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A B S T R A C T   

Probiotic formulations containing lecithin phospholipids have been shown to extend their viability. However, the 
protective effect of lecithin and the properties of the mixtures of lecithin and probiotic cells in aqueous media 
have not been fully documented. The aim of this study was to investigate the interactions between Bifido-
bacterium animalis ssp. lactis (Bifido) probiotics and lecithin. The lecithin-Bifido interactions were dependent on 
lecithin concentration. FTIR and Raman spectroscopy suggested that Bifido cells interacted with lecithin mole-
cules, mainly through hydrophobic interactions. At the lecithin concentration of 0.1%.w/v, Bifido lost only about 
17% of their viability over 56 days, while free Bifido probiotics (without lecithin) lost about 66% of their 
viability in the same time period. Furthermore, flow cytometer side scatter plots also showed that Bifido-lecithin 
samples at 0.1.%w/v lecithin, showed the lowest side scatter, which is indicative of lower cellular stress and a 
more stable environment to preserve Bifido cells viability over time.   

1. Introduction 

Probiotics are a group of living bacteria that exert health beneficial 
effects when they inhabit the human gut (Riaz & Masud, 2013; Shin & 
Han, 2015). Probiotics can be classified into three types: lactic acid 
bacteria, non-lactic acid bacteria, and yeast (Shin & Han, 2015). 
Lactobacillus and Bifidobacterium genera are the most used probiotics in 
commercial food products (Yao et al., 2020). 

Bifidobacterium animalis ssp. lactis (Bifido), in particular, has a great 
potential as a probiotic (EFSA, 2011). It expresses a good fermentation 
activity, has high aerotolerance, good stability and a high acid tolerance 
(Jungersen et al., 2014). Due of its high redox potential in the colon flora 
ecosystem, Bifido is very resistant to low pH, digestive enzymes, and bile 
acids (Jungersen et al., 2014). Even so, like most of the probiotics, the 
inclusion of Bifido in food products is still challenging, as they tend to 
lose their viability during the food processing and storage, as well during 
their journey within the Gastrointestinal Tract (GIT) over time (Mutu-
kumira et al., 2015; Riaz & Masud, 2013; Yao et al., 2020). 

By coating bacteria, the microorganisms can be protected and sub-
sequently their stability can be enhanced (Terpou et al., 2019). Diverse 
ingredients have been studied as protective agents for probiotics 
including polysaccharides, proteins, and lipids (Gaudino, 2018; Riaz & 

Masud, 2013; Yao et al., 2020). 
Lecithin consists of mixtures of phospholipids, triglycerides, and 

glycolipids. The major phospholipids of soy lecithin are phosphatidyl 
ethanolamine, phosphatidyl choline, and phosphatidyl inositol. Phos-
phatidyl choline is part of the molecular structure of the biological 
membranes. It is formed by two hydrocarbon chains, one saturated and 
one unsaturated, which constitute the hydrophobic part of the molecule 
and a glycerol, phosphate group, and choline that constitute the hy-
drophilic part (Adriana et al., 2014). Lecithin has also surface-active 
properties and it has been widely used as surfactant in the food and 
pharmaceutical industry (Adriana et al., 2014; Belitz et al., 2009). Since 
commercial lecithin’s are complex mixtures of lipids, their HLB 
(Hydrophilic-Lipophilic Balance) values lie within a wide range (Belitz 
et al., 2009). Lecithin has the ability to protect various bioactive com-
pounds (hydrophilic or hydrophobic) due to its ability to self-assemble 
into lipid vesicles (Adriana et al., 2014). It has been proved as stabi-
lizer for vitamins (e.g. vitamin A and E) (Adriana et al., 2014). 
Furthermore, lecithin has also been used as an excipient in probiotics 
formulations. When lecithin and other coating materials, such as algi-
nate or milk proteins were used, the probiotics showed higher cell 
viability after storage, and higher resistance to gastric conditions 
(Albadran et al., 2018; Bollom et al., 2020; Donthidi et al., 2010a; Huq 

* Corresponding author. 
E-mail address: anac@food.dtu.dk (A.C. Mendes).   

1 Equal contribution from the authors. 

Contents lists available at ScienceDirect 

Food Bioscience 

journal homepage: www.elsevier.com/locate/fbio 

https://doi.org/10.1016/j.fbio.2022.102268 
Received 4 October 2022; Received in revised form 25 November 2022; Accepted 28 November 2022   

mailto:anac@food.dtu.dk
www.sciencedirect.com/science/journal/22124292
https://www.elsevier.com/locate/fbio
https://doi.org/10.1016/j.fbio.2022.102268
https://doi.org/10.1016/j.fbio.2022.102268
https://doi.org/10.1016/j.fbio.2022.102268
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fbio.2022.102268&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Food Bioscience 51 (2023) 102268

2

et al., 2017; Lisová et al., 2013). Lecithin has also been proven to pre-
serve the viability of probiotic cells, such as Lactobacillus plantarum 
strains and Bifidobacterium lactis, against the action of bile salts, due to 
the protective effect of the self-assembled lecithin vesicles (Chen et al., 
2012; Hu et al., 2015). More specifically, changes in the hydrophobicity 
and in the fatty acid composition were detected in cells cultured with soy 
lecithin, enabling cells to grow in higher bile salt content environment 
(Hu et al., 2015). Chen et al., suggested that lecithin indirectly protects 
encapsulated probiotics in chitosan-coated alginate microcapsules, by 
relieving environmental stress factors (Chen et al., 2012). Zhuang et al. 
have observed that the entrapment of probiotic bacteria (Lactobacillus 
acidophilus, and Bifidobacterium lactis) in a semisolid soy lecithin oleogel 
emulsion could enhance their survival and delay oxidative reactions 
(Zhuang et al., 2021). Furthermore, the encapsulation of Lactobacillus, 
Bifidobacterium species and Lactococcus lactis within alginate beads with 
egg lecithin, enhanced the survival and the stability of the probiotics 
during freeze-drying and shelf storage (Donthidi et al., 2010b). 

Despite the above studies, to the best of our knowledge, the protec-
tive effect of lecithin on the viability of probiotics in aqueous media have 
not been fully documented. Therefore, the aim of this study was to 
investigate the possible interactions of lecithin and Bifido cells in 
aqueous media. The effect of lecithin concentration on Bifido surface 
properties (charge, hydrophobicity) was also assessed, and correlated 
with the long-term stability of probiotics. 

2. Materials and methods 

2.1. Materials 

Probiotic cells Bifidobacterium animalis ssp. lactis (Bifido) were pro-
vided by Chr-Hansen A/S (Hørsholm, Denmark) at concentration of 
3.1011 CFU/g (the cells were stored at − 80 ◦C). Deoiled soya lecithin 
powder P 900 IP was supplied from Lecico, Hamburg, Germany. Sodium 
chloride (NaCl) (Merck, Kenilworth, NJ, USA) and tryptone (Oxoid, 
Hampshire, UK) were utilized for the preparation of isotonic solutions 
during viability measurements. Potassium dihydrogen phosphate 
(KH2PO4) (VWR International, Leuven, Belgium) was dispersed and 
used as suspending medium for the evaluation of the bacterial surface 
properties and hexadecane (Thermo Fisher Scientific, Waltham, MA, 
USA) for measuring the hydrophobicity. The dual staining LIVE/ 
DEAD™ BacLight™ Bacterial Viability Kit (L-7012, Molecular Probes, 
Eugene, OR, USA) consisting of the fluorophores SYTO9 and propidium 
iodide (PI) was used for the viability tests by flow cytometry. 

2.2. Sample preparation 

Lecithin was dispersed at different concentrations (Table 1) in milliQ 
water and filtered through a Q-Max RR 1 μm glass fiber disposable sy-
ringe filter (Frisenette, Knebel, Denmark). Bifido was defrosted at room 
temperature, was added to the lecithin solutions at a concentration of 
3.1010 CFU/mL, and was stirred for 1 h. Following the stirring, the cells 
were washed, which consisted on centrifuging at 7000 rpm for 2 min and 
replacing the supernatant with milliQ water (3 times) prior the different 
analyses. 

2.3. Optical microscopy 

Bifido probiotics and Bifido-lecithin samples were observed by re-
flected brightfield microscopy utilizing an Olympus U-LH100-3 micro-
scope (Olympus Corporation, Tokyo, Japan) equipped with Retiga 6000 
CCD camera (QI imaging British Columbia, Canada). 

2.4. Fourier-transform infrared (FTIR) and Raman spectroscopies 

The ATR-FTIR spectra of oven-dried samples (37 ◦C for 24 h (Davachi 
et al., 2021)) were recorded on the ATR accessory of FT-IR spectrometer 
(Nicolet iS50, Thermo Fisher Scientific, Waltham, MA, USA) at room 
temperature. The control of the instrument and the collection of data 
were processed using the OMNIC software (Thermo Fisher Scientific, 
Waltham, MA, USA). The spectra were recorded within the range of 
4000-400 cm− 1. For measurements, 32 scans were coadded and aver-
aged, with a spectral resolution of 4 cm− 1. 

Raman analysis was performed using DXR 3 Raman microscope 
(Thermo Fischer Scientific, Waltham, MA, USA) with a 532 nm laser at a 
laser power of 8 mW delivered on the sample. Samples were manually 
focused using the ×100 magnification and 50 pinhole aperture. The 
OMNIC software was used to control the instrument and collect data. 
The spectra were recorded within the range of 4000-200 cm− 1. Inte-
gration time and number of scans were respectively set at 20 s and 5 
scans. 

2.5. Bacterial cell surface hydrophobicity 

The hydrophobic/hydrophilic character of the surface of Bifido 
probiotic cells was evaluated by the microbial adhesion to hexadecane 
(MATH) assay (Deepika et al., 2009). Samples of different concentra-
tions of lecithin were dispersed in 10 mM KH2PO4 in total of 5 ml so-
lution, filtered through 0.1 μm syringe filter, mixed with 0.5 mL bacteria 
for 1 h and diluted until optical density (OD) of the bacterial suspensions 
reached 0.8 at 600 nm (OD600). An equal volume of 2 mL of the 
Bifido-lecithin suspension and hexadecane were vortexed for 1 min and 
left to stand for 20 min until complete phase separation. The aqueous 
phase was removed and its OD600 was measured by a spectrophotometer 
(NanoDrop One, Thermo Fisher Scientific, Waltham, MA, USA). 

The percentage of microbial adhesion to hexadecane (or % Hydro-
phobicity) was estimated by the following equation: 

% Hydrophobicity =

(
1 − А1

А0

)

× 100  

where A0 is the initial absorbance of the cell suspension and A1 is the 
absorbance after phase separation. Both A0 and A1 were measuredat 
600 nm. Samples were prepared in triplicate. 

2.6. Zeta potential 

The samples were prepared as described in section 2.2. and ho-
mogenized by gently pipetting prior measurements. Zeta potential 
analysis were performed using a Malvern Zetasizer NanoZS (Malvern 
Instruments, Worcestershire, UK) at 25 ◦C in quintuplicate. For Zeta 
potential determination, the measured electrophoretic mobilities were 
converted to zeta potential using the Helmholtz-Schmoluchowski 
equation. 

2.7. Cell viability and aggregation 

The viability of the Bifido and Bifido-lecithin samples incubated at 4 
◦C, as a function of time (0–56 days), was determined by Flow Cytom-
etry. The samples were dispersed in 0.85%.w/v sodium chloride (NaCl) 
and 0.1%.w/v peptone (tryptone) solution, washed to remove excess of 
lecithin, homogenized by vortexing and stained with the dual staining 

Table 1 
Sample designation for lecithin and lecithin-Bifido samples.  

Sample designation Lecithin (%.w/v) Bifido 

L0B 0 3.1010 CFU/mL 
L1B 0.01 3.1010 CFU/mL 
L2B 0.1 3.1010 CFU/mL 
L3B 1 3.1010 CFU/mL 
L1 0.01 – 
L2 0.1 – 
L3 1 –  
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kit BacLight™ consisting of the fluorophores SYTO9 (Excitation/Emis-
sion: 485⁄498 nm) and propidium iodide (PI) (Excitation/Emission: 
535⁄617 nm). The flow cytometric analysis of probiotics viability was 
executed with the BD Accuri™ C6 Plus system (BD Biosciences, Franklin 
Lakes, NJ, USA) at low flow rate (14 μL/min), fixed maximum volume of 
collected sample at 10 μL and adjusted cell concentration according to 
the instructions of the manufacturer (1.103 and 5.106 cells/mL). The 
experiments were executed in triplicates. 

2.8. Statistical analysis 

For the data analysis, values were expressed as means ± standard 
deviation. Student’s T-test was applied to determine statistical signifi-
cance using Excel software. One-tailed unpaired t-test with 95% confi-
dence interval was considered statistically significant if P < 0.05 (*), P 
< 0.01 (**), and P < 0.001 (***). 

3. Results and discussion 

3.1. Morphology 

Fig. 1 shows the optical microscopy images of lecithin and lecithin- 
Bifido, at lecithin concentrations of 0 (L0), 0.1(L2), and 1%.w/v (L3). 
On lecithin images, lecithin particles are clearly observable (dark 
rounded particles) with a few hundred nanometres in size (e.g. micelles 
(Rana et al., 2017), sample L2). Above 0.1%.w/v of lecithin, larger size 
particles (about 2 μm, vesicles (Lasic & Martin, 1990)) were also 
observed and their presence increased (L3), comparatively to L2. 

Bifido cells (L0B) displayed a typical rod-like structure as observed in 
our previous studies (Moreno et al., 2021). In Bifido-lecithin samples, 
lecithin particles below micrometer range were not observed for sample 
L2B, and larger lecithin particles such as the vesicles observed in the 
control lecithin sample, appear only at 1%.w/v of lecithin-Bifido 

Fig. 1. Optical microscopy photos of lecithin (L2 and L3) and Bifido-lecithin samples (L0B, L2B and L3B) at lecithin concentrations of 0 (L0), 0.1 (L2), and 1%.w/v 
(L3). Insert photo in sample L3B shows lecithin self-assembled particles surrounding Bifido probiotics. Photos were acquired at ×100 magnification, in the 
bright field. 
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samples (sample 32B). Bifido probiotics presence seems to disrupt the 
natural formation of lecithin self-assembled structures, as the small sized 
particles could not be seen in Bifido lecithin samples up to 0.1%.w/v. 
Interactions between lecithin and Bifido probiotics may explain this 
disruption by preventing lecithin to self-assemble into particles. The 
concentration of lecithin may need to be sufficiently high (e.g., 1%.w/v 
of lecithin) so that self-assembly of lecithin into particles is not affected 
by the presence and interaction with Bifido probiotics. 

One main hypothesis was that, through interactions with Bifido 
probiotics, lecithin phospholipids could form a coat around Bifido cells. 
However, spontaneously formed lecithin vesicles could also still interact 
with Bifido probiotics as it can be observed on Bifido-lecithin at 1%.w/v, 
where some larger particles seemed to be surrounding Bifido probiotics 
(Fig. 1, sample L3B). Kosmerl et al. also observed interactions of lipids- 
probiotics, trough the attachment of milk fat globule membrane to the 
surface of the membrane of lactic acid bacteria (Kosmerl et al., 2021). 

3.2. FTIR and Raman spectroscopy 

The FTIR spectra of Lecithin control samples (Fig. 2b), shows the 
main typical alkane bands at 3009, 2954, 2923, 2853, and 1465 cm− 1 

respectively for asymmetric CH2, antisymmetric CH3, antisymmetric 

CH2, symmetric CH2 and CH2, scissoring bend vibrational modes. The 
band located at 1736 cm− 1 is assigned to carbonyl C=O stretching vi-
bration; finally, the region between 1200 and 900 cm− 1 can be associ-
ated with PO2

− and P–O–C vibrations (Kuligowski et al., 2008). 
Bifido main peaks are shown in Fig. 2a. Herein alkane bands can be 

distinguished at 2960, 2927, 2854 and 1451 cm− 1 respectively for 
asymmetric CH3 asymmetric CH2, symmetric CH3 stretching of the 
nonpolar site of phospholipid bilayer and CH2 bending vibrational 
modes. The bands at 1535 cm− 1 and 1396 cm− 1 are respectively 
assigned to coupled N–H bending, C–N stretching vibrational modes 
(Amide II) and symmetric C=O stretching of COO− ; and the range from 
1200 to 900 cm− 1 is associated with C–O–C and C–O ring vibrations of 
cell membrane carbohydrates (Dianawati et al., 2012; Santos et al., 
2015; Shakirova et al., 2010). 

As it can be observed in Fig. 2a, at the lowest lecithin concentrations 
of 0.01%.w/v (sample L1B), Bifido-lecithin samples spectra look very 
close to the spectrum of individual Bifido bacteria (sample L0B). How-
ever, when lecithin concentration was increased a progressive change 
could be seen in fatty acids spectral range, from 3100 to 2800 cm− 1. 
Herein the peaks assigned to Bifido presence at 2960 and 2927 cm− 1 

disappear and are progressively overlayed by main lecithin peaks at 
3011, 2955, 2924, and 2853 cm− 1. These changes in fatty acids spectral 
bands indicate interactions between the existing –CH groups in the cell 
lipid wall of the bacteria (Faghihzadeh et al., 2016) and lecithin. FTIR 
spectra suggests hydrophobic interactions between Bifido probiotics and 
lecithin. 

Moreover, three recurrent shifts to higher wavelengths in the main 
bands characteristic of Bifido with the addition of lecithin were 
observed: Amide II band at 1535 cm− 1 shifts to 1541 cm− 1; CH2 bending 
band at 1451 cm− 1 shifts to 1455 cm− 1 and P–O–C vibration band at 
1035 cm− 1 shifts to 1042 cm− 1. A shift to lower wavelength can also be 
observed for symmetric P=O stretching of PO2

− , from 1235 to 1232 
cm− 1. FTIR shifts have also been observed for alginate beads loading 
Streptococcus thermophilus and Lactobacillus delbrueckii subsp. bulgaricus 
(Vodnar et al., 2010) and in the encapsulation of Pediococcus acidolactici 
probiotics in starch microcapsules (Ahmad et al., 2019) confirming the 
entrapment of those probiotics within the respective coating materials. 

Bifido cells may also have an impact on lecithin self-assembled 
structures. As shown in Fig. 3, by calculating the ratio of the area of 
the band at ~2930 cm− 1 and ~2855 cm− 1, an indication of the changes 
of the lateral packing order of lecithin alkyl chain can be assessed 
(Cavallaro et al., 1995). 

Fig. 2. FTIR spectra of a) Bifido-lecithin and b) lecithin samples, at different 
lecithin concentrations. 

Fig. 3. Area ratio Ã2923/Ã2853 from FTIR measurements for lecithin and Bifido- 
lecithin samples, at different lecithin concentrations. Presented results are 
average of independent experiments and are presented as mean ± stan-
dard deviation. 
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In Bifido-lecithin samples, a significant increase of the area ratio 
attributed to the decrease of lateral packing order of lecithin alkyl chain 
(Cavallaro et al., 1995) was observed. This is in accordance with the 
disruption of the lecithin vesicles formation, for concentration below 
1%, as seen by optical microscopy (Fig. 1). At the concentration of 1.% 
w/v no significant differences between the area ratio values of lecithin 
controls (L3) and Bifido-lecithin (L3B) were noticed. The proximity of 
those values suggest lecithin self-assembled particles are less disturbed 
and hence less interactions Bifido-lecithin are anticipated. 

Raman spectra have also been collected to complement FTIR mea-
surements (Fig. 4). Fig. 4b shows the main lecithin peaks assigned at 
3010, 2896, 2850 cm− 1, which correspond to asymmetric CH3, asym-
metric CH2 and symmetric CH2 stretching vibrations, respectively 
(Tantipolphan et al., 2006). The peaks at 1439 and 1302 cm− 1 are 
assigned to CH2 deformation vibrations, and the peak at 1657 cm− 1 is 
associated with C=O stretching vibration of amide groups. 

The main Bifido peaks (Fig. 4a) are those assigned to CH3 and CH2 
stretching vibrations at 2937 cm− 1. The peak at 1457 cm− 1 stands for 
CH2 deformation, and finally peak at 1667 cm− 1 can be associated with 
C=O stretching vibrations of amide (Santos et al., 2015). 

When looking at Bifido-lecithin samples, two main (and recurrent) 
shifts in peaks from the spectrum of individual Bifido can be observed: 
C=O stretching vibration band from amide groups shifts from 1667 to 
1656 cm− 1 and CH2 deformation band shifts from 1457 to 1446 cm− 1. 
Like observed in FTIR spectra, Raman spectra also shows Bifido peaks 

that shifted to wavelengths closer to lecithin characteristic peaks, and 
peak intensities increased with the increase of lecithin concentration 
(Fig. 4a). However, the fact that the peak at 2937 cm− 1, from Bifido 
spectrum is still observable in lecithin-Bifido samples and remained in 
the same exact position, regardless the lecithin concentration, suggests 
that the shifts observed in the spectra are not only due to lecithin con-
centration increase, but due to interactions between these components. 

To conclude, FTIR and Raman spectroscopy results confirm in-
teractions between Bifido probiotics and lecithin. 

Interactions of Lactobacillus probiotics with phospholipids from the 
milk fat globule membrane either through adsorption in the cell enve-
lope or incorporation of the phospholipid molecules in the cell have 
been observed (Ortega-Anaya et al., 2021). The shifts observed for FTIR 
and Raman results occur mainly for the same functional groups, amide 
and alkane (CH2) groups, which suggest interactions between lecithin 
and Bifido probiotics membrane, in certain regions of both components. 
Thus, shift in CH2 groups suggest interactions in the hydrophobic re-
gions of Bifido probiotics membrane with lecithin, as supported by the 
overlay of Bifido peaks with lecithin peaks for both FTIR and Raman 
particularly with the increase of lecithin concentration. Moreover, 
Bifido probiotic strain is strongly hydrophobic, and may create hydro-
phobic interactions with hydrophobic regions of lecithin i.e., alkyl 
chains (Fig. 3). Shifts in amide groups suggest existing interactions with 
Bifido membrane protein as observed in several recent studies suggest-
ing interactions of added phospholipid ingredients (milk phospholipids) 
with bacterial cell surface proteins (Brisson et al., 2010; Kosmerl et al., 
2021; Zhang et al., 2020). Finally, the other shift in FTIR results for 
P–O–C and P=O groups suggest that an interaction may occur with 
phosphoric groups in bacterial lipid structures (phospholipids) (Huang 
et al., 2017; Jiang et al., 2010), but also from bacterial cell lipopoly-
saccharides (Faghihzadeh et al., 2016; Jiang et al., 2010). 

3.3. Cell surface hydrophobicity 

The changes of hydrophobicity of Bifido cells surface after the 
addition of different concentrations of lecithin are presented in Fig. 5. 
Bifido cells (L0B) presented a hydrophobic surface (87 ± 5%), which 
suggests that it can adhere to nonpolar substances in contact with water 
(Deepika et al., 2009), or amphiphilic molecules like lecithin. 

Fig. 5 shows that increasing the concentration of lecithin led to a 
decrease of Bifido probiotics surface hydrophobicity. This is particularly 
seen for lecithin concentrations above 0.1.%w/v (L2B), where the sur-
face hydrophobicity of Bifido decreased to 50.5 ± 8.3%. The hydro-
phobicity of the sample L3B (1%.w/v of lecithin) decreased to 22.3 ±

Fig. 4. Raman spectra of a) Bifido-lecithin and b) lecithin samples at different 
lecithin concentrations. 

Fig. 5. Cell surface hydrophobicity of Bifido cells (L0B) and Bifido cells with 
different concentrations of lecithin. 
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4.8%. Bifido’s surface hydrophobicity changed, mainly due to the Bifido 
surface interactions with lecithin, as a consequence of hydrophobic in-
teractions between Bifido cell membrane and lecithin molecules, as 
observed in FTIR and Raman results. 

3.4. Probiotics surface charge 

Fig. 6 presents the effect of the lecithin concentration on the zeta 
potential of lecithin and Bifido-lecithin samples. The zeta potential of 
lecithin (Fig. 6a) confirms the negative charges of lecithin structures, as 
seen in other studies (Chuah et al., 2009; Mendes et al., 2016). As the 
lecithin concentration increased to 0.1%w/v (sample L2), an increase in 
the zeta potential was observed to − 56.7 ± 1.2 mV. Beyond the lecithin 
concentration of 0.1.%w/v, zeta potential decreased to − 27.4 ± 1.1 mV, 
(sample L3). 

For Bifido-lecithin samples, a decrease in the surface charge was 
observed when comparing lecithin samples of the same lecithin con-
centration. The decrease of zeta potential with presence of lecithin could 
suggest some charge related interactions (Cé et al., 2021a). 

The zeta potential value of Bifido (L0B) was about − 10.6 ± 1.3 mV 
(Fig. 5b), which confirms the electronegative cell surface charge of 
Bifidobacterium strains (Gómez Zavaglia et al., 2002). These negative 
values indicate that the surface of the bacteria would present predom-
inantly anionic compounds like acidic polysaccharides and proteins that 
contain carboxylate groups (Deepika et al., 2009), as also observed by 
FTIR (Fig. 2). 

The zeta potential of Bifido-lecithin samples increased from − 10.4 
±1 mV (L1B) reaching its’ maximum (− 12.5 ± 1.9 mV) at a lecithin 
concentration of 0.1%.w/v (L2B) and then decreased to − 10.3 ± 2.9 mV 
(L3B) (Fig. 5b). From those results, one would assume Bifido-lecithin 
samples could be more stable at the more negative zeta potential 
value (Cé et al., 2021b) (sample L2B). 

Previous studies, have also shown that the addition of milk phos-
pholipids, to Lactobacillus strains increased bacterial cell surface elec-
tronegativity and enhanced adhesion to intestinal models (mucus- 
producing Caco-2/Goblet cell co-cultures) (Ortega-Anaya et al., 2021). 
The low magnitude of the changes in the zeta potential of Bifido-lecithin 
samples (Fig. 5b), further confirm the minor electrostatic interactions, in 
agreement with the FTIR and Raman data. 

3.5. Probiotics stability 

The effect of lecithin on the viability of Bifido probiotic cells is dis-
played in Fig. 7. The viability of probiotics without lecithin (L0B) 
decreased to 34.4% after 56 days. Bifido-lecithin samples displayed 
viability of 51.6 (L1B), 81.7 (L2B), and 71.9% (L3B) after 56 days for 
lecithin concentrations of 0.01%, 0.1% and 1%.w/v, respectively. These 
results confirms the addition of lecithin improved the viability of 
probiotics. 

Lecithin concentrations of 0.1%.w/v (L2B) seems to have the highest 
protective effect over Bifido cells. The protective effect that lecithin may 
exert on the bacterial cells over time could be related to the hydrophobic 
along with minor electrostatic interactions observed. 

Flow cytometry forward scatter and side scatter dot plots were also 
analyzed. The forward scatter signal is determined by the cell size, 
whereas the side scatter signal is based on granularity or internal 
complexity (Ambriz-Aviña et al., 2014). As shown in Fig. 8, a slightly 
higher forward scatter can be seen for samples of Bifido-lecithin 
comparatively to Bifido cells at Day 0. This suggested that the cells 
might have slightly agglomerated after post-interactions with lecithin, 
contributing to a higher signal of forward scatter. 

After 56 days, a slight decrease in the forward scatter can be seen for 
all the samples, except for L3B. L3B had the highest forward scatter 
probably due to the higher concentration of lecithin that induced higher 
Bifido clusters formation, as also seen in Fig. 1. 

Samples L2B displayed the lowest side scatter after 56 days, which 
can be related with lower cellular stress (Muller et al., 2010). This 
confirms the results observed in Fig. 7, that Bifido cells exposed to 0.1%. 
w/v lecithin (L2B) have a more stable environment comparatively Bifido 

Fig. 6. Zeta-potential of: a) lecithin and b) Bifido-lecithin probiotics (N = 3).  Fig. 7. Viability of Bifido and Bifido-lecithin cells over time (N = 3).  
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Fig. 8. Flow cytometry dot plots of forward scatter (FSC-A) and side scatter (SSC-A) of Bifido and Bifido-lecithin samples using different concentrations of lecithin.  
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cells and to the Bifido cells exposed to other lecithin concentrations. 

4. Conclusions 

Lecithin interacts with Bifido probiotics mainly through hydropho-
bic interactions. The extent of the lecithin-Bifido interactions was 
observed to be dependent on the lecithin concentration. Higher in-
teractions were observed to happen around lecithin concentration of 
0.1%.w/v, which also provided higher viability and stability to Bifido 
cells. The Bifido cells with lecithin (0.1%.w/v) lost only about 17% of 
their viability over 56 days, while free Bifido probiotics lost about 66% 
of their viability at the same period. Furthermore, flow cytometer side 
scatter plots of Bifido-lecithin samples at lecithin concentration of 0.1%. 
w/v showed the lowest side scatter, indicative of lower cellular stress 
and a more stable environment to preserve Bifido cells viability over 
time. The results presented in the current study proved that interfacial 
interactions of lecithin-probiotics are essential to extend the probiotics 
viability. 
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