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Hepatitis B virus causes acute and chronic infections in millions of people worldwide and, since 1982, a
vaccine with 95% effectiveness has been available for immunization. The main component of the recom-
binant hepatitis B vaccine is the surface antigen protein (HBsAg). In this work, the effect of pH, ionic
strength and temperature on the native state of the HBsAg antigen were studied by a combination of bio-
physical methods that included small angle X-ray scattering, synchrotron radiation circular dichroism,
fluorescence and surface plasmon resonance spectroscopies, as well as in vivo and in vitro potency
assays. The native conformation, morphology, radius of gyration, and antigenic properties of the HBsAg
antigen demonstrate high stability to pH treatment, especially in the pH range employed in all stages
of HBsAg vaccine production and storage. The HBsAg protein presents thermal melting point close to
56 °C, reaching a more unfolded state after crossing this point, but it only experiences loss of vaccine
potency and antigenic properties at 100 °C. Interestingly, a 6-month storage period does not affect vac-
cine stability, and the results are similar when the protein is kept under refrigerated conditions or at
room temperature (20 °C). At frozen temperatures, large aggregates (>200 nm) are formed and possibly
cause loss of HBsAg content, but that does not affect the in vivo assay. Furthermore, HBsAg has a well-
ordered secondary structure content that is not affected when the protein is formulated with silica
SBA-15, targeting the oral delivery of the vaccine. The combined results from all the characterization
techniques employed in this study showed the high stability of the antigen at different storage temper-
ature and extreme values of pH. These findings are important for considering the delivery of HBsAg to the
immune system via an oral vaccine.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

of mother-to-child transmission as a priority [2]. Since 1982, a
95%-effective vaccine has been available, firstly based on the smal-

Hepatitis B is a serious acute and chronic viral disease, which
affects millions of people, causing occupational hazards, cirrhosis,
hepatocellular carcinoma and death, as pointed out by the World
Health Organization (WHO). The Global Health Sector Strategy
(GSS) established the plan for the elimination of viral hepatitis as
a major public health threat by 2030, reducing new infections by
90% and mortality by 65% [1]. To achieve this goal, the WHO rec-
ommends universal immunization of infants, adolescents and
adults, and considers the vaccination of infants and the prevention
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ler non-infectious sub-viral particles (SVPs) purified from the
plasma of chronically infected patients, which were completely
replaced by recombinant vaccines over the years [3,4]. The main
component of the recombinant hepatitis B vaccine is the surface
antigen (HBsAg), a protein that self-assembles into ~22 nm spher-
ical virus-like particles (VLPs) which contain lipids, derivative from
the host cell, and around 80-100 monomers of HBsAg in a particle
[5]. The VLP based vaccine is safe and effective, but it is clear that
maintaining the native conformation of the main epitopes within
the VLP antigen in all stages of production and storage is critical
for its effectiveness. One of the biggest problems of hepatitis B VLPs
is the phenomenon of aggregation that may occur during the
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production process as well as during storage and it can be associ-
ated with loss of vaccine potency [6,7]. Although the Hepatitis B
vaccine has been described as relatively stable to temperature vari-
ations around room temperature [8], for instance even after
1 month at 37 °C, the exposure to elevated temperatures should
be avoided [9-11]. On the other hand, the freezing effects on the
HBsAg protein are not yet totally understood, although dissociation
of the antigen from the adjuvant surface and structural damage to
the antigen have been detected on vaccines that use aluminum salt
adjuvants. Therefore, the recommendation for the storage and
transport of the recombinant vaccine is between 2 and 8°C
[10,12-14].

Currently, the immunization schedule comprises 3 intramuscu-
lar doses, however, the implementation of alternative delivery
routes of Hepatitis B vaccine has the potential to greatly improve
the extent and efficiency of global vaccination programs. Oral
administration is an interesting approach because it improves
delivery and transportation, potentially reducing costs and
improving vaccine coverage. Since the early researches on the
Hepatitis B oral vaccine [15,16], many recent results have been
reported with different organic and inorganic vehicles/adjuvants,
essential to produce humoral response [17-22]. Among these
materials, ordered mesoporous silica (OMS) scaffolds have been
successfully used to encapsulate antigens [23-25], including
Hepatitis B surface Antigen (HBsAg) [21] for oral vaccine delivery.
New nanomaterials, like the hexagonal mesoporous silica struc-
tures (SBA-15) [26], have also been extensively investigated aiming
at a variety of biomedical applications [27-30]. Recently, the local-
ization and dynamics of the HBsAg inside the SBA-15 and its effi-
cacy as a vehicle for oral vaccination have been demonstrated
[31]. Thus, to better understand how SBA-15 works as a protective
vehicle through the acid environment of the stomach and duode-
num regions it is important to know the effects of pH variation
on the protein. This variation could compromise the disulfide
bonding of the antigen altering its immunogenicity [32].

In addition, during the manufacturing process, the HBsAg is
submitted to different pH and ionic strength conditions. In this
study, we performed a physicochemical and antigenic characteri-
zation of HBsAg in different conditions to simulate the manufac-
turing steps and diverse storage temperatures. To this end, small
angle X-ray scattering (SAXS), synchrotron radiation circular
dichroism (SRCD) and fluorescence spectroscopies were employed
to investigate the structural characteristics and properties of
HBsAg under various conditions. SAXS is a very useful technique
to determine the overall size and shape of proteins [33] for inves-
tigations directly in solution, while SRCD is a powerful tool to
determine protein secondary structure integrity under real condi-
tions [34]. SRCD can also be used to scrutinize secondary structures
and to perform fold recognition and structural genomics [34]. Here,
SRCD was crucial to determine the influence of pH and tempera-
ture on the biophysical properties of the HBsAg antigen. Finally,
fluorescence spectroscopy was employed to investigate the
microenvironment of the Tryptophan (Trp) residues in HBsAg in
different media, and in vivo and in vitro potency assays were done
to access the stability of HBsAg in different conditions.

2. Materials and methods
2.1. Recombinant HBsAg

Produced in yeast, the high purified Hepatitis B surface antigen
(HBsAg) is the active principle of hepatitis B vaccine produced by
Butantan Institute [35]. This antigen in bulk is kept in PBS
[phosphate-buffered saline under pH = 7.0] (pH 7.0 - ranging from
7.0 to 7.4) at 4 °C until formulation with addition of preservative

(thimerosal 0.10 mg/ml) and absorbed to aluminum hydroxide
adjuvant (1.25 mg/ml). In the present study we used only the anti-
gen in bulk preserved in the same conditions before the final
formulation.

2.2. Sample preparation

Samples of 10 mL of the bulk were prepared using Amicon
Ultra-15 Centrifugal Filter Units (50 kDa) in a final protein concen-
tration of 450 pug/mL. The original PBS was changed to different
solutions that are routinely used during the production process
of Hepatitis B vaccine. The solutions used were: i) solutions used
in intermediate products: sodium phosphate 10 mM, pH 5.5, 6.0,
6.4, 7.0 and 8.5; ii) buffer used in the formulation of pentavalent
vaccine [(Diphtheria, Tetanus, Pertussis, Hepatitis B and Hae-
mophilus influenza vaccine): sodium/potassium buffer with
150 mM NaCl pH 6.4, called in this work pH 6.4 T. In addition,
HBsAg was formulated with silica SBA-15 in proportion of 10:1
(5000 pg of silica and 500 pig of HBsAg) [21]. Samples were stored
for 6 months at 3 different conditions: —20 °C, 4 °C and for 5 con-
secutive days at room temperature (~20 °C) followed by storage at
4 °C. They were tested shortly after preparation (T0O) and after
6 months (T6). As recommended by WHO, for the in vivo and
in vitro assays used as a control of protein denaturation, the orig-
inal bulk (PBS, pH 7.0) was heated at 60 °C for 7 days to artificially
reduce the potency of vaccine [12]. In addition, in this study we
heated the sample at 100 °C for the same period. SBA-15 was syn-
thesized as described in Ref. [26].

2.3. Analytical methods for HBsAg determination

2.3.1. Assay for in vitro antigenicity of HBsAg by ELISA

The concentration of HBsAg was determined using a quantita-
tive sandwich ELISA (Murex HBsAg Version 3, DiaSorin) following
the manufacturer’s instruction. In short, the specimen is pre-
incubated in microwells coated with a mixture of mouse mono-
clonal antibodies specific for diverse epitopes on the ‘a’ that is
described as a specific conformation of the antigenic loop polypep-
tide of HBsAg. Affinity purified goat antibody to HBsAg conjugated
to horseradish peroxidase is then added to the specimen in the
wells. 3,3',5,5'-tetramethylbenzidine (TMB) and hydrogen peroxide
were used as a substrate for color development and optical density
was ready at 450 nm. Triplicate vial were used by each condition.
Estimations of the antigenic content were determined using
CombiStats™ software (version 4.0; EDQM/Council of Europe) by
Finney’s Parallel line assay. Antigenicity of each condition was
expressed as a percentage (%) of the HBsAg amount measure in
the reference control (HBsAg in PBS, pH 7.0).

2.3.2. Other analytical methods

Total protein concentrations were determined by Lowry
methodology [36]. SDS-PAGE analysis of protein was done as
described by Laemmli et al. [37] using 12% polyacrylamide gel.
The test was performed with 1-2 pg of each sample in denaturant
conditions and stained by AgNOs.

2.4. Assay for in vitro antigen-antibody interaction by surface plasmon
resonance (SPR) instrumentation

Steady state affinity was determined by surface plasmon reso-
nance in Biacore T200 System (GE Life Sciences). Anti-mouse IgG
(Mouse Antibody Capture Kit, BR-1008-38, GE Life Sciences) was
immobilized onto a CM5 sensorchip by amino coupling accord-
ingly to supplier instructions. Hepatitis B Virus surface monoclonal
antibodies: HB3 (cat. number MA1-19263); HB5 (cat. number
MA1-19264) and 164] (cat. number MA1-7350) were purchased
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from Invitrogen/ThermoFisher. Monoclonal antibodies at 10 ug/mL
in HBS-EP running buffer (0.01 M Hepes pH 7.4, 0.15 M NaCl - with
3 mM EDTA and 0.005% Tween 20 - HBS-EP, GE Life Sciences) was
then captured on the sensor (10 uL/min, 90 s) and this activated
surface was used to assess steady state affinity of each mAb to
the different samples of HBsAg. Protein concentrations from 2.5
to 40 ug/mL (twofold dilutions) were applied in a single cycle
approach (30 pL/min, contact 120 s), followed by a regeneration
pulse of 15 puL of 10 mM Glycine (pH 1.7). The affinities were calcu-
lated by BiaEvaluation software version 3.0.

2.5. In vivo potency assay

Animal tests were performed in accordance with institutional
guidelines for animal welfare under Instituto Butantan Animal
Care and Use Committee permits no. 1527091117. Female BALB/c
mice (Mus musculus) aged 5 weeks and weighting from 17 to
22 g were provided by Instituto Butantan Animal Facilities. All
the animals were from the same stock, and during the experi-
ments, they received balanced food and fresh water ad libitum.
Groups of 5 mice were immunized intraperitoneally (0.5 mL) with
a final concentration of 1.25pg/mL of HBsAg diluted in PBS
[phosphate-buffered saline pH 7.0] adsorbed in 0.5 mg/ml of alu-
minum hydroxide. All the HBsAg samples were prepared the same
way for immunization. Terminal bleeds were taken after 30 days
from retro-venous orbital plexus. Individual sera were tested for
antibodies to HBsAg by ELISA assay as described in Scaramuzzi
et al. [21]. Titers are given as the reciprocal of the calculated sam-
ple dilution corresponding to optical density (OD) above the calcu-
lated cut off (mean of OD) of three negative control sera plus 2
standard deviations (SD)). Wilcoxon Statistical test was used to
analyze the results. One group was immunized with PBS as a neg-
ative control. Non-responder is defined as a mouse having a titer
below 1 on a 10 log base. The concentration of HBsAg was deter-
mined using a quantitative sandwich ELISA (Murex HBsAg Version
3, DiaSorin) following the manufacturer’s instructions. Triplicate
vial were used in each condition. Estimations of the antigenic con-
tent were determined using CombiStats™ software (version 4.0;
EDQM]/Council of Europe) by Finney’s Parallel line assay.

2.6. Small angle X-ray scattering (SAXS)

SAXS measurements on HBsAg were performed on a laboratory
instrument XEUSS (Xenocs) SAXS instrument with a wavelength of
1.54 A and sample to detector distance of 0.9 m. At this configura-
tion the measured q range covers 0.015 A~! and 0.43 A~!. The mea-
surements were performed on samples stored at different
temperatures and also subjected to three different adjusted pH val-
ues (5.5, 7.0 and 8.5). All measurements were performed at room
temperature (25 °C). PBS and water were measured as a back-
ground and a standard for obtaining the absolute scattering inten-
sity [38]. The sample concentrations were 0.45 mg/mL. The data
was analyzed using the inverse Fourier Transform (IFT) method
[39] to obtain the forward scattering (I(0)), pair distance distribu-
tion and radius of gyration of HBsAg using the software package
WIFT [38] and GNOM [40]. For the ab initio modeling, the DAMMIN
program [41] was used. This program works as follows: a search
space filled with dummy atoms is created with a diameter identi-
cal to the one obtained from IFT analysis. Therefore, the particle
should be enclosed in this volume. By using a Monte Carlo based
heuristic optimization (simulated annealing) a subset of this initial
search space is obtained. The obtained model provides the best fit
of the experimental data.

2.7. Dynamic light scattering (DLS)

DLS measurements of HBsAg were performed at a 90Plus™
tabletop equipment from Brookhaven at three different adjusted
pH values (5.5, 7.0 and 8.5) and storage temperatures (—20 °C,
4°C and 20 °C). The correlation functions were modeled using
the Non-Negative Least Squares (NNLS) method [42] available with
the equipment software. As a result, the size distributions as a
function of particle diameter are obtained. The size distributions
can be weighted by the number of particles, particle volume or
the volume squared (intensity). It is very useful to plot these three
distributions in the same graph since it allows the identification of
small fractions of large particles or contaminants.

2.8. Synchrotron radiation circular dichroism (SRCD) spectroscopy

The SRCD spectra of HBsAg (25 uM) in PBS (pH 7.0) or incorpo-
rated into the ordered mesoporous silica SBA-15 at PBS (pH 7.0)
were collected over the wavelength range between 170 and
280 nm, in 1 nm intervals, using a 0.0106 cm pathlength quartz
cuvette (Hellma Scientific), collecting 3 individual scans of each
sample, at 10 °C, on the AU-CD beamline at the ASTRID2 syn-
chrotron (University of Aarhus, Denmark). The structural stability
of HBsAg was investigated over the temperature range between
10 and 90°C, in 5 °C increment, allowing 5 min equilibration at
each temperature, and alternatively, with the samples after storage
at 25 °C and 4 °C for 5 successive days. In addition, samples pre-
pared at different pHs (5.5, 6.0, 6.4, 7.0 and 8.5) and stored at
4 °C were analyzed when prepared (TO) and after 6 months (T6).
Additionally, in order to investigate the protein structure after
dehydration and examine the secondary structure of HBsAg after
the removal of bulk water during formation of a protein film, the
SRCD spectrum of a partially dehydrated film of HBsAg (0.7 nmol)
deposited on the surface of a quartz glass plate was collected in the
wavelength range between 155 nm and 280 nm, at 10 °C, with
successive rotations on the plate (at 0°, 90° 180° and 270°).
The high tension (HT) signal (or dynode voltage) was collected
simultaneously with each SRCD spectrum over the same
wavelength range.

CDToolX software [43] was used for all SRCD data processing,
which consisted of averaging the three individual scans, subtrac-
tion of the corresponding baseline spectrum, smoothing with a
Savitzky-Golay filter, zeroing spectra in the 263-270 nm region
and conversion to delta epsilon (Ag) units, using a mean residual
weight of 112.8. Analysis of the HBsAg structural content was per-
formed with the DICHROWEB server [44], using database SP175
[45] and the Continll [46] algorithm. Predictions of secondary
structure of HBsAg were performed with GOR4 software [47]. Pro-
tein concentration was determined using the theoretical extinction
coefficient of 81,315 M~" cm™! at 280 nm.

2.9. Intrinsic tryptophan (Trp) fluorescence spectroscopy

The steady-state emission spectrum of HBsAg (3.0 uM, a low
concentration solution for obtaining the emission spectra, avoiding
inner filter effects) in PBS (pH 7.0) or incorporated into SBA-15 par-
ticles, and alternatively, at the pH range between 5.5 and 8.5, were
measured on an ISS K2 spectrofluorimeter (ISS Inc., Champaign, IL)
using 8 nm slits for both excitation and emission and 1 cm path-
length quartz cuvettes. Sample excitation was performed at
295 nm and emission spectra were recorded from 300 to 450 nm,
in 1 nm intervals, at a temperature ranging from 10 °C to 45 °C,
using the temperature control via a circulating water bath.
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3. Results and discussion

The production process of the Hepatitis B vaccine by the Butan-
tan Institute is comprised of several steps including fermentation,
extraction and purification aiming to obtain a highly purified
HBsAg VLPs in PBS at neutral pH. During all these steps, the antigen
is submitted to different conditions of pH, varying from 5.5 to 8.5
and ionic strength, with or without NaCl. The effects of the compo-
nents of these different solutions were analyzed regarding the
structural protein integrity (both secondary and tertiary), anti-
genicity and immunogenicity.

3.1. SAXS characterizations of HBsAg in aqueous solution

As shown in previous works the HBsAg protein forms a stable
self-assemble on VLPs with a small degree of polydispersity. Sev-
eral modeling approaches were tried to describe the scattering
data, either assuming a shape or model-free methods. The best
results were obtained using the so-called IFT method (Indirect
Fourier transformation method), were a pair distribution function
(p(r)) is obtained from the fitting of the experimental data. How-
ever, since the system can have a certain degree of polydispersity,
is necessary to understand what the obtained p(r) may provide. For
a system composed of different non-interacting particles, the total
scattering intensity is given by [48]:

N
(@) = Y_cili(q) (1)
i=1

were ¢; stands for the concentration of the particles i in the system.
The pair distribution function p(r) can be obtained by the Fourier
transform of the scattering intensity I(q) from a system composed
of non-interacting identical particles [49]:

P0) =5 [ ral@sen(arda @)

Since each fraction of Eq. (1) is assumed to be monodisperse,
one can apply a Fourier transform in both sides of that equation
an define a total p(r) as

a Several pH / stored at 4°C
measured at 25°C

10+ T '
102 101 10°

q [nm'']

N
P = Zcipi(r) 3)
i1

Therefore, the total p(r) function, which can be directly calcu-
lated form the total scattering intensity, can be understood as
the composition of the individual p(r) functions of each fraction.
In this way, this provides an average representation of the particles
composing the system. For small degrees of polydispersity (in size
and shape) this average p(r) function gives a good indication of the
overall size and shape of the particles in the system. This approach
was successfully used in previous investigations [31].

Absolute scattering intensity data, fitted using the IFT method,
are shown in Figs. 1 and 2 for samples measured with various stor-
age temperatures (—20 °C, 4 °C and 25 °C) and pH (5.5, 7.0 and 8.5).
The pair distance distribution p(r) for each case is shown in Figs. 1b
and 2b. The obtained p(r) functions indicate an overall globular
shape for all the investigated cases. The Guinier plots (Ln I x g?)
are shown in Suppl. Fig. 1. As shown in that plot, one has a reason-
able linear region on at low angles which indicates a certain degree
of monodispersity in the samples. The obtained radius of gyration
from the Guinier analysis are similar to the ones obtained from the
IFT procedure. It is necessary to note that the experimental q range
is not optimum for the investigated particle sizes (~30 nm), which
would demand a gy, < 0.104 nm~! (7/30). In any case, since the p
(r) is obtained from the fitting of the full experimental curve, it is
possible to obtain good extrapolations even in these situations
[50]. The sizes obtained by the SAXS analysis are much larger than
the expected for the protein monomer. This was also confirmed by
the estimation of the average molecular weight (MW) of 1700-
2800 kDa of the studied samples, obtained by the forward scatter-
ing [38]. As the theoretical MW of the HBsAg protein is
25387.14 Da, one can estimate that the VLPs are composed of oli-
gomers ranging from 70 to 110 protein subunits in a given particle.
The obtained parameters from IFT fit are shown in Table 1.

Another strategy can be used to obtain a possible indication of
the overall shape of the formed VLP. Even though the atomic reso-
lution structure for the investigated protein is not available, it is
possible to calculate the minimum radius of a protein in order to
have a given molecular weight. As shown by Erickson [51], the

b

035 -
030
025 -

020+

p(r) [am. u.]

015 -
010 -

0054 /i

Fig. 1. SAXS results for HBsAg samples initially stored at 4 °C prepared at pH 5.5, 7.0, and 8.5. (a) SAXS intensities (symbols) and IFT fits (solid lines). The curves where shifted
for an easier visualization. (b) Pair distance distribution - p(r) functions obtained from IFT fits.
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Fig. 2. SAXS results for HBsAg samples prepared at pH 7.0 and stored initially stored at —20 °C, 4 °C and 25 °C. (a) SAXS intensities (symbols) and IFT fits (solid lines). The
curves where shifted for an easier visualization. (b) Pair distance distribution - p(r) - functions obtained from IFT fits.

Table 1
Structural parameters obtained from IFT fitting.

pH 7.0 pH 5.5 pH 8.5
Storage Storage
Parameter -20°C 4°C 25°C 4°C 4°C
Rg [nm] 11.3+0.1 10.1+0.2 10.7 £ 0.1 11.2+0.1 109+2
Dmax [nm] ~31.5 ~30.5 ~30.8 ~32.5 ~31.5
MW [MDa] 23102 1.7+£0.2 23+02 28+03 1.9+0.2
N prot ~90 ~70 ~90 ~110 ~70

minimum radius of a protein can be calculated by the relationship
Rmin = 0.066 MW'/3, for MW in Da and Rmin in nanometer. There-
fore, for the HBsAg protein, MW =25387.14 Da, which gives
Rmin ~ 1.93 nm. This is, of course, a very crude approximation
for the protein, but this presumed sphere has a volume similar to
the protein. This information was used in the ab initio calculations,
where the subunit radius was assumed to be 2 nm. In this way,
the obtained low-resolution model will give an indication of a pos-
sible oligomeric arrangement of the HBsAg protein monomers in
the VLP. The obtained low resolution models for the samples at
pH 7.0 are shown in Suppl. Fig. 2 together with the corresponding
fit.

The radius of gyration (Rg) of HBsAg in all investigated samples
is shown in Table 1. It is observed that Rg varies slightly on the
investigated samples, i.e. between 10.1 nm and 11.3 nm.

3.2. Dynamic light scattering of HBsAg protein

The correlation functions, NNLS fit and obtained number, vol-
ume and intensity distributions are shown in Suppl. Figs. 3, 4,
and 5, respectively. In all cases, the size distributions show a max-
imum around 30 nm, in very good agreement with the obtained
values from the SAXS investigations. However, the distributions
also indicate the presence of larger aggregates (>200 nm) in vari-
able fractions, corroborating with the results obtained from SAXS
(Suppl. Table 1). For the calculation of the given fractions, the area
under the curve for the peaks at larger sizes and the area for the

peak at lower sizes are normalized by the full area under the curve,
which then gives the mass fraction, in percentage, of VLP (smaller
sizes) and the larger aggregates in each case. It is important to note
that these values are for volume fractions. If one computes the
number of particles in each situation, they clearly see that the pres-
ence of VLP particles is above 99.8%. The obtained results indicate
that the product stored at —20 °C tends to form a slightly larger
amount of aggregates, which may be not recommended for main-
tenance of antigenic properties [13].

3.3. Secondary and tertiary structures of HBsAg protein in aqueous
solution, incorporated into SBA-15 and in films

The SRCD spectrum of HBsAg in aqueous solution (Fig. 3) is typ-
ical of a protein containing regions in o-helix structure, which is
assigned with the presence of the two minima at 208 nm and
220 nm, the large positive maximum at 192 nm, and an additional
shoulder at 180 nm. Indeed, the deconvolution of HBsAg SRCD
spectrum at pH 7.0 using DICHROWEB webserver gave a content
of 24% helix, 21% B-strands and 55% other structures (turns and
disordered). These values are in close agreement with the predic-
tions of secondary structure (Suppl. Fig. 6a) performed on HBsAg
(25% o-helix, 21% extended B-strand and 54% other structures)
using bioinformatics analysis. In addition to that, the Trp emission
spectrum of HBsAg, which contains 13 Trp and 6 Tyrosine (Tyr)
residues in its primary structure, in aqueous solution at 10 °C
(Fig. 3 inset), has maximum emission centered at 335 nm, typical
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of proteins in which the Trp residues are shielded from exposure to
water molecules [52].

The SRCD spectrum of HBsAg incorporated into SBA-15 (Suppl.
Fig. 6b) showed no detectable structural changes, suggesting that
the native secondary structure of HBsAg was kept unaltered inside
the silica matrix. Estimations of secondary structure content were
equivalent to that of the protein in solution. In agreement with
that, the Trp emission of the protected HBsAg presented the same
maximum emission at 335 nm and showed the preservation of the
aromatic residues’ environment from solvent. As observed when
the protein is adsorbed in aluminum salt for the formulation of
the conventional Hepatitis B vaccine, the incorporation of HBsAg
into silica did not affect the VLP, maintaining the integrity of
important epitopes [53]. In addition, we emphasize that our group
showed previously that HBsAg particles incorporated into SBA-15
induced the production of specific antibodies, by both oral and
subcutaneous injection, demonstrating the maintenance of their
immunogenicity properties and supporting our data [21].

Moreover, as often observed for well-ordered globular proteins
during formation of a partially dehydrated film [34], the SRCD
spectrum of the HBsAg in a partially dehydrated film is formed
only by HBsAg and residual water (Fig. 3). Also, the result showed
that the protein was able to maintain its native globular structure
after removal of bulk water and revealed additional bands in the
low-wavelength region (at 165 nm and 175 nm) that could be
attributed to the presence of regions in p-strand conformation in
the protein [34].

3.4. HBsAg stability at different pH and temperatures

After incubating HBsAg at pH ranging from 5.5 to 8.5, the
respective SRCD (Fig. 4a) and Trp emission (Fig. 4b) spectra were
taken and revealed no changes compared to HBsAg in PBS (pH
7.0), suggesting the high structural stability of HBsAg to preserve
its native secondary structure and exposure of Trp region to water
under this whole pH range. In fact, even after 6 months of storage
(Suppl. Fig. 7) the SRCD spectra of HBsAg preserved the same spec-

8 ——pH55
——pH 6.0
——pH6.4
6 pH 6.4T
——pH7.0
— ——pH 8.5
v 44
£
Q
T 2
I/
w
< 0
24
a
'4 T T T T T
180 200 220 240 260 280
Wavelength (nm)
1500 -
< 10004
2
‘B
e
2
c
— 5004
0

T T
350 400

Wavelength(nm)

T
300

Fig. 4. (a) SRCD spectra of HBsAg at different pHs (from 5.5 to 8.5) and (b) their
respective Trp emission spectra.
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tral shape of the native protein. At the more acidic pHs, from 5.5 to
6.4, a slight reduction of the spectral bands was noted, however,
without changing its spectral shape, suggesting that the native glo-
bal structure of the antigen was preserved. The preserved structure
of HBsAg was also suggested due to the same Trp emission maxi-
mum position after 6 months storage at the studied pH range.

To check the effect of temperature on the protein structure, a
thermal melting assay was conducted on HBsAg in PBS (pH 7.0)
until the complete denatured state was reached at 90 °C (Fig. 5a).
Initially, the SRCD spectra of HBsAg kept at 4°C taken at
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Fig. 5. (a) SRCD spectra collected upon thermal melting of HBsAg from 10 °C (black)
to 90°C (red), in 5°C steps (intermediate scans are in gray). (b) Effect of
temperature on the Trp emission spectrum of HBsAg between 10 and 55 °C. (c)
Thermal denaturation curves of HBsAg taken from the ellipticity values at 222 nm
from a sample kept either at 4 °C or at 25 °C.

temperature values between 10 °C and 45 °C showed that the sec-
ondary structure of HBsAg presented no conformational changes
from its native state. In agreement with that, fluorescence spec-
troscopy showed that the position of the Trp maximum emission
was not changed within this temperature range (Fig. 5b), indepen-
dently of pH (Suppl. Fig. 8). However, on further heating, a gradual
reduction in the magnitudes of all the SRCD spectral bands is
observed (Fig. 5¢). These changes might induce the protein to a
complete unfolded state after crossing a melting point at 56 °C.
However, the thermal melting analyses conducted with samples
kept at room temperature showed a 5 °C reduction on its thermal
melting point (Fig. 5¢) suggesting that the thermal stability of this
sample was slightly reduced.

Moreover, sequential SRCD spectra recorded from HBsAg kept
at 4 °C followed by maintenance at room temperature (~20 °C)
during five successive days (Suppl. Fig. 9) showed quite equivalent
shape in all the spectral bands magnitude and position for the
native conformation of HBsAg, even after 6 months storage. All
these findings suggested no changes on the secondary structure
of the protein within this time frame, showing high stability at
4 °C and at room temperature.

Taken together, the results revealed that the buffers employed
during the manufacture and storage did not alter the native confor-
mation of HBsAg, as revealed by the preservation of the SRCD spec-
tral bands, the intrinsic Trp emission spectra and the value of
radius of gyration, suggesting the quite high structural stability
of this protein, even after 6 months storage. High temperature,
however, was shown to have a more severe effect on protein
denaturation, especially at values close to its melting point
(56 °C). At more extreme pH values, a tendency to form large
aggregates and/or protein unfolding was observed, and that could
ultimately promote the loss of vaccine potency [6,53].

3.5. Antigenicity and immunogenicity results

The antigenicity of HBsAg was measured by ELISA using anti-
bodies against the “a” determinant corresponding to residues
99-169 of the HBsAg protein, the immune-dominant region of
the particle, eliciting the neutralization of antibody responses upon
natural infection and vaccination. Hence maintenance of the struc-
tural conformation of the particle is crucial for the recognition by
the antibodies [53-55]. Heating to extreme temperatures can
cause serious morphology changes, coupled with inappropriate
intra- and intermolecular disulfide bonds that are crucial for the
immunochemical and biological function of the HBsAg particles
and consequently for its antigenicity and immunogenicity proper-
ties [53]. Thus, as a control of denaturation, one sample of refer-
ence control (HBsAg in PBS - pH 7.0) was submitted to extreme
temperature of 60 °C for 7 days. Although 60 °C is close to the melt-
ing temperature, and it is the temperature recommended by WHO
[12], this temperature was not enough to complete denatured the
HBsAg, corroborating the expected antigen stability in this
temperature verified by others [53]. Consequently, the sample
was submitted to a higher temperature (100 °C) through the same
time leading to complete denaturation of the antigen, indicated by
the loss of recognition by specific antibodies (Fig. 6 and Suppl.
Fig. 10).

As showed in Fig. 7, the relative antigenicity of samples main-
tained at 4 °C in solutions with lower pH (5.5; 6.0 and 6.4) dropped
to approximately 60% in both, time zero (TO) and after 6 months
(T6). This decrease might be related to the small amount of precip-
itation verified in these conditions, revealing a decrease in quantity
of HBsAg particles available in solution, but not on its native
conformation, supporting the results obtained by SRCD and
fluorescence spectroscopies. Besides, the more acid pH could com-
promise the formation of the disulfide bonding, which is associated
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Fig. 7. Steady state affinity of HBsAg in different pH and strength ionic (sodium phosphate 10 mM pH 5.5, 6.0, 6.4, 6.4 T, 7.0 and 8.5, and PBS, pH 7.0) and, in different storage
conditions (4 °C and —20 °C). Each point represents only one experiment and the error bar is the standard error provided by the Biacore T200 System software.

to the expression of important epitopes of HBsAg [34]. Instead,
samples kept in the other pH and ionic strength conditions (solu-
tions at pH 7.0, 8.5 and 6.4 T) maintained its potency, even after
6 months. All samples kept frozen at —20 °C precipitated when
fast-thawed at room temperature and the results of HBsAg content
were highly variable and could not be properly analyzed (data not
shown). As showed by DLS method at this temperature a slightly
larger amount of aggregates was described, which could be associ-
ated to loss of the vaccine potency [10,13]. Samples maintained at
room temperature were not tested in the in vivo and in vitro assays
due to problems occurred during storage.

3.6. Assay for in vitro antigen-antibody interaction by surface plasmon
resonance (SPR) instrumentation

As the conformation of protein is crucial for the recognition of
antibodies, it was also analyzed the antigen antibody interaction
by SPR instrumentation of 3 different mAbs, directed against differ-
ent epitopes of S protein (HB3, HB5 and 164I), with HBsAg particles
in different conditions of preparation and storage. Storage condi-
tions and pH did not affect HBsAg recognition by the different
mAbs (Fig. 8), demonstrating the maintenance of the structural
and morphology of the particle.
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Fig. 8. Antibody titer of total IgG anti-HBsAg production in BALB/c mice intraperitoneally immunized with different formulations of HBsAg (different pH 5.5, 6.0, 6.4, 6.4 T, 7.0
and 8.5) and storage at 4 °C and —20 °C. Immune response of HBsAg particles is largely lost after heating at 100 °C (p < 0.05).

In vivo potency test: The ability of different formulations to
induce total IgG anti-HBsAg response was performed in mice. All
samples, in different pHs, ionic strength and different storage tem-
peratures, induced similar immunological response when com-
pared to the control reference, except the sample heated at
100 °C (Fig. 8), suggesting once again an important alteration of
their structure and conformation at high temperature.

4. Conclusions

Bioinformatics analyses, fluorescence and SRCD spectroscopies
indicate that HBsAg is indeed a well-ordered globular protein,
which assumes a mixed o/f conformation in solution, preserving
its Trp residues from solvent exposure. Scattering methods, SAXS
and DLS, provided useful indications on overall protein size and
shape and oligomeric state, indicating the stability of the protein
for broad pH ranges. The native secondary and tertiary structure
of HBsAg in solution remains quite stable for 6 months when kept
at 4 °C or at room temperature (~20 °C) for 5 consecutive days, and
the stability of the protein submitted to different pHs and ionic
strength, ranging from 5.5 to 8.5, was also high. However, at frozen
temperatures, both large aggregates (>200 nm) and protein precip-
itation were noticed, and that possibly causes the loss of HBsAg
content, but it did not interfere in the affinity of the antigen with
specific antibodies or in the in vivo assay. Some level of protein
aggregation has also been observed at extreme pH levels, espe-
cially with the more acidic pHs, which might explain the loss of
around 60% antigen content determined by ELISA. Aggregation
did not interfere in the results of other biological tests. These
results showed that the conformational structure of the protein,
crucial for the developing of the immune response, has been
preserved.

On the other hand, HBsAg can be unfolded by the effect of high
temperature (especially after 45 °C), with remarkable conforma-
tional changes on its secondary structure after this point, although
the immunogenic and antigenic properties at temperatures above
this point are still preserved. Fully denaturation was observed only

at the high temperature of 100 °C, verified by the total loss of anti-
genic and immunogenic properties. Finally, the incorporation of
HBsAg into SBA-15 particles does not cause protein unfolding or
any detectable conformational changes from its native state.

The combined results from all the characterization techniques
proved that HBsAg is very stable under harsh temperatures (up
to 45 °C) and pH conditions (5.5-8.5), an important finding for oral
vaccine delivery at the Peyer’s patches. The OMS SBA-15 scaffold
could protect the antigen from the acidic stomach fluid, such that
it can reach the intestine. In addition, the stability of HBsAg inside
SBA-15 at room temperature (25 °C) might improve the distribu-
tion of the vaccine and consequently the efficiency of global vacci-
nation programs.
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