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Abstract

Mycobacterium bovis (M. bovis) is a slow-growing bacteria that can intracellularly reduce selenium
ions to elemental selenium nanoparticles (SeNPs). We used bacterial lysates along with vitamin C to
help the synthesis of SeNPs coated with M. bovis Bacille Calmette-Guérin (BCG) crude hydrophobic
materials. However, the large-scale fabrication, separation, extraction, and purification of intercellular
SeNPs which are prepared by using M. bovis, have many complexities. So, we developed a simple
method for preparation of above BCG-coated nanoparticles and tested its potential immune-modulato-
ry effects. In the current investigation, we cultivated the M. bovis in conventional media and prepared
total cell lysates from this bacterium by just applying freeze and thaw and ultra-sonication. The result-
ing cell lysates were added to the solution containing selenium ions before adding the ascorbic acid
as a reducing agent. At the end of the process, the fabricated selenium nanoparticles were separated
by centrifugation and characterized by different instrumentation methods. In the next step, to evaluate
the immune-modulatory effects of the hepatitis B surface antigen (HBsAg) vaccine alone, and in com-
bination with plain SeNPs or SeNPs-BCG lysate, the serum level of interferon-gamma (IFN-y) was
determined in different groups by enzyme-linked immunosorbent assay (ELISA). This study showed
adjuvant effects of prepared nanoparticles (in both 10 ng/300 pL and 100 pg/300 pL doses) in in-
creasing the level of interferon-gamma (IFN-y) in comparison with vaccine alone. Moreover, in both
doses of SeNPs-BCG lysate, the level of interferon-gamma (IFN-y) was remarkably higher than the
same doses of plain SeNPs. As a result, synthesized SeNPs in the presence of whole-cell lysates of M.
bovis indicated a greater ability to induce the interferon-gamma (IFN-y) compared with other groups.
Additionally, its easy fabrication procedure can be considered its superiority.

Keywords: Green synthesis; Hepatitis B surface antigen; Immune-modulatory effects; Mycobacterium
bovis; Selenium nanoparticles

Introduction during these centuries. Nanoparticles are a crucial
component of nanotechnology [1]. In comparison with
Nanotechnology has gained tremendous attention  respective particles on higher scales, nanoparticles
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exhibit distinct physical, chemical, and biological
properties. Due to their relatively larger surface area
to the volume and increased reactivity or stability in a
chemical process, nanoparticles possess the potential
to be applied in various applications [1]. There are
several approaches to the fabrication of nanoparticles.
These methods are categorized into bottom-up or top-
down methods. On the other side, numerous synthesis
methods are either being developed or improved to
advance the properties and decrease the production
costs. Some methods are modified to achieve process-
specific nanoparticles to enhance their optical,
mechanical, physical, and chemical properties [2].

Elemental Se is an insoluble metalloid compound,
which can be chemically or biologically produced at
the nanoscale [3]. Since nanosized elemental Se (Se”)
presents superior bioavailability and less toxicity
compared with selenate (Se’") or selenite (Se*") ions,
this nanoparticle can be a desirable alternative for other
forms of Se in clinical practice [4]. The main effects
of the selenium nanoparticles (SeNPs) are found in
various scientific studies, such as their precious roles
in immune-modulating, antioxidant and antimicrobial
effects, acting as a cancer preventive agent, etc [5].
Selenium nanoparticles are usually produced by
chemical or biological methods. Although SeNPs
harbor the potential to modulate immune responses, the
biological synthesis of these nanoparticles has a great
attraction due to the presence of different functional
groups or in better words pathogen-associated
molecules (PAMPs) from producing microorganisms
on the surface of nanoparticles. In this regard, our
previous research demonstrated that the administration
of biogenic SeNPs of Lactobacillus to the mice
increased Th1 immune responses. The results showed
that the biogenic or biologic form of SeNPs can be
used as a modulator to boost the immune response [6,
7]. Meanwhile, the potential of biogenic SeNPs as an
immunomodulatory agent besides the conventional
adjuvant in the formulation of the hepatitis B surface
antigen (HBsAg) vaccine model has been studied in
our previous research, and results showed a promising
potential for these nanoparticles to be used in the
vaccine formulation [8].

Hepatitis B (HB) is considered the most probable
leading cause of viral hepatitis in humans and involves
three-quarters of the world’s population. Many types
of research that develop appropriate vaccines to
control this viral infection show promising results
[9-12]. However, there are still some non-responder

individuals among the vaccinated population, which
have to be considered as a healthcare system challenge.
This population should be treated differently, or with
different vaccine formulations [13—15]. This is very
well known that the most common adjuvant for human
use is aluminum salts such as hydroxide and phosphate
[16]. Although alum is used as a common adjuvant
in hepatitis B surface antigen (HBsAg) vaccine
formulation to induce a humoral immune response,
it is less effective in stimulating a Th, response [17,
18]. For instance, in some non-responder patients
who get the alum alone vaccine formulation, the virus
interferes with cytokine production, leading to a defect
in interferon (IFN) production and weakening cellular
immune response [7]. To handle this challenge, many
under investigational vaccines are mixed with a potent
adjuvant as an immune modulator agent in parallel
with HBs antigen [19]. As stated above, microbial
components that activate the host immune system
have been designated as adjuvants [20]. Currently,
monophosphoryl lipid A (MPL) from salmonella
besides aluminium hydroxide is being used in the
formulation of the Fenderix vaccine produced by
GlaxoSmithKline. On the other hand, the cell wall
skeleton of Mycobacterium bovis (M. bovis) has
been investigated and well accepted as an immune
potentiator element to help the alum adjuvant for better
Th1 response stimulation. The cell wall skeleton (CWS)
of M. bovis (BCG-CWS) is known as a unique and
potent adjuvant for innate immunity and has been used
in many clinical studies [21].

In our previous study, SeNPs were prepared
intracellularly using M. bovis, isolated and
characterized (hereafter, biogenic myco@selenium
nanocomposites or BMSN). The mentioned
nanoparticles were covered with some molecules
related to this bacteria and could stimulate the humoral
immune system considerably [22]. In synthesizing
BMSN, the growth rate of M. bovis was a limiting
factor. In this process, selenium, which is a toxic
element, is added to the bacterial culture media and
M. bovis, converting the Se into SeNPs to detoxify
it. Extraction of these SeNPs from M. bovis is quite
a difficult and time-consuming process in which the
cytoskeleton components of M. bovis are damaged due
to applying the solvent to make two phasic milieu and
capture the SeNPs in the water phase. In the current
research, we develop a novel synthetic method using
ascorbic acid and total cell lysate of M. bovis which is
achieved only by freeze and thaw and ultra-sonication,
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to fabricate synthetic myco@selenium nanocomposites
in a test tube (hereafter, synthetic myco@selenium
nanocomposites or SMSN). Moreover, we evaluate its
potential as an immunomodulator in HBs-Ag vaccine
formulation besides the alum adjuvant.

Experiment
Bacterial strain and growth conditions

Maycobacterium bovis Bacille Calmette-Guérin
(BCG) (Pasteur Institute strain 1173P2) was obtained
from Pasteur Institute in Karaj. Conventional HBV
vaccine (HBs-Ag formulated in alum adjuvant) and
hepatitis B surface antigen (HBsAg) were supplied by
Pasteur Institute of Iran (Karaj, Iran) and were stored
at 4 °C until use.

Green synthesis and characterization of plain
SeNPs

5.2 mmol/L selenium dioxide solution (Merck,
Germany) was prepared, and an aqueous ascorbic acid
solution (5.2 mmol/L) was slowly added to the mixture
with continuous stirring at 300 r/min using a laboratory
magnetic stirrer. Later, the mixture was centrifuged and
washed three times with double distilled water.

Preparation of SMSN

To synthesize these nanoparticles, first, the M. bovis
strain BCG (Pasteur Institute strain 1173P2) was sub-
cultured and grown as a pellicle on Sauton liquid
medium. Then, M. bovis was inoculated in 250 mL of
Sauton liquid medium (10° cells) for 18 days at 37 °C.
After that, the culture medium was centrifuged and
the BCG cells were washed twice with 0.9% sodium
chloride solution (4000 r/min, 15 min). In the next
step, washed cells (3x10° cells/mL) were disrupted by
the freeze and thaw process with liquid nitrogen in a
mortar and pestle. This was done five times. The cell
lysate mixture was ultrasonicated at 100 W for 5 min
and centrifuged at 2800 g for 15 min. The supernatant
was collected and added (2.5 mL) to the 5.2 mmol/
L of selenium oxide (SeO,) solution (50 mL). In the
next step, an aqueous ascorbic acid solution (50 mL,
5.2 mmol/L) was slowly added to the above mixture
with continuous stirring at 300 r/min. Finally, the
suspension was centrifuged (15000 r/min, 30 min) at 4
°C, and settled nanoparticles were washed three times
with double distilled water.

Characterization of fabricated nanoparticles

A field emission scanning electron microscope
(FESEM) equipped with energy-dispersive X-ray

spectroscopy (EDS) was employed to observe the
NPs’ surface features and determine the elemental
composition. For FESEM observation, NPs were
mounted on specimen stubs and coated with gold.
Samples were analyzed with an MIRA 3 FESEM
(MIRA 3 TESCAN, USA) operated at 15 kV. In EDS,
the elemental composition was recorded by focusing
on a cluster of NPs.

To characterize the surface chemistry of SeNPs,
freeze-dried powder of synthesized SeNPs in presence
of BCG lysate was ground with potassium bromide
pellets and subjected to fourier transform infrared
spectroscopy (FTIR) analysis using a BOMEM FTIR
spectrophotometer (ABB Bomen Inc., St-Laurent,
Canada). FTIR studies were performed in the range of
500—4000 cm ' to determine the functional groups on
the NPs.

The particle size distribution patterns of generated
NPs were determined by dynamic light scattering
(DLS) equipment (Zetasizer MS2000, Malvern
Instruments Inc.). The size of the SeNPs prepared in
the presence of BCG lysate was further studied using
atomic force microscopy (AFM). It was observed
under an AFM microscope (Model-Nanowizard I,
German). AFM imaging was done in tapping mode.

Thermogravimetric analysis (TGA) experiments
were performed using NETZSCH STG 209F3
equipment (Netzsch GmbH, Germany). Dried samples
were placed in the TGA furnace. The samples were
heated from room temperature to 800 °C with a heating
rate of 10 °C/min under nitrogen. From the TGA curve,
percent weight loss was noted.

Animal study and immunization profile

To evaluate the possible immune-modulatory effects
of SMSN and plain SeNPs, 36 female BALB/c mice,
aged 6—8 weeks, were purchased from the Pasture
Institute of Iran (Tehran, Iran). The experimental mice
were randomly divided into four tests and two control
groups, each containing 6 mice (Table 1). They were
housed at a temperature of (23 £+ 1) °C and (55 + 10)%
with a 12 h light/dark cycle. All mice were fed via
a standard mouse pellet diet. Mice were immunized
subcutaneously with 5 pg of HBs-Ag vaccine alone
in the positive control group and in combination with
SMSN or plain SeNPs (at concentrations of 10 and
100 pg in a total volume of 300 pL) in test groups.
The immunization of mice was scheduled for the 1st,
14th, and 28th days of the in-vivo study. Mice were not
immunized in the negative control group.
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Table 1 Six categorized groups received different formulations
HBs-Ag Phosphate buffered . Synthetic myco@selenium Administration
Groups No. vaccine 5 ug saline (PBS) Plain SeNPs nanocomposites (SMSN) dose (ug)

1 + _ - 100
5 + _ 10
3 + - - + 100
4 + - - + 10
5 + - - - -

6 - + - - -

Delayed-type hypersensitivity (DTH) test

Mice in different groups received HBs-Ag at the
right footpads and PBS at the left footpads to compare
the corresponding induration. The thickness of the
footpads was measured for up to 72 h after footpad
injection, and DTH responses were represented as the
percentage increase of footpad swelling at the injection
site.

Serum sample collection for IFN-y

About 1 week following the last immunization, under
deep anaesthesia, blood was drawn from the heart of all
mice in each group. The blood was allowed to clot, and
the samples were centrifuged for 15 min at 10000 r/min.
The serum aliquots were stored at —70 °C. The serum
level of IFN-y was determined in different groups by
enzyme-linked immunosorbent assay (ELISA).

Ethics approval

All experimental procedures using animals in this
study were carried out according to the guidelines of
the Tehran University of Medical Science (Tehran,
Iran) for the care and use of laboratory animals.

Statistical analysis

In all statistical analyses, the variance was calculated.
These tests were performed with Sigma Plot. The

values were reported as mean + standard deviation.

Results
Preparation of nanoparticles

Plain SeNPs were chemically synthesized using
ascorbic acid, and their shape and size were confirmed
with FESEM. The upper illustration in Fig. 1 is a
representative FESEM image of the synthesized SeNPs
using ascorbic acid in the absence of BCG cell lysate.
The FESEM image showed that the particles range in
sizes below 100 nm with an average size of about 60
nm. In addition, SMSN was synthesized using BCG
cell lysate and ascorbic acid. The FESEM image of the
SMSN (upper illustration in Fig. 2) indicated that the
particles have a well-dispersed spherical shape, and the
size of most of them is less than 200 nm. The lower
illustrations in Figs. 1 and 2 respectively depicted the
EDS spectra of the plain SeNPs and SMSN. These
EDS peaks confirm the existence of elemental selenium
in both types of prepared NPs. Additional peaks related
to copper, carbon, oxygen, and nitrogen elements are
attributions of the grid used for FESEM imaging, or
organic materials originated substances.

Characterization of SMSN by FTIR

The FTIR technique was used to show the surface
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indicates that the SeNPs are well below 100 nm in size. The lower illustration shows the EDS spectrum of SeNPs, confirming the
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Fig. 2 FESEM image of synthetic myco@selenium nanocomposites (SMSN) (upper illustration) indicates that the SMSNs are well
below 200 nm in size. The lower illustration shows the EDS spectrum of this type of SeNPs, which is prepared in the presence
of BCG lysate, confirming the presence of Se atoms and the existence of SeNPs. Additional peaks of copper, carbon, oxygen and
nitrogen elements are attributed to the organic materials originated substance or grid used for FESEM imaging

of the nanocomposite. FTIR spectroscopy for SMSN
lysate is shown in Fig. 3, which confirms some
functional groups attached to the surfaces. The peaks
at 2925 and 2852 cm ' correspond to the C—H stretch;
the peak at 3424 cm ™' represents the N—H or O—H
stretch; the sharp bands at 1636 cm ™' were assigned
to the amide bond, and the peak at 1020 cm ' was
assigned to the C—O stretch. All these peaks revealed
that SeNPs were coated with the organic materials
originating from M. bovis strain BCG and were not
bare.
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Fig. 3 FTIR analyses of synthetic myco@selenium nano-
composites (SMSN)

Characterization of SMSN by dynamic light
scattering

The size distribution and surface charge for
fabricated SMSN were measured in a suspension on
a Zeta sizer Nano ZS particle analyzer (Malvern). As
shown in Fig. 4, this analysis confirms that the mean
size and surface charge of the nanocomposites were
around 200 nm and —19.3 mV, respectively.

Characterization of SMSN by AFM
The sizes of the SMSN were also analyzed by the
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Fig. 4 (a) Size distribution and (b) zeta potential distribution
of synthetic myco@selenium nanocomposites (SMSN) were
shown as DLS patterns

AFM technique. Typical two-dimensional (2D) and 3D
AFM images of the SMSN are demonstrated in Fig. 5.
The sizes of SMSN in the 2D image were observed to
be less than 200 nm, whereas the 3D image indicated
the presence of individual spherical particles, with a
maximum height of 70 nm in the z-sheet.

Characterization of SMSN by TGA

The TGA plot showed that about 75% of the NPs
pertained to the organic groups attached to the core of
selenium, and about 20% pertained to selenium (Fig. 6).

Delayed-type hypersensitivity test (DTH)

DTH assay was performed by using 10 pg and 100
pg of both features of SeNPs. According to the results
of induration measurement in footpad of the mice, it
revealed that SMSN could induce better Thl immune
response was compared with other test and control
groups in doses of 10 and 100 pg, and in 24 h (Fig. 7).
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Fig. 6 TGA plot of the SMSN. The obtained result via TGA proved the thermal stability of the SMSN. About 73% pertained to
organic material, which in turn pertained to cell lysate of M. bovis. The remainder about 26% was selenium

Cytokine assay

In this study, the level of IFN-y in two major test
groups was compared using sandwich ELISA; one
received plain SeNPs and the other received SMSN
with two doses (10 ug and 100 pg). The level of IFN-y
for all doses in both groups is significantly higher
than the vaccine alone (Fig. 8). Also, the level of
IFN-y in the doses of 10 pg and 100 pg of SMSN in
comparison with doses of 10 pg and 100 pg of plain
SeNPs increased considerably. In other words, the
level of IFN-y between doses of 100 pg and 10 pg of
the SMSN group was not statistically notable.

Discussion

Nanotechnology is improving our everyday lives to
upgrade the performance and efficiency of everyday
objects. Nanotechnology has been established to be
an enriched field of science where various researches
have been done to implement this technology. Many

methods are being tested for extensive new applications
to enhance the efficiency and performance of the
nanocomposite or process, and finally reduce the cost
[1]. Nanomedicine, the application of nanotechnology
in medicine, draws on the natural scale of biological
phenomena to produce precise solutions for disease
prevention, diagnosis, and treatment. Nanotechnology
researchers are working on several different
therapeutics where nanoparticles can encapsulate or in
other ways help deliver medication directly to cancer
cells and minimize the risk of damage to healthy tissue.

Biosynthesis uses bacteria, plant extracts, fungi,
etc. along with the precursors to produce nanoparticles
instead of convention chemicals for bioreduction and
capping purposes. The biosynthesized nanoparticle
has unique and enhanced properties that find its way
into biomedical applications [1]. For example, in our
previous research, SeNPs which were synthesized
using different bacteria could heighten the immune
response [6, 22]. On the other hand, many studies
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also reported that M. bovis strain BCG can be used
as a potent stimulator of the immune system [9,
20-23]. In addition, in our recent study BMSN were
extracted from M. bovis strain BCG and were well
characterized. The results indicated that the decorated
SeNPs with BCG antigenic materials could be potent
candidates to stimulate the immune system. However,

the preparation of these nanoparticles was extremely
challenging and time-consuming [22]. In addition,
the process of BMSN extraction from M. bovis, a
slow-growing bacterium, was troublesome due to its
complexity.

So based on the results achieved in the previous
research, we developed a synthetic method to prepare
myco@selenium nanocomposites. In the current study,
these nanocomposites synthesized in the presence of
total lysate of M. bovis and ascorbic acid also lead to
stimulating the immune system by increasing IFN-y.
IFN-y is known as the first line of the immune response
against cancer and viral infection. Meanwhile, due
to skipping the solvent extraction step, which was
necessary for the extraction of biogenic SeNPs from
M. bovis in our previous study, PAMPs have remained
somehow intact. Therefore, SMSN will be more
reliable for triggering immune responses by signaling
through the toll-like receptor on the surface of immune
cells. By using different analyzing methods, we
showed that these nanocomposites are also covered
with some organic materials which can be derived

http://www.nanobe.org



Nano Biomed. Eng., 2022,Vol. 14, Iss. 4

315

from M. bovis. Compared with our previous study,
these nanocomposites (SMSNs) could stimulate IFN-y
more than the SeNPs extracted from M. bovis (BMSN)
because more antigens could cover the nanoparticles.
SMSN was synthesized in the presence of BCG lysate;
this way could lead to producing the nanoparticles
covered with more antigens of M. bovis and could
enhance the immune response. Mahdavi et al. showed
that plain SeNPs synthesized by ascorbic acid could
increase the level of IFN-y compared with the vaccine
group [7]. In the current study, also the level of
IFN-y was higher in SMSN and plain SeNPs groups
compared with the vaccine group. This result showed
that these nanomaterials in both features (SMSN or
SeNPs) could be more potent in stimulating immune
response via IFN-y than vaccine alone. Moreover,
the results represented that SeNPs synthesized in the
presence of BCG lysate (SMSN) can stimulate IFN
secretion remarkably in comparison with plain SeNPs
in both doses of 10ug and 100 pg. In other words,
this modified method not only smooths the synthetic
approach but also increases the level of IFN-y and
DTH, which can be a good candidate for stimulation of
the immune system.
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