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Objective(s): Pseudomonas aeruginosa is an opportunistic pathogen that is an important cause of
nosocomial infections. This bacterium produces various virulence factors, among which exotoxin A
is significantly involved in mortality and morbidity. In this study, we evaluated the immunogenicity of
native exotoxin A extracted from the P, aeruginosa and its conjugation with gold nanoparticles in the
animal model.

Materials and Methods: Exotoxin A was first extracted and purified from the culture medium of P
aeruginosa PAO1 by selective precipitation and dialysis. The gold nanoparticles were prepared using
the Turkevich method and conjugated to the prepared exotoxin A by electrostatic force. The size and
conjugation were confirmed using electron microscopy and Fourier transform infrared spectrometry
(FTIR), respectively. The immunogenicity of prepared ExoA-gold nanoparticles was investigated in
the mice model.

Results: The results indicated that nano-gold particles can be conjugated to the native exotoxin A with
high efficiency. Immunogenicity investigation demonstrated that antibody titers produced against
native exotoxin A and its conjugate to nano-gold particles are significant in a mouse model (P<0.005).
Moreover, significant protection against 2xLD50 P. aeruginosa infection was observed in animals
immunized with nano-gold-exotoxin A as compared with control groups (P=0.00).

Conclusion: Our study indicated that exotoxin A can be produced with acceptable purity in the
laboratory, and conjugated to gold nanoparticles. Based on these results nano-gold-exotoxin A
conjugate is highly immunogenic and can be considered a potential vaccine candidate for P aeruginosa
infections.
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Introduction

Pseudomonas aeruginosa is a gram-negative, obligate
aerobic bacterium, which can be isolated from plants,
soil, water, and warm humid environments (1). This
bacterium is an opportunistic pathogen that infects
humans and animals and is a common cause of
nosocomial infections in patients with burns, cancer,
cystic fibrosis, and immune-deficient individuals (2).

Various virulence factors including surface factors
(e.g, pilus, flagella, lipopolysaccharide-derived
polysaccharide layers), type IlI secretory system, and
other secreted proteins are involved in the pathogenesis
of P aeruginosa (3). The virulence factors of P
aeruginosa are divided into two groups: extracellular
and intracellular (4). Exotoxin A is an extracellular
virulence factor, with high antigenic and cytotoxicity
properties, which inhibit protein synthesis through
ADP-ribosylation (5, 6). The antigenic properties,
stimulating a humoral immune response, stability of
induced antibodies, as well as features such as inhibition
of protein synthesis and down-regulation of MHC-1
molecules on liver cells have made exotoxin A an ideal
candidate for vaccine production (5, 2).

In recent years, nanoparticles of various elements
such as gold, silver, and zinc have been used for
treatment of bacterial, fungal, and viral infections
(7, 8). These nanoparticles are accepted as applied
substances with low toxicity in life and ecosystem
(9, 10). Nanoparticles are used as nanocomposites in
the preparation of nano-vaccines in combination or
conjugation with biomolecules to induce appropriate
immune responses and vaccination. In addition,
nanoparticles are used as stimulators of phagocytic,
macrophages, and dendritic cells, which is important
in immunization (9). Solid nanocarriers are useful for
delivering protein parts of vaccines, due to their easy
entry into intestines, lymphoid, and mucosal tissues
(11). Therefore, nanoparticles play an important role
in the high performance of antigens and adjuvants and
can increase the response of the immune system against
vaccines (12).

This study aimed to provide a nano-gold conjugate
with exotoxin A and evaluate its potential for production
of an effective vaccine with long-lasting protection in a
mouse model.
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Materials and Methods

Bacterial sample

P. aeruginosa PAO1 was purchased from Maragheh
University of Medical Sciences, Maragheh, Iran, and
confirmed by standard biochemical and phenotypic
methods, including colony formation, gram staining,
growth at 42 °C, oxidase test, and pigment production.

Purification of exotoxin A

Bacteria were cultured in a nutrient agar medium
containing skim milk. The suspension of freshly
cultured bacteria (0.4 ml) was added to dialyzed TSB
medium (250 ml) containing 1% glycerol and 1 mM
monosodium glutamate. It was placed in a shaker
incubator with 120 rpm for 24 hr at 37 °C. Next, the
bacteria-containing medium was centrifuged in 10000
g for 45 min at 4 °C. The bacteria sediment was collected
and the supernatant containing toxin was stored in
the refrigerator. Selective precipitation methods were
used for partial purification of toxins. for this purpose,
sodium citrate (0.3 M) was added to 0.1 of the liquid
containing the toxin and dialyzed against 0/01 m buffer
(pH =8) in a dialysis bag at 4 °C for at least 24 hr and the
buffer was replaced three times. The toxin-containing
buffer was then centrifuged at 5000 g for 30 min and the
containing toxin supernatant was removed. Ammonium
sulfate (0.1%), at 60 %saturation with pH 8, was added
to the supernatant and the obtained precipitate was
dialyzed after centrifuging at 6000 rpm for 45 min. For
further purification and concentration of the obtained
toxin, the toxin-containing solution was centrifuged in
10000 g for 20 min at room temperature. To confirm
the presence and purity of the toxin, polyacrylamide gel
electrophoresis (SDS-PAGE) with 10% concentration
was used and stained by the Coomassie Blue method,
and finally was confirmed by western blotting method.

Preparation of toxoid

For toxoid preparation, exotoxin A (5 mg) was solved
in phosphate-buffered saline-PBS (10 ml), at pH = 7.2,
and was mixed with sodium phosphate (0.01 mM),
sodium chloride (0.15 mM), and formaldehyde (4%).
The obtained compound was incubated at 37 °C for
4 days. Then, dialysis against phosphate buffer was
performed for 48 hr. The detoxified toxin was sterilized
using a 0.45 um filter.

Synthesis of spherical gold nanoparticles

The aqueous HAuCl4 solution (3.9 ml with 1.25 g
gold/liter) was prepared and then diluted 10 times.
Then, a solution of trisodium citrate (1 ml with 1%
weight) was added (on ice). The prepared solution was
severely stirred with a Teflon magnet for 5 min and
NaBH4 solution (3.9 ml with 0.02 Mm concentration)
and diluted 5 times. Next, it was added dropwise into the

prepared solution in an ice bath for 3 min. As a result,
the color of the solution became pink immediately. The
stirring was continued for another 5 hr until the solution
was red (13).

Conjugation of
nanoparticles

Gold nanoparticles (10 mg) was dispersed in KCl-
HCI buffer (5 ml with 0.02 mM concentration) at pH 2.
Each of the solutions (100 pl) containing exotoxin A (10
mg/ml) was added to the KCI-HCI buffer under stirring,
which was continued for 2 hr. So, the solutions were
conjugated by electrostatic forces.

toxoid prepared with gold

Immunization

The Balb/C mice (aged 6 to 8 weeks) were divided
into 4 groups (6 mice in each group) for immunization
(Table 1). Each group was vaccinated in 0, 14, 28, and 42
days with one of the antigens (including native exotoxin
A, nano-gold-exotoxin A conjugate, nano-gold, and
PBS as controls). Initial injection consisted of Freund’s
complete adjuvant and in the subsequent injections,
Freund’s incomplete adjuvant was used. After sufficient
mixing of antigens and adjuvant, they were injected
subcutaneously into the anterior and posterior regions
of the animals under relatively sterile conditions. All
blood samples were taken one week after the last
injection for quantitative and qualitative evaluation of
immunization and total IgG titers. Blood samples were
taken from the mice’s ocular sinus using hematocrit
tubes and transferred to labeled microtubes. Serum
samples were centrifuged and frozen at -20 °C to total
IgG titer assay (13).

ELISA assay

The level of total IgG in the serum of different groups
of mice was evaluated by the indirect ELISA method.
First, according to the Checkerboard method, ELISA
was performed with different dilutions of immune and
non-immune antisera and different concentrations of
antigen to obtain the best concentration and dilution
conditions for antigens and antisera. Concentrations
and dilutions in which the highest optical absorption
of immune serum and the lowest optical absorption
of non-immune serum (nonspecific absorption) were
observed were considered the optimum conditions for
the ELISA test. Finally, indirect ELISA was performed
with a concentration of 5 pg/ml of each antigen and
dilution of 1: 100 sera.

Animal challenge

P.aeruginosa PAO1 strain was used inanimal challenge
tests. First, the LD,, of the strain was determined
intraperitoneally injection of different CFU of the

bacterium into 7 groups of Balb/c mice. Next, 2 weeks

Table 1. Antigen injection protocol in the four control and experimental animal groups

Group Antigen

Antigen concentration

Injection method

I EXOA + Adjuvant

11 EXOA - Nano + Adjuvant
11 NPG + Adjuvant

v PBS + Adjuvant

37 ug Subcutaneous
37 ug Subcutaneous
37 ug Subcutaneous
300 pul Subcutaneous
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after the last dose of vaccine, 7.5 107 CFU (2xLD, ) of
bacteria was injected intraperitoneally to all groups and
the mortality and survivals were recorded in challenged
mice for one week (ethical code: 162307306).

Statistical analysis

Data were analyzed by SPSS 21 software. Differences
in the mean ELISA absorbance of each group with the
mean of the control group were compared by Student’s
t-test. P-values<0.05 was considered as meaningful
difference. The ratio of live mice/total mice (survival
percent) was used for the survival study.

Extracted of exotoxin A

The purity and presence of exotoxin A were confirmed
by SDS-PAGE gel electrophoresis using the Coomassie
Blue staining method. The results showed acceptable
purity and quality for extracted exotoxin A (Figure 1).

Synthesis of gold nanoparticles

The results of Transmission electron microscopy
images (Figures 2 and 3) showed that the average size
of the nanoparticles was 5 nm and the particles were
almost spherical. Image mapping information precisely
relevant to dispense ingredients C, N, O, P, CL, and Na
confirm the correct synthesis of the desired compound.

In the Fourier transform infrared spectrometry
(FTIR) spectrum of native exotoxin A (Figures 4, 5, and
6), the absorption bands in the wavelengths about 1463,
1631 indicated the amino groups present in the exotoxin
structure; also, the absorption bands of the wavelength
1280 indicated the p = o bond of the exotoxin structure.
The absorptionbandsofabout1730,1382,1128 indicated
the ¢ = o groups’ presence in the exotoxin structure.

In FTIR spectrum of exotoxin conjugated with gold
nanoparticles (AuNPs), a distinct absorption band
appeared at about 3421, 2925, 1631, 599 showing the
presence of AuNPs in the system. The results showed
that AuNPs could be conjugated to exotoxin A at sizes
less than 7 nm.
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Figure 1. Exotoxin A varnishing electrophoresis with Coomassie Blue

Figure 2. Transmission Electron Microscopy (TEM) Au-NPs gold
nanoparticle-protein-free control

° i 2 3 : ]

partice size (nen)

“ & N =

-

o - N w

Figure 3. Transmission Electron Microscopy (TEM) exotoxin/Au-NPs gold nanoparticles-exotoxin control
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Figure 4. Analysis of Energy-dispersive-x-ray spectroscopy (EDX) for Exotoxin A-Nano-gold indicate. Existence of ingredients C, N, O, P, CL, Na

confirms the correct structure of nano-gold- Exotoxin A
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Figure 5. Fourier transform infrared spectrometry (FTIR) spectrum of exotoxin purification before conjugation with gold nanoparticles

0.99

039

(=]

599 .In ﬂ
| |

746
1074 U

\
o

1128 I 1631
1382

0.97

%T

1730

095
P-0

0.94
Au NPs

0.93

400 800 1200 1600

f\'ﬁp |

2000

T

2368

2858

958

20925

3421 3550

2400 2800 3200 3600 4000

Wave number (cm?)

Figure 6. Fourier transform infrared spectrometry (FTIR) spectra of gold nanoparticles conjugated with exotoxin A

ELISA

Absorption obtained from the serum of immune
animals at a dilution of 1: 100 (at 450 nm) is shown
in Table 2 and Figure 7. The amounts of antibody
produced in all groups, as compared with the control,
was statistically significant; the amount of antibody
produced in the mice immunized with nano gold-
exotoxin conjugate and AuNPs showed a significant
difference with other groups.

Animal challenges
The survival rate of immune animals is shown in Table

3 and Figure 8. According to these results, protection
in the mice immunized by exotoxin A, conjugate, and
AuNPs, was significantly different at the level of 95%
confidence interval in terms of mortality and survival

2.984
3.5
¥ 2.103
o 254
]
<+
n
a 21
(o]
1.5
4 0.263 0.145
05
Exotoxin A Exotoxin A Nano-gold PBS
Nano-gold

Figure 7. The ELISA optical density in different mice groups, one
week after the last injection in 1/100 serum dilution

Table 2. ELISA optical density in different mice groups, one week after the last injection in 1/100 serum dilution

Antigen ODaso Standard Confidence level 95% Significance level
deviation
Upper limit Lower limit
Exotoxin A 2.103 0.378 2.45 1.75 <0.005
Exotoxin A-nano-gold 2.984 0.830 3.75 2.22 <0.005
Nanogold 0.263 0.16 0.41 0.17 <0.005
PBS 0.145 - - - -
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Table 3. Survival rate of mice after intraperitoneal injection of Pseudomonas aeruginosa clinical strain with the dose of 7.5 x 107 CFU (2 x LD,)

Antigen Survival Frequency Variable ratio Confidence level 95% Significance
level
Dead Alive Dead Alive Upper limit Lower limit
Exotoxin A 86% 1 6 14.3 85.7 1.07 0.37 0.00
Exotoxin A-nano-gold 100% 0 7 0 100 - - 0.00
Nano-gold 14% 6 1 85.7 14.3 - - 0.00
PBS 14% 6 1 85.7 14.3 -
Exotoxin A Exotoxin A-Nano gold Nano gold ===g= Control g
1204
100
< 804
£
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[
= 604
2
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Figure 8. Survival rate of mice after intraperitoneal injection of Pseudomonas aeruginosa clinical strain with the dose of 7.5 x 107 CFU (2 x LD, )

of the mice, as compared with the control (P<0.005).
As could be seen in the above table, mortality rates in
Exotoxin A and Exotoxin A-gold nanoparticles were
significantly different from controls (nano-gold and PBS).

Exotoxin A is one of the important pathogenesis
factors of P aeruginosa and plays a key role in bacterial
immunity and pathogenicity. Cross et al. reported the
toxin as an immunogenic factor and the difference
in serum antibody titers of the patients killed by P
aeruginosa and the survivors of this infection. In this
study, we used P. aeruginosa PAO1 to purify exotoxin A.
Thisbacterium producesthe highesttoxininthe dialysate
of trypticase soy broth (TSB) containing glycerol and
monosodium glutamate. The presence of the toxin in
the primary culture samples was demonstrated using
SDS PAGE (agar gel electrophoresis), as compared with
the standard toxin. The toxin produced was comparable
in terms of molecular weight to the standard strain. By
using two staining methods of silver nitrate, we showed
that the toxin from the P aeruginosa PAO1 strain was
similar to the standard toxin.

Purification of exotoxin A from the culture medium is
difficult due to the bacterial secretion of the proteases.
Based on the results of our studies, purified exotoxin A
canbe considered as avaccine candidate for P. aeruginosa
infections. Therefore, in other studies, exotoxin A has
also been considered a vaccine candidate alone or
in conjugation with other compounds. Purification
of exotoxin A has many problems, including its low
efficiency, so in some studies, recombinant exotoxin
has been considered (14-16). In this study, AuNPs
were synthesized by the Turkevich method, using gold
salt and sodium citrate. The AuNPs conjugated with
toxin were stable and stored in the refrigerator for a
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long time. Weaker gravitational forces such as van der
Waals, electrostatic and hydrophobic forces, bind these
reactions. The AuNPs prepared in this project were
less than 7 nm. AuNPs are typically about 1-100 nm
in size, and most AuNPs synthesis methods are based
on the reduction of gold salt composition (HAUCL4) by
reducing agents.

AuNPs have been proposed as suitable candidates
for drug delivery or drug carriers because of their
properties, such as inactivity and non-toxicity to cells and
the environment. In addition, particle dispersion (1-150
nm) contributes to the drug delivery properties of the
nanoparticles. AuNPs with positive charges can bind to
DNA effectively and protect enzymatic digestion (17).

In order to use AuNPs biologically, their surface must
be functionalized. AuNPs are functionalized with the
aim of enhancing smartness, ensuring the insensitivity
of the immune system, and reducing toxicity in the body.
Depending on the application of the nanoparticles,
AuNPs can be functionalized with polyethylene glycol
to reduce toxicity, escape from the immune system, and
maintain longer blood circulation (18).

The Elisa results showed that high antibody titers
against exotoxin A were produced in all mouse groups,
but antibody titers produced in exotoxin A-nano-gold
conjugate groups were higher than in other groups.
This fact indicates that conjugation of exotoxin A
with nano-gold potentiates its immunogenicity in
vivo. Therefore, exotoxin A gold nano-particles can
be considered as a potent and appropriate vaccine
candidate and could act against the toxic activity of
exotoxin A and pseudomonas infections. However, the
use of AuNPs alone and as a conjugate with exotoxin A
could be used as an efficient factor in active and passive
vaccination and immunizations against pseudomonas
infections. The immunogenic properties of exotoxin
A, lipopolysaccharide-exotoxin A, and exotoxin A-pilin
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conjugates and other antigenic factors have been
studied by researchers (2, 19, 20).

Results of animal challenges showed that high
protection was observed in exotoxin A, as well as with
exotoxin A AuNPs conjugate groups against 2LD_
intraperitoneal injection of live P aeruginosa. These
results were similar to the results of the studies by
Michalska and Wolf (21), Li et al. (22), and Nazari et al.
(23). In the so-called studies, a similar protective role
was reported in mice immunized with ExoA-OprF-Oprl
fusion groups; however, they reported poor protection
in mice immunized with recombinant exotoxin A.
Mortality of animals in unprotected mice including
exotoxin A immunized groups showed a few days of
delay in death in comparison with controls.

Various studies have demonstrated the role of anti-
exotoxin A antibody in counteracting the effects of
exotoxin A under in vitro and in vivo conditions (24).
Therefore, the toxic effects of exotoxin A in P. aeruginosa,
infections should be neutralized in vaccination studies.
For this reason, in different studies exotoxin A with
different immunogenic factors or with different
nanoparticles (2, 25-27) have been investigated, alone
or in conjugation, reporting different results. In this
study, we used exotoxin A and AuNPs for the first
time. That is why there is not much information in the
literature review. Different antigens of P aeruginosa
have been evaluated for immunogenicity and induction
of protective responses in mouse models [28]. But
none of the antigens alone could induce proper
protective responses. Therefore, it has been suggested
that a combination of different antigens should be
used to better induce effective immune responses
against infections of this bacterium. Examples of these
compound antigens to enhance their immune efficacy
in mice include lipopolysaccharide-exotoxin A, alginate-
exotoxin A, and exotoxin A with Elastase, FliC, and
alkaline protease conjugates, as reported by various
researchers (29). On the other hand, native purified
exotoxin A is toxic to the cells, and toxoid forms may
change its immunological properties, which make it not
suitable for immunization purposes. On the other hand,
native exotoxin A is very immunogenic, and in the serum
of all patients vaccinated with exotoxin A, high titers of
anti-exotoxin A antibody were demonstrated (2).

Serum antibody analysis of mice immunized with
conjugated exotoxin A toxoid showed little difference
with vaccination by pure exotoxin (30). These findings,
confirm immunogenic features of the exotoxin A toxoid.
Invitro and in vivo studies have also shown that antibody
induction by non-toxic exotoxin could also be performed
without cytotoxicity. Therefore, non-toxic exotoxin A
can be used to create active and passive immunity to
counteract the pathological effects of exotoxin A.

Finally, given the increasing worldwide antibiotic
resistance especially by Gram-negatives, followed by
deaths and the additional costs associated with it, the
need to study the development of vaccines and other
types of nosocomial infection prevention have increased.
Particular attention should be paid to the costly bacteria
in medical centers (31-33).

Conclusion
We showed that AuNPs conjugated with exotoxin A
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have an adjuvant effect that can be used to combat a
range of nosocomial infections causing by P. aeruginosa.
In addition, the use of the toxoid has no cytotoxic effects
and is also effective in providing immunity against
pseudomonas-related diseases. Indeed, given the
adjuvant effects and immune response potentiation, the
use of AuNPs conjugated with bacterial proteins could
be considered as a potential strategy for the production
of microbial vaccines.
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