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Featured Application: The presented analysis provides a concise depiction of the fluid bed drying
process of probiotics. It also introduces a new method of evaluation for probiotics, based on the
actual number of biologically useful cells. This factor is used to evaluate and economically justify
the introduction of technological procedures, such as sublethal stresses and coating,.

Abstract: Probiotic bacteria confer a range of health benefits and are a focus of a growing number of
studies. One of the main issues is their stability during drying and storage, which is why techniques,
such as fluid bed drying and coating or treatment with stress factors during culturing, are utilized.
The methods of the evaluation of probiotic viability and quality are, however, lacking and we need
a way of distinguishing between different subpopulations of probiotic bacteria. To address this
issue, imaging flow cytometry (IFC) has been utilized to assess cells after simulated in vitro digestion
of dried and coated preparations treated with pH stress and heat shock. Samples were analyzed
fresh and after 12 months of storage using RedoxSensor green and propidium iodide dyes to assess
metabolic activity and cell membrane integrity of the cells. The results were then used to design a
drying process on an industrial scale and evaluate the economic factors in the SuperPro Designer
v13 software. Based on the number of biologically active and beneficial cells obtained utilizing
tested methods, the coating process and treatment with heat shock and pH stress have been the most
effective and up to 10 times cheaper to produce than only by drying. Additionally, samples after
12 months of storage have shown an increase in the proportion of cells with intermediate metabolic
activity and small amounts of cell membrane damage, which are still viable in probiotic products.
This subpopulation of bacteria can still be considered live in probiotic products but is not necessarily
effectively detected by pour plate counts.

Keywords: SuperPro Designer; drying; shelf life; quality control; simulated digestion; adhesion

1. Introduction

In recent decades, there has been a growing recognition of the importance of gut mi-
crobiota for human health and well-being. Probiotics are defined as “live micro-organisms
that, when administered in adequate amounts, confer a health benefit on the host” [1].
Cells are often enumerated using plate pour counts directly after the production process
or after storage. Such values do not directly represent the number of probiotic cells that
reach the colon after the gastric transit. Additionally, pour plate enumeration does not
take into consideration cell subpopulations with intermediate activity (i.e., viable but
nonculturable—VBNC) [2]. Therefore, the number of colony-forming units determined
using classic microbiology is not synonymous with the number of probiotic cells in the
preparation. To address this issue, we determined that for more precise enumeration the
viable and beneficial (VB) cells enumerated using imaging flow cytometry should be con-
sidered, namely, those cells that remain useful and confer health benefits to the host after
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technological processes and digestion. We also look deeply into the process of production
of probiotics and determine the cost and quality of the product based on those assumptions.

New reports on the numerous health benefits of probiotic bacteria, such as their role
in the positive regulation of inflammatory bowel diseases (IBD), treatment of allergies,
and urogenital infections, have led to increased interest in their commercial production [3].
Existing studies on probiotic production often utilize drying techniques, such as spray or
freeze drying. The quality parameters of dry cells (number of living cells and biological
activity) usually depend on the type of drying method used. In the case of thermolabile
materials, including bacterial cells, the smallest reduction in quality after drying is observed
when freeze drying is used. However, this method is expensive and time-consuming [4].
Therefore, freeze drying is increasingly being replaced by spray drying. However, during
spray drying, it is often difficult to obtain the quality of bacterial preparations similar
to that obtained during freeze drying. One of the reasons is the relatively high drying
temperature, which will usually not be lower than 100 °C for inlet and 60 °C for outlet
air. Meanwhile, in fluid bed dryers, it is possible to conduct the process at much lower
temperatures, close to 3040 °C, thus minimizing heat inactivation [5,6]. Dryers operating
in fluidized bed conditions have very good mass and energy transfer parameters, therefore
the drying time is short [7]. Additionally, the investment and operating costs of fluid
bed drying are lower than those of freeze or spray drying [8]. In a fluidized bed, the cell
matrix can be easily coated with an additional protective layer, improving its shelf life
and stability during storage. Effective application of probiotics is, however, limited due to
the lack of standardized requirements for efficacy and the number of viable cells (colony
forming units—CFU/mL) in the final product. Additionally, the decrease in cell viability
during the passage through the gastrointestinal (GI) tract is not taken into consideration [9].
Recent advances in gastrointestinal simulation techniques have made it possible to better
understand the dynamic interactions that influence the survival and activity of probiotics
along their journey through the digestive tract. The limited survival of probiotics during
in vitro digestion is a complex process that is influenced by many factors, including the
acidity of the stomach, the presence of bile salts and enzymes, the gut microbiota and its
colonization resistance, and the properties of the probiotic strain itself [10]. The acidic
environment of the stomach is one of the most significant challenges to the survival of
probiotics. To survive the acidic environment of the stomach, probiotics must have some
protective mechanisms in place. These mechanisms include the production of acids and
enzymes that can neutralize stomach acid [11], the formation of protective biofilms [12,13],
and the ability to adhere to the stomach lining [14]. Bile salts and enzymes are also major
challenges to the survival of probiotics. Bile salts are produced by the liver and are released
into the small intestine. Bile salts have many antimicrobial properties that can kill probiotic
bacteria [15]. Antimicrobial proteins are also present in the small intestine and act as a
defense mechanism against external micro-organisms [16]. To survive the bile salts and
enzymes, bacteria must have the ability to adhere to the intestinal lining and to produce
protective substances (bile salt hydrolase) that can neutralize the bile salts [17]. In addition
to the acidity of the stomach and the presence of bile salts and enzymes, the physical and
chemical properties of the probiotic strain also play a role in its survival during in vitro
digestion. Probiotic strains that are more resistant to acidity, bile salts, and enzymes are
more likely to survive the in vitro digestion process. Additionally, probiotic strains that
can adhere to the intestinal lining and produce protective substances are also more likely
to survive the in vitro digestion process [18]. Coating is also one of the strategies utilized
to improve the survival of probiotics during digestion and to improve the shelf life of the
product [19]. Different functional materials can be used as coating substances to tackle
various challenges expected during the oral delivery of probiotics [20]. Polysaccharides,
such as alginate, as well as cellulose and lipid-based coating, are commonly used to protect
the probiotics from low pH of the gastrointestinal tract. Coatings can also be utilized
to supply the probiotic cells with prebiotics by using inulin or polydextrose as coating
material. Additionally, coating can improve the intestinal retention by strengthening the
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interaction between probiotics and the intestinal mucus layer. Composite biomagnetic
materials can be utilized in the coating layer to improve both the retention and cellular
localization of the probiotics [21]. Also, natural ingredients such as red ginseng dietary
fiber can improve the intestinal adhesion of probiotics [22].

The first section of the paper discusses the mechanisms underlying the survival of
probiotic LAB during in vitro digestion, which is especially important for the evaluation
of possible probiotics since only living bacteria can fully confer their health benefits after
successfully passing through the GI tract [23]. The acidic environment of the stomach and
the presence of bile salts and enzymes pose significant challenges to the viability of these
micro-organisms. For the in vitro digestion, we have chosen samples that were cultured
in stress conditions (of high temperature and pH shock) that contained freshly cultured
bacteria, and dried and coated preparations, as well as preparations after storage, to check
their influence on the survival of probiotic bacteria during the gastrointestinal passage.

The second section of the paper presents a comprehensive project focused on the
production of probiotics. This project details each step of the process, from strain selection
and fermentation to drying and formulation. The integration of scientific principles with
technological innovations ensures the production of high-quality probiotics with optimal
viability. Commonly, pour plate counts are used as a standard evaluation method for
probiotic enumeration. The results are then calculated as colony-forming units (CFU) per
gram or milliliter of preparation. However, not all bacterial cells present in the final product
are active and can confer health benefits to the host. Furthermore, not all of the live cells
(VBNC) can grow on standard agar media [24]. Flow cytometry allows the counting and
assessing of subpopulations other than fully active cells [25], for example, those based on
their metabolic activity and cellular membrane damage. Flow cytometry provides a more
comprehensive characterization of probiotics, while being a more rapid technique, allowing
for the analysis of thousands of cells per second [26]. To better describe the amount of
biologically active and useful cells, the results of digestion analyzed by flow cytometry
were used for economic analysis as they provide a more reliable parameter for process
design and planning of production steps.

2. Materials and Methods
2.1. Strains and Cultures

The strain of lactic acid bacteria (LAB) used in this study was Enterococcus faecium
73 KBiMZ. MRS broth was selected as the medium because it provides the required growth
conditions for these bacteria. To achieve the highest amount of biomass, an inoculum
was prepared in a volume that represented 10% of the medium volume for the bioreactor
culture. To gradually achieve a culture volume of 1 L, the inoculum was first seeded in two
stages. This allowed for improved adaptation of the micro-organisms and shortened the
lag phase.

All steps of the inoculum preparation were conducted in a laminar flow hood for a
minimized contamination risk. First, the strain was thawed on ice to minimize cell damage.
Once the micro-organisms had warmed to an ambient temperature and thawed, they were
transferred to a larger, 15-mL Falcon conical tube filled with 9 mL of MRS broth (Oxoid
Ltd., Basingstoke, Hampshire, UK). The tube was then sealed with parafilm and incubated
for 24 h at 30 °C. Following incubation, 10 mL of the inoculum was transferred to a flask
containing 90 mL of MRS broth. The flask was incubated for an additional 24 h at 30 °C.
After these steps, the inoculum was used to initiate a culture in the bioreactor.

The cell biomass was cultured using Biostat A plus bioreactors (Sartorius AG,
Gottingen, Germany), equipped with a 5 L culture vessel. The bioreactor was heated
using a heating blanket system. Agitation was provided by a Rushton impeller. Process
control and data acquisition were performed using the BioPAT MFCS 4 software. The pH
electrode was calibrated against buffers at pH 4 and pH 9 before sterilization and culturing.
Next, MRS broth medium in the volume of 1 L was added to the bioreactor vessel. To create
an aseptic environment, all parts of the bioreactor and the medium were then autoclaved at
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121 °C for 30 min. Afterwards, nitrogen was run through the aeration system to minimize
the chance of pathogens entering the bioreactor with air. After the medium in the bioreactor
had cooled to 30 °C, the inoculum was added. Bacteria were cultured at 30 °C, with the
pH set at 6.5 and maintained by adding a 30% NaOH solution. The culture was grown for
24 h, with constant stirring at 150 RPM. The end of the exponential growth phase was de-
termined by the cessation of NaOH consumption and the stabilization of pH. These factors,
in combination with the simultaneous end of base consumption, were used as indicators
for the beginning of the stationary growth phase. Lastly, after the biomass growth had
stopped, the culture was transferred into sterile centrifuge vessels using a peristaltic pump.

2.2. Stresses

To investigate the impact of stress on bacterial cell survival during fluid bed drying,
various cultures were subjected to distinct stress environments. Two types of stresses were
introduced: heat shock cultures were exposed to short-term thermal stress by increasing
the temperature to 50 °C for 30 min. During pH stress, cultures were exposed to short-term
acid stress by lowering the pH to 2.0 for 30 min. These two types of stresses were also
determined to be the easiest to apply in an industrial setting. Osmotic stress and culturing
without pH control were also considered as possible stress factors for bacterial adaptation.
They were, however, not used since osmotic stress proved to be troublesome to implement
on a larger scale; after adding salts to the medium to expose the bacteria to stress conditions,
the whole biomass needed to be centrifuged and resuspended in a freshly made medium.
Additionally, culturing without pH control was not used in the research, since it did not
provide the expected split into the subpopulations with intermediate metabolic activity, as
observed with pH and heat shock. The main goal of introducing sublethal stress conditions
during the culturing stage was to determine whether the stress adaptation of bacterial cells
had a significant impact on their survival during fluid bed drying.

2.3. Fluid Bed Drying and Coating

Both the drying and coating processes were conducted in the Strea-1 (GEA, Oelde,
Germany) laboratory fluid bed dryer. First, the matrix (crystalline microcellulose (Ingre-
dientpharm, Pratteln, Switzerland)) was added to the product container in the dryer. To
cause the product to be in a fluid state, a stream of hot (up to 50 °C) air was introduced.

Bacteria for drying were suspended in a solution of a protective substance (5% tre-
halose (Sigma-Aldrich, St. Louis, MO, USA)) and pumped to the dryer. They entered an
atomizing nozzle, which was operating under the pressure of 2 bar. Higher pressures could
damage the cells due to the shear forces and reduce their viability. The drying and coating
processes took approximately 30 min each. A total of 100 g of matrix and 100 mL of 2%
hydroxypropyl methylcellulose (HPMC) (Sigma-Aldrich, St. Louis, MO, USA) were used
for coating. Drying was carried out in the top-spraying system, where the nozzle was
placed above the fluidized bed. For coating, the Wurster system was utilized, where the
nozzle sprays the coating agent from below and is kept shielded from the matrix to avoid
clumping. Ready powder was packed for further analysis and shelf life assessment.

2.4. Simulated Gastrointestinal Conditions

Based on the method reported by Minekus et al. [27], the simulated gastrointestinal
conditions were divided into gastric and intestinal phases, without introducing the oral
phase as it was deemed optional by this method authors. Simulated gastric fluid (SGF)
and simulated intestinal fluid (SIF) were made up as recommended by Minekus et al. with
the addition of enzymes and CaCl, (Table 1). 1 M NaOH and 1 M HCI were used for pH
regulation in both digestion fluids. For the simulated gastric digestion, rehydrated sample
and gastric fluid were combined in a 50:50 (v/v) ratio for a final volume of 40 mL. Samples
under digestion were incubated at 37 °C for 2 h. After this step, the sample (40 mL) was
combined with 40 mL of intestinal fluid and incubated at 37 °C for 2 h.
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Table 1. Simulated digestion fluids composition.

Constituent SGF SIF
pepsin 2000 U/mL -
ancreatin - 100 U/mL
p (based on trypsin)
bile - 10 mM
CaCl, 0.075 mM 0.3 mM
pH 3 7

2.5. Intestinal Epithelial Cell Culture

The human intestinal epithelial Caco-2 cell line (HTB-37™) was obtained from the
American Type Culture Collection (ATCC, Manassas, VA, USA). It is a well-established
model for studying intestinal barrier function. The cells were isolated from colon adenocar-
cinoma and can form a tight monolayer in culture.

To culture Caco-2 cells, the cells were placed on PET membranes (Millicell® Cell
Culture Inserts, 24 mm diameter, 0.4 pm pore size) (Millipore, Burlington, MA, USA,
Merck Group). The initial density was 4 x 10° cells/cm?. The cells were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma-Aldrich, Saint Louis, MO, USA) with
the addition of 1% non-essential amino acids (100x NEAA, Sigma-Aldrich) and 20% fetal
bovine serum (FBS, Gibco BRL, Grand Island, NY, USA). The medium was changed three
times a week, and the cells were maintained at 37 °C in a humidified atmosphere of 95%
air and 5% COs.

The integrity of the Caco-2 cell monolayer was monitored based on transepithelial elec-
trical resistance (TEER) measurements. TEER is a measure of the electrical resistance across
the cell monolayer. Caco-2 cell cultures with TEER values > 600 ) x cm? are considered to
have formed a tight monolayer and are utilized in bacteria adhesion experiments.

2.6. Adhesion Assay

The adhesion assay was performed according to the methodology described in our
previous work [28]. The Caco-2 cells were prepared by first washing the monolayers twice
with PBS to remove any loosely attached cells. DMEM (without phenol red) with bacterial
cells was then added to the cells, and the cultures were incubated for 2 h at 37 °C to
allow the bacterial cells to adhere to the Caco-2 cells. After incubation, the medium was
removed from the cultures, and the cell monolayers were washed with PBS to remove any
unbound bacterial cells. Lysis was performed next to release the adhered bacterial cells
and the lysates were centrifuged and analyzed. The distribution of subpopulations in the
samples post-adhesion was measured by analyzing the supernatant left after incubation
and washing of the cells.

2.7. Imaging Flow Cytometry

Flow cytometry was used to examine bacterial cells for their metabolic activity and
viability. Amnis FlowSight™ (Luminex Corp., Austin, TX, USA) is a flow cytometer with
imaging and was used to examine bacterial cells. The flow cytometer allows for the use
of 3 lasers (405 nm, 488 nm, and 642 nm), 5 fluorescence channels (acquisition by a multi-
channel CCD camera), and a side scatter detector (SSC). We utilized the protocol described
in our previous work [24], using RedoxSensor™ green and PI (propidium iodide) to assess
the metabolic activity of the cell and the integrity of the cell membrane accordingly.

2.8. Process Simulation in SuperPro Designer

To simulate the large-scale production of fluid bed dried probiotics, SuperPro Designer
v13 (Intelligen, Scotch Plains, NJ, USA) was employed. The key conditions for the process
were determined based on experimental results obtained from laboratory-scale processes.
The final product was prepared in the form of a dried powder containing the biomass of
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Enterococcus faecium 73 KBiMZ, standardized to contain 1 x 10® of viable bacterial cells per
gram of the product. The project simulation provides information on economic evaluation.
In the evaluation, the process flowsheets, operating costs, estimated capital, raw material
and equipment costs, and profitability analysis were included. The cost of the equipment
was provided from local supplier information and the sizing was calculated based on the
process needs and throughput. Raw material prices were based on quotations from global
suppliers (i.e., Sigma-Aldrich, St. Louis, MO, USA). Other economic variables, such as
water (2.67 $/m3), electricity (0.20 $/kW-h), income tax (19%), and labor cost (5.50 $/h),
were established based on local (Poland) values and may vary based on location. The
project was assumed to operate for 330 days annually, with a 15-year lifespan. Additionally,
one year was planned for construction and six months for start-up. The efficiency in the first
year was estimated to be 50% due to the start-up period and lower occupancy. Described
assumptions were constant and applied to all six projects.

2.9. Sensitivity Analysis

Crystal Ball software, version 11.1.3.0.000 (Oracle, Austin, TX, USA) was used to
perform a sensitivity analysis for the key parameters of the technological process to assess
their impact on the unit production cost. Using the COM function of SuperPro Designer,
simulations were performed for a range of values for the following parameters: cost (normal
distribution) of trehalose, HPMC, and medium and process time (triangular distribution)
of fermentation, drying, and coating. The analysis was conducted for a range of values for
those parameters from —20% to +20% of the base value.

2.10. Statistical Analysis

Statistical analysis was performed using R version 4.3.1 run in RStudio (Posit, Boston,
MA, USA). Statistical differences between the analyzed groups were determined by a one-
way ANOVA with Tukey’s post hoc test. A p-value below 0.05 was considered statistically
significant. The results are presented as mean values of three repetitions £ standard deviation.

3. Results and Discussion
3.1. In Vitro Simulated Digestion

In this part of the research, different samples were treated with two-step gastrointesti-
nal digestion and subjected to adhesion assay afterward. The following samples were used:
free bacteria cells, cultured in optimal conditions, and treated with heat shock and pH stress
(Figure 1); samples after fluid bed drying and coating were analyzed both fresh and after
12 months of storage after no treatment, heat shock, and pH shock (Figures 2 and 3). De-
tailed results are available as supplementary materials (Table S1). Heat shock and pH shock
were chosen as two types of the most common stress factors for lactic acid bacteria. These
stresses are also present during drying (heat shock) and digestion (pH shock). Additionally,
cross-protection systems can help the cells adapt to different types of stresses sharing
similar resistance mechanisms [29]. The obtained results were used in the project of the
technological process to represent the subpopulation spread for different variants. Four
subpopulations of cells were determined using IFC, based on their metabolic activity (mea-
sured by RedoxSensor green) and cellular membrane damage (measured by propidium
iodide). The active subpopulation includes the cells with high levels of metabolic activity
and no cellular membrane damage, the mid-active I cells show low levels of both metabolic
activity and cellular membrane damage, while the mid-active II cells show high levels
of both; the dead cell subpopulation contains cells with no metabolic activity and a high
degree of cellular membrane damage.
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Figure 1. Subpopulation distribution in samples from bacterial cultures grown in optimal conditions,
with heat shock and pH shock. Shown in four stages—pre-adhesion, after the first stage of in vitro
digestion, after the second stage of in vitro digestion, and after adhesion.

Free cells presented in Figure 1 show high levels of activity before treatment and
after pH shock. The cells after heat shock already show much lower levels of active cells
than two other variants. After in vitro digestion, all free cell samples show a significant
decrease in active cell subpopulation, especially after the second stage, representing the
small intestine. For both dried and coated samples (also after storage) the results show
that the first stage of digestion (S1), representing the gastric conditions, led to a decrease
in active cells in all samples. For free cells cultured in optimal conditions and after pH
shock, the mid-active II subpopulation has increased after S1, which shows that the damage
may not be permanent, as these cells have shown the ability to regenerate in optimal
conditions [24]. A similar increase in mid-active II cells was also observed in dried cells
treated with pH and heat shock after 12 months of storage. The second stage of digestion
(52), representing the small intestine, was more lethal for cells than S1, as also observed
by Rodrigues et al. [30]. In all samples reduction of active cells was observed with a
simultaneous decrease in overall observed cells, caused by cell breakdown. An increase in
cellular debris that could not be assigned to any of the four subpopulations was observed in
IFC as a result of the cell decomposition. Cells after coating were overall less affected by the
GI conditions than uncoated cells. Similar results were observed for Lactobacillus salivarius
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NRRL B-30514 coated with rice protein—shellac composite [31]. Cells after S2 were subjected
to adhesion assay, which showed an increase in active subpopulation, further proving
that the mid-active cells were able to resume their activity after being placed in optimal
conditions during adhesion assay. Mid-active cells would not be enumerated using plate
cell counts, and with such methods, a reduction in the number of micro-organisms would
be noticed. However, the preparations evaluated using our method show activity even
after a year, thanks to the detection of VBNC cells. Samples after 12 months of storage
show an increase in the proportion of cells with intermediate metabolic activity and small
amounts of cellular damage. After such selection, the remaining cells are more resistant
and tolerate the digestion conditions better than cells directly after drying.
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Figure 2. Subpopulation distribution in fluid bed-dried samples treated with heat shock, pH shock,
and untreated. Shown in four stages—pre-adhesion, after the first stage of in vitro digestion, after the
second stage of in vitro digestion, and after adhesion.
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Figure 3. Subpopulation distribution in fluid bed-dried and coated samples treated with heat
shock, pH shock, and untreated. Shown in four stages—pre-adhesion, after the first stage of in vitro
digestion, after the second stage of in vitro digestion, and after adhesion.

3.2. Process Design and Economic Analysis

The preliminary project of the technological process for dried probiotic production
was prepared based on laboratory-scale experiments. Its process flow diagram shows the
necessary steps and procedures in the variant, including fluid bed drying and coating
(Figure 4). Overall, 6 project variants were prepared—for drying with no stress, with
pH shock, and with heat shock, and similarly for coating with no stress, with pH shock,
and with heat shock. Triggering bacterial stress adaptation was introduced as a way of
improving the viability of probiotics during drying and storage [32]. All projects were
divided into 3 sections: medium preparation, seed culture and fermentation, and fluid bed
drying and coating. Medium preparation is a step where the MRS medium for culturing is
mixed from base ingredients, heat sterilized, and distributed to corresponding culturing
vessels. The second section contains culturing containers with increasing volumes—from
2 L shake flasks to 250 L bioreactor. In the final stage, the biomass is mixed with a protective
substance (5% trehalose) and dried in a fluid bed dryer with crystalline microcellulose
as a matrix. The protective effects of using trehalose come from its ability to replace the
water in the intracellular macromolecules during drying [33]. In an additional step, the
powder can then be coated with 2% HPMC. The final number of cells in the product was
set at 108 cfu/g, as recommended by industry standards [34]. Economic calculations have
been performed for the process, taking into consideration the cost of raw materials, waste
treatment, energy consumption and heat transfer agents, equipment cost, and the direct
fixed capital (DFC). DFC consists of total plant direct cost (TPDC), total plant indirect cost
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(TPIC), and contractors fee and contingency (CFC). The economic evaluation containing all
of the mentioned costs has been summarized in Table 2. The cost of purchasing equipment
needed for the process is summarized in Table 3. Additionally, the cost of installation of the
equipment was calculated as 1.5x the purchase cost. To evaluate the economic profitability
of certain technological treatments, such as coating and stresses during culturing, the
production costs of obtaining preparations for 6 variants (dried, dried with heat shock,
dried with pH shock, coated, coated with heat shock, and coated with pH shock) were
compared. As proven by our previous research, the cells that are beneficial for the patient,
namely, metabolically active and adherent to the Caco-2 cells, are present in two of the
described subpopulations—active and mid-active II. Only those two groups were taken
into consideration when assessing the cost of production of probiotic powder, based on
the definition of probiotics, which describes them as live cells [35]. Using imaging flow
cytometry the mid-active II cell subpopulation was determined to suit the description of
VBNC [36] and, therefore, was also included in the project. The results of simulated in vitro
digestion experiments were used, where the subpopulation composition of preparation
after ingestion was assessed. Using those values, we determined the viable and beneficial
(VB) cells, which are the cells that remain useful and confer health benefits to the host
after technological processes and digestion. The individual cost of production of 1 kg of
VB cells using different technological variants was calculated in Table 4. For the samples
measured directly after drying the coated variant treated with heat shock provided the
best value in terms of price per 1 kg of VB cells after digestion. As for the samples after
12 months of storage, the coated samples after pH shock showed the best value. The
results for samples after adhesion were not included in the economic assessment of the
project, since only the non-adherent cells present in the suspension after incubation could
be measured using flow cytometry. Based on the results it can be concluded that the
number of viable cells after drying is not a good indicator of the product quality. For better
assessment, the number of cells surviving the technological process, storage, and digestion
should be most important for the consumer. Economic evaluation based on the price of
achieving preparation containing 1 kg of cells that meet those requirements should also be
considered by the producer while planning the process.

Table 2. Economic evaluation summary.

Parameter Unit
DFC $ 1,584,000
TPDC $ 861,000
TPIC $ 516,000
CFC $ 207,000
Operating cost $ 100,000
Batch size kg 32691
Cost basis annual kg/year 34,979
Gross margin % 71.98
Return on investment (ROI) % 11.51
Payback time (PBT) year 4.33
Net present value (NPV at 7%) $ 909,000
Revenues (per year) $ 350,000

Table 3. Equipment and its purchase cost summary.

Equipment Size Purchase cost (PC) ($)
Fluid bed dryer 41597 L 107,000
Bioreactor 296.11L 150,000
Seed bioreactor 1834 L 29,950
- 66.17 L/h rated
Heat sterilizer by throughput 30,000
Blending tank 308.29 L 11,400

Shake flask rack 2L 1000
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Figure 4. Process flow diagram for fluid bed drying and coating of probiotics.
Table 4. Economic evaluation of different variants.
Unit Production Cost Production Cost
Variant Production ($/1 kg VB Cells ($/1 kg VB Cells
Cost ($/kg) Pre-Digestion) after Digestion)
Dried A 259 30.58 «de + 1,05 173.83 @ + 32.59
Dried, 12 months B 2.59 28.09 ¢de + 2 45 22.19¢de + 211
Dried heat shock A 2.59 29.40 ¢de +0.13 134.20° +12.05
Dried heat shock 12 months B 2.59 10.52 ¢ 4+ 0.36 27.91 ¢de 4 .98
Dried pH shock # 2.63 29.35de +1.99 144.51° +10.82
Dried pH shock 12 months B 2.63 10.58 € £ 0.37 35114 +2.87
Coated # 3.01 30.31¢de +1.73 38.18 © + 3.36
Coated 12 months B 3.01 14.36 cde + 0.27 34.13 °de + 406
Coated heat shock A 3.01 31.45¢de + 277 24.03 ¢de + 248
Coated heat shock 12 months B 3.01 12.73de 4+ 1.87 21.38 ¢de + 141
Coated pH shock 4 3.05 31.00 e + 1.77 36.22°4 +2.44
Coated pH shock 12 months B 3.05 10.95¢€ £+ 1.24 17.02 9¢ 4 0.35

A

measured directly after drying/coating. B measured after 12 months of storage. Results are mean values of
three repetitions + standard deviation. Values sharing the same lowercase letter are not significantly different
(p < 0.05).
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Sensitivity analysis was provided for key assumptions in reference to the unit produc-
tion cost and is presented in Figure 5. The baseline unit production price was 2.75 $/kg
and the baseline number of batches was 107. Those values were then tested in the range
of —20% to 20%. Results show that the main impact on product cost has the medium
price, which confirms the need for seeking alternative carbon sources and media based
on recycled waste materials. Additionally, the drying process has some impact, mainly
because of the dryer purchase price, as well as the amount of trehalose and energy used.
Trehalose cost, HPMC cost, and fermentation time both show the expected impact on the
price. Little to no change was observed for coating, mainly since this process utilizes the
same equipment as the drying step and, therefore, only the resource and energy demand
are considered. Figures 6 and 7 both show the probability distribution based on 10,000 trials
for the unit production cost and annual number of batches, accordingly. The probability
of achieving unit production prices under 3.01 was calculated at 91.88%. The probability
of achieving the desired annual number of batches in the range of 102-112 was certain in
86.79%. The variability of the main product cost and number of batches per year has been
demonstrated in Figure 8.

Main Product Cost ($ /kg Product)

240 2.60 2.80 3.00 3,20

Drying TimeP-3 (h) 0.60 -- 0.40
Trehalose Cost (S/kg) 6.23 .- 9.35
HPMC Cot (S/kg) 4.00 II 6.00

Fermentaion TimeP-1 (h) 19.20 l 28,80

* Coating Timein P-8 (h) 0.55

B Maximum = Minimum

Figure 5. Tornado plot depicting the impact of variables on unit production cost.
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Figure 6. Probability distribution of the unit production cost, based on 10,000 trials.
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Number of Batches per year
011 1,100
010 1,000
008 300
0.08 800
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Figure 7. Probability distribution of the annual number of batches, based on 10,000 trials.
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Contribution to variance

Figure 8. Sensitivity of the main product cost (A) and the number of batches per year (B) to deviation
in variables.

4. Conclusions

This paper explores the in vitro digestion and production of probiotic LAB, with a
focus on the physiological and economic aspects of this process. Widely adopted enumera-
tion methods (such as pour plate counts) should be supported by modern tools (IFC) for a
better assessment of the quality of probiotics. The importance of cell subpopulations with
intermediate metabolic activity (VBNC) cannot be understated, as they vastly contribute to
the number of beneficial cells in the preparation after technological processes, storage, and
digestion. Economic analysis was conducted to identify the key factors that influence the
cost of production. These factors include the cost of the medium, drying time, and costs
of trehalose (protective substance) and HPMC (coating substance). This study contributes
to the holistic understanding of probiotics as a bridge between scientific innovation and
consumer well-being. By synthesizing scientific insights with practical applications and
financial considerations, this study provides a multidimensional perspective on the pro-
biotics field. A comprehensive approach that encompasses scientific, technological, and
economic dimensions is essential for advancing the probiotics field and obtaining more
beneficial products.
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Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/app132011541/s1, Table S1: Mean values with standard
deviation for all subpopulations after in vitro digestion and adhesion tests. Means and SD were
calculated based on 3 repetitions.
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