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ARTICLE INFO ABSTRACT

Keywords: Lactic acid bacteria as food ingredients, show the potential of being exploited as structural building blocks in the

Lactic acid ‘bfmteria formulation of colloidal foods such as emulsion and foam. The present work provides approaches to using lactic

:ydmpi‘?blmy acid bacteria combined with two components, hydroxypropyl methylcellulose (HPMC) and casein sodium (CS)
ggregation

salt, to fully replace the saturated fat content in whipping cream analogues. By involving both hydrophobic and
hydrophilic strains, the whipped cream exhibited comparable overrun (107%) and drainage stability (drainage
area 1.4 mmz) to the commercial dairy whipping cream (30% and 2.7 mmz, respectively), where the foam
stability was greatly affected by the Pickering capability and aggregating properties of the used strains. All the
whipped cream displayed solid-like behaviors (G’>G”) and standing properties to different degrees (G =
30-491 Pa), depending on the strength of bacterial aggregation jointly determined by both the intrinsic surface
properties and the influence of added HPMC and CS components. No negative impacts on bacterial viability was
found for the added components and the whipping process. The idea of involving edible lactic acid bacteria as fat
replacers can thus provide possible alternatives to using nature-derived components as active structural building

blocks for colloidal food systems such as whipping cream.

Whipping cream
Air-water interface
Structural building blocks

1. Introduction

Food colloidal materials such as emulsions and foams are tradition-
ally constructed using amphiphilic molecules, polymers or small parti-
cles as building blocks (Dickinson, 2010). In these structures, the
interfaces are initially formed via an emulsification process, which is
followed by rapid adsorption of small-molecular surfactants or macro-
molecules emulsifiers such as caseinate and whey proteins from bovine
milk (Ly et al., 2008; Marinova et al., 2009).Moreover, fat globules of
saturated fats, due to their solid nature and ability to take part in partial
coalescence, are often used as particulate stabilizers to sterically stabi-
lize foam structures either by adsorbing at surfaces through a Pickering
effect (Ghosh & Rousseau, 2011; Gupta & Rousseau, 2012), or forming a
colloidal network in continuous phase (Peng et al., 2018).

There has been an increasing concern among consumers about high
amount of fat in foods due to the high energy density and adverse
environmental effects (Shalaby et al., 2013). In order to solve the issues
without compromising food structure, texture and mouth feeling,
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several kinds of alternatives derived from natural resources have
emerged as effective fat substitutes in colloidal food materials. For
example, oleosomes in plant seeds as naturally-emulsified oil bodies
(Nikiforidis, 2019), have been exploited in developing vegan mayon-
naise (Romero-guzman et al., 2020), oleogels (Mert & Vilgis, 2021) and
non-fat meat (Anna et al., 2022). Other low-fat foods including ice
cream and cake have been produced using less purified fractioned plant
components such as micronized cornstarch (Wang et al., 2013) and pea
proteins (Feichtinger & Scholten, 2020).

Microorganisms are another type of colloidal materials, either as
structural building blocks themselves or as the sources of surface-active
compounds. For example, food grade yeasts and non-pathogenic lactic
acid bacteria have recently been reported to stabilize emulsion (Fir-
oozmand & Rousseau, 2016), double emulsion (Jiang et al., 2021) and
dry foam (Falco et al., 2017; Jiang et al., 2019) via a Pickering effect.
The involved structural role of microorganisms as e.g. Pickering parti-
cles is greatly dependent on their surface chemical compositions and
thereby physicochemical properties such as cell hydrophobicity (Marin
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et al.,, 1997; Vadillo-Rodriguez et al., 2004), surface charge density
(Millsap et al., 1997; Reid et al., 1999) and aggregating properties
(Jonsson & Wadstrom, 1984; Mobili et al., 2009).

Dairy whipping cream is a complex multi-phase system where
saturated fat typically comprises approximately 35% of the total con-
centration (Allen et al., 2008). Such high fat concentration is required to
guarantee the whippability of cream during air incorporation, where
partially-coalescent fat globules can build solid network anchoring the
air bubbles that are initially stabilized by milk proteins and emulsifiers,
and thereby the wet foam bears sufficient stiffness and stability to sup-
port its own weight and prevent serum drainage (Hunter et al., 2008).
Over the recent years, formulations of low-fat whipping cream (fat
concentration of 20-30%) have been reported by using a wide range of
hydrocolloids such as whey protein concentrates (Salahi & Mohebbi,
2021), modified starches (Athari et al., 2021; Iftikhar & Dutta, 2020),
cellulose (Athari et al., 2021) and protein-polysaccharide complexes
(Ghribi et al., 2021; Rezvani et al., 2020) as saturated fat replacers. The
low-fat whipped cream exhibited comparable physical and textural
properties with commercial dairy whipping cream due to the active role
of such hydrocolloids in maintaining emulsifying capacity, water
retention ability and high viscosity.

The aim of this work was to determine if the comparable structural
functionality of solid fat globules, whose action through Pickering ef-
fects and partial coalescence can be achieved using edible lactic acid
bacteria with selected surface and aggregation properties. In order to
explore this, two strains of lactic acid bacteria, Lactobacillus delbrueckii
subs. lactis ATCC 4797 (LBD) and Lactobacillus crispatus DSM20584
(LBC) with different surface properties, were combined with two food
grade components, casein sodium (CS) and hydroxypropyl methylcel-
lulose (HPMC), to create a series of whipping cream-like suspensions.
Following whipping, the physical properties of foam structure including
overrun, drainage, bacterial aggregation, rheological properties and
microstructures were investigated to evaluate the wider potential of
lactic acid bacteria as structural building blocks in foods.

2. Materials and methods
2.1. Materials and chemicals

Glycerol, casein sodium (CS) salt from bovine milk, sodium chloride
(NaCl), potassium chloride (KCl), disodium hydrogen phosphate
(NagHPO,4), potassium dihydrogen phosphate (KHyPO4) and FITC
(Fluorescein 5(6)-isothiocyanate) were purchased from Sigma-Aldrich,
Steinheim, Germany. Low molecular weight hydroxypropyl methylcel-
lulose (HPMC, METHOCEL™ F50 Food Grade Modified Cellulose) was
obtained from Dupont de Nemours Inc, Wilmington, DE, USA. Lactoba-
cillus crispatus DSM 20584 (LBC) and Lactobacillus delbrueckii subs. lactis
ATCC 4797 (LBD) were kindly obtained from strain collection of
Department of Food Science, University of Copenhagen (Finn Kvist
Vogensen, Personal communication). MRS (de Man, Rogosa and Sharpe)
broth, MRS agar and atmosphere generation system (AnaeroGen sa-
chets) were bought from Oxoid, Basingstoke, England. The NucRed™
Live 647 ReadyProbes™ Reagent were bought from ThermoFisher Sci-
entific, Molecular Probes, Eugene, OR, USA. All the chemicals were used
as received, except for MRS broth and agar which were sterilized in an
autoclave (115 °C, 10 min) before use. Sterile MilliQ (MQ) water (18.2
MQcm at 25 °C) was used in all the experiments.

2.2. Growth of bacteria

Lactobacillus delbrueckii subs. lactis ATCC 4797 (LBD) and Lactoba-
cillus crispatus DSM20584 (LBC) from the previous stock were inoculated
in MRS broth at 37 °C for 24 h, and then culture stocks were prepared by
mixing 500 pL culture and 500 pL glycerol (40 v/v%). The prepared
culture stocks were stored at —80 °C. For growth of bacteria, 100 pL of
frozen stock was anaerobically propagated in 10 mL MRS broth at 37 °C
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for 24 h. Then, 5 mL and 250 pL of the preculture were anaerobically
incubated in 500 and 50 mL MRS broth at 37 °C, respectively, for further
investigations. Finally, cells after 24-h growth were collected by
centrifugation at 5000xg for 10 min at 4 °C, and washed twice with
sterile MQ water. Cell suspension corresponding to 250 pL preculture in
50 mL broth was used for the characterization of bacterial cells, while
suspension corresponding to 5 mL preculture in 500 mL MRS broth
produced 1.5 g wet pellets for both strains, which was used for the
preparation of whipping cream.

2.3. Characterization of bacteria

2.3.1. Surface charge

The zeta potential of LBD and LBC was measured by a zeta sizer
(Malvern Zetasizer, Nano ZSP, UK) at 25 °C using MQ water as back-
ground electrolyte solution. For the measurement, pellets corresponding
to 250 pL preculture in 50 mL MRS broth were re-suspended in 50 mL
MQ water, which was further diluted 10 times with MQ water. Then, 1
mL of the diluted suspension was injected into the capillary cell using a
disposable syringe. Before each measurement, the capillary cell was
rinsed subsequently with ethanol, MQ water and the sample.

2.3.2. Water contact angle measurement

To investigate the wettability of LBD and LBC, the water contact
angles, 0 of bacterial lawns were measured following a previously-
reported protocol (Jiang et al., 2021) with minor modifications. First,
cell pellets corresponding to 250 pL preculture in 50 mL MRS broth were
re-suspended in 25 mL MQ water, which was filter though a 0.45 pm
(pore size) polyvinylidene difluoride membrane assisted by negative
pressure until the deposition of a thick bacterial lawn. The
bacterial-deposited membrane was fixed onto a microscopic glass slide
using double-sided tapes and air-dried in a clean fume hood for 70-90
min, which allowed the formation of plateau contact angle (Bellon--
Fontaine et al., 1996). The sessile drop measurement of water contact
angle was performed at room temperature by dispensing a water droplet
of 3 pL on the bacterial lawn using optical contact angle measuring and
contour analysis system (OCA 25, Dataphysics Instruments, Stuttgart,
Germany). For each sample, three membranes were prepared and at
least 5 drops were dispensed on the same membrane in different dried
areas.

2.3.3. Microbial adhesion to hexadecane (MATH)

The hydrophobicity of bacteria was complementarily evaluated
using MATH according to a previous protocol (Jiang et al., 2021).
Briefly, bacteria are suspended in 10 mM KHyPOy4 solution and the cell
suspension was adjusted to an optical density (OD) value of 0.8 at 600
nm (SpectraMax i3x, Molecular Devices LLC, USA), corresponding to a
cell concentration of 1.0 x 108 colony forming units (CFU)/mL. Then,
250 pL cell suspension was mixed with 42 pL hexadecane in an Eppen-
dorf tube, which was incubated at room temperature for 10 min before
being vigorously vortexed at 3000 rpm for 90 s with al-min pause
following every 30-s mixing. After vortexing, the mixture was left to
stand for 15 min to allow phase separation and then 200 pL of the lower
aqueous phase was transferred to a 96-well plate to measure the OD
value at 600 nm. The percentage of MATH was obtained by;

1 7%> x 100% (€D)]

% MATH= <
0

where Ay is the initial OD600 of the bacterial suspension and A; is the
OD600 value of the lower aqueous phase after mixing and phase
separation.

2.3.4. Aggregation assay
The ability of bacteria to aggregate (“autoaggregation” as microbi-
ological term) was investigated with respect to their sedimentation over
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time based on a previously-reported protocol (Polak-Berecka et al.,
2014) with minor modifications. First, cell pellets corresponding to 250
pL preculture in 50 mL MRS broth were re-suspended in either MQ water
or NaCl (50 mM). The OD of the resultant cell suspensions at 600 nm was
adjusted to 1.0, corresponding to a cell concentration of 2 x 10%
CFU/mL. The suspensions were left to stand at room temperature for 4 h,
and the upper part of the suspensions (around 0.5 cm below the liquid
level) was transferred to measure the OD at 600 nm without disturbing
the lower part of the suspension. The bacterial sedimentation termed as
the aggregation coefficient (AC) was calculated based on the equation;

ACz(lfAA4>><IOO 2

where A; and Ay, represent the OD values at initial time and after 4 h,
respectively.

2.4. Preparation of whipping and whipped cream

To prepare the aqueous phase used for whipping cream, the powder
of HPMC (1.5 w/v%) and CS (1.5 w/v%) were, either individually or
after blending, added to MQ water. The mixtures were continuously
stirred for at least 12 h at 4 °C to allow complete dissolution of HPMC
and CS. Before use, the solution was passed through a 0.22 pm-pore-size
cellulose membrane and the clear solution was used within 24 h after
preparation.

Bacterial pellets collected from 5 mL preculture in 500 mL broth
were re-suspended in 2.5 mL of the aforementioned solutions and gently
stirred at 4 °C for 15 min to obtain homogeneous bacterial suspensions,
which generated 4 mL fresh whipping cream. The fresh whipping cream
was aged by storing at 4 °C for at least 12 h before whipping. For the
whipping process, the aged whipping cream was transferred to a 10-mL
beaker and whipped using a kitchen milk frother (Ariete, Mod.623,
Italy) at the speed of 11000 rpm for 90 s, which consisted of continuous
mixing for the first 40 s and 10 s intervals for the final 50 s. The whipped
cream was stored at 4 °C until investigations within 30 min. The for-
mulations of produced whipping cream are summarized (Table 1). A
commercial dairy whipping cream (fat content 38%) was also prepared
for the investigation of whipping properties including overrun and
drainage.

2.5. Whipping properties

2.5.1. Overrun measurement

The overrun of whipping cream was investigated according to a
standard method (Bruhn & Bruhn, 1988) with minor modifications.
Briefly, the identical volume of unwhipped and whipped cream was
transferred to pre-weighed 1.5-mL Eppendorf tubes, and these were
weighed. The overrun referring to the amount of incorporated air was
calculated based on the following equation;

Overrun = <m> x 100 3
m;

Table 1
Formulations of whipping cream produced using two lactic acid bacteria strains,
LBC and LBD.

Strain HPMC, w/w% CS, w/w% Code
LBC (38 w/w%") 0.9 0 LBC-HPMC

0 0.9 LBC-CS

0.9 0.9 LBC-HPMC-CS
LBD (38 w/w%") 0.9 0 LBD-HPMC

0 0.9 LBD-CS

0.9 0.9 LBD-HPMC-CS

2 The concentrations of bacteria were estimated based on the volume of wet
pellets.
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where m; and my represent the weight of unwhipped and whipped
cream, respectively, with identical volumes.

2.5.2. Evaluation of drainage

The foam stability of whipped cream was investigated with respect to
the drainage of aqueous phase using an in-house filter paper method.
After whipping, 0.5 g of whipped cream was transferred onto a filter
paper (Whatman filter, grade 4, UK), which was placed in a closed
chamber at room temperature to prevent water evaporation. After 30
min, the diameter of the circular wet area on the filter papers was
measured using a ruler. The total drainage of samples within 30 min was
represented as the wet area (mmz) on each filter paper.

2.6. Rheological properties of whipped cream

The viscoelasticity of whipped cream was measured at 25 °C using
Discovery Hybrid Rheometer (DHR-2, TA instruments, New Castle, DE)
equipped with a serrated parallel plate measuring geometry (25 mm
diameter and 0.5 mm gap). In the dynamic viscoelastic measurements,
the linear viscoelastic range (LVR) was firstly determined by performing
the strain sweep test in a range of 0.1%-100% at a fixed frequency of 1
Hz, to prevent the degradation of microstructure. A constant strain level
of 0.5% was found within the LVR of all samples, which was further used
to conduct the frequency sweep test at a range from 0.1 to 10 Hz. In all
the measurements, samples were freshly-whipped and measured within
5 min. The results were presented as the storage modulus (G'), loss
modulus (G”) and loss tangent (tand) at a frequency of 1 Hz obtained
from the spectra of duplicated frequency sweep tests.

2.7. Size of bacterial aggregates

The size of bacterial aggregates in terms of size distribution and the
volume weighted mean size D(4,3) was assessed for fresh and aged
whipping cream, as well as for whipped cream using a laser diffraction
particle size analyzer (Mastersizer 3000, Malvern Instruments, Work-
shire, UK) at 25 °C. The samples were slowly added to a dispersion unit
filled with distilled water under mild stirring at a velocity of 800 rpm, in
order to not break the aggregated bacteria, which was followed by
pumping them into the optical chamber for measurement. The obscu-
ration range was between 5% and 13%. The refractive index and the
absorption index were set to 1.39 and 0.01, respectively. Before the
measurement of whipped cream, samples were placed in a vacuum
chamber for 15 s to remove the air bubbles.

2.8. Confocal laser scanning microscopy

The microstructure of whipped cream was investigated using a
confocal laser scanning microscope (Point Scanning Confocal and 2-
photon microscope SP5-X MP UV, Leica Microsystems, Germany). For
staining bacteria, pellets corresponding to 5 mL preculture in 500 mL
broth were re-suspended 4 mL MQ water. To that suspension, 8 drops of
NucRed™ Live 647 ReadyProbes™ Reagent were added, which was
followed by 15-min incubation in the darkness at room temperature. The
stained bacteria were washed twice with MQ water by centrifugation at
5000 rpm for 5 min, and used for the preparation of whipping cream. For
the staining of CS, 10 pL FITC solution (0.0045 w/v% in acetone) was
placed onto a standard glass slide, which was air-dried in darkness for 5
min before gently mixing with 30 pL of sample. The excitation wave-
lengths of NucRed and FITC were 638 and 495 nm, respectively. All the
samples were observed at 200x magnification within 10 min after
sample preparation to minimize moisture evaporation. The line average
of scanning was set to 8 and the final resolution of the images was 1.52
pm/1.52 pm for X and Y dimension, respectively. The obtained images
were further used to analyze the air bubble sizes by manually measuring
the diameters of individual bubbles using Leica Microsystems LAS AL
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lite software (Germany). The images presented were the most repre-
sentative ones, and the reported air bubble sizes were analyzed based on
a minimum count of 100 bubbles.

2.9. Bacterial viability

The viability of bacteria in whipped cream was quantified by using a
plate-counting method. Briefly, bacteria collected after centrifugation or
from the whipped cream were transferred into PBS buffer (pH 7.4) using
an inoculating loop, where the final OD of the resultant cell suspension
at 600 nm was adjusted to 1.0 for all the samples. Serial dilutions (from
10! to 10% were prepared and 30 pL of each dilution was evenly
dispensed in 5-6 drops on one quarter of the MRS agar plate in dupli-
cate. After anaerobically incubating for 48 h at 37 °C, dilutions with
30-300 colonies were selected for counting, and the viable count was
expressed as CFU/mL.

2.10. Statistical analysis

All the reported data are the averages of at least duplicated experi-
ments, and the results are presented as average + standard error. The
one-way analysis of variance (ANOVA) was carried out using Fisher’s
LSD test to detect whether the differences between samples were sta-
tistically significant (P < 0.05). Analyses were performed using the
computer Software OriginPro 2020 (OriginLab Corporation, North-
ampton, USA).

3. Results
3.1. Surface properties of bacteria

The surface hydrophobicity of bacteria is traditionally investigated
using a set of methods including contact angle measurement and MATH,
where the former measures cell wettability using the contact angle (0) of
a water droplet resting on a semi-dry bacterial lawn (van Loosdrecht
et al., 1987), and the latter measures the degree of bacterial adhesion to
non-polar hexadecane droplets through a Pickering effect (Bellon-Fon-
taine et al., 1996).

Surface properties of bacteria including charge density, hydropho-
bicity and aggregation ability were determined (Table 2). Regarding the
hydrophobicity, LBC exhibited higher values of 6 (61.3° + 4.1°) and
MATH (66.4% =+ 4.6%) as compared to 33.0° + 3.6° and 11.3% + 2.7%
for LBD. The adsorption energy of Pickering particles at interfaces
(Binks, 2002; Rayner et al., 2014) is proportional to the term (1-|cos 9|)2
and the increased contact angle of LBC resulted in one order of magni-
tude larger value of this term as compared to LBD.

Even though the zeta potential of LBC was slightly more negative
than that of LBD, their surfaces were both negatively-charged, indicating
that the electrostatic repulsions between cells will play a role in media of
low ionic strength. Indeed, the aggregation of LBC and LBD was
dramatically promoted when salt was present due to the screening of
electrostatic effects, as seen from the higher Ac (NaCl) than Ac (MQ).
The difference in bacterial aggregation (within 4 h) was not so evident

Table 2
Surface properties in terms of hydrophobicity, charge density and aggregating
property of LBC and LBD bacteria.

Strain 0, (1| MATH Zeta potential Ac Ac
degree cose|)2 (%) in MQ (mV) (MQ) (NaCl)

LBC 61.3 + 0.3+ 66.4 + -32.6 + 1.3% 0.4 + 0.9 +
412 0.1% 4.6% 0.0% 0.0%

LBD 33.0 + 0.03 + 11.3 + —24.6 £ 1.7° 0.5 + 0.8 +
3.6 0.01° 2.7 0.1° 0.0

Values are represented as mean values resulted from duplicated experiments.
Within each column, different letters indicate significant differences (P < 0.05)
from a given sample.
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for two strains, except that compared with LBD, the aggregation of LBC
was slower in MQ but became faster in media with high ionic strength.

3.2. Whipping properties

The whipping process was conducted for a small whipping volume
(4 mL) and the whipped samples were investigated in terms of the
overrun and drainage (Fig. 1). Besides the formulations listed (Table 1),
the control samples containing only bacteria and without bacteria were
also whipped. However, air incorporation was not observed for samples
containing only bacteria without HPMC and CS, regardless of the used
strains. This means that air incorporation was mainly attributed to the
use of HPMC and CS other than bacteria due to faster adsorption of
molecular surfactants than micron-sized bacterial cells. Therefore, the
whipping properties of suspensions without HPMC and CS are omitted
and will be commented further.

To measure the overrun, multiple transfer steps of samples were
involved and therefore phase separation might have occurred in some
unstable samples, leading to the measurement of only dry foam or serum
phase. However, this was not a problem for stable samples that were
able to retain serum phase. First, all the samples displayed either com-
parable or higher overrun than the commercial dairy whipping cream
(Fig. 1A). As both HPMC and CS are surface active (Dickinson, 2012;
Pérez et al., 2008), all the controls without bacteria displayed initially
high overrun, but rapidly collapsed within 10 min, as further reflected
by their high drainage (Fig. 1B). In contrast, samples containing bacteria
generally created more solid-like foams that could stand and support
their own weights. Among all the formulations, samples containing
HPMC gave higher air incorporation (approx. 107% and 82% for HPMC
and HPMC-CS, respectively) than samples with only CS (33%), inde-
pendent on bacterial strain, LBC and LBD.

The drainage of samples evaluated using a customized filter paper
method was determined (Fig. 1B). Under the conditions used in the
assay, the drainage was driven by both gravity and the capillary forces of
the filter paper, resulting in the formation of wet area which was
representative of the volume of the drained serum phase. Unlike over-
run, the drainage was systematically dependent on the involved strain,
with LBD samples giving nearly twice the drainage of the LBC samples.
The drainage of formulations followed a systematic order: CS > HPMC
> HPMC-CS. The LBC formulations of HPMC and HPMC-CS obtained
even lower drainage (2.1 and 1.4 mm?2, respectively) than the dairy
whipping cream (2.7 mm?). In view of this, the drainage stability was
seemingly maintained by the viscosity of samples (see Fig. S1), yet at the
same time, affected by the surface properties of bacteria, governing their
capability to hold liquid inside the structure via capillary effects.

3.3. Viscoelastic behavior of whipped creams

The spectra of frequency sweep tests demonstrated that the rheo-
logical properties were almost independent on frequency in the range of
0.1-10 Hz (Fig. S2). The viscoelastic parameters including G’, G” and
tand at a frequency of 1 Hz are thus shown as representative data
(Fig. 2). It was found that all the samples exhibited higher values of G/
than G” as well as loss tangents lower than 1, suggesting a more solid
than liquid character possessed by the whipped samples. Specifically,
formulations with LBC always showed much higher G’ values of a factor
of 3-15 than LBD samples, depending on the different formulations.
Despite the higher G’ of LBC samples, they interestingly displayed higher
tand as well, thus demonstrating that samples containing LBD were less
stiff but showed a more solid character than the LBC samples in terms of
low damping effect. Furthermore, the two components HPMC and CS
seemingly showed opposite effects on the stiffness of samples containing
LBC and LBD. For LBC samples, formulations involving CS (CS and
HPMC-CS) normally resulted in higher G/, low damping and thus a
stronger solid-like property, whereas HPMC tended to work better
increasing the stiffness of LBD samples, as seen from the higher G’ values
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Fig. 1. Whipping properties in terms of overrun (A) and drainage (B) of HPMC, CS and HPMC-CS formulations containing LBC, LBD bacteria and control samples
without bacteria. Reference lines represent corresponding properties of commercial dairy whipping cream. Error bars represent standard errors (n = 2). Different

letters indicate significant differences (P < 0.05) from a given sample.

of HPMC and HPMC-CS samples than CS sample combining with LBD.

3.4. Bacterial aggregation in whipping cream

Static light scattering was used to analyze the degree of bacterial
aggregation induced by the aging and whipping processes, which
potentially destabilized freely-suspended cells and enhanced aggrega-
tion. The size distribution of bacterial aggregates was measured for
fresh, aged and whipped samples of different formulations, as well as
control samples containing only bacteria (Fig. 3).

Bacterial aggregation in the fresh control samples without HPMC and
CS was comparable for LBC and LBD, in agreement with their negligible
difference measured in aggregation assay. However, the aggregation of
LBC was more promoted after overnight storage than LBD, which only
showed negligible changes compared with the fresh sample (Fig. 3G and
H). Likewise, in all the formulated samples, both aging and subsequent
whipping processes induced increased aggregation of LBC when
compared to the LBD, even though LBD tended to show relatively strong
aggregation in the fresh samples. Compared to the fresh samples with
only HPMC consisting of predominantly free cells than aggregates
(Fig. 3A and B), the involvement of CS component facilitated the

aggregation of both LBC and LBD in all the fresh samples, which was
particularly pronounced for LBC samples (Fig. 3C-F). Interestingly, the
whipping process seemed to produce even more free cells and smaller
aggregates for LBD samples, which might be explained by either the
liberated cells that originally adsorbed at air-water interface after
degassing, or the breakdown of weakly-bound bacterial aggregates.

The effects of the different components HPMC and CS on bacterial
aggregation in whipped samples were further demonstrated in terms of
mean diameter D(4,3) values of aggregates (Fig. 4). First, the overall
bacterial aggregation after the whipping process was much stronger for
hydrophobic LBC (61.7-94.1 pm) than hydrophilic LBD (8.9-26.3 pm),
regardless of formulations. Within all the LBC samples, it was clear that
CS-containing samples (CS and HPMC-CS) formed larger bacterial ag-
gregates than samples with only HPMC, in line with the observation
from size distribution of LBC samples. However, this was not the case for
LBD samples, where CS seemed to show an oppositely lowering effect on
bacterial aggregation, as seen from the decreasing aggregate size in the
order of HPMC > HPMC-CS > CS. Therefore, the aggregation of LBC in
the whipped samples was primarily enhanced by the CS component,
while for LBD samples HPMC was on the other hand more capable of
promoting bacterial aggregation.
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Fig. 2. Dynamic rheological parameters (frequency
at 1 Hz and 25 °C) including storage modulus (G'),
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3.5. Micro- and macro-structure of whipped cream

The CLSM micrographs of the whipped structure are shown (Fig. 5),
where the location of bacteria is highlighted using NucRed dye. For
control sample without bacteria, rapid bubble coalescence and struc-
tural collapse were observed during the microscopic observation and
therefore this sample was excluded for the investigation due to the
instability. Likewise, the low stability of LBD-CS sample also led to some
degree of bubble coalescence, resulting in the capture of multiple
irregular bubbles under merging, which correlated well with their low
overrun and drainage stability (Fig. 5D).

The biggest difference between LBC and LBD samples was the degree
of bacterial adsorption on air bubbles. In contrast to the hydrophilic LBD
that was seldom adsorbed to the interface of the air bubbles, the more
hydrophobic LBC exhibited almost full coverage at air-water interface,
indicating a stronger Pickering capability possessed by LBC than LBD,
which is also consistent with the higher water contact angle and MATH
values of LBC. As a consequence of strong adsorption, a lower fluores-
cence intensity of LBC was observed in the aqueous phase, where bac-
teria were non-adsorbed and tended to aggregate. Hence, a strong
Pickering effect can be accompanied with the depleted number of bac-
teria in the rest of the system. Interestingly, dark rings without bacteria
were observed surrounding the air bubbles in LBD samples, and the rings
were much thicker in HPMC-containing samples (Fig. 5B and F). This is
an indication of depletion flocculation induced by the polymeric
component HPMC, creating areas of only polymer solution that
completely wetted air bubbles with the absence of bacteria. In this case,

the acting polymer(s) might predominantly be HPMC and partially be
the exopolysaccharides secreted by LBD (Bancalari et al., 2022). How-
ever, the same phenomenon was not observed in LBC samples, whereas
multiple dark holes were present independent on the addition of HPMC,
and air bubbles were also better wetted by bacteria than the dark holes.

The upper right inserts show macroscopic photos of whipped cream.
Samples with LBC clearly showed better standing ability than LBD
samples, complying with the more solid-like behavior of LBC samples
assessed by rheological analysis. Among all the LBC samples, HPMC-CS
formulation displayed a strongest standing property, as also confirmed
by its high G’ value. For LBD samples, HPMC-containing formulations
generally led to whipped cream of higher standing ability.

3.6. Air bubble sizes

The normalized size distributions of air bubbles analyzed from the
CLSM micrographs are displayed (Fig. 6). For LBC samples, compared
with a broad size range given by formulation containing only HPMC, a
narrower and smaller size distribution was obtained for CS-containing
formulations (Fig. 6C and E), indicating the important role of CS in
creating small size of air bubbles in LBC samples. On the contrary, LBD
samples tended to display a narrower and smaller distribution when
HPMC was present in the systems (Fig. 6B and F), with combined
formulation HPMC-CS leading to the smallest size distribution. Hence,
compared with the importance of CS in LBC samples, HPMC rendered
the higher stability of air bubbles in LBD samples. These findings were
well correlated with the results from size measurement of bacterial
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Fig. 3. Size distributions of bacterial aggregates in the fresh, aged and whipped whipping creams measured by static light scattering. The investigated samples
included formulations of HPMC (A, B), CS (C, D), HPMC-CS (E, F) and MQ water (G, H) containing LBC (A, C, E, G) and LBD (B, D, F, H) bacteria, respectively. Results
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Fig. 4. Mean diameters of bacterial aggregates in terms of D(4,3) values of
whipped cream formulated using HPMC, CS, HPMC-CS containing LBC and LBD
bacteria, respectively. Error bars represent standard errors (n = 2). Different
letters indicate significant differences (P < 0.05) from a given sample.

aggregates for all the whipped cream, possibly suggesting the
enhancement of air bubble stability by stronger bacterial aggregation
via forming steric barriers against bubble coalescence.

3.7. Bacteria — protein interactions

In order to gain insight into the location of CS and possible in-
teractions between CS and bacteria, the CS component in both LBC and
LBD samples of HPMC-CS formulation was stained using FITC dye of
green fluorescence (Fig. 7A and D). Since there are free amines present
on bacterial surface (Leone et al., 2006; Ojeda et al., 2008), a consid-
eration was that FITC staining CS might also label the surface proteins of
bacterial cells. However, air bubbles in LBC samples emitting strong red
fluorescence of adsorbed LBC were found dark without green fluores-
cence from CS (Fig. 7A and B), indicating that FITC did not stain the LBC
bacteria. For LBD, this phenomenon was less clear and CS also occa-
sionally co-localized with bacteria (Fig. 7D and E), possibly suggesting
either the little adsorption of CS on air bubbles or weak staining of LBD
by FITC dye. In the combined channel of bacteria and CS, it was clear for
LBC sample that an enhanced signal of CS was only present where LBC
bacteria were also abundant (Fig. 7C), while multiple dark holes without
red signal of bacteria emitted weaker green fluorescence from CS, which
indicated almost the only co-localization of CS and aggregated LBC in
the system. By comparison, CS in the LBD sample exhibited not only the
co-localization with LBD bacteria, but also CS-alone regions of strong
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Fig. 5. CLSM micrographs and macroscopic photos of whipped cream with HPMC (A, B), CS (C, D) and HPMC-CS (E, F) formulations containing LBC (A, C, E) and
LBD (B, D, F) bacteria, respectively. Non-fluorescent rings surrounding air bubbles (white arrows) were observed in LBD samples containing HPMC but not in LBC
samples, indicating the clear depletion flocculation of LBD induced by HPMC polymers. The scale bars represent 100 pm.

green fluorescence that were located in the proximity of air-water
interface, indicating the surface activity of CS component and a
possibly lower affinity of CS to LBD than to LBC. The LBC and LBD
bacteria showed different degree of partitioning into CS phase, but they
were neither surface-active at the CS-HPMC interface nor partitioning
into the HPMC phase as observed as lack of enhanced red signal from the
cells. Instead, bacteria displayed overall stronger surface activity at
air-water interface as seen from their adsorption on the air bubbles,
which was in turn much clearer for the hydrophobic LBC than hydro-
philic LBD.

3.8. Viability of bacteria in whipped cream

The culturability of bacteria in whipped cream determined using
plate-counting method was demonstrated (Fig. 8). The complementary
results of viability in terms of cell membrane integrity was also obtained
by using fluorescence microscopy using LIVE/DEAD viability kit
(Fig. S3). Compared with the CFU/mL of control LBC samples directly
harvested from centrifugation (7.2 log), the culturability of LBC in all
the whipped samples showed around a one-log decrease, regardless of
the formulations, whereas the CFU/mL reduction induced by aging and
whipping processes was not observed for the more hydrophilic LBD
bacteria. However, a contradiction was found with fluorescence
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Fig. 6. Size distributions of air bubbles analyzed from CLSM micrographs of whipped cream created using HPMC (A, B), CS (C, D) and HPMC-CS (E, F) formulations
containing LBC (A, C, E) and LBD (B, D, F) bacteria, respectively. Results were analyzed from at least 100 air bubbles.

microscopy that both LBC and LBD maintained their viability after
whipping, based on their non-damaged cell membranes as indicated by
green color. This discrepancy was further explained by observing the
plating suspensions of LBC and LBD, where strong bacterial aggregation
was observed for LBC but not for LBD (Fig. S4), thus demonstrating that
one counted colony might represent an initial aggregate of bacteria
rather than a single cell. Therefore, compared with non-aggregating
LBD, the culturability of the LBC evaluated by CFU counting was
somewhat underestimated, thereby indicating that neither the compo-
nents nor the whipping process was found to cause detrimental effects
on bacterial viability.

4. Discussion

In dairy whipping cream, fat globules sizing from 0.1 to 15 pm are
dispersed in serum phase, forming oil-in-water emulsions that are
kinetically and thermodynamically unstable (Fleming et al., 2017; Long
et al., 2012). The small sizes and potential instability of fat globules
contribute to their active structural roles during whipping process, by
both adsorbing at air-water interfaces and building network as a result of
partial coalescence. Likewise, lactic acid bacteria having similar sizes in
the micron range and surface activity enabling their Pickering adsorp-
tion and self-aggregation in aqueous phase, can in principle be utilized
as the alternative structural building blocks to fat globules. Regarding

their Pickering capability, some strains of lactic acid bacteria were
previously reported to adsorb at air-water interface and stabilize dry
coarse foam with fast drainage and poor liquid retention ability (Falco
etal.,, 2017; Jiang et al., 2019). In contrast to the reported dry foam, the
whipped foam produced in the present work displayed more solid-like
behavior and stiffness to support its own weight and ability to retain
the serum phase in the foam structure. To the authors’ knowledge, this is
the first attempt to fully replace fat content with high load of edible
lactic acid bacteria to formulate whipping cream with considerable
foaming properties and water retention ability.

Almost all the samples showed higher air incorporation than the
commercial dairy whipping cream. Interestingly, the two selected
strains, despite exhibiting different surface properties in terms of cell
hydrophobicity and aggregating properties, produced whipped cream
with nearly identical overruns. Combined with the fact that air was not
incorporated into the cell suspensions with only MQ water, the overrun
was seemingly only attributed to the addition of two components, CS
and HPMC, and the degree was based on the surface activities and their
contribution to bulk viscosity (Alizadeh et al., 2019). With respect to the
control samples without bacteria, it was not surprising that the CS so-
lution displayed the highest overrun among the three formulations
because of its lowest apparent viscosity (Fig. S1) and high surface ac-
tivity (Sanchez et al., 2005). In comparison, the surface activity of HPMC
molecules was reported to be even stronger than proteins such as
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Fig. 7. CLSM micrographs showing the location of CS and bacteria in whipped cream of HPMC-CS formulation containing LBC (A, B, C) and LBD (D, E, F) bacteria,
respectively. The CS component was stained using green-fluorescent FITC dye (A, D), while bacteria are highlighted in red using NucRed stain (B, E). The combined
channels show that CS was almost only co-localized with LBC based on the weakly-fluorescent CS-alone areas (C), while in LBD samples, CS-alone phase of strong
green fluorescence was observed surrounding the air bubbles (F). White arrows indicate the CS-alone areas. The scale bars represent 100 pm. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 8. Viability of bacteria in terms of CFU/mL count in unwhipped controls
and whipped formulations with MQ water, HPMC, CS and HPMC-CS containing
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2). Lower case letters (a—c) indicate statistical grouping for LBD samples
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indicate significant differences (P < 0.05) from a given sample.

fB-casein due to the presence of massive methyl groups on its backbone
(Arboleya & Wilde, 2005; Pérez et al., 2008), and this complied well
with our microscopic observation that the air bubbles were more wetted
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by the HPMC phase than the CS phase (Fig. 7C and F). On the other
hand, the creation of overrun was not only related to the surface activity
but also affected by the speed of molecular adsorption at air-water
interface. Thus, the high bulk viscosity of HPMC seemed to dominate
their slower adsorption, creating lower overrun of HPMC-containing
controls compared to the CS control. The overrun affected by HPMC
and CS components was better reflected in the CLSM graphs of LBD
samples where bacterial Pickering effect was almost absent. In
HPMC-containing samples, the dark areas of depletion flocculation by
HPMC polymers were mostly located around the air bubbles, which in
HPMC-CS sample was additionally adsorbed by a greenish CS layer,
indicating the active role of both HPMC and CS in producing air bubbles
for LBD samples. However, the highest overrun of CS formulations was
not captured for the LBD sample due to the fast bubble coalescence
occurring from the low bulk viscosity and fast drainage. However, for
LBC samples, the strong Pickering effect of LBC compensated for the
drainage instability of the CS formulation, and therefore air bubbles
with a small and narrow size distribution was still observed. Otherwise,
no evident size difference in air bubbles was found between LBC and
LBD samples, indicating again that the initial air incorporation was
hardly affected by the surface properties and Pickering capacity of
involved strains.

Unlike the results of the overrun, the drainage stability was greatly
dependent on the surface properties of bacteria, although the bulk vis-
cosity also played a role, as seen from the most severe drainage of CS
formulation, complying with their fast phase separation and destabili-
zation observed in the overrun measurement. Liquid drainage was
differently prevented by adding LBC and LBD bacteria. The drainage
stability was most likely maintained by two contributory factors which
included the local viscosity and capillary effects. An overall higher sta-
bility of LBC samples may be explained by the strong Pickering effect of
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LBC, where their irreversible adsorption increased the local shear
rheology of the air-water interface that was initially formed by CS and
HPMC components; this eventually imparted foam stability by inhibiting
drainage and rupture of liquid film (Dickinson, 2017; Murray et al.,
2011). Likewise, LBD samples containing HPMC exhibited much higher
drainage stability than the CS-only sample also due to the higher bulk
viscosity and local viscosity of liquid film ensured by HPMC polymer.
Besides the dominance of viscosity, capillary effects induced by the
aggregation of non-adsorbed bacteria might also play roles in holding
liquid inside the foam structure. Indeed, compared with LBD, LBC
exhibited apparently stronger aggregation in the whipped foam, inde-
pendent on formulations, and therefore drainage was markedly inhibi-
ted in LBC samples due to the entanglements of irregular bacterial
aggregates in continuous phase, eventually better holding liquid inside
the solid network through capillary effects. Even though the amount of
non-adsorbed LBC cells was diminished due to their high adsorption at
air-water interfaces, the strong aggregation ability of hydrophobic LBC
still mimicked the partial coalescence of fat globules in continuous
phase.

Besides drainage stability, the whipped cream also needs to display a
solid-like behavior to stand and support its own weight, which is in turn
determined by the strength of solid network, in this case, the aggrega-
tion of bacteria and subsequent network formation. Although bacterial
aggregation is a complex outcome of multiple factors, it could be still
understood from a physicochemical point of view through the surface
properties of the bacteria. Both the aggregation assay and static light
scattering of fresh whipping cream demonstrated the comparable ag-
gregation of LBC and LBD in the initial time, whereas LBC tended to
show stronger aggregation along with storage time and whipping pro-
cess. Considering the similar electrostatic effects shown by two strains,
the difference in their long-term aggregation was most likely driven by
the steric forces and hydrophobic interactions. To elaborate, the high
surface hydrophobicity of LBC was primarily rendered by the presence
of surface-layer proteins, which are regular crystalline arrays covering
the cell envelope (Smit et al., 2001; Toba et al., 1995). Therefore,
compared with LBD lacking such structures (Greene & Klaenhammer,
1994), the steric interactions of LBC was much weaker due to high
surface compactness, which combined with their stronger hydrophobic
attractions between cells, ultimately led to more severe aggregation of
LBC than LBD. After whipping, the considerably higher G’ values of LBC
samples than LBD samples confirmed the higher strength of LBC ag-
gregates resulting in more solid-like properties, whereas in the mean-
time a higher damping of LBC samples simultaneously indicated
somewhat liquid-like characters, probably due to their stronger ability
to also retain liquid inside. Furthermore, the two added components, CS
and HPMC, displayed distinctly different functions in systems of LBC and
LBD. Based on the CLSM results, the CS component seemed to show
affinity to both strains according to their co-localization with bacteria
potentially via hydrophobic interactions (Ly et al., 2008), which
explained the stronger interactions of CS with the hydrophobic LBC than
the hydrophilic LBD. This further contributed to the strong bacterial
aggregation in LBC samples, and therefore CS-containing LBC samples
typically resulted in larger bacterial aggregates and higher G’ values. In
contrast, HPMC played a more predominant role in creating stiffness of
LBD samples, as seen from the higher G’ values of HPMC-containing
formulations, potentially by inducing depletion flocculation of bacte-
ria. This effect was clearly reflected in CLSM graphs of LBD samples that
bacteria were squeezed away near the HPMC-rich areas of
non-fluorescent dark rings, whereas the depletion flocculation was less
pronounced for LBC samples according to the nearly unaffected dark
areas by HPMC, also possibly indicating a higher compatibility of LBC
and HPMC in the continuous phase.

In the present study, the two representative strains LBC and LBD,
showing similar zeta potential but different hydrophobicity, were
selected from the local strain collection, and they can be in principle
replaced by any other strains or even species showing appropriate
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surface properties such as Pickering adsorption and cell aggregation.
Together with the bacteria, proper hydrocolloids should be combined to
further promote the air incorporation, bulk viscosity and bacterial ag-
gregation. The areas depleted of bacteria should mostly appear in the
continuous phase instead of on the air-water interface, and thus allowing
direct contact between aggregated bacteria and air-bubbles and this
would better contribute to the building of bacterial network mimicking
the structural role of solid fat. Moreover, the demonstration of food
formulations based on such large quantity of lactic acid bacteria leads to
the questions of the safety and nutritional aspects of lactic acid bacteria.
First, lactic acid bacteria are Generally Recognized as Safe (GRAS)
(Avall-Jaaskeldinen & Palva, 2005) and their use in foods can also bring
additional functionalities such as the enhancement of flavor, and po-
tential health-promoting effects by inhibiting the colonization and toxin
production of pathogenic or spoilage bacteria in human gastrointestinal
tract (Wallis et al., 2019). Even though previous studies have assigned
the energy contents of many bacteria and yeasts (Prochazka et al., 1970,
1973), the values will only be consumed if the bacteria are fully digested
rather than colonizing in human intestine and excreted afterwards.
Therefore, it is believed that using lactic acid bacteria as structural
building blocks might lower the food energy density compared with
colloidal foods based on fat globules. However, this should be investi-
gated separately in future. Further, the economic feasibility of the
concept can also be a consideration, as lactic acid bacteria are normally
used in small quantity in foods as either starting cultures or probiotic
ingredients, and their production involves highly-refined carbohydrates
which makes them rather high-value products. In order to be used as
structural building blocks in large quantities, more focuses should be put
on the large-scale production of lactic acid bacteria based on less-refined
raw materials from e.g. side stream, and thus obtaining a better cost
efficiency. On top of that, the unchanged viability in the present study
and reported probiotic properties of LBC and LBD (Li et al., 2021;
Moro-garcia et al., 2013) can provide additional insight into the devel-
opment of functional colloidal foods with enhanced health-promoting
effects. Future studies could include monitoring bacterial viability
over a longer and more realistic storage period prior to whipping and
consumption of the product.

5. Conclusion

Non-fat whipping cream analogues with high overrun and drainage
stability were formulated using lactic acid bacteria as natural structural
building blocks with the combination of CS and HPMC components.
Overall, the major achievement of this work was not the creation of
foam that can be done by using any surface-active component, but the
formation of wet, slow-draining and stiff foam with the standing ability
to support its own weight, and such functionality traditionally achieved
by saturated fats was successfully obtained by using lactic acid bacteria
with aggregating ability. More hydrophobic LBC strain showing stronger
aggregating properties, created whipped cream with higher stiffness and
liquid retention ability than the hydrophilic LBD strain, due to the strong
Pickering stabilizing capacity and network forming capability of LBC
bacteria. The aggregation of two strains was differently enhanced by
adding components HPMC and CS in the formulated system, where CS
better promoted the aggregation of LBC via strong hydrophobic in-
teractions, while HPMC induced stronger aggregation of LBD due to the
effect of depletion flocculation. This yielded higher stiffness of the cor-
responding formulations containing LBC and LBD. However, the initial
air incorporation of whipped cream was seen independent on the
involved strain, which was instead only determined by the properties of
HPMC and CS regarding their surface activities and improvements in
bulk viscosity. Considering that neither the added components nor the
whipping process caused detrimental effects on bacterial viability,
together with the weakly-acidic pH and nitrogen source present in the
formulated systems, potential strategies can be developed in the future
to ensure the survival and even proliferation of bacteria in the whipped
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structures after processing or long-term storage. This will further open
the possibility of using the natural lactic acid bacteria as both structural
building blocks and probiotic food components.
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