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ABSTRACT: To meet an urgent need for improved vaccines against viral diseases in aquaculture, encapsulating the viruses into biode-
gradable and biocompatible polymers was suggested to protect viral antigens from premature degradation and gradually expose them
to the immune system. We used water-in-oil-in-water emulsion to first encapsulate model red fluorescent polystyrene (PS) particles
and then infectious salmon anemia virus (ISAV) into poly-lactic-co-glycolic acid (PLGA) together with coumarin 6. A milder layer-
by-layer method was applied to incorporate both PS and ISAV into chitosan (Cs)-fluorescein isothiocyanate and alginate (Alg) fol-
lowed by ionic crosslinking. All particles were characterized by dynamic light scattering, zeta-sizer, fluorescence, transmission- and
scanning electron microscopy. Successful encapsulation of PS beads and ISAV into PLGA, Cs, and Alg was accomplished. The pre-
pared particles were of different size, surface charge density, and morphology. This yields opportunities for further developments of
these structures as vaccine candidates to be delivered by injection or oral administration. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci.
2014, 131, 40714.
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for aquaculture use,'®'” both in commercial and in research
applications.”'*'® PLGA particles can be formulated in different
sizes and modified to tailor them for desired applications and
administration routes.'” Different bacterial antigens (e.g., Lacto-
coccus garvieae,”® Mycobacterium tuberculosis BCG," Escherichia
coli,”> Vibrio cholerae,> Aeromonas hydrophyla'’), the whole
viruses and viral antigens (infectious pancreatic necrosis virus,*>
influenza virus**), or DNA coding them have been successfully
encapsulated into PLGA particles.'®

INTRODUCTION

Numerous nano-engineering and chemical design studies have
recently been carried out in controlled fabrication of nano-/
micro-structured materials with tailored characteristics for vac-
cination and treatment purposes.'™® Encapsulation of molecules
of interest into biodegradable polymers, e.g., poly-lactic-co-gly-
col acid (PLGA), chitosan (Cs), and alginate (Alg) offers many
advantages over conventional methods of drug and vaccine
delivery, such as controlled, sustained release, and specific tar-
geting to the cells of interest.”™"! The possibility of the particles
to enter the application stage is defined by their size, encapsula-
tion and loading efficiency, release profile, purity of preparation,
and, importantly, the integrity/bioactivity of an active com-
pound.*®'>'3 The particles gain additional value if they are spe-
cifically targeted so that they are delivered to the desired site by
a certain mechanism.'*>™"?

Linear polysaccharide Cs also have found multiple applications
in vaccines formulation due to its water-solubility, relative non-
toxicity, biocompatibility, biodegradability, bioadhesive charac-

25-30 .
Cs, a cati-

teristics, and permeability enhancing properties.
onic polyelectrolyte derived from shellfish, is prepared from the
deacetylation of chitin.®?' Cs-based particles possess different

properties depending on the purity, molecular weight, degree of

Biocompatible and biodegradable PLGA is perhaps one of the
most promising hydrophobic polymers for fabrication of devices
for drug delivery and vaccine candidates for human as well as
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deacetylation, quality, and viscosity of the polymer. Such par-
ticles have been broadly studied for delivery of anti-cancer
agents, therapeutic proteins, antigens and genes,”> coding fish
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bacterial (e.g. Vibrio anguillarum’®), and viral antigens
(Lymphocystivirus).’>**3°

Another promising polymer, a natural anionic polysaccharide
obtained from brown algae, Alg, has often became a choice for
making particulate formulations for aquaculture vaccination as
this polymer possesses necessary properties such as biocompati-
bility, biodegradability, and muscoadhesivity.*>?®*” Alg particles
have been used in vaccination studies against various aquacul-
ture pathogens, both bacterial (Brucella melitensis,®®  Brucella
abortus,”  Flavobacterium, Aeromona salmonicida, L. garvieae,
Streptococcus iniae, Vibrio Anguillarum'”) and viral (Lymphocys-
tivirus,> infectious pancreatic necrosis virus*’).

In this work, infectious salmon anemia virus (ISAV) was chosen
as an example for application studies along with aforemen-
tioned polymers. This virus was first observed in diseased Atlan-
tic salmon (Salmon salar) in Norway in 1984. ISAV infections
cause enormous economic losses for global fish farming, espe-
cially in Canada, Chile, and Norway.*"*> The current way of
coping with viral infections in salmon aquaculture is through
vaccines but there are currently few licensed vaccines against
viral diseases.*’ Bacterial infections on the other hand are, with
some exceptions, prevented through the use of inactivated, oil-
based vaccines in salmon culture.** In this study, we have elabo-
rated a basic technology that provides a rational foundation for
the encapsulation of fish pathogenic viruses, such as ISAV into
polymeric particles for the purpose of vaccination.

We investigate various methods for encapsulation of the chemi-
cally fixed ISAV particles into a number of biodegradable poly-
mers, which are expected to protect their antigens from
degradation until ISAV entities are taken up by antigen presenting
cells; this eventually leads to tuning of the immune response.

In this study, we have focused on double emulsion solvent
evaporation, layer-by-layer (LbL), and crosslinking (ionic gela-
tion) methods.>'"'*'* The double emulsion solvent evapora-
tion method has been widely used for the incorporation of
hydrophilic compounds within the hydrophobic PLGA, though
there are some concerns about the stability of the carriers after

the contact with harsh solvents during the emulsification
6,13-15,31,36,41,42,45-48
step.

The LbL method offers an alternative strategy for making core
particles that avoid these problems. This method is based on
the electrostatic interactions between oppositely charged polye-

lectrolytes and it is fairly easy to perform on substrates of any
shape.l,Z,S,l3,23,28,46,4975]

The above-described techniques allow formulation of relatively
small particles, which can, for example, be used as vaccine can-
didates administered by injection. An alternative vaccine appli-
cation that is addressed in this work is the preparation of
particles for potential oral delivery. It is known that administra-
tion via this route is associated with poor bioavailability of the
delivered vaccine candidate due to the degradation of the par-
ticles in the digestive tract. One of the most promising scenarios
to avoid this phenomenon is to protect the biological molecules
by employing polymeric carriers.*>”* In addition, the particles
that are to be naturally fed to fish have to be rather large and
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visible so the fish can recognize them as food. In other words,
oral administration requires relatively large particle sizes. To
accomplish this, ionic crosslinking gelation can be applied to
formulate rather large beads and protect the active compound
from fast premature degradation. This method allows the
replacement of potentially toxic chemical crosslinker agents by
physical ones, and to replace harsh organic solvents with aque-
ous ones.”>?*?*>>* This dramatically reduces the risk of the
encapsulated biological molecules to be damaged.

To the best of our knowledge, this is the first study of polysty-
rene (PS) and fixed ISAV encapsulation in such systems. Our
analysis here provides a strong foundation for further testing of
nanoparticles and microparticles enclosing viruses for their effi-
cacy in vaccination of aquaculture fish. We believe that these
results demonstrate the power of these methods to encapsulate
objects of different natures.

EXPERIMENTAL

Preparation of ISAV

A salmoniod cell line designated TO, originating from salmon
head kidney leukocytes, was used at 20°C in L-15 medium
(Invitrogen), supplemented with 5% fetal bovine serum (FBS),
1-glutamine, and gentamicin.”* The ISAV virus was propagated
by inoculating confluent TO cells maintained with growth
medium supplemented with 2% FBS. Culture supernatant was
harvest at 14 days post infection when maximal cytopathic
effect was developed. The virus was concentrated using
Corning®Spin-X®UF Concentrators (100,000 MWCO) (Sigma
Aldrich, St. Louis, MO) and the titer was determined by the
50% tissue culture infective dose (TCID50) method. The con-
centrated virus was inactivated with formalin (0.5%, vol/vol)
for 72 h at room temperature. The mixture was then dialyzed
against 100-fold volumes of phosphate buffered saline (PBS)
using a Slide-A-Lyzer Dialysis Cassettes (10K MWCO, Thermo
Scientific) over night at room temperature.

Synthesis of Fluorescein-5(6)-Isothiocyanate-Labeled Chitosan
The fluorescein-5(6)-isothiocyanate (FITC)-labeled low molecu-
lar weight Cs (Sigma-Aldrich (St. Louis, MO) with a degree of
deacetylation of 75-85% (given by the manufacturer), My, = 9.0
X 10% and M,/M, = 2.5, both determined by asymmetric flow
field-flow fractionation (AFFFF) methods as described in a pre-
vious study, was used.”> The FITC was covalently attached to
the polymer through a synthetic procedure reported elsewhere,
with a minor modification.”®”” Briefly, dehydrated methanol
(100 mL) was added into the Cs solution (150 mL, 0.67% wt/
vol in 1% vol/vol CH;COOH), followed by 50 mL of FITC
(90%, Sigma-Aldrich, St. Louis, MO) in methanol (2.0 mg/ml)
under argon gas protection. Exposed to magnetic stirring and
in the absence of light exposure (flask was covered with alumi-
num foil), the reaction was allowed to continue for another
24 h. The labeled polymer precipitated in 0.2M NaOH. The pre-
cipitated FITC-chitosan (FITC-Cs) polymer was centrifuged and
washed repeatedly with a mixture of ethanol/water (70 : 30, vol
: vol) till the bulk solution was free of FITC. The labeled Cs was
re-dissolved in 100 mL of 0.1M CH;COOH and dialyzed (dialy-
sis cellulose membrane (MWCO, 8 kDa, Spectrum Laboratories)
in the dark against water for 3 days, the water was replaced
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with fresh water every 6 h. Finally, the labeled Cs was freeze-
dried. Labeling efficiency 3.0 (% wt/wt FITC to FITC-Cs) was
determined by measuring the absorbance intensity of the FITC-
Cs solution against standard solutions of FITC using a UV-vis
spectrometer.

Preparation of PLGA Particles by W/O/W Double Emulsion
Polystyrene latex beads (PS) (sulfate-modified PS, mean size is
100 nm, 2.5% solids (~4.7 X 10" particles/mL), contain red
fluorescent dye with Aex/Aenm, ~575/610 nm, Sigma-Aldrich, St.
Louis, MO) and ISAV (titer was 10% as determined by TCIDs,
assay) were encapsulated in PLGA (50 : 50, 7000-17,000 kDa,
Sigma-Aldrich, St. Louis, MO) particles separately according to
a modified protocol of the double emulsion (W/O/W) solvent
evaporation procedure described in previous studies.'® Fluores-
cent PS latex beads served as a fluorescent model of ISAV since
they both are negatively charged and exhibit similar size. Briefly,
the prepared oil phase (O) consists of 2.6% of PLGA and 0.01%
of coumarin 6 (Sigma-Aldrich, St. Louis, MO) in 15 mL
dichloromethane (Sigma-Aldrich, St. Louis, MO) (DCM). The
primary water phase (W) contains 3 mL of either an aqueous
suspension comprising PS latex beads (0.02% solids, ~7.8 X
10" particles/mL) or ISAV suspension. The primary W/O emul-
sion was created by mixing the oil and water phases using a
magnetic stirrer (RH basic 2 IKAMAG®-IKA) for 2 min at 1200
rpm so as to force the interaction between PLGA and the par-
ticles to be encapsulated. In order to stabilize the primary emul-
sion, it was then added to 50 mL of 4% (wt/vol), polyvinyl
alcohol (PVA), 87-90% hydrolyzed, average molecular weight
30,000-70,000 (Sigma-Aldrich, St. Louis, MO) under homogeni-
zation on ice (Homogenizer T 18 digital ULTRA-TURRAX®-
IKA). For the first 45 s the homogenization speed was set to
11,000 rpm so as to avoid foaming and over-heating at the ini-
tial step. This was followed by homogenization at 24,000 rpm
for the next 75 s to create smaller droplets. This approach
resulted in particles with both decreased particle size and poly-
dispersity index.’®*’

After the secondary emulsification process described above, the
suspension was stirred with a magnet bar at room temperature
overnight to allow the evaporation of DCM. The next day par-
ticles were washed thrice with distilled water via centrifugation
(Hettich Rotina 35, Hettich Zentrifugen, Tuttlingen, Germany)
at 11,180 X g for 10 min at room temperature. About 2 mL of
0.5M sucrose was added each time during the washing process
to reduce the tendency of aggregation and provide cryoprotec-
tion during further lyophilization.>*°

Preparation of Ionic Crosslinked Microparticles

Microparticles were prepared according to the protocol
described elsewhere with some modifications.?”>> Briefly, solu-
tions of 3 wt % of low molecular weight alginic acid sodium
salt (Sigma-Aldrich, St. Louis, MO) (Alg), with M,,= 1.1 X 10°
and M,/M, = 3, determined by AFFFF as described in a previ-
ous study was prepared.”> The samples in distilled water or
3 wt % Cs in 1 vol/vol % acetic acid were prepared by stirring
with a magnetic bar overnight at 500 rpm. Either an aqueous
suspension of 200 wuL of PLGA particles (formulated as
described above) or PS beads suspension (~7.8 X 10" par-
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ticlessrmL) was gently mixed with either Alg or Cs solutions
using a magnetic stirrer.

Aqueous solutions of the crosslinkers (0.05M CaCl, and 0.03M
sodium tripolyphosphate (TPP) (Sigma-Aldrich, St. Louis, MO)
were prepared shortly before the formulation of microparticles.
Solutions of Cs or Alg were mixed with either PS beads or ISAV
suspension, and then they were added drop-wise into the
respective crosslinker’s solution under magnetic stirring at room
temperature. Microparticles were formed immediately and left
for 1 h under stirring to harden. The particles were then washed
three times with distilled water, spread on a mesh, and left to
air-dry overnight.

Preparation of Nanoparticles by LbL and Ionic Crosslinking
Two types of core-shell ISAV nanoparticles were fabricated using
the LbL assembly method and its combination with ionic cross-
linking.*®* The principle of the method is based on electrostatic
interactions between the oppositely charged core and the poly-
meric layers that assemble around it one by one forming an
“onion-like” structure.

ISAV with negatively charged surface was used as a core and
coated with positively charged Cs followed by coating with neg-
atively charged Alg. The solutions of 0.1% Alg and Cs were pre-
pared as described above with addition of 0.1M NaCl into the
solvents to approach physiological conditions. Moreover, the
salt ions prevent bridging effect and aggregation during the LbL
procedure.*® The solution of Cs contained 1/ 24 part of FITC-
Cs to allow detection by fluorescent microscopy (FM). The pH
of Cs solution was adjusted to 5 with several drops of 5M
sodium hydroxide solution.®

The coating was performed at 4°C by drop-wise adding 200 uL
of the ISAV suspension into the Cs solution under stirring at
600 rpm for 15 min. The suspension was then centrifuged at
25,000 X g for 10 min (Beckman Coulter Optima MAX Ultra-
centrifuge) and the supernatant was replaced by distilled water
three times. After the third wash, 1 mL of the coated ISAV
(ISAV-Cs) was added to the Alg solution under stirring and left
for 15 min. The resulting sample (ISAV-Cs-Alg) was washed by
centrifugation as described above. To make particles through a
combination of LbL and ionic crosslinking methods, the ISAV
suspension was first added to 0.05 wt % TPP solution and after
vigorous stirring the suspension was immediately added to the
0.1 wt % Cs solution. The resulting suspension was kept inside
an incubator for 15 min at T=4°C to keep the particles at the
most stable state and then washed three times by centrifugation
(25,000 X g, 15 min, T 4°C).®

Immunogold Labeling of ISAV and ISAV-Cs
The procedure was carried out on a clean surface of parafilm by
transferring the grids between drops with different reagents. The
primary antibodies were obtained from K. Falk (Department of
Epidemiology, Norwegian veterinary Institute, Oslo), secondary
antibodies were purchased from Genovac AG.

Characterization of the Particles

Transmission Electron Microscopy. The suspensions of par-
ticles were absorbed on hexagonal formvar grids for about 2
min, after that they were washed three times with MQ-water,
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Figure 1. Microscopy images. (A) TEM of bare PS latex particles. (B) TEM of PLGA particles with encapsulated fluorescent PS particles. (C) SEM of
encapsulated PLGA particles with PS-latex beads. (D) The merge of fluorescent micrographs of PLGA particles with encapsulated fluorescent PS particles

taken at DS red (red) and GFP (green) channels. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

stained with 3% uranyl acetate and then dried at room temper-
ature. The imaging was performed with a Phillips transmission
electron microscope CM100 (Philips, Eindhoven, The Nether-
lands). The images were recorded digitally with a Quemsa TEM
CCD camera (Olympus Soft Imaging Solutions, Germany) and
iTEM software (Olympus Soft Imaging Solutions, Germany).

Scanning Electron Microscopy. Freeze-dried particles were
mounted on stubs using carbon tape and sputter coated with
4-6 nm platinum using a Cressington 308R coating system.
Finally, the samples were examined and digital images were
recorded using a Hitachi S-4800 field emission scanning elec-
tron microscope that operated at 5.0 kV.

Fluorescence Microscopy. Suspensions of particles were applied
on a glass slide and then covered with a cover slip followed by
imaging with an inverted fluorescent microscope Leica DM IRB
(Leica Microsystems CMS GmbH, Wetzlar, Germany). The
micrographs were taken using a digital camera, Leica DFC 365
FX (Leica Microsystems CMS GmbH, Wetzlar, Germany) and
Leica Application Suite (LAS) V3.8. The processing of the
micrographs was performed on a Fiji platform.®’

Zeta Sizer. The zeta potential measurements were performed on
a Malvern Zetasizer Nano ZS (Malvern Instruments Ltd., Wor-
cestershire, UK). The {-potential was determined by the electro-
phoretic mobility of the samples at 25°C, using Laser Doppler
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Velocimetry. Each measurement was conducted in 12-mm glass
cell PCS1115 cuvette with a cap using a dip-cell with palladium
electrodes with 2 mm spacing. Each experiment was repeated
three times and the average values are presented.

Dynamic Light Scattering. Dynamic light scattering (DLS)
experiments were conducted by means of an ALV/CGS-8F
multi-detector version compact goniometric system, with 8
fiber-optical detection units (ALV-GmbH, Langen, Germany).
The beam from a Uniphase cylindrical 22 mW HeNe-laser,
operating at a wavelength of 632.8 nm with vertically polarized
light, was focused on the sample cell (10 mm NMR tubes, Wil-
mad Glass Co., of highest quality) through a temperature-
controlled cylindrical quartz container (with 2 plane-parallel
windows), which is filled with a refractive index matching

Table I. Surface Charge, Size Distribution, and Hydrodynamic Radius of
the Studied Particles (f Size Distribution, R,-Hydrodynamic Radius)

Sample {-potential (mV) B Ry, (nm)
ISAV —16 = 2mV E E
PLGA-blank -2.0+0.1 0.95 243
PLGA-PS -2.07+0.28 0.94 298
PLGA-ISAV -3.03+0.43 0.95 228

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40714


http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

WILEYONLINELIBRARY.COM/APP

CIENC

20 ym

Figure 2. Microscopy images. (A) TEM of ISAV suspension. (B) TEM of PLGA particles with encapsulated ISAV. (C) SEM of PLGA particles with encap-
sulated ISAV. (D) FM of PLGA particles with encapsulated ISAV. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

liquid (cis-decalin). The temperature in the container is con-
trolled to within +0.01°C with a heating/cooling circulator. The
solutions were filtered in an atmosphere of filtered air through
a 5 um filter (Millipore) directly into pre-cleaned NMR tubes.
The DLS experiments were performed at 25°C in the angular
range of 22-141°.

The experimentally recorded normalized intensity autocorrela-
tion function g(g,1) is directly linked to the theoretically ame-
nable first-order electric field autocorrelation ¢'(g,7) through the
Siegert® relationship g*(g,t)=1+B|g' (g, t)|>, where B (<1) is
an instrumental parameter and g is the wave vector g = (4mn/4)
sin (0/2), with 4, 0, and n being the wavelength of the incident
light in a vacuum, scattering angle, and refractive index of the
medium, respectively.

In suspensions of monodisperse particles, the correlation func-
tion can be described by eq. (1):

g (1)=exp[—(t/7.) (1)

where 7, and f (0< f<1) are the effective relaxation time and
a measure of the width of the distribution of relaxation times,
respectively. The mean relaxation time is given by
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where I'(x) is the gamma function. Correlation functions are
found to be diffusive (gq°-dependent) for all samples, i.e.,
D= (1/‘5)/q2, where D is the mutual diffusion coefficient. The
apparent hydrodynamic radii R, of the particles can be calcu-
lated by using the Stokes—Einstein relationship®
Ry= kBT
6nnD

(3)

where kg is the Boltzmann constant, T is the absolute tempera-
ture and 7 is the viscosity of the solvent.

RESULTS AND DISCUSSION

PLGA Nanoparticles

The mean diameter of the PS beads given by the manufacturer
is 100 nm; by transmission electron microscopy (TEM) we
found them to range between 85 and 110 nm [Figure 1(A)].
The (-potential was measured to be —60 mV. Although, the
surface properties of ISAV and PS particles may differ, the size
of the particles is in the same range and they are both
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Figure 3. First-order electric field correlation function versus time for
aqueous suspension of (A) PLGA-blank particles, (B) PLGA-PS particles,
(C) PLGA-ISAV particles. Only the angles with less noise in correlation
functions have been used for calculation of the sizes. The inset plots show
¢ dependency of correlation functions and the systems are shown to be
diffusive. The particles were re-suspended in buffer with pH 7.4. [Color
figure can be viewed in the online issue, which is available at wileyonline-
library.com.]
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negatively charged (Table I). In view of this, PS beads were cho-
sen as a suitable reference model for ISAV. These PS particle
experiments were needed before proceeding to ISAV encapsula-
tion, since the virus production was limited due to the com-
plexity of the procedure.

Red fluorescent PS beads were successfully encapsulated into
PLGA, with the addition of the fluorescent dye coumarin 6. The
average size of the resulting particles was in the range 130-530

(ff =0.94), which exceeds the size of the naked PS beads
[Figure 1(B) and Table I]. Some particles below or above the
average size were formed due to the nature of emulsification
process but they presented only a small fraction of the total par-
ticle population.

Scanning electron microscopy (SEM) revealed smooth surface
of the PS-PLGA particles with no visible pores on it [Figure
1(C)]. The same morphology has been shown previously for
PLGA particles with encapsulated proteins.'> The successful
encapsulation of PS beads in PLGA/coumarin 6 matrix was
detected by FM [Figure 1(D)]. The micrographs were taken in
DS red and GFP channels, their overlapping in Fiji software
resulted in a yellow color where red fluorescent PS beads were
detected inside the green fluorescent polymer matrix. No aggre-
gation of the particles was observed.

All the PLGA particles we made with either encapsulated PS
beads or ISAV had less negative surface charge than the PS
beads and ISAV themselves, and the surface charge of all
the PLGA particles were similar to the blank PLGA particles
(Table I). This implies that most, if not the whole, surface of
the encapsulated particles is composed of PLGA and PVA,
indicative of successful encapsulation.

After establishing the use of the emulsion method to encapsu-
late an object with properties similar to ISAV into a PLGA
matrix, we proceeded to the encapsulation of the fixed ISAV
itself. The diameter of ISAV estimated by means of TEM was in
the range 80-100 nm [Figure 2(A)]. The (-potential was
—16 £2 mV (Table I), which together with surface morphology

PS beads or ISAV

PS-PLGA or
ISAV-PLGA particles

L

Alg or Cs solution

Q Alg or Cs suspension

(with PS/ISAV-PLGA particles or PS beads
pt
A\

b
(0]

CaCl, or TPP
cross-linkers solution

e e
e

()

Cross-linked microparticles

Figure 4. Schematic description of the crosslinked microparticles preparation. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 5. Microscopy images of crosslinked microparticles: (A) Alg.Cs.PS/SEM/ cross-section, (B) Alg.Cs.PS/SEM, cross-section inner surface, (C)
Alg.Cs.PS/FM/whole particle, (D) Alg.Cs. PLGA-ISAV/SEM/whole particle, (E) Alg.Cs.PLGA-ISAV/SEM, cross-section inner surface, (F) Alg.Cs.PLGA-
ISAV/FM/whole particle, (G) Cs.TPP.PLGA-ISAV/SEM/both whole and cross-section, (H) Cs.TPP.PLGA-ISAV/SEM, cross-section inner surface, (I)
Cs. TPP.PLGA-ISAV/EM/ whole particle. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

may be the reason for the frequently observed aggregation of
ISAV [Figure 2(A)].* To reduce this aggregation tendency, gentle
shaking of the virus suspension with a vortex was applied in the
first step of particle production, before it was added to the
polymer solution. The mean size of ISAV-PLGA particles pre-
pared by the W/O/W double emulsion method was estimated to
be ~450 nm [Figure 2(B), Table I] by TEM and DLS. However,

Table II. Characterization of the Nanoparticles Made by the LbL Method

Sample Size (nm) {-potential (mV)
ISAV 169+14 -16+2
ISAV-Cs 430.7+8 +39+1
ISAV-Cs-Alg 773155 -65 1

All the measurements were performed on the zeta-sizer.
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individual larger particles up to 2-3 pm could be observed by
SEM [Figure 2(C)] but they were not detected by TEM FM
imaging demonstrated no significant aggregation of the ISAV-
PLGA particle suspension [Figure 2(D)].

Though a similar negative {-potential value has been reported
for other types of PLGA particles, the surface charge of the par-
ticles formulated in this study was close to neutral due to par-
of the charges.®® The potential
measurements were performed in 0.1M NaCl solution in order
to mimic physiological conditions. The presence of the salt ions
in the PLGA particles suspension resulted in screening of the
particles surface charge.

tial annihilation zeta

The determination of particle sizes (average hydrodynamic
radius) and the width of the distribution of relaxation times (f
value) were performed by the DLS technique. This is a powerful
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Figure 6. (A) Changes in (-potential during the assembly of Cs and Alg
on ISAV, (B) time evolution of the first-order electric field correlation
function for aqueous suspension of ISAV-Cs-Alg. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

tool to probe relaxation processes and calculating the corre-
sponding hydrodynamic radius of the particles.

The DLS measurements are summarized in Table I and depicted
in Figure 3, where the normalized time correlation function
data for the PLGA-blank, PLGA-PS, and PLGA-ISAV at the scat-
tering angles indicated are displayed in the form of semi-log
plots. The decays of the correlation functions are portrayed by a
single stretched exponential [eq. (2)]; the inset plots (Figure 3)
show that the systems exhibit a diffusive behavior. The distribu-
tion of relaxation times for the present systems displayed values
of f (0<f<1) in the range of f=0.94-0.95, confirming that
the size distribution of the suspension is fairly narrow. The size
of the blank particles was close to that of the PS beads and
ISAV encapsulated PLGA particles. The DLS data are in good
agreement with the TEM measurements. In summary, the emul-
sion evaporation method allowed us to successfully make PS-
composite particles with mean sizes of 450-600 nm, relatively
low polydispersity index and slightly negatively charged. Zeta-
potential, fluorescent, transmission and scanning electron
microscopy measurements confirmed the encapsulation.

In summary, our results confirm that both PS beads and ISAV
can be successfully encapsulated into PLGA nanoparticles using
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the emulsion solvent evaporation method. This finding is in
agreement with previous studies.»>'> Even though the used
technique is not flawless, we have demonstrated that different
size, morphology, and size distribution can be tuned by chang-
ing various parameters during the fabrication of the par-
ticles.>®'>'*%” In this way the particles can be considered for
different applications.*>®

Crosslinked Microparticles

In this work, we also discuss the preparation of microparticles
that are intended to be included into fish food, and under spe-
cific temperature and pressure conditions they are cut into pel-
lets or flakes so the fish can easily see and take the protected
antigen.”**”° In this section, we will discuss the preparation of
such crosslinked microparticles.

In this context, PS beads and ISAV encapsulated into PLGA
nanoparticles were incorporated into the larger micropar-
ticles.*>** This was accomplished by ionic crosslinking of Cs or
Alg in solutions, using the frequently employed non-toxic
agents of TPP and CaCl,, respectively.”>>> A schematic descrip-
tion of the crosslinking procedure is depicted in Figure 4. Both
Cs and Alg are recognized as biocompatible, bioadhesive, and
biodegradable polymers with mucoadhesive properties, which is
a considerable advantage for oral delivery.2—>"%

The resulting microparticles were examined by fluorescence and
scanning electron microscopy. The Alg microparticles with
encapsulated PS beads exhibited smooth surfaces with no visible
pores [Figure 5(A)]; the cross-section of the particle shows the
presence of encapsulated PS beads [Figure 5(B)]. FM showed
that the red fluorescent PS beads were inside the microparticles
[Figure 5(C)]. Encapsulation of ISAV-PLGA/coumarin 6 par-
ticles yielded similar properties as for the Alg microparticles,
with smooth surfaces [Figure 5(D)]. The presence of ISAV-
PLGA particles can be observed in the cross-section of the Alg
particle [Figure 5(E)] since they are visible by EM [Figure 5(F)]
as dots. Cs microparticles containing ISAV-PLGA/coumarin 6
nanoparticles have a different shape than those made of Alg
[Figure 5(G)]. The cross-section image revealed the presence of
ISAV-PLGA nanoparticles inside the Cs microparticles [Figure
5(H)], and this is further accentuated by FM [Figure 5(I)]. All
the formulated microparticles had size of ~1000 pm in
diameter.

Successful encapsulation of both naked PS beads and ISAV-
PLGA nanoparticles into microparticles opens the opportunity
for these two approaches to be combined in future studies.
Naked fixed ISAV particles can be encapsulated into Cs or Alg
microparticles along with ISAV-PLGA particles. Thus the naked
ISAV may be released earlier than ISAV from the PLGA matrix,
providing gradual exposure of the viral antigens to the immune
system.

Nanoparticles Prepared by LbL and Ionic Crosslinking

LbL assembly is an alternative approach for making core-shell
nano- or microparticles. This method allows particles prepara-
tion without exposing the sample to shear forces and employing
organic solvents, which may lead to loss of ISAV antigenicity.>*®
The LbL method is based on electrostatic forces between

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40714
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ISAV-Cs-TPP

Figure 7. (A) Transmission electron micrograph of ISAV-Cs-TPP suspension and a single ISAV-Cs-TPP particle in the inlet. (B) Time evolution of the
first-order electric field correlation function for aqueous suspension of ISAV-Cs-TPP. (C) FM of ISAV-Cs-TPP, green color is FITC-Cs exhibited in the
system, (D1) Transmission electron micrograph of ISAV immunolabeled with 10 nm gold, (D2) transmission electron micrograph of ISAV-Cs-TPP shows

the absence of immunolabeling. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

oppositely charged layers. The LbL approach was utilized to
encapsulate ISAV into Cs, where ISAV served as the negatively
charged core that was coated with polycationic Cs, followed by
a negatively charged Alg layer. The initial surface charge of ISAV
was —16 =2 mV [Table II, Figure 6(A)] but after the deposi-
tion of the Cs layer the resulting zeta-potential changed to
+39 = 1 mV, which in turn dropped to —65 £1ImV after addi-
tion of the Alg layer (Table II).

The diameter of the resulting particles measured by the zeta-
sizer at a scattering angle of 173° (Table II) increased by ~300
nm with each layer.

The correlation functions during DLS measurements of ISAV-
Cs-Alg were found to be bimodal [Figure 6(B)]; a single expo-
nential was followed at longer times by a stretched exponen-
tial.”">’? This indicates that there are two populations of
particles in the system—the fast mode represents small particles
(Rps ~220 nm) whereas the slow mode portrays the existence of
larger particles (Rys <1006 nm). Both modes were diffusive (qz—
dependent).

The bimodal size distribution (high polydispersity) of ISAV-
Cs-Alg particles in the suspension may be ascribed to the rather
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low charge density; therefore they may have a higher tendency
to form aggregates as already mentioned in the discussion
above. Another scenario that may come into play is the exis-
tence of extra Cs and Alg polymers in the system after the
washing step, and this may induce aggregation of the two oppo-
sitely charged polyelectrolytes.

In addition to establish a polyelectrolyte deposition, the (-
potential serves as an important index for the stability of the
nanoparticle suspensions. Values of the (-potential above +30
mV or below —30 mV are believed to be strong indicators of
electrostatic stabilization of the particles, via repulsive forces
among the particles, which prevents aggregation.*”> Even
though the (-potential of our ISAV was quite low (—16 mV),
we could nevertheless successfully coat its surface with positively
charged Cs, which resulted in surface charge that could stabilize
the system and allow the deposition of another layer (Table II).
Quinn et al. discussed the possibilities of multilayer formation
of thin films through non-electrostatic interactions, including
hydrogen bonding and hydrophobic interactions.”"”*”> By
employing these interactions, a host of different materials, with
low or neutral surface charge, has been successfully incorporated
into multilayer films.”' Therefore, the assembly of Cs layer onto

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40714
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Figure 8. Scanning electron microscopy images of the surface of large crosslinked particles (A) Alg.Cs.PLGA/ISAV, (B) Cs.TPP.PLGA/ISAV.

ISAV could be mediated not only by electrostatic interactions,
even though they are believed to contribute mostly, but due to
the combined forces of several types of physical interactions.

Another series of ISAV-core particles was formulated by the
combination of the LbL method and using the crosslinking
agent TPP.>"’ This process of controlled gelation of Cs resulted
in the formation of spherical, homogenous, and compact nano-
particles. The size of these nanoparticles is smaller in compari-
son to the corresponding ones that are not crosslinked. The
diameter is estimated to be ~200 nm by TEM [Figure 7(A)]
and 242 nm by DLS [Figure 7(B)]. Both intra- and intermolec-
ular crosslinking probably affect the reduction of the particle
size. The detected particles of very small size (R,¢= 25 nm) may
be due to the presence of Cs excess that became crosslinked. No
aggregation was observed by FM [Figure 7(C)]. It is important
to mention that FM cannot be used as a reliable and precise
method for the particle size estimation as the objects often look
few times bigger than they actually are. The sizes that one sees
on fluorescent macrographs are highly affected by inherent
characteristics of fluorophores, such as brightness and degree of
quenching of the fluorescent signal.

Additional proof of ISAV encapsulation has been demonstrated
by immunolabeling. The bare ISAV was possible to label with
10 nm gold [Figure 7(D1)], while the coated ISAV (ISAV-Cs-
TPP) did not get labeled, most likely because of unavailability
of the surface antigens covered with the polymer [Figure
7(D2)].

These results suggest that LbL is a suitable method for encapsu-
lation of biological objects (e.g., viruses) into Cs and Alg shell.
Furthermore, this method is very mild and excludes the prob-
lem of the encapsulated virus antigenicity loss caused by harsh
conditions. LbL is a very flexible method and allows creation of
particles of many different compositions.

CONCLUSIONS

This study demonstrated the possibility of encapsulation of PS
beads and ISAV into several biocompatible and biodegradable

Maﬁ‘%},& WWW.MATERIALSVIEWS.COM
1

40714 (10 of 12)

polymers. The W/O/W emulsion solvent evaporation method
was used to prepare PLGA nanoparticles of sizes less than one
micron with smooth and negatively charged surfaces. The LbL
method® used for the preparation of ISAV coated with Cs and
Alg was milder and did not require the use of harsh solvents,
which may damage the encapsulated ISAV. The size and surface
charge of the particles manufactured by the LbL method could
be controlled by the choice of the polymers and number of
coating layers. Additional crosslinking of the particles may
enhance their stability. Both types of particles formulated by W/
O/W emulsion solvent evaporation and LbL methods had rela-
tively small sizes and thus could potentially be used as vaccine
candidates delivered by injections.

The beads formulated by ionic crosslinking of Cs and Alg are
shown to contain the encapsulated PLGA particles (Figure 8)
and to be approximately 1 mm in diameter.”>”* Such design of
the particles helps to avoid rapid ISAV release by providing the
antigens with a double protection. All this makes the Alg and
Cs beads potential candidates for oral vaccines.

In summary, three formulation methods were shown to be
suitable for making aquaculture vaccine candidates with vari-
ous properties and aimed for different routes of administra-
tion. The encapsulation of PS and ISAV by all methods was
successful, which opens a variety of options for tailor-made
particle formulation. Depending on the choice of polymers,
the resulting particles may in the future be adapted for more
specific requirements of the aquaculture industry. Thus the
performed study lays a solid foundation for further vaccines
development.
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