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Wykaz skrotow

CCD - charge coupled device — urzadzenie o sprzezeniu fadunkowym

DMEM - Dulbecco’s modified Eagle medium — pozywka Eagle’a w modyfikacji Dulbecco
DSC - differential scanning calorimetry - r6znicowa kalorymetria skaningowa
FSC — forward scatter — rozproszenie przednie

GRAS - generally recognized as safe - uznane za bezpieczne

IFC — imaging flow cytometry — cytometria przeptywowa z obrazowaniem

MRS — De Man, Rogosa, Sharpe

PBS — phosphate-buffered saline — sl fizjologiczna buforowana fosforanami

P1 — propidium iodide — jodek propidyny

RMS — root mean square — srednia kwadratowa

SEM - scanning electron microscopy — skaningowa mikroskopia elektronowa
SGF — simulated gastric fluid — symulowany ptyn zotadkowy

SIF — simulated intestinal fluid — symulowany ptyn jelitowy

SSC - side scatter — rozproszenie boczne

TEER - trans-epithelial electrical resistance — przeznabtonkowy opor elektryczny

TG/DTA - thermogravimetry differential thermal analysis - termograwimetria z rdéznicowa

analizg termiczng

VBNC - viable but nonculturable — zywe, niezdolne do wzrostu



Streszczenie

Preparaty zawierajace probiotyczne szczepy bakterii korzystnie wptywaja na zdrowie
cztowieka. Wyniki badan klinicznych potwierdzaja pozytywny wplyw przyjmowania
probiotykow na choroby przewodu pokarmowego, w tym na zespot jelita drazliwego, biegunke,
zapalenie jelit i stany alergiczne, takie jak atopowe zapalenie skory. Wykazano rowniez, ze
probiotyki zwigkszaja odporno$¢ organizmu poprzez immunomodulacje. Przektada si¢ to na

wzrost zainteresowania metodami zardwno utrwalania, jak i oceny mikroorganizmow.

Celem badan byta analiza cech fizjologicznych i morfologicznych mikroorganizméw
probiotycznych po suszeniu w ztozu fluidalnym, z wykorzystaniem cytometrii przeptywowej z
obrazowaniem, sortowania komorek i uczenia maszynowego. Metody te pozwalaja na
uwzglednienie, oprocz subpopulacji komoérek zywych 1 martwych, takze subpopulacji komorek
o posredniej aktywno$ci metabolicznej i zrdéznicowanym stopniu uUszkodzen blony
komorkowej. W pracy ponadto oceniono wptyw ekspozycji na stresy subletalne podczas
hodowli bakterii probiotycznych na ich przezywalnos¢ w trakcie suszenia i dtugotrwatego
przechowywania i po symulowanym trawieniu in vitro, a takze na ich adhezj¢ do nablonka
jelitowego. Wykazano, ze stopien uszkodzen btony komorkowej istotnie wptywa na zdolno$é
adhezji bakterii probiotycznych do nabtonka jelitowego. Stwierdzono rowniez, ze zastosowanie
warunkow stresowych w trakcie hodowli bakterii pozwala na zwigkszenie przezywalnosci
komoérek w preparacie probiotycznym w trakcie jego utrwalania i przechowywania. Na
trwato$¢ preparatu w trakcie dtugotrwatego przechowywania wptywaly tez takie czynniki jak
zastosowanie w procesie technologicznym powlekania wysuszonego preparatu dodatkowa
warstwa ochronng i warunki przechowywania (temperatura, obecno$¢ tlenu). Opracowano
takze projekt procesu produkcji preparatéw probiotycznych metodg suszenia fluidalnego wraz

z analizg ekonomiczng oraz oceng ryzyka przedsigwzigcia w skali przemystowe;.

Stowa kluczowe: bakterie kwasu mlekowego, zywotno$¢, adhezja, trawienie, proces

technologiczny



Abstract

Preparations containing probiotic strains of bacteria have a beneficial effect on human
health. The results of clinical trials show the positive effects of taking probiotics on diseases of
the gastrointestinal tract, including irritable bowel syndrome, diarrhea, enteritis, and allergic
conditions, such as atopic dermatitis. Probiotics have also been shown to increase the body’s
immune resistance through immunomodulation. This translates into an increased interest in

methods for both preservation and assessment of microorganisms.

The aim of this research was to analyze the physiological and morphological analysis of
probiotic microorganisms after fluid bed drying using imaging flow cytometry, cell sorting,
and machine learning. These methods allow to take into account also the subpopulations of
cells with intermediate metabolic activity and cellular membrane damage in addition to
subpopulations of living and dead cells. Additionally, the study also assessed the impact of
exposure to sublethal stresses during culturing of probiotic bacteria on their viability during
drying, long-term storage and in vitro simulated digestion, as well as their adhesion to the
intestinal epithelium. It was proven that the degree of cell membrane damage significantly
affects the adhesion ability of probiotic bacteria. It was also found that the use of stress
conditions during bacterial cultivation allows for increased cell survival in the probiotic
preparation during its drying and storage. The durability of the preparation during long-term
storage was also influenced by factors such as the use of a protective substance during coating
and storage conditions (temperature, presence of oxygen). A simulation of the production
process of probiotic preparations using fluid bed drying was also prepared, along with an
economic analysis and risk assessment of the project on an industrial scale.

Keywords: lactic acid bacteria, viability, adhesion, digestion, technological process



1. Wprowadzenie
1.1. Opis podjetego problemu badawczego

Probiotyki, zgodnie z definicja WHO, okreSlane sg jako zywe mikroorganizmy, ktore
podane we wilasciwej ilosci przynoszg korzy$¢ zdrowotng (FAO/WHO, 2006).
Skoncentrowane preparaty bakterii probiotycznych stosowane w zywieniu zwierzat jak i
spozywane przez ludzi maja najczesciej postaé wysuszonej biomasy. Bakterie kwasu
mlekowego o statusie GRAS to grupa, w obrebie ktorej odnotowano najwiecej bakterii o
wlasciwosciach probiotycznych. Najczesciej preparaty probiotyczne wystepuja w formie
kapsutek, proszkéw lub zawiesin. Zawierajg zywe bakterie - przede wszystkim z rodzajow
Lactobacillus i Bifidobacterium. W zdecydowanej wigkszosci probiotyki stosowane jako
suplementy zarowno w zywieniu zwierzat, jak i ludzi przygotowywane sg w postaci suszonych
granulatow biomasy. Wyniki badan klinicznych potwierdzaja pozytywne skutki przyjmowania
probiotykéw w schorzeniach przewodu pokarmowego, takich jak zespot jelita drazliwego,
biegunka i zapalenie jelit, infekcje uktadu moczowego oraz stany alergiczne, np. atopowe
zapalenie skory (Kerry et al., 2018; Lopez-Santamarina et al., 2021). Wykazano rowniez, ze
probiotyki zwiekszajg odporno$¢ organizmu poprzez immunomodulacje (Gill & Prasad, 2008).
Aby wywrzec korzystny efekt zdrowotny, preparat probiotyczny powinien zawiera¢ minimalng

liczbe zywych bakterii (jednostek tworzacych kolonie) — co najmniej 10° jtk/g.

Parametry jakosciowe utrwalonych komorek (liczba zywych komorek, aktywnosé
biologiczna) zwykle zalezg od rodzaju zastosowanej metody suszenia (Kiep$ & Dembczynski,
2022). W przypadku materialow termolabilnych, w tym takze komoérek bakterii, najmniejsze
obnizenie jako$ci po suszeniu obserwuje si¢ w przypadku zastosowania suszenia
sublimacyjnego (Mehanna & Abla, 2022). Jest to jednak metoda kosztowna i mato wydajna
(Broeckx et al., 2016). W zwigzku z tym liofilizacj¢ coraz czeSciej probuje sie zastgpic
suszeniem rozpytowym. Podczas suszenia rozpytowego bardzo czesto jednak trudno jest
uzyska¢ jako§¢ preparatow bakterii zblizonag do otrzymywanej w trakcie suszenia
sublimacyjnego. Jedng z przyczyn jest stosunkowo wysoka temperatura suszenia, ktora
zazwyczaj nie bedzie nizsza niz 60-70°C. Tymczasem w suszarniach fluidalnych mozliwe jest
prowadzenie procesu w znacznie nizszych temperaturach, zblizonych do 40°C. Mozna zatem
zalozy¢, ze znacznie zmniejszy si¢ degradacja termiczna struktur komorkowych, a tym samym
zachowana bedzie wigksza przezywalnos¢ bakterii (Fu & Chen, 2011). Suszarki pracujace w
warunkach ztoza fluidalnego posiadajg bardzo dobre parametry przenoszenia masy i energii w

zwigzku z tym czas suszenia jest krotki (Assari et al., 2013). W ztozu fluidalnym matryca z
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komorkami moze zosta¢ tatwo powleczona dodatkowa warstwa ochronna. Powlekanie stanowi
jedng ze strategii stosowanych w celu poprawy przezywalnosci probiotykow w procesie
trawienia, a takze wydtuzenia ich trwalosci i stabilnosci w trakcie przechowywania (Safeer
Abbas et al., 2023; Yang et al., 2023). W celu ochrony przed niskim pH powszechnie stosuje
si¢ polisacharydy, takie jak alginian, oraz powloki na bazie celulozy i lipidow. Dodatkowo,
koszty inwestycyjne i operacyjne suszenia fluidalnego sg nizsze niz suszenia sublimacyjnego
czy rozpytowego (Mohideen Batcha et al., 2023). W zwigzku z tym wzrasta zainteresowanie tg
metoda suszenia, czego dowodem jest rosngca liczba publikacji w przedmiocie utrwalania

szczepdw probiotycznych za pomocg suszenia fluidalnego.

W trakcie procesu suszenia na mikroorganizmy oddzialuje szereg czynnikow stresowych,
takich jak stres termiczny, mechaniczny, osmotyczny oraz oksydacyjny (Santivarangkna et al.,
2008). Ekspozycja na warunki stresowe moze prowadzi¢ do denaturacji biatek, uszkodzenia
kwasow nukleinowych i zniszczenia struktur blony komorkowej. Celem redukcji wplywu
wymienionych czynnikdw na przezywalno$¢ bakterii w procesie suszenia stosuje si¢ Srodki
zapobiegawcze, w postaci dodatku substancji ochronnych, optymalizacji parametréw procesu,
pozyskiwanie komorek znajdujacych si¢ w stacjonarnej fazie wzrostu (Fu & Chen, 2011) oraz
adaptacji komorek na etapie hodowli (Huang et al., 2017). Wsrdd powszechnie stosowanych
substancji ochronnych wymienia si¢ inuling, trehalozg, oligosacharydy, biatka mleka, a takze
gumg arabska (Ananta et al., 2005; Arepally & Goswami, 2019; Avila-Reyes et al., 2014;
Morgan et al., 2006; Perdana et al., 2014). Ekspozycja na subletalny stress na etapie hodowli
zwicksza odporno$¢ bakterii na czynniki stresowe na dalszych etapach procesu
technologicznego poprzez indukcj¢ mechanizméw obronnych (Broeckx et al., 2016).
Wydzielone w odpowiedzi na stres biatka pomagaja w nabyciu odpornosci krzyzowe;,
zwigkszajac przezywalno$¢ nie tylko podczas ekspozycji na dany czynnik, ale takze na
pozniejszych etapach procesu, np. zwigkszajac odpornos$¢ bakterii na niskie pH w §rodowisku

przewodu pokarmowego (Bucka-Kolendo & Sokotowska, 2017).

Probiotyki definiuje si¢ jako Zywe mikroorganizmy, jednak zdolnos¢ do wywotywania
efektow prozdrowotnych posiadaja rowniez bakterie probiotyczne o posrednich stanach
fizjologicznych, takie jak grupa bakterii pozbawionych zdolnosci do wzrostu na klasycznych
podtozach mikrobiologicznych (Fiore et al.,, 2020). Oznacza to, ze klasyczne metody
oznaczania liczby zywych mikroorganizméw w produktach probiotycznych nie biorg pod
uwage wszystkich komoérek o potencjale prozdrowotnym. W celu precyzyjnego oznaczenia

bakterii w preparatach nalezy uzupetni¢ klasyczne metody mikrobiologiczne, takie jak posiewy
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na plytki z agarem metoda Kocha o bardziej zaawansowane metody. Naleza do nich takie
techniki analityczne jak cytometria przeptywowa z obrazowaniem, umozliwiajgca nie tylko
doktadne zliczanie komorek, niezaleznie od ich zdolnosci do wzrostu, ale rowniez oceng ich
morfologii i fizjologii. Waznym czynnikiem w ocenie preparatow probiotycznych jest rowniez
zdolno$¢ bakterii do adhezji do komoérek nabtonka jelitowego (Kieps, et al., 2023). Efektywna
adhezja pozwala komérkom probiotycznym na zasiedlenie uktadu pokarmowego i regulacje
mikrobioty jelitowej (Gorreja & Walker, 2022; Wang et al., 2018). Po adhezji bakterie
wydzielajg rowniez szereg metabolitow o pozytywnym oddziatywaniu na organizm
gospodarza, do ktorych naleza krotkotancuchowe kwasy tluszczowe (Chang et al., 2021) i
bakteriocyny (Mohanty et al., 2019). Ponadto bakterie probiotyczne po adhezji do nabtonka
jelitowego konkuruja z patogenami, ograniczajac ich rozwoj i negatywne oddziatywanie (Jessie
Lau & Chye, 2018; Walsham et al., 2016). Posiadaja one rowniez zdolno$¢ wzmacniania
funkcji barierowej blony sluzowe;j jelita (Bron et al., 2017). Obecnos¢ probiotykdéw pozytywnie
wplywa takze na regulacje odpowiedzi immunologicznej organizmu i moze tagodzi¢ stany

zapalne (Monteagudo-Mera et al., 2019).

1.2. Nowatorstwo i oryginalnos$¢ podjetej tematyki

Mimo znacznego wzrostu zainteresowania metodami utrwalania mikroorganizméw
wickszo$¢ badan skupia si¢ na suszeniu rozpytowym i liofilizacji. Suszenie fluidalne jest
znacznie rzadziej stosowang metoda. Wobec tego brak jest kompleksowego opisu procesu
wytwarzania preparatow probiotycznych za pomocg tej metody. Dostepne dane literaturowe na
temat suszenia fluidalnego z reguly koncentrujg si¢ jedynie na technologicznych aspektach
procesu suszenia komorek 1 wplywie parametrow operacyjnych na zZywotnos¢
mikroorganizmoéw. Zaproponowany w pracy pelny opis procesu przygotowania stabilnego
preparatu - od etapu hodowli, poprzez suszenie az po ocen¢ warunkoéw rehydratacji i zbadanie
przezywalnos$ci w trakcie przechowywania, a takze adhezji do komoérek nablonkowych jelit -
wyrédznia si¢ oryginalnoscig na tle innych badan. Takie szczegdtowe podejscie pozwala na
lepsze zrozumienie wptywu poszczegdlnych czynnikow biologicznych i technologicznych na
parametry jakosciowe koncowego produktu. Oprocz tradycyjnych, powszechnie stosowanych
technik analitycznych (np. oznaczanie liczebnosci komodrek za pomoca posiewdw na plytkach)
w badaniach wykorzystywane sa nowoczesne metody i narzgdzia analityczne takie jak: IFC,
SEM, DSC, symulacja trawienia in vitro oraz pomiar adhezji komorek bakterii w kulturach

komorkowych.
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Nalezy takze zauwazy¢, ze obecnie zdecydowana wigkszo$¢ badan koncentruje si¢ na
wystepujacych w preparatach komercyjnych bakteriach nalezacych do rodzajow Lactobacillus,
Bifidobacterium i grzybach z rodzaju Saccharomyces (Sanders et al., 2018). Dlatego, do
eksperymentow wytypowano szczepy rzadko spotykane w preparatach probiotycznych.
Wybrane szczepy bakteryjne nie zostaty jeszcze szczegdtowo zbadane i opisane pod wzgledem

ich zywotno$ci i aktywnosci probiotycznej po suszeniu fluidalnym.

Kolejny aspekt stanowi protokét oceny morfologii i fizjologii komorek metodg cytometrii
przeptywowej z obrazowaniem 1 sortowania komorek. Przeprowadzono ztozong
charakterystyke morfologiczng: w pierwszym etapie wykorzystano parametr Gradient RMS z
sygnatow jasnego pola (ChOl), co umozliwito rozroéznienie obrazéw komoérek o wysokiej
rozdzielczo$ci, w drugim etapie parametry przetwarzania obrazu cyfrowego: wspotczynnik
proporcji i obszar w celu scharakteryzowania ksztattu i wielko$ci analizowanych komorek
bakteryjnych w polaczeniu z rozréznianiem komodrek bakteryjnych od resztek
pozakomorkowych (pozostaloéci pozywki po hodowli oraz matrycy po suszeniu) i
pojedynczych komorek od agregatow. Celem poprawy doktadnos$ci rozrozniania komorek 1
elementow pozakomorkowych zastosowano rowniez modul uczenia maszynowego. Po
manualnym wybraniu dwoch przyktadowych populacji wyjsciowych algorytm wygenerowat
najlepiej je rozrozniajace klasyfikatory. Zostaly one nast¢pnie przedstawione w formie
histogramu 1 zastosowane do rozroznienia migdzy komodrkami 1 elementami
pozakomorkowymi we wszystkich pomiarach. Komorki w probkach zliczano 1 oceniano pod
katem morfologii (obraz mikroskopowy), aktywnosci (sygnat dla RedoxSensorTM Green) i
integralnosci btony komorkowej (sygnat dla PI). Po wykonaniu wspomnianych etapoéw
komorki posortowano w celu wyizolowania czterech subpopulacji i dalszej analizy populacji
bedacych przedmiotem zainteresowania (np. komorek o obnizonej aktywnos$ci metabolicznej —
VBNC), a takze w celu analizy wzrostu tych subpopulacji w pozywce stalej i ptynnej. Sorter
umozliwia wyizolowanie okreslonej liczby komorek do plytek 96-dotkowych z bulionem MRS
lub plytek Petriego z podtozem MRS-Agar. Sortowanie komorek przeprowadzono na
podstawie odczytow uzyskanych za pomoca barwienia fluorescencyjnego. W probkach
zaobserwowano cztery rozne grupy komorek, mianowicie komorki aktywne, mid-active I, mid-
active II i komorki martwe. Okreslano je na podstawie dwoch odrgbnych parametrow —
aktywno$ci metabolicznej (RedoxSensorTM Green) 1 zywotno$ci, rozumianej jako
integralnosc¢ blony komoérkowej (PI). Zastosowany protokot szczegdtowo opisano w Publikacji
Il (Kieps, et al., 2023).
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Skuteczng ocene jako$ci preparatow probiotycznych utrudnia brak standaryzowanych
wymagan dotyczacych ich skutecznosci 1 liczby zywych komorek (jednostek tworzacych
kolonie) w produkcie. Co wazniejsze, nie bierze si¢ pod uwage spadku zywotnosci komorek,
ktory wystepuje podczas pasazu W przewodzie pokarmowym (Hathi et al., 2021). Dlatego
opracowano komputerowa symulacj¢ procesu technologicznego wytwarzania proszkow
probiotycznych za pomoca suszenia fluidalnego i dokonano oceny ekonomicznej procesu w
celu oszacowania kosztow produkcji preparatu. W kolejnej analizie, odniesiono koszt
uzyskania koncowego produktu nie tylko do koncowej masy uzyskanego produktu. Ostateczny
koszt zostal skorygowany na podstawie danych pozyskanych w trakcie oznaczen
cytometrycznych, tak aby uwzglednial on liczbe wszystkich zywych 1 aktywnych
metabolicznie komoérek w preparacie przed i po procesie trawienia. W ten sposob obliczono
rzeczywisty koszt produkcji preparatu uwzgledniajacy tylko te komorki, ktéore nawet po
procesie trawienia zachowaja wilasciwosci probiotyczne i prozdrowotne. Takie podejécie
umozliwia takze tatwiejsza oceng zasadnos$ci stosowania takich zabiegow technologicznych jak
powlekanie dodatkowa substancja ochronng czy implementacja subletalnych streso6w na etapie

hodowli.
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2. Hipoteza badawcza i cel badan

W trakcie przygotowan do badan oraz na podstawie przegladu literaturowego zawartego

w Publikacji | sformutowano nastepujace hipotezy badawcze:

H.1: Cytometria przeplywowa z obrazowaniem pozwala na podzial komoérek na
subpopulacje o zroznicowanym stanie fizjologicznym (aktywno$¢ metaboliczna) i morfologii

(stopien uszkodzen btony komoérkowej).

H.2.: Suszenie fluidalne pozwala na uzyskanie preparatu zawierajacego rekomendowang

dawke komérek probiotycznych — na minimalnym poziomie 10° komérek na gram preapratu.

H.3.: Stopien uszkodzen btony komorkowe;j istotnie wptywa na zdolnos$¢ adhezji bakterii

probiotycznych do komorek nabtonka jelitowego.

H.4: Zastosowanie warunkoéw stresowych w trakcie hodowli bakterii pozwala na
zwigkszenie przezywalnosci komorek w preparacie probiotycznym w trakcie jego utrwalania i

przechowywania.

H.5: Proces technologiczny i warunki przechowywania wptywaja na trwatos¢ preparatu

w trakcie dlugotrwatego przechowywania.

H.6: Realne oszacowanie kosztu wytworzenia preparatu probiotycznego wymaga

uwzglednienia trawienia.
Ponadto zrealizowano dodatkowe cele badawcze, do ktorych nalezaty:

e Ocena wptywu warunkoéw stresowych podczas hodowli na stabilnos$¢ 1 zywotnosé
bakterii po suszeniu i podczas przechowywania w réznych warunkach, a takze na
ich zdolnos$¢ do adhezji 1 przezywalnos¢ w symulowanych warunkach przewodu

pokarmowego.

e Porownanie posiewow metodg Kocha i cytometrii przeptywowej z obrazowaniem

jako metod oceny jako$ci preparatow probiotycznych.

e Pomiar zmian zywotno$ci i trwalosci podczas przechowywania w rdznych

temperaturach i atmosferach ochronnych.

e Okreslenie temperatury przemiany szklistej wybranych substancji powlekajacych

oraz temperatury denaturacji komodrek bakterii za pomoca rdéznicowej
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kalorymetrii skaningowej, oraz analizy termograwimetrycznej z rdznicowa

analizg termiczng.

Ocena stanu fizjologicznego 1 aktywno$ci metabolicznej komorek w

symulowanych warunkach trawienia.
Analiza adhezji bakterii do nabtonka jelitowego in vitro.

Przygotowanie projektu procesu produkcji preparatdéw probiotycznych metoda

suszenia fluidalnego wraz z analiza ekonomiczna.
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3. Metodologia badan

Proces
technologiczny

Y
Hodowlaz |

ekspozycjgna |
subletalny stres |

Sortowanie

[ 3 )

komaorek |
\: Analiza adhezji + ]trSymulowane |

) iy =t
Y v | awienie in vitro \‘
Poréwnm Suszenie fluidalne .
komorek z p05|ewam|\

FiE i oEi z powlekaniem |

k.

-
Testy |
przechowalnicze

Symulacja procesu
technologicznego w ‘

SuperPro Designer |

( zastosowane metody \|

Zliczanie kolonii metodg Kocha
Cytometria przeptywowa z obrazowaniem
DSC i TG/DTA
Analiza ekonomiczna
SEM

Rysunek 1. Model badan

3.1. Selekcja szczepow

Jako przedmiot badan wybrano trzy szczepy bakterii fermentacji mlekowej o potencjale
probiotycznym i silnych wlasciwosciach przeciwdrobnoustrojowych, tj. Enterococcus faecium
73KBiMZ, Leuconostoc mesenteroides 5tKBiMZ Carnobacterium divergens 3cdKBiMZ.
Pierwsze dwa wymienione szczepy zostaly wyizolowane z zywnosci, odpowiednio z gotki
owczej otrzymanej metodami gospodarskimi i surowego mleka. Szczep C. divergens
3cdKBiMZ pozyskano natomiast z tresci jelitowej prosiat. Wszystkie wytypowane szczepy s3
zdeponowane w kolekcji Czystych Kultur Katedry Biotechnologii i Mikrobiologii Zywnosci

Uniwersytetu  Przyrodniczego w Poznaniu (KBiMZ), zidentyfikowane metodami
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molekularnymi i1 doktadnie scharakteryzowane pod katem bezpieczenstwa zdrowotnego
(antybiotykoodpornosci, syntezy amin biogennych, hemolizyn, wystepowania wybranych
czynnikow wirulencji, zdolnos$ci rozszczepiania soli kwasow zotciowych). WyniKi
przeprowadzonych badan w polaczeniu z analizg historii stosowania szczepéw nalezacych do
gatunkow, ktérych przedstawicielami sg wybrane szczepy, potwierdzity, ze nie stanowig one

zagrozenia dla zdrowia ludzi.

3.2. Przechowywanie szczepow

Bakterie uzyskane z kolekcji Czystych Kultur Katedry Biotechnologii i Mikrobiologii
Zywnosci Uniwersytetu Przyrodniczego w Poznaniu (KBiMZ) przechowywane sg w
kriobankach. Szczepy po inkubacji przenoszone sa do 1,5 ml proboéwek Eppendorf
zawierajacych koraliki do mrozenia kultur. Probowki sga nastgpnie oznaczane numerem
szczepu, umieszczone w kriopudetku 1 przechowywane do pdzniejszego uzycia w

niskotemperaturowej laboratoryjnej zamrazarce w temperaturze -76°C.

3.3. Przygotowanie inokulum

Aby uzyska¢ najlepsza wydajno$¢ biomasy, inokulum przygotowano w objetosci 10%
pozywki wprowadzanej do bioreaktora. Dla hodowli o objetosci 1 | przygotowanie przebiegato
w trzech etapach, poniewaz stopniowe zwigkszenie objetosci pozwala na lepsza adaptacje
mikroorganizmoéw i skraca faze spoczynkowa w trakcie hodowli. Inokulum inkubowano w
30°C kolejno w 1 ml, 10 ml i 100 ml bulionu MRS (po 24h dla kazdej objetosci). Bulion MRS
wybrano do namnazania jako pozywke zapewniajaca optymalne warunki wzrostu dla bakterii

kwasu mlekowego.

3.4. Hodowla bioreaktorowa

W bioreaktorze zaszczepionym przygotowanym inokulum hodowle prowadzono w
temperaturze 30 ° C, przy predkosci mieszadta 200 obr./min i pH dostosowanym do optymalnej
wartos$ci dla hodowanego szczepu. Objetos¢ hodowli wynosita 11, a jako pozywke zastosowano
bulion MRS. Wartos¢ pH monitorowano i regulowano 30% roztworem NaOH. W trakcie
hodowli komoérki poddane zostaty rowniez warunkom stresowym (Stres termiczny, kwasowy).
Wprowadzenie szoku polega na krotkotrwatej (30 min) zmianie konkretnego parametru
hodowli (zwigkszenie temperatury lub zmiana pH) w stacjonarnej (szok temperaturowy) lub
logarytmicznej (szok pH) fazie wzrostu. Kulture bakterii prowadzono do osiggnigcia
stacjonarnej fazy wzrostu. Jako wyznacznik wskazujagcy na zatrzymanie wzrostu

drobnoustrojow wykorzystano sygnat z elektrody pH. Stabilizacja pH na ustalonym poziomie
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przy jednoczesnym braku zuzycia zasady wskazuje na koniec wzrostu drobnoustrojow i

zahamowanie produkcji zakwaszajacych metabolitow.

3.5. Wirowanie

Biomasa uzyskana podczas hodowli byta odwirowywana w wiréwce Hettich Rotanta
460R przez 20 min, z przyspieszeniem 3,478 g w 4°C. Supernatant usuwano, a pozostata
biomasa byta zawieszana w 0,9% roztworze NaCl i ponownie dwukrotnie zwirowywana, aby

usuna¢ pozostatosci pozywki z biomasy komorkowe;.

3.6. Suszenie i powlekanie w zlozu fluidalnym

Do procesu suszenia w ztozu fluidalnym zastosowano laboratoryjng suszarke GEA Strea-
1. W pierwszym kroku matryca byta dodawana do zbiornika suszarki. Matrycg dobrano sposrod
komercyjnie dostepnego granulatu mikrocelulozy krystalicznej Cellets, o srednicy 200-350 um
lub 350-500 um i jej zamiennika w postaci kaszy manny. Po wprowadzeniu matrycy
przeprowadzano etap suszenia - Strumien przefiltrowanego powietrza, ogrzewany przez
nagrzewnice¢ do zadanej temperatury (od 35°C do 50°C) przeplywa przez perforowang plyte na
dnie komory i pozwala utrzymaé¢ matryce w fazie fluidalnej, co zapewnia rownomierne
suszenie, az do uzyskania wymaganej wilgotnosci. Roéwnolegle wprowadzana jest zawiesina
komorek 1 substancji ochronnej, rozpylana przez dysz¢ pod ci$nieniem atomizacji
regulowanym w zakresie od 0 do 5 bar. Procesy suszenia i powlekania przeprowadzano w
dwoch osobnych etapach. Mikroorganizmy po wirowaniu byly zawieszane w roztworze
substancji ochronnej i podawane do dyszy rozpylajacej suszarki za pomocg zewnetrznej pompy
perystaltycznej. Nastepnie w celu naniesienia powloki na juz wysuszony granulat
przeprowadzano ponowne suszenie, tym razem z rozpylaniem roztworu powlekajgcego zamiast

zawiesiny komorek.

3.7. Przechowywanie

Gotowy preparat probiotyczny byt przechowywany w podwoéjnie zapakowanych w
workach strunowych. Probki po wysuszeniu przechowywano przez rok w réznych
temperaturach (-4°C, 4°C i 20°C) i atmosferach ochronnych (powietrze, proznia, azot). Takie
przechowywanie umozliwiato dalsze testy w celu okreslenia zywotnosci 1 aktywnos$ci

mikroorganizmow oraz stabilnosci preparatu w czasie.
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3.8. Rehydratacja

Probki po suszeniu i powlekaniu, ktore wykorzystywano w kolejnych analizach
poddawano rehydratacji. W tym celu umieszczano 1 g preparatu w 9 ml 0,9% NaCl,
worteksowano i1 inkubowano w statej temperaturze 30°C. Probki po rehydratacji wirowano

celem usunigcia z zawiesiny pozostato$ci matrycy.

3.9. Oznaczanie liczebnosci komorek

Liczebnos¢ komorek oznaczano przy uzyciu klasycznej metody ptytkowej w celu
ustalenia ilo$ci zywych mikroorganizméw obecnych w probkach z hodowli i po suszeniu, oraz
w celu wykluczenia zakazenia produktu bakteriami innymi niz zastosowany szczep. Byty one
przeprowadzane w sterylnych warunkach pod komorg laminarng, w dwoch powtdrzeniach w
celu uzyskania wiarygodnych wynikow. Probki do posiewu przygotowywano metoda
rozcienczen dziesietnych, a jako rozcienczalnik zastosowano 0,9% roztwor soli fizjologiczne;.
Plytki po posiewie byty inkubowane w temperaturze 30°C przez 48 godzin, po czym widoczne
kolonie byly zliczane. Wyniki 0znaczenia uznawano za statystycznie znaczace tylko dla ptytek
z rozcienczen, dla ktorych liczba kolonii wynosita od 30 do 300. W przeciwnym razie wynik
odrzucano. Jako uzupelnienie klasycznej metody ptytkowej do zliczania i oceny aktywnosci

metabolicznej komorek zastosowano takze cytometri¢ przeptywowa z obrazowaniem.

3.10. Cytometria przeplywowa i sortowanie komorek

Cytometria przeptywowa z obrazowaniem (IFC) to metoda analizy komorek, ktora byta
stosowana jako metoda alternatywna dla klasycznych hodowli plytkowych. Komorki
bakteryjne badano pod katem aktywnos$ci metabolicznej 1 zywotno$ci komorek przy uzyciu
obrazowego cytometru przeplywowego Amnis FlowSight™ (Luminex Corp., Austin, Teksas,
USA) wyposazonego w trzy lasery (405 nm, 488 nm i 642 nm), pi¢¢ kanaléw fluorescencyjnych
(akwizycja przez wielokanatlowg kamere CCD) i detektor rozproszenia bocznego (SSC).
Analize danych po przejeciu przeprowadzono przy uzyciu oprogramowania IDEAS (Luminex
Corp., Austin, Teksas, USA). Zywotno$¢ i aktywno$é komorek bakterii probiotycznych w
probkach oznaczono poprzez barwienie fluorescencyjne za pomocag zestawu BacLight™
RedoxSensor™ Green Vitality Kit (Invitrogen, Thermo Fisher Scientific, Eugene, OR, USA),
zawierajacego RedoxSensorTM Green i jodek propidyny (PI). Probki do analizy przygotowano
poprzez odwirowanie, a nast¢pnie zawieszono w 1% buforze PBS w rozcienczeniu 1:200.
Nastepnie do probek dodano nastepujace barwniki: 1,6 ul RedoxSensorTM Green i 1,2 pl PL

Komoérki ze wszystkich grup nastepnie posortowano przy uzyciu sortera komorek BD FACS
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Aria™ [II (Becton Dickinson, USA) do oddzielnych punktéw na ptytkach Petriego lub
oddzielnych dotkow na plytkach 96-dotkowych. Wykorzystano nastepujaca konfiguracje
sortera: cztery lasery (375 nm, 405 nm, 488 nm i 633 nm), jedenascie detektorow fluorescencji,
detektory FSC i detektory SSC; Dysza 70 um i ci$nienie ptynu ostonowego 70 psi (0,483 MPa).
W przypadku wzrostu na ptytkach Petriego jednostki tworzace kolonie zliczano po 48 i 72
godzinach inkubacji w temperaturze 30°C. W przypadku ptytek 96-dotkowych gestosé
optyczng przy 600 nm mierzono we wszystkich dotkach po 48 i 72 godzinach.

3.11. DSCi TG/DTA

Temperatur¢ przemiany szklistej opisuje si¢ jako wlasciwos¢ materialdow amorficznych,
ktore powstajag migdzy innymi przez usuni¢cie osrodka rozpraszajacego. Zjawisko to wystepuje
w procesie suszenia w ztozu fluidalnym, gdzie woda (medium dyspergujace) jest usuwana, a
czas suszenia jest niewystarczajacy do uzyskania krystalizacji, wiec wysuszony materiat
pozostaje w stanie amorficznym. Po przekroczeniu temperatury krytycznej (temperatury
przemiany szklistej) wysuszony materiat zacznie zmienia¢ swoja struktur¢ na drodze przejicia
fazowego do uzyskania tak zwanego stanu gumowatego. Taka zmiana strukturalna moze
wplywa¢ na wiasciwosci fizykochemiczne produktu, a takze na zywotno$¢ suszonych
probiotykow. Do analizy zjawiska przemiany szklistej wykorzystano réznicowy kalorymetr
skaningowy DSC 8500 (PerkinElmer Inc., Waltham, MA, USA). Urzadzenie, wyposazone
dodatkowo w Intracooler Il i dziatajace pod oprogramowaniem Pyris 10.1, zostato
skalibrowane przy uzyciu wzorcow indu (Tm = 156,60 °C, AH = 28,45 J/g, PerkinElmer Inc.)
i n-dodekanu ( czysto$¢ 99,8, Tm = -9,65°C, Merck). Probki (okoto 5—6 mg) odwazono do 20
ul aluminiowych szalek (PerkinElmer, nr 0219-0062, Waltham, MA, USA) i hermetycznie
zamknieto. Analiza temperatury przemiany szkliste] obejmowata nastgpujace etapy: (1)
przetrzymanie przez 1 min w temperaturze 30°C; oraz (2) ogrzewanie od 30°C do 300°C z
szybkoscig 5°C/min. Odniesieniem byto puste, hermetycznie zamknigte naczynko z aluminium.
Przemiana szklista, jako przejscie fazowe drugiego rzedu, zostala zidentyfikowana na
podstawie zmiany w linii bazowej krzywej pomiarowej i zarejestrowane jako zmiana
pojemnosci cieplnej (ACp, J/g °C) w funkcji temperatury. Na podstawie punktu przegigcia
krzywej wyznaczono parametr temperatury przemiany szklistej (Tg,°C). Analiz¢ TG/DTA
przeprowadzono przy uzyciu aparatu STA 449 F5 Jupiter (Netzsch, Selb, Niemcy). W komorze
grzewczej najpierw umieszczano 30 mg probki, ktorg nastepnie ogrzewano do temperatury
200°C z szybkoscig 5°C/min. W trakcie pomiaru rejestrowano zalezno$¢ migdzy ubytkiem

masy a wzrostem temperatury.
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3.12. Symulowane trawienie w przewodzie pokarmowym

W celu symulacji warunkéw wystepujacych w przewodzie pokarmowym i zbadania ich
wplywu na suszone fluidalnie preparaty probiotyczne zastosowano badanie z wykorzystaniem
modelu przewodu pokarmowego in vitro. W oparciu o metode¢ opisang przez Minekusa i in.
(Minekus et al., 2014) trawienie w symulowanym ukladzie trawiennym podzielono na faze
zotadkowa 1 jelitowa. Nie wykorzystano fazy trawienia w jamie ustnej, gdyz autorzy tej metody
uznali jg za opcjonalng. Symulowany ptyn zoladkowy (SGF) i symulowany ptyn jelitowy (SIF)
przygotowano zgodnie z zaleceniami Minekusa i in. z dodatkiem enzymoéw trawiennych i
CaCl2. Zastosowano 1M NaOH i1 1M HCI do regulacji pH w obu plynach trawiennych. Do
etapu trawienia zotadkowego taczono probke po rehydratacji i pltyn zoladkowy w stosunku
50:50 (v/v) do koncowej objetosci 40 ml. Probki w trakcie trawienia inkubowano w
temperaturze 37°C przez 2 godziny. Po tym etapie probke po fazie trawienia w zotagdku (40 ml)

faczono z 40 ml ptynu jelitowego i inkubowano w temperaturze 37°C przez 2 godziny

3.13. Linia komdérkowa Caco-2

Caco-2 to linia komorek nabtonkowych wyizolowana z gruczolakoraka okr¢znicy. Jedna
z unikalnych wiasciwosci linii komoérkowej Caco-2 jest jej zdolno$¢ do tworzenia otoczki
szczoteczkowej z mikrokosmkami. Lini¢ ludzkich komorek nabtonka jelitowego Caco-2 (HTB-
37™) uzyskano z American Type Culture Collection (ATCC, Manassas, VA, USA). Komorki
hodowano na pozywce Dulbecco's Modified Eagle's Medium (DMEM, Sigma-Aldrich, Saint
Louis, MO, USA) z dodatkiem gentamycyny, 1% endogennych aminokwaséw (100X NEAA,
Sigma-Aldrich) i 20% plodowej surowicy bydlecej (FBS, Gibco BRL, Grand Island, Nowy
Jork, USA) 1 utrzymywano w temperaturze 37°C w atmosferze o stalej wilgotnosci
przekraczajacej 95% i zawierajacej 5% CO2. Komorki Caco-2 umieszczono na membranach
PET (wktadki do hodowli komérek Millicell®, $rednica 24 mm, wielko$¢ poréow 0,4 pm,;
Millipore, Burlington, MA, USA, Merck Group) przy poczatkowej gestosci 4 x 10°
komorek/cm2 i hodowano przez 21 dni, zmieniajac pozywke trzy razy w tygodniu. Integralnos¢
monowarstw komorek Caco-2 monitorowano na podstawie pomiardw przeznablonkowego
oporu elektrycznego (TEER) przy uzyciu systemu Millicell Electrical Resistance System (ERS-
2, Millipore). W doswiadczeniach adhezji bakterii wykorzystano hodowle komoérkowe Caco-2

o warto$ciach TEER > 600 Q x cm?.
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3.14. Analiza adhezji

Przed analizg adhezji monowarstw¢ komoérek Caco-2 przemyto dwukrotnie PBS.
Nastepnie dodano pozywke DMEM (bez czerwieni fenolowej) zawierajacg komorki
bakteryjne. Tak przygotowane komarki inkubowano przez 2 godziny w temperaturze 37°C. Po
inkubacji pozywke usuwano z komorek nabtonkowych, a monowarstwe komorek delikatnie
przemywano PBS celem odmycia nieadherujacej frakcji komorek bakterii. Liczbe komorek

bakteryjnych okreslono za pomoca IFC i posiewdw na plytkach Petriego.

3.15. Komputerowa symulacja procesu wytwarzania
preparatow probiotycznych
Symulacj¢ procesu produkcji suszonego fluidalnie preparatu probiotycznego w skali
przemystowej przeprowadzono w programie SuperPro Designer v13 (Intelligen, Scotch Plains,
NJ, USA). Kluczowe dla procesu parametry ustalono na podstawie analiz w skali
laboratoryjnej. Ustalono réwniez czynniki ekonomiczne, takie jak prognozowany kapitat,
koszty operacyjne, koszty surowcow 1 odczynnikow oraz aparatury. Na podstawie

poczynionych zalozen przeprowadzono takze analiz¢ ekonomiczng procesu.

3.16. Analiza statystyczna

Do opracowania statystycznego oraz wizualizacji wynikow wykorzystano jezyk
programowania R (wersja 4.3.1.) w $rodowisku RStudio (Posit, Boston, MA, USA). Wyniki
przedstawiane s3a jako S$rednie z trzech niezaleznych powtdrzen wraz z odchyleniami
standardowymi. Do zbadania istotnosci rdznic migdzy probami  wykorzystano
jednokierunkowg analize wariancji (ANOVA) oraz poréwnanie post hoc testem Tukeya.
Przyjeto poziom istotnosci o = 0,05. Dla symulowanego procesu produkcji preparatu
probiotycznego dokonano analizy czuto$ci kluczowych czynnikéw (koszt trehalozy, HPMC
oraz pozywKki i czasy procesow fermentacji, suszenia i powlekania) w programie Crystal Ball
w wersji 11.1.2.4 (Oracle, Austin, TX, USA). Zatozono zakres wahan na poziomie 20% od

bazowej wartosci dla wymienionych parametrow.

23



4. Omowienie wynikow
4.1. Opracowanie metody oceny jakoSci preparatow probiotycznych

Cytometria przeptywowa z obrazowaniem (IFC) to zaawansowana technika cytometrii
przeptywowej, ktora umozliwia analiz¢ morfologii i fizjologii komorek na podstawie cyfrowo
przetworzonych obrazéw. IFC zapewnia znacznie wigcej informacji niz konwencjonalna
cytometria przeptywowa, poniewaz oprocz intensywnosci sygnatu fluorescencyjnego mierzy
rowniez parametry takie jak wielkos¢ komorek, ksztalt i tekstura. IFC jest szczegolnie
przydatna do analizy bakterii w preparatach probiotycznych, poniewaz pozwala na doktadne
zliczanie bakterii zywych i martwych, a takze o posredniej aktywnosci metabolicznej i na ocene
ich stanu fizjologicznego. IFC jest rowniez szybsza i bardziej uniwersalna niz liczenie komorek
na ptytkach, poniewaz nie wymaga stosowania wielu selektywnych podtozy i rozcienczen.
Cytometria przeptywowa pozwala na obserwacje komorek viable but nonculturable VBNC w
preparatach komercyjnych i moze by¢ wykorzystana do uzyskania doktadniejszych informacji
znacznie szybciej niz klasyczne metody mikrobiologiczne, ktére wymagaja dlugiego czasu
inkubacji. Inne metody stosowane jako alternatywa dla liczenia komoérek na phytkach, takie jak
fluorescencyjna hybrydyzacja in situ i metody zliczania oparte na kwasach nukleinowych, takie
jak PCR z odwrotng transkryptazg (RT-PCR) i ilo§ciowa PCR w czasie rzeczywistym (qPCR),
sa uzytecznymi narzedziami do badan 1 prob klinicznych, nie nadajg si¢ jednak do
wykorzystania w celu kontroli jakos$ci dla przemystu. Na tym polega wszechstronno$¢
cytometrii przeptywowej, ktéra mozna wykorzysta¢ do wieloparametrycznej analizy komorek
w roznych zastosowaniach, zaréwno badawczych, jak i przemystowych. Publikacja II
podsumowuje wyniki analiz cytometrii przeptywowej w polaczeniu z sortowaniem komorek.
Obrazowa cytometria przeptywowa (IFC) pozwala na zwigkszenie doktadnosci powszechnie
stosowanej cytometrii przeptywowej, laczac jej moc statystyczng z obrazowaniem
mikroskopowym w jednym uktadzie. Tradycyjne cystometria przeptywowe zbierajg wytacznie
sygnat fluorescencji, rejestrujagc jego intensywnos¢. IFC zapewnia wigcej parametrow,
korelujac dane dotyczace zmierzonych parametrow $wiatta fluorescencyjnego z danymi
cyfrowych obrazéw analizowanych komorek. Zastosowanie IFC potaczono z wysoce
specjalistyczna metodg barwienia z wykorzystaniem RedoxSensorTM Green i1 jodku
propidyny, ktéory okazat sie alternatywg dla standardowego barwienia LIVE/DEAD
(Zywe/martwe) (Kalyuzhnaya et al., 2008). Pozwolito to na wykrycie komorek o obnizonej
aktywnosci metabolicznej (komorki viable but nonculturable — VBNC) jako osobnych

subpopulacji. Pozwolilo to na oznaczenie wigkszej ilo$ci subpopulacji niz ograniczona
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rutynowa dyskryminacja tylko zywych i martwych komoérek — oprécz tych dwoch subpopulacji
wykryto takze subpopulacje mid-active | i mid-active Il o roznym poziomie uszkodzenia btony
komorkowej 1 zréznicowanej aktywnos$ci metabolicznej. Subpopulacje o $redniej aktywnos$ci
metabolicznej i pewnym stopniu uszkodzenia komorek odpowiadajg opisowi komorek VBNC.
Wyniki potwierdzono poprzez sortowanie komorek. Pojedyncze komoérki uzyskane z 4
wyznaczonych subpopulacji sortowano do ptynnej (bulion MRS) i statej pozywki (MRS-Agar),
a nast¢pnie obserwowano zdolnos¢ komorek do wzrostu. Umozliwito to analize pojedynczej
komorka z okreslonej subpopulacji, a nie catej subpopulacji lub probki. Potwierdzono rowniez,
ze czynniki stresowe odpowiadajg za rézny stopien uszkodzenia blon komoérkowych — np. w
probkach po szoku cieplnym (30 min w 50°C) inny byt rozktad subpopulacji: 23,87-64,73%
komorek aktywnych, 6,12-26,50% komorek martwych, 21,46-33,86% komorek mid-active 11 i
0,09-1,03% komorek mid-active | (w zaleznos$ci od testowanego szczepu), niz w probkach po
szoku pH (pH 2,5 przez 30 min), gdzie subpopulacje sktadaty si¢ z: 2,91-9,29% komorek
aktywnych, 65,05-83,86% komorek martwych, 8,47-16,54% komorek mid-active 111 1,03—
6,63% mid-active | (w zalezno$ci od testowanego szczepu). Zar6wno subpopulacje mid-active
| (o niskiej aktywnosci metabolicznej i wysokim stopniu uszkodzen btony komodrkowe;j), jak i
mid-active Il (0 wysokiej $redniej aktywnosci metabolicznej i niskim stopniu uszkodzen btony
komorkowej) wykazywaty zdolno$¢ do ponownego wzrostu zaro6wno na podtozu pltynnym.
Dodatkowo komorki mid-active 1l wykazywaty zdolno$¢ do ponownego wzrostu na podtozu
statym. Wyniki cytometrii przeptywowej pordwnano takze z wynikami zliczania komorek
bakteryjnych metodg ptytkowa. Opracowana w Publikacji 11 metoda okazata si¢ przydatna
takze do oceny uszkodzen komorek 1 aktywnosci metabolicznej w innych probkach (po adhezji
w liniach komoérkowych lub symulowanym przejsciu przez przewdd pokarmowy) i stanowi

nowatorski sposob oceny zywotnosci bakterii probiotycznych.
Na podstawie badan potwierdzono hipotezy:

H.1: Cytometria przeplywowa z obrazowaniem pozwala na podzial komoérek na
subpopulacje o zréznicowanym stanie fizjologicznym (aktywno$¢ metaboliczna) 1 morfologii

(stopien uszkodzen btony komoérkowej).

H.2.: Suszenie fluidalne pozwala na uzyskanie preparatu zawierajacego rekomendowang

dawke komérek probiotycznych — na minimalnym poziomie 10° komérek na gram preparatu.

Opisano na podstawie Publikacji 1l.
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4.2. Testy przechowalnicze i analiza adhezji

W przedstawionych badaniach opisano rowniez wyniki analizy adhezji komorek
probiotycznych w linii komorkowej Caco-2, jak rowniez analizy trwalosci preparatow
probiotycznych suszonych w zlozu fluidalnym i przechowywanych przez 12 miesigcy.
Dodatkowo analizujemy za pomoca DSC i TG/DTA wiasciwos$ci termiczne (temperaturg
przemiany szklistej - Tg) substancji stosowanych w powlekaniu w ztozu fluidalnym oraz
temperatury denaturacji komorek bakterii probiotycznych. Analizy te sa poparte obrazowg
cytometrig przeplywowa. Komorki, ktére doznaly uszkodzen blony, podzielono na trzy
subpopulacje (mid-active I, mid-active Il i martwe). Okreslono czwartg grupe, zawierajaca
komorki bez uszkodzen, 1 oznaczono ja jako aktywna. Tylko komoérki aktywne wykazywaty
zdolno$¢ przylegania do linii komorek nabtonkowych Caco-2, co potwierdzono za pomoca IFC.
Wyniki te pokazuja, ze kazde, nawet minimalne uszkodzenie blony komdrkowej negatywnie
wptywa na zdolno$¢ komorki do przylegania do nabtonka. Dzieje si¢ tak nawet wtedy, gdy
uszkodzenie btony komodrkowej nie prowadzi do $mierci komorki, a komodrka zachowuje
wysoka aktywno$¢ metaboliczng i jest zdolna do regeneracji na tyle, aby utrzymac zdolno$¢ do
podziatu komoérek. Do okreslenia temperatury, w ktorej rozpoczeta si¢ denaturacja w badanych
prébkach, ktora wynosita od 65 do 70°C, wykorzystano analize¢ DSC. W przypadku preparatéw
suszonych analizy termofizyczne wykazaly, ze substancja powlekajaca o najwyzszej Tg byta
HPMC, a najdluzszy okres przydatnosci do spozycia, bo 12 miesigcy, miaty probki
przechowywane w temperaturze -20°C i w modyfikowanej atmosferze. Probki przechowywane
w temperaturze -4 °C zawieraly minimalng liczbe mikroorganizméw na poziomie 10° komorek
na gram preparatu przez 6-9 miesiecy, a jednocze$nie byly tatwiejsze w przechowywaniu, co
potencjalnie czynito je lepszym wyborem do celow komercyjnych. Poréwnanie wynikoéw IFC
I posiewow na szalkach Petriego wykazato rowniez, ze subpopulacja mid-active | nie byla
wykrywana metodg posiewow. Komorki o $redniej aktywnosci i niskim poziomie uszkodzen
komorkowych moga nadal wywiera¢ korzystne skutki zdrowotne, pomimo ograniczonej
zdolnosci do adhezji. Powszechnie stosowane klasyczne metody mikrobiologiczne nie sa
jednak w stanie wykry¢ tej waznej subpopulacji, ktorg mozna uwzgledni¢ w ogodlnej liczbie

zywych komorek w celu oceny probiotykow.
Na podstawie badan potwierdzono hipotezy:

H.1: Cytometria przeplywowa z obrazowaniem pozwala na podzial komoérek na
subpopulacje o zroznicowanym stanie fizjologicznym (aktywno$¢ metaboliczna) i morfologii

(stopien uszkodzen blony komoérkowej).
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H.3.: Stopien uszkodzen btony komorkowej istotnie wptywa na zdolnos¢ adhezji bakterii

probiotycznych do komoérek nabtonka jelitowego.

H.4: Zastosowanie warunkoéw stresowych w trakcie hodowli bakterii pozwala na
zwigkszenie przezywalnosci komorek w preparacie probiotycznym w trakcie jego utrwalania i

przechowywania.

H.5: Proces technologiczny i warunki przechowywania wptywaja na trwalo$¢ preparatu

w trakcie dlugotrwatego przechowywania.

Opisano na podstawie Publikacji I11.

4.3. Trawienie in vitro, projekt technologiczny i analiza
ekonomiczna

Dalszy ciagg badan skupia si¢ na trawieniu in vitro suszonych w ztozu fluidalnym i
powlekanych preparatow probiotycznych, rowniez po obrébce stresem cieplnym i pH w fazie
hodowli. Analizy te sa poparte obrazowa cytometrig przeptywowa. Wyniki tych analiz
wykorzystywano do zaprojektowania 1 symulacji procesu suszenia przy uzyciu
oprogramowania SuperPro Designer. Projekt zapewnia zwigzty opis procesu suszenia w ztozu
fluidalnym probiotykéw. Wprowadza takze nowa metod¢ oceny probiotykow, opartg na
rzeczywistej liczbie biologicznie uzytecznych komorek. Wspotczynnik ten stuzy do oceny i
ekonomicznego uzasadnienia wprowadzenia procedur technologicznych, takich jak subletalne
stresy w trakcie hodowli i powlekanie. Projektowany proces obejmuje trzy gtowne etapy
produkcji probiotykow: przygotowanie pozywki, inokulacja i namnazanie biomasy oraz
suszenie 1 powlekanie w ztozu fluidalnym. Obliczenia ekonomiczne przeprowadzane dla
procesu uwzgledniajg koszt surowcow, utylizacj¢ odpaddéw, zuzycie energii i nosnikow ciepta,
koszt sprzetu oraz bezposredni kapital trwaty. Publikacja IV skupia si¢ na ocenie proceséw
technologicznych, takich jak powlekanie i dodatkowe stresy, w oparciu nie tylko o ogodlna
liczbe komorek probiotycznych w produkcie koncowym, ale przede wszystkim w oparciu o
liczbe komorek, ktore zachowuja wlasciwosci probiotyczne nawet po trawieniu in vitro lub

dhugotrwatym (12 miesiecy) przechowywaniu.
Na podstawie badan potwierdzono hipotezy:

H.4: Zastosowanie warunkoéw stresowych w trakcie hodowli bakterii pozwala na
zwigkszenie przezywalnosci komorek w preparacie probiotycznym w trakcie jego utrwalania i

przechowywania.
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H.6: Realne oszacowanie kosztu wytworzenia preparatu probiotycznego wymaga

uwzglednienia trawienia.

Opisano na podstawie Publikacji V.

28



5. WhniosKi

e  Suszenie fluidalne jest metoda pozwalajaca na uzyskanie kapsutkowanych

preparatow probiotycznych zawierajacych co najmniej 10° komorek na gram.

e  Woprowadzenie szoku (termicznego lub kwasowego) ma korzystny wplyw na
przezywalnos¢ komorek bakteryjnych na dalszych etapach procesu technologicznego, a

takze podczas symulowanego trawienia in vitro.

e Powlekanie ma istotny wplyw na stabilno$¢ uzyskanych preparatow i

przezywalno$¢ komorek po procesie suszenia.

e W preparacie probiotycznym wyrdznia si¢ cztery subpopulacje komoérek o
zréznicowanym poziomie uszkodzen btony komodrkowej 1 aktywnos$ci metabolicznej,
mianowicie zywe — o duzej aktywno$ci metabolicznej, mid-active | — 0 niskiegj
aktywnos$ci metabolicznej i znacznym stopniu uszkodzen blony komorekowej, mid-
active 1l — o duzej aktywno$ci metabolicznej i niskim stopniu uszkodzen blony
komorkowej, oraz martwe — bez aktywnosci metabolicznej i o znacznym stopniu
uszkodzen. Réznice migdzy subpopulacjami sa wynikiem stresow na etapie hodowli oraz

wystepujacych w trakcie procesu technologicznego.

e  Cytometria przeplywowa z obrazowaniem jest metoda umozliwiajaca wykrycie

komorek VBNC w preparatach probiotycznych.

e  Zastosowanie cytometrii przeptywowej pozwala na doktadne oznaczenie liczby
bakterii w preparacie probiotycznym, z uwzglednieniem komoérek VBNC i o posrednie;j

aktywnoS$ci metaboliczne;.

e  Barwienie z wykorzystaniem RedoxSensor Green i jodku propidyny pozwala na

dokonanie oceny morfologii oraz fizjologii Gram-dodatnich komorek bakteryjnych.

e Sortowane pojedynczo komorki, nalezace do subpopulacji o posredniej
aktywnos$ci metabolicznej wykazuja zdolno$¢ do regeneracji i wznowienia wzrostu w

optymalnych warunkach zaré6wno w podtozu ptynnym jak 1 stalym.

e  Uszkodzenia komoérek ograniczaja zdolnos¢ adhezji badanych bakterii

probiotycznych do komérek linii Caco-2.
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e  Przechowywanie preparatow w temperaturze -20°C i w zmodyfikowanej
atmosferze ochronnej zapewniato ich najlepszg trwatos¢ w trakcie dlugotrwatego (do 12

miesigcy) przechowywania.

e  Komorki o posredniej aktywnos$ci stanowig najbardziej liczng subpopulacje w

preparatach po procesie suszenia oraz symulowanym trawieniu in vitro.
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Abstract: Preparations containing probiotic strains of bacteria have a beneficial effect on human
and animal health. The benefits of probiotics translate into an increased interest in techniques for
the preservation of microorganisms. This review compares different drying methods and their
improvements, with specific reference to processing conditions, microorganisms, and protective
substances. It also highlights some factors that may influence the quality and stability of the final
probiotic preparations, including thermal, osmotic, oxidative, and acidic stresses, as well as dehydra-
tion and shear forces. Processing and storage result in the loss of viability and stability in probiotic
formulations. Herein, the addition of protective substances, the optimization of process parameters,
and the adaptation of cells to stress factors before drying are described as countermeasures to these
challenges. The latest trends and developments in the fields of drying technologies and probiotic
production are also discussed. These developments include novel application methods, controlled
release, the use of food matrices, and the use of analytical methods to determine the viability of
probiotic bacteria.

Keywords: lactic acid bacteria; spray drying; freeze drying; vacuum drying; fluid bed drying;
viability; shelf-life; stress factors; protectants

1. Introduction

Concentrated probiotic bacteria used in animal nutrition and consumed by humans
most commonly occur in the form of dried biomass. Most probiotic bacteria belong to the
group of lactic acid bacteria with GRAS status. Probiotic preparations come in various
forms: capsules, suspensions, powders, and combined into probiotic food. All of these
forms could be further improved as they share the issue of a loss of viability during
both processing and storage. For example, fluid suspensions, however relatively easy to
produce, are the least stable form of probiotics with the shortest shelf-life [1]. Probiotics
in solid forms, such as capsules and powders, are more stable and can be stored for
a longer period of time than fluid suspensions. Their viability and shelf-life could be
further improved by the addition of protective substances or by the introduction of stress
factors to probiotic bacteria prior to their drying. All probiotics contain live bacteria,
mainly from the genera Lactobacillus and Bifidobacterium [2]. The results of clinical trials
show the positive effects of taking probiotics on diseases of the gastrointestinal tract,
including irritable bowel syndrome, diarrhea, enteritis, and allergic conditions, such as
atopic dermatitis. Probiotics have also been shown to increase the body’s immune resistance
through immunomodulation [3]. As described by the WHO, to have a beneficial health
effect, probiotic preparations should contain a minimum number of live bacteria (colony-
forming units), i.e., at least 10° cfu/g. The qualitative parameters of dry cells (the number
of live cells and their biological activity) usually depend on the applied drying method.
These methods include spray drying, freeze drying, vacuum drying, and fluid bed drying.
The obtained probiotic formulations can then be used in a variety of novel formulations,
such as nasal sprays, creams, and lotions [4,5]. They are also used in food matrices to enrich
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their beneficial health effects. Some food matrices, e.g., ice cream, are also used to improve
the stability and shelf-life of probiotics [6].

2. Drying Methods

Cryopreservation is one of the most commonly used methods of preserving and stor-
ing live cultures of microorganisms for a long time; this approach is used in microbiological
laboratories. From a commercial point of view, this method has disadvantages, which
include high levels of energy consumption and the need to maintain and transport the
samples at temperatures below zero. In addition, freezing and thawing the cells of microor-
ganisms can damage them. When large amounts of probiotic cultures are produced, it is
preferred to use other methods of preservation, such as different drying techniques [7]. The
basic principles of these drying techniques are summarized in Figure 1. Examples of the
viability of some probiotic strains dried by different methods are shown in Table 1, and the
protective effects of different materials are summarized in Table 2.

Spray drying

Freeze-drying Vacuum drying Fluidized bed drying

drying gas contacts droplets

skinned droplet forms

|

dried solid particle

¥

[

product is placed in a vacuum
chamber

. 1 o

solution containing bacteria

frozen product is placed on trays

and protective substances or

—————

i

08 coating materials is sprayed
Q on a porous matrix

heating evaporates water and -

leaves dry powder / ‘

coated microcapsules can be obtained

sublimation of ice leaves dry
powder

Figure 1. Summary of the basic principles for the most commonly applied drying techniques. Created
with Biorender.com (accessed on 27 July 2022).

2.1. Traditional Drying Methods
2.1.1. Spray Drying

Spray drying is a fast and relatively inexpensive technique that makes it possible to
obtain dry, mostly spherical powder particles with good flow properties, uniform shape,
and particle size distribution [8]. The drying process occurs in four stages. In the first
stage, the microorganism suspension is sprayed into small droplets. Then, the droplets
are carried by hot air, with three different methods for the air to contact the droplets:
co-current, counter-current, and mixed [9]. Because probiotic bacteria are sensitive to
high temperatures, the co-current flow is usually applied. In this way, drops with a high
water content contact the high-temperature inlet air, and the dry particles contact the
lowest-temperature exhaust air, which reduces the risk of damage to microorganisms. For
example, in previous works, inlet air temperatures for the spray drying of L. rhamnosus were
130-150 °C [10]; for probiotic almond milk powder containing L. plantarum, temperatures
of 170-190 °C were used [11]. The third stage of the spray-drying process is the drying of
the droplets and the formation of dry particles. It is at this stage that the microorganisms
are most susceptible to thermal inactivation [12].
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In comparison with other methods, spray drying has several advantages. These
include a short drying time, the capacity for continuous operation, and low cost; these
factors translate into the possibility of drying large volumes of suspension in a relatively
short time. Additionally, it is possible to influence the characteristics of the powder, and
the process is relatively easy to scale up [13].

Spray freeze drying is a method that combines the advantages of spray drying and
freeze drying. It is conducted in three stages: the atomization of a cell suspension in a
spray dryer, freezing (over liquid nitrogen), and freeze drying. In this process, the cells are
first atomized with the addition of a protective material (such as WPI) over liquid nitrogen,
which allows the droplets to quickly freeze. They are then additionally freeze dried. Studies
conducted using spray freeze drying showed an encapsulation efficiency of 88-95% for
L. plantarum MTCC 5422 with various wall materials. The overall encapsulation efficiency
was, however, lower than in regular freeze drying due to the additional stress factors that
occurred during atomization and freezing [14].

2.1.2. Freeze Drying

Freeze drying, or lyophilization, is a common method of removing water from probi-
otic bacterial cells to ensure their storage stability. The dryer consists of a vacuum chamber
with a freezing system, a system for removing water vapor, and heating elements that are
necessary to supply heat for sublimation. The freeze-drying process occurs in three stages:
the freezing of the cell culture, sublimation, and final drying, the first of which is often
carried out outside the dryer. In the next stage of the process, the frozen water is removed
in the sublimation process under reduced pressure, and in the last stage, non-frozen water
is removed in the process of desorption in order to attain the final water content [15]). Be-
cause the conditions of the freeze-drying process are milder than those of the spray-drying
process, probiotic cultures dried by this method usually show higher rates of survival [16].

Despite the frequent use of this method of drying microorganisms, including probi-
otics, freeze drying has several disadvantages. It is an expensive and lengthy batch process,
and the final product is often compact and hard. Regardless of this, freeze drying is a useful
and widely used drying technique with several strategies already developed to maximize
the viability of probiotic cultures. Among such modifications is pulse-spouted microwave
freeze drying [17,18]. It aims to shorten the drying time in comparison with the traditional
variant of freeze drying.

2.1.3. Vacuum Drying

A vacuum dryer consists of a chamber in which heated shelves are located. Trays
containing wet biomass are placed on the shelves, and the water vapor is removed using a
vacuum pump and condensed in a condenser. During freeze drying, the cells are frozen
before the water is removed, while in vacuum drying, they remain in liquid form. Moreover,
vacuum dryers operate at a higher temperature and pressure, and the energy consumption
is 40% lower compared to freeze drying [19]. Typical pressures for vacuum drying are above
30-60 mbar, which corresponds to a boiling point of water of 25-30 °C; for freeze drying, the
pressure is lower than 6 mbar [7,20]. The main disadvantage of vacuum drying, compared
to spray or fluid bed drying, is the long processing time, ranging from 20 to 100 h [1].

New developments in the field of vacuum drying include the use of pulse-spouted
microwave vacuum drying (PSMVD) [17]. Banana cubes dried by PSMVD showed an
expansion trend, resulting in a better structure and rehydration ratio. PSMVD-dried cubes
also provided better nutritional value as measured by the content of ascorbic acid, which
reached 7.96 mg 100 g~! (compared to 4.23 mg 100 g~ for the traditional variant of
vacuum drying).

2.1.4. Fluidized Bed Drying

Fluidized bed drying is a process in which heated gas, usually air, flows at a certain
speed through a layer of solid particles, causing them to reach a fluidized flow state.
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Because the fluidization process has very good heat and mass exchange conditions, water
is quickly evaporated from the dried material. The time required for fluidized bed drying
(1 min to 2 h) is shorter than that of freeze drying and comparable to that of spray drying.
The relatively low drying temperature does not cause thermal stress [1]. The cell biomass
is not dried on its own but mixed with additional material that acts as a carrier or matrix
to which the cells adhere. In practice, many loose and powdered materials have been
used for this purpose, such as wheat flour, skimmed milk powder, casein, maltodextrin,
starch, microcrystalline cellulose, inulin, and NaCl [1,21-23]. Usually, the matrix material
is first placed in the dryer chamber and fluidized; then, the bacterial suspension is sprayed
onto the fluidized matrix via a nozzle. Another method is to prepare the granulate first;
after mixing the wet biomass with the matrix material and forming the granules using
a sieve, pellet mill, or drum granulator, they are then dried in a fluidized bed [24,25]. It
is important to consider the purpose of the dried bacterial product when selecting the
matrix material as it can have variable technological characteristics or provide additional
properties (e.g., prebiotic inulin) [21].

2.2. Novel Immobilization Methods

New methods of probiotic cell immobilization are also emerging as an alternative
to drying processes and microencapsulation. Skrlec et al. [26]. have developed two
types of electrospun nanofibers (Figure 2): monolithic poly(ethylene oxide) and composite
poly(ethylene oxide)/lyoprotectant. L. plantarum cells were applied to these nanofibers and
achieved high cell concentrations (up to 7.6 x 10® cfu/mg). Moreover, their survival during
storage at 25 °C was promising, with a 1.83 log decrease in viability over 24 weeks (from
8.51 to 6.68 cfu/mg). For comparison, lyophilized samples showed a 1.70 log decrease
in viability over the same period (from 8.97 to 7.27 cfu/mg). The differences between
nanofibers and lyophilized samples stored at 4 °C were also minimal. The release time
was also measured. Nearly all (>90%) L. plantarum cells were released from the nanofibers
within the first 30 min of the experiment. This was confirmed by both plate cell counts
and fluorescence measurements of the mCherry protein and provided insight into possible
applications of probiotic-loaded nanofibers. The 30 min release period allowed for the con-
trolled delivery of probiotic bacteria and was sufficient for their adhesion to the intestinal
epithelium and mucosa.

polyethylene D
oxide with Taylor cone
probiotic bacteria

Power supply

collector

Figure 2. Principal elements of nanofiber fabrication by electrospinning. Created with Biorender.com
(accessed on 1 June 2022).
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3D printing is a novel method used in food industry applications that allows for the
design of customized products. Yoha et al. [27] studied the effects of the 3D printing of
probiotic encapsulates on their viability. To prepare the base for the 3D printing of L. plan-
tarum (NCIM 2083), cells were dried using four encapsulation techniques (spray drying,
freeze drying, spray freeze drying, and refractance window drying) with the addition of
a prebiotic matrix (fructooligosaccharide, whey protein, and maltodextrin in a ratio 4:1:1,
respectively). Dried microcapsules were then used for 3D printing with a composite flour
formulation using the food 3D printer CARK [28]. Yoha et al. (2021) reported that the 3D
printing process did not lower the viability of probiotic bacteria. They also determined
that freeze drying yielded the highest level of cell viability, i.e., 8.23 & 0.21 log;y CFU/g,
followed by spray freeze drying (8.18 £ 0.16 log;g CFU/g). Under in vitro digestion,
freeze-dried probiotics showed a lower level of viability (6.12 & 0.29 logjg CFU/mL) than
spray-freeze-dried samples (6.43 £ 0.29 log;g CFU/mL).

2.3. Auxiliary Methods

The standard drying methods, by themselves, are well-established and optimized.
They can be, however, improved upon by the introduction of auxiliary methods, such as
fluid bed coating. The combination of two different techniques allows the use of the most
popular methods, such as spray drying or freeze drying, in the first step; then, the stability of
the preparation is improved upon by fluid bed coating with different protective substances.

In their research, Jacobsen et al. [24] showed that the viability of freeze-dried probiotics
after granulation and fluid bed coating was only slightly reduced. Freeze-dried L. reuteri
LR92 was used to produce probiotic pellets by granulation, extrusion, and spheronization.
The obtained probiotic pellets were then subjected to fluid coating with the Eudragit
5100 and Eudragit FS30D coating suspensions to achieve delayed release. To evaluate the
targeted delivery of coated probiotic pellets, an in vitro model simulating the conditions
of the human gastric system, duodenum/jejunum, and ileum was developed. The release
of active substances from the coated pellets was determined by the quantification of the
released marker riboflavin with HPLC. The results show that the coated probiotic pellets
achieved the desired release profile (release in the ileum) based on the release of riboflavin.

Fluidized bed drying was also used to prepare dried probiotic apple snacks. The apple
cubes were first dried in a fluidized bed at 50 °C until they reached a level of water activity
lower than 0.5 and a moisture content below 15%. Then, the dried apple cubes were coated
with a solution of hydroxyethyl cellulose and polyethylene glycol mixed with washed
Bacillus coagulans spores. The optimal ratio of coating substances was established at 0.125 g
of HEC to 11.7 uL of PEG. Coating with the optimal coating mixture resulted in achieving
a 77.7% coverage of the sample area. The achieved product was microbiologically stable
during storage at room temperature for 90 days and was able to maintain at least an 8 log
CFU/30 g portion. Reductions in enzymatic activity, specifically the activity of polyphenol
oxidase (by 86%) and of peroxidase (by 92%), represented an additional improvement [29].

2.4. Factors Affecting the Viability of Probiotics during Drying

During drying, probiotic microorganisms are exposed to various stress factors, such
as excessive dehydration and thermal, mechanical, osmotic, and oxidative stresses [30].
Probiotic microorganisms belong to the group of products with low thermal stability; at the
same time, there is a certain critical water content that must be maintained. A reduction in
water content below this critical value may cause the dehydration of the cells and, therefore,
their inactivation. Thermal stress and dehydration are considered the main causes of losses
of the viability of probiotic bacteria during spray drying. Stress factors that affect probiotic
bacteria during different processing stages are presented in Figure 3.
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Figure 3. Stress factors affecting probiotics during different stages of their preparation and adminis-
tration. Created with Biorender.com (accessed on 27 July 2022).

Thermal stress, i.e., the heat inactivation of microorganisms, is a significant risk in
the second stage of drying, according to various authors. In this phase of the process,
microorganisms can reach the temperature of the drying air, especially since the dried
particles often remain in the dryer until the entire process is completed. Not all bacteria
are equally prone to thermal inactivation. For example, L. acidophilus has shown better
survival rates under various drying temperatures than E. coli K12. This can be explained by
differences in the thickness of the cell wall, which is thicker in the case of Gram-positive
bacteria (e.g., L. acidophilus). Moreover, drying in a medium containing nutrient broth
yielded better survival rates than drying in a medium without broth components [31].

High temperatures can denature intracellular proteins and destabilize cell membranes,
which in turn leads to cell death. At the same time, higher temperatures cause a decrease
in the water activity of the dried samples, which translates into increased storage stability.
Therefore, when choosing spray drying parameters for probiotic microorganismes, it is
important to determine an optimal outlet air temperature that is high enough for the dried
samples to have low water activity and, on the other hand, low enough to prevent cell
damage [20]. Air temperature also significantly affects the bulk density of dried probiotic
powders. As the temperature increases, evaporation rates also increase. The powder dries
to a more porous structure and is more prone to forming hollow particles [32].

The inactivation of microorganisms caused by dehydration often occurs simultane-
ously with heat damage. During drying, water molecules are removed from the cells,
which limits chemical reactions and metabolic activity. Because water is essential for the
stabilization of various components of the cell, its removal may result in a loss of cell
integrity, changes in cell structure, and damage to the enzyme system [7]. This applies
to, among other things, changes in the lipid bilayer of the cell membrane that can cause
the leakage of intracellular fluid and, consequently, cell death [33]. In experiments on
drying single droplets of an L. plantarum suspension, it was shown that at an outlet air
temperature below 45 °C, inactivation due to dehydration was dominant, while above
this temperature, dehydration and temperature stress occurred simultaneously [34]. The
authors of the study also believed that the longer the drying time, the more cells would
undergo dehydrative inactivation.

Osmotic stress during drying occurs as a result of cells losing water to the environment,
which increases the molarity of the intracellular solution and reduces the volume of the
cytoplasm. A loss of cellular turgor occurs, and the cell undergoes plasmolysis, which, as a
consequence, leads to a loss of viability [7].
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Oxidative stress is caused by oxygen contained in the air and dissolved in an aqueous
suspension of microorganisms [35]. Probiotic bacterial tolerance to oxygen is varied, with
most Bifidobacterium species requiring strict anaerobic conditions and many strains of lactic
acid bacteria tolerating oxygen. Oxidative stress is caused by reactive oxygen particles
interacting with proteins, nucleic acids, and lipids. As a result, protein denaturation and
lipid oxidation occur, leading to cell membrane damage and cell death [30].

The cells of probiotic microorganisms can also be inactivated by shear forces as their
suspension is sprayed into the dryer head. Several studies have shown a relationship
between the pressure of the suspension administered through atomizing nozzles and the
survival of probiotic bacteria [35].

Similar to other methods of drying probiotic bacteria, in fluidized bed drying, certain
factors cause losses of cell viability, mainly by osmotic stress, excessive dehydration, and
oxidative stress [20]. It is believed that the threat of thermal shock at the temperatures used
in the fluidized bed drying of microorganisms is insignificant up to a material moisture level
of 15% and increases as the water activity of the dried material decreases [7]. Additionally,
the pressure in the atomizing nozzle can affect the viability of the cells. An increase in nozzle
pressure above 1.5 bar reduced the viability of Enterococcus faecium cells by 4 log cycles [23].

In the process of freeze drying, microorganisms are exposed to various stress factors
caused by freezing and the sublimation of ice, leading to changes in the cell. These include
deformation, mechanical damage to the cellular structure by ice crystals formed during the
process, the loss of semipermeable properties of cell membranes, changes in the structure
of membrane lipids, and the denaturation of protein components due to an increase in the
concentration of intracellular compounds [7].

Ice crystals form at the biomass-freezing stage. The crystal growth depends on the
freezing rate and temperature. Rapid freezing is recommended because the ice crystals
reach small dimensions and do not damage the microbial cells. In addition, slowly lowering
the temperature leads to ice forming mainly outside the cells, which leads to excessive
dehydration. The formation of ice crystals is not the only threat to cell viability. During
ice crystallization, the intracellular solution thickens, which can lead to osmotic stress.
Moreover, the removal of water bound to the cells may damage surface proteins, the cell
wall, and the cytoplasmic membrane. The lipid fraction of the bilayer cell membrane, where
the structure of polar phospholipid parts may change, is particularly vulnerable to damage
during dehydration [33].

Because vacuum drying occurs at a temperature higher than freeze drying but lower
than spray drying, it is a milder process in terms of the effects of high or low temperature
on the cells of microorganisms. Furthermore, the lack of oxygen in the drying environment
can reduce oxidative stress, especially when drying oxygen-sensitive bacteria, e.g., Bifi-
dobacteria [30]. Dehydration stress, however, is considered a major threat to cell viability
during this process. For example, during vacuum drying, cell damage is observed mainly
in the cell membrane [36].

The described stress factors, when introduced in a controlled manner in the culturing
stage, can also be used to prevent the loss of viability during drying and storage. Re-
search by Hernandez et al. [37] confirms that fermentation parameters, such as pH and
temperature, influence the stress resilience of L. reuteri DSM 17,938 during freeze drying.
Simultaneous exposure to mild heat (50 °C) and osmotic stress (0.6 M of NaCl) also sig-
nificantly improved the storage stability of L. casei CRL 431 when compared with bacteria
exposed to just one of those stress factors [38].

2.5. Prevention of Stress Factors
The prevention of stress factors in the spray drying of probiotic microorganisms can
be achieved by careful selection of the appropriate drying strategy [7,13]:
e  The addition of protective substances;
e  The proper selection of process parameters;
e  The adaptation of cells to stress factors before drying.
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These preventative measures affect the survival of probiotic bacteria directly during
drying, as well as after drying during storage. The following substances are considered pro-
tectants and additives used to improve the survival rate of probiotics during spray drying:
saccharides, skimmed milk, whey proteins, inulin, trehalose, and oligosaccharides, as well
as polymers, such as gum arabic [19,32,33,39,40]. Some examples are also summarized in
Table 2. In the scientific literature, several hypotheses have been put forward explaining the
protective effect of these substances on the cell membrane and intracellular proteins. These
include the theory of vitrification, the hypothesis about the exchange of water molecules
in the hydration layer of proteins and the cell membrane with a protective substance (the
“water replacement hypothesis”), and the hypothesis of hydration force (the “hydration
force hypothesis”) [7].

The activities aimed at optimizing the spray-drying process parameters for probiotic
bacteria include, first and foremost, the correct selection of the chamber inlet and outlet
air temperatures, the appropriate spray nozzle configuration, the atomizing pressure, and
the flow volume of the suspension fed to the dryer [1,19]. A significant improvement
in the viability of spray-dried L. lactis after replacing air with nitrogen has also been
demonstrated [35].

To increase the survival of probiotic cells during spray drying, they can also be exposed
to stress conditions during culturing. These stress conditions include exposure to low pH,
thermal shock, culturing microorganisms without additional nutrition, exposure to sodium
chloride and monosodium glutamate, and culturing with the addition of saccharides, such
as mannose and sucrose. In general, it is also believed that cellular biomass derived from
the stationary culture phase has better survival rates than that derived from the logarithmic
growth phase [20].

There are numerous measures that were developed to improve the viability of freeze-
dried bacteria. These include the addition of protective substances to bacterial suspensions,
the appropriate control of process parameters during bacteria cultivation, and the adapta-
tion of cells to stress factors before the drying process. The effectiveness of these operations
may vary depending on the species of the microorganism [7]. These actions are, in many
cases, similar to those used for spray drying.

The most common way to prevent stress factors in freeze-dried probiotic bacteria is
to use cryo- and lyoprotectants. Cryoprotectants are water-soluble chemical compounds
that lower the melting point of ice. When ice crystals form in the first stage of the process,
bacterial cells cluster in the non-frozen fraction. The addition of cryoprotectants increases
the volume of the non-frozen fraction of the solution, which increases the space occupied
by cells, which in turn reduces cell damage as a result of mechanical and osmotic stresses.
These cryoprotectants include polyols, polysaccharides, mono- and disaccharides, amino
acids, proteins, minerals, organic acid salts, and complex vitamins [15,41]. In turn, lyopro-
tectants protect probiotic bacteria at the stage of water removal from the cell. The types
and mechanisms of action of lyoprotectants are similar to those described for spray drying.
Some sugars, such as sucrose and trehalose, act as both cryo- and lyoprotectants, which
translates into their high effectiveness in ensuring the survival of probiotics after freeze
drying [22].

The main strategies for protecting probiotic bacteria against stress factors in vacuum
drying include the use of protective substances and the selection of process parameters [7].
Among the protective substances most commonly used in the vacuum drying of probiotics
are sugars and polyalcohols, such as trehalose and sorbitol. The protective mechanism of
these substances is the same as for spray and freeze drying [20].

The relatively low temperature of vacuum drying enables the dehydration of biomass
prepared in a semisolid state, such as pellets mixed with a protective substance. The drying
efficiency is increased compared to other methods because less water is removed; therefore,
a smaller quantity of protective substances can be used [42]. This was proved by vacuum
drying (100 mbar, 43 °C, 12 h) L. bulgaricus bacteria in the form of a pellet with the addition
of powdered lactose, sorbitol, inulin, and xanthan gum [43]. An improvement in the rate
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of cell survival was found only for samples with 1% sorbitol as the protective substance.
The protective effects of sorbitol are due to its ability to lower membrane phase transition
temperatures via the interaction with phosphate groups in the membrane [44].

Drying time and temperature are the most important process parameters to be taken
into account when optimizing the drying process. The shorter the drying time and the
lower the temperature, the higher the survival rate of the dried cells [7]. For example, for
L. delbrueckii subsp. bulgaricus dried at 30, 45, and 70 °C (13.3 mbar, 10 min), damage to
the cell membrane was higher with decreases in water activity and increases in drying
temperature [42].

The countermeasures used against threats to the viability of fluid-dried bacteria are
essentially the same as those used in other drying techniques and include the addition of
protective substances, control of process parameters, and the adaptation of cells to stress
factors before drying.

The addition of various protective substances to dried probiotic bacteria is the most
commonly used protective method. The viability of fluidized-bed-dried probiotic bacteria
is also highly dependent on their final humidity. The authors of [1] believed that the critical
level of humidity that threatens the viability of L. helveticus cells was 1-3%. It was indicated
that this might depend on the bacterial species; for L. salivarius, for example, the critical
humidity was in the range of 5-6%.

There are also certain factors that can influence the viability and survival of probiotic
bacteria during storage. To increase the shelf-life of dried probiotics, various protective
measures can be used. These include the addition of antioxidants, such as 0.5% (w/w)
vitamin E; they protect the final formulation against oxidative stress [38]. Storage at a
lower temperature, i.e., 4 °C, can also result in an improvement in the survival rate of dried
probiotic powder compared to the results when stored at 22 °C or 35 °C [22]. Examples of
shelf-life analyses and viability measurements during storage are summarized in Table 3.

Table 1. Comparison of cell concentrations after different drying methods.

. Cell Concentration Cell Concentration
Reduction . . Growth . . .
[log cfu/g] Microorganism Parameters before Drying after Drying Drying Method  Reference
[log cfu/g] [log cfu/g]
Lactiplantibacillus MRS broth, .
plantarum 2990 37°C 10.3 11.3 Freeze drying [16]
<1 Pediococcus
acidilactici MI§S7 ErCOth’ 10.5 11.2 Freeze drying [16]
HA-6111-2
Lactiplantibacillus MRS broth, .
plantarum 299 37°C 9.4 9.5 Spray drying [16]
Pediococcus
acidilactici MI;S7 E?th’ 9.0 9.4 Spray drying [16]
HA-6111-2
Lactobacillus
kefir CIDCA MRS broth, 8.8 82 Spray drying [45]
30°C
8348
<1 Lactobacillus
plantarum MI;% ko)g)th, 9.9 9.8 Spray drying [45]
CIDCA 83114
Lactobacillus
kefir CIDCA MRS broth, 8.4 8.1 Spray drying [45]
30°C
8321
Lactobacillus MRS broth, .
thamnosus LGG 37°C 11.0 10.2 Spray drying [46]
Lactobacillus MRS broth, .
casei AMBR2 37°C 11.0 10.3 Spray drying [46]
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Table 1. Cont.

. Cell Concentration Cell Concentration
Reduction . . Growth . . .
Microorganism before Drying after Drying Drying Method Reference
[log cfu/g] Parameters
[log cfu/g] [log cfu/g]
Lactobacillus
acidophilus MI§S7 E’g’th' 11.2 10.0 Spray drying [32]
>1 NCDCO016
ESChe’gg“ Coli TSB, 30 °C 10.7-10.9 7.9 Spray drying [31]
Lactobacillus reuteri ~ MRS broth, Fluidized bed
>1 DSM 20016 37°C 8.7-9.7 77 drying 471
Table 2. Protective effects of different materials.
Reduction Cell Cell
eductio . . Drying Protective Concentration Concentration Survivability
Post-Drying  Microorganism hod Sub before Drvi fter Drvi o Reference
[log cfu/g] Metho ubstances efore Drying after Drying [%]
[log cfu/g] [log cfu/g]
e . Spray drying Gum arabic
Bifidobucteriun (double 9%, 1% 693 6.18 89.22 [48]
ifidum Jayered) -cyclodextrin,
y 1% lecithin
o . Spray chilling ~ Hydrogenated
B%ﬁ;‘;ﬁff:”m (double palm oil, 2% 6.12 6.01 98.25 [48]
layered) Tween 80
Saccharomyces
<1 cerevisiae var. Spray drying Gelatin 10% 9.95 9.06 91.55 [49]
boulardii
Saccharomyces Whey protein
cerevisiae var. Spray drying concentrate 9.65 8.86 91.81 [49]
boulardii 20%
Lactobacillus . Native rice
hamnosiis Spray drying starch 10% 9.26 8.98 53.24 [40]
Lactobacillus . . o
amnosiis Spray drying Inulin 15% 9.18 8.91 53.55 [40]
Lactobacillus . Soy powder
brevis WK12 Freeze drying solution 10% 11.30 11.26 90.00 [50]
<1 Lactococcus . Soy powder
lactis WK11 Freeze drying solution 10% 11.30 11.27 94.00 [50]
e . Gum arabic
Bifidobacterium. g, o0 qrying 9%, 1% 10.12 7.57 74.81 48]
bifidum .
-cyclodextrin
e . Hydrogenated
Bifidobacterium o hilling  palm oil, 2% 9.51 8.25 86.79 [48]
bifidum
Tween 80
Saccharomyces o
. . Modified
cerevisiae var. Spray drying starch 20% 9.65 8.64 89.53 [49]
boulardii
>1 Saccharomyces .
cerevisiae var. Spray drying Maltodoextrm 9.65 8.61 89.24 [49]
y 20%
boulardii
Saccharomyces Pea protein
cerevisiae var. Spray drying a8 prosel 9.95 8.55 86.52 [49]
. isolate 10%
boulardii
Saccharomyces .
cerevisize var.  Spray drying G““;(f,/rab“ 9.65 8.17 84.69 [49]

boulardii
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Table 3. Shelf-life and viability of probiotics.
Preparation Storage Initial Cell COHCSIT:Il‘atiOIl
Microorganism Method and . g Concentration Monitored Parameters Reference
Matrix Conditions [log cfu/e] after Storage
SRt [log cfu/g]
viable cell counts,
water activity and
Bacillus Fliuld-bed- ] moisture cor.1t¢.ent,
dried apple 90 days at 25 °C 7.89 6.78 enzyme activity, [29]
coagulans .
snacks total phenolic content,
antioxidant capacity,
vitamin E concentration
12 months,
) i . 25°C, ay =0.03 .
Lactiplantibacillus ~ Spray drylr'lg i metic glass 790 6.30 viable cell counts, (51]
plantarum 299v orange juice flasks with water activity
silica gel
12 months,
Pediococcus . 25°C, ay =0.03 .
acidilactici sfgzldéyﬁfem hermetic glass 8.70 8.00 Vljf;feie;itci?iltnts’ [51]
HA-6111-2 8¢) flasks with y
silica gel
. Lo coconut water
Lactiplantibacillus . viable cell counts,
plantarum Lp Oatrir:ﬁflliylth 4 °C, 49 days 7'03;9'% at 7.23 pH, lactic acid content, [52]
115-400b (1./100 mL) y rheological parameters
Lactiplantibacillus viable cell counts,
plantarum Lp COC;);I;;;?‘.’EI‘ 4 °C, 49 days 6'93;3(7); at 6.41 pH, lactic acid content, [52]

115-400b

rheological parameters

3. New Trends in the Drying and Application of Probiotics

Until recently, the standard methods of preserving probiotic bacteria consisted of the
four types of drying presented above (spray drying, freeze drying, vacuum drying, and
fluid bed drying). As new technologies and needs emerge, we observe the development
of new trends in the drying and formulation of probiotics. These include new application
methods that combine the existing methods, research on new matrices for probiotic bacteria,
and new properties of probiotic strains.

3.1. Various Application Methods

New developments in the formulation of dried probiotics include different forms
of administration, such as nasal sprays and creams or lotions. The development of new
application methods for probiotics, besides orally administered tablets and microcapsules,
allows for better use of their wide range of health-promoting properties. It also allows
them to be better adapted to the needs of patients.

Probiotic formulations have been found to have a beneficial effect on the upper
respiratory tract (URT), preventing acute respiratory tract infections. L. casei AMBR2,
isolated from the human URT, was chosen for the preparation of a probiotic nasal spray
by spray drying [4]. For the preparation of the drying solution, different combinations of
saccharides and polymers were used. The following combinations provided the highest
shelf-life stability for L. casei AMBR?2 while also maintaining a stable formulation: 2.5% (w/v)
sucrose and 0.4% (w/v) xanthan gum, 2.5% (w/v) isomalt and 0.4% (w/v) xanthan gum,
2.5% (w/v) trehalose and 1% (w/v) HPMC (hydroxypropyl methylcellulose), and 2.5% (w/v)
lactose and 1% (w/v) HPMC. Shelf-life viability was measured during 28 weeks of storage
under refrigerated conditions, and all mentioned formulations showed a viability level
higher than 5 x 10° CFU/g. During the spray tests, after the resuspension of the powder,
no significant viability changes were noticed. In the course of the functionality tests,
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adherence to the Calu-3 cell line was measured. For the formulations containing HPMC,
adherence was unchanged in comparison to the adherence of fresh L. casei AMBR2 cells
(>10%). Formulations containing xanthan gum had significantly lower levels of adherence
(up to 5%). The antimicrobial effects of L. casei AMBR2 against S. aureus, M. catarrhalis,
and H. influenzae (URT pathogens) were also confirmed for both fresh and dried cells, with
lower inhibition zones in some assays with dried samples.

Topically applied probiotics are the focus of many studies as the combination of probi-
otic and antimicrobial properties allows for the effective treatment of different skin disor-
ders, including atopic dermatitis and acne. Atopic dermatitis is a chronic, inflammatory
skin condition traditionally treated with histamines, corticosteroids, biopharmaceuticals,
and antimicrobials. Other non-pharmaceutical methods of treatment are being researched
because, for some patients, the currently used treatments are ineffective or associated with
side effects. A lotion containing the heat-treated probiotic strain Lactobacillus johnsonii NCC
533 was applied for 3 weeks in a group of patients with atopic dermatitis [5]. The results
obtained after the treatment showed that the probiotic lotion controlled Staphylococcus
aureus colonization (which is one of the causes of atopic dermatitis, especially in the acute
phase). Additionally, a local clinical improvement was found in patients who used the
lotion over 3 weeks according to SCORAD (the SCORing Atopic Dermatitis tool).

Antimicrobial activity is also important in the treatment of other skin disorders, such
as acne. The skin adhesion and antimicrobial activity of different probiotic strains were
studied by Lopes et al. [53]. The use of probiotics allows for the equilibration of the skin
microbiota and modulates the immune system. Additionally, the bacteriocins produced by
certain probiotic strains affect pathogenic microorganisms by inhibiting their growth. Cell-
free culture supernatants (CFCS) were used for evaluation of this phenomenon and showed
antimicrobial activity towards Escherichia coli, Cutibacterium acnes, Staphylococcus aureus,
and Pseudomonas aeruginosa. Their antimicrobial activity was confirmed by measuring the
inhibition zones. The observed effect was attributed to the production of organic acids by
lactic acid bacteria, which were able to inhibit the growth of pathogenic microorganisms by
decreasing the pH of the medium. In tests with neutralized cell-free culture supernatant,
no antimicrobial activity was observed; this result further proved that, in this case, the
antimicrobial effect was linked with the production of organic acids and not with the
production of bacteriocins. Most of the used strains also displayed the ability to prevent
biofilm formation by reducing the ability of pathogenic cells to attach to and create a
biofilm. Among seven tested probiotic strains, three were able to prevent biofilm formation
by E. coli, five of them prevented biofilm formation by S. aureus, six prevented biofilm
formation by P. aeruginosa, and all strains showed the ability to decrease biofilm formation
by C. acnes.

3.2. Controlled Release

Controlled release is one of the main focus points in the current development of drugs,
biopharmaceuticals, and supplements. In addition, for probiotics, it is key to prepare
formulations that are capable of withstanding the acidic environment and various enzymes
found in the gastrointestinal tract while retaining their properties and viability for release
in the intestine.

Sanchez-Portilla et al. [21] used polymethacrylate-based copolymers (Eudragit) to
prepare microencapsulated Bifidobacterium by fluid bed drying. Two matrices were used in
this process: microcrystalline cellulose (Avicel) and prebiotic inulin. During preparation,
the viability of the cells decreased from the initial concentration of 10° by 0.99 logyg cfu/g
for the formulation with Avicel and by 1.33 logiy cfu/g for the formulation with inulin.
During long-term storage, viability was maintained at 6.6 logyg cfu/g for the first 3 months
and remained at over 4.5 logyg cfu/g for both formulations after 2 years of storage. During
the resistance tests, both products resisted stomach acidic conditions of pH 3. The main
difference between the two products was in the mechanism of the release of Bifidobacteria.
In the product with inulin as a matrix, due to the water solubility of inulin, release was
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dependent only on the protective polymer used for coating. Meanwhile, in the product
with microcrystalline cellulose as a matrix, release was dependent on both the coating layer
and the matrix particles, which retained the bacteria and provided resistance even under
alkaline conditions.

Targeted release was also the goal of the study conducted by Huang et al. [54]. Alginate,
sucrose, whey protein isolate, and shellac were used as encapsulating materials in the
external emulsification process, after which the microcapsules were freeze-dried. L. reuteri
TMW 1.656 was exposed to different stress conditions (digestive and gastric juices as well as
heating) after microencapsulation and drying; then, it was stored under ambient conditions
to measure the inactivation of the cells. Probiotic stability was higher for the alginate
capsules with added shellac under all conditions, which was explained by the decrease
in hygroscopicity. The addition of whey protein isolate to alginate and shellac resulted in
a further increase in viability (especially for gastric juice exposure and heat shock), and
this finding was related to the protective effects of whey protein. The combination of
modified rice protein and shellac was used by Wang et al. (2021) [55] to prepare an enteric
coating for probiotic microcapsules. The addition of modified rice protein was able to
modify the properties of shellac-based coatings. The results showed that the version with
the addition of rice protein was superior at preserving probiotic viability during storage
and digestion. Similarly, microcapsules composed of sporopollenin exine and coated with
calcium alginate/carboxymethylpachymaran shell were confirmed to enhance the storage
stability of probiotics while providing sustained release in the gastrointestinal tract [56].

Interpenetrating polymer network (IPN) hydrogels obtained by the enzymatic method
were studied by Yan et al. [57] as potential carriers for probiotics. The hydrogels were
prepared using a combination of biopolymers, namely soy protein isolate and sugar beet
pectin. The concentrations of soy protein isolate in the final solution varied from 4% to 10%,
and the sugar beet pectin concentration varied from 2.5% to 5%. Afterwards, a probiotic
suspension containing about 10 log cfu/mL L. paracasei LS14 was added and mixed with
the hydrogel solution. To improve hydrogel formation, the enzyme laccase was also added
in different concentrations (2-14 U/g). Hydrogel containing 10% SPI and 3.5% SBP and
induced by 10 U/g laccase was highlighted as yielding the highest probiotic viability
(~7.5 cfu/mL). It was also the least sensitive to simulated gastric conditions, showing no
decrease in probiotic cell viability after 2 h of incubation.

3.3. Probiotics in Food Matrices

Probiotics are available in a wide array of commercial products, but most of them are
offered in the form of dietary supplements. However, there is a large group of products
that contain natural probiotics, such as naturally fermented yogurts, kefir, kimchi, and
sauerkraut [58]. In addition, non-fermented and, more importantly, non-dairy food prod-
ucts can provide a matrix for probiotics. The use of different food matrices allows for the
preparation of healthy probiotic food, taking into account allergies, nutritional preferences,
taste, and the aroma of the final product. Probiotic food products of non-dairy origin,
such as cereals, fruit, and vegetable- and meat-based products, are also rich sources of
protein, minerals, vitamins, dietary fiber, antioxidants, and other bioactive substances that
may provide extra health benefits [59]. Another advantage of using food matrices is their
potential to improve the storage stability of probiotics.

Chocolate is one of the most versatile functional foods, and it can be enriched with
probiotics without the loss of sensory attributes [60]. It can also be prepared in various
forms, and it can combine different beneficial effects. For example, chocolate and hazelnut
spreads were developed that are not only enriched with probiotics but also contain less fat,
which was replaced by healthy triacylglycerols [61]. There are, however, some challenges
to overcome, such as processing, storage, and gastrointestinal conditions. Formulations
containing cocoa powder and sodium alginate were used in the encapsulation of probiotics
by emulsion-based freeze drying, with an encapsulation efficiency of up to 95% [62]. The
use of encapsulated probiotics allowed researchers to maintain the viability of the probiotics
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in the product at over 7.5 log cfu/g after 90 days of storage at 25 °C; they also recorded a
high level of viability (8.0 log cfu/g) during in vitro gastrointestinal digestion.

Among the various products with probiotic properties is butia (Butia odorata) ice cream
supplemented with Bifidobacterium lactis (BI-04). Ice cream ensured the viability of probiotic
bacteria during 90 days of storage at —18 °C. Additionally, butid was able to maintain its
bioactive components during storage. The authors also conducted a market analysis that
showed high acceptance of novel functional food products among panelists [6].

Banana powder is an excellent probiotic matrix due to its porous structure, nutritious
properties, low cost, and overall availability. Freeze-dried banana powder was prepared
after mixing banana paste with different probiotic formulations. These formulations in-
cluded Lactobacillus acidophilus and Lactobacillus casei microencapsulated with whey protein
isolate, fructooligosaccharides, and a combination of both at a 1:1 ratio. After the incor-
poration into banana paste, the probiotic formulations were then refrigerated for 72 h at
—32 °C and transferred to a freeze dryer for 24 h at —40 °C. Afterwards, the obtained
product was ground and filtered into a fine powder. The results show that the use of
microspheres combining whey protein isolate and fructooligosaccharides resulted in the
highest encapsulation yield (98%). The obtained product was also stable during storage at
the temperature of 4 °C and increased the viability of bacteria after 90 min of exposure to
gastrointestinal conditions (7.85 log CFU/g and 7.52 log CFU /g for the microencapsulated
cells of L. acidophilus and L. casei, respectively) compared with free cells (a decrease of
4.69 log CFU/g for L. acidophilus and 5.64 log CFU/g for L. casei) [63].

The survival of microencapsulated Lactococcus lactis Subsp. lactis R7 was measured
for various food matrices by Rosolen et al. [64]. A quantity of 1 g of spray-dried bacteria
microcapsules containing approximately 12 log CFU g~! was added to 100 mL of milk,
milk cream, and blueberry juice. These samples were then stored for 28 days at 4 °C and
compared with samples containing free, non-encapsulated bacteria. The results showed
that the acidic pH of blueberry juice had damaging effects on free cells, resulting in their
viability falling below the minimum value to be considered probiotic after 14 days of
storage. The microencapsulated sample had better viability in the blueberry juice, showing
a loss of viability after 21 days. In both milk and milk cream, the microencapsulated bacteria
showed higher levels of viability after 28 days of storage than the samples with free cells.
Additionally, the free cells promoted higher acidification in milk, which proves that the
probiotic bacteria were successfully trapped inside the microcapsules during encapsulation.

4. Assessment of Strain Suitability and Viability

While almost all probiotic formulations use lactic acid bacteria with GRAS status,
there are some additional requirements to be met when preparing a probiotic product.
Different strains can vary in terms of their environmental resistance, growth characteristics,
production of metabolites, and their effects on human health, which can make some more
suitable for certain applications. This assessment should be conducted using both classic
microbiological methods and more advanced tools, such as flow cytometry, while also
including a thorough analysis of gene expression and proteomics. Table 4 lists methods
used in recent studies to assess probiotic bacteria.

4.1. Microbiological Analysis

The basic procedure in the assessment of probiotics is the use of plate cell counts for
the enumeration of viable cells. It can be divided into the following steps [65]:

1. Sample preparation: This depends on the matrix (frozen, dried, liquid, or free cells).

2. Dilution: This includes the prior homogenization or rehydration and the use of a
dilution medium containing peptone, NaCl, or phosphate salts, as well as the addition
of antioxidants for oxygen-sensitive strains.

3.  Plating: This is performed with a strain-specific plating medium.
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4.  Incubation: This takes into consideration the optimum temperature (mostly 37 °C as
many probiotics naturally inhabit the gastrointestinal tract) and the aerobic/anaerobic
conditions preferred by the specific strain.

One of the issues with relying solely on plate counts for viability assessments of
probiotics is that such counts are only limited to the viable cells growing on the plate
medium. There are, however, other groups of cells, such as those that are viable but not
culturable (VBNC), that should be considered in the assessment of probiotics [66].

4.2. Flow Cytometry

Flow cytometry can be used to expand the assessment conducted using conventional
microbiological methods. The viability of probiotic cells can be analyzed using dual staining
with SYBR Green I and propidium iodide (PI) dyes. SYBR Green I allows the detection
of viable and active cells by binding to DNA and emitting green light, while PI indicates
cellular damage in dead cells because it is membrane impermeable and only binds to
DNA in cells with damaged membranes, emitting red light. Such a protocol enabled the
identification of viable and dead cells in L. plantarum [67] and allowed for a much faster
analysis compared to conventional microbiological methods while providing a higher
number of observations and, thus, increasing statistical certainty.

4.3. Gene Expression and Proteomic Analysis

Despite the wide application of probiotic bacteria and their extensive use, some mech-
anisms, especially those linked with stress responses, remain to be addressed. Researching
the proteins and gene expression involved in these processes can allow for a better un-
derstanding of the stress responses to drying and environmental conditions, allowing for
better cell survival and industrial process optimization.

The protein expression patterns of Oenococcus oeni SD-2a that was subjected to freeze-
drying stress were analyzed by Yang et al. [68]. Biofilm formation is the main method
of adaptation of O. oeni against stress and is linked with different potential signals (QS
autoinducers, peptides, and volatile and organic compounds), matrix composition (polysac-
charides), and energy supply (carbon starvation). The HSP20 protein and Clp proteases
were also linked with improved resistance to stress induced by the addition of monosodium
glutamate (MSG), which improved cell integrity during freeze drying.

Leuconostoc mesenteroides BD3749 forms cell aggregates as a reaction to oxidative
stress through the upregulation of the glucansucrase-encoding gene Gsy. L. mesenteroides
BD3749 cells synthesize large amounts of insoluble exopolysaccharides in response to
oxidative stress, which reduces the accumulation of reactive oxygen species in bacterial
cells, improving their survival. In a relevant study, Gsy and its upregulation following
exposure to oxygen were responsible for the synthesis of those insoluble exopolysaccharides
that mediated the aggregation processes [69].

Table 4. Methods for the assessment of probiotics.

Method Key Applications Reference
Plate counting viable cell enumeration [65]
Flow cytometry cell intggi?ﬁgjg:;?fl;amage [46,67]
Scanning electron microscopy sulffilienclﬁg;:ftlei%iics [46,68]
Laser diffraction particle size [46]

Two-dimensional gel electrophoresis (2-DE)

Mass spectrometry
Bioinformatics

RT-qPCR

protein pattern analysis (proteins involved in biofilm formation,

quorum sensing, volatile compounds production, stress response) [68]

peptide mass fingerprinting [68]

protein identification, prediction of protein interaction, subcellular [68]
localization

gene expression [69]
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5. Future Challenges and Concluding Remarks

Drying techniques: Among the methods described, freeze drying guarantees the best
viability of dried bacteria. It is, however, the most expensive method, and the process
has a long duration. In those two categories, both fluid bed drying and spray drying are
better, with fluid bed drying being less expensive and faster than spray drying. Fluid bed
drying also has additional potential as a secondary method, i.e., it can be combined with
other drying techniques to coat the product in a fluid bed after drying using a different
method, further improving its stability during storage. Newly developed methods and
modifications of known techniques, such as electrospinning and spray freeze drying, offer
opportunities for further technological development and could potentially replace the
techniques used up until now.

Response to stress conditions: It has been pointed out that the influence of different
stresses associated with drying on the viability of the cells can be decreased by habituating
those cells to stress factors in the culturing stage. Such methods have not yet been thor-
oughly studied in relation to gene expression. Knowledge of the expression of specific
genes in response to targeted stress may be beneficial for the production of stable and
viable probiotics with longer shelf-life.

Multiparametric analysis: Most studies focus on the survival of bacterial cells during
drying. While this is an important parameter, it is not ideal for the assessment of the
quality of the obtained product. It does not take into consideration the activity of the
probiotics in the gastrointestinal tract, which may be influenced by the type of drying,
the drying conditions, the use of protectants, and the stresses experienced by cells in the
digestive tract. Other parameters worth researching are cell activity (and the activity of
viable but nonculturable cells), cell adhesion to the intestinal epithelium, and the expression
of shock proteins.

Strain viability: It should also be noted that the vast majority of research currently
focuses on a poorly diversified group of bacteria, mostly lactobacilli. Finding new diverse
strains with probiotic activity should be a focus of future studies. The differentiation of
probiotics could lead to the development of new formulations targeting various health
issues at once. It could also help to develop probiotics as food additives with strains
conferring positive effects both in terms of their probiotic activity and possibly also antimi-
crobial activity. There is also an increasing tendency in the market to develop multi-strain
probiotics. Such products offer a broader spectrum of beneficial and synergistic effects.
However, such effects are not yet well studied and need future work [70].

New applications: Probiotics have taken many new and varied forms. The develop-
ment of products suitable for use in different applications should not be focused only on
dietary supplements and dairy probiotic food, which have been the point of focus of many
studies conducted on probiotics. New applications are being sought in fields such as cos-
metics, functional foods, non-dairy probiotic foods, nutraceuticals, and medicine [46,59,71].

Target groups: Following global trends should be a priority when selecting target
groups for probiotics. For example, allergies are an increasing public health concern;
therefore, measures to mitigate or eliminate their effects are being researched. The benefi-
cial effects of probiotics have been proven in rhinitis, asthma, and atopic dermatitis [72].
Another global trend, especially pronounced in developed countries, is the aging of so-
ciety. Probiotics enhance the immune response, which is especially important in elderly
individuals. Additionally, probiotics may improve the effectiveness of vaccination [73].
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Abstract: Probiotic bacteria can be introduced to stresses during the culturing phase as an alternative
to the use of protectants and coating substances during drying. Accurate enumeration of the bacterial
count in a probiotic formulation can be provided using imaging flow cytometry (IFC). IFC overcomes
the weak points of conventional, commonly used flow cytometry by combining its statistical power
with the imaging content of microscopy in one system. Traditional flow cytometers only collect the
fluorescence signal intensities, while IFC provides many more steps as it correlates the data on the
measured parameters of fluorescence light with digitally processed images of the analyzed cells. As
an alternative to standard methods (plate cell counts and traditional flow cytometry) IFC provides
additional insight into the physiology and morphology of the cell. The use of complementary dyes
(RedoxSensorTM Green and propidium iodide) allows for the designation of groups based on their
metabolic activity and membrane damage. Additionally, cell sorting is incorporated to assess each
group in terms of growth on different media (MRS-Agar and MRS broth). Results show that the
groups with intermediate metabolic activity and some degree of cellular damage correspond with the
description of viable but nonculturable cells.

Keywords: viability; fluid bed drying; lactic acid bacteria; stress factors; quality control; rapid assessment

1. Introduction

Probiotic bacteria, which mainly include lactic acid bacteria (LAB), confer various
health benefits. Among them, researchers often describe the stimulation of the immune
system providing improvement in immunoinflammatory disorders and allergies, reduced
risk of colon cancer and modulation of intestinal microbiota [1]. Multiple health benefits
are the main reason for the constant interest in probiotic preparations, their properties and
methods of their production, as well as tools for their analysis.

Traditionally, probiotic bacteria were supplied in frozen or liquid form, however
these have been superseded by the introduction of more convenient dried formulations.
Most lactic acid starter cultures and probiotics are prepared in the form of freeze-dried
preparations, but alternative drying techniques such as spray drying, fluid bed drying,
vacuum drying, or mixed drying systems are gaining in popularity and are being constantly
improved [2]. Their main advantages over freeze-drying are high cost efficiency and lower
process duration; on the other hand, methods such as spray drying and fluid bed drying
introduce additional stress factors including thermal inactivation, and shearing forces
occurring during the atomization of the cell suspension. In both cases, fluid bed drying
provides lower air temperature and atomizing pressure, which makes it better suited to use
with thermolabile and susceptible materials [3]. The obtained probiotic preparations are
secured in many ways to ensure the best possible shelf-life and gastrointestinal survival.
Fluid bed drying allows the coating of the preparation with protective and coating sub-
stances during the process to ensure their enhanced viability [4]. It can be also used to coat
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preparations obtained by different methods and can be applied to obtain controlled release
of the final product [5]. Protective substances and selected carriers (trehalose, maltose,
maltodextrin, lactose, oligofructose, inulin) are also used during spray drying as thermal
protectants and to lower the water activity in the preparation for a longer shelf-life [6,7].
An alternative to the addition of protective substances is to subject the bacteria to various
stress conditions during their culturing. Bacterial cells adapt after their exposure to stress
factors (e.g., heat shock or osmotic stress) which can improve their stability over time
and their survival during the drying process. Osmotically stressed L. acidophilus ATCC
4356 cells showed better shelf life during long term ambient storage after fluid bed drying
in comparison with unstressed fluid bed dried cells [8]. During drying and processing,
the probiotic cells are exposed to different stresses. Mechanical stress, mainly shearing
forces, occurs during atomization of the microbial solution, osmotic stress is present dur-
ing dehydration, and thermal stress during the drying stages. More precise analytical
methods that can recognize both cellular damage and the metabolic activity of cells are a
valuable tool for the production and assessment of probiotics. The viability assessment
of probiotics is most commonly conducted by the plate count method—an established
and trusted method that lacks, however, the recognition of non-growing cells, and cannot
differentiate between the different levels of metabolic activity in the cell. While critical in
measuring the number of viable cells in dried probiotic products, it tends to underestimate
the cell numbers, especially because of differences in sample preparation, rehydration and
dilution preparation [9]. It is also unable to recognize the viable but nonculturable cells
(VBNC), which can also show beneficial probiotic effects [10]. Single cell analysis using
flow cytometry with fluorescence staining can be used to establish an alternative viability
assay for probiotic preparations [11]. For the simultaneous assessment of cell membrane
permeability and overall cell viability, a dual staining approach with propidium iodide and
RedoxSensor™ Green can be applied [12]. Cell sorting was also introduced to confirm the
results obtained by flow cytometry. This allows to sort a selected number of cells (from a
single cell up to 10°) onto either a 96-well plate with liquid medium or a Petri dish with
agar. Such analysis was conducted for the cells subjected to process stresses (pH shock
and uncontrolled pH during culturing, heat shock during drying) to show the metabolic
and physiological differences between the analyzed preparations and to demonstrate the
potential of the applied method.

2. Results and Discussion

For cellular staining, two dyes were used: RedoxSensor™ Green and propidium
iodide. Each of these allows for the evaluation of different parameters. RedoxSensor™
Green is used to assess the metabolic activity in cells. It is membrane permeable and binds
to the reductase enzymes, forming a green fluorescent (520 nm) product. PI in turn is
not membrane permeable, which allows for the assessment of membrane integrity in the
analyzed cells. Damaged cells absorb the dye, which then binds with DNA and emits a red
fluorescence (635 nm). Using simultaneous staining with the mentioned dyes with complex
samples presented a distribution indicating four physiologically different subpopulations
(Figure 1). The active group shows high values for RSG, indicating high metabolic activity,
while the PI signal levels demonstrate almost no cellular damage. The second group,
described as dead cells, shows exactly the opposite—high signal values for PI and almost
none for RSG. There are also two additional groups, marked mid-active I and mid-active
II. In these groups both RSG and PI simultaneously emit their signal, which means that
cells in those groups are both damaged and metabolically active (Figure 2). Additionally,
the growth of these cells after sorting into liquid and agar media is significantly hindered.
Such cells suit the descriptions of VBNC (viable but non-culturable) cells and are omitted in
plate cell counting on pour plates [13]. Their recognition is especially important, since due
to their metabolic activity these cells could still bring potential health benefits in probiotics.
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Figure 1. Group distribution after flow cytometry with RedoxSensor™ Green and propidium iodide
staining.
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Figure 2. Flow cytometric images of cells for different channels: BE—brightfield, RSG—RedoxSensor™

Green, PI—propidium iodide, RSG/PI—mixed signals for both dyes. Samples represent different
subpopulations: A—active, B—mid-active 1, C—mid-active 2, D—dead.

2.1. Viability and Activity of Treated Strains
2.1.1. Control

Cells in the control samples were grown in optimal conditions. This resulted (Figure 3)
in most of the cells belonging to the active subpopulation (62.9% =+ 0.22 for E. faecium,
77.5% =+ 1.20 for L. mesenteroides and 69.7% = 0.35 for C. divergens). The dead cells accounted
for no more than 10% of the total number of cells (9.15% =+ 0.62 for E. Faecium, 8.02% =+ 0.60
for L. mesenteroides and 8.07% =+ 0.37 for C. divergens). The mid-active II subpopulation
constituted 17.93% =+ 0.26 for E. faecium, 6.21% =+ 0.73 for L. mesenteroides and 15.35% =+ 0.27
for C. divergens. The mid-active I subpopulation occurred the least, with 0.84% =+ 0.07 for E.
faecium, 0.39% = 0.10 for L. mesenteroides and 0.21% = 0.08 for C. divergens.
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Figure 3. Cell subpopulation percentages in control samples. The distribution of cells between
different groups was measured after culturing in optimal conditions.

2.1.2. Heat Shock

Heat shock samples presented differences between the tested strains (Figure 4).
For E. faecium and C. divergens, most of the cells belonged to the active subpopulation
(63.79% =+ 1.12 for E. faecium, 25.23% = 1.20 for L. mesenteroides and 57.87% =+ 1.50 for C.
divergens). Meanwhile, L. mesenteroides proved to be less resistant to heat stress, and the
dead cells were the most numerous subpopulation for that strain (6.12% =+ 0.68 for E.
faecium, 26.5% =+ 0.88 for L. mesenteroides and 10.50% = 0.37 for C. divergens). The mid-active
II subpopulation reached values of 21.60% =+ 1.24 for E. faecium, 33.86% = 0.18 for L. mesen-
teroides and 21.46% =+ 1.17 for C. divergens. The mid-active I subpopulation occurred the
least, with 0.09% = 0.06 for E. faecium, 1.03% = 0.17 for L. mesenteroides and 0.41% =+ 0.14
for C. divergens.
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Figure 4. Cell subpopulation percentages in samples after heat shock. The distribution of cells
between different groups was measured after incubating cells at 50 °C for 30 min.

2.1.3. pH Shock

Cells in the control samples were exposed to a pH shock. This resulted (Figure 5) in
most of the cells being dead (71.68% = 1.23 for E. faecium, 83.86% =+ 0.53 for L. mesenteroides
and 65.05% =+ 0.65 for C. divergens). The active cells accounted for no more than 10% of
the total number of cells (3.17% =+ 0.68 for E. faecium, 3.04% =+ 0.12 for L. mesenteroides
and 9.08% =+ 0.26 for C. divergens). The mid-active I subpopulation occurred the least,
with 2.06% =+ 0.27 for E. faecium, 1.03% =+ 0.10 for L. mesenteroides and 6.63% =+ 0.91 for
C. divergens. The mid-active II subpopulation constituted 16.54% =+ 1.03 for E. faecium,
8.47% =+ 0.56 for L. mesenteroides and 11.49% =+ 0.76 for C. divergens.
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Figure 5. Cell subpopulation percentages in samples after pH shock. The distribution of cells between
different groups was measured after exposing cells to pH 2.5 for 30 min.

2.1.4. Uncontrolled pH

Cells in the control samples were grown without pH control. This resulted (Figure 6)
in the active and dead cell subpopulations distributing evenly. Active: 32.22% =+ 1.00 for
E. faecium, 32.32% =+ 1.85 for L. mesenteroides and 29.85% =+ 1.39 for C. divergens. Dead:
34.59% =+ 0.20 for E. faecium, 34.25% =+ 2.09 for L. mesenteroides and 32.88% =+ 1.73 for C.
divergens. The mid-active Il subpopulation was calculated at 11.08% = 0.53 for E. faecium,
20.58% =+ 0.52 for L. mesenteroides and 11.02% = 0.73 for C. divergens. The mid-active I
subpopulation was observed in 14.22% = 0.53 for E. faecium, 6.15% = 0.36 for L. mesenteroides
and 17.79% = 0.54 for C. divergens.
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Figure 6. Cell subpopulation percentages in samples cultured without pH control. The distribution
of cells between different groups was measured after culturing without pH regulation.

2.1.5. Dried Samples

Cells in the dried samples were exposed to temperature as well as dehydration.
This resulted (Figure 7) in the active and dead cell subpopulations distributing evenly.
Active: 36.31% = 0.61 for E. faecium, 33.23% = 0.39 for L. mesenteroides and 34.78% =+ 0.91
for C. divergens. Dead: 6.49% =+ 0.31 for E. faecium, 10.42% =+ 0.42 for L. mesenteroides
and 9.22% =+ 0.43% for C. divergens. The mid-active II subpopulation was calculated at
41.77% £ 0.22 for E. faecium, 44.61% =+ 0.05 for L. mesenteroides and 39.45% + 0.32 for C.
divergens. The mid-active I subpopulation occurred the least, with 0.69% =+ 0.10 for E.
faecium, 0.41% =+ 0.05 for L. mesenteroides and 0.68% = 0.12 for C. divergens.
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Figure 7. Cell subpopulation percentages in samples after fluid bed drying.

2.1.6. Coated Samples

Cells in the coated samples were exposed to a higher temperature for twice the time of
the dried samples. This resulted (Figure 8) in most of the cells being dead (73.53% =+ 0.59
for E. faecium, 87.05% = 0.66 for L. mesenteroides and 90.06% =+ 0.53 for C. divergens). The
active cells accounted for no more than 1% of the total number of cells (0.99% =+ 0.12 for E.
faecium, 0.43% = 0.07 for L. mesenteroides and 0.32% = 0.20 for C. divergens). The mid-active
II subpopulation constituted 8.67% = 0.46 for E. faecium, 1.94% + 0.30 for L. mesenteroides
and 1.26% =+ 0.15 for C. divergens. The mid-active I subpopulation was observed in the
following percentages 11.71% = 0.93 for E. faecium, 7.63% =+ 0.58 for L. mesenteroides and
6.18% =+ 0.40 for C. divergens.
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Figure 8. Cell subpopulation percentages in dried samples after coating.

2.2. Comparison of Plate Counts and Flow Cytometric Analysis

Cells were enumerated using plate counts and during flow cytometric analysis (Table 1).
While the total cell counts are comparable, the differences in the number of cells counted
for the same sample using both methods come mainly from the flow cytometry taking
into consideration cells from groups marked as dead and mid-active, while plate counts
were able to take only growing cells, marked as active, into account. Other factors affecting
the cell counts in flow cytometry are the software gates that were set to eliminate non-
cellular debris and other pollutants from the analytic image. Similarly, gates based on
aspect ratio and area of observed objects were set to discriminate between single cells and
aggregates, which lead to the removal of cell aggregates and therefore lowered the final
cell count in comparison with plate cell counts. This is especially notable in the case of
strongly aggregating cells, such as E. faecium and L. mesenteroides, and is more prominent
in stressed samples, since the formation of aggregates is one of the defense mechanisms
employed by cells undergoing stress [14,15]. The advantage of flow cytometry is its speed
(no need for incubation as in plate cell counts) and the ability of universal multiparametric
analysis. Plate cell counts require a range of selective media, and no single medium or
isolation protocol is viable for all probiotic strains. Reliable enumeration also requires
a certain number of colonies on a plate, commonly ranging between 30-300 cfu/plate,
which constitutes a relatively narrow range, and the necessity for multiple dilutions further
reduces the accuracy of this method [16].
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Table 1. Comparison of bacterial cell enumeration using plate cell counts and flow cytometric analysis.

Flow Cytometry [obj/mL]
Sample Name Plate Cell Counts y Ty Lobj
[cfu/mL] Total Dead Mid-Active I Mid-Active II Active

L. mesenteroides 2.7 x 108 3.57 x 108 2.16 x 107 1.05 x 106 1.68 x 107 2.10 x 108
L. }f;f:ffg‘c’f“ 1.29 x 108 1.85 x 108 3.52 x 107 1.36 x 10° 4.50 x 107 3.35 x 107

E. faecium 4.05 x 108 2.72 x 108 2.17 x 107 2.02 x 10° 4.26 x 107 1.47 x 108
E'f”‘;cﬁzg’(heat 5.85 x 108 253 x 108 1.32 x 107 2.04 x 10° 4.65 x 107 1.37 x 108

C. divergens 4.05 x 108 3.40 x 108 213 x 107 5.68 x 10° 4.05 x 107 1.84 x 108
C. divergens heat 9.35 x 107 2.50 x 108 2.13 x 107 8.37 x 10° 436 x 107 1.18 x 108

shock

2.3. Cell Sorting into Titration Plates and Petri Dishes

The imaging flow cytometry supported the sorting of microbial cells from the defined
subpopulations, aimed at the correlation of flow cytometric data (evaluation of the structure
and physiology of the bacterial cells) with the growing potential of the defined subpopula-
tions. The potential of this approach has been demonstrated in previous work [17]. This
was performed using the cell sorter’s single-cell sorting mode. The procedure involved
the sorting of single bacterial cells from the defined subpopulations into separate spots
on a Petri dish containing MRS-Agar medium. The Petri dish surface was divided into
four separate sections corresponding to subpopulations of active, dead, and two discrete
subpopulations of mid-active cells: mid-active I and mid-active II (Table 2). Using the
cell sorter, 24 single cells from each sample were dropped onto plates. The growth on
the Petri dishes was observed as colony forming units and was measured after 72 h of
incubation to allow the colonies to form from a single cell. The measurement of growth
on the titration plates was conducted using a plate reader. An optical density of 600 nm
was used to determine whether growth had occurred in wells. OD600 was first measured
for sterile MRS broth and then subtracted from further measurements. In this way, the
threshold of OD600 that was used to detect growth was established at 0.1. The ability of
the mid-active I and mid-active II groups to grow even while undergoing some cellular
damage can point to those cells entering the VBNC state. This is described as a group
with lower metabolic activity, unable to grow on routine laboratory media [13], which can
be observed for the mid-active I group in coated L. mesenteroides samples. The results of
the assessment of cell viability using flow cytometry correspond with the results obtained
using plate cell counts. The group discrimination established based on flow cytometric
data is also confirmed by the results of cell sorting. The mid-active I and mid-active II
groups are characterized by differences in metabolic activity (higher for mid-active II), and
the mid-active II group was able to grow on plates, while there was little to no growth
for samples from the mid-active I group. The effect of incubation time is also noteworthy:
differences in growth were observed not only for different media but also after 72 h in
comparison with growth after 48h.

Table 2. Growth rates of bacterial cells after sorting on titration plates with solid medium and 96-well
plates with liquid medium.

MRS-Agar on Petri Dishes [cfu] MRS Broth on 96-Well Plates [OD600 > 0.1]
Sample Name
Active Mid-Active I Mid-Active IT Dead Active Mid-Active I Mid-Active IT Dead

E.f chﬁ”/”;zdﬁled 20.8%/37.5% 0% /0% 8.3%/8.3% 0%/0%  75%/83.3% 0% /0% 8.3%/16.7% 0%/0%
Ef ”ffglfl‘%gosted 20.8%/29.2% 0% /0% 25%/29.2% 0%/0%  20.8%/29.2% 0% /0% 12.5%/12.5%  0%/0%
L' mesenterOides 0, 0, O, 0, 0, 0, 0, 0, 0, 0, O, 0, 0, 0O, 0, 0,
diied 48 /7o n  42%/83% 0% /0% 8.3%/8.3% 0%/0%  4.2%/8.3% 0% /0% 0% /0% 0%/0%
L. mesenteroides ) g, /33 50, 0% /0% 4.2%/12.5% 0%/0%  83%/20.8%  4.2%/12.5% 4.2%/4.2% 0%/ 4.2%

coated 48 h/72 h
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2.4. Imaging Flow Cytometry and Its Use in the Assessment of Diversity within
Complex Populations

The uniqueness of the conducted research lies in the prospect of the use of imaging
flow cytometry (IFC) in combination with specific fluorescent staining to enable the in-
depth characterization of the physiological states of bacterial cells from tested samples.
This was due to gaining a higher data resolution and the direct correlation of fluorescence
intensity measurement (definition of subpopulation) with cellular morphology. The correla-
tion with cell morphology, based on the digital signal processing of generated images of the
analyzed objects (cells), provided a significant step forward with regard to interpretation
of the results. Thus, the simultaneous discrimination of bacterial cells from non-cellular
debris, e.g., biofilm particles and single cells from aggregates, was facilitated. BacLight™
RedoxSensor™ Green Vitality Kit (Invitrogen, Thermo Fisher Scientific, Eugene, OR, USA)
was used to characterize and distinguish the different physiological states of the bacterial
cells, providing the definition of subpopulations of active, dead, and two discrete subpopu-
lations of mid-active cells: mid-active I and mid-active II (Figure 9). Thus, the significant
resolution of the applied assay enabled the monitoring of the physiological status of the
bacterial cells, revealing functional heterogeneity of microbes within the tested samples at
single cell level [18].

The in-depth characterization of the physiological states of bacterial cells from tested
samples accomplished using the IFC-based assay is also associated with the concept of
the supported sorting approach. This concept assumes the use of the significant resolving
power of the processed IFC data to define precise boundaries (gate definition) of microbial
subpopulation for cell sorting experiments. This approach implemented in our research im-
proved the unique cellular feature definition to provide more specific isolation of microbial
cells from active, dead and two discrete subpopulations of mid-active cells: mid-active I
and mid-active I subpopulations. Flow cytometry allows to observe VBNC cells in com-
mercial preparations [19,20] and can be used to provide more accurate information much
faster than classical microbiological methods, which require long incubation times. Other
methods used as an alternative to plate cell counts, such as fluorescent in-situ hybridization,
and nucleic acid-based enumeration methods, such as reverse transcriptase PCR (RT-PCR)
and real-time quantitative PCR (qPCR), are useful tools for research and clinical trials yet
are not suitable, however, for quality control or industry [16,21]. Herein lies the versatility
of flow cytometry, which can be used for the multiparametric analysis of cells in various
applications, both for research and industrial alike.
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3. Materials and Methods
3.1. Inoculum Preparation

Strains chosen for this experiment were L. mesenteroides 51 KBiMZ, E. faecium 73
KBiMZ, and C. divergens 3 KBiIMZ. All three strains were identified using MALDI-TOF
mass spectrometry. MRS broth was chosen for propagation as a medium ensuring optimal
growth conditions for lactic acid bacteria. To obtain the highest biomass yield, it is necessary
to prepare inoculum in a volume of 10% of the bioreactor culture. Therefore, for a culture
volume of 1 L, preparation was conducted in two stages, gradually increasing the volume,
which allowed for better adaptation of microorganisms and shortened the resting phase
in culture. Preparation of the inoculum was carried out in a laminar chamber to reduce
the risk of infection. The first step was to thaw the strain, stored in the freezer, which was
carried out on ice to limit cell damage that could occur in case of faster thawing. After the
microorganisms had thawed and reached room temperature, they were transferred to a
15 mL Falcon conical tube containing 9 mL MRS broth, which was then sealed with parafilm
and incubated for 24 h at 30 °C. After incubation, 10 mL of the inoculum was transferred to
a flask containing 90 mL of MRS broth, followed by another 24 h incubation at 30 °C. After
these steps, the inoculum was ready to be used to start a culture in the bioreactor.

3.2. Bacterial Cultures

Cell biomass was cultured using Biostat A plus bioreactors [Sartorius]. Before cultur-
ing, the pH electrode was calibrated against buffers at pH 4 and pH 9. One liter of MRS
broth medium was used for seeding. The bioreactor was subsequently autoclaved at 121 °C
with a 20 min exposure time to provide sterile conditions. After sterilization and cooling of
the bioreactor, the inoculum was added in a volume of 10% of the volume of the medium
(100 mL), while the bioreactor was pressurized with nitrogen to minimize the risk of infec-
tion with airborne microorganisms. In the inoculated bioreactor, the culture was grown at
30 °C, with a stirrer speed of 150 RPM and pH set at 6.5 (the optimal value for the selected
strains). The pH value was monitored and kept constant by regulation with a 30% NaOH
solution. The culture was grown for 24 h, and the end of the exponential growth phase was
conferred by a graph of NaOH consumption and pH changes over time. The stabilization
of pH at the set level with the simultaneous absence of base consumption indicated the
end of microbial growth and inhibition of the production of acidifying metabolites. After
completion of the culturing, the culture was pumped into sterilized centrifuge vessels with
a spout hose, using a peristaltic pump.

3.3. Stress Factors during Culturing

To introduce stress conditions, certain parameters were changed for different cultures,
e.g., short-term (30 min) thermal and acid stress were introduced by increasing the tem-
perature (up to 50 °C) or by changing the pH to 2.5. In another variant the culturing was
also conducted without pH control. The purpose of these changes in conditions was to
check whether the stress induced on bacterial cells significantly affects their survival during
fluidized bed drying.

3.4. Fluid Bed Drying

GEA Strea-1 laboratory fluid bed dryer was used for the drying process. Firstly, the
matrix (crystalline microcellulose or starch products) was added to the drum of the fluid
bed dryer. Next, the stream of filtered and heated air was introduced through the bottom
perforated plate, allowing to keep the matrix in the fluid phase and ensuring even drying
in a set temperature range (up to 50 °C). Microorganisms suspended in the solution of a
protective substance (5% trehalose) were fed to the dryer by an external peristaltic pump.
They entered an atomizing nozzle, supplied with air under the pressure of 2 bar. Drying and
coating took approximately 30 min for each step using 100 g of matrix and after completion
of the process the obtained samples were packed for storage and further analysis.
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3.5. Plate Count Method

The plate counting method was used in combination with flow cytometry to determine
the number of live microorganisms present in the samples after drying and in the bioreactor
culture. This was carried out under sterile conditions under a laminar chamber, in dupli-
cate, and the decimal dilution method was used to prepare the samples. It involves the
preparation of tubes containing 9 mL of solvent (0.9% NaCl), and then pipetting 1 mL of the
sample into the first tube, so that a dilution of 10! is obtained. After thoroughly vortexing
the tube to mix the sample evenly, 1 mL of the sample with a dilution of 10~ ! is transferred
to the next tube, and the whole process is repeated until the required order of dilution is
obtained. In the case of cell cultures, it was necessary to prepare dilutions of up to 10~ for
the resulting samples. For the culture fluid and suspension for drying it was possible to
take 1 mL directly for dilution, however, in the case of the finished formulation, i.e., the
granulate, it was necessary to rehydrate it. For that purpose, 1 g of sample was weighed
into a 99 mL flask with 0.9% NaCl, which was then placed in a 37 °C water bath. After
30 min of shaking in a water bath, further dilutions were prepared using the suspension.
1 mL of diluted samples were applied to the Petri dishes. The samples on the plates were
then poured with MRS-Agar medium (previously sterilized and stored at 55 °C to prevent
solidification of the medium) cooled to about 45 °C, mixed thoroughly and then allowed to
solidify. The Petri dishes were incubated in aerobic conditions in an incubation chamber at
30 °C for 48 h, after which time visible colonies were counted and evaluated. The results
of counting visible colonies are considered statistically significant only for plates with the
dilution sample for which the number of colonies ranged from 30 to 300.

3.6. Flow Cytometry and Cell Sorting

Flow cytometry is a cell count method that was used as an alternative method to
classic plate cultures. Bacterial cells were examined for cellular metabolic activity and via-
bility using imaging flow cytometer Amnis FlowSight™ (Luminex Corp., Austin, TX, USA)
equipped with three lasers (405 nm, 488 nm and 642 nm), five fluorescence channels (acqui-
sition by a multi-channel CCD camera), and side scatter detector (SSC). Post-acquisition
data analysis was performed using the IDEAS software (Luminex Corp., Austin, TX, USA).
Three-step morphological characteristics of the analyzed cells were performed: (i) in the
first step the Gradient RMS parameter from brightfield signals (Ch01) was used, which
enabled the discrimination of the high resolution cell images, (ii) the second step involved
the brightfield digital image processing parameters: Aspect Ratio and Area to characterize
shape and size of the analyzed bacterial cells in combination with the discrimination of
bacterial cells from non-cellular debris (particles from prebiotic components) and single
cells from aggregates. The viability and activity of probiotic bacteria cells in the samples
was determined by fluorescent staining with RedoxSensor™ Green (Figure 10) and PI
(propidium iodide) (Figure 11). The samples for analysis were prepared by centrifugation
and then suspended in a 1% PBS buffer in 1:200 dilution. Then, the following dyes were
added to the samples pipetted into Eppendorf tubes in a volume of 500 ul: 1.6 pL of
RedoxSensor™ Green and 1.2 uL of PI. The cells in the samples were counted and assessed
for morphology (microscopic image), activity (signal for RedoxSensor™ Green) and in-
tegrity of the cell membrane (signal for PI). After the mentioned steps, the cells were sorted
to isolate and further analyze populations of interest (e.g., cells with reduced metabolic
activity—VBNC). The sorter allows to isolate a designated number of cells into titration
plates with MRS broth or Petri dishes with MRS-Agar medium. Cell sorting is conducted
based on readings obtained using fluorescent staining. Four different cell groups were
observed in samples, namely active, mid-active I, mid-active Il and dead cells. They were
determined by two separate parameters—their metabolic activity (RedoxSensor™ Green)
and viability (PI). Cells from all groups were then sorted using the BD FACS Aria™III
(Becton Dickinson, USA) cell sorter into separate spots on Petri dishes or separate wells on
96-well titration plates. The configuration of the instrument was as follows: four lasers (375
nm, 405 nm, 488 nm and 633 nm), eleven fluorescence detectors, forward scatter (FSC) and
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side scatter (SSC) detectors; 70 pm nozzle and 70 psi (0.483 MPa) sheath fluid pressure. For
growth on Petri dishes, the colony forming units were enumerated after 48 h of incubation

at 30 °C. For titration plates, the optical density at 600nm was measured in all wells after
48 and 72 h.

Reductase activity

c emission 520 nm

excitation 488 nm

.‘.

Figure 10. Principles of RedoxSensor™ Green staining and its activity on the cellular level.
(A) Analyzed cell is dyed with RedoxSensor™ Green. (B) Dye molecules permeate the cell membrane
and interact with reductases. Reductase activity reflects changes in electron transport chain function
and in vitality. (C) After excitation at 488 nm the dye emits green-fluorescent signal at 520 nm.
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emission 635 nm

excitation 488 nm

——

O Propidium
iodide

Figure 11. Principles of propidium iodide staining and its activity on the cellular level. (A) Analyzed
cell is dyed with propidium iodide. (B) PI is membrane impermeable so it enters only the cells with
damaged cell membrane. (C) Once inside the cell, PI binds to DNA by intercalating between the
bases with no preference. After binding, the fluorescence is enhanced and excited at 488 nm, resulting
in emission maximum at 635.

3.7. Machine-Learning Assisted Discrimination of Cells vs. Debris in Tested Samples

A machine learning (ML)-based protocol was employed to facilitate and improve
the discrimination of cells from cellular and non-cellular debris (Figure 12). The Machine
Learning (ML) module is incorporated in to the IDEAS® 6.3. software, which was designed
to process data acquired by Amnis Flow Sight imaging flow cytometer (Luminex Corp.,
Austin, TX, USA). After manual selection of the two “truth” populations, the ML algorithm
calculated two super features (classifiers) that maximally separated each “truth” population
from the others. The implementation of the ML module was described in detail in the
work of Konieczny et al. [22]. For every classifier, truth populations between 31 and
32 events were manually tagged and loaded into the ML module. ML generated and
tested features of all eight main categories corresponding to the BF and SSC channels.
The resulting cells_vs_debris_classifier contains a series of seven differentially weighted
features/parameters (Table 3). Both classifiers were plotted into histograms, and events
with values higher than zero belong to images that are best represented by their classifier.



Int. J. Mol. Sci. 2023, 24, 6841

18 of 20

All

focused Classifier cells_vs_debris: debris,

cells

highContrast

focused

Normalized Frequency

T T T T T
20 40 60 80 100

Gradient RMS_M01_BF

0

highContrast CELLS

w
|

Normalized Frequency
N
!
Normalized Frequency

Normalized Frequency
L

T T T
-1 0 1
cells_Classifier cells_vs_debris

i T
) 2

4

T T T T
3 02 A 0
cells_Classifier cells_vs_debris

D
10 20 1

Contrast_M01_BF

Objects in best focus - the
sharpness quality of an image
in BF channel

Cells_vs_debris classifier
applied to discriminate cells
from debris - events with

Machine Learning (ML) based
classifier (super-feature)
created to improve and

Objects in best contrast — the
sharpness quality of an image
in BF channel

>

CELLS

@
@

Intensity_MC_PI
=]
3

o

5]
3

facilitate the discrimination of
cells vs debris (non-cellular
objects and fragmented cells)

values higher than zero
belong to images that are
best represented by their
classifier — gate CELLS)

MID-ACTIVE Il

Intensity of green fluorescent signals (RSG
channel) /[ Intensity of red fluorescent
signals (Pl channel) - cellular metabolic
activity / microbial cells viability

100 1e3 1e4

Intensity_MC_RSG
Figure 12. Gating strategy applied for the interpretation of the results of imaging flow cytometry
(IFC) analysis. Analysis was assisted by an advanced tool to improve the interpretation of the
cytometric results—the machine learning (ML) module of IDEAS software. “Batch” populations
being representative images of microbial cells and debris (non-cellular objects and fragmented cells)
were specified by the user to initiate a generation of the super feature (classifier) for the precise
discrimination of single microbial cells vs. debris. Both classifiers were plotted into histograms, and
events with values higher than zero belong to images that are best represented by their classifier.

Table 3. Components of the cells_vs_debris classifie—parameters and weights indicating the dis-

crimination efficiency.

Parameters Weights

H Entropy Std_MO09_Ch09_9 —18.39
H Entropy Std_MO01_BF_9 —17.57

H Homogeneity Std_MO01_BF_11 -12.9
Area_MC —12.89

H Entropy Std_MO01_BF_11 —12.88

H Entropy Mean_M09_Ch09_9 —12.69
Major Axis Intensity_M09_Ch09 —12.68

4. Conclusions

In this study, the effects of stress conditions on three different fluid bed dried probiotic
strains were measured, combining and comparing both plate cell counts and flow cytometry.
Samples analyzed by flow cytometry were then further sorted into different identified
groups: active, dead, mid-active I and mid active II (with mid-active I and mid active
II possibly being VBNC). These selected groups were further analyzed to compare their
viability, activity, and probiotic potential, and to compare their occurrence with the plate
count method. Such an approach can help to identify the importance of VBNC cells in
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probiotic preparations and can also prove the importance of supporting plate counts with
additional, more accurate techniques such as flow cytometry for more viable and detailed
probiotic cells assessment.
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Abstract: Adhesion is one of the main factors responsible for the probiotic properties of bacteria in the
human gut. Membrane proteins affected by cellular damage are one of the key aspects determining
adhesion. Fluid-bed-dried preparations containing probiotic bacteria were analyzed in terms of their
stability (temperature of glass transition) and shelf life in different conditions (modified atmosphere,
refrigeration). Imaging flow cytometry was utilized to determine four subpopulations of cells based
on their physiological and morphological properties. Lastly, adhesion was measured in bacteria
cultured in optimal conditions and treated with heat shock. The results show that the subpopulations
with no or low levels of cell membrane damage exhibit the ability to adhere to Caco-2 cells. The
temperature of protein denaturation in bacteria was recorded as being between 65 °C and 70 °C. The
highest glass transition temperature (Tg) value for hydroxypropyl methylcellulose (used as a coating
substance) was measured at 152.6 °C. Drying and coating can be utilized as a sufficient treatment,
allowing a long shelf-life (up to 12 months). It is, however, worth noting that technological processing,
especially with high temperatures, may decrease the probiotic value of the preparation by damaging
the bacterial cells.

Keywords: viability; fluid bed drying; lactic acid bacteria; stress; quality control; imaging
flow cytometry

1. Introduction

Methods of microorganism preservation such as spray drying, freeze drying, vacuum
drying, and fluidized bed drying allow probiotics to be obtained that retain their properties
during storage and are easy to dose and apply [1]. The particular interest in probiotics
stems from their beneficial effects on the health of humans and farm animals. Clinical trials
confirm the beneficial effects of probiotics in the treatment of gastrointestinal conditions
(GI) such as diarrhea, irritable bowel syndrome and inflammatory bowel disease [2]. In
addition, their application in non-GI medical conditions is currently being researched, for
example, in patients with atopic dermatitis and type-2 diabetes [3,4].

To obtain dried preparations of high quality and viability, various protection strategies
can be incorporated into processing steps. In general, three strategies can be distinguished:
adding protective agents, optimizing drying parameters, and prestressing the probiotic
cells before drying [5]. The intentional use of stresses may increase the resistance of cells to
unfavorable conditions during drying (dehydration, osmotic stress, shear stress, elevated
temperature). All these stress conditions adversely affect the cells. As a result, damaged
and dead cells appear in the preparation, reducing its quality (long-term stability and
shelf-life) and affecting some of the probiotic properties (e.g., the ability to adhere to the
intestinal epithelium).
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Adhesion can be analyzed using various in vitro and in vivo methods. In vitro models
include cell cultures (most notably Caco-2 and HT-29 cell lines), intestinal mucus cell
models, organ culture models, and whole tissue models. Due to their ease of application and
their relatively low cost, these models are used as a foundation for adhesion tests. They can
be analyzed using simple imaging techniques like SEM. Additionally, the development of
new tissue and organ models makes it possible to better represent the structural architecture
of the intestinal tissues using 3d designs and allows for obtaining a multilayered system
incorporating all types of cells found in the intestines. Their main disadvantage is that
they do not represent the specific physiology of the host and do not take into consideration
the intestinal microbiota [6]. To overcome these issues, ex vivo and in vivo models have
been utilized. The intestinal tissue can also be analyzed afterward using microbiological
and molecular analysis. Genomics is a non-invasive method that has also been utilized to
identify the proteins associated with adhesion [7].

To evaluate the viability of probiotic cells, the most commonly used method is pour
plate counts. This makes it possible to enumerate the viable probiotic cells; however, it is
limited only to the subpopulation of cells with the ability to grow and divide. Inactivated,
killed, or dead cells, which are unrecognizable using classical microbiological methods,
also possess functional properties; however, live cells are more efficacious [8]. Treatment
with sublethal temperatures can induce cross-protection mechanisms in probiotic bacteria.
The exposure to sublethal temperatures can trigger the synthesis of heat shock proteins and
other stress response elements, which not only protect probiotic cells from temperature
stress, but also confer enhanced resistance to other stresses, such as those encountered in
the gut environment, such as low pH [9], as well as those encountered during the treatment
process, such as high temperature and dehydration [10]. As stated by Wang et al. [11], the
live/dead state does not influence the adhesion ability of certain probiotic strains. Adhesion
is mediated mainly by the components on the cell surface; it is, however, correlated with
the integrity of the cell membrane. The health benefits conferred by live cells are more
complex than those of dead cells [8].

This study aims to select fluid bed drying parameters (such as the application of the
coating step and the selection of the coating material) for selected probiotic bacteria strains,
as well as to assess the impact of culture conditions and drying processes on the survival,
storage stability, and physiological characteristics of probiotic bacteria cells. Thermal
analyses (DSC and TG/DTA) are utilized to assess the glass transition temperature of
different coating substances applied in the process. The effect of technological parameters
(temperature) on cell mortality was also determined using DSC analysis. An assessment of
the impact of the drying method and drying conditions used on cell survival was performed
using a cell line to model bacterial adhesion to the intestinal epithelium in vitro. Imaging
flow cytometry (IFC) was applied to analyze cell adhesion and assess the physiological
and morphological properties of the cell. The main impact and the significant novelty of
the employed methodology lie in the prospect of facilitating the detection of dormant and
injured bacterial cells as separate subpopulations. This makes it possible to determine
more subpopulations than the limited routine discrimination of live and dead cells only;
in addition to these two subpopulations, we also determined two subpopulations with
varying levels of membrane damage and ongoing metabolic activity. Our research is
focused on the assessment of cell cellular damage and metabolic activity in the samples
after adhesion in cell lines and after long-term storage, and showcases a novel way of
assessing the viability of probiotic bacteria. The adhesion results were also determined
using the conventional pour plate method.

2. Materials and Methods
2.1. Inoculum Preparation
Leuconostoc mesenteroides 51 KBiMZ, Enterococcus faecium 73 KBiMZ, and Carnobacterium

divergens 3 KbiMZ were chosen as strains for assessment and were stored in the form of
beads with cells in a freezer at —80 °C. MRS broth was used for propagation as a medium
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ensuring optimal growth conditions for lactic acid bacteria. Inoculum was prepared in
a volume of 10% of the bioreactor vessel to obtain the highest biomass yield. Two-step
propagation also allowed for better adaptation of the microorganisms and shortened the
resting phase in culture. The first step was carried out on ice to limit cell damage, which can
result from thawing at room temperature. Afterward, the microorganisms were transferred
to a 15 mL Falcon conical tube containing 9 mL MRS broth and sealed with parafilm, and
incubated for 24 h at 30 °C. After incubation, 10 mL of the inoculum was transferred to
a flask containing 90 mL of MRS broth, followed by another 24 h incubation at 30 °C.
After these steps, the inoculum was ready to be used to start a culture in the bioreac-
tor. All actions on microorganisms were carried out in a laminar chamber to reduce the
risk of infection.

2.2. Bacterial Cultures

Biostat A plus bioreactors (Sartorius, Gottingen, Germany) were used for the cell
culturing step. Firstly, the bioreactors and equipment were prepared: the pH electrode was
calibrated against buffers at pH 4 and pH 9; next, 1 L of MRS broth medium was added
to the vessel and then the bioreactor was autoclaved at 121 °C with a 20 min exposure
time to provide sterile conditions. Inoculum was added, in a volume of 10% of the volume
of the medium (100 mL), to a bioreactor cooled to 30 °C after sterilization. During this
step, the bioreactor was pressurized with nitrogen to minimize the risk of infection with
airborne microorganisms. After inoculation, the growth parameters were set at 30 °C,
with a stirrer speed of 150 RPM and pH set at 6.5 (the optimal value for the selected
strains). A 30% NaOH solution was used for pH regulation. NaOH consumption and
pH changes over time were constantly monitored to determine the end of the exponential
growth. The stabilization of pH at the set level with the simultaneous absence of base
consumption indicated the end of microbial growth and inhibition of the production of
acidifying metabolites. Heat shock stress was induced in certain samples by heating the
culture in its stationary phase to 60 °C for 30 min. Samples were collected into sterile test
tubes using a peristaltic pump connected to the sampling port.

2.3. Fluid Bed Drying

For the drying process, a GEA Strea-1 laboratory fluid-bed dryer was used. In the first
step, the drum of the fluid-bed dryer was filled with the matrix (crystalline microcellulose).
Next, the stream of filtered and heated air was introduced through the bottom perforated
plate to keep the matrix in the fluid phase and to ensure even drying. The temperature
range was set at up to 50 °C. Probiotic cells were suspended in the solution of a protective
substance (5% trehalose) and fed to the dryer. They were then sprayed using an atom-
izing nozzle under a pressure of 2 bar. Drying and coating took approximately 30 min
for each step.

2.4. Plate Count Method

The plate counting method was used to determine the number of live microorganisms
present in the analyzed samples after drying and during the analysis of adhesion. Tubes
containing 9 mL of solvent (0.9% NaCl) were prepared, and then 1 mL of the sample was
added into the first tube so that a dilution of 10~! was obtained. After thorough vortexing,
1 mL of the sample with a dilution of 10~ was transferred to the next tube, and the whole
process was repeated until the required order of dilution was obtained. For the culture,
the fluid and suspension for drying the samples were taken directly from the suspension;
however, in the case of the dried formulation, it was necessary to add a rehydration step.
For that purpose, 1 g of the sample was weighed into a 99 mL flask with 0.9% NaCl, which
was then placed in a 37 °C water bath. After 30 min of shaking in a water bath, further
dilutions were prepared using the suspension. Finally, 1 mL of the diluted sample was
applied to Petri dishes, and MRS agar medium (previously sterilized and stored at 55 °C
to prevent solidification) was poured over the samples, mixed, and left to solidify. The
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Petri dishes were incubated under aerobic conditions in an incubation chamber at 30 °C for
48 h, after which time visible colonies were counted and evaluated. The results obtained
by counting visible colonies were considered statistically significant only for plates with
dilution samples for which the number of colonies ranged from 30 to 300.

2.5. Intestinal Epithelial Cell Culture

The human intestinal epithelial Caco-2 cell line (HTB-37™) was obtained from Ameri-
can Type Culture Collection (ATCC, Manassas, VA, USA). Cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM, Sigma-Aldrich, Saint Louis, MO, USA) supplemented
with 1% non-essential amino acids (100X NEAA, Sigma-Aldrich) and 20% fetal bovine
serum (FBS, Gibco BRL, Grand Island, NY, USA) and maintained at 37 °C in a humid-
ified atmosphere of 95% air and 5% CO,. For intestinal barrier formation, Caco-2 cells
were seeded on the PET membranes (Millicell® Cell Culture Inserts, 24 mm diameter,
0.4 pm pore size) (Millipore, Burlington, MA, USA, Merck Group) at an initial density of
4 x 10° cells/cm? and cultured for 21 days with a medium change three times a week.
The integrity of the Caco-2 cell monolayers was monitored on the basis of transepithelial
electrical resistance (TEER) measurements using the Millicell Electrical Resistance System
(ERS-2, Millipore). Caco-2 cell cultures with TEER values > 600 Q x cm? were used in the
bacteria adhesion experiments.

Caco-2 is an epithelial cell line isolated from colon adenocarcinoma. One of the unique
properties of the Caco-2 cell line is its ability to form a brush border with microvilli. Cells
were cultivated for 21 days in 6-well plates with 0.4 pm cell culture inserts to reach the
best divergence and full confluence. As a medium, D-MEM (Dulbecco’s modified Eagle
medium) was chosen, with the addition of an antibiotic (gentamicin). Cell lines were
cultivated under the following conditions: temperature of 37 °C in a controlled atmosphere
with 5% CO, concentration, and humidity exceeding 95%.

2.6. Adhesion Assay

Before the adhesion assay, Caco-2 cell monolayers were washed twice with PBS. Then,
DMEM (without phenol red) with bacterial cells was added. The Caco-2 cell cultures
combined with bacteria were incubated for 2 h at 37 °C. After incubation, the medium was
removed from the epithelial cell cultures, and the cell monolayers were washed gently with
PBS. Then, a cold 1% Triton X-100 solution was used to lyse the Caco-2 cells and release
the adhered bacterial cells. Lysis was carried out for 3-5 min on ice. The cell lysates were
centrifuged (10 min, 3.500 rpm), and the pellets were suspended in PBS. The number of
bacterial cells was determined using IFC (Imaging Flow Cytometry) and pour plate counts
in three replicates. Pour plate counts were performed in MRS agar and incubated under
anaerobic conditions at 37 °C for 48 h.

2.7. Imaging Flow Cytometry

Imaging flow cytometry is a type of flow cytometry that combines the high-throughput
analysis capabilities of flow cytometry with the imaging capabilities of microscopy. This
method allows for the simultaneous analysis of multiple parameters, such as metabolic
activity and cellular membrane integrity, in a single cell. The physiological and morpholog-
ical properties of bacterial cells, such as metabolic activity and the integrity of the cellular
membrane, were assessed using the imaging flow cytometer Amnis FlowSight™ (Luminex
Corp., Austin, TX, USA). This imaging flow cytometer is equipped with 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). Post-acquisition data analysis was performed using the
IDEAS software ver. 6.2 (Luminex Corp., Austin, TX, USA). Morphological characteristics
of the analyzed cells were determined using the Gradient RMS parameter from brightfield
signals (ChO01) for the discrimination of high-resolution cell images. Additionally, bright-
field digital image processing parameters: Aspect Ratio and Area were used to characterize
the shape and size of the analyzed bacterial cells in combination with the discrimination
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of bacterial cells from non-cellular debris (particles from prebiotic component) and single
cells from aggregates. The viability and activity of probiotic bacteria cells in the samples
were determined by performing fluorescent staining with RedoxSensorTM Green and PI
(propidium iodide). The samples for analysis were prepared by centrifugation and then
suspended in a 1% PBS buffer in 1:200 dilution. Then, the following dyes were added
to the samples with a volume of 500 uL by being pipetted into Eppendorf tubes: 1.6 pL
of RedoxSensorTM Green and 1.2 pL of PI. The cells in the samples were counted and
assessed for morphology (microscopic image), activity (signal for RedoxSensorTM Green),
and integrity of the cell membrane (signal for PI). Additional dying with DRAQ 5 and
wheat germ agglutinin (WGA) was used to show the pattern of adhesion of the bacterial
cells onto the Caco-2 cells. DRAQ 5 was added to dye the epithelial cell nuclei red and WGA
to dye the cell membranes of the bacteria green. For all samples, a previously developed
machine learning (ML) protocol [12] was utilized to help in the discrimination of cells from
cellular and non-cellular debris. The ML module is a part of the IDEAS® 6.3. software,
which was designed to process data acquired by Amnis Flow Sight imaging flow cytometer
(Luminex Corp., Austin, TX, USA).

2.8. Scanning Electron Microscopy (SEM)

To visualize the morphology of the dried powder microparticles, selected samples
were analyzed using scanning electron microscopy. Firstly, samples of the powder were
coated with a thin layer of gold using the Q150T ES coater. Images were obtained using a
Quanta 250 microscope.

2.9. Thermogravimetry—Differential Thermal Analysis (TG/DTA)

The TG/DTA analysis was conducted using an STA 449 F5 Jupiter (Netzsch, Selb,
Germany). First, 30 mg of sample was placed in the heating chamber and heated to 200 °C
at the rate of 5 °C/min. Then, the chamber was filled with an inert gas (helium), and its
flow was set at 20 mL/min.

2.10. Differential Scanning Calorimetry (DSC)

A differential scanning calorimeter DSC 8500 (PerkinElmer Inc., Waltham, MA, USA)
was used to determine the glass transition phenomena. The device, which was equipped
with an Intracooler II and was running under Pyris 10.1 instrument management software,
was calibrated using the standards of indium (T, = 156.60 °C, AH =28.45 J /g, PerkinElmer
Inc.) and n-dodecane (99.8 purity, Ty, =—9.65 °C, Merck). The samples (approximately
5-6 mg) were weighed into 20 puL aluminum pans (PerkinElmer, No. 0219-0062, Waltham,
MA, USA) and hermetically sealed. The analysis of glass transition involved the following
steps: (1) holding for 1.0 min at 30 °C; and (2) heating from 30 °C to 300 °C at 5 °C/min.
The reference was an empty, hermetically sealed aluminum pan. Glass transition, as a
second-order phase transition, was identified by a step in the baseline of the measurement
curve and registered as a heat capacity change (ACp, J/g °C) as a function of temperature.
The glass transition temperature (Tg, °C) parameter was calculated as the inflection point.
All samples were analyzed in two replicates.

2.11. Storage and Shelf-Life Tests

Samples after drying and coating were transferred to glass vials. A 1 g sample was
placed in each vial and sealed using airtight caps in one of three variants: with atmospheric
air, with nitrogen, and under vacuum. After sealing, the vials were stored at 3 different
temperatures——20 °C, 4 °C, and 20 °C—for 12 months. Samples for the pour plate tests
were taken after 1, 2, 3, 6, 9, and 12 months of storage.
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3. Results and Discussion
3.1. Glass Transition Temperature

The glass transition temperature was analyzed using both DSC and TG/DTA. This
parameter is a property of amorphous materials that are formed, e.g., by removing the
dispersing medium. This phenomenon occurs in the process of fluidized bed drying, where
water (the dispersing medium) is removed and the duration of the process is insufficient for
crystallization to occur; therefore, the dried material stays in an amorphous state. Above a
critical temperature, described as the glass transition temperature, the dried material will
start to change its structure from a glassy solid state to a rubbery form. This structural
change can impact the physiochemical properties of a product and impact the viability
of dried probiotics. Differential scanning calorimetry is a method that is well suited
for measuring such changes in biological systems. It works by heating the sample with
reference to an inert material (i.e., a material that is not undergoing a phase transition in a
selected temperature range). Phase transitions such as glass transition are then registered
as a difference in heat as a function of temperature between the sample and the reference
material. The glass transition temperatures were measured for three dried samples coated
with different coating materials (gum Arabic, hydroxypropyl methylcellulose, and shellac),
as well as for dried, uncoated samples (Figure 1). All temperatures were high enough to
provide stability and long shelf-life, and they are compared with the temperatures obtained
using TG/DTA in Table 1. TG/DTA analysis was used to compare the T values. Figure 2
shows the recorded thermal properties of the samples, where it can be seen that the glass
transition was recorded in a similar range as when using DSC. Samples after coating were
also visualized using SEM (Figure 3) to show the surface of the pellets after using different
coating materials. Additionally, bacterial cells immobilized on the surface of a single
microcellulose pellet were observed (Figure 4).
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Figure 1. DSC graph of probiotic preparations with different coatings. C—dried, uncoated sample;
GA—sample coated with gum arabic; HPMC—sample coated with hydroxypropyl methylcellulose;
shellac—sample coated with shellac.
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Table 1. Comparison of the temperature of glass transition (Tg) in samples coated with different
materials measured using DSC and TG/DTA.

Sample Tg Measured by DSC Tg Measured by TG/DTA
uncoated 1453 °C 141.3°C
Gum arabic 144.8 °C 156.2 °C
HPMC 152.6 °C 156.1 °C
shellac 147.6 °C 140.3 °C
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Figure 2. TG/DTA for (A) control (dried, uncoated); (B) samples coated with gum arabic; (C) samples
coated with hydroxypropyl-methylcellulose; (D) samples coated with shellac.

3.2. Cells Pre Adhesion

Samples were taken pre adhesion from the suspension of probiotic cells used for
incubation with epithelial cells. The following subpopulations were distinguished in
the pre-adhesion samples using flow cytometry with RSG and PI staining: active (with
confirmed metabolic activity and no cellular membrane damage); mid-active I (with lower-
than-average levels of both metabolic activity and cellular membrane damage); mid-active
II (with higher-than-average levels of both metabolic activity and cellular membrane
damage) and dead (with no metabolic activity and high levels of cellular membrane
damage). Detailed information on subpopulation determination was provided in our
previous work [12]. The distribution of these groups for samples containing three strains
of probiotic bacteria cultured under optimal conditions and after heat shock is presented
in Figure 5, and the numbers of cells counted using the pour plate method is shown in
Table 2. It can be observed that the majority of almost all samples corresponded to active
cells, with the exception of L. mesenteroides after heat shock, which was more susceptible to
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high temperature and consisted mainly of dead cells, with almost equal amounts of active
and mid-active II subpopulations.
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Figure 3. SEM pictures of dried probiotics coated with different materials. (A) Uncoated, (B) gum
Arabic, (C) hydroxypropyl methylcellulose, (D) shellac.

Table 2. Enumeration of bacteria adhering to Caco-2 cells using the pour plate method.

Sample b Numbe'r of Cells Adhered Cells Adhersd
re-adhesion [cfu/mL] [cfu/mL] Cells [%]
L. mesenteroides dried 5.75 x 108 + SD 4.68 x 107 8.14
L. mesenteroides coated 5.20 x 108 2.88 x 107 5.54
E. faecium dried 9.25 x 108 3.16 x 108 34.12
E. faecium coated 6.55 x 108 1.50 x 108 22.96
C. divergens dried 4.00 x 108 3.64 x 107 9.10

C. divergens coated 1.5 x 108 1.96 x 107 13.07
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Figure 4. SEM picture of the surface of microcellulose matrix after drying with visible bacterial cells
on its surface.
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Figure 5. Percentages of cell subpopulations in samples pre adhesion. CD—C. divergens; CD_HS—C.
divergens after heat shock; EF—E. faecium; EF_HS—E. faecium after heat shock; LM—L. mesenteroides;
LM_HS—L. mesenteroides after heat shock.

3.3. Cells Post Adhesion

To measure the distribution of subpopulations in the post-adhesion samples, the
supernatant left after incubation and washing of the cells was analyzed. This was necessary
since the samples after trypsinization contained a combination of bacterial and epithelial
cells, and as such were not suitable for flow cytometry. They were still enumerated using
the pour plate method. The post-adhesion samples showed very low numbers of active
cells. This led to the conclusion that the active subpopulation was adhering to the Caco-2
cells during incubation. The composition of the samples (Figure 6), which exhibited higher
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contents of dead, mid-active I, and mid-active II cells than pre adhesion, showed that
these subpopulations were unable to adhere, and were left suspended in the medium,
which was analyzed for its contents. Caco-2 cells are a well-differentiated adherent cell
line that is used for testing the adhesion of intestinal bacteria, studies of transmembrane
transport, and studies of bacterial pathogen invasion. The results clearly show that the
damage sustained by bacterial cells influences their ability to adhere to Caco-2 cells. All
three groups—mid-active I and II and dead cells—showed low levels of adhesion compared
to active cells. Cellular damage may alter the surface properties of probiotic cells, such
as through changes in the expression or accessibility of adhesion-related molecules. For
example, damage-induced modifications in the expression of lectins or surface proteins
on probiotic cells may impact their ability to recognize and adhere to specific receptors on
Caco-2 cells [11,13].

All cell subpopulations percentages in samples post-adhesion
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Figure 6. Percentages of cell subpopulations in samples post adhesion. CD—C. divergens; CD_HS—C.
divergens after heat shock; EF—E. faecium; EF_HS—E. faecium after heat shock; LM—L.mesenteroides;
LM_HS—L. mesenteroides after heat shock.

Cellular damage could disrupt the structures involved in probiotic cell adhesion, such
as pili or fimbriae. These structures play a crucial role in facilitating adhesion to host cells.
Damage-induced alterations in the structure or functionality of adhesion factors can reduce
the ability of probiotic cells to adhere [14].

Damage may also play a role in the activation of various signaling pathways within
probiotic cells, leading to changes in gene expression and cellular behavior. These changes
can affect the expression of adhesion-related genes and proteins, influencing the adhesion
capacity of probiotic cells to Caco-2 cells.

Cellular damage may cause physical damage to the outer membrane or cell wall of
probiotic cells. This damage can expose inner components or disrupt the integrity of the
cell surface, affecting the interaction between probiotic cells and Caco-2 cells.

Cellular damage could induce stress responses in probiotic cells, leading to the pro-
duction of stress-related proteins and changes in cellular physiology. These stress responses
can impact the adhesion properties of probiotic cells, potentially affecting their ability to
adhere to Caco-2 cells.
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Adhesion plays a crucial role in influencing the probiotic properties of bacterial cells.
This is crucial for the colonization and persistence of probiotic bacteria in the gastrointestinal
tract. Effective adhesion allows probiotic cells to establish a foothold in the gastrointestinal
tract, which is essential for exerting their beneficial effects [15]. An important aspect of
adhesion is the competitive exclusion of pathogens. Through adhesion, probiotic bacteria
can competitively exclude or inhibit the attachment of pathogenic microorganisms to the
intestinal epithelium. By occupying the adhesion sites on host cells, probiotic bacteria
prevent the binding of pathogens, thus reducing their colonization, as well as potentially
harmful effects [16,17]. Furthermore, adhesion to host cells allows probiotic bacteria to
interact with other members of the gut microbiota. Through adhesion, probiotic bacteria
can influence the composition and balance of the gut microbial community, promoting a
beneficial microbial ecosystem [18]. The adhesion of probiotic bacteria to intestinal epithe-
lial cells can also strengthen the epithelial barrier function. Probiotic bacteria can promote
the production of tight junction proteins, strengthen cell—cell junctions, and enhance the
integrity of the gut barrier. This can help prevent the translocation of pathogens or toxins
across the intestinal epithelium [19]. Additionally, the adhesion of probiotic bacteria to gut
epithelial cells can trigger immune responses and modulate the immune system. Probiotics
can interact with immune cells present in the gut-associated lymphoid tissue, promoting
beneficial immune responses and potentially regulating excessive inflammation [20]. Lastly,
adherent probiotic bacteria can produce bioactive compounds near host cells. These com-
pounds may include short-chain fatty acids [21], antimicrobial peptides [22], or metabolites,
which can exert beneficial effects on the intestinal epithelium, immune system, or overall
gut health.

It can be seen from these results that the bacterial cells exhibited the ability to adhere
to intestinal epithelial Caco-2 cells by means of various mechanisms of cell adhesion. One
such mechanism involves lectin—carbohydrate interactions, in which lectins, which are
carbohydrate-binding proteins found on the surface of probiotic cells, recognize specific
carbohydrates on the epithelial cell surface, thereby facilitating adhesion. For example,
Lactobacillus rhamnosus LGG and Lactobacillus mucosae LM1 express lectins that interact
with carbohydrates on the intestinal epithelial cells, promoting adhesion [13]. Another
mechanism involves the role of surface proteins, such as adhesins, in promoting attachment.
Adhesins and other surface proteins play a significant role in adhesion. These proteins on
probiotic cells interact with specific receptors on Caco-2 cells. For instance, the adherence
of Lactobacillus acidophilus to Caco-2 cells is mediated by the surface-associated protein
MUB [23]. Probiotic cells can also adhere to the extracellular matrix (ECM) proteins secreted
by Caco-2 cells, such as laminin or collagen. These interactions between probiotics and
ECM components provide additional anchorage and stability. For example, Lactobacillus
plantarum strains have been shown to adhere to fibronectin and mucin in the ECM [24].
Moreover, the mucus layer covering the intestinal epithelium can act as a substrate for
probiotic adhesion. Mucus-binding proteins expressed on probiotic cells mediate this inter-
action. For instance, a comparison of patients with IBD and healthy individuals showed
that some strains of Lactobacillus ssp. isolates exhibit weaker attachment to epithelial cells
and adhere in lower numbers in the IBD patient group [25].

Cell adhesion is a complex process influenced by multiple factors. It plays a crucial
role in the interaction between the probiotic cells and the gut of the host. Understating the
various mechanisms involved can provide insights into the dynamics of probiotic-host
interactions. One factor that impacts cell adhesion is the presence of prebiotics, such as
fructooligosaccharides (FOS) or inulin. These compounds can enhance probiotic adhesion
to Caco-2 cells by modifying the cell surface characteristics of both the probiotics and
the Caco-2 cells. Prebiotics can promote the expression of adhesion-related molecules
on probiotic cells and increase the accessibility of adhesion receptors on Caco-2 cells [26].
Gastrointestinal conditions also play a significant role in cell adhesion. Simulated gastroin-
testinal conditions have been shown to increase the adhesion of Lactobacillus paracasei to
Caco-2 cells. This increase can be assigned to the increased production of extracellular
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polymers [27]. Temperature is another factor that influences cell adhesion. It has been
reported that growth temperature affects the production of exopolysaccharides (EPS) by
Lactobacillus paracasei, with different levels of polymerization being observed at different
temperatures [28]. EPS production can impact the ability of probiotic cells to adhere to
Caco-2 cells and potentially modulate their colonization and functionality. Physiological
levels of shear stress in the intestinal lumen can also modulate the adhesion of probiotic
cells. Under conditions of flow, the adhesion forces between probiotic cells and Caco-2
cells may differ from those under static conditions. Shear stress can influence the expres-
sion of adhesion-related genes and alter the surface characteristics of both probiotic and
Caco-2 cells, ultimately affecting cell adhesion [29,30]. Host factors, including mucins,
antimicrobial peptides and cytokines, can influence probiotic cell adhesion to Caco-2 cells.
For instance, mucins, which are major components of the mucus layer, can affect the ac-
cessibility of adhesion receptors on Caco-2 cells and modulate the adhesion of probiotic
cells. Additionally, cytokines like tumor necrosis factor-alpha (TNF-«) or interleukin-8
(IL-8) released during inflammation influence the adhesion of probiotic cells to Caco-2
cells [31]. These host factors highlight the impact of the dynamic gut environment on
probiotic adhesion.

3.4. Adherence Patterns and Membrane Staining with DRAQ-5

IFC was also utilized to visualize the adherence of the bacterial cells after incubation
with Caco-2 epithelial cells (Figure 7). DRAQ 5 was added to stain the Caco-2 cell (Ch11),
and WGA was used to stain the bacterial cells (Ch02). The combined image (Ch02/Ch11)
and brightfield view (Ch01) show that the bacteria adhered to the entirety of the accessible
surface of the Caco-2 cell. The fluorescence channels for the detection of emitted light (Ch02
and Ch11) were selected to match the emission wavelength of selected dyes. Ch01 contains
brightfield images recorded for individual events as they pass through the flow cell.

ChO1 Ch02 Ch02/Ch11 Ch11

Figure 7. Example of adherence pattern in E. faecium visualized using DRAQ5 and WGA membrane
dyes.

3.5. The Thermal Resistance of Bacteria

Thermal stress is a primary factor, occurring during drying, influencing cell viability
and probiotic properties. DSC is sensitive to protein denaturation and can be used to
determine the thermal resistance of cells. Lepock [32] reported that the onset temperature
of protein denaturation is correlated with growth inhibition and the onset of cell lethality.
It is, however, highly strain specific, and dependent on growth conditions. For example,
the onset of denaturation for Bacillus psychrophilus was measured at only 30 °C, while it
reached 55 °C and 65 °C for Bacillus stearothermophilus WAT and Bacillus stearothermophilus
ATCC12016, respectively. Figure 8 summarizes the DSC measurements of thermal stability
for E.facium and C. divergens grown under optimal conditions and after heat shock. The
start of the denaturation process can be observed between 65 °C and 70 °C. The exact
temperatures were 68.05 °C and 66.94 °C for E. faecium with and without heat shock,
respectively, and 68.02 °C and 64.39 °C for C. divergens.
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Figure 8. DSC graph of thermal stability for E. faecium and C. divergens cultured under optimal
conditions and after heat shock. The curves for denaturation are circled.

3.6. Analysis of Samples after Storage

The dried preparations were stored for 12 months in different atmospheres and at
different temperatures. Samples were measured after 1, 2, 3, 6, 9 and 12 months of storage
or until the point at which their viability decreased below the 10° cfu/g threshold. The
results (shown in Figure 9) show that the viability of stored preparations (measured in
cfu/g) was highest for the samples stored at —20 °C, as those were the only samples to
have a recorded viability of over 10° cfu/g for the whole 12 months. Samples stored at
4 °C also showed an acceptable shelf-life of 6-9 months. Samples stored at 20 °C lost their
viability the fastest (after only 3 months). Modified atmospheres (N, and vacuum) also
improved the shelf-life of samples compared to those kept in contact with air. For uncoated
samples in particular, both variants had a prolonged shelf-life of 9 months compared with
the 6 months for samples in contact with air. The beneficial effect of a modified atmosphere
can be attributed to limiting the oxidation processes, effectively achieving the same level of
stability as obtained by coating. The subpopulations in the samples were also determined
using IFC, both fresh after drying and after 12 months. Most notable was the reduction in
the number of active cells and the increase in both dead and mid-active subpopulations
(Figure 10).
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Figure 9. (A) E. faecium viability after storage under different conditions (—20 °C, 4 °C, 20° and
packaging atmosphere with air, N2, and vacuum) for dried samples; (B) E. faecium viability af-
ter storage under different conditions (—20 °C, 4 °C, 20° and packaging atmosphere with air, N2,
and vacuum) for coated samples; (C) L. mesenteroides viability after storage under different condi-
tions (—20 °C, 4 °C, 20° and packaging atmosphere with air, N2, and vacuum) for dried samples;
(D) E. faecium viability after storage under different conditions (—20 °C, 4 °C, 20° and packaging
atmosphere with air, N2, and vacuum) for coated samples.
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Figure 10. Comparison of percentages of cell subpopulations in dried and coated samples directly
after processing and after 12 months of storage.
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4. Conclusions

In conclusion, the cells that sustained membrane damage were divided into three
groups (mid-active I, mid-active II, and dead) using IFC on the basis of the severity of the
damage. A fourth group, containing cells with no recognizable damage, was determined
and labeled as active. Only active cells exhibited the ability to adhere to the Caco-2 epithelial
cell line, as confirmed by IFC. These results show that any, even minimal, damage to the
cell membrane negatively affects the ability of the cell to adhere to the epithelium. This
occurs even when damage to the cell membrane does not lead to cell death and the cell
retains high enzymatic activity and is able to regenerate enough to maintain the ability
to divide cells. DSC analysis of cell denaturation was used to determine the temperature
at which denaturation started in our samples, which was between 65 and 70 °C. For
dried preparations, the thermophysical analyses showed that the coating material with
the highest Ty was HPMC, and that the samples stored at —20 °C and under a modified
atmosphere had the longest shelf-life, at 12 months. Samples stored at —4 °C had a shelf-life
of 6-9 months, while also being easier to store, potentially making this a better choice for
commercial purposes. A comparison of the results of the IFC and pour plate counts also
showed that the mid-active I and II subpopulations could not be recognized using the pour
plate method. Cells with intermediate activity and low levels of cellular damage can still
be viable in terms of their probiotic properties and ability to confer beneficial health effects.
Commonly used classical microbiological methods are, however, unable to detect this
important subpopulation, which could be included in viable cell counts for the assessment
of probiotics.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/nu15153484/s1, Table S1: Dried samples. Table S2. Coated
samples.
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Featured Application: The presented analysis provides a concise depiction of the fluid bed dry-
ing 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 tech-
niques, such as fluid bed drying and coating or treatment with stress factors during culturing are
used. The methods of the evaluation of probiotic viability and quality are however lacking and need
a way of distinguishing between different subpopulations of probiotic bacteria. To address this issue
imaging flow cytometry (IFC) has been used 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 pro-
cess 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 using 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 low
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
microbiota for human health and well-being. Probiotics are defined as “live microorgan-
isms 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 pro-
cess 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
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considered, namely those cells that remain useful and confer health benefits to the host
after technological processes and digestion. We also look deeply into the process of pro-
duction 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, 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 ob-
served when freeze-drying is used. However, this method is expensive and time-consum-
ing [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 sim-
ilar 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 carry out the process at much lower tem-
peratures, close to 30-40°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 sta-
bility 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 pro-
biotics 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, includ-
ing the acidity of the stomach, the presence of bile salts and enzymes, the gut microbiota
and its colonization resistance, and 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 re-
leased 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 microorganisms [16]. To survive the bile salts
and enzymes, bacteria must have the ability to adhere to the intestinal lining and to pro-
duce 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 strate-
gies 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 sub-
stances 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 com-
monly used to protect the probiotics from low pH of the gastrointestinal tract. Coatings
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can also be utilized to supply the probiotic cells with prebiotics by using inulin or poly-
dextrose as coating material. Additionally, coating can improve the intestinal retention by
strengthening the interaction between probiotics and the intestinal mucus layer. Compo-
site biomagnetic materials can be utilized in the coating layer to improve both the reten-
tion 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
microorganisms. 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 bac-
teria, 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 pro-
duction 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 pro-
biotic 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 to count and as-
sess other subpopulations than fully active cells [25], for example, 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 anal-
ysis 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 plan-
ning 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 cul-
ture. To gradually achieve a culture volume of 1 liter, the inoculum was first seeded in
two stages. This allowed for improved adaptation of the microorganisms 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 dam-
age. Once the microorganisms had warmed to an ambient temperature and thawed, they
were transferred to a larger, 15-milliliter Falcon conical tube filled with 9 milliliters of MRS
broth (Oxoid Ltd., Basingstoke, Hampshire, UK). The tube was then sealed with parafilm
and incubated for 24 hours at 30°C. Following incubation, 10 milliliters of the inoculum
were transferred to a flask containing 90 milliliters of MRS broth. The flask was incubated
for an additional 24 hours 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, Got-
tingen, Germany), equipped with a 5L culture vessel. The bioreactor was heated using a
heating blanket system. Agitation was provided by a Rushton impeller. Process control
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and data acquisition were performed using the BioPAT MFCS 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 1Lwas added to the bioreactor vessel. To create asep-
tic environment all parts of the bioreactor and the medium were then autoclaved at 121°C
for 30 minutes. Afterwards, nitrogen was run through the aeration system to minimize
chance of pathogens entering the bioreactor with air. After the medium in the bioreactor
has 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
hours, with constant stirring at 150 RPM. The end of the exponential growth phase was
determined 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 in-
dicators for the beginning of the stationary growth phase. Lastly, after the biomass growth
has 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 in-
creasing the temperature to 50°C for 30 minutes. During pH stress cultures were exposed
to short-term acid stress by lowering the pH to 2.0 for 30 minutes. 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 trou-
blesome 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 interme-
diate metabolic activity, as observed with pH and heat shock. The main goal of introduc-
ing 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 process were conducted in the Strea-1 (GEA, Oelde, Ger-
many) laboratory fluid bed dryer. First, the matrix (crystalline microcellulose [Ingredient-
pharm, Pratteln, Switzerland]) was added to the product container in the dryer. To put
the product 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% treha-
lose [Sigma-Aldrich, St. Louis, MO, USA]) and pumped to the dryer. They entered an at-
omizing 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
process took approximately 30 minutes each. 100 g of matrix and 100 ml of 2% hydroxy-
propyl methylcellulose (HPMC) (Sigma-Aldrich, St. Louis, MO, USA) were used for coat-
ing. 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 clump-
ing. 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
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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 CaClz (Table 1.). 1M NaOH and 1M 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 2h. After this step, the sample (40
ml) was combined with 40 ml of intestinal fluid and incubated at 37 °C for 2h.

Table 1. Simulated digestion fluids composition.

Constituent SGF SIF
pepsin 2000 U/ml -
. 100 U/ml
pancreatin ] (based on trypsin)
bile - 10 mM
CaClz 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 adeno-
carcinoma and can form a tight monolayer in culture.

To culture Caco-2 cells, the cells are placed on PET membranes (Millicell® Cell Cul-
ture Inserts, 24 mm diameter, 0.4 pm pore size) (Millipore, Burlington, MA, USA, Merck
Group) The initial density is 4 x 105 cells/cm?. The cells are 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 is changed three times a week, and the
cells are maintained at 37 °C in a humidified atmosphere of 95% air and 5% COx.

The integrity of the Caco-2 cell monolayer is 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 Q x cm? are consid-
ered to have formed a tight monolayer and are used in the 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 hours 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., 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
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camera), and a side scatter detector (SSC). We utilized the protocol described in our pre-
vious work [24], using RedoxSensor™ Green and PI (propidium iodide) to assess the met-
abolic 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 De-
signer v13 (Intelligen, USA) was employed. The key conditions for the process were de-
termined based on experimental results obtained from laboratory-scale processes. The fi-
nal product was prepared in the form of a dried powder containing the biomass of Enter-
ococcus faecium 73 KBiMZ, standardized to contain 1 x 108 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 are 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, US). Other economic variables, such as water
(2.67 $/m3), electricity (0.20$/kW-h), income tax (19%), and labor cost (5.50 $/h) were es-
tablished 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 as-
sumptions were constant and applied to all six projects.

2.9. Sensitivity analysis

Crystal Ball software (Oracle, 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 devi-
ation.

3. Results and discussion
3.1. In vitro simulated digestion

In this part of the research, different samples were treated with two-step
gastrointestinal 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.). 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
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subpopulations of cells were determined using IFC, based on their metabolic activity
(measured 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 high degree of cellular membrane damage.

Free cells presented in Figure 1. show high levels of activity before treatment and
after pH shock. The cells after heat shock show already 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 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 microorganisms 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 low 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 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 diges-
tion, after the second stage of in vitro digestion, and after adhesion.
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Figure 2.

Subpopulation distribution in fluid bed-dried samples treated with heat shock, pH shock, and un-
treated. Shown in four stages — pre-adhesion, after the first stage of in vitro digestion, after the sec-
ond 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 2L shake flasks to 250L 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%
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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
(DEC). DFC consists of total plant direct cost (TPDC), total plant indirect cost (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
installment for the equipment was calculated as 1.5 x 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 six variants (dried,
dried with heat shock, dried with pH shock, coated, coated with heat shock, 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 1kg 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 1kg 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 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 1kg of cells that meet those requirements
should also be considered by the producer while planning the process.
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Process flow diagram for fluid bed drying and coating of probiotics.
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
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Table 3. Equipment and its purchase cost summary

Equipment Size Purchase cost (PC) [$]
Fluid Bed Dryer 415.97 L 107,000
Bioreactor 296.11 L 150,000
Seed Bioreactor 18.34 L 29,950
Heat sterilizer 66.17 L/h rated by 30,000
throughput
Blending tank 308.29 L 11,400
Shake flask rack 2L 1000

Table 4. Economic evaluation of different variants

Unit production  Production cost ~ Production cost

variant cost [$/kg]  [$/1kg VB cells pre- [$/1kg VB cells af-
digestion] ter digestion]
Dried A 2.59 30.58 <de +1.05 173.83 2+ 32.59
Dried, 12 months B 2.59 28.09 cde +2.45 22,19 «de +2.11
Dried heat shock A 2.59 29.40 «de + (.13 134.200+12.05
Dried heat shock 12 months B 2.59 10.52 ¢+ 0.36 27.91 «de £ 0.98
Dried pH shock 4 2.63 29.35¢de +1.99 144.51 b+ 10.82
Dried pH shock 12 months ? 2.63 10.58 ¢ £ 0.37 35.11«d+2.87
Coated A 3.01 30.31 «de +1.73 38.18 <+ 3.36
Coated 12 months B 3.01 14.36 <de + (.27 34.13 «de +4.06
Coated heat shock 4 3.01 31.45 cde +2.77 24.03 cde +2.48
Coated heat shock 12 months B 3.01 12.73de +1.87 21.38 cde +1.41
Coated pH shock 4 3.05 31.00 cde +1.77 36.22 «d +2.44
Coated pH shock 12 months B 3.05 10.95+1.24 17.02 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 letter are not significantly different (p < 0.05).

Sensitivity analysis was provided for key assumptions in reference to the unit pro-
duction 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 recy-
cled 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 equip-
ment as the drying step and therefore only the resource and energy demand is 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
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variability of the main product cost and number of batches per year has been demon-
strated in Figure 8.

Main Product Cost ($ /kg Product)
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Trehalose Cost (5/ke) 5,23 .- 9,35
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Figure 5.

Tornado plot depicting the impact of variables on unit production cost.

9,999 Trials Frequency View 9.919 Displayed
Main Preduct Cost ($ /kg Product)
240
002
=
=1
@
4
o
i
001
o.00p
’ =

Figure 6.

Probability distribution of the unit production cost, based on 10,000 trials.
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Probability distribution of the annual number of batches, based on 10,000 trials.
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Supplementary materials:

Figure 8.

Sensitivity of main product cost (A) and 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 enumer-
ation 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 con-
tribute to the amount 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 ap-
plications and financial considerations, this study provides a multidimensional perspec-
tive on the probiotics field. A comprehensive approach that encompasses scientific, tech-
nological, and economic dimensions is essential for advancing the probiotics field and
obtaining more beneficial products.

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.

Gated Mid- Gated Mid-

Sample Gated Active Gated Dead . .

Active I Active II

adhesion_coated 0.92+0.12 41.1+1.66 27.09 +1.02 3.15+0.27
adhesion_coated_12m_storage 1.88+0.32 5.77 +0.48 4127 +1.2 34.35 +0.68
adhesion_coated_heat_shock 0.14 £ 0.07 13.68 +2.14 31.41+4.8 2.44 +0.27
adhesion_coated_heat_shock_12m_storage 5.03 £0.69 21.31+1.25 40.1+1.13 11.25+0.59
adhesion_coated_pH_shock 0.32+0.11 15.51+10.3 3297 +7.46 3.41+1.09
adhesion_coated_pH_shock_12m_storage 4.1+0.66 5.46 + 0.95 45.03 £2.99 26.85 +3.78
adhesion_culture 12,94 +2.13 7.23+2.67 2499 +2.6 20.91 +1.96
adhesion_culture_heat_shock 14.36 +0.74 3425+6.4 5.25+0.67 15.99 +1.89
adhesion_culture_pH_shock 19.27 +0.48 12.58 + 0.64 16.93 £1.63 11.37£0.1

adhesion_dried 3+0.96 18.48 +7.32 40.04 £14.23 798+1.9
adhesion_dried_12m_storage 0.13£0.07 55.72 +22.67 12.95+8.77 0.43 +£0.31
adhesion_dried_heat_shock 3.23 +0.68 30.85+4.32 18.55 +0.77 5.53 +0.72
adhesion_dried_heat_shock_12m_storage 421+0.74 23.82+1.05 48.67 +1.02 7.05+0.82
adhesion_dried_pH_shock 1.58+0.6 41.84+2.48 19.84 +2.17 5.51 +0.29
adhesion_dried_pH_shock_12m_storage 2.48 +0.59 6.49 £1.27 44.16 +3.05 29.77 + 3.49
pre_coated 2.71+0.25 55.79+1.17 30.57+0.36 7.22 +0.45
pre_coated_12m_storage 3.02 £0.09 57 +£0.53 14.28 £ 0.67 17.94 £ 0.32
pre_coated_heat_shock 1.93+0.41 58.91 +0.55 26.36 +0.52 7.64 +0.64
pre_coated_heat_shock_12m_storage 2.28+0.5 36.23+1.53 2994 +2 21.37 +4.52
pre_coated_pH_shock 2.09+0.3 61.62+0.98 2414 +0.28 7.74 +0.86
pre_coated_pH_shock_12m_storage 1.84 +0.88 34.45 +9.95 29.51 +0.29 26.01 +9.53
pre_culture 83.03+2.55 3.01+0.36 0.15+0.05 3.13+0.31
pre_culture_heat_shock 8.83+0.78 67.05 +0.56 0.04 +0.05 14.77 £ 0.79

pre_culture_pH_shock 86.81 +0.15 3.42+0.31 0.23+0.15 2.85+0.25
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pre_dried 412+0.24 70.54 £ 0.31 16.77 £0.24 4.35+0.33
pre_dried_12m_storage 2.92 +£0.39 67.11+1.17 20.05+0.24 6.31 £0.44
pre_dried_heat_shock 423+0 69.07 +1.05 16.97 +0.55 458 +0.04
pre_dried_heat_shock_12m_storage 1.4+0.12 19.96 + 0.64 45.87 £ 0.56 23.2+0.91
pre_dried_pH._shock 3.58 +0.73 69.44 +1.1 16.82 +0.73 5.39 + 0.66
pre_dried_pH_shock_12m_storage 1.13+£0.21 20.8+1 4412 +1 23.72 +1.81
S1_coated 0.02 +£0.03 26.39 +£0.76 374117 10.45+0.26
S1_coated_12m_storage 0 81.14+0.58 6.36 +0.24 4.35+0.45
S1_coated_heat_shock 0 50.71 +2.81 15.18 £0.79 4.64+0.76
S1_coated_heat_shock_12m_storage 0 31.92+1.03 29.48 + 6.32 22.68+5
S1_coated_pH_shock 0 50.12 +1.35 13.82 +1.08 3.59 +0.46
S1_coated_pH_shock_12m_storage 0 25.61 +3.36 25.98 +2.48 32.7+22
S1_culture 2.53 +£0.55 52.76 +1.5 1.76 +0.27 15.91 £ 0.61
S1_culture_heat_shock 0.19 £ 0.07 58.54 +0.29 245+0.29 6.99 +0.28
S1_culture_pH_shock 5.94 +0.54 43.26 +1.52 325+0.19 33.04 £0.97
S1_dried 0 17.8 £1.96 16.14£2.18 4.82 +0.58
S1_dried_12m_storage 0 40.33+5.26 20.01 +£7.15 4.19 +0.68
S1_dried_heat_shock 0 28.75+5.01 10.03 £2.42 4.66 +0.42
S1_dried_heat_shock_12m_storage 0 13.38 +0.4 15.03 £ 0.44 60.72 +1.47
S1_dried_pH_shock 0 61.19 +£2.39 3.66+0.3 411+0.14
S1_dried_pH_shock_12m_storage 0 12.34 +1.96 17.59 +1.27 61.11 £2.02
S2_coated 0.01 £0.02 18.17 £ 0.74 41.24+1.35 7.88 +£0.71
S2_coated_12m_storage 0.01 £0.02 50.53 +4.81 17.07 £ 0.55 8.81+1.2
S2_coated_heat_shock 0 17.16 £ 0.8 32.19+6.44 12.53 +1.38
52_coated_heat_shock_12m_storage 0 38.83 +1.45 24.49 +0.56 14.08 +0.87
S2_coated_pH_shock 0 22.67 +1.47 24.79 +7.51 8.42+0.5
S2_coated_pH_shock_12m_storage 0 36.15+1.29 24.82 +0.58 17.92 +0.36
S2_culture 0 17.02+1.72 10.28 £1.09 4.66+1.16
S2_culture_heat_shock 0 26.38 +4.8 5.57 +1.98 2.72+1.48
S2_culture_pH_shock 0.01 £0.02 27.06 +1.8 11.26 £1.21 8.79+3.21
S2_dried 0 18.65+1.23 27.11+2.49 1.49£0.33
S2_dried_12m_storage 0 415+0.48 14.58 +4.84 11.67 +1.19
S2_dried_heat_shock 0 10.87 +£1.81 2637 +4.4 1.93+0.19
S2_dried_heat_shock_12m_storage 7.53+0.51 2.28+0.43 46.94 +3.99 1.75+0.34
S2_dried_pH_shock 0 8.83 £1.36 39.31 + 6.64 1.82+0.12
S2_dried_pH_shock_12m_storage 0.01 +£0.02 28.81+1.3 46.94 +1.31 7.48 +0.67
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