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Introduction

Interfacial interactions between protective,
surface-engineered shells and encapsulated
bacteria with different cell surface compositiont

Hao Wei,? Xiao-Yu Yang, € *¢ Wei Geng,® Henny C. van der Mei @ *® and
Henk J. Busscher*?

Surface-engineered encapsulation is a non-genetic method to protect living organisms against harsh
environmental conditions. Different cell encapsulation methods exist, yielding shells with different inter-
facial-interactions with encapsulated, bacterial surfaces. However, the impact of interfacial-interactions
on the protection offered by different shells is unclear and can vary for bacteria with different surface
composition. Probiotic bacteria require protection against gastro-intestinal fluids and antibiotics. Here, we
encapsulated two probiotic strains using ZIF-8 (zeolitic imidazolate framework) biomineralization (strong-
interaction by coordinate—covalent bonding), alginate gelation (intermediate-interaction by hydrogen
bonding) or protamine-assisted packing of SiO, nanoparticles yielding a yolk—shell (weak-interaction
across a void between shells and bacterial surfaces). The surface of probiotic Lactobacillus acidophilus
was rich in protein, yielding a hydrophilic, positively-charged surface below and a negatively-charged one
above pH 4.0. Probiotic Bifidobacterium infantis had a hydrophilic, uncharged surface, rich in polysac-
charides with little proteins. Although amino groups are required for coordinate—covalent bonding of zinc
and hydrogen bonding of alginate, both L. acidophilus and B. infantis could be encapsulated using ZIF-8
biomineralization and alginate gelation. Weakly, intermediately and strongly interacting shells all yielded
porous shells. The strongly interacting ZIF-8 biomineralized shell made encapsulated bacteria more sus-
ceptible to antibiotics, presumably due to the cell wall damage already inflicted during Zif-8 biominerali-
zation. Overall, weakly interacting yolk—shells and intermediately interacting alginate gels protected best
and maintained probiotic activity of encapsulated bacteria. The impact of interfacial-interactions between
shells and encapsulated bacteria on different aspect of protection described here, contributes to the
further development of effective surface-engineered shells and its application for protecting bacteria.

bioreactors,’ food industry* and probiotic prevention of gastro-
intestinal infection.” For instance, use of antibiotics may cause

Maintaining bacterial viability under harsh environmental
conditions using surface-engineered encapsulation is a rapidly
emerging field." Surface-engineered encapsulation can signifi-
cantly extend the efficacy of living organisms in biosensors,>
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a disbalance in the gastro-intestinal microflora resulting in
diarrhea in around 30% of all patients after antibiotic
treatment.® A balanced gastro-intestinal microflora during
antibiotic treatment can be better preserved and more rapidly
restored through the use of probiotic bacteria. However,
without protective encapsulation either antibiotics, bile-salts
or low gastro-intestinal pH may kill the majority of probiotic
bacteria on their way through the gastro-intestinal tract.” In
general, an effective surface-engineered shell should allow
exchange of nutrients and metabolites, and at the same time
protect a bacterium against the host immune system, antimi-
crobials, pH, (self-produced) toxins, elevated temperature, UV
light and other environmental challenges.'®"* Surface-engin-
eered shells do not alter the genetic code of an organism and
are therefore generally preferred above genetic manipulation
of bacteria.’® Surface-engineered shells are temporary and
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Scheme 1 Overview of the different encapsulation methods applied and their interaction with bacterial cell surface proteins.

break upon bacterial replication'® or chemical removal of the
shells,"” rendering bacteria with an unaltered genetic code and
environmental susceptibility as prior to encapsulation.
Numerous methods have been proposed to encapsulate bac-
teria. Nanoparticles such as nanorods, nanospheres, nano-
tubes or nanosheets, can be deposited to a cell surface after
cationic modification of the nanoparticle surface to allow
in situ deposition mediated by electrostatic double-layer attrac-
tion to generally negatively-charged bacterial cell surfaces.'®
Alternatively, deposition of negatively-charged nanoparticles to
cell surfaces can be mediated by poly-electrolyte adsorption to
the cell surface to create a positively-charged surface.
Unfortunately, viability may suffer from direct deposition
methods and approaches leaving a small gap between the cell
surface and a surface-engineered shell (“yolk-shells”) are pre-
ferred.'® Moreover, many cell encapsulation methods based on
surface-engineering are published without distinguishing
between tissue cells, yeasts and bacteria."””?°> Yet, their
surface compositions and physico-chemical properties can be
very different. Even within a particular microbial strain or
species, cell surface hydrophobicity”® and charge®*** can
hugely differ, depending on the surface chemical composition.
For bacteria, the outermost cell surface to which encapsulation
chemistry is applied, can either be rich in proteins or polysac-
charides, combined with phosphate groups, originating from
surface exposed lipoteichoic acids. The interfacial interactions
occurring between the encapsulating shells and the encapsu-
lated bacterial cell surface are of critical importance in main-
taining bacterial viability and enhancing their functionality.
Yet, there are no systematic studies that relate interfacial inter-
actions with bacterial cell surface composition, resulting viabi-
lity and enhanced functionality of encapsulated bacteria.
Therefore, the aim of this paper is to determine the role of
interfacial interaction between surface-engineered shells and

This journal is © The Royal Society of Chemistry 2021

two different probiotic bacterial strains with widely differing
cell surface compositions. Three different encapsulation
methods have been applied (see Scheme 1) that include (1)
biomineralization of a 2-methylimidazole zinc-salt based,
metal-organic-framework (ZIF-8)"” interacting with bacterial
cell surfaces through strong coordinate covalent bonding, (2)
alginate gelation'' through hydrogen bonding yielding inter-
mediate interaction with the bacterial cell surface and (3)
protein-assisted yolk-shell packing of SiO, nanoparticles'®
with the aid of a cell penetrating protein (protamine). Yolk-
shells typically leave a void between the shell and the encapsu-
lated bacteria, and interfacial interactions are absent. Since
the presence of bacterial cell surface proteins is required to
establish bonding in ZIF-8 biomineralization and alginate
gelation (see Scheme 1), two probiotic bacterial strains
(Lactobacillus acidophilus and Bifidobacterium infantis) were
employed in this study that differ in their amounts of cell
surface proteins. Both strains are important in the production
of dairy products and restoration of a healthy microflora in
different sites of the human body, most notable restoration of
a balanced intestinal microflora after or during antibiotic
use.'® Concentrations of key-chemicals to be applied in the
different encapsulation methods and in direct contact with the
bacterial cell surface were determined by optimizing the viabi-
lity of bacteria under different conditions. Physico-chemical
bacterial cell surface properties were determined using par-
ticulate micro-electrophoresis (zeta potentials), two-phase par-
titioning, water contact angle measurements (cell surface
hydrophobicity) and X-ray photoelectron spectroscopy (surface
chemical composition). Encapsulation efficacy was evaluated
on the basis of the protection offered by the different encapsu-
lation methods against simulated gastro-intestinal fluids and
exposure to different antibiotics. In addition, it was evaluated
whether encapsulation affects release of biosurfactive metab-
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olites (“biosurfactants”) that are characteristic to probiotic bac-
teria and crucial for their probiotic action.>

Results
Effects of encapsulation on bacterial viability

First, the different encapsulation methods were applied at
different concentrations of the key-chemicals that directly
contact the bacterial cell surfaces in order to optimize the via-
bility of encapsulated bacteria. Viability was determined using
agar plating and enumeration of the number of colonies
forming units (CFUs) prior to and after different encapsula-
tions. Agar plating is the gold-standard in microbiology to
demonstrate viability and other types of measurements do not
reflect viability. Fluorescence-based metabolic activity assays
for instance, negate the fact that bacteria can survive long
periods of time without showing metabolic activity,”” while
many so-called live-dead stains measure cell wall damage that
does not necessarily reflect lack of viability.”® Decreases in via-
bility (Fig. 1) were analyzed for statistical and microbiological
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significance, considering that microbiological differences in
viability less than 2 to 3log units are generally considered
meaningless.”® L. acidophilus was able to remain viable upon
applications of higher concentrations of dimethylimidazole
and zinc acetate than B. infantis, while sodium alginate, prota-
mine and SiO, nanoparticles did not affect their viabilities.
Within these considerations, concentrations of different key-
chemicals in direct contact with the bacterial cell surfaces
were derived yielding maximal viability for each strain, as sum-
marized in Table S1.f These concentrations were further
applied in the remainder of this study.

Biosurfactant release and physico-chemical surface properties
of unencapsulated bacteria

One of the most important characteristics of probiotic bacteria
that can be demonstrated using physico-chemical methods, is
biosurfactant production. Both strains, when suspended in
buffer, decreased the buffer surface tension within 2 h from
71 mJ m™? to 50 mJ m~2 and 52 mJ m™2 for L. acidophilus and
B. infantis, respectively (Fig. 2A). Considering bacteria that
decrease the surface tension of a bacterial suspension droplet
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Fig. 1 Optimization of the concentration of key-chemicals in the different encapsulation methods based on the viability of differently encapsulated
L. acidophilus ATCC 4356 and B. infantis ATCC 15697. Viability was assessed by agar plating after shell removal. (A) The number of CFU mL™* of
L. acidophilus or B. infantis, after encapsulation by ZIF-8 biomineralization at different concentrations of dimethylimidazole and zinc acetate. (B)
Same as panel (A), now for bacteria encapsulated by alginate gelation at different concentrations of sodium alginate. (C) Same as panel (A), now for
bacteria encapsulated by protamine-assisted SiO, yolk—shell nanoparticle packing at different concentrations of protamine sulfate and SiO, nano-
particles. All error bars indicate standard deviations over triplicate experiments with separately cultured bacteria. Statistically significant differences
(p < 0.05, Student t-test) with respect to unencapsulated bacteria are indicated by asterisks.
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Fig. 2 Physico-chemical surface properties of L. acidophilus ATCC 4356 and B. infantis ATCC 15697 involved in this study. (A) Surface tensions of
bacterial suspensions in 10 mM phosphate buffer as a function of time due to release of biosurfactants. (B) Bacterial zeta potentials as a function of
pH in 10 mM phosphate buffer. (C) Two-phase partitioning removal rates R, of bacteria from an aqueous suspension by hexadecane in 10 mM phos-
phate buffer as a function of pH. (D) Elemental surface composition of L. acidophilus cell surfaces obtained using XPS. (E) Example of the decompo-
sition of the N;s photo-electron binding energy peak into two components at 399.8 and 401.9 eV, due to binding of nitrogen in amide groups and
protonated amine groups, respectively. (F) Example of the decomposition of the O;5 photo-electron binding energy peak into two components at
531.3 and 532.6 eV, due to binding of oxygen in amide groups and hydroxyl groups, respectively. (G) Elemental surface composition of B. infantis
cell surfaces. (H) Example of the decomposition of the N5 photo-electron binding energy peak into two components at 399.8 and 401.9 eV, due to
binding of nitrogen in amide groups and protonated amine groups, respectively. (I) Example of the decomposition of the O, photo-electron binding
energy peak. All error bars indicate standard deviations over triplicate experiments with separately cultured bacteria.

by more than 8 mJ m™> after 2 h as biosurfactant releasing,*®
this attests to the ability of both strains to produce and release
biosurfactants, as one of their probiotic mechanisms of
action.

Zeta potentials of L. acidophilus were pH-dependent,
ranging from +10 mV at acidic pH to —10 mV above their iso-
electric point (IEP) at pH 4.0. Zeta potentials of B. infantis on
the other hand, hovered around zero over the entire pH-range
from 2 to 9 (Fig. 2B). Both strains showed little partitioning
from an aqueous phase into a hydrophobic phase (Fig. 2C),
classifying both strains as hydrophilic. Hydrophilicity was con-

This journal is © The Royal Society of Chemistry 2021

firmed by water contact angle measurements on macroscopic,
hydrated bacterial lawns prepared on membrane filters>® and
amounted 20 + 3 degrees and 13 + 4 degrees for L. acidophilus
and B. infantis, respectively. Differences in surface chemical
composition of the bacterial cell surfaces underlying the differ-
ences in bacterial zeta potential and hydrophobicity were
measured on lyophilized bacteria using XPS. Elemental surface
compositions of bacteria and yeast determined by XPS have
previously been shown to relate with water contact angles, two-
phase partitioning and zeta potentials.”**" The main differ-
ences between both strains involved the amounts of nitrogen

Nanoscale, 2021,13, 7220-7233 | 7223
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and oxygen at their outermost surface Fig. 2D-1. L. acidophilus
had a nitrogen-rich surface (Fig. 2D) compared with B. infantis
(Fig. 2G). Decomposition of the N;; photo-electron binding
energy peak demonstrated that surface nitrogen in
L. acidophilus is due to amino-groups and amide groups
(Fig. 2E), confirming that nitrogen reflects protein presence.*?
For B. infantis (Fig. 2G) absence of major amounts of nitrogen
and phosphorus were concurrent with the lack of charged
groups over the entire pH range, as observed from their zeta
potentials (Fig. 2B). This, combined with the high amount of
oxygen at the B. infantis surface with a major O;3 component
located at 532.6 eV (Fig. 2I), suggests that its surface is mainly
composed of polysaccharides.

Use of these elemental surface compositions in a general-
ized model describing the bacterial cell surface as being com-
posed of proteins, polysaccharides and lipoteichoic acids (see
also ESI}),** confirmed the above suggestions and yielded the
conclusion that the L. acidophilus surface was composed for
62% of proteins, 33% of teichoic acid and 5% of hydrocarbon-
like components. The B. infantis surface had an entirely
different chemical composition containing only 20% of pro-
teins but 40% of polysaccharides. Lipoteichoic acids occurred
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in minor amounts (17%), while 23% of the surface was com-
posed of hydrocarbon-like components.

In summary, L. acidophilus and B. infantis both have a simi-
larly hydrophilic surface and the ability to produce biosurfac-
tants. The main difference between both strains involves their
zeta potentials, which hover around 0 mV over the pH range 2
to 9 for B. infantis, while showing an iso-electric point at pH 4
for L. acidophilus. XPS confirmed that these differences are
due to the protein-rich surface of L. acidophilus as compared
with B. infantis surface, that is rich in polysaccharides with
little proteins.

Biosurfactant release and physico-chemical surface properties
of surface-engineered shells around L. acidophilus and
B. infantis

Biosurfactant release by both strains was severely hampered by
all surface-engineered encapsulating shells (Fig. 3A). However,
biosurfactant release through the shells was different for
shells formed on the protein-rich L. acidophilus surface than
on the carbohydrate-rich B. infantis surface. Encapsulated
L. acidophilus demonstrated slow decreases of the suspension
surface tension upon protein-assisted packing of SiO, nano-
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Fig. 3 Physico-chemical surface properties of the differently engineered shells encapsulating L. acidophilus ATCC 4356 and B. infantis ATCC 15697.
(A) Surface tensions of bacterial suspensions in 10 mM phosphate buffer as a function of time due to release of biosurfactants by encapsulated
L. acidophilus and B. infantis as a function of time. (B) Bacterial zeta potential of differently encapsulated L. acidophilus and B. infantis as a function
of pH in 10 mM phosphate buffer. Note that zeta potentials could not be measured due to the large diameter of alginate encapsulated bacteria. (C)
Two-phase partitioning removal rates Ry from an aqueous suspension by hexadecane of differently encapsulated L. acidophilus and B. infantis from
an aqueous suspension in 10 mM phosphate buffer as a function of pH. Note that two-phase partitioning could not be measured due to the large
diameter of alginate encapsulated bacteria. (D) Water contact angles on macroscopic, hydrated lawns of differently encapsulated L. acidophilus and
B. infantis. Note that alginate encapsulated bacteria could not be deposited on a filter to form a macroscopic lawn needed for contact angle
measurements. All error bars indicate standard deviations over triplicate experiments with separately cultured and encapsulated bacteria. Statistically
significant differences (p < 0.05, Student t-test) with respect to unencapsulated bacteria are indicated by asterisks.
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particles. For B. infantis, a slow decrease in surface tension
indicative of biosurfactant release was only observed for biomi-
neralized ZIF-8 shells.

Different shells around the two bacterial strains had
different physico-chemical properties. Protamine-assisted
yolk-shell packing of SiO, nanoparticles requires adsorption
and subsequent internalization of protamine after packing of
SiO, nanoparticles. Internalization of pre-adsorbed protamine
was confirmed by time-dependent zeta potential measure-
ments, XPS and FTIR of L. acidophilus and B. infantis after pro-
tamine adsorption. Immediately after protamine adsorption,
both bacterial strains acquired a more positively-charged zeta
potential between pH 4 to pH 9 and using XPS, S was detected
due to protamine sulphate at the bacterial cell surfaces (Fig. S1
and Table S2,t respectively). Zeta potentials returned to their
pre-adsorption value within 60 min (Fig. S1t), while S became
below detection by XPS (Table S2t). FTIR spectra of both
strains showed an increased AmI/CH ratio immediately after
protamine adsorption (Fig. S1C-1Et). However, amide absorp-
tion band ratios of both strains remained invariably high after
60 min. Since FTIR represents the composition of both the
bacterial interior and the surface, collectively these results
demonstrate that both bacterial cell surfaces allow internaliz-
ation of protamine to leave a void between a nanoparticle shell
and the bacterial cell surface. Due to this void, interaction is
weak (Scheme 1). The presence of adsorbed protamine
immediately after adsorption, accommodated packing of SiO,
nanoparticles into a shell with more negative zeta potentials
above pH 4 for B. infantis but not for L. acidophilus. Presence
of SiO, nanoparticles was further evidenced by the detection
of around 30% Si at an Si to O ratio of 1:2 (see Table 1). The
pronounced presence of Si and O in a 1:2 ratio as in SiO,,
combined with the near disappearance of N;; and P, peaks,
attest to a thick shell composed of SiO, nanoparticles around
both strains. SEM micrographs showed the shells as a clear
coat around the bacteria (Fig. S2AT). EDX line scans demon-
strated similar elements as observed using XPS, but due to the
larger depth of information of EDX as compared with XPS, the
elemental composition from EDX relates not only to the
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surface but also to the interior of the bacteria. From Fig. S2A,}
the presence of a SiO, nanoparticle shell can be clearly
observed from the Si signal intensity when the line-scan
passes over the bacterium.

Alginate gelation yielded a shell that interacted with inter-
mediate hydrogen bonding (Scheme 1) and with an elemental
surface composition that was nearly identical for both strains
(Table 1). After alginate encapsulation, percentages of carbon,
nitrogen and phosphorus present in the L. acidophilus cell
surface and carbon and oxygen percentages for the B. infantis
decreased, indicating encapsulation with a relatively thick
shell. In addition, Ca was observed after alginate gelation,
serving to bridge between alginate molecules upon exchange
with Na. However, not all Na was exchanged upon bridging
(see also Table 1). Neither zeta potentials nor two-phase parti-
tioning could be reliably measured due to the large diameter
of hydrated alginate-hydrogel encapsulated bacteria. SEM
micrographs were also impossible to take, while the alginate
hydrogel did not contain unique elements to demonstrate its
presence in an EDX line-scan.

ZIF-8 encapsulation through strong coordinate interaction
(Scheme 1) caused more negative zeta potentials above pH 4
for both strains (Fig. 3B). Removal of ZIF-8 encapsulated bac-
teria from an aqueous phase by hexadecane was only increased
for lactobacilli, while water contact angles of both strains were
strongly increased after ZIF-8 encapsulation (Fig. 3C and D).
XPS confirmed ZIF-8 encapsulation and detected 7%-8% Zn
and increased amounts of nitrogen as compared with unen-
capsulated strains in the absence of a detectable phosphorus
signal (Table 1). The ratio of Zn : N was 0.40 for ZIF-8 encapsu-
lated L. acidophilus and 0.45 for ZIF-8 encapsulated B. infantis.
SEM micrographs and EDX line-scans confirmed the presence
of a Zn shell around the bacteria (Fig. S2B¥). The experimental
Zn : N ratio is higher than the theoretical ratio expected based
on the molecular structure of ZIF-8 (0.25). Likely, the high Zn/
N ratio is caused by the nanoscale depth of information of
XPS. On the outer surface of the ZIF-8 layer, there will be
undercoordinated Zn-ions** with less than tetrahedral coordi-
nation which will likely cause higher, experimental Zn/N ratio.

Table 1 Elemental surface compositions of the differently engineered shells encapsulating L. acidophilus and B. infantis, obtained using XPS

Elemental surface composition (at%)

Encapsulation method C N o P Si Zn Ca Na
L. acidophilus ATCC 4356

Unencapsulated 66.2 12.2 19.2 2.5 — — — —
ZIF-8 biomineralization 61.5 19.5 10.4 — — 7.8 — —
Alginate gelation” 47.2 2.1 21.5 1.5 — — 3.7 9.4
Protein assisted SiO, nanoparticles packing 8.3 1.6 59.4 — 30.8 — — —
B. infantis ATCC 15697

Unencapsulated 65.2 3.3 30.4 1.1 — — — —
ZIF-8 biomineralization 58.0 15.9 18.0 — — 7.1 — —
Alginate gelation” 45.5 2.9 24.5 0.9 — — 2.8 10.0
Protein assisted SiO, nanoparticles packing 9.6 1.0 59.5 — 29.8 — — —

“ Denotes below detection. ” Alginate gelation yielded shells with a high amount of Cl for L. acidophilus and B. infantis surfaces (14.6 and 13.4%,

respectively).

This journal is © The Royal Society of Chemistry 2021
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Collectively this indicates that ZIF-8 had formed a thick shell
around both bacterial strains.

Finally, porosities of the different shells were determined
using nitrogen adsorption/desorption isotherms. BET surface
areas and pore diameters were derived from the adsorption/de-
sorption isotherms presented in Fig. S3,7 as summarized in
Table 2. Note that in case of unencapsulated bacteria, nitrogen
adsorption/desorption isotherms were too flat to derive BET
surface areas and pore diameters. All encapsulation methods
yielded pores with a diameter between 9 and 17 nm, regardless
of the strength of interaction with the bacterial cell surfaces.
Alginate gelation yielded a low porosity compared with ZIF-8
biomineralization and protamine assisted SiO, nanoparticle
packing, which is probably a result of the collapse of alginate-
hydrogel shell during measurement. ZIF-8 biomineralization
and protamine assisted SiO, nanoparticle packing yielded
large increases in porosity that were similar for L. acidophilus
and B. infantis in case of weakly interacting yolk-shells.
However, strongly interacting ZIF-8 biomineralized shells had
a two-fold lower porosity when encapsulating protein-rich
L. acidophilus surfaces than observed for B. infantis with a poly-
saccharide-rich surface.

Protection offered by different shells against gastro-intestinal
fluids and antibiotics

The protection of the different shells offered towards exposure
to simulated gastric (SGF) and intestinal fluids (SIF) and three
antibiotics carrying different charge, was evaluated using agar
plating and CFU enumeration. In absence of encapsulation,
neither of the two strains survived exposure to acidic simulated
gastric fluid at pH 2 (Fig. 4A) and only L. acidophilus survived
at pH 3 without encapsulation (Fig. 4B). Intermediately inter-
acting alginate gelation and strongly interacting ZIF-8 biomi-
neralization protected L. acidophilus against simulated gastric
fluid at pH 2 (Fig. 4A). None of the methods achieved protec-
tion of B. infantis against simulated gastric fluid at pH 2
(Fig. 4A), but the strain was protected by all encapsulation

Table 2 BET surface areas and pore diameters of the differently
surface-engineered shells encapsulating protein-rich L. acidophilus and
protein-poor B. infantis surfaces

Surface area Pore diameter

Encapsulation method (m*g™) (nm)
L. acidophilus ATCC 4356

Unencapsulated — —
ZIF-8 biomineralization 34 12
Alginate gelation 1 12
Protein assisted SiO, nanoparticles 134 9
packing

B. infantis ATCC 15697

Unencapsulated — —
ZIF-8 biomineralization 76 17
Alginate gelation 2

Protein assisted SiO, nanoparticles 132 9
packing

% Could not be derived from the adsorption/desorption isotherms.
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methods at pH 3 (Fig. 4B). Both bacterial strains survived well
in bile-salt rich, alkaline simulated intestinal fluid (pH 8).
After encapsulation however, particularly by alginate gelation
and ZIF-8 biomineralization, both strains became more sus-
ceptible to simulated intestinal fluid (Fig. 4C).

Tobramycin, amoxicillin and tetracycline represent posi-
tively charged, zwitter-ionic and negatively-charged antibiotics,
respectively. Their Minimal Inhibitory Concentrations (MIC)
were almost identical for L. acidophilus and B. infantis, but
differed for each antibiotic (Table S37). Tobramycin required
the highest concentration for growth inhibition of both
strains, followed by tetracycline and amoxicillin. Significant
protection against positively-charged tobramycin was offered
by alginate gelation and protein assisted SiO, nanoparticle
packing towards L. acidophilus, while only an alginate shell
protected B. infantis against tobramycin (Fig. 4D). Neither of
the three encapsulation methods protected B. infantis against
zwitter-ionic amoxicillin, while SiO, nanoparticle packing pro-
vided some protection against zwitter-ionic amoxicillin for
L. acidophilus. None of the different surface-engineered shells
yielded protection against negatively-charged tetracycline and
ZIF-8 biomineralization even increased the susceptibility of
L. acidophilus to tetracycline.

Pathogen killing by differently encapsulated lactobacilli and
bifidobacteria

Maintenance of pathogen Kkilling by encapsulated
L. acidophilus and B. infantis was evaluated by co-culturing
Escherichia coli in the presence of either probiotic strain and
enumerating the number of surviving E. coli. The presence of
unencapsulated L. acidophilus or B. infantis in a co-culture sig-
nificantly reduced the number of viable E. coli (Fig. 5).
Probiotic-mediated reductions in E. coli CFUs were maintained
best by protein assisted SiO, nanoparticle packing.
Encapsulation by alginate gelation or ZIF-8 biomineralization
of neither probiotic strain yielded any reduction in E. coli
killing.

Discussion

This paper aimed to determine the influence of interfacial
interactions between bacterial cell surfaces with different com-
position and surface-engineered, encapsulating shells. Two
bacterial strains were selected for this study that were demon-
strated using XPS to possess either a protein-rich (L. acidophi-
lus) or polysaccharide-rich surface with little proteins (B. infan-
tis). The protein-rich bacterial strain had pH-dependent zeta
potentials, while the polysaccharide-rich strain was nearly
uncharged over the entire pH-range. Both strains classified as
hydrophilic.

Among the three encapsulation methods involved, ZIF-8
biomineralization mainly relies on the presence of amino-
groups on the bacterial cell surfaces, attracting zinc to stimu-
late ZIF-8 mineralization through NH,-Zn*"* coordinate
covalent bonding, yielding a strong interaction. Alginate gela-

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Viability of L. acidophilus ATCC 4356 and B. infantis ATCC 15697 encapsulated by different surface-engineered shells after the exposure to
simulated gastro-intestinal fluids and the antibiotics tobramycin, amoxicillin and tetracycline. Viability was assessed by agar plating after removal of
the shells. (A) The number of CFU mL™* as a function of exposure time to simulated gastric fluid (SGF) at pH 2 for L. acidophilus and B. infantis. (B)
Same as panel (A), now for exposure to SGF at pH 3. (C) Same as panel (A), now for exposure to simulated, bile-salt rich intestinal fluid (SIF). (D) The
number of CFU mL™ after 24 h exposure to different antibiotics at 5x MIC (see Table S3%) for L. acidophilus and B. infantis. The horizontal band rep-
resents the number of CFU mL™ for L. acidophilus and B. infantis not exposed to antibiotics. All error bars indicate standard deviations over triplicate
experiments with separately cultured and encapsulated bacteria. Statistically significant differences (p < 0.05, Student t-test) within each group of
antibiotics with respect to unexposed bacteria are indicated by hash-decks, while differences with respect to unencapsulated bacteria are indicated
by spanning bars with asterisks.

tion is achieved by cross-linking of alginate ligands caused by

A o L. acidophilus B4 B ey the exchange of calcium ions and sodium ions, while hydroxyl
12 12 * groups abundantly present in the alginate applied here
g1: — 51: (Scheme 1), form hydrogen bonds with amino groups on the
g ol g o , Y bacterial cell surfaces. In a hydrogen bond, a shared electron
o 4 & o 4 pair is formed between a hydrogen atom and another atom,>”
2 2 32 giving rise to weak interactions with typical binding energies
y—TT—— O Alginate gelation up to 4 kcal mol™'.*° Opposite to hydrogen bonding, coordi-
B ZIF-8 biomineralization I si0, nanoparticle packing nate covalent bonding involves electrons from only one of the

) _ ; o interacting atoms to form a shared electron pair with another
Fig. 5 Viability of E. coli ATCC 25922 after co-culturing in MRS or RCM

for 24 h with L. acidophilus ATCC 4356 or B. infantis ATCC 15697, atom, yielding strong interactions for zinc with amino acid
respectively. Viability was assessed by selective agar plating of E. coli on side chains between 195 and 364 kcal mol™, depending on
BHI agar. (A) The number of E. coli CFU mL™! after co-culturing with  the coordination geometry.>” Both the protein-rich surface of
differently encapsulated L. acido;:hilus. The horizontal band represents . acidophilus (62% protein) as well as the protein-poor surface
the nymber of. E. coli CFU mL™ + standar.d (Iiewatlons over trlpllcate of B. infantis (20% protein) could be encapsulated by ZIF-8 and
experiments with separately cultured bacteria in MRS for 24 h without . . . . .

L. acidophilus. (B) Same as panel (A), now for B. infantis. The horizontal alginate, yielding the conclusion that for effective encapsula-
band represents the number of E. coli CFU mL™* + standard deviations tion only small amounts of cell surface proteins are needed.
over triplicate experiments with separately cultured bacteria for 24 h SiO, nanoparticle packing is assisted by protamine adsorp-
without B. infantis. All error bars indicate standard deviations over tripli- tion to the bacterial cell surface and its Subsequent internaliz-
catg e_Xpe”"?en_tst with .separately cultured and encapsulateq bacteria.  ,4jon through the bacterial cell wall which occurred for both
Statistically significant differences (p < 0.05, Student t-test) with respect . . . . . .

to E. coli only, i.e. in absence of probiotic bacteria, are indicated by strains (Flg' §1 and Table SZT) desplte their w1dely different
hash-decks, while differences with respect to encapsulated bacteria are surface composition. This indicates that protamine internaliz-

indicated by spanning bars with asterisks. ation does not depend on the composition of the outer bac-
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terial cell surfaces, but likely on the penetrability to protamine
of the rigid peptidoglycan layer present in the cell walls of
both strains. Previously, protamine was also demonstrated to
penetrate cyanobacterium Synechocystis sp. PCC 7002,"° the
blood brain barrier,®® the intestinal-epithelial cell wall,*®
retina®® and neurons.*! After the internalization of protamine,
a void interface develops which minimizes the interfacial inter-
action between the bacterial surface and the SiO, nano-
particles constituting the encapsulating yolk-shell.

Below we present a comprehensive discussion of several
aspects of the different encapsulation methods applied in
relation with the interfacial interactions between encapsulat-
ing shells and composition of the cell surfaces of these two
probiotic bacterial strains.

Impact of bacterial cell surface properties upon bacterial
viability after encapsulation

The concentration of key-chemicals in direct contact with the
bacterial cell surfaces during encapsulation had a major
impact on the viability of the encapsulated bacteria. Alginate
gelation (Fig. 1B) and protamine-assisted SiO, yolk-shell
packing (Fig. 1C) were well tolerated by both bacterial strains
due to the mild interactions between key-chemicals and the
bacterial cell surfaces, although minor reductions in viability
were observed for B. infantis. Strongly interacting key-chemi-
cals involved in ZIF-8 biomineralization strongly reduced the
viability of encapsulated bacteria due to coordinate bonding,
requiring optimizing the concentrations of key-chemicals in
direct contact with the cell wall with respect to viability (see
Fig. 1A and Table S17).

Possession of a protein-rich surface by L. acidophilus was of
great influence on averting a negative impact on viability of key-
chemicals involved in encapsulation by ZIF-8 biomineralization.
Viabilities of B. infantis were significantly reduced by ZIF-8 biomi-
neralization involving strong coordinate bonding to the small
number of proteins present on the B. infantis cell surface.
Proteins in lactobacilli are incorporated in a paracrystalline layer,
called S-layer that contributes to the protection offered by its
natural cell wall components against environmental conditions*>
and making it less susceptible to ZIF-8 biomineralization than
the protein-poor/polysaccharide-rich surface of B. infantis.

Hydrophobicity, zeta potentials and porosity of encapsulated
bacteria

Encapsulation altered the physico-chemical properties of the
bacteria, and most notably increased their hydrophobicity
after ZIF-8 biomineralization, regardless of the bacterial cell
surface composition. The ubiquitous increase in hydrophobi-
city after ZIF-8 biomineralization can be explained by the
known hydrophobicity of ZIF-8.*

Zeta potentials and their pH dependence however, largely
reflected the charge properties of the unencapsulated bacterial
cell surface (see Fig. 3A). Zeta potentials as measured using
electrophoretic micro-electrophoresis, reflect the electrostatic
potential at the plane of shear. For “hard” particles, the plane
of shear is located several nanometers away from the surface
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in the fluid phase, with the exact distance depending on ionic
strength conditions. In case of “soft” particles® however,
liquid is able to penetrate the surface and the plane of shear
will be located inside the soft particle. This will also be the
case for shells encapsulating bacteria as they are designed to
possess porosity (see also Table 2) to allow exchange with their
environment. This explains why zeta potentials and their pH-
dependence of unencapsulated and encapsulated bacteria
bear similarity and confirms the porosity of the shells as
observed using nitrogen adsorption/desorption isotherms
(Table 2). Importantly, it confirms that the low porosity
observed for alginate gelation (Table 2) is an artefact due to
collapse of the gel during nitrogen adsorption/desorption.

Protective effects of different encapsulation methods

Protection is the main reason why surface-engineered encapsu-
lation methods are being designed. Porosity is crucial for
maintaining metabolite exchange of an encapsulated bacter-
ium with its environment but also in providing protection.
Like metabolite exchange, protection often depends on
adsorption and absorption in the shell and therewith is time-
and concentration-dependent. In line with their thick, highly
porous shells, alginate gelation and ZIF-8 biomineralization
already provided protection to L. acidophilus against SGF at pH
2 (see Fig. 4A), while all encapsulation methods yielded protec-
tion of B. infantis against SGF at pH 3 (see Fig. 4B).
Accordingly, it shows that the weak interfacial interaction
between bacterial surfaces and an SiO, nanoparticle layer does
block acids less than alginate and ZIF-8 encapsulation.
However, the difference in pH sensitivity of both strains makes
a comparison of the protective properties of shells between
strains based on acid attack difficult.

Protection against antibiotic attack is easier for comparison
of the protective properties of the shells, because the MIC of
L. acidophilus and B. infantis against each of the three anti-
biotics evaluated are nearly identical (Table S3}). Moreover,
also their molecular dimensions are equally small, based on
their nearly identical molecular weight (see also Table S37).
This implies that none of the shells possesses pores that can
physically block penetration of these antibiotics and instead,
antibiotic protection must be caused by their physico-chemical
adsorption inside the shells and affinity to the bacterial cell
surface. None of the encapsulations evaluated provided protec-
tion towards negatively-charged tetracycline (see Fig. 4D),
suggesting Lifshitz-van der Waals attraction of tetracycline to
the bacterial cell surfaces and lack of its adsorption and
absorption in the shells due to electrostatic repulsion.
However, since L. acidophilus can create an acidic micro-
environment, its zeta potential can be positive in the confine-
ment of a shell (see Fig. 2B) and electrostatic attraction may
also contribute to the tetracycline susceptibility of the lactoba-
cilli after encapsulation. Also, none of the encapsulations pro-
tected uncharged B. infantis with its protein-poor/polysacchar-
ide-rich surface against zwitter-ionic amoxicillin, while the
protein-rich L. acidophilus was protected against amoxicillin by
SiO, nanoparticle yolk-shells (see also Fig. 4D). Amoxicillin is
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composed of cationic groups that are repelled by positive
charges on the L. acidophilus cell surface in its acidic micro-
environment. In addition, amoxicillin readily absorbs to nega-
tively-charged SiO, nanoparticles.'® The ZIF-8 shell is hydro-
phobic and therefore will not absorb and protect against
hydrophilic amoxicillin dissolved in an aqueous phase. Both
strains were protected against positively-charged tobramycin
upon alginate gelation and SiO, nanoparticle packing only pro-
tected L. acidophilus against tobramycin. Its positive charge
makes tobramycin readily adsorb to negatively-charged shell
components and causes repulsion towards positively-charged
lactobacilli in their acidic micro-environment. Though without
presenting it as an explicit reason, Li et al'® successfully
exploited the ease of providing protection to lactobacilli
towards tobramycin by alginate gelation to demonstrate that
alginate encapsulated lactobacilli eradicated methicillin-resist-
ant Staphylococcus aureus and Pseudomonas aeruginosa in co-
culture when co-administered with the antibiotic.

Drawbacks of effective encapsulation

Encapsulating shells not only offer protection but can also
backfire on the encapsulated bacteria. Strongly interacting
ZIF-8  biomineralization increased  susceptibility — of
L. acidophilus to tetracycline (Fig. 4D). Similarly, none of the
two probiotic strains required protection against the high bile-
salt concentration of SIF when unencapsulated (see Fig. 4C),
but neither of the two strains survived exposure to SIF when
encapsulated with intermediately interacting alginate or
strongly interacting ZIF-8 shells. This first of all suggests
adsorption and absorption of bile-salt in the shell to create a
high bile-salt concentration in the immediate micro-environ-
ment of the bacteria in which they do not survive. However,
this suggestion is not valid for weakly-interacting packed SiO,
nanoparticle yolk-shells despite their high porosity. This
points to another reason why alginate gelation and ZIF-8 bio-
mineralization may backfire on antibiotic protection. As a
second suggestion to explain the “inverse protection” of encap-
sulation, it is offered that relatively strong interfacial inter-
actions cause damage to the bacterial cell walls that assist anti-
biotic action opposite to the weak interactions across the void
between a yolk-shell and the bacterial cell surface.

Along the same line of thinking, release of biosurfactants,
essential for probiotic activity, can be severely hampered by
encapsulation. Biosurfactant release of both strains were
inhibited by all three encapsulations, which is caused by the
slow diffusion rate of biosurfactant through the shells. Since
adsorption and absorption in a shell and also transport of bio-
surfactants through a shell are time-dependent phenomena, it
is important to realize, that any conclusion about protection
offered by any type of shell, should be placed in the context of
a relevant timeframe of the challenged endured by encapsu-
lated bacteria during their application.

Maintenance of pathogen killing by encapsulated bacteria

Interestingly, there is a 1 to 1 correspondence between the
maintenance of biosurfactant release by L. acidophilus within
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the timeframe of our experiments and its ability to kill E. coli
(compare Fig. 3A and 5A). This confirms the importance of
biosurfactants in the probiotic activity of L. acidophilus.
However, the lack of correspondence between maintenance of
biosurfactant release and E. coli killing in B. infantis (compare
Fig. 3A and 5B) demonstrates that maintenance of biosurfac-
tant release is not a conditio sine qua non for an effective encap-
sulation that maintains probiotic activity. This is due to the
temporary nature of surface-engineered shells. Due to growth,
bacteria will eventually break through a shell and function as
an unencapsulated bacterium. Therewith for probiotic bac-
teria, it is more important that the protection offered by encap-
sulation allows them to survive SGF, SIF and antibiotics
encountered on their way to their intestinal target site than
maintaining release of biosurfactants through a shell.
Breaking through the shells once they have reached their
target site will ensure biosurfactant release and suffices for
effective probiotic action at the target site.

Maintenance of pathogen killing by encapsulated bacteria
is the combined effect of all available killing mechanisms that
can be applied by a probiotic bacterium. Therewith it can be
concluded from Fig. 5, that encapsulation methods like ZIF-8
biomineralization with a strong interfacial interaction with
bacterial cell surface, are undesirable, leaving weakly inter-
action yolk-shells as a preferable method for encapsulating
probiotic bacteria.

Conclusions

In summary, we have demonstrated that an L. acidophilus
strain, possessing a protein-rich surface and a B. infantis strain
with a protein-poor/polysaccharide-rich surface can both be
encapsulated with methods that require the presence of cell
surface proteins on the bacterial cells surfaces. Low numbers
of cell surface proteins as on B. infantis surfaces suffice for
strong coordinate covalent interaction between zinc and
amino groups in ZIF-8 biomineralization and for the inter-
mediate interaction of alginate gels with amino groups
through hydrogen bonding.

Weakly, intermediately and strongly interacting shells of
different nature all yielded porous shells, that on the one hand
protected against acids, bile salts and selected antibiotics, but
on the other hand shells with a strong interaction with bac-
terial cell surfaces made bacteria more susceptible to anti-
biotics. Overall, weakly interacting protamine assisted SiO,
nanoparticle packing of yolk-shells best maintained probiotic
activity of encapsulated lactobacilli and Bifidobacteria.

In short, surface-engineering of protective shells, must
account for the impact of the strength of the interfacial inter-
actions between shells and bacterial cell surfaces. The impact
of interfacial interactions can differ amongst different bacterial
strains, depending on their cell surface composition.
Herewith, this study contributes to the further development of
effective encapsulating shells and its application for protecting
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probiotic bacteria on their way in the gastro-intestinal tract in
patients during antibiotic use.

Experimental section
Bacterial growth and harvesting

L. acidophilus ATCC 4356 was first grown on MRS (De Man,
Rogosa and Sharpe, Merck KGaA, Germany) agar plates under
5% CO, at 37 °C for 48 h. Then, a single colony was picked
from the agar plate and re-suspended in 10 mL MRS broth.
After culturing, also under 5% CO, and at 37 °C for 24 h, the
pre-culture was transferred into 200 mL of MRS broth and cul-
tured under the same conditions for 18 h. After 18 h, bacteria
were harvested by centrifugation (5000g, 5 min, 10 °C) centri-
fuged and washed with 10 mM potassium phosphate buffer
three times and re-suspended in 5 mL of 10 mM phosphate
buffer. B. infantis ATCC 15697 and E. coli ATCC 25922, were
cultured essentially as described above for L. acidophilus, but
using RCM (Reinforced Clostridial) agar or in RCM broth
(Becton, Dickinson and Company, France) for B. infantis and
BHI (brain heart infusion) agar or in BHI broth (Oxoid Ltd,
UK) for E. coli. In additon, B. infantis was cultured under
anaerobic conditions (85% Ny, 10% H,, 5% CO,, at 37 °C,) and
E. coli under aerobic conditions. Bacterial concentrations after
suspending in phosphate buffer were determined in a Burker-
Tirk counting chamber and fixed at 3 x 10° mL™" for
L. acidophilus and 3 x 10" mL™" for B. infantis.

Alginate gelation

For alginate gelation,"" L. acidophilus or B. infantis were added
to 5 mL 10 mM phosphate buffer together with 2.5 wt% algi-
nate to yield a final bacterial concentration of 3 x 10° mL™".
The mixture was subsequently vortexed for 1 min and gelation
of alginate initiated by adding the mixture into 100 mL of 0.1
M CacCl, at a controlled speed of 200 pL. min™", using a syringe
pump. The bacterial suspension with the alginate in the CacCl,
solution were stirred for 30 min at room temperature to allow
completely gelation. Finally, clumps of encapsulated bacteria
were collected with a sterilized tweezer and stored in 10 mM
phosphate buffer for further experiments.

Protamine-assisted SiO, nanoparticles packing

protamine-assisted SiO, yolk-shell nanoparticles
packing,'® L. acidophilus suspended in a 2 mg mL™" protamine
sulfate salt (Sigma-Aldrich, USA) solution at a concentration of
3 x 10® mL ™" were allowed to settle for 15 min after which bac-
teria were collected by centrifugation (50002, 5 min).
Subsequently, the bacteria were added to a 5 mg mL™" SiO,
suspension (Ludox HS-40, Sigma-Aldrich, USA), and allowed to
settle for 15 min to allow deposition of the nanoparticles. For
B. infantis, lower concentrations of protamine (1 mg mL™") and
Si0, (1 mg mL™") were used to yield optimal viability after
encapsulation (Fig. 1). Finally, encapsulated bacteria were col-
lected by centrifugation (5000g, 5 min) and re-suspended by
vortexing in 10 mM phosphate buffer.

For
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ZIF-8 biomineralization

For ZIF-8 biomineralization,"” L. acidophilus or B. infantis were
suspended in 5 mL 10 mM phosphate buffer containing
160 mM 2-methylimidazole (Sigma-Aldrich, USA) to concen-
tration of 3 x 10° mL™" and 3 x 10° mL™", respectively. A
higher concentration of B. infantis was used to yield optimal
viability after encapsulation. Next, 5 mL 40 mM zinc acetate
dihydrate (Sigma-Aldrich, USA) was added, the mixture was
shaken at 37 °C at 150 rpm for 10 min after which the encap-
sulated bacteria were collected by centrifugation. The bacterial
pellet was re-suspended by vortexing in 10 mM phosphate
buffer.

Viability of encapsulated probiotic bacteria

Agar plating and CFU enumeration were applied to determine
the viability of unencapsulated and encapsulated bacteria.
Encapsulating shells were removed prior to agar plating. ZIF-8
biomineralized shells were removed by exposure to 10 mM
EDTA for 5 min, alginate-hydrogel shells were removed by
15 min exposure to 55 mM sodium citrate solution and SiO,
nanoparticle packed shell were removed by sonication at 130
W in an ice-water bath for 30 s. After removal of shells, bac-
teria were collected by centrifugation (5000g, 5 min, 10 °C) and
re-suspended by vortexing in 10 mM phosphate buffer. Serial
dilutions of the bacterial suspensions were made in 10 mM
phosphate buffer and plated on corresponding agar plates
(MRS for L. acidophilus, RCM for B. infantis). After 48 h cultur-
ing at 37 °C (L. acidophilus in 5% CO, and B. infantis in an
anaerobic chamber), the numbers of colony forming units
(CFUs) were enumerated.

E. coli killing by probiotic bacteria

A co-culture model was used to determine E. coli killing by
unencapsulated and encapsulated probiotic bacteria. In the
co-culture model, L. acidophilus, 3 x 10° mL™" with or without
a surface-engineered shell were co-cultured with 3 x 10° mL™"
E. coli in MRS broth at 37 °C in 5% CO, for 24 h. For
B. infantis, concentrations of B. infantis and E. coli were 3 x 10°
mL ™" and 3 x 10" mL™", respectively. Both strains were co-cul-
tured in RCM medium. After 24 h, the number of viable E. coli
in the co-culture medium was determined by plate counting
on BHI agar plates. BHI agar is selective for E. coli, and neither
L. acidophilus nor B. infantis can grow on BHI agar.

Protection against simulated gastric fluid (SGF)

SGF was prepared by dissolving 2.0 g NaCl and 6.0 g pepsin
(porcine, Sigma-Aldrich, USA) in 7 mL 37% HCI. The solution
was diluted with demineralized water to 1 L after which pH
was adjusted to pH 2 or pH 3 with 1 M NaOH. For evaluating
the protection offered by the shells, 3 x 10° mL™" unencapsu-
lated or encapsulated probiotic bacteria were exposed to SGF.
After shaking at 37 °C (150 rpm) for different periods of time
up to 2.5 h, bacteria were collected by centrifugation, washed
with 10 mM phosphate buffer and their viability assessed by
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plate counting on MRS plates for L. acidophilus and RCM
plates for B. infantis.

Protection against simulated intestinal fluid (SIF)

SIF was prepared by dissolving 1 mg mL™' pancreatin
(porcine, Sigma-Aldrich, USA), 1.5 mg mL™' bile salts
(porcine, Sigma-Aldrich, USA), 22 mM NacCl, 3.2 mM KCI and
7.6 mM NaHCO; in 1 L demineralized water (pH 8.0).
Protection was subsequently evaluated as described for the
evaluation of the protection offered by SGF.

Protection against antibiotics

Antibiotic solutions were prepared by dissolving antibiotics in
10 mM phosphate buffer and added to MRS growth medium
for L. acidophilus and RCM for B. infantis to an antibiotic con-
centration of 5 times their minimal inhibitory concentration
(MIC). After culturing for 24 h, bacterial viability was evaluated
as described for the evaluation of the protection offered by
SGF. The MICs of tobramycin, amoxicillin and tetracycline
against both strains were determined in 96-well plates. A stock
solution of the different antibiotics with the concentration of
6.4 mg mL ™" were prepared in demineralized water. The stocks
were serially diluted with the appropriate growth media to
obtain concentrations ranging from 0.125 pg mL™" to 128 g
mL~". Then, bacteria were suspended in medium (MRS for
L. acidophilus and RCM for B. infantis) to a concentration of 3 x
10° mL™". Finally, 180 pL of bacterial suspension and 20 pL of
diluted antibiotic solution were added to a 96-well plate. For
the control, 20 pL of phosphate buffer was added instead of
antibiotic solution. The 96-well plates were incubated at 37 °C
for 24 h in the incubator (5% CO, for L. acidophilus and
anaerobic chamber for B. infantis). The MIC was the lowest
concentration which showed no visible growth.

Zeta potentials

Zeta potentials were measured on a Malvern ZetaSizer (model:
ZEN3600, serial nr: MAL1037113) in 10 mM phosphate buffer
with pH adjusted to between 2 and 9 using a PHM220 labora-
tory pH meter (Radiometer Analytical SAS, France), by adding
0.1 M HCI or KOH solution. Then, unencapsulated or encapsu-
lated probiotic bacteria were suspended in phosphate buffer
with different pH to yield a concentration of 3 x 10" mL ™" and
subsequently the zeta potentials were measured.

X-ray photoelectron spectroscopy

XPS was performed with an S-Probe (Surface Science
Instrument, USA) with an Al-anode (1486 eV). To this end,
unencapsulated or encapsulated probiotic bacteria suspended
in demineralized water were freeze-dried (Leybold, Germany)
for 48 h. The freeze-dried bacterial powders obtained were
pressed into small stainless-steel cups, and put into the XPS
chamber. X-ray production occurred by means of a magnesium
anode (10 kV, 22 mA) using a spot size of 250 pm x 1000 pm.
Scans were made of the overall spectrum in the binding energy
range of 1-1200 eV at low resolution, then peaks over a 20 eV
binding energy range were recorded for Nig and O;s. The Cyg
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binding energy was set at 284.8 eV. The area under each peak,
after background subtraction, was used for the calculation of
peak intensities, yielding elemental surface concentration
ratios for nitrogen, oxygen, and phosphorus to carbon.

Two-phase partitioning

Unencapsulated or encapsulated bacteria were suspended in
the phosphate buffer over the pH range 2-9 to an ODgpp nm Of
0.4-0.6 (4,), as measured using a visible spectrophotometer
(GENESYS 30, Thermo Fisher Scientific). Next, 3 mL of the bac-
terial suspension was mixed with 150 pL of n-hexadecane
(Sigma-Aldrich) in a glass tube, vortexed for 10 s, allowed to
settle for 10 min and the ODggg nm Mmeasured again (4;). The
procedure above was repeated for 5 times. Finally, (log (A,/A,) %
100) was plotted against the vortexing time and the initial
removal rate R, (min~') of bacteria by the hexadecane phase
was calculated from its slope using linear least squares fitting
yields.

Water contact angles

Water contact angles were measured on lawns of unencapsu-
lated or encapsulated bacteria deposited on a membrane filter
(0.45 ym HA filter, Millipore, USA)*>* using the sessile drop
method (droplet volume 2.5 pL). Filters were dried till plateau
water contact angles could be measured, representing bacteria
in a hydrated state but without free water on their surfaces.
Water contact angles were measured using a contour monitor
and are all verified plateau values.

Fourier transform infrared spectroscopy (FTIR)

FTIR spectra were measured on an Agilent Cary 600 series
FTIR spectrometer (Agilent Technologies, USA). Freeze-dried
bacteria were mixed with KBr powder and pressed into a tablet
for measurements. FTIR spectra were recorded over the wave-
number range of 4000 and 400 cm™' with a resolution of
4 cm™'. 32 scans were measured and averaged. A KBr pellet
without bacteria was used as background. The areas of absorp-
tion bands were determined by integration after linear back-
ground subtraction and normalized with respect to the inte-
grated intensity of the entire CH stretching region around
2930 cm™.

Scanning electron microscope and energy dispersive X-ray
analysis

Unencapsulated and encapsulated probiotic bacteria were first
suspended in deminralized water to a final concentration of 3
x 10° mL™". Next, 20 uL suspension droplets were placed on an
aluminum support and dried at 40 °C for 5 min. Micrographs
were taken with a Tescan LYRA SEM-focused ion beam, dual
beam microscope at 10 kV and 8.4 mm working distance. EDX
line scans were taken along the width of a bacterium.

Biosurfactants release

Biosurfactant release of unencapsulated or encapsulated bac-
teria was measured using Axisymmetric drop shape analysis by
profile (ADSA-P).”® The shape of a liquid droplet depends on
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the liquid surface tension. The profile of a liquid droplet can
be mathematically described by the Laplace equation

Ap = y{Rl+Rl} (1)

in which Ap is the pressure difference across the interface, Ry
and R, are the principal radii of curvature and y the liquid
surface tension.*®> Here, 100 pL bacterial suspension droplets
in 10 mM phosphate buffer (3 x 10° mL™") were put on hydro-
phobic glass slides (catalogue number: 0895202, Paul
Marienfeld GmbH & Co. KG, Germany) and droplet contours
were digitized with a Supcon EC 90 contour monitor
(Sensoptic BV (Stedum, The Netherlands). Contours were fitted
to eqn (1) to yield the liquid surface tension, the
contact angle and the exact droplet volume as output para-
meters. Measurements on one bacterial suspension droplet
was done as a function of time up to 2 h in an enclosed
chamber at room temperature. Bacteria were considered to be
biosurfactant releasing when the surface tension of the
bacterial suspension droplet decreased by more than 8 mJ m™>
after 2 h.*®

POl'OSity measurements

Nitrogen adsorption/desorption isotherms of differently encap-
sulated L. acidophilus and B. infantis were determined to derive
the BET (Brunauer-Emmett-Teller) surface area and pore dia-
meters of the shells using a Tristar (Micromeritics, USA). To
this end, unencapsulated or encapsulated probiotic bacteria
suspended in demineralized water, were freeze-dried as
described above (section: X-ray photoelectron spectroscopy).
Lyophilized samples were further degassed at 40 °C for 12 h
and measurements were subsequently performed in liquid
nitrogen (77 K). BET surface areas were derived by fitting the
adsorption/desorption isotherms to

1 _C-1 P . 1 @)
Va(®—1)]  VaC Py VaC
_ VaNa )
m x 22400

in which V, is volume of gas adsorbed at standard
temperature and pressure (STP, i.e. 0C and 1.013 x 10° Pa), Vy,
is volume of gas adsorbed at STP to produce an apparent
monolayer on the sample surface, P, is saturated pressure of
adsorbate gas, P is partial vapor pressure of adsorbate gas in
equilibrium with the surface at —196 °C, C is a dimensionless
constant related to the enthalpy of adsorption of the adsorbate
gas on the sample, S is BET surface area, N, is Avogadro con-
stant and m is the mass of sample. The shape of pores was
assumed to be cylindrical and average pore diameters were cal-
culated using

4V
S

d (4)

in which d is average pore diameter; V is the total pore volume
and S is BET surface area.

7232 | Nanoscale, 2021,13, 7220-7233

View Article Online

Nanoscale

Statistical analysis

All experiments were done in triplicate with separately cultured
and encapsulated bacteria, with the exception of XPS and the
measurement of nitrogen adsorption/desorption isotherms.
Results were shown as mean + standard deviation and statisti-
cally significant differences (p < 0.05) were determined using a
Student ¢-test.
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