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A B S T R A C T   

The present study investigated Spirulina (Arthrospira platensis) protein isolate (SPI) for its ability to preserve the 
biological activity of L. rhamnosus GG (LGG) cells under diverse physicochemical stressors associated with the 
lyophilisation process, storage, and in vitro digestion. The lyoprotective and stabilising effects of SPI were 
compared to whey protein isolate (WPI) and pea protein isolate (PPI). The microstructural, physicochemical, and 
thermal properties of the probiotic lyophilisates were also assessed. Overall, SPI demonstrated superior lyo
protective and storage stabilising effects compared to WPI, although it was less efficient than PPI. Elevated 
storage temperature and relative humidity (RH) conditions accelerated LGG inactivation rates, especially in the 
case of WPI, which was primarily attributed to increased LGG’s metabolic activity. The fermentation of the 
probiotic freeze-drying media impaired LGG’s ability to withstand the physicochemical stressors during lyoph
ilization and storage. However, the pre-fermentation step improved LGG’s resistance to harsh acidic conditions in 
simulated gastric fluids. Bile salts and pancreases did not significantly affect LGG’s survivability, with WPI and 
PPI showing the most effectiveness. Employing an in vitro co-culture model of the gut epithelium, WPI and PPI 
demonstrated satisfactory adhesion of LGG cells to the mucus layer, displaying the highest cell adhesion po
tential. In conclusion, SPI appears to be a promising wall material for probiotic cell encapsulation, serving as an 
alternative to WPI.   

1. Introduction 

Over the past two decades, consumer awareness has steadily 
increased regarding the link between dietary habits, lifestyle choices, 
and the onset of chronic health complications, such as type-II diabetes, 
cardiovascular disease, obesity, and various forms of cancer. This has 
raised the interest of the food and nutraceutical industry stakeholders in 
the identification of new ingredients that exert a multi-faceted techno
logical and bio-functional profile. Microalgae constitute a group of 
morphologically and physiologically diversified unicellular, oxygen- 
evolving, photosynthetic microorganisms found in aquatic environ
ments (Grossmann et al., 2020). Microalgal biomass is a rapidly 

expanding bioresource and is composed of macro- and 
micro-constituents relevant to food, including food biopolymers (e.g., 
polysaccharides, proteins, and lipids) and bioactive secondary metabo
lites (e.g., vitamins, carotenoids, phycobiliproteins, polyphenols, chlo
rophylls, etc.) (Buono et al., 2014; Caporgno & Mathys, 2018; 
Grossmann et al., 2020). It is characteristic that forecasts on the 
microalgal ingredients market indicate an expansion from $977 M in 
2020 to $1487 M in 2028 (Frost & Sullivan, 2023). 

Spirulina is the commercial name of two species of planktonic 
photosynthetic cyanobacteria, namely Arthrospira platensis and Arthro
spira maxima (Soni et al., 2017). Spirulina is one of the richest microalgal 
biomass sources, with its protein content ranging from 60 to 70% 
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depending on the life stage, cultivation conditions and the methodolo
gies implemented for the extraction, isolation and drying (Moreira et al., 
2023). In addition, spirulina proteins have a well-balanced essential 
amino acids composition, and they are well digestible (up to 80%). 
Apart from their high biological value, Spirulina proteins have good 
techno-functional properties. They have been successfully employed in 
the structuring, stabilising and texturing of processed novel foods due to 
their multifaceted techno-functionality such as good water solubility (up 
to 67%) (Chen et al., 2019), high interfacial activity (Bertsch et al., 
2021), good water and oil holding capacity (Boukhari et al., 2018), as 
well as fair gelation (Shkolnikov Lozober et al., 2021) and film forming 
capacity (Benelhadj et al., 2016). Hitherto, the technological relevance 
of spirulina to the functional food industry has been showcased in 
cereal-based products such as pasta, bread and biscuits, extruded snacks, 
fermented dairy products such as yoghurt and cheese, meat analogues, 
vegetable-based preparations, etc. (Lafarga et al., 2020). Additionally, 
the use of raw spirulina biomass or its bioactive fractions in the pro
duction of food supplements imparting several health conferring bene
fits, including prebiotic effects, immunostimulatory, anti-inflammatory 
and antitumor activity, neuroprotective effects, and alleviation of the 
metabolism disorders, is well established (Bortolini et al., 2022). 

The term probiotics is used to define human gut relevant commensal 
and microbes consortia having generic or core effects on gut physiology 
and homeostasis or supporting the health of the reproductive tract, oral 
cavity, lungs, skin and gut-brain axis (Hill et al., 2014). Although pro
biotics are naturally present in many fermented foods such as yoghurt, 
cheese, kefir, sauerkraut, kimchi, natto etc. (Şanlier et al., 2019), the 
fortification of processed food and nutraceutical formulations is an 
alternative way to administer a sufficient amount of living probiotic 
cells via the oral route (Kiepś & Dembczyński, 2022). In the latter case, 
encapsulation, i.e., the physical engrafting of labile bioactives 
(including living cells) in a structurally and/or interfacially engineered 
colloidal micro- or nano-template, is a very efficient technological 
approach to preserve the inherent biological activity of probiotics (Gu 
et al., 2022; Kiepś & Dembczyński, 2022; Yao et al., 2020). An efficient 
encapsulation system for probiotics should allow satisfactory protection 
against common physicochemical stressors encountered during pro
cessing and storage, such as heat, pH, water vapour, oxygen, osmotic 
stress, mechanical injuries, etc. (Capozzi et al., 2016; Gu et al., 2022; 
Yao et al., 2020). In addition, it should be easily programmable to 
minimise the cells’ sublethality during gastrointestinal transit and pro
vide sustained matrix disintegration, controlled release of the probiotic 
cells, and good cell adhesion to the gut mucosal tissue (Dos Santos 
Morais et al., 2022; Garcia-Brand et al., 2022; Gu et al., 2022; Seifert 
et al., 2019). Anhydrobiotic technology, i.e., the production of 
xero-carriers embedding living cells produced via lyophilisation or 
spray-drying, is considered as the commonest strategy for probiotics 
encapsulation (Aschenbrenner et al., 2015; Burgain et al., 2015). In view 
of composition, probiotic xero-carriers comprise at least one structuring 
thermoplastic biopolymer (e.g., starch, gums, proteins, etc.) and a lyo- 
or thermo-protective agent (e.g., sugars, polyols, maltodextrins) 
(Broeckx et al., 2017; Schwab et al., 2007). On many occasions, the 
incorporation of probiotic cell growth-promoting agents, i.e., prebiotics, 
such as inulin, galacto-oligosaccharides, fructo-oligosaccharides etc., 
can confer a significant preventive role against probiotics sub-lethality 
due to extrinsic stressors (Capela et al., 2006). 

Recent studies have pinpointed the Lactobacilli and Bifidobacteria 
growth-promoting role of Arthrospira platensis biomass and its extracel
lular microalgal extracts (Meireles Mafaldo et al., 2022; Ricós-Muñoz 
et al., 2023). Ricós-Muñoz et al. (2023) demonstrated that the supple
mentation of modified MRS substrate with Spirulina extracts resulted in 
a significant stimulation of the growth of L. rhamnosus GG favouring the 
production of exopolysaccharides (EPS) and short chain free fatty acids 
(SCFAs) such as acetate, propionate, and butyrate under anaerobiosis for 
72 h, an effect that was attributed to the presence of non-digestible ol
igosaccharides (NDOs). 

The present study focused on the use of Spirulina (Arthrospira pla
tensis) protein isolate (SPI) in lyophilisates engrafting living Lacticasei
bacillus rhamnosus GG (LGG) cells. The research explored various 
methods of structuring the xero-carrier precursors, specifically, through 
a solution or hydrogel prepared via indirect acidification (lactic acid 
fermentation). The resulting xero-carriers were characterised both 
structurally and physicochemically, and the viability of LGG cells during 
freeze-drying, controlled storage, and in vitro gastrointestinal digestion. 
Moreover, the ability of the carriers to promote the adhesion of LGG cells 
onto the mucosa layer of co-culture model of the gut epithelium was 
tested. Whey protein and pea protein isolate-based xero-carrier ana
logues were also prepared to serve as benchmarks. 

2. Materials and methods 

2.1. Materials 

Spirulina biomass was purchased from Sevenhills Wholefoods 
(Sheffield, United Kingdom). Pea protein isolate (PPI, NATURALYS S85 
plus N) with a protein content of 85% wt. and whey protein isolate (WPI, 
PRODIET 90 S) with a protein content of 85.8% wt. were kindly donated 
by Roquette (Lestrem, France) and Ingredia (Arras, France), respec
tively. D-glucose and trehalose were purchased from Sigma-Aldrich 
(Leuven, Belgium) and Louis-François (Croissy-Beaubourg, France), 
respectively. Maltodextrin (Maltosweet 150, 15 DE, Tate & Lyle S.A.) 
was purchased from Elton SA (Athens, Greece). De Man, Rogosa, and 
Sharpe (MRS) precast plates and MRS culture media were purchased 
from Thermo Scientific Oxoid (Merelbeke, Belgium) and Carl Roth 
(Karlsruhe, Germany), respectively. Lacticaseibacillus rhamnosus GG 
(LGG) ATCC 53103 was procured from VTT Technical Research Centre 
of Finland Ltd (Espoo, Finland), while all other chemicals were of 
analytical grade and were purchased from Sigma-Aldrich (Leuven, 
Belgium). 

2.2. Preparation of the Spirulina protein isolate 

Spirulina protein isolate (SPI) was prepared according to the pro
cedure outlined in Fig. 1. In brief, Spirulina biomass powder was 
dispersed in MilliQ water (18.2 mΩ, Millipore Inc., United States) at 
ambient temperature to achieve 10% wt. total solids. The pH of the 
microalgal suspension was then adjusted to pH = 7 using NaOH 5 M and 
kept under magnetic stirring for 2 h at room temperature. To increase 
the extraction yield, the suspension was homogenized 8 times at 1200 
bar (Panda plus 2000, Gea, Germany). Afterwards, the pH was re- 
adjusted to pH 7 with NaOH 5 M. 

For the separation of the soluble protein-rich supernatant from the 
insoluble biomass, the homogenized suspension was centrifuged for 1 h 
at 11,000 rpm and 20 ◦C (Multifuge X3R, Fiberlite F14–6, ThermoFisher, 
Belgium). The supernatant was then dialyzed against MilliQ water using 
a 12 kDa cut-off dialysis membrane (SpectraPor 4 Dialysis Membrane, 
Standard RC Tubing, width flat: 75 mm, Ø 48 mm) for 72 h at room 
temperature to remove the salts used for pH adjustment. The MilliQ 
water was changed every morning and evening during the dialysis 
process. The dialysed SPI solutions were frozen at − 80 ◦C and then 
lyophilised for 7 days (Alpha 1-2LD Plus, Christ, Germany) in a freeze- 
dryer chamber protected from direct light. 

2.3. Proximate composition of the protein isolates 

Ash and moisture content were gravimetrically determined accord
ing to the AOAC standard method. The carbohydrate content was 
determined based on the sulfuric-acid-UV method (Albalasmeh et al., 
2013). Briefly, 3 mL of concentrated sulfuric acid was added to 1 mL of 
0.1% wt. SPI and vortexed for 30 s. The samples were then stored on ice 
to cool down before further use. An aliquot of 200 μL was added into a 
UV 96-well microplate (UV-Star, Greiner, Frickenhausen, Germany), 
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and the absorbance at 315 nm was measured using a UV/VIS Spark 20 M 
microplate reader (Tecan, Männedorf, Switzerland). For the determi
nation of the standard curve, a stock solution of 10% w/v of the 
following monosaccharides, based on the carbohydrate composition of 
SPI, was used: Rhamnose (55%), Ribose (12%), Xylose (6%), Mannose 
(4%), Galactose (7%), and Glucose (16%) (Chaiklahan et al., 2013). The 
protein content was determined with the DUMAS method (nitro
gen-to-protein conversion factor for SPI: 6.21) (Safi et al., 2013) using an 
elemental (CHNS) analyser (Elementar Vario Cube, Langensenbold, 
Germany). Lipids were extracted with n-hexane and determined gravi
metrically. The compositional profile of SPI is given in Table 1. 

2.4. Preparation of the probiotic lyophilisates 

For the preparation of the probiotic lyophilisates, the appropriate 
amount of protein powder (SPI, PPI or WPI) was dispersed into MilliQ 
water (10% wt.) under gentle stirring using an IKA GmbH stirrer 

(Staufen, Germany). The dispersions were stirred overnight to ensure 
the complete hydration of the proteins and were then homogenized 
twice at 800 bar. Afterwards, maltodextrin (12% wt.), trehalose (4% 
wt.), and glucose (1% wt.) were added as cryoprotectants, and the pH of 
the protein dispersions was adjusted to pH 7 with NaOH 0.1 M. The 
obtained solutions were heat-treated at 80 ◦C for 20 min in a shaking 
water bath (SW22, Julabo, Seelbach, Germany) and then cooled down to 
4 ◦C prior to the inoculation with LGG cells. 

The probiotic inocula were prepared according to Hellebois et al. 
(2023). Each protein solution was inoculated with the LGG cells to 
achieve a final microbial load of approx. 10 log CFU g− 1. Then, 1 mL 
aliquots of the LGG inoculated solutions were transferred into sterile 
24-well microplates (CELLSTAR, Greiner Bio-One, Frickenhausen, Ger
many) and either deep-frozen at − 80 ◦C for 2 h (− NT) or left to ferment 
at 37 ◦C until a pH 4.5 was reached (tpH4.5 = 4 h, 1.5 h, 1.5 h for WPI, 
PPI, SPI, respectively) and then, cryogenically processed as mentioned 
above (− F). Ultimately, the samples were freeze-dried for 40 h (main 
stage: 0.120 mbar for 18 h; final stage: 0.010 mbar for 22 h). 

2.5. Physicochemical and microstructural characterisation of the 
probiotic lyophilisates 

2.5.1. Protein secondary structure 
Fourier-Transform Infrared Spectroscopy (FTIR) analyses were per

formed using an Optics Vertex spectrometer (Bruker, Billerica, MA, 
United States) in the Attenuated Total Reflectance (ATR) mode with a 
diamond crystal. 50 scans were used for each spectrum. The baseline 
was measured without the sample and then subtracted from the sample 
spectra. The spectra were analysed within the wavenumber range of 
4000 to 500 cm− 1. For the analysis of the secondary conformational 
stage of the protein, the amide I region (i.e., 1600 – 1700 cm− 1) was 
deconvoluted using Origin2019b (Jackson & Mantsch, 1995). 

2.5.2. Water vapour sorption isotherms 
The water vapour sorption isotherms of the probiotic lyophilisates 

were gravimetrically determined. Initially, the fresh probiotic lyophili
sates were preconditioned at aw = 0 in controlled atmosphere cabinets 
containing P2O5. Then the desiccated samples were stored in various 
RH-controlled hermetically sealed Nalgene acrylic desiccator cabinets 
(ThermoFisher Scientific, Waltham, MA, United States) for 3 weeks at 20 

± 1 ◦C. The following saturated salt solutions were employed: LiCl (aw =

0.11), CH3CO2K (aw = 0.23), MgCl2 (aw = 0.33), K2CO3 (aw = 0.43), Mg 
(NO3)2, (aw = 0.54), NaCl (aw = 0.75), NH4Cl, (aw = 0.79), KCl (aw =

0.85) and KNO3 (aw = 0.94). The obtained water vapour uptake data 
were fitted with the Guggenheim-Anderson-De Boer (GAB, Eq. (1)) 
equation (van den Berg & Bruin, 1981) using Origin2019b: 

X=
XmCkaw

(1-kaw)(1-kaw+Ckaw)
(1)  

where X denotes the water content at the equilibrium relative humidity 
(ERH), Xm the water content at the monolayer, aw the water activity, C a 
constant defining the free enthalpy difference between pure liquid water 
molecules and the monolayer and k is a constant correcting the prop
erties of the multilayer molecules. The total surface monolayer S0 was 
calculated from Eq. (1) as follows (Eq. (2)): 

S0 = Xm
1

MH2O
NAAH2O = 3 .5103Xm (2)  

where MH2O denotes the molecular weight of water (18 g mol− 1), A is the 
surface of a single water molecule (1.06 × 10− 19 m2) and NA is the 
Avogadro number (6 × 1023 molecules mol− 1). 

2.5.3. Thermophysical properties 
Thermogravimetric (TGA) and differential scanning calorimetric 

Fig. 1. Illustration of the procedure implemented for the preparation of Spir
ulina protein isolates. 

Table 1 
Proximate composition (g per 100 g dry matter) and 
extraction yield (%) of spirulina protein isolate (SPI).  

Extraction Yield (%) 13.5 ± 1.9 
Ash 6.3 ± 1.6 
Total carbohydrates 8.1 ± 0.6 
Protein 81.9 ± 3.1 
Lipids 3.7 ± 3.5  

J. Fortuin et al.                                                                                                                                                                                                                                  



Food Hydrocolloids 149 (2024) 109519

4

(DSC) analyses were performed as described in Hellebois et al. (2023). 
The TGA was carried out with a TGA2 STARe system (Mettler Toledo, 
Zurich, Switzerland) and a heating rate of 5 ◦C min− 1 from 30 to 800 ◦C. 
Moreover, the first derivative (DTG) of the thermographs was con
structed with Origin2019b. 

A DSC 3+ System (Mettler Toledo, Zurich, Switzerland) with the 
following heating-cooling protocol was implemented for the DSC anal
ysis: 1) heating from − 30 to 150 ◦C, 2) isothermal hold at 150 ◦C for 5 
min, 3) cooling to − 30 ◦C, 4) heating from − 30 to 150 ◦C. The heating – 
cooling ramps were carried out at a rate of 10 ◦C min− 1. 

2.5.4. Scanning electron microscopy (SEM) 
The microstructure analysis of the probiotic lyophilisates was con

ducted using a field emission scanning electron microscope (SEM, SU- 
70, Hitachi, Tokyo, Japan). Prior to imaging, the crushed lyophilised 
samples were fixed on carbon tape, mounted on aluminium stubs, and 
coated with a 5 nm layer of platinum using an ACE 600 coating system 
(Leica Microsystems, Wetzlar, Germany). The analysis was performed at 
an acceleration of 5 kV, a working distance of 15 mm, and magnifica
tions of × 1000 and × 5000. 

2.6. In vitro gastrointestinal digestion testing 

2.6.1. In vitro digestion protocol 
The INFOGEST v2.0 static in vitro gastrointestinal digestion protocol 

was applied (Brodkorb et al., 2019). In this case, 250 mg of probiotic 
lyophilisate, stored at 4 ◦C and aw 0.11, were mixed with 4.75 mL of 
MilliQ to achieve a food matrix of approximately 5 g. The food matrix 
was diluted 1:1 with oral fluids containing α-amylase (75 U L− 1), fol
lowed by an incubation in a shaking water bath (SW22, Julabo, Seel
bach, Germany) at 37 ± 0.1 ◦C and 100 min− 1 for 3 min. For the gastric 
phase, the samples were diluted 1:1 with prewarmed (37 ◦C) gastric 
fluids containing lipase (60 U mL− 1) and pepsin (2000 U mL− 1) and the 
pH was adjusted to pH 2.5 ± 0.1 with 60 μL HCl 6 M, followed by an 
incubation of 120 min at 37 ± 0.1 ◦C and 100 min− 1. After the gastric 
phase, the samples were diluted 1:1 with prewarmed (37 ◦C) intestinal 
fluids containing pancreatin (200 U mL− 1) and the pH was increased to 
pH 7 ± 0.1 with NaOH 5 M. The samples were incubated for 120 min at 
37 ± 0.1 ◦C and 100 min− 1. 

2.6.2. Investigation of the colloidal changes 
The particle size distribution, de Brouckere diameter (d4,3) and span 

of the oral, gastric and intestinal digesta were investigated by static light 
scattering using the Mastersizer 3000 (Malvern Instruments, Worces
tershire, United Kingdom). An appropriate volume of digesta was added 
to the MV cell, aiming to reach 5 – 8% of laser obscuration, and filled 
with MilliQ. The background and sample measurement intervals with 
red and blue light were set at 10 s and 10 s, respectively. The mea
surement was repeated five times. The refractive indices for the 
dispersant, SPI, PPI and WPI were set at 1.33, 1.47, 1.52 and 1.45, 
respectively (Ahmed & Kumar, 2022; Moll et al., 2022). 

To visualise the protein microstructure across all digestion stages a 
Confocal Laser Scanning Microscope (CLSM, LSM 880, Zeiss, Jena, 
Germany) equipped with a × 40 lens was used. Aliquots of 1 mL ob
tained at the end of each digestive step were mixed with 10 μL of Fast 
Green (λEx = 633 nm, λEm = 635 – 680 nm) and 300 μL of the mixture 
was transferred into eight-chambered microscope slides (Nunc Lab-Tek 
II, Thermo Fisher Scientific, Waltham, MA, United States). The slides 
were then preserved on ice until the start of the analysis. 

2.7. Microbiological assessment 

2.7.1. Quantification of the total viable counts (TVC) 
To quantify the TVC of LGG, 1 mL of probiotic solution or approxi

mately 250 mg of lyophilisate were homogeneously mixed with 9 mL of 
PBS in a stomacher bag (MiniMix 100 W, Interscience, Roubaix, France), 

followed by serial log-dilutions. For the TVC after the gastric and in
testinal phases, an appropriate amount of sample (minimum 3 mL) was 
mixed in a stomacher bag and ten-fold diluted. The samples were plated 
using the pour-plate method and incubated at 37 ± 1 ◦C for 48 h. A Scan 
300 automatic colony counter (Interscience, Roubaix, France) was used 
to determine colony-forming units (CFU). All the counts were expressed 
on a dry basis. 

2.7.2. Storage stability testing 
For the investigation of the storage stability of the probiotic lyo

philisates, the samples were stored under aerobic conditions at different 
temperatures and relative humidities in hermetically sealed boxes 
immediately after freeze-drying. Temperatures of 4, 20, and 37 ± 0.5 ◦C, 
along with a constant water activity of 0.11, were used to investigate the 
impact of temperature on LGG’s viability. The influence of water activity 
on the viability was tested at aw = 0.11 and 0.54, both at 20 ± 0.5 ◦C. 
Solutions of saturated salts (LiCl: aw = 0.11 and Mg(NO3)2: aw = 0.54) 
were used to create different relative humidities. The total viable counts 
(TVC) were determined as mentioned above. 

In order to determine the cells’ inactivation kinetics, the derived data 
was fitted with the Weibull model as described in Eq. (3)(van Boekel, 
2009): 

log S(t)= -
1

2.303

( t
α

)β
(3)  

where S(t) is defined as the survival ratio S(t) = N(t) N0
− 1, t is the cor

responding time (days), α is a scale parameter and β denotes the shape 
parameter. 

2.7.3. LGG viability during in vitro digestion 
The inactivation of cells during in vitro digestion was qualitatively 

examined using CLSM. Aliquots of 1 mL, obtained at the end of the oral, 
gastric, and intestinal phases, were combined with 1.5 μL of propidium 
iodide (20 mM, λEx = 488 nm, λEm = 585 – 640 nm) to stain inactivated 
cells and 1.5 μL of SYTO9 (3 mM, λEx = 488 nm, λEm = 498 – 550 nm) 
used for staining viable cells (LIVE/DEAD BacLight, Thermo Fisher 
Scientific, Waltham, MA, United States). The stained samples were 
subsequently analysed as outlined in section 2.6.2. 

To evaluate the LGG TVC in a quantitative manner within gastric (t 
= 120 min) and intestinal fluids (t = 120 min), a sufficient volume of the 
samples (min. 3 mL) was mechanically homogenized in a stomacher bag 
(Minimix 100, Interscience, Roubaix, France), followed by serial di
lutions. The pour-plate method was employed thereafter to enumerate 
viable LGG cells, as detailed in section 2.7.1. 

2.7.4. Cell adhesion properties 

2.7.4.1. Preparation of the intestinal epithelium co-culture model. The 
human colon cancer Caco-2 cell line sub-clone TC7 (Caco-2/TC7) and 
HT29-MTX cells lines were used to prepare a co-culture model. The cells 
were seeded on 6-well microplates and eight-chambered microscope 
slides (Nunc Lab-Tek II, Thermo Fisher Scientific, Waltham, MA, United 
States). Dulbecco’s Modified Eagle Medium-Glutamax (DMEM-Gluta
max, Invitrogen) supplemented with 10% fetal bovine serum (Invi
trogen, Merelbeke, Belgium) was used as growing medium and refreshed 
every two days. The co-culture model was incubated at 37 ± 0.5 ◦C in a 
humidified incubator with 10% CO2 in the atmosphere. After 14 days 
the cells were matured and washed twice with 2 mL of PBS prior to 
fixating the cells with 2.5% vv. of glutaraldehyde in PBS for 30 min, to 
prevent the cells of being digested when intestinal enzymes are present. 
Finally, the fixed cells were washed twice with 2 mL of PBS and stored 
with PBS at 5 ◦C until further use. 

2.7.4.2. Investigation of adhered LGG cells. To examine the adhesion 
behaviour of LGG cells on the intestinal epithelium, the wells of the 
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microplates and eight-chambered microscope slides were removed from 
PBS and filled with 2.5 mL and 300 μL of intestinal digesta, respectively. 
The samples were incubated for 120 min at 37 ± 1 ◦C in an orbital 
shaker (100 rpm) (Świątecka et al., 2010) and washed twice with PBS 
afterwards. The adhered bacteria were microscopically investigated by 
means of CLSM and a × 40 objective. The viable and dead LGG cells 
were stained with SYTO9 and propidium iodide, respectively. To esti
mate the TVC of the adhered cells, the epithelium was diluted with 2.5 
mL PBS, scraped off from the microplate and mechanically broken. Af
terwards, the bacteria suspension was plated on MRS agar plates as 
described in section 2.7.1. 

2.8. Statistical analysis 

Origin2019b (OriginLab, Northampton, MA, United States) was used 
to conduct each statistical analysis. The significant differences were 
determined by two-way ANOVA (p < 0.05) and Tukey’s post-hoc means 
comparison test was used for the differentiation of the values. 

3. Results and discussion 

3.1. Secondary structure of the protein isolates and probiotic lyophilisates 

To assess the impact of the protein type and pre-fermentation step on 
the chemical structure of the probiotic xero-formulations, the free LGG 
cells, protein isolates and the LGG conveying xero-carriers were ana
lysed by FTIR (Fig. 2). According to Fig. 2A, all systems exhibited a 
similar FTIR spectral pattern, with the peaks associated with the sec
ondary structure conformation of the proteins, i.e., amide I, 1700 – 
1600 cm− 1 (C––O stretching vibrations of peptide bonds), amide II, 1500 
– 1600 cm− 1 (N–H bending/C–N stretching modes) and amide III, 1200 
– 1400 cm− 1, (N–H in-plane and C–N stretching vibrations) regions, to 
be among the most abundant ones. Interestingly, the characteristic peak 
at 1238 cm− 1 identified in the FTIR spectra of the lyophilised LGG cells 
was not observed in any of the probiotic formulations’ spectra, indi
cating a satisfactory encapsulation of the LGG cells in the wall material. 
Indeed, Hlaing et al. (2017) reported a peak at 1210 – 1240 cm− 1 in 
freeze- and spray-dried LGG cells, which was assigned to the asymmetric 
stretching bands of the phosphodiester groups of nucleic acids. In 
addition, the peaks identified at 1147, 1101, 1076, 1018 and 993 cm− 1 

are characteristic of the carbohydrate matter, i.e., maltodextrin (Kim 
et al., 2023), trehalose and glucose (Hellebois et al., 2023). 

The deconvolution of the amide I peak allowed the identification of 
three major secondary structure conformations assigned to β-sheet 
(1630 – 1623 cm− 1), α-helix (1655 – 1651 cm− 1) and aggregated β-sheet 
(1691 – 1980 cm− 1). According to Fig. 2B, SPI exerted a predominant 
β-sheet structure conformation (i.e., 67% β-sheet, 18% aggregated 
β-sheet, 14% α-helix), whilst WPI (56% β-sheet, 5% aggregated β-sheet, 
39% α-helix) and PPI (49% β-sheet, 11% aggregated β-sheet, 40% 
α-helix) exhibited a more even proportion between the inter- and 
intramolecular stabilised polypeptide chains. 

As for the probiotic lyophilisates, a significant (p < 0.001) increase in 
the proportion of the β-sheet at the expense of α-helix conformation was 
observed. Furthermore, implementing the pre-fermentation step further 
increased the prevalence of the β-sheets. Both the freezing and dehy
dration steps during lyophilisation can induce the modification of the 
proteins’ secondary structure (Roy & Gupta, 2004). Although deploying 
cryoprotective and lyoprotective sugars such as sucrose, trehalose and 
lactose may protect the secondary structure of proteins via a H-bonding 
stabilising mechanism (Roy & Gupta, 2004), it was not possible to detect 
any stabilisation effect in the presence of trehalose and/or glucose even 
when native protein lyophilisates were tested (data not shown). 
Therefore, it is assumed that globular proteins such as phycocyanin 
(Spirulina), β-lactoglobulin (whey), vicilin and legumin (pea), under
going denaturation during the heat treatment and fermentation steps, 
exhibit an impaired ability to maintain their structure conformational 

state (in solution) during the lyophilisation process. 

3.2. Microstructural aspects of the probiotic lyophilisates 

As expected, the type of the protein isolate was influential on the 
microstructural conformation of the lyophilisates (Fig. 3). All SPI pro
biotic lyophilisates exhibited a rough surface consisting of irregularly 
interconnected protein aggregates resembling the microstructure of 
fermented milk. On the other hand, the PPI lyophilisates exhibited a less 
aggregated and more compact microstructure with small globular con
formations protruding. Contrary to the SPI and PPI lyophilisates, the 
morphological characteristics of the WPI exemplars were clearly influ
enced by the pre-fermentation step. As illustrated in Fig. 3 A5, B5 the 
lyophilisates prepared by the non-fermented biopolymer dispersions 
exhibited a smooth, non-porous, crystalline-like microstructure with 
sharp edges, which is very similar to the observations of Betz et al. 
(2012). In contrast, the WF lyophilisates exhibited a highly macro
porous, honeycomb-like lacunar microstructure composed of rough 
surface interconnected vessels (Fig. 3 A6, B6). As we have recently 
shown (Hellebois et al., 2023), the pre-gelation of WPI based aqueous 
solutions (at c ~ cLGC i.e., 12% wt.) regulates sterically the growth of ice 
crystals (at T > Tvitrification), resulting in the formation of spongy 

Fig. 2. Influence of protein composition (S = spirulina, P = pea, W = whey) 
and precursor treatment (NT = non-treated, F = fermented) on the FTIR spectra 
of lyophilisates containing LGG cells (A) and prevalence of the protein sec
ondary structures (B). a-fDifferent letters denote a significant difference ac
cording to Tukey’s post hoc means comparison test (p < 0.05). 
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macroporous cryogels. Although in the present work cWPI < cLGC, the 
presence of cosolvents (i.e., sugars and maltodextrin) promoted the 
development of rigid elastic gels most probably due the supramolecular 
stabilisation of the network via hydrophobic or hydrogen bonding in
teractions (Nicolai, 2019). Despite their ability to form acid gels, SPI and 
PPI resulted in rather weak gels (G’ ~ 80–100 Pa for SPI and PPI 
compared to G’ ~ 900 Pa, in the case of the WPI) in the form of 
free-flowing acid aggregated fractals, which were not able to constrain 
the growth of the porogens leading to rugged flaky features. This is due 
their differences regarding the isoelectric point (pI) i.e., pH ~ 4.5, pH 
3.5 – 5.0 and pH 3–5 for WPI, PPI and SPI, respectively (Benelhadj et al., 
2016; Chen et al., 2019; Hansen et al., 2022; Pelegrine & Gasparetto, 
2005). 

Regarding the LGG cells engrafting efficacy, no bacterial cells were 
detected on the surface of the SPI and fermented WPI lyophilisates, 
implying satisfactory matrix – LGG cell adhesion properties. However, 

SEM micrographs of the lyophilisates with PPI revealed the presence of a 
limited number of LGG cell chains on the lyophilisates surface, which 
could make them more vulnerable to sublethal cell injuries (Fig. 3 B3-5). 
Yet, the LGG cell – matrix adhesion properties will be discussed in a 
future work. 

3.3. Water vapour sorption properties and thermal stability 

The residual moisture content of the probiotic lyophilisates ranged 
from 2.1 to 2.9 g per 100 g, which falls within the technical re
quirements of anhydrobiotic formulations (< 2 – 3% wt.) as reported by 
Aschenbrenner et al. (2015). 

For the determination of the water vapour sorption isotherms all 
probiotic powders were dehumidified for 2 weeks in an inert gas (argon) 
glove box under absolute dryness (aw = 0.003, 1 bar) followed by hu
midification at different ERH conditions. As shown in Fig. 4, the pro
biotic powders exhibited a sorption isotherm type II according to the 
BET classification, indicating a non-porous nature. The equilibrium 
water content Xe was increased steadily in the low to intermediate aw 
region, whereas an inflection point at a >0.7 was detected due to the 
enhanced hygroscopicity resulting from the presence of hygroscopic 
amorphous plasticizing sugars, leading to capillary saturation (Hart
mann & Palzer, 2011). By fitting the GAB model (eq. (1)) to the mois
ture − aw data, the monolayer water content (Xm) and surface (S0) 
values were calculated (eq. (2), Table 2). No significant differences in 
the Xm and S0 values between the non-treated (Xm = 5.09 g 100 g− 1, S0 
= 178.3 m2 g− 1) and fermented (Xm = 5.22 g 100 g− 1, S0 = 182.9 m2 

g− 1) lyophilisates were found. On the other hand, the PPI-based lyo
philisates demonstrated the highest (p < 0.05) monolayer water content 
(Xm = 5.34 g 100 g− 1) when compared to the SPI and WPI exemplars 
(Xm = 5.11 and 5.03 g 100 g− 1, respectively). The Xm value represents 
the amount of water chemisorbed through hydrogen bond bridging to 
the polar and ionic groups of the wall materials (van den Berg & Bruin, 
1981). Various factors, such as the chemical composition, supramolec
ular structure, and microstructural aspects of the powders, play a crucial 
role in influencing the water sorption dynamics (Hartmann & Palzer, 
2011). In the context of anhydrobiotic formulations, Xm holds significant 
importance alongside the critical water activity in determining the 

Fig. 3. SEM micrographs of the lyophilisates encapsulating LGG wt cells 
microstructure as influenced by protein composition (S = spirulina, P = pea, W 
= whey) and precursor treatment (NT = non-treated, F = fermented) at a 
magnification of × 1000 (A) and × 5000 (B). 

Fig. 4. Influence of protein composition (S = spirulina, P = pea, W = whey) 
and precursor treatment (NT = non-treated, F = fermented) on the water 
vapour adsorption isotherms of lyophilisates containing LGG cells. 
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biological activity of living probiotic cells (Passot et al., 2012). The Xm 
values calculated in this study align with those reported for 
protein-maltodextrin lyophilisates (Hoobin et al., 2013; Ying et al., 
2012). 

Furthermore, the thermal stability of the dehumidified probiotic 
lyophilisates was assessed using TGA, revealing four major thermal 
events (Fig. 5, Table 3). These events corresponded to water evaporation 
(74 − 82 ◦C, 2.2 < Δm < 2.9%), and decomposition of low molecular 
oligosaccharides (219 − 237 ◦C, 8.1 < Δm < 13.4%), protein/malto
dextrin (277 − 288 ◦C, 43.6 < Δm < 66.7%), and maltodextrin/mineral 
matter (435 − 469 ◦C, 9.8 < Δm < 25.8%). These findings align with 
previous studies (Hellebois et al., 2023; Paula et al., 2022; Saave
dra-Leos et al., 2015). Besides, a pyrolytic decomposition event of the 
residual matter was observed at 53 − 622 ◦C (5.7 < Δm < 29.8%). 
Interestingly, in the case of SPI lyophilisates, an additional thermal 
event at 176 ◦C was recorded. This event was attributed to the devola
tilization of heat-labile pigmentation bioactives, such as chlorophylls 
and carotenoids (Kang et al., 2019; Pinho et al., 2022). 

3.4. Colloidal changes during simulated in vitro digestion conditions 

The probiotic lyophilisates underwent in vitro digestion adopting the 
static INFOGEST v.2 model, and the colloidal changes taking place in 
each phase (oral, gastric, and intestine) were monitored using CLSM 
(Fig. 6) and SLS (Fig. 7). The volume weighted particles mean size (d4,3) 
as well as the span are summarised in Table 4. As illustrated in Fig. 6A, 
admixing the probiotic lyophilisates with the artificial saliva resulted in 
their quick disintegration into partially hydrated microparticles having 
a d4,3 ranging from 6.6 to 214.0 μm. The protein isolate type and the 
implementation of the acidification step were influential on the het
erogeneity of the particles present in the simulated oral boluses. All SPI- 
based oral boluses exhibited the highest uniformity (monomodal parti
cle size distribution, d4,3 = ~23 μm), whilst the WNT and PNT exem
plars comprised diverse particle populations. The implementation of the 
pre-fermentation step significantly hampered (p < 0.001) the ability of 
the WF and PF probiotic lyophilisates to undergo extensive disintegra
tion on their exposure to artificial saliva, resulting in a uniform sus
pension of insoluble large protein aggregates (d4,3 = 214.0 and 51.6 μm 
for WF and PF, respectively). With the exception of the WNT systems, 
the release of free LGG cells into the bulk aqueous phase was found to be 
highly restricted. This restriction appears to be directly associated with 
the low volume density of the oral boluses in advanced disintegrated 
particles with a size of d4,3 less than 1− 3 μm. 

A distinct colloidal response to low pH and pepsin was observed 

upon admixing the oral boluses with simulated gastric fluids (Fig. 6B). 
The SPI-based formulations retained their colloidal uniformity, with 
monomodal particle size distributions, experiencing only a slight in
crease in their mean size (27.0 and 23.4 μm for SNT and SF, respec
tively). Similarly, the PPI-based formulations demonstrated good 
colloidal uniformity. However, the mean size of the protein particles 

Table 2 
Influence of lyophilisate protein composition (S = spirulina, P = pea, W = whey) 
and precursor pre-treatment (NT = non-treated, F = fermented) on the kinetic 
parameters of the GAB model.   

Xm (g 100 g− 1) C (− ) k (− ) S0 (m2 g− 1) R2 

(− ) 

SNT 5.1 ± 0.2ab 3.5 ± 0.5a 0.98 ±
0.004ab 

179.2 ±
8.2ab 

0.997 

SF 5.1 ± 0.1ab 3.9 ± 0.4a 0.98 ±
0.000ab 

178.3 ±
1.7ab 

0.999 

PNT 5.1 ± 0.0ab 6.7 ± 1.2b 0.99 ± 0.004b 180.2 ±
1.4ab 

0.999 

PF 5.5 ± 0.1b 3.4 ± 0.1a 0.98 ±
0.001ab 

193.7 ± 2.0b 0.999 

WNT 5.0 ± 0.1a 23.2 ±
0.1c 

0.98 ±
0.001ab 

175.5 ± 2.3a 0.998 

WF 5.0 ± 0.1a 3.2 ± 0.2a 0.98 ± 0.002a 176.5 ± 3.3a 0.998 

Xm: monolayer water content; C: constant describing the difference between the 
free enthalpy of the monolayer and liquid water molecules, k: constant cor
recting the properties of the multilayer molecules, S0: total surface monolayer. a- 

cDifferent letters denote a significant difference according to Tukey’s post hoc 
means comparison test (p < 0.05). 

Fig. 5. Thermal properties assessed by TGA (continuous lines) and DTG 
(dashed lines) of lyophilisates containing LGG cells as influenced by their 
protein composition (S = spirulina, P = pea, W = whey) and precursor treat
ment (NT = non-treated, F = fermented). 
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increased (63.7 and 75.7 μm for PNT and PF, respectively), indicating 
their greater responsiveness to gastric fluids. In the case of the WF-based 
gastric chymes, there was a significant decrease in the aggregates’ mean 
size from 214 to 6 μm, resulting from the reduction in the volume 
density of the particle population above 100 μm. The colloidal trans
formation of the protein-rich aqueous systems during gastric processing 
is primarily associated with the occurrence of pepsin and acid-mediated 
aggregation, as well as pepsin-induced cleavage of the proteins (Love
day, 2022). Although pepsin clotting has been exclusively reported in 
the case of micellar casein (Ye, 2021), its occurrence in whey, pea and 
microalgal protein systems is considered unlike. On the other hand, the 
acid-gelation of proteins is closely linked to their isoelectric points 
(Augustin & Hemar, 2009). With the exception of SPI, which exhibits a 
very low pI (~2.8 – 3.5) explaining its low colloidal responsiveness to 
the highly acidic environment of the gastric fluids, WPI and PPI are 
characterised by significantly higher pIs (i.e, ~3.5 − 5.0 and 5.2 for PPI 
and WPI, respectively) promoting to some extent the acid coagulation of 
the proteins in the -NT based boluses as well as the microstructural 
rearrangement of the acid aggregate fractals already present in the –F 
bolus exemplars. 

The exposure of SPI and PPI gastric chymes to simulating jejunum 
fluids was accompanied by a significant reduction in the mean particle 
size (Fig. 6C, d4,3 = 13.7 – 38.2 μm). In contrast, SLS analysis of WPI- 
based chymes did not reveal any remarkable colloidal changes (d4,3 
6.6 – 15 μm). Based on the volume density pattern of the bi- or trimodal 
particle size distributions of the digesta, the population of the 
intermediate-sized particles (1 < d4,3 < 100 μm) was the most affected 
by the pancreases, which also explains the significant enrichment of free 
LGG cells in the bulk aqueous phase. Similar behaviour has been 
observed in other protein-based cryostructurates (Hellebois et al., 
2024). 

3.5. Microbiological measurements 

3.5.1. Lyostabilising effects of the protein isolates on LGG cells 
The impact of the freeze-drying process on the total viable counts 

(TVC) of LGG is depicted in Fig. 8. Generally, the LGG TVC losses ranged 

from 0.07 to 0.70 log CFU g− 1, with the highest (p < 0.001) LGG cellular 
lethality to be encountered in the fermented lyophilisates (i.e., − 0.33 to 
− 0.70 log CFU g− 1) compared to the non-treated exemplars (i.e., − 0.07 
to − 0.13 log CFU g− 1). Wang et al. (2005) reported that the cryotol
erance of Lactobacillus acidophilus (at − 20 ◦C) was decreased at higher 
fermentation temperatures (42 ◦C) and low pH endpoint (i.e., 4.5). 
Recently Cui et al. (2018) demonstrated that the decrease in the cry
otolerance of Lactobacilli during freeze-drying is associated with 
changes in membrane fatty acid composition (i.e., increased ratio of 
unsaturated to saturated fatty acids) due to adaptation to the acidic 
conditions, as well as with changes in the physical state of the membrane 
lipids, i.e., damaged cell membranes or reduced membrane fluidity. 
Nonetheless, the severity of the impact of fermentation on the cryotol
erance of probiotics is prevalently strain dependent (Capozzi et al., 
2011). 

As concerns the impact of the protein isolates, the PPI demonstrated 
the best lyostabilising performance (p < 0.01; − 0.22 log CFU g− 1) 
compared to SPI (− 0.35 log CFU g− 1) and WPI (− 0.41 log CFU g− 1). Our 
findings confirmed the satisfactory lyostabilising efficacy of the wall 
materials, since TVC losses up to one log CFU g− 1 are commonly re
ported for anhydrobiotics produced via freeze-drying (Pehkonen et al., 
2008; Wang et al., 2004; Ying et al., 2010). The lyostabilising capacity of 
proteins is primarily associated with their ability to preserve the fluid 
crystalline state of the cell’s membrane during the desiccation process 
by binding water via hydrogen bonding, close to the hydrophilic inter
face of the polar heads of the phospholipid bilayer. Interestingly, a good 
correlation (r = 0.99, p < 0.001) between the water affinity (wettability) 
of the protein isolate powders and LGG cell inactivation was found 
(Suppl. Fig. 1). This suggests that the excellent lyostabilising perfor
mance of the pea isolate may arise from its superior ability to retain 
water close to the bacterial cell interface, preserving the cells’ mem
brane fluidity during the desiccation step. This was confirmed by 
determining the contact angle between the protein isolates and water 
(120.3◦, 66.9◦, and 108.5◦ for SPI, PPI, and WPI, respectively). In 
addition, macromolecular lyoprotectants such as polysaccharides and 
proteins may induce the elevation of the glass transition (Tg) point of the 
freeze-concentrated precursors allowing their vitrification at higher 
temperatures and thus, minimising the cellular injuries due to uncon
trolled ice crystal ripening. According to the DSC measurements (data 
not shown), the protein type did not significantly affect the Tg of the 
freeze-concentrated systems nor modified the ice crystals uniformity (Tg 
~ − 31 ◦C). 

3.5.2. Viability of LGG cells under controlled storage conditions 
To gain insight into their shelf-life aspects, the probiotic lyophilisates 

were stored under controlled ERH (aw = 0.11 and 0.54) and tempera
ture (T = 4, 20, and 37 ◦C) conditions. Due to the non-linear time- 
dependent inactivation of the LGG cells during the accelerated storage 
trials, we fitted the Weibull model (Eq. (3)) to the TVC-storage time data 
and calculated the parameters α (characteristic time – in days) and β 
(dimensionless) (Fig. 9, Table 5). Nonetheless, it was not possible to fit 
either the Weibull model or the first-order kinetic model with the ob
tained data at a storage temperature of 4 ◦C, which was attributed to the 
exceptionally high survivability of the LGG under chilling conditions. As 
demonstrated in van Boekel (2002), the β parameter is either indicative 
of the cells’ adaptation to the applied stressor (β < 1) or the accumulated 
cellular damage (β > 1). On the other hand, the α parameter denotes the 
time required for a log (1/e) decline in the living cell’s load to be ach
ieved. According to the ANOVA findings, the increase in the storage 
temperature was accompanied by a significant (p < 0.001) increase in 
the β parameter values (βT = 1.43 and 2.20 at 20 and 37 ◦C, 
respectively). 

Nonetheless, it was not possible to calculate the activation energy 
(Ea) due to the poor modelling of the inactivation kinetics at the tested 
chilling conditions (4 ◦C). It is well established that the reciprocal to 
storage temperature survivability of probiotics is due to the acceleration 

Table 3 
Influence of lyophilisate protein composition (S = spirulina, P = pea, W = whey) 
and precursor pre-treatment (NT = non-treated, F = fermented) on the mass loss 
(%) occurring during the different detected thermal events.  

T (◦C) SNT SF 

mass loss (%) mass loss (%) 

74 ± 4 2.2 ± 0.1 2.1 ± 0.1 
176 ± 1 2.4 ± 0.4 4.3 ± 0.2 
219 ± 7 11.2 ± 0.1 8.1 ± 0.6 
287 ± 4 43.6 ± 0.0 46.8 ± 0.5 
435 ± 14 9.8 ± 0.5 15.4 ± 2.8 
530 ± 3 29.8 ± 0.3 23.3 ± 2.6  

T (◦C) PNT PF 

mass loss (%) mass loss (%) 

79 ± 4 2.5 ± 0.0 2.6 ± 0.0 
229 ± 1 11.0 ± 0.5 11.6 ± 0.5 
277 ± 1 44.7 ± 0.5 45.7 ± 0.8 
453 ± 6 16.2 ± 1.4 19.7 ± 2.3 
547 ± 2 25.5 ± 1.3 20.1 ± 3.7  

T (◦C) WNT WF 

mass loss (%) mass loss (%) 

76 ± 4 2.9 ± 0.02 2.3 ± 0.2 
237 13.4 ± 0.1 Nd 
288 ± 2 46.5 ± 0.4 66.7 ± 0.7 
469 ± 2 25.8 ± 1.8 25.2 ± 0.0 
622 ± 5 11.4 ± 2.3 5.7 ± 0.9 

nd: not detected. 
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Fig. 6. Influence of protein composition (S = spirulina, P = pea, W = whey) and precursor treatment (NT = non-treated, F = fermented) on microstructural features 
of the boluses (A, t = 3 min), gastric (B) and intestinal (C) chymes (t = 120 min, each) on lyophilisates containing LGG cells visualised by CLSM ( × 20, green = life 
bacteria, red = dead bacteria, blue = protein). 
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of their metabolic activity. The elevation of the storage RH at 20 ◦C was 
associated with a substantial reduction in the kinetic parameters (βRH =

2.20 vs. 0.94, αRH = 92.9 vs. 3.51 days, for 11% and 54% ERH, 
respectively), both indicating the increased cellular lethality in systems 
stored at 54% RH. The pre-fermentation step was also significantly (p <
0.001) influential on the kinetic parameters, i.e., β = 2.43 vs. 1.23, α =
79.4 vs. 24.4 days, for NT and F, respectively. As for the impact of the 

protein isolate type, PPI offered the highest storage stability of the LGG 
cells compared to the SPI and WPI exemplars (i.e., β = 1.3 vs. 1.7 vs. 1.6, 
α = 22.4 vs. 48 vs. 37 days, for SPI, PPI, and WPI, respectively). 

The inactivation dynamics of probiotics are primarily dependent on 
the genus, species, and strain (Capozzi et al., 2011). For instance, 
Meireles Mafaldo et al. (2022) reported that the TVC losses of Lactica
seibacillus casei and Lacticaseibacillus acidophilus encapsulated via freeze 

Fig. 7. Influence of protein composition (spirulina (A), pea (B) and whey (C) protein isolate) and precursor treatment (non-treated (1) and fermented (2)) on the 
particle size distribution of the boluses (t = 3 min), gastric and intestinal chymes (t = 120 min, each) on lyophilisates containing LGG cells. 
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drying in Spirulina platensis biomass amounted to 1.5 and 2.5 log CFU 
g− 1 after 120 days of storage at 4 ◦C, which are generally substantially 
higher than those reported in the present work. In addition to the mi
crobial factors, extrinsic parameters such as the storage ambient tem
perature, water activity, and oxygen content, as well as the composition, 
microstructural conformation, and physical state of the cell-conveying 
colloidal template, can also result in drastic changes in the inactiva
tion kinetics of probiotics during storage (Flach et al., 2018; Mendonça 
et al., 2022). As mentioned above, all xero-templates allowed a satis
factory engrafting of the living LGG cells into their wall material, with a 
limited number of cells located on the outer part of the particulates 
(Fig. 3). With the exception of the WF lyophilisates, which could allow 
sufficient diffusion of oxygen and water vapour through their highly 
macroporous structure (Fig. 3 A6, B6), it was not possible to identify a 
clear interrelationship between the microstructural features of the lyo
philisates and the achieved LGG preservation performance. 

The impact of the composition of the wall material on the surviv
ability of Lactobacilli can be related to potentially adverse effects due to 
the presence of inhibitory compounds e.g. chitosan, Ca2+ etc. (Yonekura 
et al., 2014; Yuan et al., 2022); yet this is unlikely as no inhibitory effects 
of the protein isolates on the LGG growth were detected. Moreover, the 
adhesion properties of the wall materials are known to control the 
spatial distribution and self-aggregation of the living cells in the 
conveying polymeric matrix, and therefore to modulate the ability of the 
cells to counteract the physicochemical stressors encountered during 

storage. For example, Guerin et al. (2018) demonstrated the preferential 
adhesion properties of LGG to β-lactoglobulin compared to other whey 
proteins (e.g., α-lactalbumin, BSA) and micellar caseins via their surface 
biomolecules such as SpaCBA pili, EPS and other protein molecules. In 
view of this, the differences in the adhesion affinity of tested protein 
isolates to LGG cells could plausibly explain their superior survivability 
in the PPI-based substrates, though this needs further investigation. 

The changes in the physical state (i.e., glassy to rubbery state tran
sition) of the LGG cell conveying xero-template during storage due to 
water vapour adsorption, temperature fluctuation, wall material aging, 
etc., are probably among the most important extrinsic parameters that 
could eventually lead to cell lethality (Hellebois et al., 2024; Kurtmann 
et al., 2009; Ying et al., 2012). To gain insight into the impact of the 
hereby tested conditions, probiotic lyophilisates were conditioned at 
different relative humidities (11 and 54%) and aged for 1 month at an 
ambient temperature. Subsequently, the samples were analysed by 
means of DSC to calculate their Tg. According to our findings, the Tg of 
the lyophilisates was in the range of 55.5 – 58.1 ◦C (at 11% RH) and 34.6 
– 48.4 ◦C (at 54% RH), with the lowest and highest Tg values observed in 
the SPI and WPI based systems, respectively. This suggests that all sys
tems tested were found in the glassy state regardless of the RH. Despite 
this, the increase in RH accelerated the inactivation of bacterial cells due 
to elevated cellular metabolic activity and increased biochemical reac
tion rates during storage. Previous studies have reported a reciprocal 
relationship between Tg and probiotic cell inactivation rates (Hellebois 
et al., 2024), but we did not observe this in our case. For example, the 
WPI-based lyophilisates showed the lowest LGG stability during storage 
despite their very high Tg values. This indicates that other factors 
co-influenced the storage stability of probiotic lyophilisates. 

In keeping with the findings of Guerrero Sanchez et al. (2022) who 
reported that the thermal history during the sublimation step and loss of 
the cellular integrity due to the damage of nucleic acids, proteins and 
peptidoglycans of L. salivarius during the lyophilisation govern its stor
age stability, the impaired survivability of LGG in the SPI and WPI 
systems is also associated with its lower cryo-resistance. In addition, the 
storage of probiotics at high dryness conditions (i.e., ΔΤ = T − Tg ≪ 0), 
may give rise to oxidative alterations of their membrane structural el
ements (e.g., lipids, nucleic acids etc.) reducing their cellular fluidity 
(Guerrero Sanchez et al., 2022). Although for freeze dried probiotics the 
reported the extent of the oxidative alteration of the membranes total 
PUFA content is generally low (< 2 – 5%), the presence of unsaturated 
lipids in the conveying wall material could accelerate the oxidative 
stress of the cells through the generation of ROS under low aw conditions 
i.e., < 0.2. Despite the negligible residual lipid content in PPI and WPI, 
in the case of SPI-based lyophilisates, the presence of lipids rich in oleic, 
linoleic, and γ-linolenic acids (Cohen et al., 1987) could promote the 
formation of pro-oxidants – particularly at 37 ◦C – resulting in the 

Table 4 
Influence of lyophilisate protein composition (S = spirulina, P = pea, W = whey) 
and precursor pre-treatment (NT = non-treated, F = fermented) on the volume 
weighted mean diameter d4,3 (μm) and span (dimensionless) of the particles 
present in the oro-gastrointestinal chymes.   

d4,3 Span  

Oral G120 I120 Oral G120 I120 
SNT 24.7 ±

0.7b 
27.0 ±
0.5c 

14.9 ±
0.4a 

2.4 ±
0.1A 

2.3 ±
0.0A 

4.3 ±
0.8A 

SF 23.4 ±
0.0b 

23.4 ±
1.0bc 

17.6 ±
4.3bc 

2.3 ±
0.0A 

2.1 ±
0.1A 

4.8 ±
1.4A 

PNT 35.9 ±
5.1c 

63.7 ±
12.0d 

38.2 ±
0.1c 

3.8 ±
1.3B 

3.8 ±
1.5A 

3.4 ±
0.0A 

PF 51.6 ±
4.7d 

75.7 ±
1.2e 

34.1 ±
2.0b 

2.7 ±
0.4A 

4.3 ±
0.3A 

3.8 ±
0.7A 

WNT 6.6 ±
0.2a 

15.3 ±
3.4b 

15.0 ±
0.3a 

3.9 ±
0.1B 

15.4 ±
8.1B 

4.3 ±
0.8A 

WF 214 ±
12.1e 

5.8 ±
1.3a 

16.0 ±
0.6a 

3.1 ±
0.2AB 

3.1 ±
0.8A 

4.8 ±
0.8A 

Different letters among rows denote a significant difference (p < 0.05) according 
to Duncan’s multiple range test. a-jsmall letters denote a significant difference 
within the samples for the de Brouckere mean particle size diameter. A,Bcapital 
letters denote a significant difference for the span. 

Fig. 8. Influence of protein composition (S = spirulina, P = pea, W = whey) and precursor treatment (NT = non-treated, F = fermented) on the total viable counts 
(A) and loss (B) of LGG cells during lyophilisation. a-cDifferent letters denote a significant difference according to Tukey’s post hoc means comparison test (p < 0.05). 
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oxidation of the lipids in the LGG phospholipid wall particularly when 
stored at 37 ◦C. 

To estimate the shelf-life (td) of the probiotic lyophilisates i.e., the 

time required for reaching the minimum total viable counts as estab
lished by the FAO/WHO i.e., 6 log CFU g− 1, Eq. (4) was used: 

ig. 9. Influence of lyophilisate protein composition (S = spirulina, P = pea, W = whey) and precursor treatment (NT = non-treated, F = fermented) on the loss of 
viable LGG cells under controlled storage conditions (A: T = 4 ◦C, aw = 0.11; B: T = 20 ◦C, aw = 0.11; C: T = 20 ◦C, aw = 0.54; D: T = 37 ◦C; aw = 0.11). The 
modelling of the LGG cells inactivation kinetics was based on the Weibull model (Eq. (3)). 

Table 5 
Influence of lyophilisate protein composition (S = spirulina, P = pea, W = whey) and precursor pre-treatment (NT = non-treated, F = fermented) on the Weibull model 
(Eq. (3)) kinetic parameters α (in days) and β (dimensionless) of the inactivation of LGG cells as influenced by the storage conditions.  

Sample 20 ◦C 37 ◦C 

aw 0.11 aw 0.54 aw 0.11 

α β Adj. R2 α β Adj. R2 α β Adj. R2 

SNT 64.5 ± 16.3a 1.5 ± 0.3a 0.972 8.7 ± 0.5b 1.4 ± 0.0c 0.999 17.5 ± 3.5b 1.9 ± 0.3b 0.992 
SF 41.4 ± 0.0a 1.3 ± 0.0a 0.987 0.2 ± 0.1a 0.7 ± 0.1a 0.951 2.0 ± 0.2a 1.0 ± 0.0ab 0.984 
PNT 190 ± 1.0b 3.5 ± 0.0b 0.914 8.5 ± 0.0b 1.1 ± 0.0bc 0.975 28.5 ± 4.7c 2.1 ± 0.3b 0.997 
PF 58.6 ± 10.5a 1.5 ± 0.3a 0.955 0.6 ± 0.3a 0.8 ± 0.2ab 0.972 1.8 ± 0.6a 0.9 ± 0.1a 0.971 
WNT 162 ± 2.5b 3.9 ± 0.3b 0.939 2.3 ± 0.2b 0.6 ± 0.0a 0.944 14.1 ± 1.0b 1.6 ± 0.1bc 0.975 
WF 41.4 ± 0.4a 1.5 ± 0.0a 0.939 0.7 ± 0.1a 1.0 ± 0.1ab 0.98 1.5 ± 0.2a 1.0 ± 0.1ab 0.941 

a-cDifferent letters denote a significant difference according to Tukey’s post hoc means comparison test (p < 0.05). 
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td= α
(
− ln

(
10− d)1/β

)
(4)  

where d is the number of decimal reductions, α (days) and β are the 
Weibull model kinetic parameters. As seen in Table 6, the estimated 
shelf of the probiotic lyophilisates stored at ambient temperature (11% 
RH) ranged from 151 to 348 days, which well above the reported values 
in the literature (Azizi et al., 2021). The increase in the storage tem
perature and RH was accompanied by dramatic shortening of the shelf 
life i.e., 10 to 77 and 4 to 61 days, respectively. On the other hand, the 
storage of the probiotic lyophilisates at chilling conditions resulted in a 
remarkably high shelf-life (>2 years, according to a rough estimation 
assuming first order LGG inactivation kinetics) confirming their suit
ability as nutraceuticals. 

3.5.3. Viability of LGG throughout in vitro digestion 
Monitoring the probiotic cells sublethality throughout gastrointes

tinal transit is crucial for understanding the biological performance of 
the conveying xero-template. As illustrated in Fig. 10, the non- 
encapsulated LGG cells experienced significant lethality during simu
lated gastric (2.75 log CFU g− 1) and intestinal (3.1 log CFU g− 1) 
digestion step in agreement with previous observations by Soukoulis 
et al. (2014). The embedment of the LGG cells into the protein enriched 
lyophilisates enhanced their ability to counteract the stressors associ
ated with the gastrointestinal fluids, with cellular sublethality evident 
exclusively during the gastric processing step (0.62 – 2.76 log CFU g− 1). 
The implementation of the fermentation step prior to lyophilisation 
enhanced significantly (p < 0.001) the ability of the LGG to overcome, to 
some extent, the intragastric cellular stress (i.e., TVC losses were 2.46 
and 1.37 log CFU g− 1), with the WF-based gastric chymes exerting the 
most pronounced effect. The ability of Lactobacilli to remove stress 
factors such as low pH and high bile salt utilising efflux systems such as 
proton pumps and multidrug resistance transporters (MDR) has been 
well documented (Lebeer et al., 2010). In addition, the upregulation of 
the dlt operon for the D-alanine esterification of teichoic acids to main
tain the structural integrity of the LGG cell membrane is also known. As 
for the impact of the protein isolate type on the survivability of LGG cells 
in the gastric ambient, WPI offered the highest (p < 0.01) cellular pro
tection compared to the SPI and PPI counterparts (i.e., TVC losses 
amounted to − 2.32, − 1.85 and − 1.58 log CFU g− 1, respectively). 
Although the impact of the protein on the matrix disintegration has been 
closely associated with the sublethality of LGG cells in the gastric 
environment (Guerin et al., 2017), it was not possible to identify any 
clear correlation between the matrix disintegration and the LGG TVC at 
the end of the gastric processing. A possible explanation for the 
acid-stress alleviating capacity of the proteins may reside with their 
impact on the fermentation time (tf = ca. 4 h, 1.5 h and 1.5 h for WPI, SPI 
and PPI, respectively). Hence, the LGG cells embedded in the WPI-based 
hydrogel matrices were longer adapted to acidic conditions, which 
enhanced their capacity to preserve their cell envelope integrity in the 
gastric fluids. Another explanation is the well-demonstrated bio
adhesion affinity of LGG cells surface biomolecules to WPI promoting 

their ability to withstand typical physicochemical stressors (Guerin 
et al., 2018). 

Contrary to the gastric processing, the exposure of LGG cells to in
testinal fluids did not exhibit any significant effect on their viability (p >
0.05), with the TVC either remaining unaltered or even showing an 
increase at the end of the intestinal processing step (0.01 – 0.72 log CFU 
g− 1). Owing to their surface-active properties, bile salts can dissolve the 
lipids of the phospholipid cell wall and increase the permeability of the 
cell membrane damaging the intracellular proteins and DNA and facil
itating the cytoplasmic leakage (Mendonça et al., 2022). Although 
L. rhamnosus GG is known for its sensitivity to high bile salt environ
ments, the observed sublethality in the present study was negligible. The 
ability of probiotic bacteria to increase their bile salt resistance by 
upregulating the oligosaccharides degradation via the α-glycosidase, 
β-glycosidase and β-fucosidase has been demonstrated (Reyes-Gavilán 
et al., 2005). Hereby, this appears to be quite possible given the high 
content in hydrolysable oligosaccharides (Mw > 10 kDa) and sugars. 
Although the pre-fermentation step did not alter the resistance of LGG in 
the simulated jejunum environment, the protein type was more influ
ential (p < 0.05). In the latter case, PPI and WPI promoted more effec
tively the growth of LGG cells in the intestinal chymes compared to SPI 
(i.e., 0.58, 0.46 and 0.18 log CFU g− 1, respectively). In line with our 
findings, Vargas et al. (2015) reported that WPI enhanced the bile salt 
resistance of yoghurt culture starters (i.e. S. thermophilus and 
L. bulgaricus) proportionally to its content. The observed alleviation of 
the bile salt mediated stress of LGG may be attributed to the ability of 
proteins to act as a barrier between the bile salt and phospholipid 
bilayer, thus preventing the increase in the LGG cell membrane 
permeability. 

3.5.4. Adhesion of LGG cells to an in vitro human gut epithelium model 
The ability of the carrier systems to promote the adhesion of the LGG 

cells to the gut mucosa was tested on a mucin-producing in vitro co- 
culture (Caco-2/HT-29) cell model (Fig. 11). As illustrated in the 
representative CLSM micrograph (Fig. 11 A1), a satisfactorily high 
number of non-injured LGG cells were adhered to the mucus-rich 
microdomains of the co-culture model. However, it should be noted 
that on some occasions, LGG cells suffering sublethal stress were also 
able to adhere to the mucus layer of the co-culture model (Fig. 11 A2). 

Table 6 
Influence of lyophilisate protein composition (S = spirulina, P = pea, W = whey) 
and precursor pre-treatment (NT = non-treated, F = fermented) on the shelf-life 
(TVC ≤6 log CFU g− 1) of the probiotic lyophilisates stored under different 
conditions calculated based on the Weibull model (Eqs. (3) and (4)).  

Sample aw 0.11 aw 0.54 

20 ◦C 37 ◦C 20 ◦C 

SNT 290 ± 17.4 55 ± 0.4 42 ± 1.4 
SF 210 ± 11.2 20 ± 0.5 4 ± 0.5 
PNT 348 ± 7.4 77 ± 2.0 60 ± 1.7 
PF 231 ± 15.5 20 ± 0.3 9 ± 1.4 
WNT 282 ± 8.1 52 ± 0.7 61 ± 8.0 
WF 151 ± 0.7 10 ± 0.5 5 ± 0.0  

Fig. 10. Influence of lyophilisate protein composition (S = spirulina, P = pea, 
W = whey) and precursor treatment (NT = non-treated, F = fermented) on total 
viable LGG cell counts in the initial matrix and obtained gastric and intestinal 
chymes. a-fDifferent letters denote a significant difference according to Tukey’s 
post hoc means comparison test (p < 0.05). 
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The number of cultivable LGG cells adhered ranged from 3.60 to 5.01 
log CFU cm− 2. A positive correlation (r = 0.769, p < 0.05) between the 
LGG TVCs in the jejunum digesta and number of the living cells adhered 
to the mucosa of the co-culture model was found, implying the proba
bilistic character of the LGG cell adhesion properties (Fig. 11 B). The 
protein type was highly influential (p < 0.001) on the amount of LGG 
cell adhered to the mucosa of the co-culture model with the WPI and PPI 
to exhibit the highest muco-adhesion potential (4.40, 4.27 and 3.89 log 
CFU cm− 2, respectively). On the contrary, the implementation of the 
pre-fermentation step did not affect the LGG cells muco-adhesion per
formance (4.16 vs 4.21 log CFU cm− 2 for NT and F). The establishment 
of probiotic cells in the gut microbiota ecosystem is largely modulated 
by their ability to adhere to the mucus layer of the gut epithelium and 
form a biofilm surrounded by extracellular polymeric substances (Lu 
et al., 2022). The adherence of probiotics to the intestinal epithelium is 
intricately linked to their hydrophobicity and auto-aggregation abilities 
depending on the number of the hydrophobic groups on the cells surface 
(Mendonça et al., 2022). In a recent study, Liu et al. (2022) demon
strated that co-culturing L. plantarum with 1% wt. of protein (whey, soy 
or Ilisha) improved its intestinal adhesion due to the enhancement of its 
cellular hydrophobicity and self-aggregation ability, which could 

explain the enhanced LGG intestinal adhesion in the case of the fer
mented WPI systems. 

On the other hand, the interaction of bacterial cells with the food 
matrix components, in their intact or peptic cleaved form, may also 
affect their ability to adhere to the gut mucosa (Flach et al., 2018; Paone 
& Cani, 2020). In the present work, the proteolysis degree (OPA assay – 
data not shown) was well correlated with the number of the adhered 
LGG cells (r = − 0.987, p < 0.05; Suppl. Fig. 2), which implies that the 
peptic cleavage of proteins diminishes their adhesive potential. In a 
previous study, Świątecka et al. (2010) demonstrated that pea protein 
isolate, in its either native or glycated form, enhanced the ability of 
L. acidophilus to adhere to the mucus layer of Caco-2/HT29 cells, an 
effect that was attributed to the ability of pea proteins to act as cell 
adhesion molecules. In another study, Deepika et al. (2011) reported 
that the composition (fat, sugar and pH) and storage time are likely to 
affect the adhesion of LGG to Caco-2 cells. Nonetheless, the literature 
data regarding the role of digested food macromolecules on the adhesion 
of probiotic cells is not well explored. Lastly, it is worth highlighting, 
that no significant effect of the storage period (fresh vs. 6 months stored 
under chilling conditions) on the LGG muco-adhesion properties was 
observed, confirming the preservation of the biological activity of the 

Fig. 11. (A): Representative CLSM micrographs ( × 20) illustrating LGG cell adhesion to the mucus layer of a gut epithelium co-culture model, influenced by the pre- 
treatment of spirulina protein isolate-based precursors (A1: non-treated, A2: fermented), whereby green represents living bacteria and red dead bacteria. (B): 
Correlation between culturable LGG cell counts adhered to the mucosal layer of the gut epithelium co-culture model and total viable counts in the intestinal chymes, 
influenced by protein composition (S = spirulina, P = pea, W = whey) of the lyophilisates and pre-treatment of their precursors (NT = non-treated, F = fermented). 
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lyophilisates over storage. 

4. Conclusions 

This study investigated the feasibility of utilising Spirulina platensis 
protein isolate (SPI) in creating protein-rich xero-templates that convey 
live Lacticaseibacillus rhamnosus GG (LGG) cells, drawing parallels with 
whey and pea protein isolates. Despite variations in microstructural 
features, SPI demonstrated a satisfactory capability to engraft live LGG 
cells into the wall material, akin to whey (WPI) and pea (PPI) protein 
isolate. The fermentation of the precursors impaired the ability of the 
LGG cells to withstand the physicochemical stressors associated with the 
lyophilisation process and storage conditions. In terms of preserving cell 
viability throughout freeze drying and subsequent storage, PPI-based 
xero-templates outperformed both SPI and WPI. It was postulated that 
several parameters such as the LGG adhesion affinity to proteins, the 
microstructure configuration of the engrafting xero-template and 
oxidative alterations of the cell membrane components − lipids, nucleic 
acids and proteins − potentially influenced the LGG viability. Although 
exposure to gastric conditions notably reduced the count of cultivable 
LGG cells, fermented lyophilisates enhanced LGG survivability, an effect 
attributed to the cells’ adaptation to acidic environments. Furthermore, 
neither bile salts nor pancreases significantly affected LGG survival in 
intestinal chymes. A satisfactory LGG cell adhesion to the mucus layer of 
an in-vitro co-culture model of gut epithelium across all conditions was 
observed, with WPI and PPI appearing to promote the most the molec
ular interactions between LGG cells and the mucosa. In conclusion, this 
research affirmed the potential of SPI as a wall material for embedding 
and preserving the biological activity of LGG, with the results being 
particularly promising when compared to WPI. The findings from this 
work may contribute significantly to the development of effective and 
robust delivery systems for probiotics. 
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