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Abstract: Microbial contaminationinlivestock, resultinginfoodborneillnesses, posesaserious problemforveterinary medicine.
Rapidly growing number of antibiotic-resistant bacterial strains triggers increased interest in phage therapy, which has already
beentested againstzoonotic pathogensinanimals.

Theaimofthe study wastoinvestigate the potential application of lyophilization processin commercial processing of phages. We
lyophilized three phages active against common animal pathogens Escherichia coli, Salmonellasp. and Enterococcus faecalis,
in the presence of three different cryoprotectants. The activity of phages was determined after 10 days, 1 month, 3 months, 6
months and 1 year storage at room temperature. All conditions of storage were established to consider practical aspects of
phages processing.

Skimmilk appearedto be the most effective cryoprotectant, however the obtained results varied for different phages, suggesting
that efficiency of this process was phage-dependent. This in turn, may be problematic during optimization of phage lyophilization
for commercial processing. Nevertheless, further commercialization of phage preparations seems to be unavoidable and the
development of new methods for phage processing and storage is required.
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Nowadays, increasing inefficiency of chemical
agents in treatment and prevention of bacterial
infections is the main cause of renewed interest in
bacteriophages (1).

Microbial contamination of livestock, resulting
in foodborne illnesses, is a serious problem for
the food industry. Bovines are the main animal

Introduction

Bacteriophages (phages) have been used as
antibacterial agents almost since their discovery
at the beginning of the 20% century. The
discovery of penicillin and subsequently other

antibiotics, accompanied by scarce knowledge
regarding the nature of these viruses, caused
significant limitation of phage application.
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reservoir of enterohemorrhagic E. coli (EHEC),
which is considered the major cause of hemolytic-
uremic syndrome (HUS) worldwide (2-4). In turn,
contaminated poultry and swine are the two
major reservoirs of Salmonella. Increasing multi-
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drug resistance of Salmonella enterica strains is
due to use of antibiotics as growth promoters in
food animal production (5,6).

The rising importance of phage preparations is
reflected by the increasing number of commercial
products based on phages appearing on the
market. Although phage therapy in humans has
been practiced only as an experimental form
of treatment, in the last decade, approvals for
commercial use of phage products in the area of
veterinary medicine and food safety have been
granted increasingly often. An importantadvantage
is the possibility of using phage preparations for
reducing bacterial contamination in the entire
food chain, from reducing pathogen colonization
in livestock, through decontamination of raw
meats, to expanding shelf life of ready products
(7). Nowadays, several phage products are
available on the market, including the following:
(i) LMP-102TM (Listshield) produced by Intralytix
Inc. (USA), which is used to control Listeria
monocytogenes in ready-to-eat meat and poultry
products Dbefore packaging; (iij ECP-100TM
(Ecoshield) against E. coli O157:H7 i.a. in ground
beef (Intralytix Inc.) (USA); (iii) Listex, effective
against L. monocytogenes, and (iv) SALMONELEX
against Salmonella, both produced by EBI Food
Safety (Netherlands); and (v) BacWash, which is
in the form of two separate products targeting
Salmonella and E. coli O157:H7 on animal hides
prior to slaughter (Omnilytics, Inc) (USA) (8). As the
further commercialization of phage preparations
seems to be unavoidable, there is an obvious need
to search for methods of phage processing and
long-term storage.

The aim of our studies was to investigate the
potentialapplicationoflyophilizationin commercial
use of phage preparations as components of feed
additives in veterinary medicine. We compared
the activity of three bacteriophages from three
different groups of phages related to animal
infections (specific to E. coli, Salmonella sp.
and Enterococcus sp.), lyophilized with different
cryoprotectants and stored for one year. In our
studies we wused bacteriophage T4 (specific
to E. coli, which is one of the best known
bacteriophages, and the two bacteriophages
Salm G713 and Entc 24 with high lytic activity
(specific to Salmonella sp. and Enterococcus
faecalis, respectively). As the cryoprotectants we
used skim milk, as it is one of the most frequently
used cryoprotectants (9), and sucrose, which

according to previous reports may be useful in
stabilization of freeze-dried bacteriophages (10).
Considering potential application of phages as
components of feed additives for farm animals, we
also used commercial feed additive (Skotan S.A.,
Poland) as a potential stabilizer of phages during
lyophilization. This additive is based on the yeast
Yarrowia lipolytica, the cell wall of which, like the
cell walls of all the yeasts, is built from different
polysaccharides. This might suggest the potential
role of this yeast in phage protection during
lyophilization and would be a practical solution
in commercial processing of phages. The phage
activity was determined after 10 days, 1 month,
3 months, 6 months and 1 year storage at room
temperature (RT). Time and conditions of storage
were also established taking into consideration
practical processing of phages.

Material and methods

Bacteriophages and bacterial strains

Bacteriophages T4, Salm G713 and Entc
24 were obtained from the Polish Collection of
Microorganisms in the Institute of Immunology
and Experimental Therapy (IIET), Polish Academy
of Sciences (PAS). Phages were propagated
respectively with Escherichia coli B, Salmonella
7116 and Enterococcus faecalis 661 strains (IIET
Bacterial Collection). Bacteriophage lysates were
obtained according to the method described by
Carlson and Miller 1994 (11). The titer of phages
used in the experiments was: T4 — 3 x 10° pfu/mL,;
Salm G713 - 4.50 x 10° pfu/mL; Entc 24 - 2.5 x
10'° pfu/mL.

Cryoprotectants

Three cryoprotectants were used: (i) skim
milk (Sigma-Aldrich, Germany) with the final
concentration 10% w/v, (ii) sucrose (Sigma-
Aldrich, Germany) with the final concentration
17% w /v, and (iii) commercial animal feed additive
for farm animals, with great nutritional value,
based on Yarrowia lipolytica yeast (Yarrowia
GoodStart, Skotan S.A., Poland), with the final
concentration 10% w/v. The feed additive was
disrupted by sonification (5 min, ice cooling, P =
70 W, f = 20 kHz (Sonoplus HD 2200, Bandelin
electronic GmbH & Co. KG, Germany).
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Twice concentrated solutions of skim milk and
yeast feed additive were sterilized by autoclaving
(117 °C, 0.8 atm, 20 min). To confirm the efficiency
of this sterilization process, we prepared 72 h
cultures of the Bacillus cereus (ATCC 14579) and
Bacillus subtilis (ATCC 6633) in LB and sterilized
it under the above conditions. Then we induced
the germination of the spores with a heat shock
(80°C, 20 min.) and determined the number
of bacteria with plate count method. For both
bacterial species we observed 100% inactivation
of bacteria compared to control cultures, which
were not sterilized.

Twice concentrated solution of sucrose was
sterilized by filtration (membrane pore size: 0.22
um). Phage lysates were mixed with cryoprotectants
(1:1 v/v) before lyophilization.

Lyophilization

The phage lysate was mixed with protective
agents (1:1 v/v). The samples of 1 mL in vials of
2 cm diameter were placed on the shelf in the
Labconco Triad freeze-drier and prefrozen to -36
°C at 0.5 °C/min. The process of freeze-drying
was carried out at -36 °C, 0.20 mbar for 19 hours,
followed by a temperature shift to -10 °C and
pressure 0.18 mbar for 1.5 hours and finally +5
°C, 0.16 mbar for 4 hours. The vials were sealed
under vacuum and stored.

Storage of the samples

Samples were stored at RT and the temperature
of the storage was controlled twice a day each
day of the experiment. Total storage time of the
samples was 1 year as the term of validity for the
tested feed additive was 12 months.

Stability tests of the lyophilized
bacteriophages

After 10 days, 1 month, 3 months, 6 months
and 1 year, the lyophilized samples were hydrated
by the addition of 1 mL of sterile, 0.9% NaCl
solution. Then, the samples were incubated at
37 °C with shaking (200 rpm) for 1 hour. Titer of
phages was determined with routine test dilution
(RTD) and subsequently with the double-layer
agar plates method (12). The stability tests for
each variant were performed in triplicate.

Statistical analysis

Two-way ANOVA was performed for the
stability test results and significant differences
were determined according to Duncan’s test, at
P = 0.05. Interaction graphs were plotted and
standard error bars were provided to data points
(Statistica 10, StatSoft).

Results

The following samples were prepared: (i)
bacteriophage lysate stored at 4°C; (ii) bacteriophage
lysate stored at RT; (iii) lyophilized bacteriophage
lysate with no cryoprotectants stored at RT; (iv-
vi) lyophilized bacteriophage lysates with different
cryoprotectants stored at RT.

Number of viable phages T4, Salm G713 and
Entc 24 per mL stored for 10 days, 1 month, 3
months, 6 months and 1 year of storage at RT are
presented in Tables 1-3.

Discussion

Lyophilization is commonly used for
immobilization of different biological particles in
industrial applications, as it facilitates transport
of the product and reduces the space needed for
its storage. Although lyophilization is considered
one of the most effective methods of stabilization
of various biological particles, in the context of
commercial phage usage its application might be
rather limited.

In our studies, phages retained the highest
activity when stored at 4 °C (as lysates); however,
the storage of the product at this temperature is not
convenient for the consumer, especially in farms. A
slight decrease in phage activity (compared to the
initial preparation and to the preparation stored at
4 °C) was observed for phage preparations stored
at RT, suggesting that this temperature of storage
might also be applied. The drying method was not
satisfactory, as phages stored in freeze-dried form
significantly lost their titer compared to phages
stored at 4 °C and RT. It is noticeable that the
obtained results differed for different phages.

These results confirm previous observations of
Clark (1962), who compared different methods of
storage of phages specific to nine different bacterial
species. He showed that phage storage in broth
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Table 1: The number of viable phages T4 per ml during storage of lyophilized products. The initial phage titer was
9.48 log pfu/mL (3 x 10° pfu/mL)

T4 10 days 1 month 3 months (log 6 months (log 1 year
(log pfu/mL) (log pfu/mL) pfu/mlL) pfu/mlL) (log pfu/mL)
Phage lysate (4°C) 9.73* 9.912 9.867 9.872 9.582
Phage lysate (RT) 8.22P 9.912 9.75% 9.43= 8.89!
Lyophilized phage lysate 9.772 8.20° 5.16¢°f 3.020 ud.

Phage lysate lyophilized

cd c.d c.f e j
with skim milk 6.21 5.96 5.68 4.90 4.26
Phage lysate lyophilized 5 030" 5 gged 5 09° . 6 150
with sucrose
Phage lysate lyophilized 7 7308 — 6.55¢ 5410 .

with yeast feed additive

The same superscript letters designate homogenous groups.
ud. - undetected

Table 2: The number of viable phages Salm 713 per ml during storage of lyophilized products. The initial phage
titer was 4.50 x 10° pfu/mL (9.65 log pfu//mL)

Salm 713 10 days 1 month 3 months (log 6 months (log 1 year
(log pfu/mL) (log pfu/mL) pfu/mlL) pfu/mlL) (log pfu/mL)
Phage lysate (4°C) 9.732 9.80¢ 9.702 9.652P 9.17>4
Phage lysate (RT) 9.65b 9.602> 9.51ab 9.48ab 8.76¢4
Lyophilized phage lysate 8.79¢4 8.37¢fe 7.980 6.89! 5.00!

Phage lysate lyophilized-

with skim milk 8.83¢d 8.52¢¢ 8.34¢f2 8.15%i 7.31K!
Ph lysate lyophilized _ .

wital:lgzu}(,:iisi YOPRHize 6.27¢ 4.60Mi 6.35¢ 4.69ni 5.63™
Phage lysate lyophilized 8.07%¢ 8.145gi 7 74ik 6.32¢ 4.20h

with yeast feed additive

The same superscript letters designate homogenous groups

Table 3: The number of viable phages Entc 24 per ml during storage of lyophilized products. The initial phage titer
was 2.5 x 10'° pfu/mL (10.40 log pfu/mlL)

Entc 24 10 days 1 month 3 months (log 6 months (log 1 year
(log pfu/mlL) (log pfu/mlL) pfu/mL) pfu/mL) (log pfu/mL)
Phage lysate (4°C) 10.222P 10.27°h 10.38" 9.75¢¢ 9.63f
Phage lysate (RT) 10.102<d 9.99d 9.85¢ 9.27¢ 7.88™
Lyophilized phage lysate 9.71¢¢ 9.50f 9.62¢f 8.49 7.83m™

Phage lysate lyophilized

with skim milk 9.52f 9.54f 9.79° 9.18¢ 8.72k
Phage lysate lyophilized . o . i "
with sucrose 9.50 9.63 9.82 8.9 8.64
Ph. lysate lyophilized . )

age lysate lyopnilize 0.18¢ 8.93i 9.19¢ 8.511'1 720n

with yeast feed additive

The same superscript letters designate homogenous groups
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at 4 °C was the most efficient method for phage
preservation, while freeze-drying (with skim milk
as a cryoprotectant) was damaging for all studied
viruses. Considering both prestorage treatment and
the storage (2 years, 4 °C), of twenty phages, only two
showed the best recovery in lyophilized form (13).

We showed that skim milk and sucrose may
be potential cryoprotectants in the lyophilization
process. However, optimization of the method in
order to increase phage survival is required. This
applies in particular to lyophilization with sucrose,
as the results of the studies were particularly
inconsistent. Yeast feed additive was the least
efficient cryoprotectant, but it is necessary to
emphasize that the results were significantly
different for different phages. Radical differences
were observed in the case of phages lyophilized
with no cryoprotectant. Phage Entc 24 specific
to Enterococcus faecalis retained its activity
compared to phage stored at RT after 12 months,
while phage T4 specific to E. coli completely
lost its activity when stored in this form. Phage
Salm G713 specific to Salmonella sp. showed
intermediate loss of its activity.

In studies presented by Dini and de Urraza
(2013), phages lyophilized with skim milk lost
1.2 log pfu/mL after the process (6% phage
survival) (14). This is also in accordance with
the aforementioned publication of Clark (1962),
who observed that the survival of two coliphages
lyophilized with skim milk was in the range 25%
- less than 1%.

Although disaccharides are expected toincrease
the protection of the particles during lyophilization
(15), application of sucrose as the cryoprotectant
of phages gives ambiguous results. Data regarding
usage of sucrose as a cryoprotectant are variable
and show that in each case, optimization of the
method is needed. In studies presented by Dini
and Urraza (2013) disaccharides did not improve
the stability of phages during freeze-drying
compared to PBS. It is worth mentioning that the
addition of 0.3 M sucrose provided a protective
effect on the lyophilized phage during storage
(120 days) compared to that obtained immediately
after lyophilization. Phages lyophilized in SM
buffer showed significantly increased stability
compared to PBS (phage survival range 1-15%
after lyophilization).The addition of 0.1 M sucrose
significantly increased the number of active
phages after lyophilization compared with the
number of phages lyophilized in SM buffer alone.

The stability was also improved compared to skim
milk. Phage preparations lyophilized in SM buffer
with 0.1 M sucrose also showed great stability,
retaining almost full phage activity during 120
days of storage compared to the phage titer
immediately after lyophilization. The addition
of higher sucrose concentrations (0.3 M; 0.5 M)
was detrimental for phage stability compared to
samples lyophilized without sucrose (14).

Dini and de Urraza (2013) analyzed each step of
the freeze-drying process (PBS with 0.5 M sucrose),
showing that the main phage loss occurs during
the drying step (decrease of 1.58 log pfu/mlL). If
lyophilized with 0.1 M concentration of sucrose,
phage viability was almost completely retained
during the freeze-thaw step, and the observed loss
of phage titer (0.56 log pfu/mlL) was attributed
to the drying step. The analysis of the storage of
lyophilized preparations (4 °C, 120 days) showed
the stabilizing effect of sucrose (PBS with 0.3 M
sucrose and SM with 0.1 M sucrose) (14).

In another study, the authors optimized the
lyophilization process by testing four different
concentrations of trehalose and sucrose, as
they seemed to be the best cryoprotectants of
Staphylococcus phage ISP. The immediate decrease
in titer after lyophilization varied between 0.6 and
1.4 log/mL, and the best results were obtained in
the case of 0.8 M and 1.0 M sucrose, with loss of
only 0.4-0.5 log/mL. During the 27-month storage
period, the activity of ISP remained stable, with
variations within one log/mL in all preparations,
except for 0.3 M trehalose (10). Also, in studies
presented by Puapermpoonsiri et al. (2010), higher
loss of activity was observed for phages lyophilized
with high concentrations of sucrose (0.5 M) than
with lower concentrations (0.1 M) (16).

Also potential application of  other
cryoprotectants in lyophilization of phages has
been studied. PEG6000 was used for stabilization
of Staphylococcus aureus phage. Immediately
after immobilization, phages showed a titer
loss of 1.8 log/mL and 5.0 log/mL for 1% and
5% PEG6000 concentrations respectively. Titer
loss was also observed after storage for 37
months (loss of 3 log/mL for 1% PEG6000 and
1.7 log/mL of the titer for 5% PEG6000) (10).
These observations were also confirmed by
Puapermpoonsiri et al. (2010), who showed that
PEG6000 as a cryoprotectant at concentrations of
1% and 5% was detrimental for phage specific to
Staphylococcus aureus but also for phage specific
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to Pseudomonas aeruginosa (16). The same phages
lyophilized in SM medium with or without gelatin
began to lose their activity after the 30th day of
storage. Also glycine and polyvinylpyrrolidone

(PVP) were detrimental for phages. Glycine
caused their inactivation immediately after
lyophilization and PVP inactivated phages

completely at both concentrations (1% and 5%)
even before lyophilization (10). Also mannitol at
a concentration 0.1 M caused total inactivation of
phages after lyophilization. At concentration of 0.5
M, a4 log/mL decrease in phage titer was observed
(10). Alfadhel et al. (2011) used a lyophilized
viscous solution of hydroxypropyl methylcellulose
(HPMC) in concentration 1-2% (w/v) with and
without addition of 1% (w/v) mannitol to prepare
inserts for nasal administration of phage against
Staphylococcus aureus. Phage preparations in
HPMC/mannitol gel formulations were lyophilized,
which resulted in 90% loss of phage titer, but still
108 pfu/mL (1 log/mL decrease from 10° pfu/mL).
After 1-12 months of storage at 4 °C, lytic activity
of phages decreased 10-1000 fold (from 10® pfu/
mL on day 1 to around 107, 10°, 10° pfu/mL after
1, 2 and S months respectively), which still was a
therapeutic dose (17).

Although there have already been published
several reports regarding the influence of the
freeze drying process on activity of phages, still
the knowledge on this topic may be considered
scarce. The results of our studies confirmed
previous observations that different phages may
show different tolerance to lyophilization, which
may be one of the most important obstacles in
optimization of the process. Even though freeze
drying in general seems to be detrimental for
phages, optimization of the method may allow
improvement of phage survival, which may
contribute to its practical usage. It is worth noting
that application of lyophilization may not be
limited to phage storage but also may precede (18)
or follow (19) the process of phage encapsulation.
Although encapsulation methods also need to
be optimized, they are necessary for improved
survival of phages in animals’ digestive systems,
as phages applied orally are often destroyed in low
stomach pH.

Phage potential in prevention and treatment
of farm animal bacterial infections has been
proved. According to several reports, phages were
successfully applied against E. coli in calves, pigs,
lams and poultry, against Campylobacter jejuni in

chicken and against Salmonella in pigs (20-22).
It was shown that bacteriophages biocontrol of S.
entericain dried pet food is effective and technically
feasible (23). These promising results translate
into a tendency toward commercialization of phage
products in the fields of agriculture and veterinary
medicine. Nonetheless, as phage application
seems to be inevitable, research regarding
biology of these viruses must be combined with
development of technological processes associated
with their processing.

Conclusion

Lyophilization is one of the most commonly used
methods for stabilization of biological particles,
however its application for bacteriophages might
be rather limited. Our studies confirmed previous
observations, that efficiency of the freeze-drying
process depends on the applied cryoprotectant, as
well as on the type of bacteriophage. Optimization
of the method generally for all bacteriophages for
commercial purposes is problematic, however,
it is possible for single phages. In this case,
lyophilization of phages may be a good solution for
preservation of phage viability in time, especially
considering the convenience of dried form of the
preparation in contrast to a liquid lysate. As an
interest in phage application significantly grows,
further studies regarding the development of new
methods for phage processing and storage are
required.
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MOZNOSTI UPORABE LIOFILIZACIJE V KOMERCIALNE NAMENE ZA PRIPRAVO
BAKTERIOFAGOV V VETERINARSKI MEDICINI

A. Skaradzinska, G. Skaradzinski, A. Choinska-Pulit, P. Sliwka, W. taba, P. Mituta, M. Zaczek, B. Weber-Dabrowska

Povzetek: MikrobioloSka kontaminacija hrane v zivinoreji, ki povzroCa bolezni, predstavlja resen problem v veterinarski medi-
cini. Hitro narascajoce Stevilo bakterijskih sevov, odpornih proti antibiotikom vzbuja vedno vecje zanimanje za uporabo t.i. fag-
oterapije, zdravljenja z bakterijskimivirusi bakteriofagi, ki je bila Ze preizkusena kot metoda za preprecevanje okuzb pri zivalih. Cilj
raziskave je bil prouciti potencialno uporabo postopka liofilizacije za komercialno obdelavo fagov. Liofilizirali smo tri fage, aktivne
proti skupnim zivalskim patogenom Escherichia coli, Salmonella sp. in Enterococcus faecalis v prisotnosti treh razli¢nih krio-
protektantov. Dejavnost fagov je bila dolo¢ena po 10 dneh, 1 mesecu, 3 mesecih, 6 mesecih in 1 letu skladis¢enja pri sobnitem-
peraturi. Vzpostavljeni so bili vsi pogoji shranjevanija, znamenom upostevanja prakti¢nih vidikov obdelave fagov. Posneto mleko
je bilo najucinkovitejsi krioprotektant, vendar so se dobljeni rezultati razlikovali prirazli¢nih fagih, kar kaze nato, da je u¢inkovitost
postopka odvisna od vrste faga. To bi lahko predstavljalo tezavo pri optimizaciji liofilizacije fagov v komercialne namene. Kljub
temuje nadaljnja komercialna priprava preparatov s fagineizogibnain bo potrebno razvijatinove metode za obdelavo in shranje-

vanje fagov.

Kljuéne besede: bakteriofagi; liofilizacija; susenje zzamrzovanjem; dolgoro¢no ohranjanje bakteriofagov



