
 
 

 
 

 
Microorganisms 2021, 9, 1013. https://doi.org/10.3390/microorganisms9051013 www.mdpi.com/journal/microorganisms 

Article 

Rehydration before Application Improves Functional  
Properties of Lyophilized Lactiplantibacillus plantarum HAC03 
Karina Arellano-Ayala 1, Juhwan Lim 1,2, Subin Yeo 3, Jorge-Enrique-Vazquez Bucheli 1,  
Svetoslav-Dimitrov Todorov 1, Yosep Ji 2 and Wilhelm-Heinrich Holzapfel 1,3,* 

1 Department of Advanced Convergence, Handong Global University, 558 Handong-ro, Heunghae-eup,  
Buk-gu, Pohang-si, Gyeongbuk, Pohang 37554, Korea; karay.mx@gmail.com (K.A.-A.);  
jhlim@microbes.bio (J.L.); jorge_jbv@hotmail.com (J.-E.-V.B.); slavi310570@abv.bg (S.-D.T.) 

2 HEM Inc., 404, Ace Gwanggyo Tower 3, 77, Changnyong-daero 256-gil, Yeongtong-gu, Suwon-si,  
Gyeonggi 16229, Korea; ysji@microbes.bio 

3 HEM Inc., Business Incubator Center 103, Handong Global University, 558 Handong-ro, Heunghae-eup, 
Buk-gu, Pohang-si, Gyeongbuk, Pohang 37554, Korea; sbyeo@microbes.bio 

* Correspondence: wilhelm@woodapple.net 

Abstract: Preservation of probiotics by lyophilization is considered a method of choice for develop-
ing stable products. However, both direct consumption and reconstitution of dehydrated probiotic 
preparations before application “compromise” the survival and functional characteristics of the mi-
croorganisms under the stress of the upper gastro-intestinal tract. We evaluated the impact of dif-
ferent food additives on the viability, mucin adhesion, and zeta potential of a freeze-dried putative 
probiotic, Lactiplantibacillus (Lp.) plantarum HAC03. HAC03-compatible ingredients for the formu-
lation of ten rehydration mixtures could be selected. Elevated efficacy was achieved by the B-active 
formulation, a mixture of non-protein nitrogen compounds, sugars, and salts. The survival of Lp. 
plantarum HAC03 increased by 36.36% compared rehydration with distilled water (4.92%) after 
passing simulated gastro-intestinal stress conditions. Cell viability determined by plate counting 
was confirmed by flow cytometry. B-active formulation also influenced Lp. plantarum HAC03 func-
tionality by increasing its adherence to a Caco-2 cell-line and by changing the bacterial surface 
charge, measured as zeta potential.Hydrophobicity, mucin adhesion and immunomodulatory 
properties of Lp. plantarum HAC03 were not affected by the B-active formulation. The rehydration 
medium also effectively protected Lp. plantarum ATCC14917, Lp. plantarum 299v, Latilactobacillus 
sakei (Lt.) HAC11, Lacticaseibacillus (Lc.) paracasei 532, Enterococcus faecium 200, and Lc. rhamnosus 
BFE5263. 
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1. Introduction 
Most probiotic preparations on the market are presented either as viable bacterial 

cells or cultures, as ingredients of fermented food products or as freeze-dried microbial 
preparations [1]. For the commercialization and distribution of beneficial bacterial prepa-
rations such as probiotics, it is imperative to formulate transportable, shelf-stable concen-
trates by which their intrinsic functional properties will be supported [2]. The long-term 
preservation of probiotics and other beneficial microorganisms is commonly achieved by 
applying different drying (dehydration) procedures, with freeze-drying (lyophilization) 
as the commonly preferred option for the conservation of starter cultures for applications 
in the food industry [3]. 

However, during lyophilization, the microbial cells are exposed to stress conditions 
such as freezing, vacuumization, cryoprotectants, and low water activity that may cause 
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sublethal cell damage. Factors that may play a role in bacterial cell survival include intrin-
sic strain resistance, initial cell concentration, cell density, growth conditions, growth 
phase at harvesting, and the (cryo-) protective agents used [4–7]. Moreover, the effective-
ness of lyophilization is directly related to the type of applied cryoprotectant. Even when 
considering strain-dependent variation in response to the damaging effects of freeze-dry-
ing, cryoprotectant agents such as maltodextrin (5%) and glycerol (2%) were found gen-
erally effective and economically feasible for the lyophilization of starter cultures for im-
plementation under robust conditions such as direct inoculation for cassava fermentation 
[8]. A combination of skim-milk (10%, w/v) and sucrose (10%, w/v), supplemented with 
sodium glutamate (2.5%, w/v), was found to be successful for the cryoprotection of Ligi-
lactobacillus (Lg.) salivarius during freeze-drying, and for yielding superior growth and 
survival [7]. Physiological deterioration will affect the viability and functionality of the 
culture and may be caused by cell shrinkage and the resulting disruption of cell integrity 
(by cell wall damage or as a result of membrane lipid oxidation), and by DNA, RNA and 
protein denaturation [4,9]. Several studies underline the importance of viable cells on pro-
biotic functionality. In 2004, Galdeano and Perdigón [10] demonstrated that viable Lacti-
caseibacillus (Lc.) casei cells stimulated the intestinal mucosal immune system to a greater 
extent than non-viable bacteria in the gut of mice. Pelletier et al., in 2001, [11] also pointed 
out the importance of viable cells when comparing the effectiveness of viable and non- 
viable probiotics in the digestion of lactose in a clinical trial with lactose-intolerant sub-
jects. In addition to viability, the functionality of probiotics may strongly be impacted by 
freeze-drying and preservation methods. Iaconelli et al., in 2015, [12] found that viability, 
immunomodulatory, and adhesion capacity of cells differ according to the drying process 
and the kind of bacteria, while in 2019, Kiekens et al. [13] reported that the pili of Lc. rham-
nosus GG were sheared off during spray-drying, thereby affecting adherence of this strain. 

Stress response induced by various physicochemical factors during de- and rehydra-
tion can support the restoration of cell homeostasis and thereby its vitality and perfor-
mance [14]. Various cryoprotectants and even immobilization may be used for maintain-
ing the microorganism’s viability during the freeze-drying process [15]. However, not all 
strains survive the process equally well and at the same rate [16], suggesting intra-species 
diversity in response to lyophilization-related stress conditions. 

Independent of the drying method, rehydration involves an important step in the 
recovery of dehydrated microorganisms; even with careful procedures supporting sur-
vival during freezing, drying and storage, an inadequate rehydration step may lead to 
poor cell viability and a low final survival rate [17]. During the rehydration process, the 
cells are subjected to a rapid change in the physical–chemical conditions, usually within a 
few seconds, during which the cells transfer from the solid (dry) and dormant state to a 
hydrated colloid or suspension, thereby initiating metabolic activity in the cells. However, 
the viability of a freeze-dried microorganism could be compromised during and after re-
hydration. Osmotic shock is a major attribute to the detrimental effect of reconstitution of 
a freeze-dried culture. Other factors that may also affect the viability of cells during rehy-
dration include composition of the rehydrating solution, osmolarity, the volume ratio, re-
hydration rate, time, temperature, and type of microorganism [18]. Successful rehydration 
is based on retaining the integrity of the cells as support for the microorganism’s function-
ality. On the other hand, for some microorganisms such as dried yeast, the viability, fer-
menting and leavening ability will probably not be significantly affected by the rehydra-
tion procedure [19]. The least possible damage to microbial cells during rehydration may 
be ascertained by careful selection of the matrix or excipients that incorporate the (probi-
otic) culture [20]. It is therefore essential to supply a suitable environment and verify the 
strain’s compatibility and adaptability to the reconstituting solution in order to regain its 
functionality [21]. 

In order to reach the intestinal target site in a metabolically active and functional 
condition, probiotic candidates should survive the passage of the upper gastro-intestinal 
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tract (GIT) [1]. In addition, ability to adhere to mucosal surfaces and the intestinal epithe-
lial lining is also considered an important feature of probiotic functionality, thereby con-
ferring a competitive advantage important for its establishment in the human GIT [22]. 
The Food and Agriculture Organization and the World Health Organization (FAO/WHO, 
2002) [19,23] jointly recommended several in vitro tests to assess the functionality of pro-
biotic microorganisms in the human body; these include resistance to gastric acidity and 
the bile salts typical of the duodenum, plus adherence to mucus and/or human epithelial 
cells. The simulated stomach and duodenum passage assay (SSDP) mimics the main stress 
conditions that probiotic microorganisms experience along the upper digestive tract after 
ingestion and enables the prediction of the behavior and tolerance of a microbial strain 
[24]. Survival in and adaptation to the intestinal lumen will promote interaction with the 
native (autochthonous) microbiota and/or stimulation of the host immune response. This 
constitutes the basis of both the probiotic mode of action and the resulting beneficial ef-
fects [25]. 

Flow cytometry is a technique originally applied for the quantification of eukaryotic 
cells. Moreover, it has been adapted for the analysis of viability, metabolic state, and anti-
genic markers of bacteria. Its accuracy in the determination of live, dead, damaged, and 
total bacteria in real time emphasizes its value [26]. The use of propidium iodide, a nucleic 
acid-specific, red-fluorescent dye that binds to double-stranded DNA by intercalating be-
tween base pairs, allows the differentiation of live and dead bacteria. Live cells with intact 
membranes generally exclude the dye, while it easily penetrates the permeable mem-
branes of non-viable cells [27]. 

Adhesion to intestinal epithelial cells and mucus is imperative for microbial persis-
tence in environments such as the GIT as habitat for microorganisms [25,28], and in addi-
tion, facilitating the establishment of host–bacteria interactions [29]. Several models have 
been developed to assess probiotic adhesion in vitro. Some of them are based on the use 
of human colon adenocarcinoma cell line Caco-2 and mucus membrane proteins, such as 
collagen, laminin, fibronectin, and mucin. However, bacterial adhesion is a complex 
mechanism that involves non-specific and specific interactions such as ligand receptors. 
Non-specific interactions correspond to physicochemical interactions between the micro-
organisms’ cell surface and mucin or intestinal epithelial cells. Characteristics of the bac-
terial cell surface such as hydrophobicity, surface charge, and electron donor–acceptors 
play an important role [30]. Bacterial cell hydrophobicity is usually associated with hy-
drophobic surface glycoproteins or hydrophilic polysaccharides [31]. In Gram-positive 
bacteria, the wall teichoic acid, lipoteichoic acid, and peptidoglycan define the anionic 
charge of the cells [32]. Some authors refer to the zeta potential as an indication of the 
relative quantity of negatively or positively charged groups, the variation of which reflects 
the differences in the surface structures among strains [33]. It has previously been used to 
characterize and predict intestinal bacterial adhesion to the GIT [34]. 

The purpose of this study was to evaluate the effect of different food-grade additives 
on the survival, activity, and functionality of freeze-dried Lp. plantarum HAC03, a putative 
probiotic. The information served as a basis for composing an optimal formulation for the 
restoration of probiotic properties lost or diminished during freeze-drying. In vitro param-
eters such as survival under simulated GIT conditions, adhesion to the enterocyte-like 
Caco-2/TC-7 cell-line and to mucin, and immune stimulation served as indicators of rehy-
dration effectivity and potential restoration of functionality. Lp. plantarum HAC03 viabil-
ity in real time and bacteria cell surface changes and integrity were corroborated by flow 
cytometry and by measuring the zeta potential and hydrophobicity, respectively. 

2. Materials and Methods 
2.1. Strains and Growth Conditions 

Lp. plantarum HAC03 with probiotic potential and previously isolated from white 
kimchi, Korean fermented cabbage [35], was employed as a test strain. Lp. plantarum 
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subsp. plantarum ATCC 14917 was used as a reference strain, and Lp. plantarum 299v [36] 
as a commercial probiotic control strain. Following the standardization of the formulation, 
its influence on the viability and survival was also determined on Latilactobacillus (Lt.) sakei 
HAC11, Lc. paracasei 532, Lp. plantarum ATCC 14917, E. faecium 200, and Lc. rhamnosus BFE 
5263. All strains were cultivated in De Man, Rogosa and Sharpe (MRS, Becton, Dickinson 
and Company—BD, Franklin Lakes, NJ, USA) media under anaerobic conditions (Anaer-
obic Chamber Whitley DG250, Don Whitley Scientific, Bingley, UK) at 37 °C for 18 h and 
stored at −80 °C in a Cryotube F570-86 deep freezer (Eppendorf, Hamburg, Germany) in 
the presence of 30% glycerol. Initially, 1% (v/v) of each strain was activated in 5 mL MRS 
broth and propagated by two sub-culturing steps in MRS broth and/or on MRS agar be-
fore each experiment. Unless otherwise specified, fresh cells were prepared by harvesting 
the cultures at 10,000 × g for 5 min, washed, and re-suspended in sterile phosphate buffer 
saline 1X (PBS, Lonza, Basel, Switzerland) to a final concentration of 1 × 108 CFU/mL. 

2.2. Fermentation and Freeze-Drying Process 
Lp. plantarum HAC03 was sub-cultured by 1% inoculation into 50 mL MRS broth fol-

lowed by incubation under anaerobic conditions at 37 °C for 18 h. Subsequently, the cul-
ture volume was up-scaled to 4 L in a 5 L fermenter M300 (Mettler-Toledo, Columbus, 
OH, USA). Fermentation was conducted at 37 °C with nitrogen gas aeration and 110 rpm 
agitation for 17 h while maintaining the pH at 5.6 by constantly feeding in sterile 1 N HCl 
and/or 5 N NaOH. The cultures were collected in 500 mL sterile polypropylene bottles 
and harvested by centrifugation at 10,000× g for 20 min. The pellets were washed twice 
with 1X PBS, weighed, and resuspended in 10% skim-milk (BD) with 5% sucrose (Daegu 
Chemicals, Daegu, South Korea) as cryoprotectant at a 1:2 ratio. The bacterial mix was 
transferred to metal plates and stored at −80 °C for 24 h in a deep freezer (Eppendorf, 
Hamburg, Germany). The frozen cultures were then placed in a 4.5 L benchtop freeze-
dryer (Labconco Freezone, Kansas City, KS, USA) and lyophilized at a condenser temper-
ature of −54 °C and at 0.02 psi pressure for 24 h. The dried bacteria were pulverized man-
ually, under aseptic conditions, with a metal mortar and pestle, and stored in 50 mL pol-
ypropylene tubes at −20 °C to avoid lipid oxidation and culture deterioration. 

2.3. Food Additives and Rehydration Conditions 
Forty food-grade additives from the Food and Drug Administration (FDA) list [37] 

were selected for developing a new probiotic formulation for protecting Lp. plantarum 
HAC03 freeze-dried cells against osmotic shock and harsh conditions in the GIT after in-
gestion and to maintain or recover probiotic properties that could be compromised during 
freeze-drying. The selected additives included carbohydrates such as arabinose, maltose 
(USB, Cleveland, OH, USA), xylose, rhamnose, mannose, fructose, mannitol, glucose, tre-
halose, alginic acid (Sigma Aldrich, St. Louis, MO, USA), sucrose, sorbitol and starch (Dae-
jung Chemicals, Busan, South Korea), proteins and nitrogenous compounds such as albu-
min, pepsin (Sigma Aldrich, St. Louis, MO, USA), gelatin, peptone soy (Daejung Chemi-
cals, Busan, South Korea) and yeast extract (BD), amino acids such as L-arginine, L-orni-
thine, L-glutamic acid, L-proline, L-lysine (Sigma Aldrich), L-serine, L-threonine, L-aspar-
tic acid (Georgia Chem, Atlanta, GA, USA), L-tryptophan (Kanto Chemical Co., Kanto 
Kagaku, Singapore), L-phenylalanine (Junsei Chemical, Tokyo, Japan) and L-tyrosine 
(Samchun Chemicals, Daejeon, South Korea), salts such as sodium phosphate, sodium L-
tartrate (Sigma Aldrich) and sodium bicarbonate (Yakuri, Kyoto, Japan), organic acids 
such as malic acid (Sigma Aldrich) and pyruvic acid (Daejung Chemicals), osmolytes such 
as betaine (Daejung Chemicals) and taurine (Sigma Aldrich) and vitamins such as ribofla-
vin (Sigma Aldrich), thiamine hydrochloride (Daejung Chemicals) and L-ascorbic acid 
(TCI, Tokyo, Japan). Additive-microorganism compatibility was tested by mixing 0.01 g 
of bacteria powder (~1 × 109 CFU/g) and the corresponding component to 0.001 M of each 
ingredient, or 0.02 g in the case of proteinaceous components or complex mixtures such 
as yeast extract, starch, and alginic acid to normalize the effect of osmotic pressure in the 
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dried cells (Table S1). The different powder mixtures were rehydrated at 25 °C for 1 min 
with 1 mL autoclaved distilled water (DW) and subjected to the different essays. 

2.4. Simulated Gastro-Intestinal Passage Resistance Assay 
To evaluate the protecting effectivity of the selected 40 food additives listed before, 

the rehydrated Lp. plantarum HAC03 was exposed to the in vitro Simulated Stomach Du-
odenum Passage (SSDP), after which its survivability was determined under simulated 
physiological conditions of the human GIT. The SSDP essay was carried out as established 
by Haberer et al. [24] and further adapted by Ji et al. [38], with some modifications. 

Freeze-dried bacteria and food additives mixtures were rehydrated as described be-
fore, and 1 mL of the mixture was subjected to simulated stomach conditions by adding 9 
mL of 1X PBS pH 2.5 (pH adjusted with 1 N HCl). The obtained suspensions were vor-
texed, and the pH was measured and adjusted to 2.5 ± 0.2 by adding 1 N HCl or 1 N NaOH 
if needed. The process was conducted by incubation at 37 °C for 1 h in an anaerobic cham-
ber (Don Whitley Scientific, Bingley, UK), directly followed by the addition of 17 mL of 
synthetic duodenum juice with pH 6.0 ± 0.2 (6.4 g/L NaHCO3, 0.239 g/L KCl and 1.28 g/L 
NaCl) and 4 mL of bile salts (10% ox-gall; BD) to simulate passage through the small in-
testine. The samples were incubated for two additional hours under the same conditions, 
during which assay samples were taken after 0, 1, and 3 h of incubation to determine the 
viability of the bacteria after exposure to acid and bile stress, by viable plate counting on 
MRS agar. Lp. plantarum HAC03 controls comprised fresh cells cultivated in MRS as men-
tioned before, adjusted to 1 × 109 CFU/mL, while the freeze-dried bacteria were rehydrated 
only with DW. 

2.5. Bacterial Adhesion to Mucin 
The mucin adhesion test was performed according to the method described by 

Laparra and Sanz [39], with some modifications. Crude mucin type II (Sigma Aldrich) was 
diluted in 1X PBS (Lonza, Basel, Switzerland) to a final concentration of 5 mg/mL and 
loaded in aliquots of 1 mL into polycarbonate 12-well plates (SPL, Gyeonggi-do, South 
Korea). The plates were incubated at 37 °C under anaerobic conditions, the mucin re-
moved after 1 h, and the wells washed twice with 1X PBS (Lonza). Bacterial adhesion was 
determined by adding 1 mL of 1 × 108 CFU/mL fresh and rehydrated freeze-dried Lp. 
plantarum HAC03 cells with or without food additives into the mucin-treated wells. The 
plates were incubated under anaerobic conditions, and 1 h later the cultures were re-
moved. The wells were carefully washed twice with 1X PBS, and the mucin-attached cells 
were finally resuspended in 1 mL 1X PBS. The number of cells attached to mucin was 
calculated by viable plate counting on MRS agar in triplicate, and wells without mucin 
were used as controls. 

2.6. Bacterial Zeta Potential 
Changes in the surface groups of the bacteria were indirectly measured by determin-

ing the surface charge of the fresh and rehydrated freeze-dried Lp. plantarum HAC03 cells 
with or without the food additives incorporated into the mix. The assay was carried out 
by mixing the previously rehydrated bacteria with 9 mL of double-distilled water (DDW) 
at pH 2.0 to reach a final concentration of 1 × 108 CFU/mL. The pH was measured and 
corrected to pH 2.0 by adding 0.1 N HCl or 0.1 N NaOH, and 800 μL samples were loaded 
in DTS1070 cuvettes. The samples were measured on a Zetasizer Nano ZEN 3600 after 2 
min equilibration time (Malvern Panalytical, Malvern, UK) and the Smoluchowski model 
was used to convert electrophoretic mobility data to zeta potential values [34], which were 
considered as the average of three reads. 
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2.7. Product Formulation 
Based on analyses of the initial data generated from evaluations of the effects of 40 

different food grade ingredients, seven food additives were selected based on their per-
formance for protecting Lp. plantarum HAC03 freeze-dried cells during the simulated GIT 
passage, for enhancing bacterial adhesion to mucin, and modulating zeta potential values 
close to fresh overnight cell cultures. Five preparations (A to E) were formulated (Table 1, 
with different proportions of a combination of different food additives. 

Table 1. Survival of freeze-dried Lp. plantarum HAC03 after passing the simulated environment of the GIT as a function 
of rehydration with five formulations containing different proportions of selected cell-protecting food additives. 

 Log CFU/mL Log CFU/mL Survival (%) Log CFU/mL Survival (%) 
Fresh cells Lp. plantarum HAC03 8.47 ± 0.01 8.47 ± 0.07 99.83 7.90 ± 0.12 27.24*** 
Freeze-dried cells HAC03+DW 8.48 ± 0.04 7.57 ± 0.09 12.24 7.17 ± 0.11 4.92 

A 

Sucrose 

8.46 ± 0.12 8.46 ± 0.18 104.77 7.94 ± 0.18 31.06*** 
Malic acid 
Sorbitol 
Soy peptone 
Riboflavin 

B 

Sucrose 

8.51 ± 0.07 8.44 ± 0.06 84.77 8.07 ± 0.05 36.35*** 
Malic acid 
Sorbitol 
Soy peptone 

C 
Sucrose 

8.42 ± 0.03 8.28 ± 0.06 71.50 7.91 ± 0.01 31.06*** Sorbitol 
Soy peptone 

D 

Soy peptone 

8.66 ± 0.05 8.27 ± 0.02 40.82 6.10 ± 0.04 0.28 
Tryptophan 
Sorbitol 
Sodium bicarbonate 

E 

Soy peptone 

8.51 ± 0.23 8.57 ± 0.06 120.89 7.17 ± 0.01 4.93 
Tryptophan 
Glucose 
Sodium bicarbonate 

Effectivity of the formulations was first evaluated based on supporting Lp. plantarum 
HAC03 viability after SSDP, using plate counting and subsequent confirmation in real 
time by flow cytometry. The formulation with the best outcome was also assessed by in 
vitro essays for cell adhesion and immune stimulation to determine whether there was an 
enhancement of adhesion to Caco-2/TC-7 and immune response stimulation in a macro-
phage cell line, which are probiotic properties frequently compromised by the freeze-dry-
ing process. The impact of the selected formulation on mucin adhesion, zeta potential and 
hydrophobicity of Lp. plantarum HAC03 were tested as well. 

2.8. Determination of Bacterial Viability by Flow Cytometry 
The effectiveness of the formulation that supported the highest Lp. plantarum HAC03 

viability percentages in plate counting after SSDP was further confirmed in real time by 
flow cytometry using the dye exclusion method with propidium iodide (PI) (Sigma Al-
drich) according to the protocol established by R&D systems 2016 [40], with minor modi-
fications. The samples were subjected to SSDP as described before, however this time, the 
bacterial suspensions, after stomach and duodenum simulation passage, were diluted up 
to 1 × 106 CFU/mL in 1X PBS and harvested by centrifugation at 10,000× g for 10 min. 
Supernatants were discarded and the pellets re-suspended in 1 mL of flow cytometry 
staining buffer composed of 1X PBS, 0.5% bovine serum albumin (BSA, Sigma Aldrich) 
and 0.05% NaN3 (Sigma Aldrich). The cells were stained by adding 20.4 μL PI to a final 
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concentration of 30 μg/mL and incubating for 1 min in the dark after gently mixing. Bac-
terial viability was determined by Flow Cytometer ZE5 and Everest software v 2.2.08.0 
(Bio-Rad Laboratories, Hercules, CA, USA). Fresh overnight cultures and freeze-dried Lp. 
plantarum HAC03, rehydrated only with distilled water, were used as controls. 

2.9. Adhesion to Intestinal Epithelial Cell Line 
The influence of the formulation on adherence of Lp. plantarum HAC03 to the human 

enterocyte-like Caco-2/TC-7 cell-line after freeze-drying and SSDP was also determined, 
according to the protocol of Botes et al. [41]. Fresh cultures of Lp. plantarum subsp. planta-
rum ATCC 14917 and Lp. plantarum 299 v were used as authentic and probiotic reference 
strains, respectively. Lp. plantarum HAC03 fresh cells were used as controls, while freeze-
dried cells with and without the formulation mixture were used as experimental groups. 
Fresh cultures were harvested (as described before) and the obtained fresh cells, as well 
as the freeze-dried cells, were resuspended and/or rehydrated with DW, as described. All 
cultures were subjected to SSDP, and after bile stress incubation, the bacteria were har-
vested at 3000× g for 20 min, washed three times with PBS 1X, and re-suspended in 10 mL 
Minimal Essential Medium (MEM) cell culture media (Sigma Aldrich) supplemented with 
20% Fetal Bovine Serum (FBS), 2 mM glutamine, and 1% non-essential amino acids. To 
assess the bacterial adhesion, 2 mL of the suspensions were incubated with 1 × 105 
CFU/Caco-2/TC-7 monolayer at 37 °C in a 5% CO2 + 95% air atmosphere for 1.5 h. Caco-
2/TC-7 monolayer cells were washed three times with cold PBS to remove the non-adher-
ing bacteria, and detached by adding 0.25% of trypsin solution (Promega, Fitchburg, WI, 
USA) and incubating for 15 min at 37 °C. To quantify the number of bacteria adhering to 
the Caco-2/TC-7 cells, the samples were serially diluted, and plate-counted on MRS agar. 

2.10. Immune Stimulation In Vitro 
The immune stimulatory properties of Lp. plantarum HAC03 freeze-dried cells rehy-

drated with the formulation was investigated in a macrophage cell line. Fresh and freeze-
dried cells were prepared and subjected to SSDP, as described, and finally, cultures were 
washed and resuspended in DMEM media with 20% FBS to a final concentration of 1 × 
106 CFU/mL. The mouse macrophage cell line was grown in Dulbecco’s Modified Eagle 
Medium (DMEM) with 20% FBS, 2 mM glutamine, and 1% non-essential amino acids. To 
stimulate the macrophage, 2 mL of the bacterial suspension were incubated with 5 log 
CFU/macrophage monolayer for 14 to 16 h at 37 °C in a 5% CO2, 95% air atmosphere mix-
ture. After incubation, the medium was carefully removed with a suction pump. The cells 
were washed twice with cold 1X PBS and 500 μL of Trizol were added for extracting the 
macrophage mRNA. A template of 200 ng RNA was used for cDNA synthesis and qRT-
PCR was carried out. The primers used were IL-1b forward 5′-TCG CTC AGG GTC ACA 
AGA AA-3′ and reverse 5′-CAT CAG AGG CAA GGA GGA AAA C-3′ [42], MCP-1 for-
ward 5′-GCA GTT AAC GCC CCA CTC A-3′ and reverse 5′-CCC AGC CTA CTC ATT 
GGG ATC A-3′ [43], TNFa forward 5′-TGG GAC AGT GAC CTG GAC TGT-3′ and reverse 
5′-TTC GGA AAG CCC ATT TGA GT-3′ [42], IL-10 forward 5′-GGT TGC CAA GCC TTA 
TCG GA-3′ and reverse 5′-ACC TGC TCC ACT GCC TTG CT-3′ [44], TGFb forward 5′-
CCC AGC ATC TGC AAA GCT C-3′ and reverse 5′-GTC AAT GTA CAG CTG CCG CA-
3′ [45]. The primers ARBP forward 5′-TCA CTG TGC CAG CTC AGA AC-3′ and reverse 
5′-AAT TTC AAT GGT GCC TCT GG-3′ [46] were used to normalize the transcription 
levels of the target genes. Quantitative real-time PCR was performed with 50 ng of cDNA 
and SYBR Premix Ex Taq II (Takara, Japan) using the Step-One Plus real-time PCR system 
(Applied Biosystems, Foster, CA, USA). The polymerase activation step at 95 °C for 30 s 
was followed by 40 cycles of denaturation at 95 °C for 5 s and annealing at 60 °C for 30 s. 
Subsequently, melting curve analysis was carried out by heating the reactions from 65 to 
96 °C in 0.3 °C intervals while monitoring fluorescence. The relative gene transcription 
was calculated as the log2 of ΔΔCT. 
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2.11. Bacterial Hydrophobicity 
The influence of the selected formulation on Lp. plantarum HAC03 hydrophobicity 

after rehydration was additionally investigated. Hydrophobicity and the surface charge 
(zeta potential) of bacterial cells play an important role in their adhesion; these features 
have been reported to be affected by the freeze-drying process. The assay was performed 
according to Arellano et al. [47], with some modifications, where the hydrophobicity was 
evaluated by measuring Lp. plantarum HAC03 affinity to a solid hydrophobic surface such 
as polystyrene. During the test, an aliquot of 1 mL of 1 × 108 CFU/mL rehydrated bacterial 
suspension was placed in a 12-well polystyrene plate and incubated at 37 °C under anaer-
obic conditions. After one hour, the cultures were carefully removed, and the wells were 
washed three times with 1X PBS to remove the non-attached cells. The cells attached to 
the polystyrene were detached from the surface by cooling at 10 °C for 60 min, subse-
quently resuspended in 1X PBS, and plate-counted on MRS agar in triplicate. Lp. plantarum 
HAC03 fresh cells were used as controls. 

2.12. Statistical Analysis 
To determine the statistical significance of differences between the treatments, the 

results of three independent experiments were analyzed. Statistical analysis is described 
in each figure legend and was determined using GraphPad Prism 6 software (San Diego, 
CA, USA). One-way ANOVA was used for comparing more than 3 groups. Differences 
were adjudicated using the post hoc analysis recommended by PRISM. Statistical outliers 
were determined via the ROUT test (p < 0.05) and removed. p < 0.05 was considered to be 
statistically significant. 

3. Results 
3.1. Influence of Single Food Additives on Lp. plantarum HAC03 Viability after GIT Stress, Mu-
cin Adhesion and Zeta Potential 

The viability results showed that the carbohydrates generally exhibited the highest 
protection of Lp. plantarum HAC03 freeze-dried cells under conditions resembling passage 
of the upper GIT (p < 0.001) (Table 2). In cases of cells rehydrated in the presence of 1% 
glucose, viability levels were similar to those of fresh cultured bacteria (23.50% and 
24.51%, respectively). The high viability levels obtained with glucose followed those 
found when either sorbitol (16.69%), sucrose (14.52%), mannose (13.48%), fructose 
(13.76%), or maltose (9.59%) were used. Proteins and nitrogenated molecules such as pep-
sin and soy peptone were also able to support the viability of Lp. plantarum HAC03 freeze-
dried cells, but to a minor degree, with 7.30% and 14.43%, respectively (p < 0.01), next to 
albumin (6.46%) and yeast extract (17.27) (p < 0.05). Arabinose (0.66%), alginic acid 
(0.003%), arginine (0.04%), ornithine (0.84%), glutamic acid (0.10%), sodium L-tartrate 
(0.003%), malic acid (0.003%), pyruvic acid (0.003%), and ascorbic acid (0.10%) signifi-
cantly affected the viability of the freeze-dried cells compared to rehydration only with 
distilled water (2.10%) (Table 2). The additives exerting low protection on bacterial viabil-
ity were not further analyzed for mucin adhesion. 

Regarding adhesion to mucin, again the carbohydrates showed the most beneficial 
influence on the freeze-dried bacteria. Percentages of adhesion obtained for the rehydra-
tion of freeze-dried bacteria were superior with mannose (18.80%), maltose (9.74%), glu-
cose (6.50%), and fructose (5.79%), compared to values obtained for freshly cultivated bac-
teria (4.38%), and were significantly higher compared to rehydration of the freeze-dried 
bacteria with only distilled water (1.55%), p < 0.001 (Table 2). Yeast extract and tyrosine 
were also able to support adhesion of the dried bacteria to mucin, with respective levels 
of 3.23% and 6.89% (p < 0.001), followed by histidine (2.86% (p < 0.01)) and pepsin (2.45% 
(p < 0.05)). Compared to phenylalanine (0.14%), p < 0.001, taurine (0.48%) and thiamine 
(0.63%), (p < 0.01), and arabinose (0.84%), rhamnose (0.76%), trehalose (0.69%), albumin 
(0.83%), threonine (0.91%), sodium L-tartrate (0.72%), sodium bicarbonate (0.83%), betaine 
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(0.67%) and riboflavin (0.81%) (p < 0.05) significantly affected adhesion of the freeze-dried 
bacteria to mucin. 

A zeta potential of 21.03 mV was measured for freeze-dried Lp. plantarum HAC03, 
compared to −17.97 mV for freshly cultured cells. Contrary to the influence on viability 
and mucin adhesion, amino acids and proteinaceous molecules supported better re-estab-
lishing or maintenance of the zeta potential of the freeze-dried bacteria closer to the neg-
ative level of the fresh cells. Pepsin most strongly decreased the zeta potential of the 
freeze-dried bacteria to −11.57 mV, followed by yeast extract (−8.58 mV), sodium phos-
phate (−5.53 mV), sodium L-tartrate (−4.26 mV), soy peptone (−2.66 mV), histidine and 
riboflavin (−0.20 mV) (p < 0.001). Lysin (0.00 mV), ornithine (0.09 mV), glutamic acid (0.26 
mV), arginine (0.74 mV), starch (2.27 mV), pyruvic acid (2.54 mV), sodium bicarbonate 
(2.69 mV), thiamine (3.47 mV), tyrosine (4.70 mV), serine (8.08 mV), betaine (10.05 mV), p 
< 0.001, phenylalanine (3.44 mV), threonine (10.68 mV), proline (14.60 mV), taurine (14.73 
mV) (p < 0.01), and aspartic acid (17.10 mV) (p < 0.05), also reduced the zeta potential of 
the freeze-dried bacteria to a positive level or close to zero. On the other hand, arabinose 
and mannose significantly increased the zeta potential to 24.73 mV and 24.90 mV (p < 0.05), 
respectively, as compared to rehydration of the freeze-dried cells with distilled water (Ta-
ble 2). 

Table 2 Effect of rehydration with different food additives on the viability, zeta potential and mucin adhesion of freeze-
dried Lp. plantarum HAC03 after subjection to simulated GIT conditions. 

Treatment 
Initial Counts After 1 h Acid Stress After 2 h Bile Stress Mucin 

Adhesion  
(%) 

Zeta Potential 
(mV) 

Log  
CFU/mL 

Log 
CFU/mL 

Survival 
(%) 

Log 
CFU/mL 

Survival 
(%) 

Fresh cells of Lp. plantarum 
HACO3 

8.38 ± 0.13 8.07 ± 0.05 50.30 7.77 ± 0.13 24.51 *** 4.38 ± 0.38 *** -17.97 ± 1.12 *** 

Freeze-dried cells of 
HAC03 + DW 

7.99 ± 0.12 6.71 ± 0.17 5.40 6.27 ± 0.28 2.10 1.55 ± 0.36 21.03 ± 1.46 

1 Arabinose 8.09 ± 0.04 6.55 ± 0.02 2.91 5.90 ± 0.13 0.66 ** 0.84 ± 0.00 * 24.73 ± 1.20 * 
2 Xylose 7.95 ± 0.03 6.74 ± 0.32 7.12 6.20 ± 0.37 2.15 1.57 ± 0.05 23.13 ± 1.24 
3 Rhamnose 8.00 ± 0.01 6.62 ± 0.09 4.28 6.14 ± 0.12 1.44 0.76 ± 0.03 * 23.13 ± 2.11 
4 Mannose 8.02 ± 0.01 7.80 ± 0.02 60.21 7.14 ± 0.07 13.48 *** 18.80 ± 0.68 *** 24.90 ± 1.64 * 
5 Fructose 8.07 ± 0.12 7.66 ± 0.03 39.24 7.20 ± 0.25 13.76 *** 5.79 ± 0.21 *** 24.77 ± 2.33 
6 Mannitol 8.02 ± 0.01 6.91 ± 0.18 8.02 6.47 ± 0.07 2.80 0.99 ± 0.02 22.70 ± 1.11 
7 Sucrose 7.95 ± 0.03 7.63 ± 0.06 48.25 7.07 ± 0.28 14.52 *** 1.01 ± 0.07 21.60 ± 1.28 
8 Sorbitol 8.00 ± 0.05 7.54 ± 0.09 34.75 7.22 ± 0.03 16.69 *** 1.45 ± 0.01 23.17 ± 1.12 
9 Glucose 7.93 ± 0.04 7.60 ± 0.10 48.07 7.30 ± 0.02 23.50 *** 6.50 ± 0.37 *** 23.10 ± 1.67 

10 Maltose 8.19 ± 0.16 7.72 ± 0.04 35.75 7.15 ± 0.16 9.39 *** 9.74 ± 0.14 *** 21.03 ± 1.16 
11 Trehalose 7.94 ± 0.04 6.52 ± 0.24 3.95 6.13 ± 0.11 1.54 0.69 ± 0.04 * 22.87 ± 1.40 
12 Alginic acid 8.00 ± 0.00 4.00 ± 0.00 0.01 3.49 ± 0.00 0.003 ** nd −4.86 ± 1.24 *** 
13 Starch 8.10 ± 0.10 6.47 ± 0.13 2.51 6.16 ± 0.04 1.18 0.26 ± 0.02 ** 2.27 ± 0.89 *** 
14 Gelatin 8.10 ± 0.01 6.89 ± 0.13 6.22 6.68 ± 0.37 4.48 2.01 ± 0.94 23.40 ± 3.46 
15 Albumin 8.11 ± 0.18 6.93 ± 0.05 7.11 6.85 ± 0.17 6.46 * 0.83 ± 0.07 * 28.73 ± 2.20 ** 
16 Pepsin 8.04 ± 0.04 7.16 ± 0.09 13.29 6.89 ± 0.14 7.30 ** 2.45 ± 0.14 * −11.57 ± 1.14 *** 
17 Soy Peptone 8.23 ± 0.04 7.53 ± 0.38 24.86 7.31 ± 0.33 14.43 ** 1.42 ± 0.16 −2.66 ± 0.43 *** 
18 Yeast extract 8.11 ± 0.06 7.36 ± 0.72 29.65 7.11 ± 0.75 17.27 * 3.23 ± 0.10 *** −8.58 ± 0.39 *** 
19 Arginine 7.44 ± 0.79 4.00 ± 0.00 0.07 3.61 ± 0.17 0.04 ** nd 0.74 ± 0.10 *** 
20 Tryptophan 8.12 ± 0.02 6.42 ± 0.08 1.99 6.14 ± 0.04 1.05 1.69 ± 0.19 26.63 ± 0.25 ** 
21 Phenyl alanine 8.00 ± 0.02 6.53 ± 0.05 3.41 6.15 ± 0.13 1.44 0.14 ± 0.001 *** 3.44 ± 6.10 ** 
22 Ornithine 8.10 ± 0.02 6.47 ± 0.38 2.78 6.01 ± 0.16 0.84 * 1.44 ± 0.15 0.09 ± 0.15 *** 
23 Glutamic acid 8.03 ± 0.03 6.87 ± 0.91 26.93 4.19 ± 1.09 0.10 ** nd 0.26 ± 0.20 *** 
24 Proline 8.14 ± 0.07 6.91 ± 0.04 5.91 6.45 ± 0.22 2.24 1.32 ± 0.40 14.60 ± 1.21 ** 
25 Lysine 8.01 ± 0.24 6.05 ± 0.37 1.16 5.72 ± 0.41 0.54 0.97 ± 0.09 0.00 ± 0.16 *** 
26 Serine 7.99 ± 0.20 6.58 ± 0.18 3.92 6.26 ± 0.13 1.87 1.85 ± 0.11 8.08 ± 0.96 *** 
27 Threonine 7.87 ± 0.03 6.52 ± 0.13 4.62 6.15 ± 0.10 1.97 0.91 ± 0.10 * 10.68 ± 2.14 ** 
28 Aspartic Acid 7.84 ± 0.05 7.06 ± 0.69 29.95 5.80 ± 0.78 1.86 nd 17.10 ± 0.82 * 



Microorganisms 2021, 9, 1013 10 of 21 
 

 

29 Tyrosine 7.68 ± 0.30 6.08 ± 0.57 3.12 5.84 ± 0.61 1.82 6.89 ± 0.16 *** 4.70 ± 1.35 *** 
30 Histidine 7.70 ± 0.12 6.27 ± 0.01 3.86 5.87 ± 0.05 1.57 2.86 ± 0.60 ** −0.20 ± 0.67 *** 
31 Sodium phosphate 7.87 ± 0.00 6.29 ± 0.04 2.66 6.01 ± 0.09 1.39 0.96 ± 0.04 −5.53 ± 0.34 *** 
32 Sodium L-tartrate 8.03 ± 0.19 4.00 ± 0.00 0.01 3.49 ± 0.00 0.003 * 0.72 ± 0.05 * −4.26 ± 1.19 *** 
33 Sodium bicarbonate 8.08 ± 0.02 6.56 ± 0.02 3.06 6.04 ± 0.15 0.96 0.83 ± 0.04 * 2.69 ± 0.12 *** 
34 Malic acid 8.00 ± 0.00 4.00 ± 0.00 0.01 3.49 ± 0.00 0.003 ** nd 21.57 ± 1.89 
35 Pyruvic acid 8.00 ± 0.00 4.00 ± 0.00 0.01 3.49 ± 0.00 0.003 ** nd 2.54 ± 0.04 *** 
36 Betaine 7.90 ± 0.04 6.57 ± 0.05 4.75 6.19 ± 0.06 1.95 0.67 ± 0.03 * 10.05 ± 1.34 *** 
37 Taurine 7.87 ± 0.19 6.50 ± 0.17 4.35 6.25 ± 0.13 2.46 0.48 ± 0.01 ** 14.73 ± 0.46 ** 
38 Riboflavin 7.96 ± 0.22 6.84 ± 0.16 7.70 6.22 ± 0.20 1.85 0.81 ± 0.14 * −0.20 ± 1.43 *** 
39 Thiamine 7.77 ± 0.32 6.41 ± 0.34 4.46 5.47 ± 0.33 0.50 0.63 ± 0.06 ** 3.47 ± 0.40 *** 
40 Ascorbic acid 6.49 ± 0.03 4.08 ± 0.11 0.40 3.49 ± 0.00 0.10 ** nd 21.07 ± 1.99 

Fresh culture was grown overnight on MRS broth at 37 °C. Freeze-dried bacteria were mix with 0.001 M of each food 
additive and rehydrated with 1 mL distilled water for 1 min at 25 °C to a concentration of 1 M. Simulated GIT passage, 
zeta potential, and mucin adhesion tests were carried out after rehydration and after diluting of the samples to a final 
concentration of 0.1 M. Stomach conditions were simulated with PBS 1X at pH 2.5 (1 h acid stress). Duodenum pass was 
mimicked by a combination of duodenum juice containing NaCl, KCl, NaHCO3 and 10% ox-gall pH 6 (2 h bile stress). 
Zeta potential was measured on bacteria suspended in double-distilled water at pH 2.0. Mucin type II adhesion from 
porcine stomach was measured after 1 h incubation at 37 °C. Data are expressed as the mean ± SD, n = 3. * p < 0.05, ** p < 
0.01 and *** p < 0.001 compared to freeze-dried cells rehydrated only in the presence of distilled water; one-way ANOVA, 
Dunnett’s multiple comparison test. nd: not determined. 

3.2. Effect of the Formulation Mixtures on Lp. plantarum HAC03 Viability after SSDP 
Based on viability, the mucin adhesion test, and the zeta potential results, eight food 

grade additives were selected and combined in different possible formulations to find op-
timal synergistic effects between the excipients and the bacteria. Sucrose and sorbitol were 
selected for supporting high bacterial viability, 14.52% and 16.69%, respectively. Glucose, 
besides supporting bacterial viability, 23.50%, enhanced mucin adhesion to 6.50%. Soy 
peptone sustained bacteria viability, 14.43%, and reduced the zeta potential (−2.66 mV). 
Sodium bicarbonate and riboflavin reduced the zeta potential to 2.69 mV and −0.20 mV, 
respectively, while tryptophan which increased the zeta potential to 26.63 mV was se-
lected for comparison. 

Ten different ingredient formulations were tested, of which the five best (A to E) are 
shown in Table 1. Three mixtures showed elevated support of bacterial survival, i.e., A 
(31.06%), B (36.35%) and C (31.06%), achieving a similar or higher performance compared 
to that of the fresh cells (27.24%). Formulation B (subsequently termed “B-active”) in-
creased bacterial survivability to 36.35%, which was almost 10% higher than the fresh cul-
tures. Against expectations, formulations E and D containing sodium bicarbonate showed 
lower protection effects. Formulation E seemed to protect the bacteria from the acid stress 
typical of the stomach; however, with 4.93% survival, it was not effective in maintaining 
the viability of the freeze-dried bacteria after bile salt stress. With a 0.28% survival rate, 
formulation D was the least effective in sustaining viability of the freeze-dried cells under 
acid and bile stress conditions. In summary, the main contribution of the B-active formu-
lation in the survival capacity of Lp. plantarum HAC03 was in the protection against low 
pH conditions typical of the stomach, although without directly neutralizing the gastric 
acids, but possibly by a stronger buffering effect. In addition, the B-active formulation was 
assayed to adjust the ingredients level that better supported bacterial viability. The results 
(data not shown) indicated that the amount of each specific ingredient may be critical in 
the development of a new probiotic product. 

3.3. Determination of Lp. plantarum HAC03 Viability by Flow Cytometry and Influence of the 
B-Active Formulation 

In the previous experiments, Lp. plantarum HAC03 viability was determined by its 
ability to form colonies on MRS agar (plate counting). However, this test may be inade-
quate for slow-growing and/or viable but non-culturable cells. On the other hand, flow 
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cytometry provides a tool for detecting total (live, dead, and damaged) bacterial cell num-
bers in real-time, and using propidium iodide dye provided a significant distinction be-
tween live and dead cell populations (Figure 1). 

The results showed that after the GIT simulation, the viable numbers of Lp. plantarum 
HAC03 determined by plate counting corresponded to the data obtained by flow cytom-
etry. The viability of freeze-dried cells rehydrated with DW was 6.17% determined by 
flow cytometry and 4.92% by plate counting (Figure 1 and Table 1). The flow cytometry 
results showed a viability of fresh cells and freeze-dried bacteria reactivated with B-active 
solution of 49.95% and 37.87%, respectively, compared to the 27.34% and 36.36% deter-
mined by plate counting (Figure 1 and Table 1). The differences in results between the 
plate counting and flow cytometry could be related to method sensitivity and to deter-
mining the counts with the flow cytometer in real time. 

 
Figure 1. Real time detection of viability of Lp. plantarum HAC03 determined by flow cytometry 
after simulated stomach–duodenum passage. (A) Lp. plantarum HAC03 fresh cells cultured over-
night in MRS broth at 37 °C. (B) Freeze-dried Lp. plantarum HAC03 cells rehydrated with 1 mL 
distilled water (DW) for 1 min at 25 °C. (C) Freeze-dried Lp. plantarum HAC03 cells mixed with B-
active and rehydrated with 1 mL DW for 1 min at 25 °C. All live cells are gathered in the bottom 
black box, damaged cells in the lower orange box, and dead cells in the top orange box. The upper 
graphs represent HAC03 viability after the stomach passage, and the bottom graphs represent the 
viability after the duodenum passage. Viability tests were performed by a propidium iodine exclu-
sion method. 

3.4. Impact of B-Active Formulation on Lp. plantarum HAC03 Zeta Potential and 
Hydrophobicity 

Freeze-dried (and rehydrated in DW) and fresh cultures of L. plantarum HAC03 ex-
hibited opposite (either negative or positive) surface charges or zeta potential values, re-
spectively (Table 2). In order to find a possible connection between the decrease in mucin 
adhesion of the freeze-dried cells and the impact of the B-active formulation, the surface 
charge of Lp. plantarum HAC03 was measured. The results confirmed that B-active sup-
ported the re-establishment of the negative charge of the bacterial cells. These charges 
ranged from 9.87 mV for cultures rehydrated only with distilled water to −2.97 mV for 
cultures rehydrated with B-active formulation; this more closely resembled the value of 
−14.45 mV determined for fresh cultured bacteria (Figure 2D). 

Hydrophobicity has also been linked to adhesive properties in bacteria; therefore, it 
was essential to determine if Lp. plantarum HAC03 hydrophobicity was also affected and 
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modified after freeze-drying. The results indicate that Lp. plantarum HAC03 hydrophobi-
city was significantly (p < 0.01) decreased after freeze-drying, having percentages of hy-
drophobicity of 65.02% for the fresh cultured Lp. plantarum HAC03 cells compared to 
30.29% for the freeze-dried cells that were rehydrated only with distilled water (Figure 
2F). On the other hand, Lp. plantarum HACO3 freeze-dried cells showed the lowest hydro-
phobicity percentage (19.39%) in the B-active formulation, however this was not signifi-
cantly different from the freeze-dried cells rehydrated with distilled water. 

 
Figure 2. Comparison of freeze-dried Lp. plantarum HAC03 probiotic properties under different 
rehydration conditions. (A) Viability of Lp. plantarum HAC03 freeze-dried cells rehydrated in the 
presence of B-active (green line), without B-active (red line), and overnight cultured cells (blue 
line) after simulation of the GIT passage by plate counting. (B) Real-time Lp. plantarum HAC03 
viability determined by flow cytometry and the exclusion method with propidium iodide. (C) Lp. 
plantarum HAC03 mucin adhesion, (D) zeta potential, (E) adhesion to Caco-2 cell line, and (F) hy-
drophobicity after rehydration with B-active formulation. Lp. plantarum ATCC14917 and Lp. 
plantarum 299v fresh overnight cultured cells were used as a reference and probiotic control, re-
spectively. The experiments were carried out after rehydration and ten-fold dilution of the sam-
ples. Statistical differences were compared to HAC03 freeze-dried cells rehydrated with distilled 
water by one-way ANOVA and Dunnett’s multiple comparisons test, where **p < 0.01, and ***p < 
0.005. 

3.5. Influence of B-Active Formulation on the Adhesion of Lp. plantarum HAC03 to Intestinal 
Epithelial Cells and Mucin 

Rehydration in the presence of B-active formulation significantly (p < 0.05) improved 
Lp. plantarum HAC03 adhesion (17.00 lactobacilli/cell) to Caco-2/TC-7 cells after simulated 
gastrointestinal passage compared to freeze-dried cells rehydrated with distilled water 
(equal to 0.17 lactobacilli/cell) and fresh cultures of the two control strains, Lp. plantarum 
299v (1.79 lactobacilli/cell) and Lp. plantarum ATCC 14917 (3.6 lactobacilli/cell), respec-
tively. Freeze-dried cultures of Lp. plantarum HAC03 rehydrated in the presence of B-ac-
tive formulation exhibited a non-significantly different adhesion ability compared to fresh 
cultures of Lp. plantarum HAC03 (17.71 lactobacilli/cell). 

On the other hand, Lp. plantarum HAC03 ability of mucin adhesion was lost in freeze-
dried cells and was not recovered, even after rehydration with B-active formulation, main-
taining percentages of adhesion similar to those observed in freeze-dried cells rehydrated 
with distilled water (Figure 2C). 
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3.6. Effect of B-Active Formulation on the Immunomodulatory Potential of Lp. plantarum 
HAC03 

Cell adhesion is considered a key factor for interaction with the host’s GIT lumen, 
and thereby also in immunomodulation; this ability of Lp. plantarum HAC03 was reduced 
by freeze-drying. The impact of the freeze-drying process on the immunomodulatory fea-
tures of the studied strains was investigated by determining the relative transcription of 
genes related to pro-inflammatory and anti-inflammatory cytokines in a mouse macro-
phage cell line. Macrophage cells non-treated and treated with lipopolysaccharide (LPS) 
were used as negative and positive controls, respectively, while fresh cells of Lp. plantarum 
299 v were used as positive probiotic controls, and fresh and freeze-dried Lp. plantarum 
HAC03 cells rehydrated with and without B-active formulation were used as the test 
strain. The results suggest that there was no significant difference (p > 0.05) in the ability 
of fresh and freeze-dried Lp. plantarum HAC03 cells, with and without B-active formula-
tion, to induce the production of pro-inflammatory and anti-inflammatory cytokines in 
the macrophage cell line. However, compared to the fresh culture, a slight reduction in 
the relative transcription of the anti-inflammatory cytokine interleukin 10 (IL-10) and the 
transforming growth factor beta (TGFb) (Figure 3D,E) were detected for HAC03 freeze-
dried cells after rehydration with DW; this was notably improved for TGFb in the B-active 
formulation. On the other hand, Lp. plantarum 299v induced the lowest transcription of 
interleukin 1 beta (IL-1b), monocyte chemoattractant protein-1 (MCP-1), and tumor ne-
crosis factor alpha (TNFa), pro-inflammatory cytokines, when compared to the transcrip-
tion levels induced by Lp. plantarum HAC03 (Figure 3A–C). 

 
Figure 3. Lp. plantarum HAC03 immunomodulation in a murine macrophage cell line. Pro-inflam-
matory cytokines (A) interleukin 1 beta, (B) monocyte chemoattractant protein-1 and (C) tumor 
necrosis factor alpha and anti-inflammatory cytokines, (D) interleukin 10, and (E) transforming 
growth factor beta. Relative gene transcription levels (compared to the control) in a mouse macro-
phage cell line after 16 h stimulation with fresh and freeze-dried HAC03 cultures rehydrated with 
and without B-active. Fresh cultures were grown overnight on MRS broth at 37 °C, and freeze-
dried bacteria were rehydrated with distilled water for 1 min at 25 °C before the test. Macrophages 
cultivated in DMEM media were used as negative controls (CTRLs), and cells treated with LPS (1 
μg/mL) were used as a positive control. Lp. plantarum 299v was used as a probiotic control strain. 
Data are expressed as mean ± SD, n = 3. * p < 0.05, ** p < 0.01 and ***p < 0.005. compared to LPS and 
CTRL; one-way ANOVA, Dunnett’s multiple comparison test. 
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3.7. Influence of B-Active Formulation on the Viability of Different Potential Probiotic Strains 
The efficacy of the B-active formulation for increasing bacterial survivability after the 

complete SSDP was also tested for other putative probiotic strains such as Latilactobacillus 
(Lt.) sakei HAC11, Lc. paracasei 532, Lp. plantarum ATCC 14917, Enterococcus faecium 200, Lc. 
rhamnosus BFE5263 and Lp. plantarum 299 v. The results showed that B-active formula also 
effectively protects all these strains. In most cases, except for Lc. paracasei 532, freeze-dried 
cells rehydrated with B-active formulation reached higher viabilities compared to their 
corresponding fresh cultures (Figure 4). In addition, dried cells of Lt. sakei HAC11 and Lp. 
plantarum ATCC 14917 exhibited up to 4-log higher viability after SSDP as a result of re-
hydration with B-active formulation, as compared to rehydration only with distilled wa-
ter. Furthermore, 3-log higher levels of E. faecium 200, Lc. rhamnosus BFE5263 and Lp. 
plantarum 299 v and only up to 2-log higher numbers for Lc. paracasei 532 were detected 
(Figure 4). 

 
Figure 4. B-active impact on the survivability of different freeze-dried putative probiotic strains, 
compared to fresh cultures and cells rehydrated with distilled water. (A) Latilactobacillus (Lt.) sakei 
HAC11; (B) Lc. paracasei 532; (C) Lp. plantarum ATCC14917; (D) E. faecium 200; (E) Lc. rhamnosus 
BFE5263; and (F) Lp. plantarum 299v, viability of fresh overnight cells (blue line), freeze-dried cells 
rehydrated only with distilled water (red line), and freeze-dried cells rehydrated with B-active 
(green line) after simulated gastro-intestinal passage (SSDP). Data are expressed as the mean ± SD, 
n = 3. ** p < 0.01 and ***p < 0.005; one-way ANOVA, Dunnett’s multiple comparison test. 

4. Discussion 
The current scientific consensus definition states that probiotics should be alive in 

order to exert their beneficial effects in the human GIT [48]. Viability of bacterial cells will 
be reduced when subjected to sub-lethal stresses (e.g., variations in pH, low temperature, 
ice crystal formation) during the freeze-drying process. In addition, surviving and par-
tially impaired cells will be more sensitive to stress factors such as increased osmotic pres-
sure and physiological conditions in the human GIT after ingestion [1,17,48]. Commercial 
probiotics in powder form are usually not rehydrated before consumption. Lyophilization 
may cause sublethal injury of a strain, and its vitality in powdered form may further be 
reduced by direct intake and exposure to stress factors in the upper intestinal tract. Addi-
tionally, rapid transit from the dormant state to reactivation under ecological stress con-
ditions typical of the upper GIT may further limit cellular repair. On the other hand, in 
the case of rehydration, reconstitution is usually with excessive water, more than that re-
moved during the dehydration process, thereby resulting in stress effects due to reduced 
osmotic pressure. Rehydration is therefore a highly critical step in the revitalization of a 
lyophilized culture [21]. The appropriate selection of components that favor optimal cel-
lular rehydration may decisively influence its eventual functionality [49]. According to 
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declarations on the label of some probiotics commercialized in South Korea and the Phil-
ippines, the main ingredients used as excipients comprise sugars, amino acids, vitamins, 
minerals, salts, starch, FOS, and inulin. (Table S2). Although some of these products/in-
gredients can be considered as prebiotics and/or growth factors, their constituents might 
not be suitable for supporting the viability and/or reactivation of the freeze-dried micro-
bial cells, and they can have different roles in formulation of the pharmaceutical product. 

In an attempt to formulate a product to maximize bacterial viability and/or support 
probiotic function, the compatibility of 40 different food additives approved by the U.S. 
FDA was evaluated for supporting viability, mucin adhesion, and zeta potential after the 
rehydration of freeze-dried Lp. plantarum HAC03. The viability results indicated that car-
bohydrates, proteins, and nitrogenated molecules generally provided better protection for 
freeze-dried bacteria after rehydration and subjection to the simulated harsh environment 
of the upper GIT (p < 0.001). Corcoran et al. [50] explained that glucose can be involved in 
the process that provides ATP to F0F1-ATPase via glycolysis, thereby allowing the exclu-
sion of protons from the cells during exposure to simulated gastric juice at pH 2.0. The 
permeability of the different additives could also be related either to their level of protec-
tion on the cells or the mechanisms involved. Small molecules such as glycerol are able to 
penetrate both the cell wall and the cytoplasmatic membrane. However, oligosaccharides, 
amino acids, and low molecular weight biopolymers are able only to penetrate the cell 
wall but not the cytoplasmic membrane. On the other hand, polymers with high molecular 
weight, such as proteins and polysaccharides, can neither penetrate the cell wall nor have 
direct interaction with the cell wall or membrane. For instance, proteinaceous compo-
nents, e.g., from skim milk, can stabilize the cell membrane constituents and provide a 
protective coating for the cells during freeze drying [51], while amino acids react with 
carboxyl groups of the bacterial proteins and thereby stabilize protein structure [4]. 

The different degrees of protection to the freeze-dried cells by the rehydration com-
ponents could also be related to differences in the control of water flux into the cells by 
the rehydrating media [18]. 

The effects of ingredients for providing stronger protection were especially pro-
nounced during pH stress. Thus, the pH buffering effect of some ingredients may be one 
possible mechanism involved in the maintenance of cell homeostasis during rehydration. 
The low pH of the gastric juices mainly disrupts the membrane transport by affecting the 
proton motive force, denaturing acid-sensitive enzymes, and triggering the inhibition of 
specific physiological functions [1]. A previous report [1] stated that pH stress can be the 
strongest determinant of reduced viability of bacteria in the rehydration process. On the 
other hand, under small intestinal conditions, the microorganism’s vulnerability derives 
from the bile salts which are associated with disruption of the cell membranes and the 
lowering of the intracellular pH by the release of protons [52]. 

The carbohydrates had the most favorable effect on adhesion of the freeze-dried bac-
terial cells to mucin. Du Toit et al. [53] also reported that freeze-drying significantly de-
creased the adhesion of Lc. rhamnosus GG, Bifidobacterium lactis Bb-12 and Bifidobacterium 
animalis IF20/1, but not of Lc. casei Shirota to human colonic mucus, and also reduced their 
ability to exclude or displace pathogens. This highlights the fact that such effects are 
strain-dependent, and some strains appear to be more sensitive to the lyophilization pro-
cess in relation to their future application. Mucin-binding proteins (Mub) are surface pro-
teins linked to peptidoglycan in the bacterial cell wall and can interact with mucin sugar 
residues. Although mucins are found in several bacteria species, the Mub domains are 
almost exclusive for LAB of gastrointestinal origin. Pili and other surface structures such 
as fibronectin-binding proteins and surface layer proteins (S-layer) have also been in-
volved in bacterial adhesion to the intestinal mucosa [54], and we could assume that these 
surface structures could be damaged during the freeze-drying process. Thus, carbohy-
drates used as food additives could interact with the mucin sugar residues and thereby 
enhance bacterial adhesion to mucin. 
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Finally, amino acidic and proteinaceous molecules were the ones that better re-estab-
lished the zeta potential of freeze-dried bacteria closer to the negative values observed for 
the fresh cells. Zeta potential is determined by the nature of the groups displayed on the 
surface; under physiological (active) conditions, bacteria are usually negatively charged 
due to the large amount of phosphate and carboxyl groups present on the cell surface [33]. 
Soni et al. (2007) [55] highlighted the importance of the physiological state for the bacterial 
surface charge, because starved E. coli and Salmonella Newport cells exhibited a lower zeta 
potential compared to cells grown under rich conditions. In 2017, Ng and Ting [56] re-
ported that adsorption of ions or polyelectrolytes onto the cell surface resulted in modifi-
cation of the bacterial surface charge and polarity, as was reflected by the zeta potential 
values. Additives with either a proteinaceous or amino acidic nature might have a higher 
impact on bacterial charge because of the protonation of amino, carboxyl, and phosphate 
groups at low pH [33], while the sugars seem to be less reactive. 

Among the tested formulations, the one referred to as B-active, composed of sucrose, 
sorbitol, and soy peptone with some traces of malic acid, showed the highest efficacy on 
revitalization of Lp. plantarum HAC03 freeze-dried cells during the rehydration process. 
Costa et al. [57] previously reported a significant increase in freeze-dried bacterial recov-
ery after rehydration in a complex medium containing skim milk, peptone, tryptone, meat 
extract and sucrose, compared to buffer phosphate and sodium glutamate solutions and 
water. High viability in streptococci has also been reported for a rehydration medium 
containing sugars such as sucrose and dextrose and skim milk proteins; however, by com-
parison, a minimal number of viable cells was recovered when DW was used as rehydrat-
ing medium [58]. For all experiments in this study, we have rehydrated Lp. plantarum 
HAC03 in DW as a control. Elevated cell injury during rehydration with DW in our study 
could be explained by the osmotic imbalance caused by the exposure of cells to hypotonic 
solutions and the subsequent exposure to low pH. In addition, the freezing step during 
lyophilization renders the lipids on the cell membrane more susceptible to damage, this 
being important to determine the ability of microorganisms to tolerate stressing environ-
mental conditions, such as acidity and bile salts, and to evaluate both the metabolic ca-
pacity and probiotic functionality after freeze-drying [59]. In addition, an increase in bac-
terial sensitivity to agents such as salts, acid, enzymes, and antibiotics has been associated 
and used as a measurement of membrane damage [60]. 

Sugars are an easily available source of energy; glucose and some other monosaccha-
rides, particularly, can be utilized right after rehydration and thus support bacterial via-
bility under stressful conditions. Sugars such as sorbitol, maltose, and mannitol have been 
effective in the protection of bacteria against oxidation over long periods of storage. The 
mechanism behind the antioxidant protection of sugars could be related to their ability to 
react with hydrogen peroxide and restrict oxygen diffusion [61]. Additional mechanisms 
involved in the sorbitol protection of dried cells could be related to the formation of sor-
bitol–protein complexes that stabilize protein structures, thus preserving their functional-
ity [62]. In addition, the use of sugars not only during freeze-drying but also during stor-
age have resulted in higher bacteria survival at room temperatures [61]. The viability of 
Lactobacillus bulgaricus, Lp. plantarum, Lc. rhamnosus, E. faecalis and E. durans was strongly 
supported by sorbitol during storage, despite the lack of impact on the viability during 
freeze-drying [63]. 

The capacity of probiotics to adhere to cell-lines and persist despite the peristaltic 
movements of the colon may contribute to colonization and enhance the interaction with 
immune cells and the gut microbiota [64]. Adhesion is a complex process that involves 
interactions between the bacteria and the union surface. LAB adhesion to intestinal epi-
thelial cells has been associated with surface layer proteins and structures as well as cell 
surface charge and bacterial cell hydrophobicity [65]. Zeta potential is a parameter that 
estimates bacterial surface charge and is defined as the electric charge at the shear plane 
[56]. De Wouters et al. [34] suggested the use of zeta potential together with interfacial 
viscoelasticity and interfacial tension to characterize the surface properties of intestinal 
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bacteria and predict their adhesion potential in the GIT. In the same study [34], conducted 
with Lc. rhamnosus GG and Lc. rhamnosus DSM 20021T, the influence of surface proteins, 
cell hydrophobicity, and electric charge on adhesive properties was confirmed. Our re-
sults indicate that a positive change in bacterial zeta potential can be partially explained 
by a reduction in the adhesive properties of the freeze-dried cells. The zeta potential of 
the Lp. plantarum HAC03 cells recovered in the presence of the B-active formulation may 
be related to the interaction of the bacterial cell surface groups with the sugars, proteins 
and ingredients present in the formulation. This may eventually have contributed to the 
increase in bacteria cell adhesion. Modification of the zeta potential has been used before 
to inhibit the initial adhesion of Streptococcus mutans as a strategy to prevent dental caries 
[66]. 

During the drying process, the number of biological oxidation reactions increases 
due to the formation of free radicals. Thereby, the hydrophobicity of fatty acids is reduced 
and, as a consequence of the introduction of hydrophilic groups, the hydrophobic inter-
actions with proteins of the membrane will deteriorate [67]. The adhesiveness of bacteria 
to hydrocarbons has been used to express cell surface hydrophobicity. Hydrophobicity is 
considered a key factor in the adhesion of bacteria to intestinal epithelial cells and is re-
sponsible for the strongest long-range non-covalent interactions [68]. Surface proteins 
such as cell wall-anchored proteinases have been shown to be responsible for increased 
hydrophobicity and LAB adhesion [54]. However, our results show that the B-active mix-
ture did not influence the hydrophobicity of the cells despite the inclusion of ingredients 
with antioxidant properties. 

Preservation processers such as spray-drying have reduced the adhesion of Lc. rham-
nosus GG six-fold, and scanning electron micrographs revealed that the drying process 
sheared off bacterial pili, a key surface factor for adherence to intestinal cells and mucus 
[13]. Lebeer et al. [69] demonstrated the importance of Lc. rhamnosus GG SpaCBA pili as a 
mediator of adhesion to Caco-2 cells in vitro. Damage of surface molecules essential for 
bacterial adhesion or indispensable for probiotic interaction with the host might affect 
their efficacy, even when the bacterial numbers are maintained. The adhesiveness of Len-
tilactobacillus (Lt.) kefiri 8348 to intestinal cells was also reduced after spray-drying, even 
though no injuries were detected on the cell membrane; however, similar effects have not 
been observed for Lp. plantarum 83114 or Lt. kefiri 8321 [60]. Although Lt. kefiri 8321 main-
tained the ability to adhere to intestinal cells, its capacity of protection against Salmonella 
invasion was reduced by spray-drying. Structural damage of the surface proteins during 
the drying process was suggested as an explanation, because S-layer proteins have been 
linked with Salmonella antagonism in a previous study [70]. The ingredients of the B-active 
formulation seem to favor the adhesion of freeze-dried bacteria to intestinal epithelial cells 
by linking the microorganisms to the epithelial cells, although such a mechanism still 
needs to be elucidated. Thus, B-active may also potentially support the maintenance of 
putative probiotic properties such as adhesion to intestinal cells. 

Previous reports have demonstrated that probiotics may induce immune-modula-
tory responses in the intestine by the production of cytokines during interaction with host 
immune cells [71]. Bacterial structures involved in adhesion, such as S-layer proteins, can 
also interact with host receptors in the intestine and produce immunological response 
[72]. A study on macrophages revealed the importance of Lc. rhamnosus GG SpaCBA pili 
in the induction of IL-10 and the reduction in IL-6 gene transcription [73]. Our results 
indicate that the immunomodulatory properties of Lp. plantarum HAC03 were not signif-
icantly modified after the freeze-drying process, or after its interaction with the B-active 
formulation. Iaconelli et al. [12] evaluated the impact of air-drying, freeze-drying, and 
spray-drying on B. bifidum, Lp. plantarum and Lc. zeae immuno-stimulatory properties in 
human peripheral blood mononuclear cells and observed non-significant differences in 
the anti-inflammatory response measured by IL-10 production of the mononuclear cells 
treated with fresh or rehydrated bacteria; however, there was a reduction in the pro-in-
flammatory response (IL-12 production) of Lc. zeae and B. bifidum. 
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As indicated by the results, B-active formulation also supported the viability of di-
verse species and strains of freeze-dried putative probiotics to different levels. Such dif-
ferences could be related to genetic, cell-wall, and membrane compositional differences, 
and/or to underlying mechanisms that are not completely understood but also might in-
fluence strain-specific tolerance to several stress conditions [6]. Bacteria usually respond 
to different stress levels related to the environment from which they were isolated and to 
the time and prior stress conditions to which they have been exposed [74]. Important fac-
tors involved include population density-related bacterial quorum sensing and responses 
to environmental stress such as the two-component signal transduction system which 
senses conditions in the environment and transfers a signal that elicits response by affect-
ing gene transcription [75–77]. 

5. Conclusions 
Deterioration of a probiotic strain during in vivo gastro-intestinal passage is deter-

mined by a range of stress factor. It starts in the mouth and continues throughout the GIT, 
resulting in a reduction in its functional potential. The careful selection of appropriate 
excipients when formulating new probiotic supplements represents a vital step towards 
the sustaining of vitality and physiological activity of sub-lethally damaged cells in freeze-
dried matrices. Major requirements for such formulations are the protection of cells 
against osmotic shock during rehydration, and the maintenance or enhancement of pro-
biotic viability and functionality during GIT passage without compromising a strain’s key 
probiotic characteristics. Our data suggest that the B-active formulation supports the 
maintenance of the integrity of the tested probiotic candidate strains under simulated 
stress conditions of the GIT. Additional studies may be necessary to (a) further optimize 
the selected B-active formulation, and (b) elucidate underlying mechanisms involved in 
the protection of homeostasis of freeze-dried bacteria during and after rehydration. 

6. Patents 
Patent number 10-2020-0044762, South Korea. 

Supplementary Materials: The following are available online at www.mdpi.com/2076-
2607/9/5/1013/s1,Table S1: List of food additives according to the U.S. FDA and their major classified 
function; Table S2: Main components declared for selected commercial probiotics in South Korea 
and the Philippines. 

Author Contributions: Conceptualization, Y.J. and W.-H.H.; methodology, J.L. and S.Y.; software, 
K.A.-A. and J.-E.-V.B.; validation, J.-E.-V.B. and K.A.-A.; formal analysis, K.A.-A.; investigation, 
K.A.-A. and J.L.; resources, Y.J. and W.-H.H.; data curation, K.A.-A.; writing—original draft prepa-
ration, K.A.-A.; writing—review and editing, S.-D.T. and W.-H.H.; visualization, S.-D.T.; supervi-
sion, W.-H.H., Y.J. and S.-D.T.; project administration, Y.J. and W.-H.H.; funding acquisition, Y.J. 
and W.-H.H. All authors have read and agreed to the published version of the manuscript.  

Funding: This research received no external funding. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Acknowledgments: This project was supported by HEM, Pohang, South Korea. This is also to 
acknowledge the National Council on Science and Technology (CONACYT), Mexico, DF, Mexico 
which provided financial support to K.A.A. (reference 293853/472094) and J.E.V.B. (reference 
739489). 

Conflicts of Interest: The authors declare no conflict of interest. 

References 
1. Van Bokhorst-van de Veen, H.; Lee, I.; Marco, M.; Wels, M.; Bron, P.A.; Kleerebezem, M. Modulation of Lactobacillus plantarum 

Gastrointestinal Robustness by Fermentation Conditions Enables Identification of Bacterial Robustness Markers. PLoS ONE 
2012, 7, e39053, doi:10.1371/journal.pone.0039053. 



Microorganisms 2021, 9, 1013 19 of 21 
 

 

2. Senz, M.; Keil, C.; Schmacht, M.; Palinski, S.; Cämmerer, B.; Hageböck, M. Influence of Media Heat Sterilization Process on 
Growth Performance of Representative Strains of the Genus Lactobacillus. Fermentation 2019, 5, 20. 

3. Lodato, P.; Huergo, M.S.; Buera, M.P. Viability and thermal stability of a strain of Saccharomyces cerevisiae freeze-dried in differ-
ent sugar and polymer matrices. J. Microbiol. Biotechnol. 1999, 52, 215–220. 

4. Zhao, G.; Zhang, G. Effect of protective agents, freezing temperature, rehydration media on viability of malolactic bacteria 
subjected to freeze-drying. J. Appl. Microbiol. 2005, 99, 333–338. 

5. Morgan, C.A.; Herman, N.; White, P.A.; Vesey, G. Preservation of micro-organisms by drying; a review. J. Microbiol. Meth. 2006, 
66, 183–193. 

6. Schoug, A.; Olsson, J.; Carlfors, J.; Schnürer, J.; Hakansson, S. Freeze-drying of Lactobacillus coryniformis Si3—effects of sucrose 
concentration, cell density and freezing rate on cell survival and thermophysical properties. Cryobiology 2006, 53, 119–127. 

7. Yeo, S.; Shin, H.S.; Lee, H.W.; Hong, D.; Park, H.; Holzapfel, W.; Huh, C.S. Determination of optimized growth medium and 
cryoprotective additives to enhance the growth and survival of Lactobacillus salivarius. J. Microbiol. Biotechnol. 2018, 28, 718–731. 

8. Edward, V.A.; Huch, M.; Dortu, M.; Thonart, P.; Egounlety, M.; Van Zyl, P.J. Biomass production and small-scale testing of 
freeze-dried lactic acid bacteria starter strains for cassava fermentations. Food Control. 2011, 22, 389–395. 

9. Panoff, J.M.; Thammavongs, B.; Guéguen, M.; Boutibonnes, P. Cold stress responses in mesophilic bacteria. Cryobiology 1998, 
36, 75–83. 

10. Galdeano, C.M.; Perdigón, G. Role of viability of probiotic strains in their persistence in the gut and in mucosal immune stim-
ulation. J. Appl. Microbiol. 2004, 97, 673–681. 

11. Pelletier, X.; Laure-Boussuge, S.; Donazzolo, Y. Hydrogen excretion upon ingestion of dairy products in lactose-intolerant male 
subjects: Importance of the live flora. Eur. J. Clin. Nutr. 2001, 55, 509–512. 

12. Iaconelli, C.; Lemetais, G.; Kechaou, N.; Chain, F.; Bermúdez-Humarán, L.G.; Langella, P.; Gervais, P.; Beney, L. Drying process 
strongly affects probiotics viability and functionalities. J. Biotechnol. 2015, 214, 17–26. 

13. Kiekens, S.; Vandenheuvel, D.; Broeckx, G.; Claes, I.; Allonsius, C.; Boeck, I.D.; Thys, S.; Timmermans, J.P.; Kiekens, F.; Lebeer, 
S. Impact of spray-drying on the pili of Lactobacillus rhamnosus GG. Microb. Biotechnol. 2019, 12, 849–855. 

14. Zhang, V.; Burkhardt, D.H.; Rouskin, S.; Li, G.-W.; Weissman, J.S.; Gross, C.A. A Stress Response that Monitors and Regulates 
mRNA Structure Is Central to Cold Shock Adaptation. Mol. Cell 2018, 70, 274–286. 

15. Bosnea, L.A.; Kourkoutas, Y.; Albantaki, N.; Tzia, C.; Koutinas, A.A.; Kanellaki, M. Functionality of freeze-dried L. casei cells 
immobilized on wheat grains. LWT Food Sci. Technol. 2009, 42, 1696–1702. 

16. Dimitrellou, D.; Kandylis, P.; Kourkoutas, Y. Effect of cooling rate, freeze-drying, and storage on survival of free and immobi-
lized Lactobacillus casei ATCC 393. LWT Food Sci. Technol. 2016, 69, 468–473. 

17. Chen, H.; Lin, C.; Chen, M. The Effects of Freeze Drying and Rehydration on Survival of Microorganisms in Kefir. Asian-Aus-
tral. J. Anim. Sci. 2005, 19, 126–130. 

18. Leach, R.H.; Scott, W.J. The Influence of Rehydration on the Viability of Dried Micro-Organisms. J. Gen. Microbiol. 1959, 21, 295–
307. 

19. Mitchell, J.H.; Enright, J.J. Effect of low moisture levels on the thermostability of active dry yeast. Food Tech. 1957, 11, 859. 
20. Nagashima, A.I.; Pansiera, P.E.; Baracat, M.M.; Gómez, R.J. Development of effervescent products, in powder and tablet form, 

supplemented with probiotics Lactobacillus acidophilus and Saccharomyces boulardii. Food Sci. Technol. 2013, 33, 605–611. 
21. Font de Valdez, G.; de Girori, G.S.; de Ruiz Holgado, A.P.; Oliver, G. Rehydration conditions and viability of freeze-dried lactic 

acid bacteria. Cryobiology 1985, 22, 574–577. 
22. Schillinger, U.; Guigas, C.; Holzapfel, W.H. In vitro adherence and other functional properties of lactobacilli used in probiotic 

yoghurt-like products. Int. Dairy J. 2005, 15, 1289–1297. 
23. FAO/WHO. Health and Nutritional Properties of Probiotics in Food Including Powder Milk with Live Lactic Acid Bacteria. 

Report of a Joint FAO/WHO Expert Consultation on Evaluation of Health and Nutritional Properties of Probiotics in Food 
including Powder Milk with Live Lactic Acid Bacteria. Available online: http://www.fao.org/3/a-a0512e.pdf (accessed on 6 Jan-
uary 2020). 

24. Haberer, P.; Du Toit, M.; Dicks, L.M.T.; Ahrens, F.; Holzapfel, W.H. Effect of potentially probiotic lactobacilli on faecal enzyme 
activity in minipigs on a high-fat, high-cholesterol diet—A preliminary in vivo trial. Int. J. Food Microbiol. 2002, 87, 287–291. 

25. Bengoa, A.A.; Zavala, L.; Carasi, P.; Trejo, S.A.; Bronsoms, S.; de los Ángeles Serradell, M.; Abraham, A.G. Simulated gastroin-
testinal conditions increase adhesion ability of Lactobacillus paracasei strains isolated from kefir to Caco-2 cells and mucin. Food 
Res. Int. 2018, 103, 462–467. 

26. BD Biosciences. Bacterial Detection and Live/Dead Discrimination by Flow Cytometry. Available online: https://www.bdbio-
sciences.com/documents/Bacterial_Detection_Live_Dead.pdf (accessed on 20 January 2020). 

27. Bertuzzi, A.; D’Agnano, I.; Gandolfi, A.; Graziano, A.; Starace, G.; Ubezio, P. Study of propidium iodide binding to DNA in 
intact cells by flow cytometry. Cell Biophys. 1990, 17, 257–267. 

28. Sophatha, B.; Piwat, S.; Teanpaisan, R. Adhesion, anti-adhesion and aggregation properties relating to surface charges of se-
lected Lactobacillus strains: Study in Caco-2 and H357 cells. Arch. Microbiol. 2020, 202, 1349–1357. 

29. Garcia-Gonzalez, N.; Prete, R.; Battista, N.; Corsetti, A. Adhesion Properties of Food-Associated Lactobacillus plantarum Strains 
on Human Intestinal Epithelial Cells and Modulation of IL-8 Release. Front. Microbiol. 2018, 9, 2392. 

30. Buntin, N.; de Vos, W.M.; Hongpattarakere, T. Variation of mucin adhesion, cell surface characteristics, and molecular mecha-
nisms among Lactobacillus plantarum isolated from different habitats. Appl. Microbiol. Biotechnol. 2017, 101, 7663–7674. 



Microorganisms 2021, 9, 1013 20 of 21 
 

 

31. Pelletier, C.; Bouley, C.; Cayuela, C.; Bouttier, S.; Bourlioux, P.; Bellon-Fontaine, M.N. Cell surface characteristics of Lactobacil-
lus casei subsp. casei, Lactobacillus paracasei subsp. paracasei, and Lactobacillus rhamnosus strains. Appl. Environ. Microbiol. 1997, 
63, 1725–1731. 

32. Neuhaus, F.C.; Baddiley, J.A Continuum of Anionic Charge: Structures and Functions of d-Alanyl-Teichoic Acids inGram-Pos-
itive Bacteria. Microbiol. Mol. Biol. Rev. 2003, 67, 686–723. 

33. Cowan, M.M.; Van der Mei, H.C.; Stokroos, I.; Busscher, H.J. Heterogeneity of Surfaces of Subgingival Bacteria as Detected by 
Zeta Potential Measurements. J. Dent. Res. 1992, 71, 1803–1806. 

34. De Wouters, T.; Jans, C.; Niederberger, T.; Fischer, P.; Rühs, P.A. Adhesion Potential of Intestinal Microbes Predicted by Phys-
ico-Chemical Characterization Methods. PLoS ONE 2015, 10, e0136437. 

35. Park, S.; Ji, Y.; Park, H.; Lee, K.; Park, H.; Beck, B.R.; Shin, H.; Holzapfel, W.H. Evaluation of functional properties of lactobacilli 
isolated from Korean white kimchi. Food Control 2016, 69, 5–12. 

36. Molin, G. Probiotic in foods not containing milk or milk constituents, with special reference to Lactobacillus plantarum 299v. Am. 
J. Clin. Nutr. 2001, 73, 380–385. 

37. FDA. Substances Added to Food. 2020. Available online: https://www.accessdata.fda.gov/scripts/cder/daf/index.cfm (accessed 
on 21 April 2020). 

38. Ji, Y.; Kim, H.; Park, H.; Lee, J.; Lee, H.; Shin, H.; Holzapfel, W.H. Functionality and safety of lactic bacterial strains from Korean 
kimchi. Food Control 2013, 31, 467–473. 

39. Laparra, J.; Sanz, Y. Comparison of in vitro models to study bacterial adhesion to the intestinal epithelium. Lett. Appl. Microbiol. 
2009, 49, 695–701. 

40. R&D Systems. Flow Cytometry Protocol for Analysis of Cell Viability using Propidium Iodide. 2016. Available online: 
https://www.rndsystems.com/resources/protocols/flow-cytometry-protocol-analysis-cell-viability-using-propidium-iodide 
(accessed on 15 January 2020). 

41. Botes, M.; Loos, B.; Van Reenen, C.A.; Dicks, L.M. Adhesion of the probiotic strains Enterococcus mundtii ST4SA and Lactobacillus 
plantarum 423 to Caco-2 cells under conditions simulating the intestinal tract, and in the presence of antibiotics and anti-inflam-
matory medicaments. Arch. Microbiol. 2008, 190, 573–584. 

42. Khalil, A.; Omran, H.; Alsheikh, F. Balance of pro- and anti-inflammatory cytokines in livers of high fat diet rats exposed to 
fractionated gamma irradiation. BMC Res. Notes 2018, 11, 741, doi:10.1186/s13104-018-3851-2. 

43. Van Hul, M.; Karnik, K.; Canene-Adams, K.; de Souza, M.; van den Abbeele, P.; Mrzarti, M.; Delzenne, N.M.; Everard, A.; Cani, 
P.D. Comparison of the effects of soluble corn fiber and fructooligosaccharides on metabolism, inflammation, and gut microbi-
ome of high-fat diet-fed mice. Am. J. Physiol. Endocrinol. Metab. 2020, 319, E779–E791, doi:10.1152/ajpendo.00108.2020. 

44. Zhu, J.; Yang, F.; Sang, L.; Zhai, J.; Zhang, X.; Yue, D.; Sun, X. IL-33 Aggravates DSS-Induced Acute Colitis in Mouse Colon 
Lamina Propria by Enhancing Th2 Cell Responses. Mediators Inflamm. 2015, 913041, doi:10.1155/2015/913041. 

45. Xie, S.; Macedo, P.; Hew, M.; Nassenstein, C.; Lee, K.Y.; Chung, K.F. Expression of transforming growth factor-beta (TGF-beta) 
in chronic idiopathic cough. Respir. Res. 2009, 10, 40, doi:10.1186/1465-9921-10-40. 

46. He, L.; Marneros, A.G. Macrophages are essential for the early wound healing response and the formation of a fibrovascular 
scar. Am. J. Pathol. 2013, 182, 2407–2417, doi:10.1016/j.ajpath.2013.02.032. 

47. Arellano-Ayala, K.; Ascencio-Valle, F.J.; Gutiérrez-González, P.; Estrada-Girón, Y.; Torres-Vitela, M.R.; Macías-Rodríguez, M.E. 
Hydrophobic and adhesive patterns of lactic acid bacteria and their antagonism against foodborne pathogens on tomato surface 
(Solanum lycopersicum L.). J. Appl. Microbiol. 2020, 129, 876–891. 

48. Dommels, Y.E.; Kemperman, R.A.; Zebregs, Y.E.; Draaisma, R.B.; Jol, A.; Wolvers, D.A.; Albers, R. Survival of Lactobacillus reuteri 
DSM 17938 and Lactobacillus rhamnosus GG in the Human Gastrointestinal Tract with Daily Consumption of a Low-Fat Probiotic 
Spread. J. Appl. Environ. Microbiol. 2009, 75, 6198–6204. 

49. Theunissen, J.J.H.; Stolz, E.; Michel, M.F. The effects of medium and rate of freezing on the survival of chlamydias after lyoph-
ilization. J. Appl. Bacteriol. 1993, 75, 473–477. 

50. Corcoran, B.M.; Stanton, C.; Fitzgerald, G.F.; Ross, R.P. Survival of probiotic lactobacilli in acidic environments is enhanced in 
the presence of metabolizable sugars. Appl. Environ. Microbiol. 2005, 71, 3060–3067. 

51. Carvalho, A.S.; Silva, J.; Ho, P.; Teixeira, P.; Malcata, F.X.; Gibbs, P. Relevant factors for the preparation of freeze-dried lactic 
acid bacteria. Int. Dairy J. 2004, 14, 835–847. 

52. Watson, D.; Sleator, R.D.; Hill, C.; Gahan, C.G. Enhancing bile tolerance improves survival and persistence of Bifidobacterium 
and Lactococcus in the murine gastrointestinal tract. BMC Microbiol. 2008, 8, 176. 

53. Du Toit, E.; Vesterlund, S.; Gueimonde, M.; Salminen, S. Assessment of the effect of stress-tolerance acquisition on some basic 
characteristics of specificprobiotics. Int. J. Food Microbiol. 2013, 165, 51–56. 

54. Monteagudo-Mera, A.; Rastall, R.A.; Gibson, G.R.; Charalampopoulos, D.; Chatzifragkou, A. Adhesion mechanisms mediated 
by probiotics and prebiotics and their potential impact on human health. Appl. Microbiol. Biotechnol. 2019, 103, 6463–6472. 

55. Soni, K.A.; Balasubramanian, A.K.; Beskok, A.; Pillai, S.D. Zeta Potential of Selected Bacteria in Drinking Water When Dead, 
Starved, or Exposed to Minimal and Rich Culture Media. Curr. Microbiol. 2007, 56, 93–97. 

56. Ng, W.; Ting, Y. Zeta potential of bacterial cells: Effect of wash buffers. Peer J. Prepr. 2017, 5, e110v7. 
57. Costa, E.; Usall, J.; Teixido, N.; Garcia, N.; Vinas, I. Effect of protective agents, rehydration media and initial cell concentration 

on viability of Pantoea agglomerans strain CPA-2 subjected to freeze-drying. J. Appl. Microbiol. 2000, 89, 793–800. 



Microorganisms 2021, 9, 1013 21 of 21 
 

 

58. Sinha, R.N.; Shukla, A.K.; Lal, M.; Ranganathan, B. Rehydration of Freeze-Dried Cultures of Lactic Streptococci. J. Food Sci. 1982, 
47, 668-669. 

59. Fu, N.; Chen, X.D. Towards a maximal cell survival in convective thermal drying processes. Food Res. Int. 2011, 44, 1127–1149. 
60. Golowczyc, M.A.; Silva, J.; Teixeira, P.; De Antoni, G.L.; Abraham, A.G. Cellular injuries of spray-dried Lactobacillus spp. iso-

lated from kefir and their impact on probiotic properties. Int. J. Food Microbiol. 2011, 144, 556–560. 
61. Guergoletto, K.B.; Tsuruda, A.Y.; Hirooka, E.Y.; Martins, E.P.; Souza, J.C.; Sivieri, K.; Garcia, S. Dried Probiotics for Use in Func-

tional Food Applications; INTECH Open Access Publisher: London, UK, 2012. 
62. Wisselink, H.W.; Weusthuis, R.A.; Eggink, G.; Hugenholtz, J.; Grobben, G.J. Mannitol production by lactic acid bacteria: A 

review. Int. Dairy J. 2002, 12, 151–161. 
63. Carvalho, A.S.; Silva, J.; Ho, P.; Teixeira, P.; Malcata, F.X.; Gibbs, P. Protective effect of sorbitol and monosodium glutamate 

during storage of freeze- dried lactic acid bacteria. Le Lait INRA Ed. 2003, 83, 203–210. 
64. Iraporda, C.; Rubel, I.A.; Manrique, G.D.; Abraham, A.G. Influence of inulin rich carbohydrates from Jerusalem artichoke (He-

lianthus tuberosus L.) tubers on probiotic properties of Lactobacillus strains. LWT Food Sci. Technol. 2019, 101, 738–746. 
65. Ehrmann, M.A.; Kurzak, P.; Bauer, J.; Vogel, R.F. Characterization of lactobacilli towards their use as probiotic adjuncts in 

poultry. J. Appl. Microbiol. 2002, 92, 966–975. 
66. Wang, X.; Liu, L.; Zhou, X.; Huo, Y.; Gao, J.; Gu, H. Casein phosphopeptide combined with fluoride enhances the inhibitory 

effect on initial adhesion of Streptococcus mutans to the saliva-coated hydroxyapatite disc. BMC Oral Health 2020, 20, 169. 
67. Santivarangkna, C.; Higl, B.; Foerst, P. Protection mechanisms of sugars during different stages of preparation process of dried 

lactic acid starter cultures. Food Microbiol. 2008, 25, 429–441. 
68. García-Cayuela, T.; Korany, A.M.; Bustos, I.P.; Gómez de Cadiñanos, L.; Requena, T.; Peláez, C.; Martínez-Cuesta, M.C. Adhe-

sion abilities of dairy Lactobacillus plantarum strains showing an aggregation phenotype. Food Res. Int. 2014, 57, 44–50. 
69. Lebeer, S.; Claes, I.; Tytgat, H.L.; Verhoeven, T.L.; Marien, E.; von Ossowski, I.; Reunanen, J.; Palva, A.; Vos, W.M.; 

Keersmaecker, S.C.; et al. Functional analysis of Lactobacillus rhamnosus GG pili in relation to adhesion and immunomodulatory 
interactions with intestinal epithelial cells. Appl. Environ. Microbiol. 2012, 78, 185–193. 

70. Golowczyc, M.A.; Mobili, P.; Abraham, A.G.; Garrote, G.L.; De Antoni, G.L. Protective action of Lactobacillus kefir carrying S-
layer against Salmonella enterica serovar Enteritidis. Int. J. Food Microbiol. 2007, 118, 264–273. 

71. Gheziel, C.; Russo, P.; Arena, M.P. Evaluating the Probiotic Potential of Lactobacillus plantarum Strains from Algerian Infant 
Feces: Towards the Design of Probiotic Starter Cultures Tailored for Developing Countries. Probiotics Antimicro. 2019, 11, 113–
123. 

72. Konstantinov, S.R.; Smidt, H.; de Vos, W.M.; Bruijns, S.C.M.; Singh, S.K.; Valence, F.; Molle, D.; Lortal, S.; Altermann, E.; 
Klaenhammer, T.R.; et al. S layer protein a of Lactobacillus acidophilus NCFM regulates immature dendritic cell and T-cell func-
tions. Proc. Natl. Acad. Sci. USA 2008, 105, 19474–19479. 

73. Vargas Garcia, C. The Role of Pili on Lactobacillus rhamnosus GG in the Interaction with Macrophages and Other Immune Cells. 
Ph.D. Thesis, KU Leuven, Flanders, Belgium, 2015. 

74. Båth, K. Factors Important for Persistence of Lactobacillus reuteri in the Gastrointestinal Tract: A Study of Extracellular Proteins, 
Stress Response and Survival of Mutants in a Model System. Doctoral Thesis, Uppsala: Swedish University of Agricultural 
Sciences, Uppsala, Sweden, 2007. 

75. West, A.H.; Stock, A.M. Histidine kinases and response regulator proteins in two-component signaling systems. Trends Biochem. 
Sci. 2001, 26, 369–376. 

76. Yeo, S.; Park, H.; Ji, Y.; Park, S.; Yang, J.; Lee, J.; Holzapfel, W. Influence of gastrointestinal stress on autoinducer-2 activity of 
two Lactobacillus species. FEMS Microbiol. Ecol. 2015, 91, fiv065. 

77. Park, H.; Lee, K.; Yeo, S.; Shin, H.; Holzapfel, W.H. Autoinducer-2 Quorum Sensing Influences Viability of Escherichia coli 
O157:H7 under Osmotic and In Vitro Gastrointestinal Stress Conditions. Front. Microbiol. 2017, 8, 1077. 


	1. Introduction
	2. Materials and Methods
	2.1. Strains and Growth Conditions
	2.2. Fermentation and Freeze-Drying Process
	2.3. Food Additives and Rehydration Conditions
	2.4. Simulated Gastro-Intestinal Passage Resistance Assay
	2.5. Bacterial Adhesion to Mucin
	2.6. Bacterial Zeta Potential
	2.7. Product Formulation
	2.8. Determination of Bacterial Viability by Flow Cytometry
	2.9. Adhesion to Intestinal Epithelial Cell Line
	2.10. Immune Stimulation In Vitro
	2.11. Bacterial Hydrophobicity
	2.12. Statistical Analysis

	3. Results
	3.1. Influence of Single Food Additives on Lp. plantarum HAC03 Viability after GIT Stress, Mucin Adhesion and Zeta Potential
	3.2. Effect of the Formulation Mixtures on Lp. plantarum HAC03 Viability after SSDP
	3.3. Determination of Lp. plantarum HAC03 Viability by Flow Cytometry and Influence of the B-Active Formulation
	3.4. Impact of B-Active Formulation on Lp. plantarum HAC03 Zeta Potential and Hydrophobicity
	3.5. Influence of B-Active Formulation on the Adhesion of Lp. plantarum HAC03 to Intestinal Epithelial Cells and Mucin
	3.6. Effect of B-Active Formulation on the Immunomodulatory Potential of Lp. plantarum HAC03
	3.7. Influence of B-Active Formulation on the Viability of Different Potential Probiotic Strains

	4. Discussion
	5. Conclusions
	6. Patents
	References

