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Abstract: There have been numerous studies highlighting the efficacy of various bacteriophages
(phages) and phage cocktails in the reduction of pathogens in food. Despite approval from legislative
bodies permitting phage use in food processing environments, applied via spray or dip, there is still
no information on which spray parameters should be used for successful implementation. The study
here investigates phage survival diluted to 1% in distilled water (dH2O) and prepared bottled water
(PBW), followed by a subsequent spray application through a fixed nozzle (530 µm) and strainer
size (74 × 74 µm), with pressures of 3, 5, and 6 Bar. The survival of the phage was determined
through sampling the outputs of the spray system and performing double agar overlay plaque
assays. PBW decreased the phage concentration (p = 0.18) more than the dH2O (p = 0.73) prior to
spray application. It was found that the PBW phage solution was less affected by the various spray
parameters (p = 0.045) than the dH2O (p = 0.011). The study showed that unchlorinated water (dH2O),
as well as a pressure of 3 Bar, had the highest output phage concentration through the nozzle and
strainer, providing valuable information for industrial implementation.
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1. Introduction

Bacteriophages (phages) have shown a lot of potential in reducing the incidence of
foodborne pathogens on food; in fact, phages have shown great promise in fulfilling the
need for biocontrol agents effective against multi-drug and/or multi-chemical resistant
bacteria [1–3].

The growing global population places immense pressure on the food chain to meet
the demand for enough food, but not only enough food—enough safe food [4]. This means
that food companies have had to continuously reinvent (and survey) their food safety
management systems to curb the resistance of bacteria specific to their food products
and food processing environments [3]. The contamination of food with antibiotic-resistant
bacteria (ARB) is an urgent public health concern as the methods of treatment for foodborne
illness have become ineffective [5].

Phages have become the more appealing prospective method of food pathogen control
at different phases throughout the production of food. This is largely due to their host-
specificity. The United States Food and Drug Administration (US FDA, Washington, DC,
USA) has approved several individual phages and phage cocktails for commercial use
against various pathogens, such as SalmoFresh® and PhageGuard STM (PGS). Furthermore,
many studies have confirmed the high efficacy of various commercial phage cocktails on
food and food products in the laboratory setting, highlighting the potential for industrial-
level application [6–8].

In terms of application methods, Yeh et al. [9] carried out a study where a dilution
of PGS was added during the tumbling of red meat trim and poultry meat, before the
grinding step. While Huang et al. [10] added a phage solution directly into milk, and
Ahmadi et al. [11] added a phage solution into a meat slurry—all of which saw a reduction
in microbial numbers. The US FDA [12] as well as Health Canada [13] have stipulated that
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phage can be applied as a processing aid via dip or spray, but, to the knowledge of the
authors, there are no studies that provide guidance on parameters for a suitable industrial
spray application system.

Reinhard et al. [14] used a commercially available hand-held sprayer (Braber Equip-
ment Ltd. Abbotsford, BC, Canada) to apply PhageGuard ListexTM into a processing
environment but did not mention the effect of the spray parameters on the phage efficacy.
Soffer et al. [15] performed a study where ShigaShieldTM was applied using a Basic Spray
Gun Model #250 (Badger Air-brush Co., Franklin Park, IL, USA), but did not elaborate on
any preliminary information on whether the efficacy of the phage cocktail was affected by
the spray gun itself.

Water content plays an integral role in phage efficacy—particularly water containing
chlorine (generally after wastewater treatment). This is demonstrated by Sukumaran et al. [16],
who highlight that chlorine-containing chemicals can inactivate phages.

The study presented here firstly investigates the combined effect of pressure, strainer,
and nozzle diameter (collectively causing extrusion) on phage survival of a commercial
cocktail of phages FO1a and S16 (PhageGuard STM—PGS, Wageningen, The Netherlands)
diluted to 1% using prepared bottled water (PBW). It secondly investigates phage survival
through the same spray parameters but with a 1% PGS solution prepared using distilled
water (dH2O). This investigation seeks to provide insight for food companies to imple-
ment phage technology in a way that allows for the machinery to be adaptable to their
specific environment.

2. Materials and Methods
2.1. Spray Machine Parameter Selection

Testing for phage survival involved preparing a 1% dilution (≈2 × 109 PFU/mL) of
PGS with two water types—dH2O and PBW (containing 4 ppm chloride as seen in Table 1).
The phage solution was then run through a demo spray system using different pressures
(3, 5, and 6 Bar) with a constant nozzle and mesh size.

Table 1. Contents of prepared bottled water (ppm) (pH = 5–6) used to prepare the 1% PGS solution.

Compound Concentration (ppm)

Salt 0.007
Potassium 0.5
Chloride 4
Calcium 0.62

Magnesium 0.5
Fluoride 0.1
Sulphate 1

Calcium carbonate 0.8
Nitrate 0.89

According to Hagens and Loessner [1], the average size of a phage is approximately
0.05 × 0.2 µm. Therefore, for all analyses it was decided that a larger mesh and subsequent
nozzle size would be selected. A 200 mesh (74 µm × 74 µm) and nozzle diameter of
530 µm (nozzle #13082 (Spraying Systems Co., Pretoria, South Africa)) was selected. To
the knowledge of the authors, there were no previous publications on the effect of pump
type on phage survival, and so to minimize any adverse effects due to mechanical action, a
3-chamber diaphragm pump (Aquatec, Pretoria, South Africa) was selected.

2.2. PGS Diluted to 1% with Prepared Bottled Water

Firstly, it was investigated the stability of phages diluted to 1% in prepared bottled
water (PBW) (Table 1) run through a workshop demo spray cabinet using the 200 mesh,
5.3 × 10−3 µm nozzle and pressures of 3, 5, and 6 Bar.
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PGS (100%) (50 mL) was aseptically added to 4950 mL of PBW to create a 1% (v/v) dilution
(≈2 × 109 PFU/mL). Approximately 10 mL of the undiluted 100% PGS (≈2 × 1011 PFU/mL)
(sample 1.1) was transferred to a 50 mL sterile sample tube for the control; this was stored
in the refrigerator (4 ◦C) immediately. The 5 L (1%) solution was inverted repeatedly to
ensure uniformity before 25 mL of the 1% solution (sample 1.2) was transferred into a
50 mL sterile sample tube and stored at refrigeration temperature (4 ◦C) immediately.

The spray system was flushed with PBW to ensure the cleaning of debris and residues.
The remaining 1% PGS solution was then hooked up to the spray system. The system was
switched on and the pressure was adjusted to 6 Bar and allowed to run for 5 s to ensure
the phage was running uniformly through the system. A 25 mL sample of the outlet spray
(sample 1.3) was aseptically collected using a sterile 50 mL sample tube and refrigerated
(4 ◦C).

The system was switched off, the 5 L bottle was shaken to allow for re-distribution
of any phage that may have settled, and the process was repeated—however at 5 Bar.
After allowing 5 s of spraying, another 25 mL sample of the outlet spray (sample 1.4) was
aseptically collected using a sterile 50 mL sample tube and refrigerated (4 ◦C). This was all
performed once more at a pressure of 3 Bar (sample 1.5). All the refrigerated samples were
immediately titrated. This was performed in triplicate. The summary of samples and tests
can be seen in Table 2.

Table 2. Summary of sample plan repeated in triplicate for 1% PGS (PBW) outputs through the
spray system.

Sample Information Dilution Pump Pressure (Bar)

Sample 1.1
10 mL PGS stock 100% N/A

Sample 1.2
25 mL 1% PGS pre-spray 1 % N/A

Sample 1.3
25 mL 1% PGS post-spray 1% 6

Sample 1.4
25 mL 1% PGS post-spray 1% 5

Sample 1.5
25 mL 1% PGS post-spray 1% 3

2.3. PGS Titration and Renumeration
SM Buffer Preparation

Sodium chloride (5.85 g/L) (Merck, Darmstadt, Germany), 6.057 g/L Tris (VWR,
Radnor, PA, USA) and 2.47 g/L magnesium sulphate heptahydrate (Merck, Germany) were
dissolved in 750 mL dH2O (Lasec, Pretoria, South Africa). The pH was then adjusted to 7.5
by adding 1 M hydrochloric acid (Kimix, Pretoria, South Africa) using an eye dropper. The
solution was made up to 1 L (pH = 7.5) and autoclaved for 20 min at 121 ◦C.

2.4. Luria Bertani (LB) Broth

Tryptic soy broth (10 g/L) (Merck, Germany), 5g/L of yeast extract (Biolab, Cape
Town, South Africa) and 10 g/L of sodium chloride (Merck, Germany) were dissolved
in 750 mL dH2O (Lasec, South Africa) using a magnetic stirrer. The pH of the solution
was adjusted to 7.5 by adding sodium hydroxide (Merck, Germany) using an eye dropper,
before being made up to 1 L (pH = 7.5). It was then autoclaved at 121 ◦C for 20 min and
allowed to cool.
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2.5. Luria Bertani (LB) Agar Plates for Titration of PGS

LB broth was prepared and 15 g bacteriological agar (1.5% (w/v)) (Biolab, South Africa)
was added to the LB broth. It was then autoclaved at 121 ◦C for 20 min and cooled to 60 ◦C
in an oven. LB agar (15 mL) was poured per plate in a laminar flow cabinet.

2.6. Luria Bertani (LB) Top Agar Plates for Titration of PGS

LB broth was prepared and 4 g (0.4%) of bacteriological agar (Biolab, South Africa)
was added to the broth. It was autoclaved at 121 ◦ C for 20 min and allowed to cool to
50 ◦C for 1 h in an oven.

2.7. Salmonella: Propagation of Culture

The strain used for phage titration was Salmonella enterica serovar Enteritidis C StR
(Micreos Food Safety, Amsterdam, The Netherlands). This strain is routinely used as the
host strain for PGS titration and is named by Micreos Food Safety as “Se13”. A frozen
glycerol stock culture of Se13 was received from Micreos Food Safety (The Netherlands)
and stored at −18 ◦C.

Two XLD plates were prepared as per the manufacturer’s instructions (Oxoid, South
Africa) in dH2O (Lasec, Pretoria, South Africa). In a bio-safety cabinet (Labotec, Pretoria,
South Africa), the Se13 was streaked onto the XLD plates using sterile inoculation loops.
The XLD plates were incubated at 30 ◦C overnight.

An individual colony was then taken from the XLD plates and streaked out onto
four LB agar plates using sterile inoculation loops. The LB agar plates were incubated at
30 ◦C overnight.

2.8. Overnight Culture for Glycerol Stocks

LB broth (100 mL) was added to a 250 mL Erlenmeyer flask and sealed with aluminum
foil. The Erlenmeyer flask along with 30 mL glycerol (100%) (Radchem, Cape Town, South
Africa) was then autoclaved at 121 ◦C for 20 min and allowed to cool to 25 ◦C before use.
A sterile inoculation loop was used to isolate a single colony from the LB agar plate and
inoculate the 100 mL sterile LB broth. The Erlenmeyer was then covered once more using
the sterile aluminum foil and incubated in a shaking incubator (200 rpm) at 30 ◦C for
16–18 h.

Sterile 100% glycerol (20 mL) (Radchem, South Africa) was aseptically added to 100 mL
of the overnight culture, making the final glycerol concentration of the culture 15–20%.
The Erlenmeyer was swirled thoroughly to ensure the glycerol and culture were mixed
well. The solution was then placed into the fridge (4 ◦C) to cool completely and have a
homogenous appearance.

A sterile pipette was used to transfer 1.5 mL of the homogenous solution to sterile
2 mL Eppendorf tubes. The Eppendorfs (glycerol stocks) were then stored at −20 ◦C until
needed for titration.

2.9. Phage Enumeration via Titration of PGS Samples

For each sample (1.1–1.5), dilutions in SM buffer (a 10−2 dilution factor applied each
time) were performed in duplicate, with the highest dilution (≈2 × 103 PFU/mL) plated in
duplicate on LB agar plates (Figure 1). This meant that each sample had four corresponding
plates for enumeration.
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Figure 1. Schematic representation of a titration of a 1% PGS sample.

A heating block (Techne, UK) was set to 43 ◦C with sterile 10 mL glass test tubes. Top
agar (4 mL) at 50 ◦C was aliquoted using a sterile glass pipette into each test tube for the
double agar overlay plaque assay.

SM buffer (990 µL) was aseptically transferred to Eppendorf tubes using a pipette.
The 25 mL sample (1.1–1.5) tubes were removed from the refrigerator (4 ◦C) and vortexed.
A dilution series was then completed in duplicate for each sample (1.1–1.5) using the
SM buffer, to obtain a final phage concentration of ≈2 × 103 PFU/mL per sample. The
Eppendorf tubes were vortexed well and inverted multiple times in between dilutions.

To each of the tubes containing top agar, 100 µL of Se13 host overnight culture—taken
from the freezer (–20 ◦C)—was added. The phage solution (≈2 × 103 PFU/mL) was
vortexed and inverted before 50 µL was aseptically added to the tubes containing top agar.
The glass test tube was vortexed for 2 s, with extra caution to not cause bubbles before
pouring the top agar onto an LB agar plate. The plate was moved in gentle figure-of-eight
motions until the top agar was evenly distributed over the plate. The plates were then
incubated overnight at 20 ◦C. This method was repeated for all samples and duplicates.

2.10. Phage Renumeration

Once incubated overnight, the plates were removed. The plaques on the plates were
counted and the titer was calculated according to the following formula:

PFU
mL

=
average no. of plaques × dilution factor × 1000

Plated volume (µL)

2.11. PGS Diluted to 1% with Distilled Water

PGS was then diluted to 1% using distilled water (dH2O) (Lasec, South Africa). The
same spray parameter analyses and sampling used for the PGS with PBW were repeated in
the same manner with PGS diluted using dH2O (Sample 2.1–2.5). The % survival was then
calculated by dividing the calculated PFU/mL of each sample (1.2–1.5; 2.1–2.5) by the stock
undiluted solution (samples 1.1 and 2.1) and multiplying by 100.
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2.12. Statistical Analysis

Analyses were performed with one-way ANOVA to compare PFU/mL in the stock, in
the 1% dH2O and PBW. The effects of 3, 5, and 6 Bar pressures on the 1% PGS PFU/mL
(dH2O and PBW) were then subsequently compared using Fisher’s least significant differ-
ence (LSD) for multiple comparisons. These analyses were performed using STATISCA.
Error bars were included with 95% confidence intervals. Differences among multiple treat-
ments were indicated with lettering in the graphs as well as in the post hoc LSD multiple
comparisons. If two treatment means differ significantly, the lettering is different, for
example “a” and “b”. If they do not differ significantly there will be a common letter, such
as “a” and “ab” or “a” and “a”.

3. Results
3.1. PGS Diluted to 1% with PBW

This investigated the survival of PGS diluted to 1% in PBW (4 ppm chlorine). It was
then run through the spray system using a 200 mesh strainer, 530 µm nozzle diameter at
pressures of 3, 5 and 6 Bar. This sought to investigate, briefly first, whether the water type
influenced the phage stability—this was reflected in sample 1.2 (Figure 2). In addition,
secondly, the combined effect of water type with the pressure and nozzle combination, this
can be seen in samples 1.3–5 (Figure 3).

Processes 2022, 10, x FOR PEER REVIEW 6 of 12 
 

 

PFUmL ൌ  average no. of plaques ൈ  dilution factor ൈ 1000Plated volume ሺµLሻ  

2.11. PGS Diluted to 1% with Distilled Water 
PGS was then diluted to 1% using distilled water (dH2O) (Lasec, South Africa). The 

same spray parameter analyses and sampling used for the PGS with PBW were repeated 
in the same manner with PGS diluted using dH2O (Sample 2.1–2.5). The % survival was 
then calculated by dividing the calculated PFU/mL of each sample (1.2–1.5; 2.1–2.5) by the 
stock undiluted solution (samples 1.1 and 2.1) and multiplying by 100. 

2.12. Statistical Analysis 
Analyses were performed with one-way ANOVA to compare PFU/mL in the stock, 

in the 1% dH2O and PBW. The effects of 3, 5, and 6 Bar pressures on the 1% PGS PFU/mL 
(dH2O and PBW) were then subsequently compared using Fisher’s least significant differ-
ence (LSD) for multiple comparisons. These analyses were performed using STATISCA. 
Error bars were included with 95% confidence intervals. Differences among multiple 
treatments were indicated with lettering in the graphs as well as in the post hoc LSD mul-
tiple comparisons. If two treatment means differ significantly, the lettering is different, for 
example “a” and “b”. If they do not differ significantly there will be a common letter, such 
as “a” and “ab” or “a” and “a”. 

3. Results 
3.1. PGS Diluted to 1% with PBW 

This investigated the survival of PGS diluted to 1% in PBW (4 ppm chlorine). It was 
then run through the spray system using a 200 mesh strainer, 530 μm nozzle diameter at 
pressures of 3, 5 and 6 Bar. This sought to investigate, briefly first, whether the water type 
influenced the phage stability—this was reflected in sample 1.2 (Figure 2). In addition, 
secondly, the combined effect of water type with the pressure and nozzle combination, 
this can be seen in samples 1.3–5 (Figure 3). 

 
Figure 2. Calculated PFU/mL before and after dilution to 1% (PBW) (samples 1.1. and 1.2., respec-
tively). * To draw parallels between sample counts of 1.1 and 1.2, sample 1.2 (1% dilution = 9.35 × 
108) was calculated to reflect a theoretical stock concentration (undiluted). 

Figure 2. Calculated PFU/mL before and after dilution to 1% (PBW) (samples 1.1. and 1.2., respec-
tively). * To draw parallels between sample counts of 1.1 and 1.2, sample 1.2 (1% dilution = 9.35 × 108)
was calculated to reflect a theoretical stock concentration (undiluted).

Processes 2022, 10, x FOR PEER REVIEW 7 of 12 
 

 

 
Figure 3. Calculated PFU/mL of 1% PGS (PBW) before being sprayed (sample 1.2) through the mesh 
(200) and nozzle (530 μm) at pressures of 6, 5, and 3 Bar (sample 1.3–1.5). 

Sample 1.1. (100%) PGS had an average PFU/mL of 2.82 × 1011, which is close to the 
expected ≈2 × 1011 PFU/mL. This shows that there were no flaws in the batch of PGS se-
lected for this analysis, confirming the validity of sample 1.1 as the control sample. If the 
packaging had been tampered with or if the refrigerated (4 °C) storage conditions had not 
been adhered to, this would show a decreased PFU/mL (<2 × 1011) for the titration of the 
100% PGS solution (sample 1.1). Jończyk-Matysiak et al. [17] support this, reiterating that 
storage conditions can cause variation in phage titers and, subsequently, could even hin-
der the infectivity of the phages. Fister et al. [18] highlight that phage stability is diverse 
and not always well understood, but that there is sufficient evidence that temperature 
fluctuations have an effect on a large number of types of phages [19]. This can be seen in 
a study whereby the reduction of L. monocytogenes decreased to a minimal level at 20 °C 
by phage P100 over a period of 17 weeks [18]. It is also not unusual that sample 1.1 had 
more than the expected 2 × 1011 PFU/mL. González-Menéndez et al. [20] noted that phage 
propagation constitutes an adsorption step, inhibition of host genetics and progeny. De-
pending on the time period of each of these steps, and the number of phage particles that 
are produced per bacterial host cell, will determine the yield of phages [20]. Chaudhry et 
al. [21] had a similar outcome in a control sample where the phage titer overcame the 
inoculum density by more than 10-fold after 48 hrs. Additionally, this also reassures us 
that the producer potentially overestimated the concentration of phages to ensure suffi-
cient counts at the end of the shelf-life of PhageGuard STM. 

Sample 1.2 (1% PGS) showed a drastic decrease in PFU/mL to 9.35 × 1010. This high-
lights the negative impact the chlorine in the PBW had on the phage concentration com-
pared to sample 1.1. The phage concentrations of samples 1.2 and 2.2 (Figure 4 where 
dH2O was used) differed to a large extent, however, not in a statistically significant man-
ner (p = 0.18). Due to decreased stability and potential compromised structural integrity 
of the phage by the PBW, the authors observed that the combined effect of the pressures 
with the nozzle and mesh size was overall less significant (p = 0.045) for this analysis where 
PGS was diluted with PBW than overall for the PGS diluted with dH2O (p = 0.011) (Figure 
5). 

Figure 3. Calculated PFU/mL of 1% PGS (PBW) before being sprayed (sample 1.2) through the mesh
(200) and nozzle (530 µm) at pressures of 6, 5, and 3 Bar (sample 1.3–1.5).



Processes 2022, 10, 673 7 of 12

Sample 1.1. (100%) PGS had an average PFU/mL of 2.82 × 1011, which is close to the
expected ≈2 × 1011 PFU/mL. This shows that there were no flaws in the batch of PGS
selected for this analysis, confirming the validity of sample 1.1 as the control sample. If the
packaging had been tampered with or if the refrigerated (4 ◦C) storage conditions had not
been adhered to, this would show a decreased PFU/mL (<2 × 1011) for the titration of the
100% PGS solution (sample 1.1). Jończyk-Matysiak et al. [17] support this, reiterating that
storage conditions can cause variation in phage titers and, subsequently, could even hinder
the infectivity of the phages. Fister et al. [18] highlight that phage stability is diverse and not
always well understood, but that there is sufficient evidence that temperature fluctuations
have an effect on a large number of types of phages [19]. This can be seen in a study
whereby the reduction of L. monocytogenes decreased to a minimal level at 20 ◦C by phage
P100 over a period of 17 weeks [18]. It is also not unusual that sample 1.1 had more than the
expected 2 × 1011 PFU/mL. González-Menéndez et al. [20] noted that phage propagation
constitutes an adsorption step, inhibition of host genetics and progeny. Depending on the
time period of each of these steps, and the number of phage particles that are produced per
bacterial host cell, will determine the yield of phages [20]. Chaudhry et al. [21] had a similar
outcome in a control sample where the phage titer overcame the inoculum density by more
than 10-fold after 48 h. Additionally, this also reassures us that the producer potentially
overestimated the concentration of phages to ensure sufficient counts at the end of the
shelf-life of PhageGuard STM.

Sample 1.2 (1% PGS) showed a drastic decrease in PFU/mL to 9.35 × 1010. This
highlights the negative impact the chlorine in the PBW had on the phage concentration
compared to sample 1.1. The phage concentrations of samples 1.2 and 2.2 (Figure 4 where
dH2O was used) differed to a large extent, however, not in a statistically significant manner
(p = 0.18). Due to decreased stability and potential compromised structural integrity of the
phage by the PBW, the authors observed that the combined effect of the pressures with the
nozzle and mesh size was overall less significant (p = 0.045) for this analysis where PGS
was diluted with PBW than overall for the PGS diluted with dH2O (p = 0.011) (Figure 5).

There were no significant differences observed between samples 1.5 and 1.2, and 1.5
and 1.4. This is represented by the common subscripts of “ab” and “a” (p = 0.48), and “ab”
and “b” (p = 0.14), respectively. However, the closest sample to the target concentration
(sample 1.2) is sample 1.5, where the pressure was 3 Bar. The 6 Bar pressure application
yielded the largest significant difference to sample 1.2 (p < 0.01), and this is represented by
the “c” subscript.
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tively). * To draw parallels between sample counts of 2.1 and 2.2, sample 2.1 (1% dilution = 2.31 × 109)
was calculated to reflect a theoretical stock concentration (undiluted).
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Sukumaran et al. [16] conducted a study that determined the stability of Salmonella
lytic phages in different concentrations of chlorine to investigate what would be suitable for
a sequential application. This was performed by diluting the phage solution to 1% (approx.
109 PFU/mL) in SM buffer. The 5 ppm chlorine solution was prepared from stock sodium
hypochlorite being added to the 1% phage solution. The combined solution was then stored
at 4 ◦C for 24 h before the phage titer was determined using the soft agar overlay method.
It was found that the 5 ppm chlorine completely inactivated the phage. The PBW in this
study did not completely inactivate the phage as in the study by Sukumaran et al. [16],
only decreased the phage concentration. This could be due to a few factors; the first is
the storage time. In this study, the samples were titrated and renumerated immediately
after the samples were collected, whereas Sukumaran et al. stored the samples for 24 h.
Furthermore, Micreos Food Safety (The Netherlands) stipulated that the PGS contains 4%
potassium chloride (a neutral salt)—Langlet et al. [22] describe how phage concentrations
decline at a lower pH (pH 3.9 and 2.5) as opposed to a neutral pH (7). Conversely, it can
also be argued that the lower pH of the PBW (pH = 5–6) also plays a role in decreasing the
phage concentrations, but not to such a large extent as the pH = 2.5–3.9 in the mentioned
study. Furthermore, the salts of the PBW were taken into consideration; Mylon et al. [23]
showed that higher concentrations of salts (1 M) were needed to cause aggregation of
phages. In this study, the concentrations were less than 1 ppm, and so the authors speculate
that the effect of the salts compared to that of the chloride was negligible.

Free chlorine influences the protein-mediated functions of a phage, namely, the injec-
tion of genetic material and subsequent replication in the bacterial host [24]. Essentially,
the free chlorine reacts with amino acids that make up the capsid, leading to the formation
of carbonyl products, which causes a change in the surface charge of the capsid (increased
negativity), and a change in the overall molecular structure [19]. Thus, leading the authors
to speculate that the change in molecular structure of the phages could be the reason for the
lesser extent of impact by extrusion of the spray system on the calculated PFU/mL across
samples 1.3–1.5. Further investigation is needed to confirm the validity of this finding.

Sano et al. [25] showed that there is a strong relationship between the rate of phage-
inactivation due to chlorine and the concentration of these formed carbonyl groups. Further-
more, this chlorine-induced oxidation of the amino acids of the capsid causes a change in
the surface electrostatic charge, as previously mentioned. This change affects the hydropho-
bicity of the structure. Chlorine thus affects the two pinnacle properties (hydrophobicity and
electrostatic charge) that phages rely on for their function [26] and is regarded as viricidal [27].
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This highlights the importance of monitoring the water content in an industrial setting,
specifically free chlorine, which is to be used for phage application, as it can have an impact
on phage stability and efficacy, especially before being applied via a spray system.

3.2. PGS Diluted to 1% with dH2O

The dilution of stock PGS from 100% to 1% in dH20 (samples 2.1–2.2) (Figure 4) did
not decrease the calculated PFU/mL significantly (p = 0.73). Whereas the dilution using
PBW saw a drop in calculated PFU/mL from 2.82 × 1011 (sample 1.1) to 9.35 × 1010
(sample 1.2) (Figure 2) (p = 0.18). The PFU/mL of the 100% PGS (sample 2.1) was calculated
to be 2.61 × 1011 while the 1% PGS (sample 2.2) was calculated to be 2.31 × 1011 (p = 0.7),
highlighting no significant difference between the diluted phage solution and the undiluted
phage solution. This set a strong precedent before being able to clearly show the effect of
the pressure/nozzle combination on phage survival (Figure 5).

The calculated PFU/mL of sample 2.3 produced the lowest concentration of 1.66 × 109

compared to sample 2.2 (which is considered the target concentration of 2.24 × 109 PFU/mL)
and this difference is represented by the subscripts “a” and “c” respectively (p = 0.00)
(Figure 5). The mean concentrations of samples 2.2 and 2.5 do not differ significantly and
share the common subscript of “a” (p = 0.09). Samples 2.2 and 2.4 differ significantly (but
to a slightly lesser extent than between samples 2.2 and 2.3) and are represented by the
subscripts “a” and “b” (p < 0.01) (Figure 5). This shows that a pressure of 3 Bar through
the nozzle and mesh combination resulted in the highest phage survival and the closest
result to that of the target concentration of sample 2.2. This also suggests that the pressures
of 5 and 6 Bar through the nozzle and mesh combination have the effect of extrusion on
the phage structure. Overall, with reference to both studies, Levene’s test for homogeneity
of variances shows that PGS diluted with dH2O (Figure 5) is impacted more by the spray
parameters (p = 0.01) than the PGS diluted with PBW (p = 0.045) (Figure 3).

In order to better understand what could have taken place, it is important to consider
both the spray system pressure, strainer and nozzle, and the structure of a phage (Figure 6).
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To our knowledge, there is no information on the effect of nozzle diameter, strainer,
and pressure on phage survival through a spray system. The average size of a phage is
approximately 0.05 × 0.02 µm [1], while the nozzle diameter used in this study is 530 µm
(13,082) and the mesh size (200) are 74 µm × 75 µm (Spray Systems Co., Smyrna, TN,
USA, 2018). The structure of a phage is complex, consisting of a capsid head containing
phage DNA and a tail usually consisting of six fibers that are responsible for bacterial
host attachment [28]. The highest pressure (6 Bar), coupled with the small nozzle and
strainer size, could have caused extrusion on the structure of the phages, decreasing the
output phage concentration (sample 2.3) (Figure 5). This proposed reason for decreased
stability due to extrusion is further supported by the increased output phage concentration
in sample 2.4 when the pressure was decreased to 5 Bar. In addition, in sample 2.5, where
the pressure was decreased to 3 Bar, the output phage concentration was the highest of
all the throughputs. These findings are simplified and represented as a % survival of the
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different solutions through the spray system (Table 3). It can be seen that PGS diluted with
distilled water and a pressure of 3 Bar produced an 85.5% survival rate, while a pressure of
6 Bar showed that only 63.74% of the phages survived.

Table 3. PGS concentrations summarized in the form of calculated % survival.

PBW dH2O

Sample % Survival Sample % Survival

1.1 (stock) 100 2.1 (stock) 100.00
1.2 (1%) 33.16 2.2 (1%) 88.16

1.3 (6 Bar) 23.88 2.3 (6 Bar) 63.74
1.4 (5 Bar) 28.37 2.4 (5 Bar) 77.10
1.5 (3 Bar) 31.62 2.5 (3 Bar) 85.50

There are two specific phages that make up the PGS solution, namely, S16 and FO1a.
S16 has a long tail fiber (LTF) with an intricate protein makeup (Gp38 adhesin attached to
a Gp37 trimer) for binding to Salmonella. S16 has a contractile tail (a characteristic of the
family Myoviridae). Its head is approximately 117 nm in length and 91 nm in width, while
its tail is about 120 nm in length. It thus falls into the A2 group [29]. FO1a is a member
of the A1 group of the family Myoviridae with an icosahedral head (73 nm in diameter)
and a contractile tail (17 × 113 nm) which terminates in 6 straight tail fibers [30] (Figure 6).
Irrespective of structure, the primary step of phage replication is infection. Adsorption
of the phage into the bacterial host is triggered by the binding of the phage tail fibers to
the receptor proteins on the surface of the bacterial cell. This is followed by DNA release
into the host cytoplasm via penetration [31]. It is unclear exactly what part of the phage
structure may be affected by the force of extrusion, but it is likely that the structural integrity
of the long tail fibers of FO1a and S16 may be compromised or the large head of S16, but
further molecular studies would need to be conducted on this to be sure.

4. Conclusions

It was found that the chlorine content of PBW (4 ppm chlorine) used to prepare a 1% PGS
solution decreased phage concentration from 2.82 × 1011 PFU/mL to 9.35 × 1010 PFU/mL
(p = 0.18). This is not new information as there have been numerous studies that have
been conducted which have proven that chlorine decreases phage concentration. However,
this information is still valuable as there haven’t been any studies that have investigated
the combined effect of chlorine-containing water with a subsequent spray application
(extrusion). This study is also applicable in the sense that most processing plants make use
of waste-water treatment plants, which often incorporate chlorine in the water for re-use in
the processing environment.

The subsequent spray application of the diluted PGS in PBW at pressures of 3, 5, and
6 Bar had an overall lower significant difference (p = 0.045) generated by Levene’s Test for
homogeneity of variances compared to the PGS diluted in dH2O (p = 0.011).

In terms of the effect of extrusion by the spray system on the phage concentration, this
is most evident in the second analysis where the PGS was diluted in dH2O. This is because
the dH2O did not significantly decrease the phage concentration (p = 0.73) prior to spray
application. A pressure of 6 Bar decreased the output concentration of phages the most
(p = 0.00), while a pressure of 3 Bar decreased the output concentration of phages the least
(p = 0.09).

Thus, if the inlet water content has no chlorine, the ideal spray parameters for phage
stability (from this study) are a 3 Bar pressure on a diaphragm pump, in combination with
a 200 mesh strainer and a 530 µm nozzle diameter.

Some future research recommendations would entail the testing of different nozzle
diameters, strainers, and pressure combinations. It would also be valuable to recommend to
the industry that inlet water contents for phage dilutions, specifically free chlorine contents,
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should be closely monitored and that sufficient rinsing should take place after sanitizing
protocols and before phage use.
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