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Objective(s): Pseudomonas aeruginosa is one of the most important bacterial pathogens in
immunocompromised patients, and the lipopolysaccharide (LPS) of this organism is a key factor
in virulence and both innate and acquired host responses to infection. In this study, we prepared a
nanoconjugate vaccine composed of P. aeruginosa detoxified lipopolysaccharide (D-LPS) and gold
nanoparticles (Au NPs) and evaluated its potential as a vaccine candidate against P. aeruginosa
infections.

Materials and Methods: LPS from P. aeruginosa strain PAO1 was extracted by the hot phenol
method with some modifications and then detoxified. Au NPs were synthesized by the reduction of
hydrochloroauric acid trihydrate by sodium borohydride and then coupled to D-LPS via electrostatic
interaction. Mice were subcutaneously injected in the tail base with 20 pg of D-LPS, D-LPS-Au NPs, Au
NPs, and PBS. IgG titers were evaluated by ELISA and whole-cell ELISA methods. The immunized and
control group mice were challenged with a 2xLD, (7.5%107 CFU) of P. aeruginosa strain PAO1.
Results: Mice vaccinated with D-LPS and D-LPS-Au NPs elicited a significant amount of IgG antibodies.
Nanoconjugated LPS generated a significantly higher antibody titer compared with D-LPS alone. Also,
immunization of mice with D-LPS-Au NPs increased survival times against challenge with 7.5x107 CFU
(2xLD,,) of P aeruginosa strain PAO1.

Conclusion: Our results showed that the suggested vaccine composed of P. aeruginosa D-LPS and Au
NPs had a significant potential to protect against P. aeruginosa infections.
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Introduction

Pseudomonas aeruginosa is a gram-negative
opportunistic pathogen that poses a major threat to
immunocompromised individuals such as patients with
cancer, burn wounds, or cystic fibrosis (1). The success
of P aeruginosa as a pathogen is due to its intrinsic and
acquired antibiotic resistance mechanisms, infection in
individuals with underlying diseases, ability to establish
robust biofilms, and the production of numerous toxic
products, all contribute to the difficulty in treating such
life-threatening infections (2, 3). As mentioned, this
bacterium has the ability to easily acquire antimicrobial
resistance. The emergence of multiple drug-resistant
strains has become a major clinical problem due to limited
treatment options (4). Therefore, immunoprophylaxis
and immunotherapy may be effective methods for
controlling P aeruginosa infections and due to this,
development of a vaccine has become a necessity (5).
A primary approach to developing a vaccine against
this organism has involved searching for P aeruginosa
virulence factors that generate protective antibodies (6).

An important virulence factor of P aeruginosa
is the LPS located in the outer portion of the outer
membrane which promotes infection by interference

with the host immune response (1, 7). LPS has been
implicated as a critical virulence factor or protective
antigen or both when examined in experimental animal
models. Anti-LPS antibody has been shown to play a
key role in protection against P. aeruginosa infections
(8). Therefore, LPS is capable of acting as a target for
effective immunity against P. aeruginosa infections (9).

Recently, Au NPs have received attention due to their
potential use over traditional vaccine platforms. The
location of Au NPs in lymphoid tissues and cells, their
capacity of coupling to a variety of biomolecules, their
stability, ease of their synthesis, their unique physical
properties (size and shape-dependent), and their
safety (essential for the development and synthesis of
vaccines) provide a multifaceted focus for the design of
this new vaccine platform (10, 11). Furthermore, some
in vitro and in vivo studies have revealed that various
immune cells, including macrophages, dendritic cells,
and lymphocytes, are stimulated by Au NPsleading to the
production of proinflammatory cytokines (interleukin 1
 and tumor necrosis factor a) and T helper 1 cytokines
(interferon y and interleukin 2). Thus, the Au NPs can
serve as both an antigen carrier and an adjuvant in
immunization (12, 13).

*Corresponding author: Asghar Tanomand. Department of Microbiology, Maragheh University of Medical Sciences, Maragheh, Iran. Tel /Fax: +98-4137256900; Email:

tanomanda@tbzmed.ac.ir


http://ijbms.mums.ac.ir

Najafzadeh et al.

1J)7-MS

P. aeruginosa nanoparticles/detoxified LPS nanovaccine

In this report, we describe the preparation and
assessment of immunological properties of detoxified
lipopolysaccharide-gold nanoparticles (D-LPS-Au NPs)
conjugate, in order to determine whether conjugation onto
Au NPs will enhance immunogenicity in mice.

Materials and Methods

Bacterial strain and culture conditions

P, aeruginosa strain PAO1 was provided by Biological
Research Center, Karaj Branch, Islamic Azad University,
Karaj, Iran. It was cultured on Mueller-Hinton agar
medium (Merk, Germany) for 24 hr at 37 °C (14).

LPS purification

The hot phenol method with some modifications was
used to isolate LPS (15). After the growth of bacteria,
P. aeruginosa colonies were cultured on nutrient broth
medium (Merk, Germany) in a shaker incubator for 72
hr at 37 °C. Cells were suspended in distilled water and
heated for 20 min at 66 °C, then 90% phenol (Sigma-
Aldrich, China) was added and stirred for 30 min at 66 °C.
After samples were rapidly cooled on ice, the suspension
was centrifuged at 4000 x g for 45 min at 4 °C. The
aqueous phase was removed and cold 95% ethanol was
added and stored at 4 °C overnight. After centrifugation,
trichloroacetic acid (TCA) (SigmaAldrich, China) (10%
final concentration) was added and stirred for 30 min
at 4 °C. The samples were then centrifuged and the
supernatant was dialyzed against distilled water for
24 hr at 4 °C with three changes of water. The LPS was
precipitated with three volumes of cold 100% ethanol
and stored at 4 °C overnight. After centrifugation and
collection of the pellet, purified LPS was lyophilized and
stored at 4 °C (14-16).

LPS characterization

The purified LPS was evaluated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
with Coomassie blue staining. Analytical SDS-PAGE was
carried out based on the method of Laemmli. Extracted
LPS was dissolved in Laemmli sample buffer (Bio-Rad
Laboratories, Inc., Hercules, CA, USA) and incubated at
95 °C for 5 min. Then, the sample was loaded in 4%-12%
polyacrylamide gel (Mini-PROTEANVR TGX TM precast
gels, Bio-Rad Laboratories, Inc.). Gel electrophoresis was
performed at 60 mV for 3.5 hr (until the bromophenol
blue reached the bottom of the gel). The gels were stained
with the Coomassie brilliant blue R-250 staining solution
(Bio-Rad Laboratories, Inc.) for 2 hr and destained
overnight with the Coomassie brilliant blue R-250
destaining solution (Bio-Rad Laboratories, Inc.) (17).
The protein content in the purified LPS was determined
using the Bradford assay. To perform a Bradford assay,
the purified LPS was added to microcentrifuge tubes and
brought to a volume of 800 pl with water. Next, 200 pl
of 5X Bradford reagent (Bio-Rad laboratories catalog
number 500-0006) was added to the sample to bring
it to a volume of 1 ml. The sample was then analyzed
in a Beckman spectrophotometer to determine their
absorbance at 595 nm. A standard curve was prepared
with bovine serum albumin (BSA) as a control for all
experiments. To do this, 2.5, 5, 7.5, 10, 12.5,15,17.5,and
20 pl of BSA at a concentration of 1 mg/ml was added
to 800 pl of water and then used in the assay (18). LPS
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was analyzed for nucleic acid by measuring A, . The UV
spectrophotometer, Nanodrop-ND1000 (Thermo Fisher
Scientific, Waltham, MA), was used to measure DNA
concentration, wherein 1 optical density at 260 nm is
equivalent to 50 ng/ul of dsDNA (19).

LPS detoxification

For LPS detoxification, the LPS pellet was dissolved
in NaOH to a final concentration of 0.2 N and heated for
2 hr at 100 °C. After cooling on ice, the pH was adjusted
to 7 with 1 M HCL. LPS was dialyzed extensively against
distilled water for 2 days at 4 °C with six changes of
distilled water. Detoxified LPS (D-LPS) was harvested
by cold absolute ethanol precipitation and pooled after
centrifugation at 4000 x g for 45 min at 4 °C (14, 16).

Pyrogenic test of D-LPS

The toxicity of D-LPS was assayed by the Limulus
amebocyte lysate (LAL) test (Lonza, Switzerland) and
expressed in endotoxin units related to the U.S. standard.
For pyrogenicity studies, New Zealand White rabbits (2
to 2.5 kg, 3 in each group) were administered graded
doses of D-LPS intravenously. Rectal temperatures
were measured with indwelling rectal thermostats and
recorded every 15 min for 1 hr before the challenge and
every 15 min for 3 hr after the challenge. A negative
response was less than a 0.5 °C rise in temperature at
any time point (20).

Au NPs preparation and characterization

Hydrochloroauric acid trihydrate (HAuCl, 3H,0) was
purchased from Sigma-Aldrich Shanghai Trading Co Ltd,
Shanghai, China. Au NPs were prepared with a phase-
transferred process by the self-reduction method.
Briefly, to a solution of HAuCl, in deionized water was
added trisodium citrate (Sigma, USA) under vigorous
stirring. HAuCl, was phase-transferred into the organic
phase using sodium borohydride (NaBH,) (Sigma,
USA). Dropwise addition of a freshly prepared aqueous
solution of reduction agent (NaBH,) caused an instant
color change. The resulting mixture was stirred at room
temperature for an additional 5 hr. A wine-red organic
phase containing Au NPs and a colorless aqueous
phase were obtained. Therefore, the formation of gold
nanoparticles was indicated by a visual color change
from light yellow to wine red (21, 22).

The particle size distribution of Au NPs was analyzed
using transmission electron microscopy (TEM)
micrographs (Philips, em208s, USA) at an accelerating
voltage of 100 kV (17, 23).

Dynamic light scattering (DLS) was used to
determine the mean size and size distribution of
Au NPs. Measurements were made with a Malvern
ZEN3600 (Malvern, ZEN3600, England). Zeta potential
(Z-potential) (surface charge) measurements were
used to determine the stability of a colloidal suspension
of electrostatically stabilized Au NPs. Conversely,
DLS allows the determination of the hydrodynamic
diameters of colloidal particles and conjugates, i.e., the
diameter of the sphere with the same Brownian motion
as the particle under analysis (17, 24).

D-LPS-Au NPs conjugate preparation
Hydrogen chloride-Potassium chloride (HCI-KCI)
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buffer (0.02 M, pH 2) was added to the Au surface. Then
D-LPS was added to the above mixture under vigorous
stirring and the resulting mixture was stirred for an
additional 3 hr. The surface was washed with HCL-KCI
buffer. The negatively charged backbones of D-LPS
adsorbed on the positively charged Au NPs through
electrostatic interaction and could potentially lead to
the aggregation of (+) Au NPs (25, 26).

Evaluation of nanoconjugate
Chemical analysis of nanoconjugate

The nanoconjugate was chemically analyzed for
protein level by the Bradford method and carbohydrate
level by the phenol-sulfuric acid method (8, 27). To
perform the phenol-sulfuric acid method, to standard
carbohydrate solutions (glucose at concentrations of 10-
100 pg/ml) and sample, 200 pl of 5% phenol reagent and
then 1 ml of concentrated sulfuric acid were added. After
10 min, the tubes were shaken vigorously for 30 min.
Then, the absorbance of the tubes at 490 nm was read
and the total carbohydrate concentration in the unknown
sample was obtained using a standard curve (28).

Pyrogenic test of nanoconjugate

Rabbit pyrogen test for D-LPS-Au NPs was performed
as previously described for D-LPS (20). The toxicity of
the prepared nanoconjugate vaccine was evaluated in
5 groups of 6-8 week old female BALB/c mice (5 mice
per group). Various doses of D-LPS-Au NPs (100, 150,
200, 250, and 300 pg per mouse) were subcutaneously
injected in the tail base of mice.

Mice were monitored for any sign of illness or weight-
loss for 7 days after the challenge (29).

Physicochemical characterization of nanoconjugate

The average diameter of Au NPs after conjugation
onto D-LPS was determined from the TEM micrographs
using a Philips em208s electron microscope at an
accelerating voltage of 100 kV (17, 30).

DLS analysis (Malvern, ZEN3600, England) was used
to determine the mean size and size distribution and
check on the Z-potential of Au NPs after conjugation
onto D-LPS (17, 24).

Energy-dispersive  X-ray  spectroscopy (EDS)
was used to analyze the elemental compositions of
synthesized particles (31). EDS measurement was
performed on a Compact Detector Unit (SAMX Detector,
MIRA III, France) incorporated into a FESEM (TESCAN,
Czech Republic). The EDS spectrum was obtained at an
acceleration voltage of 20 kV. Mapping was completed
using pseudo-color to represent the spatial distribution
of energy emission from the Au element present in the
sample (32).

The characterization of the chemical groups present
in NPs obtained by Fourier transform infrared (FTIR).
FTIR spectra over the wavelength range of 4000-400
cm* were recorded for D-LPS and D-LPS-Au NPs using
an FTIR spectrometer (30, 33). Samples were mixed
with propidium iodide (PI)/water solution for a weight
ratio of sample/dye of 2.6. The solution was allowed
to dry to a purple powder. Samples were also dried to
a thin gold film. PI powder was used as received. FTIR
was performed on a Thermo AVATAR FTIR “Smart
Orbit” (Thermo, AVATAR, USA). A background scan was
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performed prior to sample scanning. All scans were
performed with 1024 scans at 4 cm™ resolution (34).

Immunization of mice

The 6-8 weeks old female BALB/c mice were obtained
from the Laboratory Animal

Production Department at Pasteur Institute of Iran
(Research & Production Complex, Alborz). Animals care,
feeding, and all experiments were performed based
on institutional ethical guidelines and international
protocols (35).

Mice were divided into 4 experimental groups (each
group included 7 mice) and subcutaneously injected in
the tail base with 20 pg of D-LPS, D-LPS-Au NPs, Au NPs
(test groups), and 300 pl PBS (control group) on days
0 (with complete Freund’s adjuvant (Sigma, USA)), 14,
28, and 42 (with incomplete Freund'’s adjuvant (Sigma,
USA)). One week after the last injection, the mice were
bled from the orbital sinus, and sera were collected and
stored at - 20 °C until analysis (36).

Enzyme-linked immunosorbent assay (ELISA)

LPS-specific total IgG levels in sera of different
mouse groups were determined by enzyme-linked
immunosorbent assay (ELISA). Briefly, D-LPS, D-LPS-Au
NPs, and Au NPs were diluted to 5 pg/ml with 0.1 mol/1
carbonate/bicarbonate buffer (pH 9.6) and divided into
96-well flat-bottom microtiter plates (Nunc MaxiSorp,
Sigma, USA) using 100 pl per well.

After 45 min incubation at 37 °C, plates were washed
twice with PBS containing 0.05% Tween 20 (PBS-T). 250
ul of blocking buffer (2% BSA in PBS-T) was added to
each well to block non-specific binding sites and plates
were incubated for 1 hr at 37 °C. Then, the plates were
washed twice with PBS-T. 100 pl of diluted mouse sera
(1:100 dilution) was added to each well and incubated
for 45 min at 37 °C. After washing the plates, 100 pl of
diluted horseradish peroxidase-conjugated goat anti-
mouse IgG (Abcam, USA) (1:5000 dilution) was added
to each well and then plates were incubated for 45 min
at 37 °C. After incubation and wash steps, 100 pl of 3, 3’,
5, 5'-tetramethylbenzidine (Sigma, USA) was added to
the wells. After 15 min incubation in the dark, reactions
were stopped using 1 mol/L H,SO, and the optical
density (OD) was measured using an automated ELISA
reader at 450 nm. ELISA test was performed in triplicate
for all samples (37, 38).

Whole-cell ELISA

A single colony of P aeruginosa strain PAO1 was
inoculated into LB broth medium and grown overnight
at 37 °C with vigorous shaking. After incubation, all
bacterial cells were collected, washed twice with PBS,
and resuspended in PBS at a final concentration of 108
CFU/ml. The bacterial suspension (100 pl/well) was
coated into ELISA microtiter plates, incubated for 1 hr
at 37 °C, and washed twice with PBS-T. The blocking
and addition of other reagents were performed as
mentioned above for ELISA (39).

Opsonophagocytosis assay

The ability of vaccinated antisera to promote
the uptake of P aeruginosa by murine peritoneal
macrophages was determined by the visual phagocytosis
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assay. For preparation of peritoneal macrophages, mice
were injected intraperitoneally with 0.5 ml sodium
thioglycollate. After 4 days, peritoneal exudate cells
were harvested by washing the peritoneal cavity with
10 ml cold RPMI-1640 medium and aspirating the
exudate with a syringe. The cells were washed twice
with cold PBS and suspended in RPMI-1640 medium
with 10% fetal calf serum (FCS), and finally, cell viability
was evaluated by the dye exclusion method (40).

A mucoid colony of P aeruginosa strain PAO1 was
grown to mid-log phase on LB broth medium at 37
°C with shaking, washed twice with cold PBS, and
suspended in PBS at a concentration of 10° CFU/ml.
Opsonization was performed by tumbling 100 pl of
bacteria (10° CFU/ml) for 30 min at 37 °C in 100 pl of
heat-inactivated sera obtained from various vaccinated
and control groups. After washing twice with PBS, 100
ul of 10¢ macrophages/ml and 10% fresh infant rabbit
serum as a complement source were added to the
mixture and incubated for 90 min at 37 °C. The control
samples consisted of tubes from which macrophage,
complement, or serum was omitted. After 90 min of
incubation at 37 °C, 10 pl samples were removed and
diluted in PBS. Finally, the samples were plated and
incubated for 18 hr at 37 °C for bacterial enumeration.
The opsonophagocytosis activity of the sera was
determined as follows (27, 29):

Opsonic activity= [1-(CFU of immune serum at 90
min/ CFU of preimmune serum at 90 min)]x100

Challenge study

The 50% lethal dose (LD ) of P aeruginosa strain
PAO1 was determined in 5 female BALB/c mice groups
(7 mice per group, 6-8 weeks old) in order to estimate
the infecting inoculum for in vivo protection test. Mice
were intraperitoneally injected with 2.5x107, 5x107,
7.5x107,1x108, and 12.5x108 CFU of P aeruginosa strain
PAO1 suspended in sterile PBS. Mice were observed
for 10 days, mortality was recorded, and then LD,
was determined according to the Reed and Muench
method. For the bacterial challenge, 14 days after the
last vaccination, the test and control group mice were
intraperitoneally challenged with 7.5x10” CFU (2xLD, )
of P aeruginosa strain PAO1 in sterile PBS. The survival
rate was daily recorded in the challenged mice for 10
days. They were observed every 6 hr for the first 2 days
and twice a day thereafter and mortality was recorded
(29, 41).

Statistical analysis

SPSS version 22.0 was used for data analysis.
Differences in the mean ELISA absorbance of each group
with the mean of the control group were compared by
Student’s t test. Values of P<0.05 were considered to be
significant. The ratio of live mice/total mice (survival
percent) was used for the survival study (27, 29).

Evaluation of D-LPS

Coomassie blue staining of LPS from P aeruginosa
strain PAO1 by SDS-PAGE revealed a progressive ladder-
like pattern of bands up the gel (Figure 1). For members
of the family Enterobacteriaceae and P aeruginosa
strains, these bands have been reported to represent
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Figure 1. Coomassie blue-stained sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) of extracted
lipopolysaccharide (LPS) from Pseudomonas aeruginosa PAO1. Lane: 1,
protein marker; 2, extracted LPS. SDS-PAGE of the purified LPS shows a
progressive ladder-like pattern of bands up the gel

LPS molecules containing increasing lengths of O
antigen (42). The protein and nucleic acid amounts
of the purified LPS were 0.5 pg/ml, and 0.5 pg/ml,
respectively. The amount of endotoxin in LPS, estimated
by the LAL test, was 0.125 endotoxin units per ml. There
were not pyrogenic in rabbit thermal tests.

Evaluation of nanoconjugate

The protein and carbohydrate contents of D-LPS-Au
NPs were 0.5 ug/ml, and 0.4 pg/ml, respectively. D-LPS-
Au NPs conjugate was non-pyrogenic and evoked <0.5
°C increase in body temperature of each rabbit after 24
hr. Toxicity test of D-LPS-Au NPs showed that none of
the mice injected with various doses of nanoconjugate
(between 100 and 300 pg) died after 7 days.

Au NPs before and after conjugation onto D-LPS were
imaged using TEM (Figure 2). Au NPs after conjugation
onto D-LPS had a mean diameter of 14 nm (Figure 2B).

D-LPS binding to Au NPs was assessed by DLS and
Z-potential in comparison with Au NPs (Figure 3).
As shown in Figures 3A and B, Au NPs showed a size
increase via electrostatic interaction to D-LPS (Figures
3A and B). In addition to increased Au NPs diameter
after conjugation, a decrease in Z-potential indicates
D-LPS binding to the Au NPs (Figures 3C and D).

EDS mapping analysis demonstrates that Au NPs
were loaded as a homogeneous dispersion in D-LPSAu-
NPs (Figure 4A). The EDS spectrum of D-LPS-Au NPs
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100 nm

Figure 2. Transmission electron microscopy (TEM) images of gold nanoparticles (Au NPs) before (A) and after conjugation onto detoxified
lipopolysaccharide (D-LPS) (B). TEM micrographs illustrating the size and morphology of Au NPs before and after conjugation onto D-LPS. The
average size of Au NPs after conjugation onto D-LPS is 14 nm (B). The scale bar (A) 100 nm, (B) 25 nm
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Figure 3. Characterization of gold nanoparticles (Au NPs) before and after conjugation onto detoxified lipopolysaccharide (D-LPS). The size distri-
bution of the intensity obtained from dynamic light scattering (DLS) measurements of Au NPs (A) and D-LPS-Au NPs (B). Zeta potential (Z-poten-

tial) for Au NPs (C) and DLPS-Au NPs (D). The increase in Au NPs diameter (A and B) and the decrease in Z-potential (C and D) indicated binding
of D-LPS to the Au NPs
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Figure 4. Energy-dispersive X-ray spectroscopy (EDS) mapping (A) and spectrum (B) of detoxified lipopolysaccharide (D-LPS)-gold nanoparticles
(Au NPs). EDS mapping (A) demonstrates that Au NPs (the yellow dots represent Au) were loaded as a homogeneous dispersion in the sample. In
the EDS spectrum (B), peaks are labeled and Au is detected
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Table 1. Size characterizations by dynamic light scattering (DLS) and Zeta potential (Z-potential) values of gold nanoparticles (Au NPs) before and

after conjugation onto detoxified lipopolysaccharide (D-LPS)

Sample Size Z-potential
S.P. Area Electrophoretic
Mean S.D. Mode Z-potential
Ratio mobility
Au NPs 1.00 86.2 nm 3.4 nm 86.7 nm -0.3 mV -0.000002 cm?/Vs
D-LPS-Au NPs 1.00 189.1 nm 22.0 nm 184.0 nm -9.0 mV -0.000070 cm?/Vs
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Figure 5. Fourier transform infrared (FTIR) spectra recorded from detoxified lipopolysaccharide (D-LPS) (spectrum A) and D-LPS-gold
nanoparticles (Au NPs) (spectrum B) in the range 4000-400 cm™. Blue areas 1120-1000 cm™ and 1760-1710 cm™ of spectrum B are related to the
formation of P=0 and C=0 bonds, respectively, and these spectra confirmed the binding of Au NPs to D-LPS. The expansion of spectrum B in yellow

regions 840-710 cm™ and 1641 cm™ are related to Au NPs

expansion of the FTIR spectrum of the nanoconjugate in
regions 840-710 cm™ and 1641 cm™ are related to the
Au NPs (Figure 5).

ELISA of immune responses

One week after the last injection, the levels of
IgG against D-LPS, D-LPS-Au NPs, and Au NPs were
measured by indirect ELISA and whole-cell ELISA

methods. The antibody levels were compared with
each other. Comparisons of experimental groups were
carried out at 1:100 antibody dilution.

In indirect ELISA, both D-LPS and D-LPS-Au NPs
elicited a statistically significant IgG antibody response
but neither Au NPs nor PBS evoked antibody (P<0.05)
(Table 2). As shown in Table 2, D-LPS-Au NPs displayed
higher titer in the IgG antibody than D-LPS (P<0.05).

Table 2. Levels of IgG in collected sera of BALB/c mice immunized with detoxified lipopolysaccharide (DLPS), D-LPS-gold nanoparticles (Au NPs),
Au NPs, and PBS as control group at a single dilution of 1:100 in sera collected. * indicates a statistically significant difference compared with PBS

as the control group, at P<0.05 level

95% Confidence
Mean
Immunogen Target antigen ODaso P-value interval
difference
Lower Upper
D-LPS 1.646 0.37 <0.05* 1.15 1.85
D-LPS
Whole bacteria 1.86 0.48 <0.05* 1.26 2.15
D-LPS-Au NPs 2.968 0.62 <0.05* 2.24 3.40
D-LPS-Au NPs
Whole bacteria 2.35 0.23 <0.05* 1.98 2.42
Au NPs 0.263 0.16 >0.05 0.17 0.41
Au NPs
Whole bacteria 0.37 0.19 >0.05 0.2 0.55
Each of the target antigens 0.145 — - - =
PBS
Whole bacteria 0.14 — — — —
208
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Figure 6. The opsonophagocytic activity of antisera from mice
immunized with detoxified lipopolysaccharide (D-LPS), D-LPS-
gold nanoparticles (Au NPs), Au NPs, and PBS against Pseudomonas
aeruginosa strain PAO1. Bars represent the mean percent of
Pseudomonas aeruginosa killed by sera of immunized and control
group mice. meanz*standard deviation

Similar results were obtained using the whole
bacterial cell as a coating antigen in ELISA, where the
highest titer was observed in mice immunized with
D-LPS-Au NPs (P<0.05) (Table 2). D-LPS also indicated
a Lower antibody titer than D-LPS-Au NPs. Additionally,
neither Au NPs nor PBS elicited antibody (P<0.05).

Opsonophagocytosis assay

The ability of antibodies induced by D-LPS, D-LPS-Au
NPs, Au NPs, and PBS to promote the uptake and killing
of mucoid P, aeruginosa strain PAO1 is shown in Figure 6.
Immunization with D-LPS-Au NPs evoked a substantial
opsonic antibody response against P. aeruginosa strain
PAO1 in comparison with other groups. There was
no phagocytic killing when antibody, complement, or
macrophages were omitted.

Challenge study

The LD,, for P aeruginosa PAO1 was determined
accordingto the Reed and Muench method and was found
to be 3.75x107 CFU and 7.5x107 CFU was selected as 2
x LD, . Mice immunized with D-LPS and D-LPS-Au NPs
showed significant protection against intraperitoneal
challenge with 7.5x107 CFU (2xLD,)) of P. aeruginosa
strain PAO1. This challenge dose killed 6/7 of mice that
were injected with Au NPs and PBS, and 1/7 of mice
immunized with D-LPS and D-LPS-Au NPs. Comparison
of mice mortality times in immunized groups with D-LPS
and D-LPS-Au NPs showed that immunization with
D-LPSAu NPs increased the survival time of mice against
intraperitoneal challenge with an approximate 7.5x107
CFU (2xLD.,) of P. aeruginosa strain PAO1 (Figure 7).
These results are in good correlation with the IgG titers
and also with opsonophagocytosis assay of the sera.

P. aeruginosa is an important cause of nosocomial
infections leading to significant morbidity and
mortality (29). Effective treatment and control of P
aeruginosa infections remain a persistent problem,
because of the natural resistance of the bacterium and
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Figure 7. Survival rate of immunized and control group mice after
challenge with 7.5x107 CFU (2xLD50) of Pseudomonas aeruginosa
strain PAO1. Immunizations of mice with detoxified lipopolysaccharide
(D-LPS) and D-LPS-gold nanoparticles (Au NPs) show significant
protection against challenge with 7.5x107 CFU of Pseudomonas
aeruginosa strain PAO1. Immunization with D-LPS-Au NPs also
increases the survival time of mice against challenge with 7.5x107 CFU
of Pseudomonas aeruginosa strain PAO1

its remarkable ability to acquire resistance to multiple
antimicrobial agents (43). Due to antibiotic resistance,
the development of a vaccine against P. aeruginosa is an
appropriate and challenging strategy to pursue (44).

The LPS of P aeruginosa is a key factor in virulence and
both innate and acquired host responses to infection.
Previous studies established that the conserved epitope
of LPS in this organism had efficacy in inducing cytokine
responses. In addition, LPS can bind to Toll-like receptor
4 (TLR4) on the surface of immune cells and stimulate
inflammatory immune responses (9, 45). Despite
extensive studies, LPS-based vaccines are not successful
owing to their low immunogenicity (43). To overcome
this problem, we conjugated D-LPS onto Au NPs to
produce an effective nanovaccine against P. aeruginosa
infections. For the first time, Au NPs were used as
carriers of haptens for antibody preparation in 1986
(46). Since then, many studies have been focused on Au
NPs as an antigen carrier and adjuvant in immunization
for the development of effective vaccines (47-50).

In this study, the LPS from P. aeruginosa strain PAO1
was investigated for a nanovaccine preparation, we
extracted the LPS by the modified hot phenol with
TCA procedure. A study showed that among extraction
methods of LPS (extraction by butanol with enzymatic
digestion, hot phenol extraction with enzymatic
digestion, and modified hot phenol with TCA procedure),
the yield of LPS extraction in the modified hot phenol
with TCA procedure is 1.5 times the yields of the other
two methods and accordingly this procedure is the best
method for LPS production (15).

The AuNPs were prepared by using the Natan method.
To produce Au NPs, Brown et al. introduced a method
using citrate as a stabilized agent and borohydride as a
reducing agent. The Au NPs were obtained by adding the
NaBH,/citrate mixture into the HAuCl, solution at room
temperature. With this method, the size of Au NPs is
tailored to 6 nm (51). Then we coupled the synthesized
Au NPs to D-LPS via electrostatic interaction.

After vaccination of mice, specific IgG titers were
determined by ELISA and whole-cell ELISA methods.
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Abu-baker et al. used both ELISA and whole-cell ELISA
methods to measure specific IgG anti-P. aeruginosa LPS
antibody levels in collected sera from mice immunized
with O-polysaccharide™ recombinant exoprotein A
conjugate and similar results were obtained using both
ELISA methods (39). Similarly, in this study, the whole-
cell ELISA was used to ensure that the LPS orientation
did not change during the extraction procedure.
Although we used two different coating antigens (whole
bacteria and LPS), we obtained similar results with
respect to the antibody titer. This indicates that the LPS
isolation procedure did not change the original state of
the molecules.

Our results show that D-LPS conjugated to Au NPs
induced antibody responses which were superior
to the responses induced by D-LPS alone. Since the
coupling chemistry is selective for nucleophilic carbonyl
groups in the LPS core region, this leaves the 0-antigen
and lipid A moieties exposed. Whilst LPS O-antigen
provides epitopes for the development of antigen-
specific antibodies, the lipid A region is a potent agonist
for TLR4 and evokes a strong immune response from
interaction with B memory cells. Additionally, the
increased response from D-LPS-Au NPs may be due
to the presentation of LPS in its coupled form and the
high density of O-antigen epitopes localized on an Au
NP surface compared with uncoupled DLPS alone (48).
Other workers have reported the ability of Au NPs to
enhance the ability of an antigen to evoke antibody
responses compared with antigen given alone. Gregory et
al. covalently coupled Au NPs with one of three different
protein carriers TetHc (Hc fragment of tetanus toxin),
Hcp1 (hemolysin co-regulated protein produced by both
Burkholderia mallei and Burkholderia pseudomallei) and
FliC (flagellin produced by B. pseudomallei)) followed
by conjugation to LPS purified from a nonvirulent B.
thailandensis strain. Mice were immunized three times
intranasally. When they compared with LPS alone, the
Au NPs-protein-LPS conjugates were found to generate
significantly higher antibody titers (48). A similar
approach was developed for vaccination against B.
pseudomallei myeloidosis. Resaerchers immunized
mice three times subcutaneously with Au NPs
glycoconjugate vaccines composed of B. thailandensis
LPS conjugated to the novel flagellar protein FlgL and
a protein combination (FlgL, Hcp1, and hemagglutinin).
Mice vaccinated with Au NPs glycoconjugate vaccines
generated significantly higher antibody titers than did
native antigens (52). Another study examined the effects
of LPS adsorption on the NP surface on the formation of
a biocorona in biological fluids and on the subsequent
inflammation-inducing activity of NPs. Different Au NPs
were exposed to Escherichia coli LPS under different
conditions. LPS coated Au NPs, but not the LPS-free
NPs, induced significant inflammatory responses in
human monocytes in vitro (17). A study investigated the
effect of intraperitoneal treatment using Au NPs on the
inflammatory response and pulmonary oxidative stress
in Wistar rats induced by LPS. The results showed that
the LPS + Au NPs group exhibited a significant decrease
in the levels of the pro-inflammatory cytokines, activities
of antioxidant enzymes, oxidative stress parameters,
and total leukocyte proliferation compared with the LPS
group (53).
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In the opsonophagocytic Kkilling assay, D-LPS
conjugated to Au NPs was superior to D-LPS alone in its
ability to induce opsonic antibodies in mice. The results
found here were consistent with the findings of Safari et
al. They reported sera obtained from mice immunized
with Au glyconanoparticles, bearing a synthetic
tetrasaccharide epitope related to the Streptococcus
pneumoniae type 14 capsular polysaccharide, were able
to opsonize S. pneumonia type 14 bacteria (54).

Immunization with D-LPS and D-LPS-Au NPs
afforded significant protection against challenge with P
aeruginosa strain PAO1 in comparison with Au NPs and
control groups.

However, there was no significant difference between
the survival of mice immunized with D-LPS or D-LPS-
Au NPs, but the survival times of mice immunized
with the D-LPS-Au NPs were longer than the survival
times of mice immunized with D-LPS. These findings
were consistent with the results reported by Gregory
et al. Three weeks after the final immunization boost,
they tested immunized mice with Au NPs-one of three
different protein carriers (TetHc, Hcpl, and FliC)-B.
thailandensis LPS conjugates for their protective
capacity against 3.5 x LD, of B. mallei challenge and
recorded the meantime to death. Gregory et al. indicated
that there was no significant difference between the
survival of immunized mice with LPS, Au NPs-LPS, or Au
NPs-TetHc-LPS (48).

Conclusion

In general, our results showed that coupling P
aeruginosa D-LPS onto Au NPs markedly increased both
the levels of IgG and opsonic antibodies and the survival
times of immunized mice. Therefore, D-LPS-Au NPs can
be used as a candidate vaccine against P. aeruginosa
infections.

Acknowlegment

The results presented in this paper were part of
a student thesis of Islamic Azad University of Karaj
Branch, Karaj, Iran.

Conflicts of Interest
The authors declare that there are no conflicts of
interest.

References

1. Gupta SK, Masinick SH, Garrett M, Hazlett LD. Pseudomonas
aeruginosa lipopolysaccharide binds galectin-3 and other
human corneal epithelial proteins. Infect Immun 1997;
65:2747-2753.

2. Cryz S], Firer E, Sadoff JC, Germanier R, Pastan I,
Willingham MG, et al. Use of Pseudomonas aeruginosa toxin A
in the construction of conjugate vaccines and immunotoxins.
Rev Infect Dis 1987; 9:644-649. 3. Huszczynski SM, Lam
JS, Khursigara CM. The role of Pseudomonas aeruginosa
lipopolysaccharide in bacterial pathogenesis and physiology.
Pathogens 2020; 9:1-22. 4. Tanomand A, Najar Peerayeh
SH, Farajnia S, Majidi J. Protective properties of nontoxic
recombinant exotoxin A (domain I-II) against Pseudomonas
aeruginosa infection. Iran ] Biotech 2013; 11:193-198.

5. Thomas LD, Cripps AW, Kyd JM. Immune response
mechanisms against Pseudomonas aeruginosa associated with
mucosal immunization with protein antigens in a rat model of

Iran ] Basic Med Sci, Vol. 24, No. 2, Feb 2021



P. aeruginosa nanoparticles/detoxified LPS nanovaccine

1J7"MS

Najafzadeh et al.

acute lung infection. Vaccine 2009; 27:3324-3330.

6. Ryu JI, Wui SR, Ko A, Do HTT, Lee Y], Kim HJ, et al.
Increased immunogenicity and protective efficacy of a P,
aeruginosa vaccine in mice using an alum and de-O-acylated
lipooligosaccharide adjuvant system. ] Microbiol Biotechnol
2017; 27:1539-1548.

7. Kintz E, Scarff JM, DiGiandomenico A, Goldberg ]B.
Lipopolysaccharide O-antigen chain length regulation in
Pseudomonas aeruginosa serogroup 011 strain PA103. ]
Bacteriol 2008; 190:2709-2716.

8. Cryz S], Furer E, Sadoff JC, Germanier R. Pseudomonas
aeruginosa Immunotype 5 Polysaccharide-Toxin A Conjugate
Vaccine. Infect Inmun 1986; 52:161-165.

9. Safari Zanjani L, Shapoury R, Dezfulian M, Mahdavi M,
Shafieeardestani M. Protective potential of conjugated P.
aeruginosa LPS -PLGA nanoparticles in mice as a nanovaccine.
Iran ] Immunol 2020; 17:75-86.

10. Sanchez-Villamil JI, Tapia D, Torres AG. Development
of a gold nanoparticle vaccine against enterohemorrhagic
Escherichia coli 0157:H7. mBio 2019; 10:1-16.

11. Siddique S, Chow JCL. Gold nanoparticles for drug delivery
and cancer therapy. Appl Sci 2020; 10:3824-3845.

12. Dykman LA. Gold nanoparticles for preparation of
antibodies and vaccines against infectious diseases. Expert
Rev Vaccines 2020; 19:465-477.

13. Sekimukai H, Iwata-Yoshikawa N, Fukushi S, Tani H, Kataoka
M, Suzuki T, et al. Gold nanoparticle-adjuvanted S protein
induces a strong antigen-specific IgG response against severe
acute respiratory syndrome-related coronavirus infection, but
fails to induce protective antibodies and limit eosinophilic
infiltration in lungs. Microbiol Immunol 2020; 64:33-51.

14. Najafzadeh F, Jaberi G, Shapouri R, Rahnema M, Karimi
nik A, Kianmehr A. Immunogenicity comparison of conjugate
vaccines composed of alginate and lipopolysaccharide of
Pseudomonas aeruginosa bound to diphtheria toxoid. Iran ]
Microbiol 2014; 6:317-323.

15. Shapouri R, Mohabati Mobarez A, Ahmadi H, Tabaraie B,
Hosseini Doust R, Norozian D, et al. Optimization of Brucella
abortus fermenter cultural conditions and LPS extraction
method for antigen production. Res ] Microbiol 2008; 3:1-8.
16. Najafzadeh F, Shapouri R, Rahnema M, Rokhsartalab
Azar SH, Kianmehr A. Pseudomonas aeruginosa PAO-1
lipopolysaccharide-diphtheria toxoid conjugate vaccine:
preparation, characterization and immunogenicity.
Jundishapur ] Microbiol 2015; 8:1-6.

17. Li Y, Shi Z, Radauer-Preiml I, Andosch A, Casals E, Luetz-
Meindl U, et al. Bacterial endotoxin (lipopolysaccharide) binds
to the surface of gold nanoparticles, interferes with biocorona
formation and induces human monocyte inflammatory
activation. Nanotoxicology 2017; 11:1157-1175.

18.Field A, Field ]. Melamine and cyanuric acid do not interfere
with Bradford and Ninhydrin assays for protein determination.
Food Chem 2010; 121:912-917. 19. Olson ND, Morrow ]B.
DNA extract characterization process for microbial detection
methods development and validation. BMC Res Notes 2012;
5:1-14.

20. Rokhsartalab Azar SH, Shapouri R, Rahnema M, Najafzadeh
F, Kianmehr A. Synthesis, characterization and immunological
properties of Escherichia coli 0157:H7 lipopolysaccharide-
diphtheria toxoid conjugate vaccine. Iran ] Microbiol 2015;
7:150-155. 21. Jiang G, Wang L, Chen W. Studies on the
preparation and characterization of gold nanoparticles
protected by dendrons. Mater Lett 2007; 61:278-283.

22. Capek I. Noble Metal Nanoparticles. In: Lockwood D],
editor. Noble metal nanoparticles: preparation, composite
nanostructures, biodecoration and collective properties.
Tokyo: Springer Nature; 2017. p. 125-210. 23. Dobrucka R.

Iran ] Basic Med Sci, Vol. 24, No. 2, Feb 2021

Biofabrication of Au-Ptnanoparticles using Asarum europaeum
extract and evaluation of their activity in degradation of
organic dyes. JJIOPM 2018; 28:19531961.

24. Lu PJ, Fu WE, Huang SC, Lin CY, Ho ML, Chen YP, et al.
Methodology for sample preparation and size measurement
of commercial ZnO nanoparticles. | Food Drug Anal 2018;
26:628-636.

25.SuJ, Zhou W, Xiang Y, Yuan R, Chai Y. Target-induced charge
reduction of aptamers for visual detection of lysozyme based
on positively charged gold nanoparticlest. Chem Commun
2013; 49:7659-7661.

26. Male KB, Li J, Chi Bun C, Ng S, Luong JHT. Synthesis
and stability of fluorescent gold nanoparticles by sodium
borohydride in the presence of mono-6-deoxy-6-pyridinium-
-cyclodextrin chloride. ] Phys Chem C 2008; 112:443-451.
27. Kashef N, Behzadian-Nejad Q, Najar Peerayeh SH, Mousavi
Hosseini K, Moazzeni M, Esmaeeli Djavid G. Synthesis and
characterization of Pseudomonas aeruginosa alginate- tetanus
toxoid conjugate. ]| Med Microbiol 2006; 55:1441-1446.
28.Agrawal N, Minj DK, Rani K. Estimation of total carbohydrate
present in dry fruits. ] Environ Sci Toxicol Food Technol 2015;
1:24-27.

29. Farajnia S, Najar Peerayeh SH, Tanomand A, Majidi ],
Goudarzi G, Naghili B, et al. Protective efficacy of recombinant
exotoxin A—flagellin fusion protein against Pseudomonas
aeruginosa infection. Can ] Microbiol 2015; 61:60-64.

30. Ahmad T, Irfan M, Bhattacharjee S. Parametric study on
gold nanoparticle synthesis using aqueous Elaise guineensis
(oil palm) leaf extract: effect of precursor concentration.
Procedia Eng 2016; 148:1396-1401.

31. Ben Tahar I, Fickers P, Dziedzic A, Ploch D, Skéra B,
Kus-Liskiewicz M. Green pyomelanin-mediated synthesis of
gold nanoparticles: modelling and design, physicochemical
and biological characteristics. Microb Cell Fact 2019; 18:1-11.
32. Patri A, Umbreit T, Zheng ], Nagashima K, Goering P,
Francke-Carroll S, et al. Energy dispersive X-ray analysis of
titanium dioxide nanoparticle distribution after intravenous
and subcutaneous injection in mice. ] Appl Toxicol 2009;
29:662-672.

33. Honary S, Gharaei Fathabad E, Khorshidi Paji Z, Eslamifar
M. A novel biological synthesis of gold nanoparticle by
Enterobacteriaceae family. Trop ] Pharm Res 2012; 11:887-
891.

34. Keene AM, Allaway R], Sadrieh N, Tyner KM. Gold
nanoparticle trafficking of typically excluded compounds
across the cell membrane in JB6 Cl 41-5a cells causes assay
interference. Nanotoxicology 2011; 5:469-478.

35. The national research council of the national academies.
Guide for the care and use of laboratory animals. 8th ed.
Washington DC: National Academies Press; 2011. p. 1-209.
36. Alizadeh H, Dezfulian M, Rahnema M, Fallah ], Esmaeili D.
Protection of BALB/c mice against pathogenic Brucella abortus
and Brucella melitensis by vaccination with recombinant
Omp16. Iran ] Basic Med Sci 2019; 22:1302-1307.

37. Ayazian Mavi S, Hossein Modarressi M, Mohebali M,
Shojaee S, Zeraati H, Teimouri A, et al. Assessment of the
immunogenicity and protective efficiency of a novel dual-
promoter DNA vaccine, harboring SAG1 and GRA7 genes, from
RH strain of Toxoplasma gondii in BALB/c mice. Infect Drug
Resist 2019; 12:2519-2530.

38. Safari Zanjani L, Shapouri R, Dezfulian M, Mahdavi M,
Shafee Ardestani M. Exotoxin A-PLGA nanoconjugate vaccine
against Pseudomonas aeruginosa infection: protectivity in
murine model. World ] Microb Biot 2019; 35:1-9.

39. Abu-baker NF Masoud HA, Jaber BM. Synthesis,
characterization and immunological properties of LPS-
based conjugate vaccine composed of O-polysaccharide from

211



Najafzadeh et al.

J7-MS

P. aeruginosa nanoparticles/detoxified LPS nanovaccine

Pseudomonas aeruginosa IATS 10 bound to recombinant
exoprotein A. Adv Microbiol 2008; 35:110-122.

40. Cornacchione P, Scaringi L, Fettucciari K, Rosati E,
Sabatini R, Orefici G, et al. Group B streptococci persist inside
macrophages. Immunology 1998; 93:86-95.

41. Al-Zeer M, Masoud H. LPS-based conjugate vaccines
composed of O-polysaccharide from Pseudomonas aeruginosa
IATS 6 and 11 bound to a carrier protein. World ] Microbiol
Biotechnol 2007; 23:1541-1549.

42. Rivera M, Bryan LE, Hancock REW, Mcgroarty EJ.
Heterogeneity of lipopolysaccharides from Pseudomonas
aeruginosa: analysis of lipopolysaccharide chain length. ]|
Bacteriol 1988; 170:512-521.

43. Sharma A, Krause A, Worgall S. Recent Developments for
Pseudomonas Vaccines. Hum Vaccines 2011; 7:999-1011.

44. Tanomand A, Farajnia S, Najar Peerayeh SH, Majidi ].
Cloning, expression and characterization of recombinant
exotoxin A-flagellin fusion protein as a new vaccine candidate
against Pseudomonas aeruginosa infections. Iran Biomed ]
2013;17:1-7.

45. Pier GB. Pseudomonas aeruginosa lipopolysaccharide: a
major virulence factor, initiator of inflammation and target for
effective immunity. Int ] Med Microbiol 2007; 297:277-295.
46. Shiosaka S, Kiyama H, Wanaka A, Tohyama M. A new
method for producing a specific and high titre antibody
against glutamate using colloidal gold as a carrier. Brain Res
1986; 382:399-403.

47.Gregory AE, Williamson ED, Prior JL, Butcher W, Thompson
I], Shaw AM, et al. Conjugation of Y. pestis F1-antigen to gold

212

nanoparticles improves immunogenicity. Vaccine 2012;
30:6777-6782.

48. Gregory AE, Judy BM, Qazi O, Blumentritt CA, Brown KA,
Shaw AM, et al. A gold nanoparticle-linked glycoconjugate
vaccine against Burkholderia mallei. Nanomedicine 2015;
11:447-456.

49. Torres AG, Gregory AE, Hatcher CL, Vinet-Oliphant H,
Morici LA, Titball RW, et al. Protection of non-human primates
against glanders with a gold nanoparticle glycoconjugate
vaccine. Vaccine 2015; 33:686-692.

50. Dykman LA, Khlebtsov NG. Immunological properties of
gold nanoparticles. Chem Sci 2017; 8:1719-1735.

51. Brown KR, Fox AP, Natan M]. Morphology-dependent
electrochemistry of cytochrome c at Au colloid-modified SnO,
electrodes. ] Am Chem Soc 1996; 118:1154-1157.

52. Muruato LA, Tapia D, Hatcher CL, Kalita M, Brett PJ,
Gregory AE, et al. Use of reverse vaccinology in the design
and construction of nanoglycoconjugate vaccines against
Burkholderia pseudomallei. Clin Vaccine Immunol 2017;
24:e00206-17.

53. Dos Santos Haupenthal DP, Mendes C, De Bem Silveira G,
Zaccaron RP, Corréa MEAB, Nesi RT, et al. Effects of treatment
with gold nanoparticles in a model of acute pulmonary
inflammation induced by lipopolysaccharide. ] Biomed Mater
Res 2019; 108:103-115.

54. Safari D, Marradi M, Chiodo F, Dekker HATH, Shan Y,
Adamo R, et al. Gold nanoparticles as carriers for a synthetic
Streptococcus pneumoniae type 14 conjugate vaccine.
Nanomedicine 2012; 7:651-662.

Iran ] Basic Med Sci, Vol. 24, No. 2, Feb 2021



	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusion
	Acknowlegment
	Conflicts of Interest
	References

