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A B S T R A C T

Red tilapia (Oreochromis sp.) has become one of the most important fish in aquaculture. Bacterial infection
caused by Flavobacterium columnare, the causative agent of columnaris disease, has been now identified as one of
the most serious infectious diseases in farmed red tilapia and cause major financial damage to the producers.
Among the effective prevention and control strategies, vaccination is one of the most effective approach. As the
surface of living fish is covered by mucus and directly associated with the mucosal immunity, we therefore
hypothesized that better adsorption on mucosal surfaces and more efficient vaccine efficacy could be enhanced
biomimetic nanoparticles mimicking the mucoadhesive characteristic of live F. columnare. In this work, we
describe an effective approach to targeted antigen delivery by coating the surface of nanoparticles with mu-
coadhesive chitosan biopolymer to provide “pathogen-like” properties that ensure nanoparticles binding on fish
mucosal membrane. The physiochemical properties of nanovaccines were analyzed, and their mucoadhesive
characteristics and immune response against pathogens were also evaluated. The prepared vaccines were nano-
sized and spherical as confirmed by scanning electron microscope (SEM). The analysis of hydrodynamic dia-
meter and zeta-potential also suggested the successful modification of nanovaccines by chitosan as indicated by
positively charged and the overall increased diameter of chitosan-modified nanovaccines. In vivo mucoadhesive
study demonstrated the excellent affinity of the chitosan-modified nanovaccines toward fish gills as confirmed
by bioluminescence imaging, fluorescent microscopy, and spectrophotometric quantitative measurement.
Following vaccination with the prepared nanovaccines by immersion 30min, the challenge test was then carried
out 30 and 60 days post-vaccination and resulted in high mortalities in the control. The relative percent survival
(RPS) of vaccinated fish was greater than 60% for mucoadhesive nanovaccine. Our results also suggested that
whole-cell vaccines failed to protect fish from columnaris infection, which is consistent with the mucoadhesive
assays showing that whole-cell bacteria were unable to bind to mucosal surfaces. In conclusion, we could use this
system to deliver antigen preparation to the mucosal membrane of tilapia and obtained a significant increase in
survival compared to controls, suggesting that targeting mucoadhesive nanovaccines to the mucosal surface
could be exploited as an effective method for immersion vaccination.

1. Introduction

According to 2015 UN Food and Agriculture Organization (GLOB-
EFISH - Analysis and information on world fish trade), Nile tilapia
(Oreochromis niloticus) and red tilapia (Oreochromis sp.) have increas-
ingly recognized as one of the most important freshwater fish in

aquaculture. Inevitably, several bacterial diseases can cause major fi-
nancial damage to the producers of tilapia. Bacterial infection caused
by Flavobacterium columnare, the causative agent of columnaris disease,
has been now identified as one of the most serious infectious diseases in
farmed tilapia [1]. F. columnare are gram negative, rod and slender fi-
lamentous bacterium with gliding motility and yellow rhizoid colony
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formation [2] and colonizes the mucosal surfaces of fishes (gills and
skin) in the initial steps of pathogenesis [3]. F. columnare infections may
result in skin lesions, fin rot and gill necrosis, with a high degree of
mortality, leading to severe economic losses [4]. The development of
effective and affordable prevention and control strategies for co-
lumnaris infection is therefore warranted.

It is well established that vaccination is the most effective approach
for prevention of infectious diseases in aquaculture. In fact, fish vac-
cines are mostly administered through major three routes of adminis-
tration as bath or immersion, second through in-feed or oral and the
third by injection. While immersion vaccination is more applicable, but
this method suffers from low potency as the efficiency of uptake of
antigens through the gills and skin are limited.

Nanoparticle platforms can be categorized as organic-based (e.g.,
lipid nanoparticles, biodegradable polymeric nanoparticles, and viral
vectors), inorganic-based, or a hybrid combination of the two. The use
of nanotechnology has been extensively exploited for controlled release
and targeted delivery of drugs, vaccines, and biopharmaceuticals in
order to improve their effectiveness for the prevention and treatment of
human and animal diseases. It is well established that nanotechnology-
based delivery system can play an important role in addressing the issue
of inefficient targeting antigen to the action site which causes the ad-
ministration of large doses of vaccine [5]. A number of previous studies
investigating the different aspects related to nanoparticle vaccine and
demonstrated their advantages over conventional vaccines. The use of
nanotechnology-based delivery system has provided a tremendous op-
portunity to design new formulations of nanovaccine in order to ef-
fectively and selectively deliver antigens to appropriate sites, provide
stability to antigens, and act as efficient adjuvants [6]. One purpose of
this study was to exploit nanoencapsulation technology to enhance the
efficacy of inactivated F. columnare.

Another purpose of this study was to exploit a mucoadhesive
polymer-based delivery system to circumvent the issue of inefficient
targeting antigen to fish mucosal surfaces. Chitosan (CS), sometimes
known as deacetylated chitin found in the exoskeletons of crustaceans,
is a natural polycationic linear polysaccharide [7]. Among polymers,
chitosan is one of the most studied form of bioadhesive polymers [8]
and has been extensively used in numerous applications in pharma-
ceutical and biomedical areas e.g. in drug delivery and tissue en-
gineering due to its outstanding biological properties such as mu-
coadhesiveness, biocompatibility and biodegradability [9].

Taken together, we hypothesized that the efficacy of killed vaccines
could be enhanced by nanoencapsulation in combination with in-
corporation of mucoadhesive characteristic. In this study, we prepared
different formulations of nanovaccines as schematically shown in Fig. 1.
The physiochemical properties of chitosan-complexed nanovaccine
were analyzed, and their mucoadhesive characteristics and immune
response against model antigen were also evaluated. Throughout this
paper, the abbreviation WC, CS, NE and CS-NE will be used to refer to
inactivated whole-cell F. columnare vaccines, polymeric (chitosan) na-
novaccines, nanoemulsion vaccines and the hybrid nanoemulsion vac-
cines coated with mucoadhesive polymer chitosan, respectively.

2. Materials and methods

The procedures of animal experiments were approved by the Animal
Ethics Committee of Chulalongkorn University, 1831020, and in ac-
cordance with animal ethics guidelines and approved protocols.

2.1. Fish and experimental conditions

Red tilapia (Oreochromis sp.) were used, with an average weight of
10 g. Fish were distributed into fiber tanks containing water under
continuous aeration. Air and water temperatures were monitored daily
and values were within acceptable ranges of 25–33 °C and 25–28 °C,
respectively. Dissolved oxygen (DO) content and pH were examined

weekly and were within ranges of 5.24–5.98mg/L and 7.48–8.16, re-
spectively.

2.2. Bacteria and nanovaccine preparation

Bacterial cultures used for nanovaccine preparation were grown in
Tryptone Yeast Extract Salt (TYES) broth medium (pH 7.2) and in-
cubated at 25–28 °C for 48 h [10]. In order to prepare inactivated
vaccines, bacterial cells were collected by centrifugation at 3,000 g at
4 °C for 40min, resuspended in phosphate-buffered saline (PBS) con-
taining 0.2% formalin, and incubated at 4 °C for 20 h. Formalin-killed
bacteria suspensions were washed three times by centrifugation and re-
suspended in PBS. Viable counts were determined by plating. After
being adjusted to an identical number of bacterial cells based on an
optical density-based approach (equivalent to 109 colony forming units
(cfu)/mL predetermined by plating), an aliquot of bacterial cells was
sonicated at 40% amplitude for 30 s and used to prepare different for-
mulations of nanovaccine. Chitosan solution of 0.5% w/v concentration
in 1% aqueous acetic acid was also prepared.

To prepare polymeric nanovaccines, an aliquot of sonicated bac-
terial cells (20% w/w) was mixed with 33% (w/w) of chitosan solution
and 47% (w/w) of water. Stirring was continued for another 1 h at room
temperature. To prepare nanoemulsion, an aliquot of sonicated bac-
terial cells (30% w/w) was mixed with 6% (w/w) of polyoxyethylene
(20) sorbitan monolaurate, 2% (w/w) of medium chain triglycerides
(Miglyol) and 62% (w/w) of water. The mixture was homogenized by
sonicator probe at 40% amplitude for 5min. To prepare chitosan-
complexed nanoemulsion (hybrid), complexation of preformed nanoe-
mulsions with chitosan was performed by adding 1% of small molecular
weight (50–200 kDa; Sigma) chitosan (previously dissolved in a solu-
tion of 1% acetic acid) to the prepared nanoemulsion at a ratio of 1: 1
(v/v). The mixture was stirred for 1 h at room temperature.

2.3. Surface characterization of nanovaccines

Zeta potential of nanovaccine preparations were measured using a
Malvern Instruments Zetasizer Nano ZX. The nanovaccine suspension
was diluted 1,000 times in Deionized water before measurement. All
measurements were performed at 25 °C. The data are given as
mean ± SD based on the measurements of the samples from three
replicates.

The morphology of nanovaccine preparations was observed using an
environmental scanning electron microscope (E-SEM, S-3400, Horiba,
Japan). The samples were diluted by distilled water at 1:50 ratio onto
the carbon tape. The samples were then investigated at magnification of
5,000–20,000 times with electron beam energy of 20 kV.

2.4. Mucoadhesive characterization of nanovaccines

Fingerling tilapias (10 g) were divided into 4 groups; control, whole-
cell vaccine, polymeric (CS) nanovaccine, nanoemulsion vaccines and
hybrid CS-complexed nanoemulsion vaccine groups (5 fish each) with 3
replicates. Fish were immersed with 107 cfu/mL of vaccine preparations
for 30min. Following direct immersion and euthanasia, fish gills were
harvested. Attachment of vaccines to mucosal surfaces as determined
by the fluorescent signal of DAPI-stained vaccines was examined using
a Nikon Eclipse TE2000-U fluorescence microscope. Fluorescence
images were obtained by using 4X magnification and fluorescent set-
ting. A second experiment was carried out to determine whether vac-
cines could be detected in the mucosal membranes. Following immer-
sion, euthanasia and gill dissection, accumulation of DAPI-stained
vaccines was observed using a bioluminescence imaging instrument
(Bruker).

For quantitative measurement, 100 μl of Glo® lysis buffer (Promega)
was added to 1 g of gill tissues, incubated for 10min at 37 °C, and
homogenized with PYREX® 3mL Glass Pestle Tissue Grinder.
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Homogenized tissues were then centrifuged for 5min at 10,000 g to
remove cell debris. One hundred microliters of the supernatants was
transferred to an opaque 96-well plate for fluorescence measurement.
Fluorescence intensity was measured with a fluorescence plate reader at
358 nm/461 nm.

2.5. Vaccine efficacy

Fingerling tilapias (10 g) were divided into 5 groups; control, whole-
cell vaccine, polymeric (CS) nanovaccine, nanoemulsion vaccines and
hybrid CS-complexed nanoemulsion vaccine groups (25 fish each) with
3 replicates. Fish were immersed in aerated 2 L bath solutions con-
taining 20mL (1:100 dilution) for 30min. Control immersion baths was
prepared by 2 L sterile water. After vaccination, fish were transferred to
fiber tanks containing water under continuous aeration. At 30 and 60
days after immersion vaccination, Fish were challenged with
1× 106 CFU/mL lethal concentration of a virulent strain of F. co-
lumnare for 1 h. Cumulative mortality and survival rate were recorded
for 10 days after immersion challenge.

2.6. Statistical analysis

GraphPad Prism software (version 5.0) was used to generate graphs
and perform statistical analyses. One-way analysis of variance, or

repeated measures analysis of variance, followed by Tukey post-hoc
tests were used for multiple comparisons. A value of p < 0.05 was
considered statistically significant and denoted as follows: *p < 0.05,
**p < 0.01 and ***p < 0.001. Survival curves were generated for the
vaccinated fish and unvaccinated fish. The numbers of fish which died
after challenge test were recorded. Relative percent survival (RPS) was
calculated as 1 - (mortality rate of vaccinated fish/mortality rate of
control fish) x100.

3. Results

3.1. Physicochemical characteristics of different nanovaccine formulations

We analyzed the zeta potential, size, and the appearance of the
prepared nanovaccines. As shown in Table 1, we observed the zeta
potential shifts from a negative value for whole-cell vaccines and un-
complexed NE, to a positive value for the CS vaccines and NE following
complexation with CS polymers (CS-NE). These data proved the posi-
tive charge of the cationic nanovaccines in contrast to the negatively
charged surface of the uncomplex vaccines. Formation of nanovaccines
was also confirmed by the measurement of particle size. Size mea-
surement of different formulations of nanovaccines in Table 1 revealed
that CS nanovaccine has an average diameter of 350 ± 50 nm. Our
results also showed that CS-NE has an average diameter of 2-fold

Fig. 1. Preparation and physical characteristics of different vaccine formulations used in this study. Schematic diagram of the prepared vaccines. Negatively charged
vaccines prepared by formaldehyde inactivation were physically broken down, followed by reformation of nanoparticles with/without assembling with cationic
chitosan polymers. SEM images of the surface morphology of different nanovaccine formulations in comparison with inactivated whole-cell vaccines are also shown.
Scale bar= 10 μm.
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greater than the uncomplexed NE.

3.2. Mucoadhesiveness of the prepared nanovaccines

The affinity of different vaccine preparations toward mucosal sur-
faces of fish gills was studied using DAPI-stained F. columnare.
Quantification of fluorescent signal in gill tissues after tissue lysis
showed that a significant higher mean fluorescence intensity (MFI)
were achieved with CS nanovaccines and CS-NE vaccines compared to
whole-cell vaccine and nanoemulsion vaccines. As shown in Fig. 2a,
treatment with CS nanovaccines and CS-NE vaccines resulted in 4 to 5-
fold increase of fluorescent signal compared to control (non-treated)
group, respectively. Fluorescence microscopy revealed that a large
number of CS nanovaccines and CS-NE nanovaccines can bind to fish
gills, whereas a few particles were observed on gills of fish immerged in
water containing whole-cell vaccines or NE vaccines (Fig. 2b). Con-
sistently, bioluminescence imaging revealed that incorporation of na-
novaccines with chitosan biopolymer mediated efficient attachment to
mucosal surfaces, as indicted by higher fluorescent intensity than of
naked vaccines (Fig. 2c).

3.3. Protective effect of mucoadhesive vaccines against flavobacterium
infection

Vaccinated and control fish were held for 30 and 60 days following
bath vaccination before they were challenged with virulent F. co-
lumnare. Time course for bath immunization and challenge is shown in
Fig. 3a. There was no fish died after the vaccination. A positive effect of
vaccination is determined by a relative percent survival (RPS) greater
than 60%. At 30 days post vaccination with all vaccine formulations,
the RPS were greater than 60%, as shown in Table 2. In this study,
mortality in an equivalent group of non-vaccinated fish was 87%. The
prolonged protective effect could be also observed in fish vaccinated
with nanovaccines at 60 days post vaccination (Table 2). However, a
loss of protection after initial effectiveness was observed in a group
vaccinated with whole-cell bacteria as shown by mortality in this group
was lower than 50%. Percentage survival after bath challenge of vac-
cinated and control groups is shown in Fig. 3b. We observed at least one
of the following clinical signs in all the moribund and dead fish; he-
morrhage, lesion on the trunk, and/or eroded tail (Fig. 3c). Moreover,
chitosan polymer alone fails to protect tilapia from columnaris infec-
tion. Following immersion with the chitosan polymer by immersion
30min, the challenge test was then carried out 30 and 60 days post-
immersion and resulted in high mortalities (Supplementary Table 1).

4. Discussion

Among the effective prevention and control strategies, vaccination
is one of the most effective approach. Vaccines for use in fish against
infectious pathogens can be broadly categorized as traditional and
modern vaccines. The former includes killed vaccines and attenuated
vaccines while the latter includes recombinant technology vaccines and
synthetic peptide vaccines as well as DNA vaccines, all of which are in
progress around the world [11,12]. In general, all of these strategies
have shown advantages and disadvantages. Despite several efforts to
develop effective vaccines against a large number of diseases using

Table 1
Physicochemical properties of nanovaccines after formulations.

Formulation Average diameter (nm) Zeta potential (mV) PDI

WC 1,900 ± 400 −15 ± 5.0 0.42
CS 350 ± 50 27.5 ± 2.5 0.12
NE 175 ± 25 −22.5 ± 2.5 0.14
CS-NE 350 ± 50 28.5 ± 6.5 0.19

Values were the means of three replicate samples. The data were presented as
mean ± SD.

Fig. 2. In vivo accumulation of mu-
coadhesive vaccines in gill tissues after
direct immersion. a) Quantitative ana-
lysis of DAPI-stained vaccines in fish
gill tissues. Experiments were per-
formed in triplicate and data presented
as fold-increase in mean fluorescence
intensity (MFI) compared with the
control (non-vaccinated fish). b)
Fluorescence imaging of fish gills fol-
lowing direct immersion of different
formulations of nanovaccines com-
pared to whole-cell vaccines. (c)
Representative microscopic fluores-
cence images of nanovaccines in fish
gill slices after direct immersion as ex-
amined by fluorescence microscopy.
Scale bar= 200 μm.
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recombinant vaccines and recombinant DNA technology, the inherent
limitation of these modern antigens is their low immunogenicity in
comparison to the more traditional vaccines. The poor immunogenicity
frequently observed in recombinant antigens is associated with a lack of
exogenous immune activating components [13].

At the present, most of licensed aquaculture vaccines are in the form
of live attenuated, killed/inactivated microorganisms [14,15]. Tradi-
tional vaccines are generally more effective than modern vaccines. The
explanation behind this fact is that protection is mediated by the
combination of multiple antigens composed of lipopolysaccharides, li-
poproteins, complex polysaccharides as well as proteins [16–18]. Tra-
ditional vaccines that express these multiple antigens thus provide the
most efficacious immunity superior to recombinant vaccines. As com-
pared to inactivated vaccines, live attenuated vaccines can be highly
effective [19,20]. However, their potential risk of reversion of the mi-
croorganism for a more virulent phenotype can occur [15,21]. This
major concern has become a limitation for their use in aquaculture
including in Thailand. Although killed/inactivated vaccines may be less
effective than attenuated vaccines, they are typically safer.

Nanotechnology-based delivery system has been extensively used in
vaccine development as it is effortless to deliver, protect the antigen
from degeneration and is found to be efficient with a single dose re-
sulted from slow release of the encapsulated antigen [22]. As men-
tioned earlier, we hypothesized that the efficacy of killed vaccines
could be enhanced by nanoencapsulation technology. We evaluated the

average size and zeta potential to characterize the nanovaccine pre-
pared from formalin-killed and sonicated F. columnare via the emulsi-
fication and homogenization technique. Our results also showed that
the prepared nano-sized vaccines are well-dispersed in water and pro-
vided excellent protective effect against columnaris disease following
immersion vaccination as compared to inactivated whole-cell bacteria.
This result could be explained by the finding that smaller nanoparticles
ranging from 1 to 100 nm can be easily delivered to lymph nodes be-
cause they can be readily internalized by dendritic cells and retained for
a longer period of time at the vaccine administration site [23]. More-
over, the use of nano-sized vaccines improves immunogenicity in the
absence of adjuvants such as alum, which are inflammatory mediators.

Gills, skin, and gut are important organs that directly associated
with the mucosal immunity of teleost fish and play a very important
part of the fish immune defenses, protecting the body from the first
encounter of infectious pathogens [24]. The external constituent of
skin, gills, and gut is a mucous gel which forms a layer of a gel-like
substance covering the epithelial cells [25]. The fish mucus is mainly
composed of water and glycoproteins, containing a vast majority of
mucins, high molecular weight negatively charged oligosaccharides
[26,27].

As colonization of the mucosal surfaces of fish skin and gills is the
first step of F. columnare infection [3], we therefore hypothesized that
better adsorption on mucosal surfaces and more efficient vaccine effi-
cacy could be enhanced by biomimetic nanoparticles mimicking the

Fig. 3. Vaccine efficacy. (a) Time course for immersion immunization and challenge test. (b) Percentage survival after bath challenge of vaccinated and control
groups. The survival rates following challenge with 1×106 CFU/mL F. columnare are presented. (c) Clinical signs of columnaris disease following bath challenge
with F. columnare.
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mucoadhesive characteristic of live F. columnare. Our results also con-
firmed that the positively charged nanovaccines increased attachment
to fish gill tissues mainly by an efficient binding of nanovaccines to the
negatively charged mucosal membranes. Another possible explanation
for enhanced protective effect could be the adjuvant ability of chitosan
[28–30]. Chitosan has been widely studied for its immunogenic activ-
ities, especially via the mucosal routes [31–33].

Despite these promising results, a basis for the safety of novel vac-
cines must be established before regulatory agencies approve initiation
of animal clinical trials. Further research should be undertaken in
farmed tilapia in order to identify both intrinsic toxicity of the product
and immunotoxicity arising from the host immune response to the new
vaccine. Moreover, some related clinical parameters are required to be
measured and monitored over a period of time, such as Average Daily
Gain (ADG), Feed Conversion Ratio (FCR).

5. Conclusion

The strategy, as presented here, is an improved version of in-
activated nanovaccine surfaced modified with chitosan biopolymers
and targeted to the mucosal membrane of tilapia. Specifically, we re-
ported here the preparation of mucoadhesive nanovaccines via the
emulsification and homogenization method as well as their physico-
chemical and biological properties. The analysis of SEM image and zeta-
potential also suggested the successful modification of nanovaccines by
chitosan. In vivo mucoadhesive studies demonstrated the excellent af-
finity of the chitosan-complexed nanovaccines toward fish gills as
confirmed by bioluminescence imaging, fluorescent microscopy, and
spectrophotometric quantitative measurement. By taking advantage of
the unique characteristics of the fish mucus, the present study de-
monstrated that targeting mucoadhesive vaccines to the fish gill mu-
cosal surface could be exploited as an effective method for immersion

vaccination. Interestingly, our data confirmed that the complexation of
nanovaccines with cationic chitosan polymers generates positively
charged vaccine complexes. As a result, biomimetic nanoparticles mi-
micking the mucoadhesive characteristic of live F. columnare can help
achieve better adsorption on mucosal surfaces and more efficient vac-
cine efficacy. Taken together, our study demonstrated the feasibility of
mucoadhesive nanoparticle as an effective delivery method for an in-
activated vaccine against infectious F. columnare in Tilapia by immer-
sion vaccination.
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