the
micropores were filled by PBS. Although it has been shown that the
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proteins could be incorporated inside the mesopores, a significant
fraction of the proteins probably remained in the macroporosity of
the material since there was no significant difference between the
analyzed results of SAXS and NAI related to BSA and HGG encap-
sulation into the silica samples. These proteins may obstruct the
mesopores entrance. The percentage of total pore volume, filled by
the incorporation of the proteins, presented a small increase,
following the increase of the average pore diameter. The larger
diameter led to a better fit of the proteins and PBS molecules inside
silica pores. The total pore volume decreased by 56 to 79% and a BET
specific surface area by 72 til 89%. The micropores filling and the
partial filling of the silica mesopores by the proteins were
confirmed by the analysis made with a theoretical SAXS model.
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This work reports new experimental results about the synthesis
process to prepare an ordered mesoporous silica matrix with large
pores and its use as an efficient vehicle for encapsulation and
release of different proteins. Future applications of SBA-15 with
expanded pores as a vaccine adjuvant is an expansion of our
pioneer work about oral immunization.
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