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Abstract: There is a bidirectional interaction between the gut microbiota and human health status.
Disturbance of the microbiota increases the risk of pathogen infections and other diseases. The use of
bacteriophages as antibacterial therapy or prophylaxis is intended to counteract intestinal disorders.
To deliver bacteriophages unharmed into the gut, they must be protected from acidic conditions in
the stomach. Therefore, an encapsulation method based on in situ complexation of alginate (2%),
calcium ions (0.5%), and milk proteins (1%) by spray drying was investigated. Powdered capsules
with particle sizes of ~10 µm and bacteriophage K5 titers of ~108 plaque forming units (pfu) g−1

were obtained. They protected the bacteriophages from acid (pH 2.5) in the stomach for 2 h and
released them within 30 min under intestinal conditions (in vitro). There was no loss of viability
during storage over two months (4 ◦C). Instead of consuming bacteriophage capsules in pure form
(i.e., as powder/tablets), they could be inserted into food matrices, as exemplary shown in this study
using cereal cookies as a semi-solid food matrix. By consuming bacteriophages in combination with
probiotic organisms (e.g., via yoghurt with cereal cookies), probiotics could directly repopulate the
niches generated by bacteriophages and, thus, contribute to a healthier life.

Keywords: gut microbiota; modulation; microencapsulation; bacteriophages; probiotics; milk products;
cereal products

1. Introduction

Human gut microbiome and health are strongly correlated to each other. Diseases
such as gastrointestinal, liver, inflammatory bowel, Alzheimer’s diseases, and colorectal
cancer are associated with changes or an imbalance in the microbiome [1–3]. Numerous
studies have already highlighted the role of the microbiome, for instance, in regulating
epithelial development, providing nourishment, and instructing innate immunity [4–7].
The composition of the intestinal microbiota is relatively constant throughout life; however,
some changes such as taking antibiotics, bacterial infections, or a long-term change in
diet may influence it. Short-term and long-term effects of antibiotics on the human gut
microbiota were reported by several authors, some of which can lead to acute or chronic
diseases [8–10].

In recent years, a variety of studies haves been conducted to define the composition of
the human intestinal microbiota and to identify influencing factors [11–14]. According to
these studies, diet, probiotics, prebiotics, and microbiota transplantation are emphasized as
potential factors that can modulate the composition and diversity of the gut microbiota.
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Moreover, because of their ability to infect specific bacteria, bacteriophages (viruses specif-
ically infecting bacterial cells) have been suggested for the treatment of gastrointestinal
diseases and for use as therapeutic agents [1,15]. Bacteriophages are natural and essential
components of the human gastrointestinal tract. Their numbers are reported to range
between 108 and 1010 plaque forming units (pfu) per gram of feces (strictly speaking, these
are referred to as virus-like particles) [16–18]. Therefore, the recognition of bacteriophages
in applications to shape and modulate the human gut microbiota has been increasing.

The application of bacteriophages in the treatment of diseases actually dates back
to the 1920s [19]. Studies conducted on 153 patients in the first bacteriophage therapy
center in the European Union (in Poland) provided good clinical results regarding the
therapeutic use of bacteriophages [20], suggesting that further investigations in this area
were warranted. In vivo bacteriophage therapy studies of the last decade with humans
and animals were summarized in review articles by Malik et al., and Melo et al. [21,22].
Furthermore, bacteriophages are also used in food companies as biosanitizers, biocontrol
for pathogenic bacteria, and biopreservatives in the production of meat, vegetables, and
fruits [23–26]. Formulations containing bacteriophages have a ‘generally recognized as
safe’ status (GRAS status) from the American Food and Drug Administration (FDA) or
the European Food Safety Authority (EFSA) and are used legally in the USA, Canada,
Australia, and in some parts of Europe [25,27–29].

Delivery of bacteriophages to their target place (i.e., to the human gut) via food matri-
ces has two main challenges. The first challenge is preserving enough active bacteriophages
to maintain target values after production, storage (e.g., storage in a food product), and ad-
ministration stages [30]. The second challenge is preserving the activity of bacterio-phages
through the gastrointestinal tract, since their activities are affected by physicochemical
factors (e.g., pH value, enzymes, temperature, salt concentrations, and ions) and bio-
logical factors (e.g., lytic cycles, burst size, and host physiological conditions) [31]. In
order to protect bacteriophages from the mentioned factors, microencapsulation methods
(i.e., entrapment of bacteriophages in an encapsulation system) using freeze drying, spray
drying, ultrasonic vacuum spray drying, electrospraying, extrusion, emulsion, and super-
critical techniques have been studied and reviewed intensively [21,32–35]. As encapsulation
materials, aginate solutions together with milk proteins such as alginate-caseinate [36,37]
and alginate-whey protein [33,38] formulations were employed succesfully. In food process-
ing, microencapsulation techniques are commonly utilized for sensitive food ingredients
(e.g., proteins, oils, aroma, and probiotics) [34,39,40]. However, to the best of our knowl-
edge, the application of encapsulated bacteriophages in a food system has not yet been
studied. Though bacteriophage therapeutic products are available in some Eastern Euro-
pean countries (e.g., the Republic of Georgia), the use of bacteriophages in food products
as functional ingredients still requires the approval of the European Union [28,41,42]. More
research is needed in this field, since the functional application of bacteriophages via
food products could demonstrate promising opportunities and lower the hurdles for their
possible approval [29,42].

In this study, bacteriophages were encapsulated using in situ complexation of algi-
nate, calcium ions, and milk proteins during spray drying. The resulting capsules were
incorporated into a food product (e.g., milk or cereal product) for comfortable reception.
The capsules should have a particle diameter below 100 µm in order not to influence the
sensory properties. Furthermore, the capsules should be able to be stored for a period of
time without loss of functionality, have adequate protection against the acidic conditions in
the stomach, and should release the bacteriophages in intestinal conditions (in vitro) com-
pletely. Therefore, it was hypothesized that encapsulated bacteriophages can be transferred
into the human gut via food to eliminate undesired bacteria and, thus, create a niche at
their target. The newly generated niche could be directly repopulated, for example, by
probiotic organisms. Hence, it would be advisable to consume bacteriophages in com-
bination with probiotic organisms, exemplary via yoghurt (with probiotics) and a cereal
cookie (with bacteriophages). In analogy to probiotics, we would like to introduce the
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neologism “bacteriophage-biotics” for therapeutically active bacteriophages. The present
work exclusively focuses on in vitro studies using a harmless model system with a probiotic
host (Escherichia coli Nissle 1917) and bacteriophage K5 and serves as proof-of-concept
in general. After successful demonstration of the functional principle, the model system
could be used to perform in vivo human feasibility studies. In future work, the model
bacteriophages could then be replaced by other bacteriophages that have a health-related
or medically relevant purpose for humans.

2. Materials and Methods
2.1. Host Strain and Bacteriophage
2.1.1. Selection and Morphology

All experiments were conducted with Escherichia coli Nissle 1917 (DSM 6601, ab-
breviated as EcN), which was generously provided by Ardeypharm GmbH (Herdecke,
Germany). The corresponding bacteriophage is called K5 and was purchased from SSI
Diagnostica A/S (Hillerød, Denmark).

The morphology was investigated via atomic force microscopy using the Nanoscope
IIIa Multimode with the E scanner, which has a maximum scan size of 10 × 10 µm, and
the Nanoscope V5.31r1 software (Veeco Instruments Ltd., Plainview, NY, USA) and silicon
nitride micro cantilevers (Oxford Instruments GmbH, Wiesbaden Germany (formerly:
Olympus, Tokyo, Japan); NanoAndMore GmbH, Wetzlar, Germany) under tapping mode
(AC) in air and at room temperature (20–25 ◦C).

2.1.2. Cultivation, Propagation, and Enumeration

Cultivation of EcN was performed at 37 ◦C and 100 rpm in lysogeny broth according to
Lennox (LB (Lennox)) (Th. Geyer GmbH and Co. KG, Renningen, Germany). Bacteriophage
K5 lysate was propagated with the aid of a fresh EcN culture in 10 mL scale in LB broth
until the optical density (OD620 nm) was < 0.1 (PF-12 Plus, Macherey-Nagel GmbH and
Co. KG, Düren, Germany). Subsequently, it was purified by centrifugation (15,294× g,
7 ◦C, 10 min) and sterile filtration using 0.2 µm sterile filters (Sartorius AG, Göttingen,
Germany). Purified bacteriophage K5 lysates were stored at 4 ◦C. Bacteriophage titers (in
pfu mL−1) were determined using the agar overlay method (plaque assay) on LB (Lennox)
agar (Th. Geyer GmbH and Co. KG, Renningen, Germany). After overnight incubation at
37 ◦C, plaques were counted and titers were evaluated according to the weighed arithmetic
mean with the consideration of at least 10 plaques per plate [43,44].

2.1.3. Thermal Inactivation of Bacteriophage K5

Bacteriophage K5 was characterized regarding its behavior with response to heat.
Pure bacteriophage K5 lysate (Section 2.1.2) with an initial bacteriophage titer of
N* = 7.2 × 108–7.3 × 109 pfu mL−1 was filled into screw-capped stainless steel tubes (inner
volume: 1.5 mL, hermetically sealed, see details in [45]) and heated at temperatures of
68–75 ◦C in a water bath (HAAKE S 14P, Thermo Fisher Scientific Inc., Waltham, MA, USA).
To avoid uneven temperature distribution within the tubes, the experiment was started
with a warm-up phase of 1 min [45,46]. Then, holding times ranging from t = 0–10 min were
applied, followed by a cooling step in ice water. Bacteriophage titers were determined after
the 1 min warm-up phase (N0) and after respective holding times (Nt) using the plaque
assay (Section 2.1.2).

The thermal inactivation data can be used to determine the decimal reduction time
Dϑ, which is a measure of the heat stability of organisms. It is defined as the time required
to decrease the bacteriophage titer by 90% (1 log unit) of the initial titer N0 at a defined
temperature ϑ. Mathematically, it is described by the negative inverse slope of the log-linear
phase of the thermal inactivation curve (Equation (1)):

Dϑ = − 1
m

(1)
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where Dϑ is the decimal reduction time at a defined temperature (min) and m is the slope
of the log-linear regression line (min−1) [47].

Additionally, the data were modeled according to the Arrhenius equation as described
previously [43,45] (Equation (2)):

Nt

N0
=

[
1 + (n − 1)·kre f ·t·Nn−1

0 · exp
(
−Ea

R

)
·
(

1
T
− 1

Tre f

)]( 1
(1−n)

)
(2)

where Nt is the bacteriophage titer (pfu mL−1) after the thermal treatment at time t (s), N0 is
the bacteriophage titer after the 1 min warm-up phase (pfu mL−1), n is the order of reaction (–)
and unequal to 1, kref is the death rate at the reference temperature (s−1 (pfu mL−1)(1−n)),
Ea is the activation energy (J mol−1), R is the universal gas constant (8.314 J mol−1 K−1),
T is the absolute temperature (K), and Tref is the reference temperature (K) [47].

2.1.4. Acidic Inactivation of Bacteriophage K5

Analogous to Section 2.1.3, bacteriophage K5 was characterized with respect to its
survival behavior in an acidic environment. Therefore, 0.1 mL pure bacteriophage K5 lysate
(Section 2.1.2) with an initial bacteriophage titer of N* = 2.3 × 107 pfu mL−1 was incubated
in 9.9 mL of an acidic solution. Acidic solutions were composed of 2 g L−1 NaCl (Carl
Roth GmbH and Co. KG, Karlsruhe, Germany) adjusted with HCl (Th. Geyer GmbH and
Co. KG, Renningen, Germany) to pH values of 2.0, 3.0, 3.5, 4.0, and 5.0 (inoLab® 7110,
Xylem Analytics Germany Sales GmbH and Co. KG, WTW, Weilheim, Germany). A pure
NaCl solution served as a reference (native pH 6.6). The first sample was taken directly
after mixing (t = 20 s). After that, incubation times ranged from t = 1–120 min. Samples
were neutralized immediately in a 0.1 M sodium phosphate buffer (pH 6.8) (Na2HPO4, Carl
Roth GmbH and Co. KG, Karlsruhe, Germany; NaH2PO4, AppliChem GmbH, Darmstadt,
Germany) using a 1:1 ratio of sample and buffer. Bacteriophage titers were determined after
20 s (N0) and after respective incubation times (Nt) using the plaque assay (Section 2.1.2).

2.2. Encapsulation of Bacteriophage K5 by Spray Drying

K5 bacteriophages were encapsulated by an in situ cross linking of alginate and
bivalent calcium ions during spray drying. This process was invented and patented by
Jeoh Zicari et al. [48] and slightly modified in this study. An overview of the process is
given in Figure 1.

In the first step, a pre-suspension of the matrix components was prepared. This
contained demineralized water, 2% (w/w) sodium alginate of low viscosity (Merck KGaA,
Darmstadt, Germany), 1% (w/w) milk protein (either micellar casein powder or whey
protein isolate powder; both produced by the Dairy for Research and Training, University
of Hohenheim, Stuttgart, Germany), 1% (w/w) succinic acid (Carl Roth GmbH and Co. KG,
Karlsruhe, Germany), and 0.5% (w/w) calcium hydrogen phosphate dihydrate (Carl Roth
GmbH and Co. KG, Karlsruhe, Germany). The pre-suspension had a pH value of ~3.5
but was adjusted with a 25% ammonia solution (Carl Roth GmbH and Co. KG, Karlsruhe,
Germany) to a pH of 5.6. For practical reasons, the calcium salt and the alginate were
added after the pH adjustment and the pH value was checked again. After continuously
stirring overnight at 20 ◦C, 1% purified bacteriophage K5 lysate (Section 2.1.2) was added
and stirred for 1 h.

Spray drying was performed using the Mini Spray Dryer B-290 (BÜCHI Labortechnik
GmbH, Essen, Germany) and the settings listed in Table 1. Meanwhile, the suspension was
stirred continuously. The produced bacteriophage K5 capsules (powder) were collected
and stored in sealed reaction vessels (Section 2.5.1).
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Figure 1. In situ complexation of alginate, calcium ions, and milk proteins during spray drying
(method modified according to [48]). (a) Process scheme of the encapsulation process. (b) Schematic
drawing (not to scale) of the encapsulation process with suspension (above, blue frame), at-
omized droplet (center, turquoise frame), and capsule (bottom, orange frame) (figure modified
according to [49]).

Table 1. Spray drying parameters and settings used for encapsulation.

Parameter Setting

Feed flow volume 3.6 mL min−1

Gas volume flow 473–536 L h−1

Aspirator 90% (35 m3 h−1)
Inlet temperature 110 ◦C

Outlet temperature 53–59 ◦C
Wet-bulb temperature 1 35 ◦C

1 Determined acc. to Krischer and Kast [50] on the basis of a relative humidity of 89%, an absolute humidity of
4.6 g kg−1, and an outside temperature of 4.9 ◦C (measured at the weather station of the University of Hohenheim,
Stuttgart, Germany).
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2.3. Physical Characterization of Bacteriophage K5 Capsules
2.3.1. Humidity and Water Activity

The humidity was determined gravimetrically using the halogen dryer MB35 (OHAUS
Europe GmbH, Nänikon, Switzerland) at 120 ◦C and with an automatic end point deter-
mination and a sample amount of 0.5 g. The water activity analyzer aw sprint TH 500
(Novasina AG, Lachen, Switzerland) was used to measure the water activity at 25 ◦C
using 1.5 g of the sample. An eVC-21 filter and a grid were used to protect the integrated
electrolyte sensor.

2.3.2. Particle Size

The particle size of the dry bacteriophage K5 capsules was determined by static light
scattering using the Mastersizer 2000 and the Malvern Panalytical software (Malvern
Panalytical GmbH, Herrenberg, Germany). As a dispersion agent, 96% ethanol (Distillery
for Research and Training, University of Hohenheim, Stuttgart, Germany) was used and
pumped at 1900 rpm. Refractive indices were 1.36 for ethanol [51] and 1.51 for alginate [49]
as the main component of the capsule matrix. Volume-based diameters d10,3, d50,3, and
d90,3 (i.e., corresponding to the percentages 10, 50, and 90% of particles under the reported
particle size) were calculated based on the measurement.

2.3.3. Scanning Electron Microscopy

To assess the topography of the bacteriophage K5 capsules, the JEOL JSM-IT500
scanning electron microscope and the InTouchScope software (JEOL Ltd., Tokyo, Japan)
were used. A secondary electron detector (SED), a working distance (WD) of 11 mm, and
an acceleration voltage of 3.0 kV (P.C. 41 HV) were chosen as operating conditions. A
magnification of ×1.500 is shown in this study.

2.4. Biological Characterization of Bacteriophage K5 Capsules
2.4.1. Capsule Break-Up, Enumeration, and Encapsulation Efficiency

Enumeration of bacteriophage K5 in the capsules can only take place after break-up of
the capsules and release of the bacteriophages into a liquid. For this purpose, microsphere
breaking solution (MBS) with a pH of 7.5 was prepared, consisting of 0.2 mM sodium
hydrogen carbonate (Carl Roth GmbH and Co. KG, Karlsruhe, Germany), 0.05 mM tri-
sodium citrate dihydrate (VWR International GmbH, Bruchsal, Germany), and 0.05 mM
Tris(hydroxymethyl)aminomethane hydrochloride (Tris HCl) (Merck KGaA, Darmstadt,
Germany) [52]. A mass of 0.1 g capsules was added to 9.9 mL MBS and incubated at 37 ◦C
and 100 rpm for 1–2 h until no solid particles were visible. Bacteriophage titers of dissolved
capsules NC

# (pfu mL−1 of 1% capsules in MBS) were determined using the plaque assay
(Section 2.1.2) and converted to titers in dry capsules NC (pfu g−1 of 100% capsules) by
multiplication by a factor of 100.

The encapsulation efficiency (Equation (3)) provided information about the success of
the encapsulation process and the extent of surviving/non-lost bacteriophages. For this
purpose, an optimal spray drying (i.e., complete loss of aqueous and volatile components)
was assumed and the bacteriophage titers of the suspension and in the capsules were put
into proportion. Therefore, NC

#, which represents the titer for 1% dissolved capsules in
MBS, was converted into NC

## by multiplying by a factor of 4.5, representing the titer for
4.5% dissolved capsules in MBS and, thus, a “reconstituted suspension” with the same dry
matter (4.5%) as the suspension used for encapsulation.

E =
N#

C·4.5
NS

·100% =
N##

C
NS

·100% (3)

where E is the encapsulation efficiency (%), NC
# is the bacteriophage titer of 1% capsules

dissolved in MBS (pfu mL−1), NC
## is the bacteriophage titer of 4.5% capsules dissolved in
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MBS (pfu mL−1), and NS is the bacteriophage titer of the suspension before encapsulation
(pfu mL−1) (adapted from Soykut et al. [53]).

2.4.2. In Vitro Digestion

Static in vitro digestion was performed following a protocol described by Samtlebe et al. [33].
The stability of the encapsulated bacteriophages (Section 2.2) with an initial bacterio-
phage titer NC* = 1.5 × 108–3.0 × 108 pfu g−1 was analyzed in simulated gastric fluid
(SGF). This was prepared by adding 3.2 mg L−1 pepsin from porcine gastric mucosa
(≥3200 international units mg−1, Merck KGaA, Darmstadt, Germany) to 2 g L−1 NaCl
adjusted with HCl to a pH value of 2.5. A mass of 0.1 g capsules was added to 9.9 mL
pre-warmed SGF and incubated at 37 ◦C and 100 rpm for t = 1–120 min. Shortly before ex-
piration of the respective incubation times in SGF, the samples were centrifuged at 2000× g
and 20 ◦C for 3 min. The supernatant was discarded, and 1 mL of 0.1 M sodium phosphate
buffer (pH 6.8) was pipetted to the sedimented capsules to neutralize any remaining acid.
To dissolve the capsules and release the bacteriophages that remained intact, 8.9 mL of
MBS were added to a total volume of 10 mL and incubated at 37 ◦C and 100 rpm for 1–2 h.
The evaluation was carried out using the plaque assay (Sections 2.1.2 and 2.1.4).

The release of the bacteriophages from the capsules was investigated in simulated intestinal
fluid (SIF). The capsules had an initial bacteriophage titer of NC*,# = 1.5 × 105–3.0 × 105 pfu mL−1.
This consisted of 10 mg mL−1 pancreatin from porcine pancreas (Merck, KGaA, Darm-
stadt, Germany) dissolved in 50 mM sodium phosphate buffer (pH 6.8). A mass of 0.1 g
capsules was added to 9.9 mL pre-warmed SIF and incubated at 37 ◦C and 100 rpm for
t = 1–120 min. Directly after the respective incubation times, plaque assays were performed
(Sections 2.1.2 and 2.1.4).

2.5. Application of Bacteriophage K5 Capsules in Food Matrices
2.5.1. Storage of Capsules

Storage stability studies were performed over a period of 60 days at 23, 0, and −20 ◦C.
Capsules were portioned and filled into sealed reaction vessels in which they could not
absorb moisture. The evaluation was conducted after dissolution in MBS using the plaque
assay (Sections 2.1.2 and 2.1.4).

2.5.2. Milk and Cereal Products

Encapsulated K5 bacteriophages should be added to a liquid food matrix, e.g., to
milk products. For this purpose, a preliminary test was carried out in skim milk (0.3%
fat, AF Deutschland GmbH, Düsseldorf, Germany) and full fat milk (3.5% fat, Molkerei
Weihenstephan GmbH and Co. KG, Freising, Germany) before a more complex matrix such
as yoghurt or quark was investigated. A mass of 0.1 g capsules was mixed with 9.9 g of
the respective milk and stored for up to 60 days at 5–10 ◦C. Samples were drawn regularly,
centrifuged (15,294× g, 20 ◦C, 10 min), dissolved in MBS after discarding the supernatant,
and enumerated using the plaque assay (Sections 2.1.2 and 2.1.4).

Furthermore, another product group was tested, namely, a dry and semi-solid cereal
product. Therefore, cereal cookies were formulated based on conventional knowledge and
by using only two basic ingredients. First, a glucose syrup was prepared by mixing 9 g
glucose syrup powder (Glucidex® spray-dried glucose syrup, Roquette Freres, Lestrem,
France) with 5 g demineralized water, cooking it until the mixture appeared clear and of
low viscosity, and cooling it to 40–50 ◦C to portion it (in-house process). For the cereal
cookies, 1.5 g extra fine oat flakes (Edeka Zentrale AG and Co. AG, Hamburg, Germany)
were mixed with 1.0 g glucose syrup and 0.05 g capsules. The cookie mixture was brought
into shape using a cylindrical metal form with a diameter of 2.6 cm and was dried for 2 h at
37 ◦C (in-house process). Samples were stored at 23 ◦C in closed vessels for up to 28 days.
Water activity was measured as described in Section 2.3.1. In preparation for quantification
of bacteriophage K5, 20 mL MBS were added to the sample to soften the structure and to
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release the bacteriophage K5 (Section 2.1.4). Afterwards, the samples were centrifuged
(15,294× g, 20 ◦C, 10 min) and enumerated using the plaque assay (Section 2.1.2).

2.6. Data Analysis

All experiments and measurements were performed in triplicate, except for the storage
trials at 23 ◦C (Section 2.5.1; singe determination) and the experiments with the cereal
cookies (Section 2.5.2; double determination). Arithmetic means and standard errors were
calculated for all analyses. Values were rounded to one or two significant digits of the
standard error. Data were analyzed and diagrams were prepared using Sigma Plot 12.5
software (SPSS Inc., Chicago, IL, USA). Wet-bulb temperature was calculated using Matlab®

R2021b software (The MathWorks Inc., Natick, MA, USA).

3. Results and Discussion
3.1. Morphology of Escherichia coli Nissle 1917 and Bacteriophage K5

EcN is a non-pathogenic probiotic strain with the serotype O6:K5:H1. It is flagel-
lated and, thus, is mobile and can interact with mucus and adhere to the human intesti-
nal tract [54]. Its K5 polysaccharide capsule, comprised of α-N-acetylglucosamines and
ß-glucuronic acids, represents the specific binding site for bacteriophage K5. Bacteriophage
K5 encodes for the depolymerase endo-α-N-acetylglucosaminidase, which enables the
hydrolysis of polysaccharides in the EcN capsule [55,56].

Bacteriophage K5 is assigned to a group of bacteriophages that are similar to T7
bacteriophages (belonging to the so-called “T7 supergroup” or are “T7-like”). Typically,
they are composed of an icosahedral capsid, a short tail, and fibers [57]. To the best of our
knowledge, there is not much information about bacteriophage K5 regarding its dimensions
or other characteristics available in the literature.

EcN and bacteriophage K5 were visualized by atomic force microscopy (Figure 2).
Well recognizable are the EcN cells with their flagella, as well as the bacteriophage K5
capsids. The capsid diameter was determined to be 68–88 nm on average. This is slightly
larger than the capsid of the bacteriophage T7 (61–63 nm) and other T7-like bacteriophages
(e.g., SP6 and K1-5: 65–68 nm) [57,58]. However, the larger appearance could also be
associated with the applied methodology; the measured values should be verified in the
future using a scanning electron microscopy image.
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As mentioned before, EcN and bacteriophage K5 were particularly well suited for the
following study as a test model as they enabled laboratory work without strict precaution-
ary safety measures and work in food-grade areas. Furthermore, they would be beneficial
for future feasibility studies involving animals or humans.

3.2. Heat Sensitivity of Bacteriophage K5

Pure bacteriophage K5 lysate was used for the thermal inactivation experiments.
Depending on whether K5 appears to be resistant against heat or not, an appropriate
encapsulation method can be chosen or process parameters can be adjusted. In addition,
the data may be relevant for the later application of bacteriophage capsules in food matrices
and their production (e.g., admixture before or after heating steps). Figure 3 shows the
survival behavior at temperatures of 68–75 ◦C.
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the initial bacteriophage titer before any treatment. Modeled inactivation curves are represented
by dashed lines and were calculated using Equation (2) and the following values for the variable
parameters (± standard error s): n = 1.42 ± 0.06, kref = (2.8 ± 1.0) × 10−3 s−1 (pfu mL−1)(1−n),
Ea = (9.57 ± 1.38) × 102 kJ mol−1, Tref = 345.15 K. The correlation coefficient r2 was 0.98. The limit of
quantification was 101 pfu mL−1.

The highest bacteriophage K5 reduction took place in each case within the one-minute
heating phase, with reductions of 1.5, 2.5, 5.9, and 8.1 log units for 68, 70, 72, and 75 ◦C,
respectively. Within the following 300 to 600 s, they were reduced by 3.8, 4.3, and 1.9 log
units at the temperatures of 68, 70, and 72 ◦C, respectively. However, no further reduction
was observed at 75 ◦C, as the titers were close to the limit of quantification (101 pfu mL−1).

Modeling of the data was performed using the Arrhenius-based model. Thereby,
non-linear curve progressions with tailing were observed (except for the data obtained at
75 ◦C). The order of reaction n was 1.42 ± 0.06, the death rate kref was (2.8 ± 1.0) × 10−3 s−1

(pfu mL−1)(1−n), and the activation energy Ea was (9.57 ± 1.38) × 102 kJ mol−1 (all parame-
ters given with standard error s). As a reference temperature Tref, 345.15 K was defined.
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The decimal reduction times Dϑ were calculated (again, except for the data obtained at
75 ◦C) to be D68 ◦C = 0.52 min (r2 = 0.91), D70 ◦C = 0.74 min (r2 = 0.98), and D72 ◦C = 0.42 min
(r2 = 0.97). The Dϑ-values were similar and decreased slightly with increasing temperature
(not significant). This effect is also visible in the curve progressions themselves in Figure 3,
which appear nearly parallel. Therefore, determination of another kinetic parameter, the
zϑ-value (which represents the temperature increase that is necessary to achieve the same
reduction effect in 1/10 of the time), was omitted.

The curve progressions, as well as the Dϑ-values, at the different temperatures were
different than expected. The strong reduction within the heating phase (steep slope) in
connection with a short linear phase (flat slope) and a long tailing range suggests that rather
the “real” linear phase of the experimental course was not recorded. Reasons for this could
be a too low initial titer (N*) and a too great inactivation within the heating phase in which
no data points were recorded. However, in order to ensure even temperature distribution
in the stainless steel tubes, the heating-up phase cannot or can only be slightly shortened, as
previously stated by Müller-Merbach et al. [46]. To obtain better data for kinetic evaluation
in the future, pure bacteriophage lysate with a higher titer should be produced and used for
the inactivation experiments. For example, the CsCl ultracentrifugation method according
to Sambrook and Russel results in titers of up to 1013 pfu mL−1 depending on the type of
bacteriophage [59]. Nevertheless, because of these observations it can be stated that the
bacteriophage K5 belongs to the rather heat sensitive bacteriophages.

To the best of our knowledge, there is no other study that ever investigated the bacte-
riophage K5 behavior against heat. However, there is some information available regarding
other Escherichia coli bacteriophages or bacteriophages of other bacterial species. Atomic
force microscopy demonstrated that heat treatment of the Escherichia coli bacteriophage T7
at 65 ◦C led to destabilized particles with loss of capsid tails and DNA. In contrast, heat
treatment at 80 ◦C showed particles with higher stability, which was explained by partial
protein denaturation. Although the bacteriophages were not tested for plaque-forming
ability in the study, it can be assumed that the bacteriophages were no longer capable of
attaching to their host cells, injecting their DNA, and lysing the host cells [60]. Pollard and
Solosko treated the Escherichia coli bacteriophages T4 and λ in nutrient broth at temper-
atures between 50 and 75 ◦C. They observed linear reductions of approximately 1.5 log
units at 65 ◦C after 70 min, whereas the same reduction was reached at 70 ◦C after 15 min.
Below or at 60 ◦C, the bacteriophages appeared to be almost stable [61]. Compared with
bacteriophage K5 in the present study, these two other bacteriophages seem more heat
resistant. On the other hand, similar behavior to bacteriophage K5 was observed with
the Bacillus amyloliquefaciens bacteriophage BA01. It was inactivated by 5 log units within
30 min at 65 ◦C and by 7–8 log units (estimated, since bacteriophage titers were below
the limit of quantification) within 5 min at 70 ◦C [62]. A large amount of research has
focused on the heat inactivation of bacteriophages against lactic acid bacteria, especially
Lactococcus lactis, Streptococcus thermophilus, and Leuconostoc spp., as their inactivation is of
great importance for the processing of fermented milk products [63]. Among them, there
are heat sensitive, as well as heat resistant, bacteriophages. For instance, Lactococcus lactis
bacteriophage P001 was inactivated in nutrient broth by 7 log units within 10 min at 70 ◦C,
whereas bacteriophage P008 was inactivated by only 2.5 log units at the same temperature
and time [46]. The particularly heat resistant bacteriophage P680 was inactivated at 70 ◦C,
only by 1 log unit at 75 ◦C within 10 min, and still detectable after 1 min at 95 ◦C [45,64].

The comparison to other bacteriophages leads to the statement that bacteriophage K5
has to be considered as heat sensitive, therefore further processes, i.e., encapsulation and
incorporation into food, must be designed as mild as possible. If such processes are aligned
to the weakest bacteriophage, they will work with many other bacteriophages as well.

3.3. Acid Sensitivity of Bacteriophage K5

Pure bacteriophage K5 lysate was used to investigate the survival at pH values be-
tween 2.0 and 6.6 (Figure 4). In contrast to thermal inactivation experiments (Section 3.2),
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sensitivity in acidic environments should investigate the need for a protective measure,
such as encapsulation, in order to deliver bacteriophages unscathed through the stomach
into the gut. Thereby, the investigated pH range corresponds to the pH of the human stom-
ach. It is lower when empty and increases when food is consumed [65,66]. NaCl solution
at a concentration of 2 g L−1 was used as the dispersion medium, since it corresponds to
the salt content in the human stomach and to the salt content of the simulated gastric fluid
used for the in vitro digestion experiments (Section 2.4.2) [67].
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Bacteriophage K5 incubated at pH 5.0 was stable for 120 min. A reduction by 2.1 log
units within 120 min was observed at a pH of 4.0. In contrast, at pH 3.5, the bacteriophage
titer was reduced by 3.6 log units after 10 min and then no longer detectable at all. The
decrease was even more drastic at a pH value of 3.0, at which no more bacteriophages
could be detected after 30 s. At the lowest pH of 2.0, bacteriophage titers were under the
quantification limit; therefore, no data is shown in Figure 4. Hereby, it should be considered
that the experiment had a limit of quantification of 2 × 102 pfu mL−1, because the respective
acidic solutions had to be neutralized by adding a buffer and were thus diluted accordingly.

In contrast to the heat inactivation experiments, all curve progressions were linear
(n = 1) and without tailing. This is to be justified with the immediate effect of the acid (no
heating-up phase/no adaptation phase necessary). The solution in which the bacterio-
phages were suspended had no negative influence on the survival behavior, shown by the
results of the reference (2 g L−1 NaCl solution with a native pH). These results demonstrate
that bacteriophage K5 is unstable at pH values below 4.0 and should be protected from the
acidic pH in the stomach using, e.g., encapsulation.

These results correspond to other findings in the literature. In general, bacteriophages
are described to be active in solutions with pH values ranging from 5.0 to 8.0 [44]. Several
studies found that bacteriophages and other viruses have a general susceptibility to acidic
(and basic) solutions [64,68–71]. They may lose their viability at extreme pH values due to
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surface protein denaturation or deformation, as well as due to hydrolysis or other changes
of the nucleic acid [72]. The T7 bacteriophage was reduced by 4 log units within 10 min
when it was exposed to nitrous acid at pH 4.0. At a pH of 5.0, the reduction was below 1 log
unit after the same time [68]. Feng et al., investigated the survival of the Escherichia coli
bacteriophages MS2 and Qß at pH values between 3 and 11 at different temperatures.
Although bacteriophage MS2 had a greater resistance, a significant reduction was seen
below pH 5 and above pH 9 [69]. Capra et al., measured up to 6 log unit reductions
for Lactobacillus casei bacteriophage J-1 and for Lactobacillus paracasei bacteriophage PL-1
incubated for 30 min in MRS broth with pH values below 4 [70]. Similar observations were
made for Lactococcus lactis bacteriophage P680 in a nitric acid cleaning solution with pH
values of 2 and 3. After 10 min incubation, P680 was inactivated by 6 log units at pH 2, but
by less than 0.5 log units at pH 3 [64]. Similar effects were also found when using commer-
cial sanitizers and disinfectants (e.g., peroxide, acetic acid, phosphoric acid, and nitric acid)
against Lactococcus lactis bacteriophages, Lactiplantibacillus plantarum bacteriophages (for-
merly referred to as Lactobacillus plantarum bacteriophages), and Streptococcus thermophilus
bacteriophages [71].

3.4. Bacteriophage K5 Capsules Powder and Its Characteristics

Bacteriophage capsules were produced according to the in situ microencapsulation
method described in Section 2.2. Independent of the type of milk protein added to the
matrix (either micellar casein or whey protein isolate), a white fine non-adhesive powder
was obtained, representatively shown for the variant with micellar casein in Figure 5a. The
smaller visible aggregates were very easy to break up with a spatula. Figure 5b shows
the topography of the capsules, which consisted of a majority of smaller but also larger
particles with a pulled-in surface. Roughly measured, the diameters of the capsules were
between 2.5 and 10 µm.
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Figure 5. Bacteriophage K5 capsules, exemplary shown for the variant with micellar casein. (a) White
powdery product after spray drying. (b) Topography recorded using scanning electron microscopy
and a magnification of 1.500×.

Additionally, Table 2 contains characteristic parameters of the bacteriophage K5 cap-
sules, such as humidity, water activity, particle size, bacteriophage titer, and encapsulation
efficiency. In general, both variants did not differ greatly between each other. Only the
values of the particle size measurement were slightly higher in the variant with whey
protein than in the variant with micellar casein.
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Table 2. Analysis of the bacteriophage K5 capsules regarding physical and biological parameters.
Capsules mainly composed of sodium alginate and milk protein (either micellar casein or whey
protein isolate).

Capsules Characteristics Alginate + Micellar
Casein Capsules

Alginate + Whey Protein
Isolate Capsules

Humidity (%) 8.70 ± 0.86 9.43 ± 0.32
Water activity (–) 0.15 ± 0.03 n.d. *

Particle diameter d10,3 (µm) 3.6 ± 1.2 5.1 ± 0.4
Particle diameter d50,3 (µm) 8.9 ± 0.7 12.0 ± 1.9
Particle diameter d90,3 (µm) 17.5 ± 4.4 46.2 ± 2.9
Encapsulation efficiency (%) 81.1 ± 3.4 79.7 ± 3.2
Bacteriophage titer (pfu g−1) (3.4 ± 1.7) × 108 (1.6 ± 0.9) × 108

* n.d.—not determined.

Both products had a low humidity content of around 9% and a low water activity
(Table 2). Water activity was only measured for the product containing micellar casein, but
it must be similar for the product with whey protein isolate. A low humidity is a quality
parameter and particularly advantageous for future large-scale production, storage, and
application. In this context, attention should be paid to the storage conditions and a dry
environment as the particles can otherwise easily absorb water [73].

The humidity of the capsules in this study is in accordance with other literature
data. According to Malik et al., a residual moisture content of 5% or more is the rule
for spray drying, since the drying process does not vaporize all the liquid and moisture
remains in the capsules [74,75]. Vinner et al., produced Salmonella bacteriophage Felix
O1 microcapsules with Eudragit S100® and trehalose, with a final humidity of 9% [76].
Hussein et al., obtained 5.5–8.5% humidity in sodium alginate capsules when spray dried
at different temperatures [77]. However, it is not the absolute humidity itself that matters,
but the storage stability, which is discussed in more detail in Section 3.5.

The particle size (d50,3) was around 10 µm for both matrices and in general no particle
fractions were above 50 µm. This fits to our overall aim of producing small capsules that are
not sensorially recognizable in food products. According to Hansen et al., particle diameters
should not exceed 100 µm in order not to influence the sensory properties of yoghurt [78].
The biggest particles with diameters of up to ~ 46 µm, included in the d90 values, could
represent aggregates consisting of several smaller particles. However, these aggregates can
be easily broken up, for example, by ultrasonic treatment [49].

Although the composition of the matrix, the solids concentration of the feed, the
gas volume flow, the nozzle of the spray dryer, and other equipment parameters have
an influence on the size of spray-dried particles, the size magnitude itself stays constant.
Compared with the present data, many other studies found similar particle sizes, i.e., in the
lower µm range, for spray-dried capsules. Vinner et al., measured a particle size (d50)
of 6 µm for their polymer saccharide capsules [76]. Matinkhoo et al., and Leung et al.,
obtained diameters below 5 µm in a powdery product mainly made of trehalose and
amino acids [79,80]. Sodium alginate capsules containing Bacillus subtilis or Salmonella spp.
bacteriophages resulted in particle sizes (d50) between 9 and 24 µm [53].

Other encapsulation techniques, such as emulsion or extrusion, can hardly compete
with the capsules obtained by spray drying. With the help of a similar capsule matrix
of 1.6% alginate and 10% whey protein isolate, Samtlebe et al., were able to produce uni-
formly spherical but significantly larger capsules than the present study, with diameters
of 1–2 mm [33]. Capsules produced by emulsion and enzymatically triggered gelation
of milk protein for Lactococcus lactis P008 bacteriophages were considerably smaller at
132 µm, although not in the size range of spray-dried capsules [33]. By optimizing the poly-
mer/protein ratio of a suspension with sodium alginate (1.53%), sodium caseinate (2.72%),
and Salmonella bacteriophages Felix O1 using vibrational nozzle technique, minimum
particle diameters of 0.16 mm were achieved after extrusion [36].
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The most important quality parameter of the capsules is the encapsulation efficiency,
which was roughly 80% in this study (Table 2). In addition to forcing low humidity and
low particle diameter, it should be considered that bacteriophages can be affected by heat,
drying, and mechanical stress. A compromise should, therefore, be made between these
conflicting concerns. As already shown and discussed in Section 3.2, bacteriophage K5 is
heat sensitive and easily inactivated. However, in spray drying, the critical factors are the
wet-bulb temperature and the outlet temperature (not the inlet temperature), which were
35 ◦C and 53–59 ◦C, respectively, in this study, which means that no higher temperatures
affect the bacteriophages. Since sensitivity towards heat differs among bacteriophages,
results cannot be directly compared with other literature. To the best of our knowledge,
there is no data regarding encapsulation of K5 or other T7-like bacteriophages. However,
bacteriophage-specific heat sensitivity was also shown by Soykut et al., since they observed
encapsulation efficiencies in a broad range of 73–97% for several Bacillus subtilis and
Salmonella spp. bacteriophages encapsulated at the same conditions [53].

In general, encapsulation matrices can be modified by adding substances known to
have a protective effect on bacteriophage survival during heat treatment and spray drying.
The use of proteins in spray drying processes of bacteria, lipids, and volatile components
has already delivered promising results on several occasions [81–84]. Therefore, they are
also proposed as stabilizing agents against heat and dehydration stress for bacteriophage
encapsulation [85]. In comparison to previous experiments without any protein component
in the encapsulation matrix (data not shown), both proteins used in this work (whey
protein isolate and micellar casein) protected the K5 bacteriophages equally. However, it
is still unclear to what extent the proteins contribute to the bacteriophage protection. It
was found that proteins, especially denatured proteins, tend to form aggregates and are
not able to move to the surface of the particles during the drying process. Instead, the
majority of the proteins are located inside the particle [86]. Therefore, we postulated that
the bacteriophages are protected against heat and dehydration stress by accumulation of
the proteins inside the particles (see also Figure 1b), and we modified the encapsulation
process described by Jeoh Zicari et al. [48] accordingly.

Even though a high encapsulation efficiency is aimed for an efficient process, a suf-
ficiently high bacteriophage titer for the application is more important. In this context,
it must be mentioned that a general recommendation for the bacteriophage titer cannot
be made, as it depends on the type of bacteria that is to be eliminated in the gut and,
therefore, the bacteriophage that is used. Since the K5 bacteriophage used in this study
serves as a representative model organism, neither the literature data nor clinical data are
available. Additionally, the number of bacteriophages to be consumed can be varied by
dosage recommendation. The capsules produced in this study had bacteriophage titers of
around 108 pfu g−1.

3.5. Stability in Simulated Gastric Fluid and Release in Simulated Intestinal Fluid

The encapsulation of bacteriophages should ensure their transmission through the
digestive tract. One the one hand, the bacteriophages should be protected from acidic
conditions in the stomach, which usually lie in a pH range from 1 to 2.5 [65]. On the other
hand, they should be released from their matrix, as it is essential for their effect in the gut
of individuals. After the K5 bacteriophage capsules were produced, they were subjected
to a static in vitro digestion to study their mode of action, as visualized in Figure 6. The
compositions of SGF and SIF were based on conditions in the human stomach and intestinal
tract. Incubation conditions of 37 ◦C, 120 min, and moderate rotating (100 rpm) should
simulate the physical conditions in the stomach and intestine [33].
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Figure 6a shows that K5 bacteriophage capsules incubated in SGF for 120 min with-
stand the low pH value of 2.5 and bacteriophages stay intact. The bacteriophage titers show
a non-significant reduction of 0.1–0.2 log units after incubation. The same is true for SGF
having a pH value of 2.0 (data not shown). Any enzymatic reactions of pepsin did not have
a measurable effect on the bacteriophage titer. In general, no differences were observed for
the two variants of capsule matrices.

As proven, bacteriophage K5 is quickly inactivated by acidic conditions, especially
at a pH value of 3.0 or below (Figure 4). From this, the effect of encapsulation becomes
clear, because inadequately encapsulated or free bacteriophages could not have survived
the incubation of 120 min.

Figure 6b depicts the release of the bacteriophage K5 capsules from their matrix. Within
the first 30 min, the bacteriophage titers were slightly lower (by 0.6–1.0 log units) than
the values between 30 and 120 min. This indicates that there was a very quick dissolution
of the capsules and release of the K5 bacteriophages into the liquid phase. It should be
noted that the given values (log NC,t

# in pfu mL−1) show the released bacteriophages in
the liquid phase of the experimental approach (after adding 1% capsules to SIF) and are,
therefore, lower than the values from Figure 6a (log NC,t in pfu g−1), which represent the
surviving bacteriophages in the capsules.

Static in vitro digestion is a method that is frequently used in the literature to in-
vestigate the efficacy of different encapsulation methods. In contrast to dynamic in vitro
digestion, static systems are less complex, require small quantities of samples and enzymes,
and are independent of any specific laboratory devices. However, all average parameters
(e.g., pH value) are set at the beginning of the experiment, the dynamic release of enzymes
is not feasible, the accumulation of metabolites is not considered, and the complex physi-
ology of the digestive tract is not imitated. Therefore, there is a need for further research
using dynamic in vitro digestion protocols in order to come as close as possible to what
occurs in vivo [87]. Taking into account the advantages and disadvantages mentioned here,
only static systems will be used for discussion in the following section.
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Samtlebe et al., investigated the survival of Lactococcus lactis bacteriophage P008
encapsulated in extruded capsules in SGF at pH 2, either with alginate or with alginate and
whey protein. The extruded alginate/whey protein capsules protected the bacteriophages
over a period of 120 min, whereas the alginate capsules did not protect the bacteriophages
sufficiently, because bacteriophages were no longer detectable after 30 min [33]. Similar
results were obtained by Tang et al., when comparing alginate capsules with and without
whey protein [88]. Ergin et al., determined which concentration ratios of alginate and
sodium caseinate must be present for Salmonella bacteriophages Felix O1 to remain intact
over a 120 min period in SGF at pH 2. For the optimal ratio (2.0% alginate and 2.69%
sodium caseinate), the titer was reduced by 1.25 log units [36]. Shi et al., encapsulated
Lactobacillus delbrueckii ssp. bulgaricus cells (formerly referred to as Lactobacillus bulgaricus)
into alginate/milk capsules with extrusion. They observed a proportionality between milk
concentration and bacteriophage stability in SGF at pH 2.0 [89]. This effect, or the absence
of any protein component, was particularly noticeable with Eudragit S100®/trehalose
capsules by Vinner et al., which did not provide protection [76]. Again, the important
role of a protein component as a bacteriophage protector was shown, analogous to the
protection during spray drying, as already discussed in Section 3.4. Since the positively
charged proteins (isoelectric point of milk proteins pI ≈ 4.1–5.2) interact with negatively
charged alginate molecules, they produce a dense network, preventing the penetration of
acid molecules and ions into the core [90]. In addition, the milk proteins can contribute
to the protection mechanism with their buffering capacity [91]. Tang et al., produced
extruded and air-dried alginate/whey protein capsules. Their Salmonella bacteriophages
Felix O1 were not within the capsules when incubated in SGF at pH 2.0. Scanning electron
micrographs showed cracks and holes on the surface of these capsules, whereby the authors
postulated that they allowed ions to move easily into the matrix [88]. However, the air-
drying process in the previous study with a total time of 30 h is not directly comparable to
the spray drying process of this study. Furthermore, cracks and holes do not seem to be
present or problematic in the present experiments (Figure 5b).

Just as important as protecting the capsules from acidic pH is the subsequent release
of the bacteriophages. Most likely, the contact of the bacteriophages with the neutral envi-
ronment (SIF) results in swelling of the polymer alginate and the proteins. The previously
dense capsular matrix expands, causing the K5 bacteriophages to release from the matrix. In
addition, pancreatic enzymes are able to diffuse into the matrix in the opposite direction and
hydrolyze proteins inside the capsules [33,92]. Compared with the existing literature, the re-
lease of the bacteriophages in this study was complete and extremely rapid. Samtlebe et al.,
found that the release of the extruded alginate/whey protein capsules was fast, within the
first minute, and then slow but steadily increasing over the incubation period of 120 min.
Furthermore, not all bacteriophages were fully released in the end [33]. Ergin et al., ob-
served 60–80% released bacteriophages after 5 min, but did not observe a full release [36].
The extruded alginate/milk capsules with Lactobacillus delbrueckii ssp. bulgaricus cells from
Shi et al., were fully released after 60 min [89]. Tang et al., reported complete release of
Salmonella bacteriophages Felix O1 from air-dried alginate/whey protein capsules after
more than 100 min [88].

The rapid release of the K5 bacteriophages from the capsules could lead to the bac-
teriophages being released prematurely in the small intestine and, thus, not reaching
their host bacterium in the colon, in view of in vivo conditions. If the bacteriophages
are released more slowly, encapsulated bacteriophages may also enter the colon or trig-
ger a kind of long-term effect, whereby bacteriophages are gradually released again and
again. Colom et al., reported a long-term effect of alginate/calcium carbonate encap-
sulated Salmonella enterica ssp. enterica serovar Typhimurium (abbreviated as Salmonella
Typhimurium) bacteriophages in an in vivo study in broiler chickens, referring to the mu-
coadhesive property of the capsules [93]. To counteract the rapid expansion of alginate, a
denser or stronger crosslinking of the polymer could be obtained or an additional polymer
could be used [94]. This was already shown by Tang et al., by comparing alginate/whey
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protein matrices containing either 0.8 or 1.5% alginate with a constant protein content of
3%; full bacteriophage release was obtained after 120 or 180 min, respectively [88].

Another possibility to prevent the early release of bacteriophages is a consecutive
encapsulation process. The substance or bacteriophage to be encapsulated is entrapped in
the first matrix by spray drying. The obtained dry particles are then suspended in a second
matrix and spray dried again. This results in a so-called coating of the primary matrix
and the bacteriophages are encapsulated twice. LeClair et al., encapsulated a virus-based
vaccine in disaccharides (primary matrix) in this way and coated these particles with the
polymer Eudragit L100® (secondary matrix) in a second spray drying process [95]. Ma
et al., used the polymer chitosan as a coating material for alginate capsules produced using
extrusion technology. The bacteriophages encapsulated therein were successively released
within 6 h [52]. Further development of the process of this study should pay attention to the
size of the resulting particles (should be <100 µm, see Section 3.4) and to the bacteriophage
loss during two spray drying steps.

3.6. Good Survival during Storage at 0 and −20 ◦C

For bacteriophage products (in pure form as powder/compressed into tablets or
incorporated into food matrices) to be able to influence the gut microbiota and to achieve a
therapeutic effect, their infectivity must not be lost during storage. For this purpose, the
capsules were subjected to a storage experiment. The bacteriophage titers for the capsule
variant composed of alginate and micellar casein during a storage period of 60 days at 23,
0, and −20 ◦C are exemplary shown in Table 3.

Table 3. Survival during storage at 23, 0, and −20 ◦C of bacteriophage K5 capsules composed of
alginate and micellar casein. The limit of quantification was 103 pfu g−1.

Log NC,t (pfu g−1)

t (Days) ϑ = 23 ◦C * ϑ = 0 ◦C ϑ = −20 ◦C

0 7.19 ± n.d. ** 7.13 ± 0.53 7.13 ± 0.53
15 6.37 ± n.d. 7.04 ± 0.49 7.21 ± 0.40
30 4.91 ± n.d. 7.35 ± 0.14 7.35 ± 0.19
60 3.43 ± n.d. 7.25 ± 0.05 7.31 ± 0.08

* single determination. ** n.d.—not determined.

A preliminary test (single determination) showed that storage at 23 ◦C reduces the
titer by more than 3 log units within 60 days, which is unacceptable in terms of the
quality characteristics and function of such a product. Therefore, this temperature is not
recommended. At storage temperatures of 0 and −20 ◦C, the bacteriophage titers remain
stable over 60 days. Accordingly, it would be sufficient to store the product at around 4 ◦C.
It may be assumed that the bacteriophages remain active for a much longer period of time
at cool temperatures; however, this needs to be investigated further.

In most studies, a low storage temperature is considered beneficial. Tang et al., stored
air-dried extruded alginate/whey protein isolate capsules containing Salmonella bacterio-
phage Felix O1 or Staphylococcus aureus bacteriophage K for 14 days. They found a reduction
of 10–20% at 23 ◦C, but no reduction at 4 ◦C [88,90]. Vinner et al., analyzed the storage stabil-
ity of Salmonella bacteriophages Felix O1 in spray-dried Eudragit S100®/trehalose capsules
over a period of 90 days. They observed 1 log unit reduction at 23 ◦C, but only 0.2 log units
reduction at 4 ◦C [76]. Within a time frame of 6 months at 4 ◦C, alginate/calcium carbonate
encapsulated Salmonella Typhimurium bacteriophages were reduced by around 25% [93].
Leung et al., showed that Pseudomonas bacteriophages encapsulated in trehalose/leucine
capsules survived storage at 20 and 4 ◦C for one year [96]. Storage studies of bacterio-
phages at freezing conditions showed their persistence over longer periods. For example,
Lactococcus spp. bacteriophages (formerly referred to as Streptococcus spp. bacteriophages)
stored at −18 ◦C did not decrease significantly within 2.5 years [97].
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Besides the low temperature, a dry ambient air is also beneficial. This is directly
correlated to the humidity of the capsules themselves (Section 3.4), since they tend to
absorb water from their surroundings. Leung et al., could have taken this into account,
as they vacuum packaged their particularly long-lasting capsules [96]. Additionally, the
composition of the capsules is important for the survival of bacteriophages. For example,
saccharides such as lactose or trehalose are known as efficient auxiliary materials [96,98].
In the end, the bacteriophage species should always be taken into account as well.

3.7. Successful Application of Bacteriophage K5 Capsules in Semi-Solid Cereal Matrices and
Unsuitable Application in Milk Products

As an alternative to pure bacteriophage products, i.e., as powder or tablets, the
produced capsules should be applied in different food matrices. Initially, the bacteriophages
were added to a milk product as “bacteriophage-biotics”, similar to probiotic products,
which already exist on the market. However, the preliminary studies (data not shown)
indicated that the bacteriophage capsules from this study are not stable in liquid and almost
neutral milk products (pH value of milk: ~ 6.6 [99]).

Instead, dry and semi-solid products were then considered. Potential advantages
of applying the capsules in semi-solid products include the lower water content, minor
influence of the pH value, and decreased diffusion processes. Furthermore, dry storage
of the capsules themselves was already promising (see Section 3.5). Cereal cookies, com-
posed of oat flakes and glucose syrup, were used as a model matrix. The stability of the
bacteriophage K5 titer over a period of 28 days is shown in Figure 7.
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). The limit of quantification
was 2.3 × 102 pfu (related to one cookie with a mass of 2.505 g). A photograph of the cereal cookie is
presented in the lower right corner of the picture.

The bacteriophage capsules that were incorporated into the cereal cookie were not
visible after mixing and drying. After the drying process, the rather bulky structure of
oat flakes was firmly held together by the glucose syrup and the surface of the oat flakes
appeared slightly glossy. The texture of the cookie remained firm and dry throughout the
storage period of 28 days, with a water activity of 0.59 ± 0.02.
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The presented total titer of bacteriophage K5 (Figure 7) is referred to one cookie that
contained 0.05 g encapsulated bacteriophage K5 in 1.5 g of oat flakes and 1.0 g of glucose
syrup and was dissolved in 20 mL MBS for quantification. Over 28 days of storage at 23 ◦C,
there is a slight tendency of a bacteriophage K5 titer reduction by less than 1 log unit. The
fluctuations between the values result from the more difficult release of the bacteriophages
from the capsules from the oat flakes/glucose matrix. To achieve more constant values, the
incubation time in MBS could be increased. Losses are also conceivable due to potential
attachment of bacteriophages to the oats during the centrifugation step. In addition, it
should be noted that the determination was only twofold. However, what is quite clear is
the difference of bacteriophage reduction between storing the pure capsules (Section 3.5)
and storing the capsules in cereal cookies, both at 23 ◦C. After 30 days, the bacteriophage
titer was reduced by more than 2 log units in the pure capsules versus less than 1 log unit
in the cereal cookies.

When free bacteriophages are placed in a highly concentrated sugar solution, they
normally suffer osmotic shock [100,101]. An opposite effect is seen for encapsulated
bacteriophages. A strong and restricted water binding of alginate and micellar casein
could have counteracted osmotic forces originating from the high glucose concentration
in the surrounding syrup. In a study by Tang et al., extruded microcapsules composed of
alginate, whey proteins and bacteriophage K were soaked in corn syrup before drying. The
procedure was found to maintain bacteriophage titer in capsules during the subsequent
drying step [90]. Preservation of bacteriophage capsid protein structure by hydrogen
interaction with saccharides was proposed as an underlying mechanism [90,102].

To the best of our knowledge, no studies applying (encapsulated) bacteriophages in
cereal products are available. However, encapsulated probiotics were studied for their
application in cereal bars. Bampi et al., incorporated encapsulated Lactobacillus acidophilus
and Bifidobacterium animalis ssp. lactis in cereal bars with storage viability at 4 ◦C for at least
90 days [103]. In addition, Bastos et al., introduced encapsulated Saccharomyces boulardii
and Lactobacillus acidophilus in cereals bars; however, a reduction of cell viability of 3–4 log
units was observed after 49 days [104].

Generally, consumer and market acceptance of functionalized cereal bars was evalu-
ated to be good [104,105]. Additionally, oats are known to comfort human gastrointestinal
distress [106–108]. Furthermore, the combination of oat sprinkles with a probiotic product,
such as yoghurt, could increase product value. In particular, intestinal bacteria should be
specifically eliminated by bacteriophages and, in parallel, the niche that has been created
should be recolonized with beneficial bacterial species [109]. Therefore, a cereal bar com-
bined with probiotics demonstrates a high potential to be used for bacteriophage capsule
applications. This kind of food could be a new trend in nutrition, as also proposed by
Połaska and Sokołowska [29].

4. Conclusions

Microencapsulation offers the possibility to use bacteriophages in a versatile way in
food or medical applications while protecting the bacteriophages from external extreme
conditions. The encapsulation process applied in this study was an in situ complexation
of alginate, calcium ions, and milk proteins. With the use of the heat- and pH-sensitive
Escherichia coli bacteriophage K5, we wanted to orient ourselves to the weakest represen-
tative. Therefore, this process should be transferable to a wide variety of (more resistant)
bacteriophage species and mixtures (so called bacteriophage cocktails) should likewise
be possible to encapsulate. Although the aim was to achieve the highest possible bac-
teriophage titers in the capsules and in the food matrices, it is highly dependent on the
bacteriophage species and the dose necessitated for application. In order to investigate
the functionality of phages in the future, in vivo human experiments will be carried out.
In feasibility studies, the non-hazardous nature of the bacteriophage host model chosen
in this study (Escherichia coli Nissle 1917 and bacteriophage K5) is highly advantageous.
If promising results are shown, capsules with other bacteriophage species, e.g., against
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pathogens, could easily be produced and applied thereafter. In summary, the encapsulation
procedure of this work enables the further step towards modulation of the human gut
microbiota and increased health benefits.
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