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Background: Bacteriophages have been proposed as an alternative to control pathogenic bacteria resistant to
antibiotics. However, they are not extensively used due to different factors such as vulnerability under
environmental conditions and the lack of efficient administration methods. A potential solution is the
encapsulation of bacteriophages in hydrogel polymers to increase their viability and as a controlled release
method. This work describes the use of alginate-Ca+2 matrixes as mechanisms for protection and dosification
of the phage f3αSE which has been successfully used to prevent infections produced by Salmonella Enteritidis.
Results: The viability of the pure phage is reduced in near 100% after 1-h incubation at pH 2 or 3. However, the
encapsulated phage remains active in 80, 6% at pH 3, while no differences were observed at pH 2, 4 or 7.
Exposition of f3αSE to different T° showed that the viability of this phage decreased with increased T° to near
15% at 60°C, while the encapsulated phage remains with 50% viability at same temperature. Finally, the
encapsulation of phages showed to extend their presence for 100 h in the medium compared to
non-encapsulated phages in a water flow system, which simulate automatic birdbath used in poultry industry,
maintaining the phage concentration between 102 and 104 PFU/mL during 250 h.
Conclusions: Encapsulation in alginate-Ca+2 spheres can be a good alternative to extend viability of phages and
can be used as a phage method dosification method in water flow systems.
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1. Introduction

Salmonella enterica subspecies enterica serotype Enteritidis
(S. Enteritidis) is a bacterium frequently identified in human outbreak
food-borne diseases associated with the consumption of contaminated
avian meat or eggs [1]. In poultry farms, drinking water can be a
major contamination source of Salmonella and generates continuous
reinfection despite the disinfection processes that have been
established [2]. Moreover, the emergence of antibiotic-resistant strains
of S. Enteritidis promotes the development of new prevention and/or
control strategies to reduce spread of this pathogen during
pre-harvest production stage [3].

Bacteriophages or phages are viruses that infect bacteria and are the
most abundant biological entities on Earth [4]. Lytic phages have been
proposed as a potential therapeutic tool to control pathogenic bacteria
because of the ability to kill its cell host. Besides, they can be very
specific therefore they will not affect the normal microbiota, and are
self-replicating at the site of infection then smaller or limited doses
idad Católica de Valparaíso.
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respect to conventional treatments may be required. Finally, they are
effective against antibiotic resistant bacteria; however, they will not
infect eukaryotic cells thus are harmless to humans and animals [5,6].

Several Salmonella phages with potential to control S. Enteritidis
infections in poultry have been described [7,8,9]. Santander and
Robeson [10] characterized three dsDNA phages against S. Enteritidis,
and demonstrated that the phage f3αSE protects against the infection
of this pathogen in a Caenorhabditis elegans model. Later Borie et al.
[11] evaluated the potential of this phage to control infection produced
by S. Enteritidis in poultry administrating the phage through both
spray and drinking water. These results proved the potential of the
phage f3αSE to control this pathogenic bacteria, however, raised the
question about the viability of this phage to different environmental
conditions and potential administration methods.

Increase viability of phages in the environment and develop optimal
administrationmethods are key to effective phage treatment [12,13]. In
this vein, the phages encapsulated with polysaccharide hydrogels has
been proposed as an alternative [3,14]. The hydrogels generates a
protective barrier depending on pH, further allowing a controlled
release of phages. In this work we present the encapsulation of the
phage f3αSE in alginate-Ca+2 spheres showing the potential of this
technique to increase the viability of this phage, and as a potential
evier B.V. All rights reserved. This is an open access article under the CC BY-NC-ND license
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dosification method in water flow systems that simulate automatic
birdbath used in poultry industry. This work contributes in the
exploration of efficient methods for administration of phages in the
context of phage therapy.

2. Material and methods

2.1. Bacteria and phage production

The phage f3αSE together with the bacterial host Salmonella enterica
subsp. enterica ATCC 13076 (Thereafter Salmonella Enteritidis) were
obtained from the personal collection of Dr. James Robeson
(Microbiology Laboratory, PUCV). A bacterial culture in the early
exponential phase (~1 × 107 CFU/mL) grown in broth Luria-Bertini (LB)
(10 g/L tryptone, 5 g/L yeast extract and 5 g/L NaCl) at 37°C. For phage
propagation, cultures were infected at a multiplicity of infection (MOI)
of 0.1 and incubated overnight with shaking at 37°C. Subsequently, the
culture was centrifuged at 10.000 rpm for 10 min, and the supernatant
obtained was filtered (0.22 μm filter) and stored at 4°C. The phages
were quantified by the standard double layer agar assay [15].

2.2. Phage encapsulation

To prepare encapsulated phages, a 2% solution of Sodium alginate
(LOBA Chemie) was mixed with the f3αSE phage lysate and shaken
for 15 min inside a laminar flow chamber. The mixture was extruded
through a 20-mL syringe to a solution of 1.5% CaCl2 and then shaken
for 30 min until the alginate-Ca+2 spheres were formed. After that,
the spheres were removed and washed in deionized water and dried
inside a laminar flow chamber. Each assay was performed with 1 g of
alginate-Ca+2 spheres which correspond to ~1 × 106 phages. For
tittering encapsulated phages, the spheres were dissolved in MBS
medium according the procedure described by Ma et al. [3]. After that,
phages were tittered using the standard double layer agar assay [15].
Stability of alginate-Ca+2 spheres without phages was also evaluated.

2.3. pH and temperature assay

To determine the potential protective effect of alginate-Ca+2

spheres over the phage f3αSE against different pHs, 100 μL of
non-encapsulated phage at a concentration of 1 × 107 PFU/mL was
added to 0.9 mL of saline solution (0.85% NaCl) equilibrated at the
corresponding pHs (pH 2–7). Simultaneously, 1 g of alginate-Ca+2

spheres equivalent to same amount of non-encapsulated phage was
added to 10 mL of saline solution equilibrated to same pHs conditions.
Samples were incubated for 1 h at 25°C in the corresponding solution.
Same procedure was used to evaluate the protective effect of
encapsulation against different temperatures, but in this case the
saline solution was equilibrated at pH 7 and incubated at the
corresponding temperatures (25, 40, 50 and 60°C). The percentage of
viability of phages was determined comparing the titers of viable
phages after incubation in each condition with the titers before the
incubation in each condition. After the treatments the spheres were
dissolved in MBS medium according the procedure described by Ma
et al. [3], and then, the remaining viable phages were tittered by
standard double layer agar assay [15].

2.4. Water flow system assay

A water flow system was designed to evaluate the encapsulation of
phage f3αSE in alginate-Ca+2 spheres as a potential method of
dosification. The system was designed to resemble automatic birdbath
present in poultry industry where a controlled and mechanized water
flow system provides permanent water to birds. For this purpose, a
separatory funnel of 250 mL was connected to a birdbath through a
regulated flow hose. Each separatory funnel contained 200 mL of
water, and the water flow was adjusted to 100 mL/d. After each
sampling, same amount of fresh water was added to the funnel to
refill the system. In this way, the alginate-Ca+2 spheres were exposed
to a permanent water flow resembling the automatized systems of the
poultry industry. To evaluate the persistence of non-encapsulated
phages in this system, 200 μL of phage f3αSE at a concentration of
1 × 109 UFP/mL was added for unique time to the 200 mL of water in
the separatory funnel, which correspond to a total of 108 phages in the
system. Similarly, to evaluate the release of encapsulated phages in this
system, 2 g of alginate-Ca+2 spheres, equivalent to the same total
amount of non-encapsulated phage, were added to the separatory
funnel for unique time. In both cases samples of 300 μL were collected
every 2 h for 1 d; afterwards, samples were collected every 24 h. All
samples were collected from the birdbath and then tittered by the
standard double layer agar assay [15]. Stability of alginate-Ca+2

spheres without phages was also evaluated. Each experiment was
performed by independent triplicates.

3. Results and discussion

Phages have been proposed as an alternative to control different
pathogenic bacteria including Salmonella [4]. Some of the problems
regarding this technology are the liability of phages to environmental
conditions and the need to explore efficient methods for
administration. Here, we show the encapsulation of the phage f3αSE
in alginate-Ca+2 spheres as a method of protection and dosification.

Phages were encapsulated at a concentration of 106 PFU/g of
alginate-Ca+2 spheres having diameters 2.5–3 mm, and for each assay,
1 g of spheres was used (Fig. 1a). Alginate-Ca+2 spheres were stable
for several weeks in solution with and without phages, suggesting that
phages do not alter the stability of spheres. Encapsulated phages and
non-encapsulated phages were exposed for 1 h to different T° and pH
(Fig. 1b and c). The results show the effect of increasing the
temperature on the reduction of phage viability in agreement with
general behavior of bacteriophages exposed to increased temperatures
[16]. Noteworthy, although at low temperatures there is no differences
between pure and encapsulated phages, at 60°C encapsulated phages
remain more stable than non-encapsulated phages maintaining 50% of
viable phages while pure phage has only 15% (Fig. 1b). To our
knowledge, this is the first report about increasing phage resistance to
temperature by encapsulation.

When the non-encapsulated phages were exposed to different pH
for 1 h (Fig. 1c) the percentage of viable phages remains stable at pH 7
and 4. However at pH 3, only 1% of phages remain active, and at pH 2,
no phage were detected (detection limit 50 PFU/mL). In the case of
encapsulated phages, the percentage of viable phages remains stable
at pH 4 and 7, similar to non-encapsulated phages. However, 80.6% of
encapsulated phages remain viable at pH 3; although at pH 2,
encapsulation did not offer protection. As in previous reports with
different phages [14,16], these results show that phage f3αSE is very
sensitive to very acidic pHs but alginate encapsulation could be a good
alternative to increase the phage resistance to pHs as low as 3.

To evaluate the phage release from the alginate-Ca+2 spheres, we
designed a flow water system resembling birdbath used in poultry
industry of 200 mL with a flow rate of 100 mL/d (Material and
methods) at pH 7 and room temperature. This will allow us to
determine if alginate-Ca+2 spheres can extend the presence of phages
in the water comparing to a unique dose of phages. The bacteriophage
f3αSE non-encapsulated was initially added to a final amount of
1 × 108 total phages in the system. The results showed that
concentration of phages was decreasing rapidly from 5 × 106 PFU/mL
during the first hours to undetectable levels after 150 h (detection limit
50 PFU/mL) probably due to water exchange. On the contrary, when
encapsulated phages were added in the same total amount to the
system (2 g of alginate-Ca+2 spheres), the concentration of phages in
the water presents an increase during the first hours from 3.5 × 102



Fig. 1. Encapsulation of Bacteriophage f3αSE as a protection and dosification method. (a) Bacteriophage f3αSE encapsulated in alginate spheres. (b) Stability of bacteriophage f3αSE
encapsulated and not encapsulated after incubation for 1 h in the corresponding temperatures. (c) Stability of bacteriophage f3αSE encapsulated and not encapsulated after incubation
for 1 h at the corresponding pHs. (d) Release of bacteriophage f3αSE encapsulated or directly added in a water flow system. Dotted line represents the detection limit of 50 PFU/mL.
Each experiment was performed in triplicates. For (b) and (c) the percentages were calculated based on titters before incubation in the corresponding condition.
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to 2.1 × 104 PFU/mL at 48 h as a result of phage release from the
spheres. After that, the concentration of phages was decreasing
gradually until being undetectable after 250 h (Fig. 1c). In this case,
alginate-Ca+2 spheres without phages behave similarly to sphere
with phages and remain stable in the water flow system for even two
weeks, suggesting that phages are not altering alginate-Ca+2 spheres
stability in this condition neither.

These results showed that encapsulated phage can extend the
presence of phages in the water flow system up to 100 h more than
non-encapsulated phages, maintaining concentrations between 104 and
102 PFU/mL. Considering that in both cases (encapsulated phage and
non-encapsulated phage) the total amount of phages was the same, the
differences in phage concentration and persistence of phages in the
medium, are probably due to the controlled release of phages from the
alginate-Ca+2 spheres. This control release is associated with swelling/
dissolution/erosion processes in the alginate [17]. On the other hand,
the encapsulation in a gel network protects the phage by reducing the
diffusion rate of the protons into the bead matrix that depend on the
structural properties of the gel [18]. The functional and physical
properties of cation crosslinked alginate beads are dependent on the
composition, sequential structure, and molecular size of the polymers
[19]. For instance alginates containing a high content of guluronic acid
have a more open pore structure and exhibited high diffusion rates [20].
The pore sizes created in the alginate matrices further change the
swelling and shrinkage process during gelling. Moreover, the diffusion
rate of small molecules is not only affected by the pore diameter but
also by its number and length [21]. Although molecular weight affect
the diffusion process, gel strength and other properties appeared to be
unaffected by this variable beyond 200 kDa, so it seems that the
chemical composition is more relevant [20]. Based on this, future
works can explore different polysaccharide compositions or mixtures
to determine if is possible to increase the protective effect of
encapsulation, as has been tested with other phages [3], or if it is
possible to increase concentration and persistence of phages in the
medium. Similarly, it would be important to evaluate the protective
effect and release of this phage under other environmental conditions,
such as, intestinal tracts to explore new alternatives applications [3,22].

The results presented in this work show that encapsulation in
alginate spheres can be a good alternative to protect the phage f3αSE
against environmental conditions, and also can be seen as an
alternative for dosification of phages in an aqueous medium.
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