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Wykaz wazniejszych skrotow i oznaczen

SM — stratum microbium

AZS — atopowe zapalenie skory
FOS — fruktooligosacharydy
GOS - galaktooligosacharydy

ISAPP — Mig¢dzynarodowe Stowarzyszenie Naukowe Probiotykéw i Prebiotykéw (ang. The
International Scientific Association for Probiotics and Prebiotics)
MP — mikrosfery polimerowe

EE — efektywno$¢ enkapsulacji

SEM - skaningowa mikroskopia elektronowa

TEM - transmisyjna mikroskopia elektronowa

FTIR — spektroskopia w podczerwieni z transformacja Fouriera
DoE — planowanie doswiadczen (ang. Design of Experiments)
ATCC — American Type Culture Collection

MRS — De Man-Rogosa-Sharpe

DSM - Deutsche Sammlung von Mikroorganismen und Zellkulturenn
PCM — Polska Kolekcja Mikroorganizmow

TSB — Tryptic soy broth

S — Sabouraud broth

BPA — Baird Parker agar

TSA — Tryptic soy agar

CFU — jednostka tworzaca koloni¢ (ang. Colony Formit Unit)
DMEM - Dulbecco's Modified Eagle Medium

HaCaT — ludzkie keratynocyty

HSF — ludzkie fibroblasty skory

PBS — s0l fizjologiczna buforowana fosforanem

FBS — ptodowa surowica bydleca

BSA — albumina surowicy bydlecej



1. Wprowadzenie

Ludzka skora jest ztozonym ekosystemem, w ktorym obecne sg réznorodne bakterie,
grzyby czy wirusy, nazywane ogolnie mikrobiomem skory, Stratum microbium (SM). Przydatki
skory: mieszki wlosowe, gruczoty tojowe, gruczoty potowe, a takze warstwa rogowa naskorka,
sg skolonizowane przez unikalng mikroflore. Po raz pierwszy réoznorodno$¢ mikrobiomu skory
opisaty w 2011 roku Elizabeth Grice i Julia Segre [1]. Obecnie naukowcy zwracajg uwage na
istotng role, jaka mikrobiom skory odgrywa w prawidlowym jej funkcjonowaniu: ochronie
przed drobnoustrojami chorobotworczymi, wzmacnianiu uktadu odpornosciowego, czy
zdolno$ci do rozktadu i produkcji ré6znych zwigzkow [2-6]. Mikrobiota skory jest pierwsza
liniag obrony przed negatywnymi czynnikami $rodowiskowymi. Przyczynia si¢ do obrony
immunologicznej gospodarza, a jednym z mechanizméw jej dziatania jest hamowanie wzrostu
patogendw poprzez produkcje substancji bakteriobdjczych. Mikrobiota bierze rowniez udziat
W rozwoju odpornosci adaptacyjnej poprzez dostosowanie lokalnej produkcji cytokin
I wzmocnienie odpornosci  wrodzonej poprzez zwigkszenie produkcji  bialek
przeciwbakteryjnych [7].

Niestety niewtasciwa higiena, mycie 1 codzienna pielggnacja skory moga zaburzac¢
prawidlowe funkcjonowanie SM, stajac si¢ przyczyna nadmiernego wysuszenia skory, czy
zmian chorobowych np. atopowego =zapalenia skory. Dlatego wpltyw preparatow
kosmetycznych na mikrobiom skory i konieczno$¢ stosowania surowcoéw przyjaznych dla SM,
czy uzupelianie formulacji o surowce z grupy pro- i prebiotykow stato si¢ nie tylko
przedmiotem badan naukowych [8,9], ale jednym z wiodacych trendow na rynku produktéw
kosmetycznych.

Temat stat si¢ szczegdlnie istotny w dobie pandemii Corona virusa, gdzie wymog mycia
i dezynfekcji ragk byl jednym z elementow rezimu sanitarnego. Stosowanie preparatow
higienicznych i dezynfekcja skory skutecznie ja oczyszczajg, usuwajac z powierzchni oprocz
zanieczyszczen 1 mikroorganizmow chorobotworczych rowniez sktadniki mikrobiomu skory
[10].

Substancje pro- i prebiotyczne od lat stosowane sg z powodzeniem jako sktadniki
suplementow diety. Obowigzujace definicje tych poje¢ zostaty zasadniczo opracowane dla
potrzeb zastosowania jako suplementow diety. Wedlug FAO/WHO probiotyki sg “zywymi
mikroorganizmami, ktére podawane w odpowiednich ilo§ciach przynosza korzysci zdrowotne
gospodarzowi” [11]. W kosmetyce terminy te s3 uzywane szerzej. Zywe mikroorganizmy moga

by¢ stosowane w produktach kosmetycznych tylko w bardzo ograniczonym zakresie, poniewaz



ich zywotno$¢ i dziatanie sg trudne do kontrolowania [10,12]. Ograniczenia wynikajg roOwniez
z wymogo6w dotyczacych czystosci mikrobiologicznej produktéw kosmetycznych [13].

Aby stosowaé zywe bakterie w preparatach kosmetycznych, nalezy pominaé $rodki
konserwujace, co z punktu widzenia bezpieczenstwa kosmetykdéw, wymogoéw stawianych
jakosci produktow kosmetycznych (Rozporzadzenie nr 1223/2009 dotyczace produktow
kosmetycznych), jest niemozliwe, zwlaszcza w przypadku produktow zawierajacych

w sktadzie wode.

2. Mikrobiom skory

Skora jest najwigkszym organem ludzkiego ciata. Jest to ekosystem o powierzchni okoto
2 m?, a biorgc pod uwage jej ztozonos¢, (5 miliondw przydatkéw skéry), powierzchnia
catkowita znacznie wzrasta do okoto 25 m?, co czyni jg najwickszym organem w ciele [14-16].

Podstawowa rola skory jest funkcja bariery fizycznej, ktora chroni organizm przed
potencjalnym atakiem obcych osobnikow lub tez toksycznych substancji [1]. Skora to takze
interfejs ze $rodowiskiem zewngtrznym, skolonizowana przez ro6znorodne grupy
mikroorganizmow (bakterie, grzyby, wirusy) oraz roztocza sklasyfikowane w trzech grupach,
jako: gatunki osiadte, czasowe oraz przejsciowe [17,18]. Mikroorganizmy oraz roztocza
znajduja si¢ na powierzchni skory, ale roéwniez gleboko we wilosach, czy tez gruczotach,

tworzgc mikrobiom skory — Stratum microbium (SM) (Rysunek 1) [1].
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Rysunek 1. Schemat budowy skory.



Sktadniki mikrobiomu skoéry sa w gtownej mierze nieszkodliwe, a w niektérych przypadkach
ich obecnos¢ zapewnia funkcje zyciowe gospodarza, czyli jest wrecz przydatna dla zywiciela.
Mikroorganizmy zyjace ,,w zgodzie” z gospodarzem, czyli mikroorganizmy symbiotyczne
i komensalne, zajmuja wiele nisz na skorze oraz chronig przed kolonizacjg organizmow
patogennych oraz szkodliwych substancji [1,19,20]. Do niedawna charakteryzowanie
drobnoustrojow zamieszkujacych skore opieralo si¢ na technikach hodowli komoérkowe;.
Jednak mniej niz 1% gatunkéw bakterii ma mozliwo$¢ wzrostu w warunkach laboratoryjnych,
a wiele z nich jest wypieranych przez silniej konkurujace organizmy. W rezultacie
nadprezentowane byty bakterie 1 grzyby, do ktorych zalicza si¢ gatunki
Staphylococcus lub Malassezia [21]. Ostatnie postepy dotyczace technologii amplifikacji
i sekwencjonowania DNA pozwalaja poming¢ etapy hodowli komodrkowe;j
1 zrewolucjonizowaly spojrzenie na spotecznosci mikroorganizméw bytujacych na skorze.
Wykorzystujac metodologie sekwencjonowania DNA mozna analizowa¢ mikrobiom z wigksza
precyzja oraz dokladnoscig. Analiza ta oparta jest na sekwencjonowaniu genu 16S
rybosomalnego RNA (rRNA) i wykazala, iz wigkszos$¢ bakterii skornych zalicza si¢ do jednej
z czterech grup: Actinobacteria, Firmicutes, Bacteroidetes oraz Proteobacteria. Wyizolowano
takze drobnoustroje niebakteryjne, do ktorych zalicza si¢ gatunki grzybow - Malassezia oraz
Demodex (roztocze) [1,17]. Podejscie molekularne wykazato réwniez, iz kolonizacja bakterii
zalezy od fizjologii miejsca na ciele czlowieka. Na skorze wyrdznia si¢ trzy gtowne siedliska:
wilgotne, tojowe oraz suche, co ma wptyw na charakterystyczng w tych okolicach mikrobiotg

(Rysunek 2A) [1,22].
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Rysunek 2. A) Rozktad mikrosrodowisk na ludzkiej skorze, B) Czynniki wewnetrzne i zewnetrzne wplywajace na mikrobiom skory.
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Sktad gatunkowy, liczebno$¢ i rozmieszczenie na powierzchni skory moga réznic¢ si¢ tez
w zaleznosci od czynnikdw wewnetrznych i zewnetrznych. Oprocz réznic wynikajacych
z uwarunkowan anatomicznych zmienno$¢ i obfito$¢ flory bakteryjnej skory jest zalezna od
wieku, plci, pory roku, pochodzenia etnicznego, jak rowniez od stresorow takich jak: urazy
fizjologiczne 1 niepokoj psychiczny. Czynnikami przyczyniajacymi si¢ do réznorodnosci
mikrobiomu skory sa takze czynniki S$rodowiskowe: klimat, wptyw temperatury,
promieniowanie UV, ale rowniez styl zycia (Rysunek 2B) [19,23].

Skora jest organem ulegajacym cigglej regeneracji [24,25]. Roéznice w sktadzie warstwy
rogowej naskorka moga powodowa¢ dysbioze, ktéra wpltywa na réznorodnos$é gatunkow
komensalnych oraz ich liczebnos¢ [26]. Brak réwnowagi w mikrobiocie skory moze

powodowac szereg schorzen skory (Rysunek 3) [23].

1 A b / / Choroby
. skéry
| Infekcje
Dys; b ( fit:szk%nri; | A (’) Atopoy;\‘-.l
- ' / [E VA upaknle“l
i \_ 4"/ ~—
| Tradzik

Rysunek 3. Skutki dysbiozy na skorze cztowieka.

Wowczas, gdy funkcja bariery skornej zostaje zaburzona, moze nastapi¢ zaostrzenie objawow
przewlektych chorob skory, do ktorych zalicza si¢ atopowe zapalenie skory
[14,15,19,22,23,27-29], tuszczyce [14,15,19,23,28] oraz tradzik [14,15,19,23,28,29]. Kiedy na
skorze wystepuje dysbioza, a réznorodno$¢ mikrobiomu zostaje zakiocona, jako modulatory
przywracajace rownowage mikrobiologiczng moga zostaé wykorzystane substancje z grupy

pre- i probiotykow [30].
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3. Pre- i probiotyki w kosmetykach

Prebiotyki i probiotyki sg szeroko stosowane w przemysle spozywczym, suplementow
diety czy farmaceutycznym, ze wzgledu na przypisywane im korzysci zdrowotne. W przypadku
produktéw spozywcezych 1 farmaceutycznych probiotyki stosowane sg do regulacji mikrobiomu
jelit oraz w walce z antybiotykoopornoscia. Wzrost opornosci na antybiotyki i skutki uboczne
staly sie przyczyng poszukiwania terapii alternatywnych. Oporno$¢ na antybiotyki stanowi
powazne zagrozenie dla wspotczesnej medycyny i zdrowia publicznego na §wiecie. Szacuje
sie, ze globalng $miertelno$¢ zwigzang z opornoscig na antybiotyki mozna przypisa¢ okoto
1,3 miliona zgonow [31,32], a wedlug przewidywan wzro$nie do 10 milionéw zgonéw na
calym $wiecie do 2050r. [33]. Ostatnie badania wykazaty, ze suplementacja probiotykami ma
obiecujace perspektywy aplikacyjne. Moze przywroci¢ rownowage mikroflory przewodu
pokarmowego 1 zapobiega¢ dysbakteriozie wywotanej antybiotykami, posrednio wplywa
hamujaco na rozwoj pateczek Helicobacter pylori (H. pylori) [34], bakterii odpowiedzialnych
za zapalenie zotadka oraz chorobe wrzodowa zotadka i dwunastnicy. Rozpoczete przez Grice,
E. A. i Segre, J. A [1], a obecnie kontynulowane przez grupy badawcze na §wiecie badania
dowodza, ze probiotyki stanowi¢ moga nie tylko alternatywe w walce z antybiotykoopornos$cia
czy chorobg wrzodowa zotadka, ale rowniez moga by¢ pomocne w przypadku leczenia chorob
skory. Stosowanie probiotykow w preparatach miejscowych moze stanowi¢ uzupelnienie
mikroflory skory, ktéra zostala dotknigta stanem zapalnym m.in AZS, skoéry suchej lub
wrazliwej [30]. Przywrocenie réwnowagi w SM skory przetozy si¢ na prawidlowe
funkcjonowanie bariery skérnej 1 redukcje stanow zapalnych zwigzanych m.in z przerwaniem
jej integralno$ci i namnazaniem bakterii patogennych.

Wzrost zainteresowania drobnoustrojami kolonizujagcymi ludzkie ciato, a nie tylko tymi,
ktore je zakazaja, doprowadzit do wielu badan probujacych regulowaé sktad mikrobiomu
i bada¢ wptyw zmiany sktadu na zdrowie cztowieka. Swiatowy rynek pre- i probiotykow stale
ro$nie, co czesciowo przypisuje si¢ Swiadomosci konsumentéw dotyczacych korzysci
zdrowotnych wynikajacych z ich spozycia [17,29]. Obejmuje to zastosowania kosmetyczne,
gdzie przewiduje si¢, ze rynek probiotykow wzro$nie o 12% w ciggu najblizszych dziesieciu
lat, a motorem napgdowym bedzie Ameryka Potnocna [35]. Obowiazujace definicje tych pojeé¢

zostaly zasadniczo opracowane na podstawie ich stosowania, jako suplementow diety [36].
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3.1. Substancje prebiotyczne

Prebiotyki sa powszechnie definiowane, jako ,niestrawne sktadniki zywnos$ci, ktore po
spozyciu w wystarczajacych ilosciach selektywnie stymuluja wzrost i/lub aktywno$¢ jednego
lub ograniczonej liczby drobnoustrojow w okr¢znicy, co daje udokumentowane korzysci
zdrowotne” [37,38]. Mozna je pozyska¢ z naturalnych zrodel, takich jak bulwy dalii, korzen
cykorii, czosnek, cebula, por, karczoch, szparagi, siemig Iniane, soja, a takze z mleka krowiego
[17]. Prebiotyki znajdujace si¢ w suplementach diety to weglowodany sktadajace si¢ z roznych
typow monomerow o krdotkim lub dlugim tancuchu. Monomery te sg potgczone za pomoca
wiazan, ktore nie sg rozktadane przez ludzkie enzymy trawienne, ale sa wykorzystywane przez
specyficzne szczepy bakteryjne. Wérod substancji uznawanych za prebiotyki wystepujacych
w suplementach diety wymieniane sg glownie [39]:

v' fruktany, fruktooligosacharydy (FOS) lub inulina,

v" galaktooligosacharydy (GOS), ztozone z monomerow galaktozy,

v laktuloza, disacharyd ztozony z galaktozy i fruktozy.
FOS 1 GOS obecnie dominujg w kategorii prebiotykéw, o czym $wiadczg liczne badania nad
ich dziataniem prebiotycznym [38]. Nowa klas¢ zwigzkow, ktore moga réwniez spetniaé
kryteria prebiotykow stanowig polifenole roslinne. Szacuje sie¢, ze 90-95% polifenoli w diecie
nie jest wchianiane w jelicie cienkim, a zatem dociera do okr¢znicy, gdzie ulegaja rozlegtej
biotransformacji przez mikrobiot¢ okreznicy [40]. Coraz wigcej dowodow wskazuje, iz
korzy$ci zdrowotne wynikajace ze spozycia polifenoli zaleza od wykorzystania ich przez
mikroorganizmy i wytwarzanych metabolitow, a nie od zwiazkow macierzystych [41]. Dowody
te rozszerzaja koncepcje prebiotyczng poza niestrawne oligosacharydy, takie jak FOS 1 GOS.
Jednak potrzeba wigcej badan wskazujacych na korzysci zdrowotne, aby wykaza¢ ich status
prebiotyczny.
W kosmetykach termin ,,prebiotyk” jest stosowany w szerszym kontek$cie, tzn. jako
substancje, ktore moga zosta¢ wykorzystane przez ,,dobre” bakterie lub tez, jako substancje
wytwarzane przez mikroorganizmy (s3 one rowniez czesto okreslane, jako sktadniki
probiotyczne w odniesieniu do kosmetykéw). Producenci kosmetykéw definiujg substancje
prebiotyczne nastepujaco: ,,Prebiotyki sa zrédlem pozywienia dla pozytecznych
drobnoustrojéw, aby zapewni¢ im przewage konkurencyjng. Dajac im pozywienie, rozmnazaja

si¢ i rozwijaja, wykluczajac w ten sposob chorobotworcze (szkodliwe) bakterie” [38].
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3.2. Substancje probiotyczne

Zgodnie z ogolnie przyjeta definicja ustanowiong przez FAO/WHO ,probiotyki sa
zywymi mikroorganizmami, ktéore podawane w odpowiednich ilo§ci przynosza korzysci
zdrowotne gospodarzowi” [11,37]. Najpowszechniejszymi probiotykami sg przedstawiciele
rodzajow Lactobacillus i Bifidobacterium. Natomiast sktadniki pochodzgce z Lactococcus,
Streptococcus, Leuconostoc, Pediococcus i Saccharomyces sa  stosowane zdecydowanie
rzadziej. Nalezy zauwazy¢, ze probiotyczne sg tylko okreslone szczepy, a nie gatunek [37,39].
Dodatkowo rézne szczepy moga mie¢ odmienne wiasciwosci probiotyczne, a parametrow
jednego szczepu, nie mozna odnosi¢ w stosunku do innego szczepu, nawet jesli naleza do tego
samego gatunku [37]. Na ten fakt nalezy zwrdci¢ uwage przy doborze odpowiedniego szczepu
do konkretnych zastosowan. W branzy kosmetycznej termin ,,probiotyk” jest uzywany szerze;.
Zywe mikroorganizmy moga by¢ stosowane w produktach kosmetycznych tylko
w bardzo ograniczonym zakresie, poniewaz ich zywotnos¢, czystos¢ i dziatanie sg trudne do
kontrolowania [29]. Aby stosowa¢ zywe bakterie w preparatach kosmetycznych, nalezy
poming¢ srodki konserwujace, co z punktu widzenia bezpieczenstwa kosmetykdéw, wymogow
stawianych produktom kosmetycznym (Rozporzadzenie nr 1223/2009 dotyczace produktéw
kosmetycznych) jest bardzo trudne. Grupe surowcoéw, taczacych korzysci zdrowotne dla skory
moga stanowi¢ substancje, ktore nie sg bezposrednio zywymi bakteriami, ale zostaty uzyskane
za pomocg bakterii probiotycznych. Wsrod takich probiotycznych sktadnikéw kosmetycznych
mozna wyrdznié¢ cztery kategorie [12,39]:

1. Produkty fermentacji — w takim produkcie bakterie probiotyczne rosng w specjalne;j
pozywce, pdzniej s3 jednak odfiltrowywane, ale roztwor zawiera ich metabolity, takie jak:
aminokwasy, witaminy lub substancje przeciwutleniajace.

2. Lizaty komorkowe — bakterie nie s3 odfiltrowywane z pozywki, jednak sa
unieczynniane, a w takim roztworze mozna znalez¢ sktadniki ich struktur komorkowych.

3. Surowce po tyndalizacji — bakterie ging na skutek ogrzewania, zanim zostang one
wprowadzone do preparatu. Martwe drobnoustroje nie majag mozliwo$ci namnazania si¢ na
skorze, a sktadniki ich komorek oraz metabolity wywierajg dzialanie immunomodulujace
hamujac rozwdj patogenow.

4. Zywe bakterie probiotyczne — do produktu kosmetycznego dodawane sg zywe kultury
bakterii, jednak w tym wypadku pojawiajg si¢ wspomniane wyzej ograniczenia dla stosowania

konserwantow, ktore wplywaja negatywnie rowniez na ,,dobre” bakterie w formulacji. Z tego
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wzgledu, wiekszo$¢ produktow zawiera w swoim skladzie probiotyki w formie martwych
komoérek mikroorganizmow.
Sposrod wyzej wymienionych kategorii najwigksza popularno$cia cieszy si¢ pierwsza grupa
sktadnikow probiotycznych [29]. Metabolity bakterii probiotycznych (witaminy, aminokwasy,
przeciwutleniacze) otrzymywane w procesie fermentacji stanowig popularny sktadnik wielu
produktéw kosmetycznych.
Biorac pod uwage najczgsciej stosowane w produktach kosmetycznych bakterie, czyli bakterie
kwasu mlekowego ( Lactobacillus) w kosmetykach mozna znalez¢ trzy grupy sktadnikow [39]:
v' produkty fermentacji Lactobacillus (INCI: Lactobacillus Ferment)
v filtraty produktow fermentacji Lactobacillus (INCI: Lactobacillus Ferment Filtrate)
v lizaty bakteryjny Lactobacillus (INCI: Lactobacillus Lysate).

W 2021r. Migdzynarodowe Stowarzyszenie Naukowe Probiotykow i Prebiotykow (ISAPP),
w odniesieniu do zywnosci, zaproponowalo rowniez dodatkowa definicje¢ — postbiotykdw, ktora
oznacza ,preparat nieozywionych mikroorganizmoéw i/lub ich sktadnikow, ktéry zapewnia
korzy$¢ zdrowotng gospodarzowi” [42]. Porownujac te dwa pojecia, wydaje si¢, ze rozrdznienie
miedzy nimi staje si¢ jasne, poniewaz probiotyki sa ewidentnie definiowane jako ,,zywe
mikroorganizmy”, a postbiotyki jako ,,nieozywione mikroorganizmy”. Podazajac tym tokiem
myslenia, wprowadzenie terminu ,,postbiotyk™ byto proba opisania produktu sktadajacego si¢
z martwych mikroorganizméw, frakcji i lizatow lub metabolitow wydzielanych przez zywe
mikroorganizmy lub uwalnianych po lizie komorkowej. Naleza do nich enzymy, peptydy,
kwasy tejchojowe, biatka powierzchniowe komorek, polisacharydy i kwasy organiczne, ktore
promujg korzy$ci zdrowotne dla gospodarza [43-46]. Jednak mimo tego podziatu
wprowadzonego w przemysle spozywczym, w kontek$cie surowcoOw kosmetycznych termin
ten pojawia si¢ bardzo rzadko, a metabolity takie jak lizaty komdérkowe, produkty fermentacji
czy surowce po tyndylizacji okre$lane sa nadal terminem ,probiotyk™ Iub ,,surowce
probiotyczne” [29]. W opublikowanych badaniach mozna znalez¢ szereg réznych terminow
odnoszacych si¢ do tego typu surowcdéw: surowce probiotyczne, niezywotne probiotyki,
probiotyki zabite cieptem, czy probiotyki tyndalizowane [36]. Wedtug opisanych w literaturze
wynikow badan, rowniez takie formy surowcOw zawierajagce martwe organizmy, wykazuja
korzystne efekty biologiczne [47]. Zastosowane jako sktadniki kosmetykow, pozytywnie
wplywaja na stan skory: wykazuja dziatanie nawilzajace, tagodzg stany zapalne skoéry oraz
fotouszkodzenia skory wywotane promieniowaniem UV o0raz poprawiaja kondycje, objetej

atopowym zapaleniem, skory [17,25,26,47-53]. W ten sposéb substancje probiotyczne
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sktadajgce si¢ zarowno z zywych, jak i martwych komoérek lub metabolitow mikroorganizmow
moga pomédc w zapobieganiu chorobom zapalnym 1 alergicznym [54]. Badania kliniczne
wykazaly, iz stosowanie lizatu Bifidobacterium longum jest skuteczne w leczeniu wrazliwej
i suchej skory [48,49]. W przypadku badan ex vivo ekstraktu z Bifidobacterium longum
przeprowadzonych przez Guéniche i wspotautorow [48] stwierdzono statystycznie istotng
poprawe w poréwnaniu z placebo, parametréw zwigzanych ze stanem zapalnym, takich jak
zmniejszenie rozszerzenia naczyn, obrzek i uwalnianie TNF-a. Ponadto, u ochotnikow, ktorzy
stosowali krem z ekstraktem bakteryjnym zaobserwowano znaczny spadek wrazliwosci

1 suchosci skory po 29 dniach stosowania preparatu.

Kim i wspotautorzy [47] wykazali, ze dwutygodniowe stosowanie Lactobacillus sakei probio
65 (zaréwno zywych, jak i martwych) istotnie hamowato rozwdj zmian skornych podobnych
do atopowego zapalenia skory (poziomy immunoglobuliny E w surowicy byly znaczaco
obnizone) w poroéwnaniu z grupa kontrolng. Wyniki badan przeprowadzonych przez Jung’a
i in. [50] na modelu zrekonstruowanego naskorka Keraskin™ potwierdzily, ze lizaty
Lactobacillus rhamnosus wptywaja pozytywnie na funkcj¢ barierowa skory. Zastosowanie
lizatu bakteryjnego na Keraskin™ zwigkszyto ekspresje bialek potaczen Scistych: klaudyny
i okludyny oraz biatek barierowych skory, m.in. filagryny. Ponadto cytotoksyczno$¢ substancji
draznigcej skore, laurylosiarczanu sodu (SLS), zostala zlagodzona przez wstepne leczenie
lizatem, a jego zastosowanie ostabilo rowniez niszczenie desmosomoOw na skutek dziatania

SLS.

W badaniu przeprowadzonym przez Khmaladze i in. [51] zbadano wplyw szczepu
probiotycznego L. reuteri DSM 17938 w miejscowych zastosowaniach na skore, wykorzystujgc
dwa modele: pierwszy — ex vivo skupiajacy si¢ na dziataniu przeciwzapalnym i barierowym na
skor¢ oraz drugi — in vitro skupiajacy si¢ na dziataniu przeciwdrobnoustrojowym. Badania
wykazaly, ze zastosowanie zardwno zywych bakterii, jak i lizatu L. reuteri DSM 17938
zmniejszylo prozapalne dziatanie IL-6 i IL-8. Ponadto zywa forma L. reuteri DSM 17938
wykazala dziatanie przeciwbakteryjne przeciwko patogennym mikroorganizmom skory
(S. aureus, S. pyogenes M1, C. acnes AS12 i P. aeruginosa), podczas gdy lizat nie wykazat
takiej aktywnos$ci. Wobec powyzszych wynikoéw zywa postaé L. reuteri DSM 17938 moze by¢
stosowana w leczeniu problemoéw skornych zwigzanych z fotostarzeniem, przerostem bakterii
oraz nawilzeniem skory. Z kolei lizaty bakteryjne moga by¢ stosowane w pielegnacji skory,

gdzie potrzeba dziatania przeciwzapalnego. W zwiazku z tymi wynikami stosowanie zywych
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mikroorganizméw moze wydawaé si¢ niezwykle obiecujgce w kontek$cie preparatow

stosowanych miejscowo na skorg [37].

Rola pro- i prebiotykéw jest badana pod katem ich zdolnosci do wspierania korzystnej flory
bakteryjnej, wzmacniania funkcji bariery skdrnej i potencjalnego odwrocenia skutkow
starzenia. Probiotyki rownowaza SM poprzez namnazanie korzystnych bakterii na skorze,
poprawiajac w ten sposob jej naturalne mechanizmy obronne i integralno$¢ bariery, podczas
gdy prebiotyki odzywiaja te korzystne bakterie, promujac zréwnowazony mikrobiom, ktory
wspiera ogdlne zdrowie skory [55]. Razem te elementy biotyczne (synbiotyki) moga stanowié
synergistyczne podejscie do pielegnacji skory, co znajduje potwierdzenie w publikacjach
naukowych w odniesieniu do produktéw farmaceutycznych [15]. W badaniu Luoto i in. [56]
zastosowanie mieszanki probiotyczno — prebiotycznej (L. rhamnosus GG ATCC 53103 — GOS)
skutkowalo nizsza czestoscia wystepowania infekcji drog oddechowych u niemowlat
w porownaniu z dzie¢mi otrzymujacymi placebo. Z kolei w badaniu Wu i in. [57] synbiotyczna
kombinacja L. salivarius i FOS wykazata wicksza skuteczno$¢ dziatania niz sam prebiotyk

w leczeniu umiarkowanego do cigzkiego atopowego zapalenia skory u dzieci.

Pomimo faktu, iz na rynku kosmetycznym coraz wigcej kosmetykow zawiera ,,probiotyki”
bedace gltownie produktami fermentacji probiotycznej istnieje duze zainteresowanie
wykorzystaniem zywych bakterii w pielggnacji skory suchej 1 wrazliwej lub leczeniu choréb
zapalnych skory [51,58]. Badanie przeprowadzone przez Peral i in. [59] wykazato, Ze
miejscowe zastosowanie zywego Lactobacillus plantarum hamowato stan zapalny
1 przyspieszylo gojenie ran u pacjentow z przewlektymi owrzodzeniami zylnych konczyn
dolnych. Miejscowe zastosowanie L. plantarum na zmiany (25-60 cm?)u 14 pacjentéw chorych
na cukrzyce i 20 pacjentow bez cukrzycy spowodowato oczyszczenie, utworzenie tkanki
ziarninowej 1 catkowite wygojenie rany po 30 dniach u 43% pacjentow z cukrzyca i u 50%
pacjentéw bez cukrzycy. Komorki z tozysk owrzodzen zebrane po leczeniu L. plantarum przez
10 dni wykazaly zmniejszenie odsetka komorek polimorfonuklearnych, apoptotycznych
I martwiczych oraz zmodyfikowanie produkcji IL-8 (wartosci IL-8 wzrosty po 5 dniach

leczenia, a nastgpnie spadty po 10 dniach), a w efekcie przyspieszyto gojenie si¢ ran.

Z dostepnych danych literaturowych wynika, Ze zastosowanie zywych bakterii
w preparatach kosmetycznych wiaze si¢ z duzymi trudnosciami. Z jednej strony kontrola
namnazania si¢ drobnoustrojow, zachowanie zgodnie z wymogami na odpowiednim poziomie,

czystosci mikrobiologicznej produktu, z drugiej ochrona probiotycznych mikroorganizméw
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przed dziataniem zawartych w produkcie srodkow konserwujgcych. Na polskim rynku znajduje
si¢ jeden produkt w formie preparatu dwutazowego firmy Moliv, w ktérym w czgéci bezwodnej
znajduja si¢ unieczynnione mikroorganizmy (wysuszone rozpytowo), w drugiej znajduje si¢
wlasciwa emulsja. A wiec Dbakterie probiotyczne nie majg kontaktu ze Srodkami
konserwujgcymi, tak jak miatoby to miejsce w przypadku preparatu emulsyjnego

zawierajacego w swoim skladzie wodg.

Metoda pozwalajaca na przezwycigzenie wyzej wymienionych ograniczen oraz wprowadzenie
zywych bakterii do kosmetyku moze by¢ mikroenkapsulacja i inkorporacja do formulacji
no$nika, wewnatrz ktorego zamkniete sg zZywe bakterie probiotyczne. Wybdr odpowiedniego
materiatu  powloki jest kluczowy dla stabilnosci uzyskanych czastek i zapewnienia

odpowiedniej ochrony mikroorganizméow.

4. Mikroczgstki polimerowe jako no$niki skladnikow aktywnych

»Mikroczastki” to termin uzywany dla kulistych czastek o $rednicach rzedu
mikrometréow (zwykle od 1 um do 1000 pm). Polimerowe mikroczastki sa zwykle formowane
przez matryce polimerowa, w ktorej mozna unieruchomi¢ mniejszg ilo$¢ zwiazku aktywnego
[60]. Biorac pod uwage metodg przygotowania, morfologi¢ mikroczastek i dystrybucje zwigzku
aktywnego, mozna wyrézni¢ dwie kategorie mikroczastek: ,,mikrosfery” i ,,mikrokapsutki”

(Rysunek 4) [60-62].

Rysunek 4. Schematyczne przedstawienie: a) mikrokapsutki, b) mikrosfery, ¢) powlekanej

mikrosfery.

Mikrosfery sa zazwyczaj charakteryzowane jako uktady matrycowe, w ktorych substancja
czynna jest jednorodnie rozproszona. Natomiast mikrokapsutki sa czgstkami heterogenicznymi,
w ktorych rdzen (staty lub ciekty) otoczony jest powtoka i tworzy uktad z zamknigtym w niej
zwigzkiem aktywnym [60,63,64]. W niektorych przypadkach, aby przezwyciezy¢ problemy
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zwigzane ze stabilno$cig mechaniczng takich uktadow, opracowywane sg no$niki powlekane

dodatkowo substancjami uszczelniajgcymi ich strukture [65,66].
4.1. Alginiany - charakterystyka

Jednym z najczgsciej stosowanych biopolimerowych elementow budulcowych do
budowy mikrozeli jest alginian — polisacharyd wyizolowany z alg morskich [67,68], zwykle
z trzech gatunkéw brunatnic morskich, Phaeophyceae: Macrocystis pyrifera, Laminaria
digitata i Laminaria saccharina. Alginian jest szeroko stosowany jako no$nik substancji
aktywnych ze wzgledu na jego biodegradowalno$¢, biokompatybilno$¢, optacalnos¢, prostote
i nietoksyczno$¢ [69]. Struktura alginianu zalezy od zrodta glonéw morskich, czyli doktadnie
od gatunku glonow, pochodzenia geograficznego lub odmian sezonowych [70]. Alginiany to
nierozgalezione kopolimery kwasu D-mannurowego (blok M) i kwasu L-guluronowego (blok

G) potaczone wigzaniami B (1-4) glikozydowymi (Rysunek 5) [70-76].

Rysunek 5. Struktura kwasu B-D-mannurowego (blok M) i kwasu a-L-guluronowego (blok G).

Bloki te sg utozone w nieregularny wzoér z réznymi proporcjami blokow GG, MM i MG
(Rysunek 6) [67,69—-71,75]. Elementy M i G sg umieszczone w roznych lokalizacjach wzdhuz
tancucha (np. MMMM, GGGG, MMGG, GMGM) i w réznych ilo$ciach [71].

\ Na 00C Na 00C
Na . OH /E/ ﬂ\
Na OOC
M M G G

Rysunek 6. Struktura alginianu sodu.
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Jednowarto$ciowe jony metali z alginianem tworzg rozpuszczalne sole, natomiast
dwuwarto$ciowe i wielowartoéciowe kationy (z wyjatkiem Mg®") tworza zele lub osady.
Alginiany zawierajace duza liczbg blokéw kwasu guluronowego tworza zele o znacznie
wigkszej stabilno$ci mechanicznej w poroéwnaniu z alginianami bogatymi w mannuroniany,
poniewaz bloki G majg silniejsze powinowactwo do jonéw dwuwartosciowych niz bloki M
[67]. Oddziatywanie alginianow z kationami dwuwarto$ciowymi, ktorymi sa w szczegolnosci
jony Ca2*, prowadzi do powstania zeli biodegradowalnych. Polimeryzacja polega na
sieciowaniu alginianéw poprzez wiazania jonowe pomiedzy kationami Ca?" a anionami
alginianowymi [71,77]. Wymiana jonéw Na® na jony Ca?* jest stosunkowo latwa
i zachodzi, gdy wodny roztwor alginianu sodu miesza si¢ z roztworem zawierajacym jony
wapnia [74]. O wlasciwosciach mechanicznych powstatych zeli decyduje zarowno ilo$¢ jonow
dwuwarto$ciowych, jak i stezenie soli kwasu alginowego w mieszaninie reakcyjnej, ale tylko
wspomniane wyzej bloki G biorg udzial w procesie sieciowania [71,77]. Charakterystyczna
struktura molekularna wynikajagca z tych oddziatywan jest okre§lana jako model ,,jajko-
pudetko” [71,77-79] (Rysunek 7), gdzie bloki homopolimeru G tworzg uporzadkowane,

tréjwymiarowe obszary, w ktérych jony Ca?* sg osadzone jak jajka w tekturowym pudetku [80].

/—WA./\ .

e —

® _ (2t
NN bloki GG

Rysunek 7. Sieciowanie alginianow pod wptywem kationéw wapnia (model ,,jajko-pudetko”).

4.2. Metody enkapsulacji zwiazkoéw aktywnych w alginianach

Najczescie] wykorzystywanymi metodami do kapsutkowania zwigzkow aktywnych
w alginianach sg techniki: ekstruzja, emulsyfikacja oraz suszenie rozpytowe [62]. Na Rysunku

8 przedstawiono typowe rozmiary czastek uzyskane za pomoca tych metod.

20



[Suszenie rozpylowe J

[ Ekstruzja ]

[ Emulsyfikacja ]

| | I l I l

0.1 1 10 100 1000 10000

ZakKres rozmiarow (um)

Rysunek 8. Zakres rozmiaréw uzyskiwany przez poszczeg6lne techniki enkapsulacji.

Czastki alginianu otrzymane rdéznymi metodami moga mie¢ rozmiary od makroczastek do

nanoczastek, a najwigkszy rozrzut rozmiar6w mozemy uzyska¢ w technice emulsyfikacji.

Z kolei $rednio duzo wigksze czastki otrzymujemy w technice ekstruzji. Na Rysunku 9

przedstawiono schemat tworzenia kapsulek za pomoca tych dwoch technik.

Roztwor . ° » Skladnik do
alginanu + Nl enkapsulacji
sodu )
Emulsyfikacja Ekstruzja

’ + faza
» olejowa

+
emulgator .

\ @
/ (\ N — 7\ Roztwor
| ' ) polimeru

do enkapsulacji

Roztwor - .
z materialem
chlorku N
sodu '

\\\ > ~ --"/ \ / ‘\\\Q - ::;1.‘:/
Roztwor Roztwor

polimeru chlorku
z materialem sodu
do enkapsulacji

Rysunek 9. Schemat procesu enkapsulacji technikami ekstruzji i emulsyfikacji.
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Technika ekstruzji jest najstarsza technikg wytwarzania mikrokapsutek [81]. Polega na
przygotowaniu roztworu hydrokoloidu (wodna dyspersja nosnika, takiego jak polimer
naturalny lub syntetyczny), ktorym moze by¢ alginian sodu. Nastepnie do roztworu dodaje si¢
material do enkapsulacji, a zawiesina jest wkraplana do roztworu sieciujacego, ktorym moze
by¢ chlorek wapnia [62,69,72,82-87]. W zalezno$ci od tego, czy jest to skala laboratoryjna,
czy pilotazowa, do wyttaczania stosuje si¢ odpowiednio igle strzykawki lub ekstruder [72].
Wielkos¢ i ksztalt otrzymanych kulek zaleza od takich czynnikéw, jak $rednica igly 1 odlegtos¢
igly od roztworu utwardzacza. Ta technika jest najbardziej popularna ze wzgledu na fatwos¢,

prostote i niski koszt [88].

Z kolei technika emulsyfikacji jest drozsza niz metoda ekstruzji ze wzglgdu na konieczno$é¢
stosowania duzej ilosci oleju do wytworzenia emulsji. W tej technice faza nieciagla (mieszanina
hydrokoloidu 1 materiatu kapsutkowanego) jest dodawana do duzej objetosci fazy ciaglej
(oleju) [62,69,72,79,82,83]. W zastosowaniach spozywczych jako faze ciagly wykorzystuje si¢
oleje roslinne, najczesciej rzepakowy, stonecznikowy, czy kukurydziany [88,89]. Nastepnie do
utworzonej mieszaniny dodaje si¢ emulgator. Powstajaca pre-emulsj¢ typu woda w oleju
homogenizuje si¢ w sposob ciagly przez mieszanie [62,69,72,82,83]. Szybko$¢ mieszania
emulsji jest krytycznym etapem, poniewaz wplywa ona zarowno na ksztalt, jak i rozmiar
utworzonych kapsutek [90]. Bardzo duze kapsutki (o $rednicy okoto 1000 um lub wigkszej)
moga powodowac stabo powleczone struktury oraz grubg teksture [91], co z kolei wptywa na
jakos¢ dyspersji kapsutek w koncowym produkcie [92]. Wytworzong emulsj¢ destabilizuje si¢
przez dodanie roztworu chlorku wapnia, odwirowuje, oddzielajac faze olejowa 1 wodng w celu
otrzymania mikrosfer [93,94].

Szczegbtowa charakterystyka nosnikow alginianowych oraz metod enkapsulacji i ich wad
1 zalet, czynnikow wptywajacych na proces formowania mikroczastek alginianu oraz ich
zastosowan znajduje si¢ w publikacji “Preparation and Characteristics of Alginate
Microparticles for Food, Pharmaceutical and Cosmetic Applications”, Polymers, 2022;

stanowigcej zalacznik do niniejszej pracy doktorskiej.
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5. Cel i zakres pracy

Gtownym celem pracy doktorskiej bylo opracowanie formulacji, zawierajacej zywe
kultury bakterii probiotycznych, sprzyjajacych zachowaniu naturalnej flory bakteryjnej skory.
W tym celu koniecznie byto znalezienie efektywnej formy, nos$nika dla probiotykow poprzez
dobor naturalnych i1 biokompatybilnych surowcow, optymalnej metody otrzymywania
pozwalajacej na uzyskanie zarowno wysokiej efektywnosci enkapsulacji, jak rowniez

przezywalnos$ci W czasie szczepu bakteryjnego zamknigtego w nosniku.

Zakres pracy obejmowat:

v Opracowanie no$nika dla zywego szczepu probiotycznego wraz z optymalizacja
sktadu jakosciowego 1 iloSciowego formulacji nosnikowej oraz analizg fizykochemiczng
no$nika.

v Badania efektywnosci enkapsulacji (EE) oraz oceng zywotno$ci wolnych
i kapsutkowanych komorek probiotycznych w zaleznosci od wptywu pH, S$rodka
konserwujacego, temperatury, UV.

v Opracowanie formulacji bazowej, w postaci emulsyjnej, w ktorej jako sktadnik
probiotyczny zastosowano mikrosfery alginianowe zawierajgce bakterie kwasu mlekowego
wraz z doborem uktadu konserwujacego.

v Opracowanie alternatywnej formulacji bazowej dla mikrosfer alginianowych,
pozwalajacej na pominigcie Srodkow konserwujacych.

v Modyfikacj¢ mikrosfer alginianowych o dodatek sktadnika prebiotycznego
w celu uzyskania wigkszej zywotnosci komoérek bakterii wraz z optymalizacjg skladu
jako$ciowego 1 ilosciowego no$nika.

v Powlekanie zmodyfikowanych mikrosfer za pomoca biopolimeréw w celu
uzyskania maksymalnego stopnia hermetycznosci no$nika oraz oceng przezywalnosci szczepu
probiotycznego w powlekanych mikrosferach.

v Ocen¢ efektywnosci dziatania formulacji z mikrosferami probiotycznymi
(MP) — ocene cytotoksycznosci (test MTT) i1 badania wptywu na proliferacje komorek (test
MTT).

v Badania in vitro i in vivo wptywu formulacji kosmetycznej zawierajacej MP na
mikrobiom skéry, potwierdzajace kolonizacje skoéry probantow szczepem probiotycznym

obecnym w kosmetyku.
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W celu petniej charakterystyki fizykochemicznej opracowanych mikrosfer alginianowych
z probiotykami zastosowano szereg metod badawczych, miedzy innymi skaningowa
mikroskopi¢ elektronowg, transmisyjng mikroskopi¢ elektronowa, mikroskopi¢ optyczna,
badania reologiczne, spektroskopi¢ w podczerwieni z transformacjg Fouriera, spektroskopie
Ramana. Ponadto zastosowano metody oceniajgce wiasciwo$ci mikrobiologiczne no$nikow
i formulacji (metoda pour plate, metoda studzienkowo-dyfuzyjna).

Prezentowana praca doktorska wpisuje si¢ w aktualng tematyke badan nad mikrobiomem
skory, ma duze znaczenie dla rozwoju technologii otrzymywania nie tylko innowacyjnych

preparatéw kosmetycznych, ale takze farmaceutycznych, czy tez agrochemicznych.

6. Forma pracy doktorskiej oraz wktad doktoranta

Przedstawiona rozprawa doktorska pt. ,,Mikrobiom skory — probiotyki w preparatach
kosmetycznych” jest wynikiem kilkuletnich badan. Opis przeprowadzonych badan zostal
zebrany w formie dwoch oddzielnych czesci. W rozdziale 7 oméwiono metodyke i wyniki
badan opublikowane w cyklu 5 publikacji [1C — 5C], patencie [6C] i zgtoszeniu patentowym
[7C]. Opisane w publikacjach wyniki badan dotycza optymalizacji parametrow otrzymywania
nos$nikow alginianowych oraz badania wlasciwoséci fizykochemicznych 1 efektywnosci
enkapsulacji probiotykow [2C], oceny zywotno$ci bakterii i MP pod wptywem rdéznych
czynnikow zewnetrznych oraz opracowania emulsji O/W zawierajacej probiotyki [3C],
opracowaniu formulacji oleozelowej zawierajacej kapsulki probiotyczne [4C], a takze
modyfikacji mikrosfer alginianowych poprzez dodatek prebiotyku oraz powlekanie struktur,

w celu uzyskania maksymalnego stopnia hermetycznosci [SC].

Przedstawiony cykl obejmuje artykuly naukowe, opublikowane w recenzowanych
czasopismach, ujetych w bazie Journal Citation Indicator (JCI), o sumarycznym indeksie
wptywu IF = 20,4 (punktacja MNiSW = 640 pkt.). W rozdziale 8 oméwiono metodyke
prowadzenia 1 wyniki badan dotyczacych oceny wplywu opracowanych formulacii,
zawierajacych MP, na mikrobiom skory. Opisane badania sg przedmiotem kolejnego artykutu

naukowego, ktory zostat wystany do publikacji w czasopismie Scientific Reports.
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Cykl publikaciji:

[1C]. Letocha A.*, Miastkowska M., Sikora E., Preparation and Characteristics of
Alginate Microparticles for Food, Pharmaceutical and Cosmetic Applications, Polymers,
2022, 14, 3834

Udziat: Anna tetocha —60%, Matgorzata Miastkowska — 20%, Elzbieta Sikora —20%
Liczba cytowar wg bazy Scopus: 93

IF: 4,7

MNiSW: 100 pkt.

SJR: Q1

MGoj udziat polegat na dokonaniu krytycznego przeglqdu literaturowego dotyczgcego
technik enkapsulacji algianianow, zalet i wad roznych metod enkapsulacji, czynnikow
wplywajgcych na proces formowania mikroczgstek —alginianu, zastosowan
mikroczgstek alginianu oraz przygotowaniu pierwotnej wersji manuskryptu,
korespondencji z edytorem czasopisma a takze wspotudziale w redagowaniu

odpowiedzi dla recenzentow.

[2C]. Letocha A.*, Michalczyk A., Miastkowska M., Sikora E., Design of alginate
microsphere formulation as a probiotics carrier, Chemical and Process Engineering: New
Frontiers, 2023, 44(3), e20

Udziat: Anna Letocha — 60%, Alicja Michalczyk — 20%, Malgorzata Miastkowska —
10%, Elzbieta Sikora — 10%

Liczba cytowar wg bazy Scopus: 3

IF:0,5

MNiSW: 100 pkt.

SJR: Q4

Moj udzial polegal na zaplanowaniu badan statystyczng metodq planowania
eksperymentu (DoE), opracowaniu formulacji nosnikowej, przeprowadzeniu
optymalizacji  procesu otrzymywania mikrosfer alginianowych, okresleniu
optymalnego sktadu i parametrow otrzymywania oraz wtasciwosci fizykochemicznych
nosnika, enkapsulacji bakterii probiotycznych w nosniku, okresleniu wtasciwosci
fizykochemicznych, przygotowaniu uktadow do badania efektywnosci enkapsulacji

i Zywotnosci zakapsutkowanych probiotykow w czasie, opracowaniu wynikow oraz
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przygotowaniu pierwotnej wersji tekstu manuskryptu, korespondencji z edytorem
czasopisma a takze wspotudziale w redagowaniu odpowiedzi dla recenzentow..
[3C]. Letocha A.*, Michalczyk A., Ostrowska P., Miastkowska M., Sikora E., Probiotics-
Loaded Microspheres for Cosmetic Applications, Applied Sciences, 2024, 14(3), 1183
Udzial: Anna Letocha — 65%, Alicja Michalczyk — 20%, Paulina Ostrowska — 1%,
Matgorzata Miastkowska — 9%, Elzbieta Sikora —5%
Liczba cytowar wg bazy Scopus: 5
IF:2,5
MNiSW: 100 pkt.
SJR: Q2
Moj udzial polegal na zaplanowaniu badan, enkapsulacji probiotykow
w mikrosferach alginianowych, przygotowaniu formulacji dla mikrosfer
alginianowych zawierajqgcych probiotyki wraz z doborem uktadu konserwujgcego,
okresleniu wtasciwosci fizykochemicznych otrzymanych formulacji, przygotowaniu
mikrosfer probiotycznych i formulacji do badan Zywotnosci komorek bakteryjnych
w czasie, opracowaniu wynikéw, przygotowaniu tekstu manuskryptu i odpowiedzi na
recenzje oraz korespondencji z edytorem czasopisma.
[4C]. Letocha A.*, Miastkowska M., Sikora E., Michalczyk A., Liszka-Skoczylas M.,
Witczak M., Hybrid Systems of Oleogels and Probiotic-Loaded Alginate Carriers for
Potential Application in Cosmetics, Molecules, 2024, 29, 5984
Udziat: Anna Letocha — 55%, Matgorzta Miastkowska - 10%, Elzbieta Sikora - 10%,
Alicja Michalczyk — 10%, Marta Liszka- Skoczylas — 10%, Mariusz Witczak — 5%
Liczba cytowar wg bazy Scopus: 1
IF: 4,2
MNiSW: 140 pkt.
SJR: Q1
MOoj udzial polegal na zaplanowaniu badan, otrzymaniu nosnikow alginianowych
technikq emulsyfikacji i ekstruzji, ocenie wlasciwosci fizykochemicznych nosnikow,
przygotowaniu  formulacji  oleozelowej wraz z kapsutkami probiotycznymi,
przygotowaniu uktadow do badan wiasciwosci lepkosprezystych oraz badan
Zywotnosci komorek bakteryjnych w czasie, opracowaniu wynikéow, przygotowaniu
tekstu manuskryptu i odpowiedzi na recenzje oraz korespondencji z edytorem

czasopisma.
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[5C]. Letocha A.*, Michalczyk A., Miastkowska M., Sikora E., Effect of Encapsulation
of Lactobacillus casei in Alginate-Tapioca Flour Microspheres Coated with Different
Biopolymers on the Viability of Probiotic Bacteria, ACS Applied Materials&Interfaces,
2024, 16(39), 52878-52893

Udzial: Anna Letocha — 70%, Alicja Michalczyk — 15%, Malgorzata Miastkowska —
8%, Elzbieta Sikora — 7%

Liczba cytowar wg bazy Scopus: 4

IF: 8,5

MNiSW: 200 pkt.

SJR: Q1

Moj udzial polegal na zaplanowaniu badan, dobraniu Zrodia prebiotyku i ocenie
wplywu maqki z tapioki na wzrost szczepu probiotycznego, enkapsulacji probiotykow
w nosnikach, przeprowadzeniu optymalizacji procesu otrzymywania mikrosfer
alginianowo — tapiokowych, ocenie wtasciwosci fizykochemicznych otrzymanych
mikrosfer, opracowaniu powlekanych mikrosfer i ocenie efektywnosci powlekania za
pomocq spektroskopii Ramana, okresleniu stopnia przezywalnosci probiotykow
w opracowanych uktadach w czasie, opracowaniu wynikoéw, przygotowaniu tekstu

manuskryptu i odpowiedzi na recenzje oraz korespondencji z edytorem czasopisma.

[6C] Patent PL 246674, Letocha A., Miastkowska M., Sikora E., Sposob otrzymywania
mikrokapsulek zawierajacych bakterie probiotyczne, 2025

Udziatl: Anna Letocha — 33,4%, Malgorzata Miastkowska — 33,3%, Elzbieta Sikora —
33,3%

[7C] Zgloszenie patentowe P. 445990, Letocha A., Michalczyk A., Miastkowska M., Sikora E.,

Formulacja kosmetyczna lub dermokosmetyczna zawierajaca bakterie probiotyczne, 2023.

Udzial: Anna tetocha — 25%, Matgorzata Miastkowska — 25%, Elzbieta Sikora —
25%, Alicja Michalczyk — 25%
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7. Badania opisane w cyklu publikacji [1C - 7C]

Pierwszy etap badan dotyczyt opracowania efektywnej formy, nosnika dla zywych
szczepOdw probiotycznych. Przed przystapieniem do pracy badawczej przeprowadzono analize
literatury dotyczacej potencjalnego materiatu i formy no$nika do enkapsulacji bakterii
probiotycznych. Na tej podstawie, jako surowiec do otrzymania no$nikow zostat wytypowany
polimer naturalnego pochodzenia — alginian sodu, material stosowany w przemysle
spozywczym i farmaceutycznym. Natomiast dotychczas kapsutki alginianowe —
w szczegolnosci mikrosfery petnigce rolg nosnikow mikroorganizmoéw — nie byty stosowane
w przemysle kosmetycznym. Powodem sg ograniczenia dotyczace skladu kosmetykow,
zwlaszcza konieczno$¢ stosowania konserwantdéw, ktére eliminujac bakterie patogenne,
jednoczesnie niszczyltyby rowniez pozadane, zywe kultury bakterii, w tym szczepy
probiotyczne. W oparciu o przeprowadzong analizg literatury przygotowano pracg przegladowa
[1C]. W publikacji omowiono techniki enkapsulacji alginiandw oraz zalety i wady kazdej
z metod. Ponadto, przedstawiono czynniki majace istotny wptyw na proces formowania
mikroczastek alginianu oraz ich dotychczasowe zastosowania.

Alginiany naleza do naturalnych, hydrokoloidow pozyskiwanych z alg morskich.
W wyniku ich oddziatywania z kationami dwuwarto$ciowymi, ktorymi sg w szczegdlnosci jony
Ca?*, nastgpuje proces sieciowania jonowego i powstanie mikrosfer, mikrokapsutek lub
mikrozeli. Charakterystyczng strukture molekularng wynikajaca z tych oddziatywan okresla si¢
jako model ,,jajko-pudetko”. Z analizy literaturowej i patentowej wynika, ze najczesciej
stosowanymi technikami do enkapsulacji sktadnikéw aktywnych w alginianach s3: suszenie
rozpylowe, ekstruzja czy emulsyfikacja. Kazda z metod ma swoje wady i zalety [1C]. Jednak
ze wzgledu na roézny rozmiar czastek otrzymanych tymi metodami w badaniach zastosowano
metode emulsyfikacji, pozwalajaca na otrzymanie kapsutek o najmniejszych i jednorodnych
rozmiarach. Zbyt duzy rozmiar kapsutek moze negatywnie wpltywaé na teksturg
1 wlasciwosci sensoryczne preparatow kosmetycznych. Z kolei zbyt maty rozmiar (skala nano)
bytby nieodpowiedni dla enkapsulacji probiotykow, gdyz wielkos¢ komorek bakteryjnych
zwykle miesci si¢ w przedziale od 1 do 4 um [1C].

7.1. Optymalizacja skladu nosnikow

Kolejnym etapem badan bylo opracowanie technologii wytwarzania no$nikow
alginianowych [2C]. Proces otrzymywania mikrosfer alginianowych zoptymalizowano
z wykorzystaniem matematycznych metod planowania eksperymentu (DoE). W pierwszej

kolejnosci okreslono parametry wejSciowe, czyli zmienne majace wptyw na parametry
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wyjsciowe — koncowy rozmiar otrzymywanych nosnikéw. Sporzadzono dwa plany frakcyjne
(z zastosowaniem procesu homogenizacji ultradzwigckowej 1 z uzyciem homogenizatora
mechanicznego typu ,,rotor-stator”) z jednym punktem w centrum planu. Sprawdzono, czy
parametry wejsciowe w istotny sposéb wpltywaja na parametry wyjsciowe. Do grupy
parametrow wejsciowych zaliczono w obu przypadkach stezenie 1 szybkos¢ wkraplania srodka
sieciujagcego oraz amplitude ultradzwigkow (w przypadku metody ultrasonifikacji) lub
szybkos¢ obrotow rotora (w przypadku homogenizacji mechanicznej). Analize statystyczna
przeprowadzono w oparciu o jednokierunkowg analiz¢ wariancji (ANOVA). Za pomocg testu
F dokonano oceny istotnosci réznic. We wszystkich przypadkach za istotng statystycznie
uznano warto$¢ p < 0,05. Zostaty opracowane profile funkcji uzytecznosci uwzgledniajace
parametry niezalezne. W wyniku przeprowadzonej analizy uzyskano profile aproksymacii,
ktore pozwolity okresli¢ optymalne parametry procesu. Na podstawie przeprowadzonych badan
uzyskano stabilne mikrosfery alginianowe o rozmiarach od 10 do 30 mikrometréw. Otrzymane
w wyniku optymalizacji no$niki alginianowe poddano badaniom wlasciwosci
fizykochemicznych. Ksztaltt i rozmiaru kapsulek analizowano za pomoca mikroskopu
optycznego. Natomiast morfologi¢ otrzymanych mikrosfer badano stosujac skaningowsg

i transmisyjng mikroskopi¢ elektronowg (SEM i TEM) (Rysunek 10).

AL g

~

Rysunek 10. a) Zdjecie TEM powtoki alginianowej, b) Zdjecie SEM struktury mikrosfer.

Otrzymane wyniki wykazaty, ze zastosowane w celu zmniejszenia rozmiarOw oraz
uzyskania stabilnych i jednorodnych mikrosfer metody homogenizacji (ultrasonifikacja
i homogenizacja mechanicznej) dajg podobne rezultaty. W dalszych badaniach zastosowano
ultrasonifikacje (ze wzgledu na krotszy czas procesu i nieco mniejsze $rednie rozmiary

mikrosfer = 5 um).
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Na podstawie przeprowadzonej optymalizacji [2C] w dalszych badaniach w celu
uzyskania mikrosfer alginianowych (zaréwno pustych jak i zawierajacych probiotyki (Szczep
Lactobacillus casei ATCC 393)) zastosowano parametry procesu zamieszczone w Tabeli 1.

Tabela 1. Optymalne parametry otrzymywania mikrosfer alginianowych.

Parametry procesu Optymalne warto$ci parametrow
Stezenie chlorku wapnia (Srodka sieciujacego) 0,3 mol/dm?3
Szybko$¢ wkraplania CaClz 10 kropli na minute
Amplituda procesu ultrasonifikacji 69%

Sposob otrzymywania mikrosfer probiotycznych (MP) zostat objety patentem o numerze
PL 246674 [6C]. Przeprowadzono réwniez badania majace na celu sprawdzenie efektywnosci
enkapsulacji (EE). Wyniki otrzymanych badan wykazaty, ze zastosowana metodyka pozwolita
uzyska¢ wysoka EE bakterii (72-94%) w zaleznosci od formy (sposobu wydzielenia mikrosfer

z dyspers;ji 1 predkosci wirowania) [2C].
7.2. Ocena skutecznosci ochrony szczepu probiotycznego przez otoczke alginianowg

W celu oceny zywotnosci bakterii pod wptywem roznych czynnikow zewnetrznych,
zawiesing szczepu probiotycznego oraz zawierajace j3 mikrosfery poddano dziataniu réznych
czynnikow fizykochemicznych takich jak: temperatura, promieniowanie UV, odczyn pH oraz
dzialanie $rodka konserwujacego. Oceny zywotnosci komorek probiotycznych wolnych
1 zakapsutkowanych dokonano poprzez zliczanie kolonii bakteryjnych wyrostych na ptytkach
z agarowym podtozem De Man—-Rogosa—Sharpe (MRS) po uzyciu techniki inokulacji ,,pour
plate” [3C]. Nastepnie mikrosfery wykazujgce najwyzsza odpornos¢ na ww. czynniki zostaty
wykorzystane jako sktadnik aktywny formulacji kosmetycznych, dla ktorych starannie dobrano
system konserwujacy. Sposrod testowanych konserwantow, W najmniejszym stopniu na
zywotnos¢ szczepu L. casei ATCC 393 zamknigtego w mikrosferach miat uktad na bazie
benzoesanu sodu w potaczeniu z solami sodowymi kwasu lewulinowego i1 anyzowego.
W poroéwnaniu z poczatkowa gestoscia szczepu w mikrosferach (9,60 log CFU/g), zywotnosé
L. casei zmniejszyta si¢ o 0,26 log bezposrednio po otrzymaniu formulacji kosmetycznej,
0 3,42 log po 7 dniach i o 3,54 log po miesigcu przechowywania. Dlatego tez uklad ten
zastosowano jako system konserwujacy dla emulsji O/W w celu zapewnienia zywotnos$ci
mikroorganizmow i stabilno$ci mikrobiologicznej produktow. Formulacja ta — E2 (Tabela 2)

objeta jest zgloszeniem patentowym o numerze P. 445990 [7C].
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Tabela 2. Sktad formulacji bazowej (E1) i zawierajacej MP (E2).

ki t 9 .
Nazwa INCI Sktad procentowy [% mas.]

sktadnika E1l E2

Sktad emulsji

Water
Xanthan gum
Faza wodna Sodium levulinate;
sodium anisate
Sodium benzoate
Faza olejowa Avocado oil 15 15
Sorbitan stearate;
sucrose cocoate
Glyceryl stearate;

78 77

Emulgatory polyglyceryl-6 7 7
palmitate/
succinate; cetearyl
alcohol
Substancje Microspheres ) 1
aktywne with probiotics

Uzyskane wyniki wykazaty znaczaca poprawe przezywalnosci mikrokapsutkowanego szczepu
probiotycznego w formulacjach kosmetycznych mimo obecnosci w sktadzie emulsji $rodkow
konserwujacych (6,13 log CFU/g po 120 dniach przechowywania) w poréwnaniu z formulacja
zawierajacg niekapsutkowany szczep probiotyczny, w przypadku ktérego zaobserwowano
catkowitg redukcj¢ komorek bakteryjnych [3C].

Poszukujac réznych form fizykochemicznych kosmetykow z bakteriami probiotycznymi,
rownolegle, opracowano stabilne formulacje oleozelowe, do ktorych wprowadzono
mikrokapsutki alginianowe zawierajace bakterie probiotyczne [4C]. Oleozele (organozele) to
uktady powstajace w wyniku zelowania rozpuszczalnikow organicznych (oleju lub niepolarne;j
cieczy) za pomoca organozelatora [4C]. Ze wzgledu na brak zawartosci wody w takich
preparatach, uktady te nie musza zawiera¢ konserwantdw, a wiec stanowig alternatywe dla
zaproponowanej wczesniej emulsji O/W. W wyniku badan opracowano dwa oleozele,
w pierwszym zelatorem byta krzemionka Aerosil 200 (INCI: Silica), a w drugim Sucragel
(INCI: Glycerin, Aqua, Sucrose Laurate), do ktorych wigczono liofilizowane noséniki alginianu
z probiotykiem, L. casei ATCC 393. Do wytworzenia kapsutek z probiotykami zastosowano
dwie techniki — ekstruzje i emulsyfikacje. Kulki alginianu uzyskane w procesie ekstruzji miaty
rozmiar okoto 1,2 mm, podczas gdy znacznie mniejsze mikrosfery (0 rozmiarach od 8 do
17 um) uzyskano przy uzyciu techniki emulsyfikacji. Jako $rodek krioochronny, w celu
poprawy wskaznika przezywalnosci probiotykow w liofilizowanych no$nikach alginianowych
zostata dodana trehaloza. Wydajnos¢ enkapsulacji i przezywalno$¢ bakterii w czasie okreslono

za pomocg wczesniej wymienionej techniki inokulacji ,,pour plate”. Dla obu zastosowanych
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metod — emulsyfikacji i ekstruzji, efektywno$¢ enkapsulacji byla wysoka i wynosita
odpowiednio 90% i 87% [5C]. Uzyskane wyniki wykazaty, ze metoda produkcji mikrosfer
zawierajagcych probiotyki wplywa na zywotno$¢ bakterii. Lepsza przezywalno$é
mikroorganizmow w opracowanych uktadach uzyskano w przypadku mikrosfer wytworzonych

metodg emulsyfikacji (mniejsza redukcja zywotnos$ci komorek bakteryjnych — Tabela 3).

Tabela 3. Przezywalnos¢ bakterii probiotycznych w opracowanych uktadach.

Po 7 dniach Po 30 dniach
Rodzaj Technika Zywotnos¢  Redukcja Zywotnos¢  Redukcja
oleozelu enkapsulacji komérek [log CFU/g] komérek  [log CFU/g]
[log CFU/g] [log CFU/ g]
Emulsyfikacja 3,82 1,98 1,83 3,97
Aerosil 2005, & 7ia 3,28 2,52 1,28 4,52
Emulsyfikacja 3,65 2,15 1,99 3,81
Sucragel
Ekstruzja 3,32 2,48 1,36 4,44

Chociaz wyniki badan dotyczace wprowadzenia mikrokapsutek probiotycznych do
oleozeli sg obiecujace, nalezy przeprowadzi¢ wigcej badan nad dostarczaniem probiotykow

przy uzyciu takich systemow, aby zweryfikowa¢ zalety proponowanego rozwigzania.

7.3. Modyfikacja mikrosfer alginianowych

Nastepnym etapem pracy byta modyfikacja struktury no$nikoéw, przeprowadzona w celu
maksymalnego uszczelnienia struktury mikrosfer alginianowych oraz zwigkszenia stopnia
przezywalnosci bakterii probiotycznych zamknigtych wewnatrz no$nikow [5C]. W tym celu
zastosowano dodatek prebiotyku, gdyz polaczenie pro- i prebiotykow skutkuje aktywnoscig
synbiotyczna, ktora poprawia przezywalno$¢ drobnoustrojow [57]. W tym celu jako prebiotyk
zastosowano make z tapioki, poniewaz juz sam jej dodatek mial pozytywny wptyw na wzrost
szczepu L. casei podczas fermentacji bulionu MRS. Optymalny sktad mikrosfer wybrano
stosujgc ponownie metod¢ DOE [5C]. Partie mikrosfer przygotowano na podstawie wynikow
planu frakcyjnego 3P, Zanalizowano wptyw parametréw wejsciowych (zmienne niezalezne):
stezenie emulgatora, prebiotyku i alginianu sodu oraz stosunek masowy alginianu sodu do
prebiotyku na parametry wyj$ciowe (zmienne zalezne), czyli wiasciwosci fizykochemiczne
takie jak rozmiar mikrosfer i lepkos¢, a takze na EE i przezywalno$¢ probiotykow
w otrzymanych uktadach. Optymalne mikrosfery alginianowo — tapiokowe zostaty dodatkowo
poddane procesowi powlekania, aby uszczelni¢ ich strukture i uzyska¢ maksymalny poziom

heremetycznosci no$nika. W tym celu jako dodatki powlekajace zostaty dobrane: roztwory
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biopolimerow takich jak zelatyna, chitozan i kwas hialuronowy. Strukture chemiczng mikrosfer
scharakteryzowano wykorzystujac spektroskopie FT-IR. Natomiast do potwierdzenia

skuteczno$ci powlekania mikrosfer wybranymi biopolimerami zastosowano spektroskopi¢
Ramana (Rysunek 11).
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Rysunek 11. 1) Porownanie widm standardow — kwasu hialuronowego, chitozanu i zelatyny ze $rednim widmem niepowlekanych mikrosfer,
2) wyniki mapowania ramanowskiego dla wybranych mikrosfer pokrytych kwasem hialuronowym, 3) chitozanem, 4) zelatyng. Obrazy widzialne

z zaznaczeniem obszarow pomiarowych (A) wraz z analizg KMC (B) i $rednimi widmami dla klas (kolory widm odpowiadajg kolorom klas na

obrazach KMC) zestawionymi z widmem standardu (C).
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Otrzymane na tym etapie badan wyniki wykazaty, ze juz sam dodatek maki z tapioki
(powtoki prebiotycznej) mial pozytywny wplyw na modyfikacje powierzchni mikrosfer
(wygtadzenie porowatej struktury). Dodatkowe powlekanie biopolimerami pozwolito uzyskaé
maksymalny stopien hermetycznos$ci. Ponadto potaczenie powlok: prebiotycznej
1 biopolimerowej mikrosfer, w szczegolnosci przy uzyciu kwasu hialuronowego 1 chitozanu,
znaczgco poprawito przezywalnos¢ 1 zywotno$¢ szczepu probiotycznego podczas
dlugoterminowego przechowywania. Najwyzszy wskaznik przezywalnosci szczepu
probiotycznego odnotowano dla mikrosfer alginianu i maki z tapioki pokrytych kwasem
hialuronowym, na poziomie 5,48 log CFU/g. Stopien przezywalnosci L. casei w tym uktadzie
nosnikowym wyniost 89% po 30 dniach przechowywania (dla mikrosfer alginianowych bez
dodatku prebiotyku i powlekania parametry te osiagnely kolejno wartosci 3,99 log CFU/g
1 55,6%) [5C].

Podsumowujac, badania przeprowadzone w ramach realizacji pracy doktorskiej,
przedstawione w cyklu publikacji [1C — 7C], pozwolitly na opracowanie stabilnych produktow
kosmetycznych w formie emulsji O/W i oleozelu, zawierajacych, jako sktadnik aktywny, zywe
szczepy bakterii probiotycznych. Wyniki badan, potwierdzity, Ze zastosowanie enkapsulacji
bakterii w nosniku alginianowym, pozwolito na ochron¢ probiotycznych mikroorganizmow
przed dzialaniem $rodkow konserwujacych, bedacych niezbednymi sktadnikami formulacji
emulsyjnych. Podsumowanie badan przeprowadzonych w trakcie realizacji mojej pracy
doktorskiej w formie graficznego abstraktu przedstawia Rysunek 12.

W ostatnim etapie badan, przeprowadzonych w ramach realizacji pracy doktorskiej,
dokonano oceny efektywnosci dzialania kosmetyku zawierajagcego zakapsutkowane bakterie
kwasu mlekowego. Badania dotyczace wptywu formulacji probiotycznej na mikrobiom skory

zostaty opisane w rozdziale 8 pracy.

35



5w

Log reduction

Wplyw srodka konserwujacegona
wolne i otoczkowane bakterie L. casei.

SEM struktury liofilizowanych:
(a) mikrosfer alginianowych z L. casei

Enkapsulacja probiotykow w nosnikach alginianowych do
zastosowan w preparatach dermokosmetycznych

Bulion bakteryjny
L. casei ATCC 393

Alginian sodu |
emulsyfikacja DoE
’—> Tween 80 ’—>

Chlorek
wapnia

34

T )

Wykres powierzchni odpowiedzi dla pozadanej
szybkodei kapania i stezenia CaCl, w metodzie
ultrasonifikaciji.

80
=1 Free cells
Eeo 1 AlgITso
2 =1 AlgiSE0
- = 40 = AlgT8a/Thi
S =1 Al
5 20 =
o
o @ & &
20 B (,:‘;s &
- o am 4@‘&6‘1@ ff
4 o o
Encapsulation technique
casei i 2 Fl 4

Farm of probiotic bacteria Przezywalnosc wolnych komorek i probiotykow
w kapsulkach w technikach emulsyfikaciji i

ekstruzji.
Emulsja O/W Oleozel ~
z mikrosferami z mikrosferami
Y v Prebiotyk: Maka z
Modyfikacja tapioki
mikrosfer v Powloka: kwas
alginianowych hialuronowy

1a

Ramana

% Spektroskop

| et

Eall iy g CPUE)

i (b) mikrosfer alginianowo-
tapiokowych z L. casel.

Tin e

Wyniki mapowania Ramana dla Przezywalnosé L. casei w alginianowo —
mikrosfer pokrytych kwasem prebiotyeznych i powlekanych mikrosferach.
hialuronowym.

v Badania in vitro i in
vive formulacji

Rysunek 12. Schemat prac badawczych sktadajacych si¢ na rozprawe doktorska.
36



8. Ocena wplywu kosmetyku z probiotykiem na mikrobiom skory

W celu weryfikacji efektywnosci dziatania, wptywu formulacji zawierajacej bakterie
probiotyczne na mikrobom skoéry, przeprowadzono badania in vitro 1 in vivo — z udziatem

probantow.

8.1. Materialy i metody
8.1.1. Materialy

W badaniach wykorzystano nast¢pujace szczepy mikroorganizmoéw: Lactobacillus casei
ATCC 393, Staphylococcus epidermidis ATCC 49134 , Staphylococcus aureus ATCC 6538
Micrococcus luteus DSM 1790, Escherichia coli ATCC 25922, Staphylococcus capitis subsp.
urealyticus DSM 6717, Staphylococcus hominis DSM 20329, Candida albicans ATCC 10231,
Cryptococcus neoformans PCM 2999. Szczepy uzyskano z nastepujacych kolekcji: American
Type Culture Collection (ATCC), Deutsche Sammlung von Mikroorganismen und Zellkulturen
(DSM) i1 z Polskiej Kolekcji Mikroorganizméw (PCM). Podczas badania do namnazania
L. casei i innych bakterii uzyto bulionu de Man-Rogosa-Sharpe (MRS) i bulionu Tryptic Soy
Broth (TSB). Kultury macierzyste przygotowano w glicerolu (20%) i przechowywano
w temperaturze -70°C. Badane szczepy grzybow drozdzopodobnych hodowano
1 przechowywano w formie skoséw na agarze dekstrozowym Sabourauda (S) w temperaturze
4°C, a nastgpnie przenoszono na $wieze podtoze co 4 — 8 tygodni. Wszystkie podtoza oraz ich
sktadniki zakupiono od Biomaxima (Polska).

Sol sodowa kwasu alginowego z alg brunatnych i cytrynian sodu zakupiono od Sigma
Aldrich (Polska). Make z tapioki dostarczyla firma Green Essence (Polska). Chlorek wapnia
zakupiono od Avantor Performance Materials Poland S.A. (Polska). Triglicerydy
kaprylowe/kaprynowe, ECO-Tween 80 i s6l sodowa kwasu hialuronowego (0,05 - 0,1 MDa)
zostaly uprzejmie dostarczone przez Croda (Polska) i Alfa Sagittarius (Polska). Olej z nasion
takowej piany zakupiono od Piping Rock Health Products (USA). Dermosoft® 1388 (INCI:
Aqua; Glycerin; Sodium Levulinate; Sodium Anisate) nabyto od Evonik Industries AG,
a benzoesan sodu i gume¢ ksantanowa zakupiono w Warchem Polska. NatraGem™ (INCI:
Glyceryl Stearate, Polyglyceryl-6 Palmitate/Succinate, Cetearyl Alcohol) i Arlacel™ 2121
(INCI: Sorbitan Stearate, Sucrose Cocoate) zostaly uprzejmie dostarczone przez Croda

(Polska). Jako rozpuszczalnik zastosowano wode dejonizowang.
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8.1.2. Okreslenie wplywu szczepu L. casei na szczepy S. aureus oraz S. epidermidis

Aktywnosc¢ szczepu bakterii probiotycznych L. casei ATCC 393 w stosunku do szczepoéw
S. aureus ATCC 6538 oraz S. epidermidis ATCC 49134 okres$lano metodg dyfuzji agarowej
(agar-well diffusion method) zgodnie z wczesniej opisang metodyka [95]. Ocenie poddano
supernatanty 24-godzinnej hodowli szczepu L. casei, wyhodowanego na ptynnym podtozu
MRS w temp. 37°C, ktore zostaty przygotowane zgodnie z procedurg opisang przez Chi-Chung
Chen 1 wspot. [96]. W skrocie, 100ul bezkomodrkowego supernatantu szczepu
L. casei wypehiono studzienk¢ o $rednicy 6 mm, wczesniej wycigta w podtozu TSA,
zawierajacym S. aureus lub S. epidermidis. Srednice strefy zahamowania wzrostu oceniano po
24 h inkubacji w temperaturze 37°C. Eksperyment przeprowadzono w dwoch powtdrzeniach.

Wynik uznano za pozytywny, jesli strefa zahamowania byta wigksza niz 1 mm [97].

8.1.3. Enkapsulacja probiotykow

Mikrosfery polimerowe przygotowano zgodnie ze zmodyfikowang metodologia opisang
w publikacji [2C] oraz w patencie PL 246674 [6C]. Jako material wspotkapsutkujacy
zastosowano make z tapioki. Po zakapsutkowaniu mikrosfery pokryto kwasem hialuronowym
zgodnie z metodologia opisang w manuskrypcie [5C]. Schemat procesu otrzymywania
nosnikow zawierajacych zywe bakterie Lactobacillus przedstawiono na Rysunku 13.
Otrzymane mikrosfery probiotyczne w kolejnym etapie zastosowano jako sktadnik aktywny
w kosmetyku emulsyjnym.
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8.1.4. Przygotowanie formulacji probiotycznej (formulacja bazowa—Eliz MP - E2)

Emulsje przygotowano zgodnie z metodologia opisang w publikacji [3C] oraz zgloszeniu
patentowym P. 445990 [7C]. Ramowy sktad formulacji przedstawiono na stronie 31, a jako
sktadnik aktywny zastosowano powlekane mikrosfery probiotyczne — prebiotyczne. Obie fazy
(olejowa i wodng) podgrzano do temperatury 70°C, a nastgpnie potgczono i mieszano za
pomoca mieszadta mechanicznego (IKA C-MAG HS 7), stosujac obroty 600 obr./min, przez
15 min. W przypadku formulacji E2 mikrosfery probiotyczne dodano po schtodzeniu uktadu
do temperatury ponizej 40°C, mieszanie kontynuowano, stopniowo chtodzac uktad do

temperatury 25°C.

8.1.5. Wilasciwosci fizykochemiczne i zywotnos¢ probiotykéw w formulacjach

Wiasciwosci fizykochemiczne formulacji oceniano zgodnie z metodyka opisang
w publikacji [3C]. Stabilno$¢ emulsji badano dwoma metodami, wstepnie stosujgc test
wiréwkowy, a nastepnie test szokow termicznych. Wartosci pH mierzono za pomoca pH-metru
Mettler Toledo Seven Easy wyposazonego w szklang elektrode Inlab 410. Srednig wielkos¢

kropli w produktach mierzono za pomocg mikroskopu optycznego (Motic) wyposazonego
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w kamere cyfrowg i podtaczonego do oprogramowania do przetwarzania obrazu cyfrowego
(Motic Images Plus 2.0). Badania reologiczne formulacji wykonywano przy uzyciu reometru
rotacyjnego (Brookfield model R/S plus), wyposazonego w uktad pomiarowy stozek/ptytka
(C-25-2), w zakresie szybkosci $cinania 1-100 s™!', w temperaturze 25°C. Przezywalno$¢
bakterii probiotycznych w formulacji kosmetycznej sprawdzono stosujac procedure opisang
w publikacjach [3C] i [4C]. W skrocie, 1 g formulacji zawierajacych mikrosfery o poczatkowe;j
gestosci 10,50 log CFU/g rozcienczano w 9 ml 0,2 mol/l sterylnego roztworu cytrynianu sodu
(pH = 6,0), a nastepnie wytrzgsano przy 2000 obr./min przez 5 min. Nastepnie 0,1 ml seryjnych
rozcienczen umieszczano na agarze MRS 1 inkubowano w temperaturze 37°C przez 72 h.
Przezywalne komorki zliczano jako liczbe kolonii uzyskanych po 72 h inkubacji
w temperaturze 37°C w warunkach tlenowych. Wszystkie testy wykonywano w trzech
powtdrzeniach, zachowujac zasady sterylnosci. Wyniki przedstawiono jako logarytm jednostek

tworzacych kolonie na gram (log CFU/qg).

8.1.6. Ocena czystosci mikrobiologicznej

Oceny czystosci mikrobiologicznej kosmetykéw (bazy i formulacji z MP) dokonano
w oparciu 0 obowigzujace dla kosmetykéw normy: PN-EN 1SO 22718: 2016-01 [98], PN-EN
ISO 22717: 2016-01 [99], PN-EN ISO 21150: 2016-01 [100], PN-EN ISO 18416: 2016-01
[101], PN-EN-1SO 21149: 2017-07 [102]. Zgodnie z wymaganiami przedstawionymi w normie
PN-EN ISO 17516: 2014 [13], badanie jakoSciowe kosmetyku powinno wykluczaé obecnosé¢
nastepujacych drobnoustrojow chorobotworczych: Escherichia coli, Staphylococcus aureus,
Pseudomonas aeruginosa i Candida albicans w 1 g lub 1 ml kosmetyku. Kryteria akceptacji
czystosci mikrobiologicznej kosmetykow dla badan iloSciowych sg nastepujace: kosmetyki dla
dzieci oraz przeznaczone do stosowania w okolice oczu lub na blony sluzowe (kategoria I):
maksymalny limit akceptacji ogdlnej liczby drobnoustrojéow tlenowych mezofilnych wynosi
2:10? CFU/g lub ml, natomiast pozostate kosmetyki (kategoria IT) maksymalny limit akceptacji
ogolnej liczby drobnoustrojow tlenowych mezofilnych wynosi 2:10° CFU/g lub ml [13].

8.1.7. Badania in vitro i in vivo formulacji z mikrosferami probiotycznymi

Badania wykonano w ramach realizowanych stazy naukowych. Badania Zzywotnosci
I wplywu na proliferacje komorek w oparciu o test MTT, analiz¢ poziomu interleukin 1L-6
i IL-8 metodg ELISA, test gojenia si¢ ran “scratch assay” zrealizowano w Zespole Proteolizy
i Modyfikacji Potranslacyjnej Bialek, Matopolskiego Centrum Biotechnologii w Krakowie.
Natomiast okreslanie wptywu formulacji kosmetycznej zawierajacej szczep L. casei ATCC 393
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na mikroorganizmy tworzace mikrobiom skory wykonano w Pracowni Procesow

Biotechnologicznych, Sieci Badawczej Lukasiewicz w Warszawie.

8.1.7.1. Hodowla komdrkowa

Przed przystgpieniem do badan przeprowadzono hodowle komoérek HaCaT (ludzkie
keratynocyty) i HSF CRL-2522 (ludzkie fibroblasty skory). Komoérki hodowano w Dulbecco's
Modified Eagle Medium (DMEM) (ThermoFisher) zawierajagcym 10% FBS (Thermo
Scientific), 100 U/ml penicyliny (Thermo Scientific) i 100 ug/ml streptomycyny (Thermo
Scientific) w temperaturze 37°C/5% CO2. Komorki dzielono dwa razy w tygodniu za pomoca
trypsyny. Przed kazdym eksperymentem komorki wysiewano na plytki do hodowli
komorkowej zawierajace DMEM bez zadnych antybiotykow (szczegdty dotyczace gestosci

wysiewu podano dla kazdego eksperymentu).

8.1.7.2. Badanie zywotnos$ci komodrek

Komorki HaCaT 1 HSF posiano na 96-dotkowe ptytki (odpowiednio 50 000
komorek/dotek 1 30 000 komorek/dotek) dzien przed eksperymentem. Nastgpnego dnia na
komorki natozono rozcienczenia formulacji w DMEM. Po 24 h inkubacji usunigto podtoze,
a komorki przemyto solg fizjologiczng buforowang fosforanem (PBS) i inkubowano
z 200 pl/dotek 0,5 mg/ml bromku tetrazolowego bigkitu tiazolilowego (Sigma-Aldrich)
w DMEM przez 20-40 min w temperaturze 37°C/5% CO.. Podloze usunigto, a krysztaty
formazanu rozpuszczono w 120 ul izopropanolu (POCH, Polska) zakwaszonego 5 mM kwasem
solnym (POCH, Polska). Probki (90 pul) z kazdego dotka przeniesiono na nowa, przezroczysta
96-dotkowa plytke. Absorbancje probki mierzono przy uzyciu spektrofotometru
mikroptytkowego Hidex Sense (Hidex) przy dlugosci fali A=570 nm. Wyniki obliczono
w poréwnaniu do kontroli (tylko DMEM).

8.1.7.3. Badanie wplywu na proliferacj¢ komorek

Komorki HaCaT 1 HSF posiano na 96-dotkowe ptytki (odpowiednio 5000 komorek/dotek
1 10 000 komorek/dotek) dzien przed eksperymentem. Nastgpnego dnia rozcienczenia
formulacji w DMEM natozono na komorki hodowane w DMEM zawierajacym 2% Surowicy
bydlecej (FBS). Po 48 h usunigto medium, a komoérki przemyto PBS i1 inkubowano
z 200 ul/dotek 0,5 mg/ml bromku tetrazolowego blekitu tiazolilowego (Sigma-Aldrich)
w DMEM przez 20 min (HaCaT) lub 1 h (HSF) w 37°C/5% CO2. Medium usunig¢to, a krysztaty

formazanu rozpuszczono w 120 ul izopropanolu (POCH, Polska) zakwaszonego 5 mM kwasem
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solnym (POCH, Polska). Probki (90 ul) z kazdego dotka przeniesiono do nowej, przezroczystej
ptytki 96-dotkowej. Absorbancje probki mierzono przy uzyciu czytnika mikroptytek Hidex
Sense (Hidex) przy dtugosci fali A=570 nm. Wyniki obliczono w poréwnaniu do kontroli

niestymulowanej (tylko DMEM).

8.1.7.4.  Wplyw formulacji na uwalnianie cytokin

Komorki wysiewano w gestosci 100 000 komorek na dotek (komorki HaCaT) 1 50 000
komorek na dotek (komorki HSF) na 48-dotkowe ptytki na dzien przed eksperymentem.
Kultury konfluentne stymulowano réznymi st¢zeniami formulacji (rozcienczonymi w 350 ul
DMEM). Po 24 h zebrano media komoérkowe i przechowywano je w temperaturze

-20°C do dalszej analizy.

8.1.7.5. ELISA

Poziomy cytokin prozapalnych, IL-6 i IL-8, w podtozu do hodowli komdrkowej mierzono
przy uzyciu komercyjnych zestawéw ELISA (R&D) zgodnie z instrukcja producenta. Plytki
96-dotkowe o polowie powierzchni i wysokim wigzaniu (Greiner) pokryto odpowiednimi
przeciwcialami powlekajacymi rozcienczonymi w PBS. Nastepnego dnia dotki przemyto
buforem do przemywania (0,05% Tween w PBS) i zablokowano na 1 h w temperaturze
pokojowej (20 + 2°C) 150 ul 1% albuminy surowicy bydlecej (BSA) rozcienczonej w PBS.
Dotki przemyto 1 dodano do nich 50 ul probek, a nastepnie inkubowano przez 2 h
w temperaturze pokojowej (20 + 2°C). Po doktadnym przemyciu komoérki w dotkach
inkubowano z przeciwciatami pierwotnymi sprz¢zonymi z biotyng przez 2 h i ponownie
przemyto. Nastgpnie dotki inkubowano ze streptawidyng-HRP przez 30 min. Przed
wywotaniem studzienki przemyto pi¢¢ razy, a do kazdej studzienki dodano 50 pl roztworu
substratu TMB (zestaw odczynnikow substratu TMB, BD). Po wywotaniu sygnatu reakcje
zatrzymano za pomocg 25 ul 2N H2SO4 (POCH). Absorbancje mierzono przy dtugosci fali
A=450 nm i =570 nm.

8.1.7.6. Test gojenia sie ran “scratch assay”

Wkiadki (ibidi) przeniesiono na ptytke 12-dotkowa. Komorki HaCaT (600 000
komorek/dotek) posiano wokot 1 w komorach wktadki w DMEM zawierajacym 10% FBS. Po
catonocnej inkubacji wktadki usunigto, a komodrki obrazowano za pomocg systemu
obrazowania komorek (powigkszenie 4X) (EVOS FL, Thermo Scientific). Medium usunig¢to,

a komorki stymulowano formulacjami o stezeniach 0,5% i 2% (rozcienczonymi w DMEM
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zawierajacym 2% FBS przez 15 h). Po inkubacji komorki obrazowano. Obrazy analizowano za

pomoca oprogramowania TScratch (19450233, CSE Lab, ETH Zurich).

8.1.7.7.  Okreslanie wplywu formulacji kosmetycznej zawierajacej szczep L. casei
na mikroorganizmy tworzace mikrobiom skory

Badania wykonano wedlug metodyki zaproponowanej przez Jatosinska [103] po
zastosowaniu pewnych modyfikacji. W tym celu 5 g porcje formulacji kosmetycznej (E2)
zawierajacej szczep L. casei zamkniety w mikrosferach, zaszczepiono zawiesinami szczepow
referencyjnych wymienionych w rozdziale 8.1.1. i doktadnie mieszano. Wyjsciowa gestosc
zawiesin inokulacyjnych szczepéw mieécita sie w zakresie 1-10° — 1:10° CFU/ml i byta
sprawdzana przez posiew wglebny na podtozu Tryptic Soy Agar (TSA) lub Sabouraux Dextrose
Agar (S) odpowiednio dla bakterii 1 grzyboéw drozdzopodobnych. Nastepnie w aseptycznych
warunkach odwazano 1 g niniejszej formulacji kosmetycznej, umieszczano w 9 ml roztworu
sterylnego cytrynianu sodu o stezeniu 2 mol/l (pH = 6) w celu uwolnienia mikroorganizméw
z MP. Po serii rozcienczen, zywotnos¢ mikroorganizmow testowych wprowadzonych do
formulacji kosmetycznej okreslano metoda ptytkowa wglebna stosujac nastepujace podloza
selektywne: Baird Parker Agar (BPA) (S. aureus, S. epidermidis, S. capitis subsp. urealyticus,
S. hominis), Sabouraud Dextrose Agar (C. albicans, C. neoformans), MacConkeya Agar
(E .coli), FTO Agar (M. luteus). Inkubacje prowadzono w nastepujacych warunkach: bakterie:
37°C, 48 h, grzyby drozdzopodobne: 28°C, 48 h. Oznaczenia Zywotnos$ci mikroorganizméw
testowych w formulacji kosmetycznej z probiotykami wykonano bezposrednio po
wprowadzeniu zawiesin mikroorganizmoéw do preparatu, a takze po jej inkubacji
w temperaturze 37°C przez 2 h i 24 h. Analogiczng procedur¢ zastosowano wobec preparatu
niezawierajacego MP (E1). Doswiadczenie powtorzono dwukrotnie. Wyniki oznaczen
podawano jako log liczby jednostek tworzacych kolonie CFU w 1 g danej formulacji i zostaty
wykorzystane do obliczenia $redniego przyrostu lub redukcji komorek mikroorganizméow

referencyjnych wprowadzonych do formulacji kosmetycznych po okreslonym czasie.
8.1.7.8. Badania in vivo potwierdzajace skuteczno$¢ dzialania kosmetykéw

z probiotykiem

Badanie zostato przeprowadzone na grupie 20 probantéw (kobiet i mezczyzn w wieku
27 — 72 lat). Material do badan pobrano zarowno w czasie 0 (przed uzyciem badanego
preparatu) jak i w czasie 2 h po zastosowaniu produktu. Z wykorzystaniem sterylnego szablonu

o powierzchni 25 cm? pobrano wymazy ze skory policzka. Do pobrania wymazu uzyto

sterylnych wymazowek z podtozem transportowym (system e-Swab). Nastepnie materiat do
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badan wysiano na podtoza hodowlane ilosciowo oraz jakosciowo. Ilosciowg analiz¢ wykonano
z uzyciem metody seryjnych rozcienczen Kocha. Wymazéwke zanurzono w 10ml
zbuforowanej wodzie peptonowej. Wykonywano 10-krotne rozcienczenia badanych probek
(posiew bezposredni do 10#). Wysiewano po 100 pl na ptytki z podtozem odzywczym. Phytki
inkubowano w temperaturze 36 + 1°C (95% powietrza, 5% CO2). Po uplywie czasu inkubacji
(72 £ 3 h) zliczono wyroste kolonie bakteryjne. Identyfikacj¢ przeprowadzono metoda
spektrometrii masowej MALDI TOF MS (801/BUD2/0253, Biotyper, Bruker) z uzyciem

desorpcji/jonizacji laserowej wspomaganej matrycg z analizatorem czasu przelotu.
8.2. Wyniki i dyskusja wynikow
8.2.1. AKktywnos¢ szczepu probiotycznego wobec S.epidermidis i S.aureus

W celu potwierdzenia wptywu formulacji z bakteriami probiotycznymi na mikrobiom
skory w pierwszej kolejnosci okreslono aktywno$¢ samego probiotycznego szczepu na
najpowszechniejsze mikroorganizmy tworzace mikrobiom skory, a wigc Staphylococcus
epidermidis ATCC 49134 i Staphylococcus aureus ATCC 6538. Zastosowano szczepy bedace
izolatami pochodzacymi z ludzkiej skory. Badania wykonano metoda studzienkowo-dyfuzyjna.

Wykazano, ze szczep L. casei ATCC 393 jest aktywny wobec szczepu S. aureus ATCC
6538, o czym $wiadczy obecno$¢ przejrzystych stref wokot dotkéw, ktorych Srednica

przekracza 10 mm (Rysunek 14A).

A) B)

Rysunek 14. Wptyw szczepu L. casei ATCC 393 na szczepy A) S. aureus ATCC 6538
i B) S. epidermidis ATCC 49134.

Wyniki sg zgodne z badaniami Khmaladze i wspotautorow [51], u ktorych probiotyczny
szczep L. reuteri DSM 17938 rowniez wykazywal dziatanie przeciwbakteryjne przeciwko
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patogennym mikroorganizmom skory. Z kolei, w przypadku S. epidermidis nie stwierdzono
stref zahamowania wzrostu (Rysunek 14B), co moze wskazywac na brak wplywu L. casei na
ten szczep. Jest to zatem pozytywna informacja, gdyz S. epidermidis nalezy do gatunkow
komensalnych, ktore odgrywajg istotng role w utrzymaniu rownowagi w sktadzie ilosciowym

1 jako$ciowym mikrobiomu skory cztowieka.

8.2.2. Wilasciwosci fizykochemiczne i Zywotno$¢ probiotykow w preparatach
miejscowych

Nastepnie, do formulacji bazowej opisanej we wczesniejszej publikacji [3C] oraz objete;j

zgloszeniem patentowym P. 445990 [7C], jako sktadnik aktywny dodano zmodyfikowane

mikrosfery alginianowo — tapiokowe pokryte kwasem hialuronowym zawierajace bakterie

probiotyczne (szczep Lactobacillus casei ATCC 393). Wiasciwosci fizykochemiczne

formulacji bazowej — EI i formulacji zawierajacej mikrosfery probiotyczne — E2

przedstawiono w Tabeli 4.

Tabela 4. Wtasciwosci fizykochemiczne i zywotno$¢ probiotykow w emulsjach.

Parametr El E2
Stabilno$¢ — metoda wir6wkowa + +
Stabilno$¢ — metoda szokéw termicznych + +

pH 5,8 (+0,1) 5,8 (+0,1)

Srednia §rednica kropli fazy wewnetrznej [um] 10,6 (+ 0,4) 8,60 (+ 0,89)
Lepko$é przy predkosci $cinania v=50 s [Pa's] 17,0 (= 0,5) 16,0 (£ 0,8)
Zywotno$¢ komérek [log CFU/g] 0,0 (0,0 7,8(x1,2)

Wyniki te potwierdzaja, ze uzyskano stabilne emulsje O/W o jednolitej, gladkiej
konsystencji 1 wartosci pH odpowiadajacej fizjologicznemu pH skory, zawierajace zywe
bakterie probiotyczne. Zywotnoéé bakterii L. casei w mikrosferach po wigczeniu do formulacji
byla na poziomie 7,80 log CFU/g, co oznacza redukcje o 2,70 log w poroéwnaniu
z poczatkowym tadunkiem bakteryjnym w mikrosferach. Jest to zadawalajacy wynik
potwierdzajacy znaczng przezywalno$¢ mikroorganizmoéw w preparacie pomimo obecnosci

srodkéw konserwujacych.

8.2.3. Ocena czystosci mikrobiologicznej

Wyniki badania czystosci mikrobiologicznej opracowanych formulacji przedstawiono
w Tabeli 51 6.
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Tabela 5. Ocena czystosci mikrobiologicznej formulacji bazowej (E1).

Wyniki Wymagania Metoda
Nazwa oznaczenia Jednostka ozna)i:zenia zgodne z PN- oznaczania
EN 17516:2014
Og6lna liczba CFU/g <10 <1-10% CFU/g PN-EN 1SO
drobnoustrojow lub ml 21149: 2017-07,;
tlenowych PN-EN ISO
mezofilnych 16212; 2017-08
(bakterie+ drozdze
i ple$nie)
Pseudomonas CFU/g Brak obecnosci  Nieobecnaw 1 g PN-EN ISO
aeruginosa w 1 g probki lub Iml 22717; 2016-01
Staphylococcus aureus CFU/g Brak obecnosci  Nieobecnaw 1 g PN-EN ISO
w | g probki lub 1ml 22718; 2016-01
Escherichia coli CFU/g Brak obecnosci  Nieobecnaw 1 g PN-EN ISO
w | g probki lub 1ml 21150; 2016-01
Candida albicans CFU/g Brak obecnosci  Nieobecnaw 1 g PN-EN ISO

w | g probki

lub 1ml

18416; 2016-01

Tabela 6. Ocena czystosci mikrobiologicznej formulacji zawierajacej MP (E2).

Wyniki Wymagania Metoda
Nazwa oznaczenia Jednostka oznayczenia zgodne z PN- oznaczania
EN 17516:2014

1 CFU/g <9,4-102 <1-10° CFU/g PN-EN 1SO

Ogodlna liczba ub ml 21149: 2017-07;
drobnoustrojow

tlenowych mezofilnych PN-EN 150

(bakterie+ drozdze 16212; 2017-08
i plesnie)

Pseudomonas CFU/g Brak obecnosci  Nieobecnaw 1 g PN-EN ISO
aeruginosa w 1 g probki lub 1ml 22717, 2016-01

Staphylococcus aureus CFU/g Brak obecno$ci  Nieobechaw 1 g PN-EN ISO
w 1 g probki lub 1ml 22718; 2016-01

Escherichia coli CFU/g Brak obecno$ci  Nieobecnaw 1 g PN-EN ISO
w | g probki lub 1ml 21150; 2016-01

Candida albicans CFU/g Brak obecno$ci  Nieobecnaw 1 g PN-EN ISO

w 1 g probki

lub Iml

18416; 2016-01

Otrzymane wyniki potwierdzity, ze obie formulacje, zar6wno bazowa (E1) (Tabela 5) jak
réwniez emulsja z MP (E2) (Tabela 6) spetniajg wymagania mikrobiologiczne stawiane

kosmetykom kategorii Il. W 1 g probki nie stwierdzono obecnosci patogenow z gatunku:
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Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa i Candida albicans oraz
zawartosci tlenowych mezofilnych mikroorganizmoéw (bakterii, plesni i drozdzy) w 1 g probki
znajdowala si¢ na dopuszczalnym poziomie <10 dla E1 i <9,4-102 dla E2. Otrzymane wyniki
potwierdzaja, ze zastosowanie mikrosfer alginianowych jako no$nikow bakterii probiotycznych
chroni produkt przed niekontrolowanym rozwojem bakterii, zapewniajac odpowiednig czystos$¢
mikrobiologiczng. Roéwnocze$nie chroni  tez probiotyk przed dziataniem $rodka
konserwujacego, Co potwierdzity badania zywotnosci zakapsutkowanych bakterii
probiotycznych w formulacji kosmetycznej, z ktorych wynikato, ze przezywalno$¢ L. caseli
utrzymywala sie na poziomie 1,35-10° CFU/g (6,13 log CFU/g), nawet po 120 dniach
przechowywania preparatu [3C].

8.2.4. Badania in vitro formulacji

W celu potwierdzenia braku toksycznos$ci probek przeprowadzono badania na modelu
komorkowym imitujacym ludzka skore. Do badan wybrano ludzkie komorki typu
keratynocytow (HaCaT) (Rysunek 15) i fibroblastow (HSF) (Rysunek 16). Linie te stanowig
popularny model oceny cytotoksycznosci oraz w kontekScie testowania materiatdéw do
stosowania jako preparaty miejscowe. Wysoce konfluentne komorki (~90%) inkubowano przez
24 h z seryjnymi rozcienczeniami kazdego preparatu przygotowanego w DMEM, a nastepnie

wykonano test zywotnosci MTT.
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Rysunek 15. Test zywotnosci komorek HaCaT (MTT) w A) preparacie bazowym i B)
zawierajacym MP. Wyniki obliczono jako procent komoérek kontrolnych inkubowanych
w obecnosci samego DMEM i przedstawiono jako $rednia + SEM. *—p = 0,05-0,011,;
** — p < 0,01; —p < 0,001; ****—p < 0,0001. Zielony pasek oznacza kontrole

niestymulowang.

Z danych przedstawionych na rysunku 15 wynika, ze opracowane preparaty nie
wykazywaly negatywnego wptywu na zywotno$¢ komorek keratynocytow do stezenia 2,5%.
Stezenie kosmetyku na poziomie 5% spowodowalo ~25% spadek zywotnosci komorek
(IC25%), a IC50% osiagnigto przy stezeniach okoto 10% dla obu formulacji. Nalezy zauwazyc,
ze wyniki zarowno dla formulacji bazowej, jak i emulsji zawierajacej MP sa podobne, co
pozwala wnioskowaé, ze stosowanie mikrosfer nie wplywa negatywnie na zywotnos$¢
keratynocytow.

W przypadku dziatania formulacji na komoérki HSF (Rysunek 16) nie obserwuje si¢
negatywnego wplywu formulacji na fibroblasy do st¢zenia 5%, a IC50% osiaggano przy
stezeniach obu formulacji okoto 10%. Ponadto, dla stezen preparatow w zakresie 1,25 — 5%
obserwuje si¢ wzrost liczby komoérek. W przypadku wplywu na cytotoksycznos¢, gdzie mamy
komorki konfluentne wzrost sygnalu w tescie MTT moze by¢ spowodowana zwigkszong

aktywnos$cig metaboliczng komorek.
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Rysunek 16. Test zywotnosci komorek HSF (MTT) w A) preparacie bazowym i B)
zawierajacym MP. Wyniki obliczono jako procent komodrek kontrolnych inkubowanych
w obecnosci samego DMEM i przedstawiono jako $rednia + SEM. *—p = 0,05-0,011,;
** — p < 0,01; *¥**—p < 0,001; ****—p < 0,0001. Zielony pasek oznacza kontrole

niestymulowang.

Badania biologiczne przeprowadzone na komorkach: keratynocytach i fibroblastach
skory in vitro wskazuja na podobng, stosunkowo niskg cytotoksycznos¢ obu formulacji,
niezaleznie od obecnos$ci L.casei. W analizie cytotoksycznosci, IC50% okres$lone dla obu linii
komorkowych, wynosito okoto 10%, co wskazuje na dobrg tolerancj¢ badanych preparatéw
przez komorki skory, gdyz inne formulacje miejscowe, np. w postaci kremu lub serum, osiagaja
50% cytotoksycznos$ci przy znacznie nizszych stezeniach [104]. Nalezy jednak zauwazyé, ze
badania obejmujg czas inkubacji wynoszacy 24 h. Jesli formulacja jest stosowana jako preparat

miejscowy, czas kontaktu ze skorg bedzie znacznie krotszy (maksymalnie kilka godzin).

W pracy zbadano rowniez wptyw obu formulacji na proliferacje komorek HaCaT (Rysunek 17)
i HSF (Rysunek 18). Ponownie zastosowano test MTT, ale dodatkowo wykorzystano kultury

komorek o niskiej konfluencji.
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Rysunek 17. Wptyw na proliferacje komorek HaCaT (MTT) w A) preparacie bazowym i B)
preparacie zawierajgcym MP. Wryniki obliczono jako procent komoérek kontrolnych
inkubowanych w obecnosci DMEM + FBS i przedstawiono jako $rednig = SEM. *—p = 0,05—
0,011; ** — p < 0,01; ***—p < 0,001; ****—p < 0,0001. Zielony pasek wskazuje kontrole

niestymulowana.

Wyniki pokazuja zmniejszong proliferacj¢ komorek HaCaT stymulowanych st¢zeniami
formulacji powyzej 0,08-0,16% (Rysunek 17). Jednak przy nizszych st¢zeniach stymulantow

zaobserwowano niewielkg indukcje proliferacji dla obu stosowanych formulacji.

Podobng zalezno$¢ obserwowano dla komoérek HSF (Rysunek 18). Tutaj dla formulacji
bazowej nieznaczna indukcja proliferacji byta widoczna do stgzenia 0,08%, natomiast dla
formulacji zawierajacej mikrosfery z probiotykami do st¢zenia 0,16%. Proliferacja komoérek
ludzkich fibroblastow zostata zahamowana przy wyzszych stezeniach, poniewaz formulacja
bazowa — powyzej 0,16% i formulacja probiotyczna — powyzej 0,31%, zmniejszyty

obserwowang zywotno$¢ komorek.
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Rysunek 18. Wptyw na proliferacj¢ komorek HSF (MTT) w A) preparacie bazowym i B)
preparacie zawierajacym MP. Wyniki obliczono jako procent komodrek kontrolnych
inkubowanych w obecnosci DMEM + FBS i przedstawiono jako §rednig = SEM. *—p = 0,05—
0,011; ** — p < 0,01; ***—p < 0,001; ****—p < 0,0001. Zielony pasek wskazuje kontrole

niestymulowana.

Nastepnie, stezenia formulacji, ktore uznano za niecytotoksyczne, wybrano do dalszych
badan in vitro, w tym profilu uwalniania cytokin mierzonego metoda ELISA i efektu gojenia

ran.

Pomiar uwalniania cytokin prozapalnych (IL-6 i IL-8) pokazuje, ze w obu przypadkach
formulacje stymulujg uwalnianie tych zwigzkow w hodowlach HaCaT i HSF (odpowiednio
Rysunek 19A 1 19B). W pozywkach kondycjonowanych HaCaT traktowanych 0,5% formulacji
poziomy IL-6 i IL-8 byly o ~50% wyzsze niz w komorkach niestymulowanych. W hodowli
komorek fibroblastow stymulowanych formulacjami zaobserwowano wzrost uwalniania 1L-6
o mniej niz 40%, podobny zaréwno dla pustych, jak i zawierajacych mikrosfery. Poziomy
cytokin prozapalnych zwigkszone po stymulacji testowanymi formulacjami moga wskazywac
na ich stabg natur¢ draznigcg. Nalezy jednak podkreslic¢, ze obserwowane poziomy IL-6 i IL-8

sg niskie, nawet po stymulacji 1 sg dalekie od typowej odpowiedzi, ktorg ten typ komorek moze
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wytwarza¢ pod wptywem bodzcoOw prozapalnych. Dodatkowo co ciekawe, w hodowli komorek
fibroblastow poziomy IL-8 rowniez wzrosty, ale stymulacja formulacja zawierajaca mikrosfery
miata mniej wyrazny efekt w pordwnaniu z bazowa formulacja. Wyniki mozna poréwna¢ do
badan Khmaladze i wspot. [51], gdzie zastosowanie zarowno zywych bakterii, jak i lizatu
L. reuteri DSM 17938 wykazywalo dzialanie przeciwzapalne (zmniejszyto prozapalne
dziatanie IL-6 i IL-8). Jednak nalezy wzig¢ pod uwage, ze w badaniu tym testowano sam szczep
probiotyczny, a nie formulacj¢ zawierajacg probiotyczne mikroorganizmy. Wobec powyzszego
juz samo zmodyfikowanie produkcji IL-8 w poréwnaniu formulacji bazowej i z MP sugeruje

dziatanie przeciwzapalne L. casei.
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Rysunek 19. Ekspresja cytokin w komodrkach A) HaCaT i B) HSF stymulowana
rozcienczonymi preparatami bazy i zawierajagcymi MP przez 24 godziny. Poziom wydzielania
cytokin IL-6 i IL-8 w pozywkach hodowli komodrkowej po stymulacji 0,5% tych dwoch
formulacji. Wykresy przedstawiaja dane z trzech niezaleznych eksperymentow, z trzema
powtorzeniami w kazdym. Istotno$¢ statystyczng oszacowano za pomocg GraphPad Prism,

stosujgc wbudowany test ANOVA (* <0,05, ** <0,01, *** <0,001 i **** <0,0001).
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Dodatkowo, komoérki HaCaT zostaty uzyte w tescie zarastania rany wykorzystujagcym wktadki
Ibidi w celu sprawdzenia regeneracyjnego efektu formulacji. Wyniki wykazaty, ze zarowno
formulacja bazowa, jak i z mikrosferami, wykazuja wtasciwos$ci regeneracyjne, pozytywnie
wplywajg na proces gojenia si¢ ran. Jak pokazano na Rysunku 20, powierzchnia otwartej rany
wynosita okoto 30% po 15 h inkubacji dla niestymulowanej kontroli. Zamknigcie rany
osiagneto okoto 90% w komorkach inkubowanych przez 15 h w obecnosci 0,5% pustej
formulacji — E1. Jednoczesénie, zaobserwowano praktycznie catkowite zamknigcie rany

w dotkach inkubowanych z 0,5% formulacja zawierajaca mikrosfery — E2.
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Rysunek 20. A) Wptyw formulacji E1 i E2 na proces gojenia si¢ rany w teScie zarastania rany na komorkach HaCaT. Test zarysowania
wykorzystujacy wktadki Ibidi do generowania rany. Konfluentne komorki HaCaT wyhodowane wokoét insertow po ich usunigciu stymulowano 0,5
i 2% stgzeniami formulacji E1 i E2. Zamknigcie rany obserwowano za pomocg mikroskopu EVOS FL pod obiektywem 4x po 15 h stymulacji.
B) kontrola w czasie ,,0”, C) kontrola po 15 h, D) E1 w st¢zeniu 0,5%, E) E1 w stezeniu 2,0%, F) E2 w st¢zeniu 0,5% i G) E2 w stgzeniu 2,0%.
Obrazy analizowano za pomocg oprogramowania TScratch. Zamknigcie obszaru rany na kazdym odpowiednim obrazie mierzono i przedstawiano

jako procent niestymulowanej kontroli od punktu czasowego inkubacji O h.
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Przedstawione dane dotyczace gojenia si¢ ran wskazujg zatem, ze formulacja zawierajgca MP
moze mie¢ potencjal jako preparat o wilasciwosciach proregeneracyjnych, a wyniki badan
pozostajag w zgodzie z badaniami Peral i in. [58], w ktorych miejscowe zastosowanie zywego
Lactobacillus plantarum przyspieszyto gojenie si¢ ran u diabetykow z owrzodzeniami konczyn

dolnych.

8.2.5. Ocena wplywu formulacji probiotycznej na mikrobiom skory

Kolejnym etapem badan byta ocena wplywu formulacji kosmetycznej zawierajacej
szczep L. casei na mikroorganizmy tworzace mikrobiom skory. Analizie poddano dziatanie
preparatu z mikrosferami zawierajacymi szczep L. casei (E2) na siedem wybranych
mikroorganizméw — zaré6wno patogennych, jak i komensalnych — stanowigcych element
naturalnej mikroflory skory cztowieka. Jako kontrole zastosowano preparat niezawierajacy

szczepu probiotycznego (E1) (Tabela 7).
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Tabela 7. Ocena wplywu formulacji kosmetycznej na mikroorganizmy referencyjne wyst¢pujgce naturalnej mikroflorze skory cztowieka.

Mikroorganizm  Preparat  Zywotno$é Zywotno§é Zywotno$é Zywotnos§é Redukcja Zywotno§é Zywotno§é Redukcja
testowy [CFU/g] [log CFU/q] po2h [log CFU/g] [log CFU/g] po 24 h [log CFU/g] [log CFU/g]
[CFU/g] [CFU/ g]
E1 1,40-107 7,15 2,40-107 7,38 +0,23 3.75:107 7,57 +0,42
S. epidermidis - 1,15-107 7,06 1,67-107 7,22 +0,16 2,23-107 7,34 40,28
El 3,49:107 7,54 1,30-107 7,11 -0,43 7,58-108 6,87 -0,67
S. aureus
E2 2,40-107 7,38 1,00-10°8 6,00 -1,38 5,96-10° 5,78 -1,60
.106
E1 4,68:10 6,67 1,05-107 1,02 +0.35 2,54-107 7,40 +0,73
M. luteus
107
E2 3,90-10 7,59 1,24-10° 8,09 +0.50 1,50-10° 8,17 +0,59
.106 _ _
E1 1,30-10 6.11 3.09.105 5,60 0,50 7. 27.10° 4,86 1,25
C. neoformans 6 5 3
E2 2,19-10 6,34 3,90-10 5,59 -0,75 3,30-10 3,52 -2,82
106 _ 106 -
E1 2,32-10 6,36 2.00-10° 6,30 0,06 1,58-10 6,20 0,16
C. albicans 6 6 6
E2 1,77-10 6,25 1,13-10 6,05 - 0,20 0,90-10 5,95 - 0,30
105 N 104 _
E1 2,09-10 5,32 1,20-105 5,08 0,24 9,36-10 4.97 0,35
E. coli 5 5 4
E2 2,50-10 5,40 1,10-10 5,04 - 0,36 2,68-10 4,43 -0,97
108 108
- E1 2,38-10 8,38 4.29-108 8,63 +0,25 4,50-10 8,65 +0,27
S. capitis subsp.
i 108 108
urealyticus E2 2,53:10 8,40 414108 8,62 +0,22 4,41-10 864 +0,24
107 107
E1 1,38-10 713 1,55-107 7,19 +0,06 2,96-10 7.47 +0,34
S. hominis . .
E2 1,54-10 7.19 2.50-107 7,39 +0,20 2,68-10 7.43 +0,24
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Obie badane formulacje (E2 i E1) zaszczepiono jednym z wybranych szczepow, a ich wzrost
oceniono po 2 i 24 h inkubacji. Zaobserwowano, ze wzrost komensali skornych (S. epidermidis,
M. luteus, S. hominis, S. capitis subsp. urealyticus) byt umiarkowanie zwigkszony po
2 h (0,16 — 0,50 log) i 24 h inkubacji (0,24 — 0,59 log) w kontakcie z formulacjg E2. Efekt byt
jednak podobny do zaobserwowanego w kontrolnej formulacji E1 (0,06 — 0,35 log po 2 hi 0,42
— 0,73 log po 24 h, odpowiednio), co sugeruje, ze obecnos¢ mikrosfer L. casei w formulacji E2
nie wptywa na wzrost tych szczepéw komensalnych. Natomiast wzrost szczepow patogennych
(E. coli, S. aureus, C. albicans i C. neoformans) w formulacji E2 zostal zahamowany
w pewnym stopniu po 2 h (-0,20 — -1,38 log) i 24 h (-0,30 — -2,82 log), nawet w poréwnaniu
do kontrolnej formulacji E1 (-0,06 — -0,5 log i -0,16 — -1,25 log odpowiednio dla 2 i 24-
godzinnego kontaktu). Stwierdzono rowniez, ze sposrdod testowanych szczepow patogennych,
C. neoformans (redukcja po 24 h o -2,82 log) i S. aureus (redukcja po 24 h o -1,60 log)
wykazywaly najwyzsza wrazliwo$¢ na kontakt z formulacjg E2, podczas gdy wzrost C. albicans

zostat zaktocony tylko w niewielkim stopniu (redukcja po 24 godzinach o -0,30 log).
8.2.6. Badania in vivo potwierdzajace skuteczno$¢ dzialania kosmetykow

z probiotykiem

W ostatnim etapie badan oceniono wplyw formulacji zawierajacej mikrosfery
z Lactobacillus casei na mikrobiom skory probantéw, w celu potwierdzenia kolonizacji skory
przez szczep probiotyczny zawarty w formulacji E2. Uzyskane wyniki wskazuja na skuteczng
kolonizacje powierzchni skory przez ten szczep juz po 2 h od pierwszej aplikacji kremu (Tabela

8). Sredni poziom kolonizacji wyniést 3,0 + 0,4 log CFU/g.

Tabela 8. Wyniki analizy ilosciowej i jako$ciowej dla poszczegolnych probantow.

Czas 2h od Czas 2h od

Lp. Ple¢  Wiek ?élisd;"] aplikacji aplikacji Zidentyfikowany
g9 [CFU/g] [log CFU/g] mikroorganizm
1 w 27 <1,0-10! 6,7-102 2,82 Lactobacillus casei
2 M 27 <1,0-10! 8,3:102 2,91 Lactobacillus casei
3 M 71 <1,0-10! 1,2-10° 3,08 Lactobacillus casei
4 W 65 <1,0-10! 1,6-10° 3,20 Lactobacillus casei
5 w 71 <1,0-10! 1,2-108 3,08 Lactobacillus casei
6 M 63 <1,0-10! 1,2-108 3,08 Lactobacillus casei
7 w 41 <1,0-10! 3,9-10? 2,59 Lactobacillus casei
8 M 43 <1,0-10! 6,5-10° 3,81 Lactobacillus casei
9 w 42 <1,0-10! 1,0-108 3,00 Lactobacillus casei
10 w 29 <1,0-10! 6,2:10? 2,79 Lactobacillus casei
11 W 28 <1,0-10! 2,0-102 2,30 Lactobacillus casei
12 M 32 <1,0-10! 2,5-10° 3,40 Lactobacillus casei
13 M 30 <1,0-10t 5,9-102 2,77 Lactobacillus casei
14 w 28 <1,0-10t 1,8-10° 3,26 Lactobacillus casei
15 w 39 <1,0-10t 9,8:102 2,99 Lactobacillus casei
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Czas 2h od Czas 2h od

2 . .
Lp. Ple¢  Wiek ?éaFSU’;O] aplikacji aplikacji Zidentyfikowany
9 [CFU/g] [log CFU/g] mikroorganizm
16 w 39 <1,0-10! 2,1-10° 3,32 Lactobacillus casei
17 M 39 <1,0-10t 7,2-10? 2,86 Lactobacillus casei
18 M 38 <1,0-10! 8,3:10? 2,91 Lactobacillus casei
19 w 66 <1,0-10t 1,0-108 3,00 Lactobacillus casei
20 M 72 <1,0-10* 1,2-108 3,08 Lactobacillus casei
Srednia kolonizacja <1,0-10t 1,4-108 3,00 Lactobacillus casei

*K- kobieta, M- m¢zczyzna

Wyniki wskazuja na skuteczng kolonizacj¢ skory probantow niezaleznie od ptci 1 wieku.
Mikrobiom skory zmienia si¢ wraz z wiekiem, dlatego w przypadku skory dojrzalej niezwykle
wazne jest zapewnienie jej rOwnowagi mikrobiologicznej. Starzenie si¢ wigze si¢ ze spadkiem
réznorodno$ci mikroorganizméw mikrobiomu skory, co prowadzi do zwiekszonej podatnosci
na choroby skory [15,105].

Kolonizacja skéry probantdw bakteriami niezbednymi do jej prawidlowego
funkcjonowania wptywa na przywrocenie réwnowagi w mikroflorze bakteryjnej skory
pomiedzy bakteriami komensalnymi (korzystnymi) a bakteriami chorobotworczymi, a tym
samym wskazuje na pozytywny wplyw preparatu na mikrobiom skory. Zapewnienie
rownowagi mikroflory bakteryjnej skory przetozy si¢ z kolei na prawidlowe funkcjonowanie
bariery skornej i1 zmniejszenie stanu zapalnego zwigzanego m.in. z zaburzeniem jej
integralno$ci 1 namnazaniem si¢ bakterii chorobotwoérczych. Miejscowe zastosowanie
probiotykow jest szczegdlnie istotne w terapii wspomagajacej leczenie AZS, gdzie wystepuje
nasilona kolonizacja bakterig S. aureus i utrata roznorodnosci bakteryjnej na skorze [106].
Leczenie AZS w duzej mierze opiera si¢ na preparatach miejscowych, takich jak
kortykosteroidy, czy emolienty. Dlugotrwate miejscowe stosowanie kortykosteroidow wigze
si¢ z licznymi dzialaniami niepozadanymi, w tym zapaleniem mieszkow wlosowych oraz
kontaktowym zapaleniem skory [106-108]. Dlatego tez miejscowe zastosowanie formulacji
zawierajagcej zywe szczepy bakterii probiotycznych, jako preparatu wspomagajacego leczenie
tej dermatozy, moze przynie$s¢ pozytywne rezultaty, gldwnie w zakresie poprawy funkcji
bariery skornej, redukcji $wigdu i zmniejszenia kolonizacji Staphylococcus aureus.

Otrzymane wyniki badan potwierdzity, ze opracowany kosmetyk w formie emulsji O/W,
w ktorym zastosowano mikrosfery alginianowe zawierajace Zywe bakterie probiotyczne

wywiera pozytywny wptyw na mikrobiom skory cztowieka.
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9. Podsumowanie przeprowadzonych badan

W ramach pracy doktorskiej opracowano technologi¢ otrzymywania mikrosfer
alginianowych, jako nosnikéw bakterii probiotycznych (Lactobacillus casei ATCC 393)
0 potencjalnym zastosowaniu jako sktadnik aktywny produktéw kosmetycznych, przyjaznych
dla mikrobiomu skory.

Najwazniejsze osiaggni¢cia wynikajace z przeprowadzonych badan to:

v opracowanie technologii otrzymywania mikrosfer polimerowych opartych na
biokompatybilnych i biodegradowalnych surowcach, jakimi sg alginiany,

v otrzymanie stabilnych no$nikéw dla bakterii probiotycznych, o pozadanych
wlasciwosciach fizykochemicznych i wysokiej efektywnosci enkapsulacii,

v dobor wiasciwego uktadu konserwujacego do zastosowania w koncowej
formulacji, zapewniajacego zarowno wysoka przezywalno$¢ mikroorganizméw, jak
1 stabilno$¢ mikrobiologiczng produktu,

v opracowanie stabilnych kosmetykow probiotycznych w formie oleozelu
z nosnikami probiotykow, stanowigcych alternatywe dla produktow wymagajacych
konserwacji,

v potwierdzenie, ze zastosowanie kombinacji probiotykow 1 prebiotykow
(produktow symbiotycznych) wplywa w pozytywny sposéb na przezywalno$¢ bakterii
zamknietych w nosnikach

v potwierdzenie, 1z zastosowanie dodatkowego powlekania mikrosfer
biopolimerami wptywa na zwigkszenie hermetycznosci no$nikow,

v wykazanie na podstawie badan in vitro i in vivo, ze formulacja kosmetyczna
zawierajaca mikrosfery z probiotykami wptywa pozytywnie na mikrobiom skory i moze by¢
zastosowana jako preparat wspomagajacy leczenie dermatoz skory, takich jak AZS.

Podsumowujac, uzyskane wyniki potwierdzaja, ze mikrosfery alginianowe stanowig
odpowiednie nos$niki dla probiotykéw, a opracowane formulacje kosmetyczne sa bezpieczne
do stosowania na skore. Ponadto, formulacja zawierajaca jako sktadnik aktywny mikrosfery
probiotyczne, wykazuje dziatanie przeciwbakteryjne i normalizujace mikroflorg skory.

Zatem gtéwny cel mojej pracy doktorskiej zostal osiggnigty. Opracowatam formulacje
zawierajagca zywe szczepy bakterii probiotycznych, przyjazng dla mikrobiomu skory,
speiniajgcg wymagania stawiane produktom kosmetycznym (zgodnie z dyrektywg 1223/2009).
Ponadto przeprowadzone badania in vitro i in vivo potwierdzity, ze opracowany produkt moze

znalez¢ zastosowanie nie tylko jako kosmetyk, ale réwniez preparat o wilasciwosciach
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proregeneracyjnych, wspomagajacy leczenie dermatoz skory, takich jak np. atopowe zapalenie

skory.
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zawierajacych probiotyki, Ogolnopolska Konferencja Mlodych Naukowcow nt. Nowe

72



10.

11.

12.

13.

Wyzwania dla Polskiej Nauki, Gdansk, 2-5.09.2021, prezentacja ustna, konferencja

hybrydowa, udziat zdalnie oraz stacjonarnie, wystapienie otrzymato wyrdznienie

Letocha A., Sikora E., Pre- i probiotyki, jako sktadniki aktywne kosmetykéw do mycia,
Ogolnopolska Konferencja Mtodych Naukowcoéw nt. Analiza Zagadnienia, Analiza
Wynikéw - Wystgpienia Milodego Naukowca - Edycja 1V, Krakow,
5-6.03.2022, prezentacja ustna, konferencja online

Letocha A., Sikora E., Mikrosfery alginianowe, jako no$nik substancji aktywnych, XIV
Interdyscyplinarna Konferencja Naukowa Tygiel 2022
pt. ,.Interdyscyplinarno$¢ kluczem do rozwoju”, Lublin, 24-27.03.2022, prezentacja
ustna, konferencja online

Le¢tocha A., Sikora E., Probiotics as active ingredients of care and cleasing cosmetic
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Warszawa, 4-6.04. 2022, prezentacja posterowa, konferencja online
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prezentacja ustna, konferencja online

Osinska J., Letocha A., Miastkowska M., Opracowanie receptur nanonosnikow
sylimaryny na bazie olejow roslinnych bogatych w GLA, Sesja Studenckich Kot
Naukowych, 25.05.2022, prezentacja ustna

Le¢tocha A., Miastkowska M., Sikora E., Optymalizacja procesu otrzymywania
mikrokapsutek alginianowych, Ogoblnopolska Konferencja Mtodych Naukowcow
nt. Nowe Wyzwania dla Polskiej Nauki, Katowice, 2-8.09.2022, prezentacja ustna,

konferencja hybrydowa, udziat zdalnie oraz stacjonarnie, wyrdznienie

73



14.

15.

16.

17.

18.

19.

20.

21.

22.

Letocha A., Miastkowska M., Sikora E., Metody statystyczne w ocenie mikrokapsutek
alginianowych, VI Ogdlnopolska Konferencja Naukowa ,,Biopolimery — zrodta nowych
materialow, 27.10.2022, prezentacja ustna, konferencja online

Letocha A., Miastkowska M. Sikora E., Mikrokapsutki alginianowe, jako nosniki
substancji aktywnych o potencjalnym zastosowaniu w przemysle kosmetycznym,
Biomaterialy w medycynie i kosmetologii, Torun, 22.02.2023, prezentacja posterowa,
konferencja stacjonarna

L¢tocha A., Miastkowska M., Sikora E., Optimization of obtaining alginate
microparticles, 11th European Young Engineers Conference (EYEC), Warszawa, 17-
19.04.2023, prezentacja posterowa, konferencja stacjonarna

L¢tocha A., Miastkowska M., Sikora E., Projektowanie formulacji mikrosfer
alginianowych za pomocq matematycznych metod planowania eksperymentu,
Ogolnopolska Konferencja Mtodych Naukowcow nt. Inzynieria — Spojrzenie Mtodych
Naukowcow — Edycja I, 20-21.05.2023, prezentacja ustna, konferencja online,

wystapienie wyrdznione

Letocha A., Michalczyk A., Miastkowska M., Sikora E., Formulation and statistical
optimization of alginate microspheres for probiotic encapsulation, 24th Polish
Conference of Chemical and Process Engineering, Szczecin, 13-16.06.2023, prezentacja
posterowa, konferencja stacjonarna
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12, STRESZCZENIE

e Ze wzgledu na liczne korzysci zdrowotne bakterii probiotycznych istnieje
ogromne zapotrzebowanie na produkty je zawierajace, ktore sg wykorzystywane w przemysle
spozywczym 1 farmaceutycznym do regulacji mikrobiomu jelitowego i walki z opornoscia na
antybiotyki. W przypadku przemystu kosmetycznego wyzwaniem pozostaje spelnienie
wymagan dotyczacych sktadu kosmetykow, przy jednoczesnym zachowaniu zywych komorek
bakterii w potencjalnych formulacjach probiotycznych. Jednym z obiecujgcych rozwigzan
zwigkszajacych przezywalno$¢ probiotykow jest ich mikrokapsutkowanie.

e Celem pracy byto opracowanie formulacji kosmetycznej, pozwalajacej na
skuteczne wprowadzenie zywych bakterii probiotycznych przy zachowaniu wymogoéw
stawianych produktom kosmetycznym. W zwigzku z tym konieczne bylo opracowanie
technologii mikrokapsutkowania, ktora umozliwitaby enkapsulacje mikroorganizméw
probiotycznych z wysoka wydajnoscig kapsutkowania oraz przezywalnoscig w czasie.

e  Pierwszym etapem badan byto poszukiwanie efektywnej formy, nosnika dla
zywych szczepow probiotycznych oraz optymalizacja skladu kompozycji nos$nikowe;.
W wyniku przeprowadzonej analizy uzyskano profile aproksymacji, ktore pozwolity okresli¢
optymalne parametry procesu. Na podstawie przeprowadzonych badan uzyskano stabilne
mikrosfery alginianowe o rozmiarach od 10 do 30 mikrometrow. Obserwacji ksztattu i rozmiaru
mikrosfer dokonano za pomocg mikroskopu optycznego. Natomiast morfologie otrzymanych
nos$nikow obserwowano za pomocg SEM i TEM. Na podstawie uzyskanej optymalizacji do
dalszych badan oraz do czeSci mikrobiologicznej przygotowano probki — stabilnej
mikrodyspersji oraz mikrosfer dla parametréw: stezenie chlorku wapnia ($rodka sieciujacego)
rowne 0,3 mol/dm?, szybko$¢ wkraplania CaCl, na poziomie 10 kropli na minute i amplituda
procesu ultrasonifikacji 69%. Sprawdzono EE przy stosowaniu réznych predkosci wirowania
(brak wirowania, 500 rpm oraz 30 000 rpm).

e Nastgpnie zawiesing szczepu probiotycznego oraz uzyskane z niej mikrosfery
poddano dziataniu roéznych czynnikéw fizykochemicznych takich jak: temperatura,
promieniowanie UV, odczyn pH oraz dzialaniu $rodka konserwujacego. Oceny zywotnosci
komorek probiotycznych wolnych 1 zakapsutkowanych dokonano poprzez zliczanie kolonii
bakteryjnych wyrostych na ptytkach z agarowym podtozem MRS po uzyciu techniki inokulacji
pour plate. Uzyskane wyniki wykazaty, iz no$nik w postaci mikrosfer alginianowych wptywat
pozytywnie na zywotno$¢ szczepu probiotycznego w poroOwnaniu z zastosowaniem tych

samych warunkéw wobec wolnego szczepu.
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e Kolejnym etapem byt dobor uktadu konserwujgcego oraz opracowanie
formulacji bazowej (w postaci emulsyjnej) dla mikrosfer probiotycznych (MP). Na podstawie
przeprowadzonych badan stwierdzono, ze zastosowanie mikrosfer alginianowych jako no$nika
pozwala na przezycie bakterii probiotycznych w formulacji, pomimo obecno$ci uktadu
konserwujgcego (przezywalnos¢ komorek bakteryjnych na poziomie 6,13 log CFU/g po 120
dniach przechowywania). Natomiast, wprowadzenie do preparatu wolnego szczepu
bakteryjnego (braku ochrony szczepu w postaci mikrosfer) skutkowato catkowita eliminacja
zywych komorek probiotycznych.

e Roéwnolegle, opracowano stabilne formulacje oleozelowe, do ktérych rowniez
wiaczono nos$niki alginianowe zawierajagce bakterie probiotyczne. Ze wzgledu na brak
zawarto$ci wody w takich preparatach, uktady te nie musza zawiera¢ konserwantow, a wigc
stanowig alternatywe dla preparatu w formie emulsji.

e W wyniku dalszych prac dokonano modyfikacji no$nika, w celu zwigkszenia
stopnia przezywalnosci bakterii podczas przechowywania oraz maksymalnego uszczelnienia
struktury mikrosfer alginianowych. Jako zrédlo prebiotyczne wybrano make z tapioki ze
wzgledu na jej korzystny wpltyw na wzrost szczepu Lactobacillus casei podczas fermentaciji
w bulionie MRS. Optymalne mikrosfery alginianowo — tapiokowe zostaty dodatkowo poddane
procesowi powlekania, aby uszczelni¢ ich struktur¢ 1 uzyska¢ maksymalny poziom
heremetycznosci nos$nika. W tym celu, jako $rodki powlekajace zastosowano roztwory
biopolimerow, takich jak zelatyna, chitozan 1 kwas hialuronowy. Uzyskane z badan wyniki
wykazaly, Ze juz sam dodatek maki z tapioki (powtoki prebiotycznej) miat pozytywny wpltyw
na modyfikacje powierzchni mikrosfer (wygtadzenie porowatej struktury mikrosfer).
Dodatkowe powlekanie biopolimerami pozwolito uzyska¢ maksymalny stopien
hermetycznosci. Ponadto potaczenie powlok: prebiotycznej 1 biopolimerowej mikrosfer,
w szczegllno$ci przy uzyciu kwasu hialuronowego 1 chitozanu, znaczaco poprawilo
przezywalno$¢ 1 zywotno$§¢ szczepu probiotycznego podczas dlugoterminowego
przechowywania. Najwyzszy wskaznik przezywalno$ci szczepu probiotycznego odnotowano
w przypadku mikrosfer alginianowo — tapiokowych pokrytych kwasem hialuronowym
1 wyniost on 5,48 log/CFU g. Po 30 dniach przechowywania, przezywalno$¢ szczepu w tym
uktadzie no$nikowym utrzymywata si¢ na poziomie 89%.

e W kolejnym etapie badan zmodyfikowane MP wprowadzono do uprzednio
opracowane] formulacji kosmetycznej. Nastepnie przeprowadzono badania in vitro i in vivo

potwierdzajace efektywno$¢ dzialania na mikrobiom skéry. Badania in vitro obejmowaty:
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oceng cytotoksycznosci i wptywu na proliferacje komorek, analiz¢ poziomu interleukin IL-6
I IL-8 metoda ELISA, test gojenia si¢ ran “scratch assay” oraz oceng wptywu formulacji
kosmetycznej zawierajacej MP na mikroorganizmy tworzace mikrobiom skory. W celu
okreslenia potencjalnej toksycznosci probek przeprowadzono badania na modelu komorkowym
imitujagcym skorg, wykorzystujac linie komorkowe keratynocytéw (HaCaT) oraz fibroblastow
(HSF). Test MTT wykazat brak cytotoksycznego dziatania formulacji wobec keratynocytéw do
stezenia 2,5%, natomiast w przypadku fibroblastow — do 5%. Dane uzyskane w tescie gojenia
ran wykazaly potencjal formulacji zawierajacej MP jako preparatu o wlasciwosciach
proregeneracyjnych. Dodatkowo, badania mikrobiologiczne wykazaty, ze formulacja
zawierajaca MP ograniczala przezywalno$¢ patogennych szczepow (E. coli, S. aureus, C.
albicans, C. neoformans) w poréownaniu do formulacji bazowej, pozbawionej bakterii
mlekowych. Natomiast, badania in vivo potwierdzily skuteczng kolonizacje skory probantow
przez bakterie probiotyczne po zastosowaniu preparatu zawierajacego MP.

e  Podsumowujac, badania przedstawione w niniejszej pracy potwierdzaja, ze
opracowana technologia mikroenkapsulacji, umozliwia kapsutkowanie bakterii probiotycznych
z wysoka wydajno$cig enkapsulacji, a opracowane formulacje kosmetyczne i dobdr uktadu
konserwujacego zapewniaja ochron¢ probiotykow zar6wno przed degradacja, jak
i nadmiernym (niekontrolowanym) rozmnazaniem. Ponadto, uzyskane wyniki badan in vitro
i in vivo potwierdzajag bezpieczenstwo formulacji, a takze wykazuja jej antybakteryjne

1 normalizujace mikroflor¢ dziatanie.
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13. ABSTRACT

¢ Due to the numerous health benefits of probiotic bacteria, there is a huge demand
for products containing them, which are used in the food and pharmaceutical industries to
regulate the gut microbiome and fight antibiotic resistance. In the case of the cosmetics industry,
the challenge remains to meet the compositional requirements of cosmetics while maintaining
viable bacterial cells in potential probiotic formulations. One promising solution to increase the
survivability of probiotics is their microencapsulation.

e The aim of the work was to develop a cosmetic formulation that would allow for
the effective introduction of live probiotic bacteria while meeting the requirements for cosmetic
products. Therefore, it was necessary to develop a microencapsulation technology that would
enable the encapsulation of probiotic microorganisms with high encapsulation efficiency and
survival over time.

e  The first stage of the research was to search for an effective form, a carrier for
live probiotic strains and to optimize the carrier composition. As a result of the analysis,
approximation profiles were obtained, which allowed to determine the optimal process
parameters. Based on the conducted research, stable alginate microspheres with sizes from 10
to 30 micrometers were obtained. The shape and size of the microspheres were observed using
an optical microscope. The morphology of the obtained carriers was observed using SEM and
TEM. Based on the obtained optimization, samples of stable microdispersion and microspheres
were prepared for further research and for the microbiological part: calcium chloride
concentration (cross-linking agent) equal to 0.3 mol/dm3, CaCl2 instillation rate at the level of
10 drops per minute and ultrasonication process amplitude of 69%. EE was checked using
different centrifugation speeds (no centrifugation, 500 rpm and 30,000 rpm).

e  Next, the suspension of the probiotic strain and the microspheres obtained from
it were subjected to the action of various physicochemical factors such as: temperature, UV
radiation, pH and the action of a preservative. The assessment of the viability of free and
encapsulated probiotic cells was made by counting bacterial colonies grown on plates with
MRS agar medium after using the pour plate inoculation technique. The obtained results
showed that the alginate microsphere carrier had a positive effect on the viability of the
probiotic strain compared to the application of the same conditions to the free strain.

e  The next stage was the selection of a preservative system and the development
of a base formulation (in emulsion form) for probiotic microspheres (MP). Based on the

conducted studies, it was found that the use of alginate microspheres as a carrier allows the
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survival of probiotic bacteria in the formulation, despite the presence of the preservative system
(bacterial cell survival at the level of 6.13 log CFU/g after 120 days of storage). On the other
hand, the introduction of a free bacterial strain to the preparation (no strain protection in the
form of microspheres) resulted in the complete elimination of live probiotic cells.

e  Simultaneously, stable oleogel formulations were developed, which also
included alginate carriers containing probiotic bacteria. Due to the absence of water in these
preparations, these systems do not require preservatives, making them an alternative to
emulsified formulations.

e As a result of further work, the carrier was modified in order to increase the
survival rate of bacteria during storage and to maximally seal the structure of alginate
microspheres. Tapioca flour was selected as the prebiotic source due to its beneficial effect on
the growth of Lactobacillus casei during fermentation in MRS broth. The optimal alginate-
tapioca microspheres were additionally subjected to a coating process to seal their structure and
obtain the maximum level of carrier hermeticity. For this purpose, biopolymer solutions such
as gelatin, chitosan and hyaluronic acid were used as coating agents. The results obtained from
the studies showed that the addition of tapioca flour (prebiotic coating) alone had a positive
effect on the modification of the microsphere surface (smoothing the porous structure of the
microspheres). Additional coating with biopolymers allowed for obtaining the maximum
degree of hermeticity. Moreover, the combination of prebiotic and biopolymer coatings of
microspheres, in particular using hyaluronic acid and chitosan, significantly improved the
survival and viability of the probiotic strain during long-term storage. The highest probiotic
strain survival rate was recorded for alginate — tapioca flour microspheres coated with
hyaluronic acid and was 5.48 log/CFU g. After 30 days of storage, the viability of the strain in
this carrier system remained at 89%.

e In the next stage of the study, modified MP were introduced into the previously
developed cosmetic formulation. Then, in vitro and in vivo studies were conducted to confirm
the effectiveness of the action on the skin microbiome. In vitro studies included: assessment of
cytotoxicity and the effect on cell proliferation, analysis of the level of interleukins IL-6 and
IL-8 using the ELISA method, a wound healing test "scratch assay" and an assessment of the
effect of the cosmetic formulation containing MP on microorganisms that make up the skin
microbiome. In order to determine the potential toxicity of the samples, tests were carried out
on a cell model imitating the skin, using cell lines of keratinocytes (HaCaT) and fibroblasts
(HSF). The MTT test showed no cytotoxic effect of the formulation on keratinocytes up to

a concentration of 2.5%, while in the case of fibroblasts - up to 5%. The data obtained in the
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wound healing test showed the potential of the formulation containing MP as a preparation with
pro-regenerative properties. In addition, microbiological studies have shown that the
formulation containing MP limited the survival of pathogenic strains (E. coli, S. aureus,
C. albicans, C. neoformans) compared to the base formulation, devoid of lactic acid bacteria.
In vivo studies, on the other hand, confirmed the effective colonization of the skin of probiotic
bacteria after the use of the formulation containing MP.

e To summarize, the research presented in this paper confirms that the developed
microencapsulation technology allows for the encapsulation of probiotic bacteria with high
encapsulation efficiency, and the developed cosmetic formulations, along with the selection of
a preservative system, ensure the protection of probiotics both from degradation and excessive
(uncontrolled) reproduction. Furthermore, the obtained in vitro and in vivo study results confirm
the safety of the formulations, as well as demonstrate their antibacterial and microbiome-

normalizing effects.
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Abstract: Alginates are the most widely used natural polymers in the pharmaceutical, food and
cosmetic industries. Usually, they are applied as a thickening, gel-forming and stabilizing agent.
Moreover, the alginate-based formulations such as matrices, membranes, nanospheres or micro-
capsules are often used as delivery systems. Alginate microparticles (AMP) are biocompatible,
biodegradable and nontoxic carriers, applied to encapsulate hydrophilic active substances, including
probiotics. Here, we report the methods most frequently used for AMP production and encapsulation
of different actives. The technological parameters important in the process of AMP preparation, such
as alginate concentration, the type and concentration of other reagents (cross-linking agents, oils,
emulsifiers and pH regulators), agitation speed or cross-linking time, are reviewed. Furthermore, the
advantages and disadvantages of alginate microparticles as delivery systems are discussed, and an
overview of the active ingredients enclosed in the alginate carriers are presented.

Keywords: alginate; microparticles; active substances; probiotics; encapsulation techniques

1. Introduction

“Microparticle” is the term used for spherical particles with diameters in the microme-
ter range, typically from 1 to 1000 um. Polymeric microparticles are usually formed by a
polymer matrix in which a smaller amount of an active compound could be immobilized [1].
Generally, taking into account the method of microparticle preparation, their morphology,
and the distribution of the encapsulated actives, microparticles can be divided into two
categories: “microspheres” and “microcapsules” [1-4].

Microspheres usually are characterized as matrix systems in which the active sub-
stance is homogeneously dispersed. In contrast, microcapsules are heterogenous particles
where a membrane shell surrounds the core (solid or liquid) and forms a reservoir with
an encapsulated active compound [1,5,6]. In some cases, to overcome problems with
the mechanical stability of such, the carriers and low-actives-loading, polymer-coated
microspheres are obtained [7,8].

Compared with other effective carriers of the active compounds, such as nanoparticles,
the advantage of the microcarriers is that they do not penetrate into the interstitium, and
thus act locally [5,9]. The choice of microcapsules over nanocapsules in the case of cosmetic
products can be an ideal solution for epidermal action, where the encapsulated ingredient
is designed to act on the top of the epidermis. Moreover, nanocapsules are not suitable,
due to their small size, to encapsulate active ingredients with larger than nano sizes,
including bacteria.

The microparticles can be prepared from a large variety of starting materials, both
natural and synthetic origin, and with different preparation techniques. Most drug deliv-
ery systems are prepared using natural polymers, such as polysaccharides (e.g., starch,
dextran, alginate, hyaluronic acid and chitosan) or proteins (e.g., collagen, gelatin and
albumin) [10,11]. Among synthetic polymers applied to obtain the carriers, there are
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poly(lactide-co-glycolide) (PLGA), (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV),
poly(sebacic anhydride) and poly(e-caprolactone) [2]. Moreover, thermosensitive polymers,
e.g., poly(N-isopropyacrylamide) (PNIPAAm) [12], and pH-sensitive polymers (Eudragit
L100 and Eudragit S100) are used [13,14].

Among the natural raw materials used to obtain microparticles, alginates are the most
popular and deserve special attention. In the food industry, alginate-based formulations
are used as texture modifiers [15-17] or to improve the stability and long-term efficacy
of active compounds [18-20]. In the case of the cosmetic and pharmaceutic industries,
alginate systems are used to improve stability and to protect the encapsulated compounds
against external conditions, e.g., UV light, temperature [21-23], or gastric environments
in the case of oral application [24-27]. The alginate microparticles (AMP) are biocompati-
ble, biodegradable and nontoxic delivery systems allowed to encapsulate different active
substances, including probiotics [28-30].

The objective of this article was to provide a review of the techniques used for AMP
production. The most popular alginate encapsulation methods, such as the spray-drying
technique, extrusion and emulsification are described. The technological parameters im-
portant in the microencapsulation process and their impact on the quality of the alginate
carriers are discussed. Particular attention was paid to the microencapsulation of alginates
based on the emulsification technique, as the process allows to obtain small microparticles,
containing both hydrophilic and hydrophobic ingredients with high efficiency. Moreover,
the examples of the actives enclosed in the AMP, and their application in the food, pharma-
ceutical and cosmetic industries, are presented. Most scientific articles focus on applications
of AMP in the food and pharmaceutical industries [28,31-33]. Recently, the environmental
application of alginate carriers has also appeared more often [34]. However, the cosmetics
industry has not been the subject of wide scientific interest so far.

2. Alginate Characteristics

Alginates are natural polysaccharides, polyanionic polymers, obtained from marine
algae [35,36], usually from three species of marine brown algae, Phaeophyceae: Macro-
cystis pyrifera, Laminaria digitata and Laminaria saccharina. The structure of alginates de-
pends on the source of the sea algae, i.e., its species, geographic origin, or seasonal va-
rieties [37]. Alginates are unbranched copolymers of D-Mannuronic acid (M block) and
L-Guluronic acid (G block) linked by 3 (1-4) glycosidic bonds [37-43]. These blocks are
arranged in an irregular block pattern with different GG, MM and MG block proportions
(Figure 1) [30,35,37,38,42]. Blocks M and G are placed in the different locations along the
chain (e.g.,, MMMM, GGGG, MMGG, GMGM) and in various amounts [38].
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Figure 1. Structure of sodium alginate.

Cross-Linking of Alginates

Monovalent metal ions with alginates form soluble salts, while divalent and multi-
valent cations (except Mg2+) form gels or precipitate. The affinity of alginates to various
cations and selective ion binding are the basis of the alginates’ ability to form hydrogels.
Alginates containing a large number of guluronic acid blocks form gels with much greater
strength compared with mannuronate-rich alginates because G blocks have a stronger
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affinity with divalent ions than M blocks [35]. The interaction of alginates with divalent
cations, which are in particular calcium cations, leads to the formation of biodegradable
gels [38]. Polymerization is based on the cross-linking of copolymers through ionic bonds
between Ca’* cations and alginate anions [38,44]. Each Na* cation ionically binds to only
one carboxyl group of the alginate chain, while the Ca* cation interacts with two carboxyl
groups that come from different polymer chains. The exchange of Na* ions into Ca?* ions
is relatively easy and takes place when an aqueous solution of sodium alginate is mixed
with a solution containing calcium ions [41]. The mechanical properties of the formed gels
are determined by both the concentration of divalent ions and the alginic acid salts in the re-
action mixture [38,44]. The distinctive molecular structure resulting from these interactions
is referred to as the “egg-box” model (Figure 2) [38,44-46]. It should be underlined that
only the G blocks take part in the cross-linking process. The homopolymers of G blocks
form ordered, three-dimensional regions wherein Ca?* ions are embedded like eggs in
a cardboard box [47].

AN - GG block

Figure 2. Scheme of an alginate gel formation by calcium cations (“egg—box” model).

The immediate cross-linking of alginates, due to the action of calcium ions, causes the
formation of particles of different diameters and different porosity [48]. The gel strength
increases with the increase in G blocks content. Moreover, the parameters of the cross-
linking process are important. Temperatures ranging from 60 to 80 °C are needed to
dissolve alginates in the water. Moreover, it is known that alginate gels are insoluble in
acidic environments [49]. Additionally, the technique used to obtain alginate particles
influences the capsule size, which can range in size from nanoparticles to macroparticles.
Macroparticles are particles larger than 1000 microns in size and are easily visible [50,51].
They are applied especially in the field of dietary supplements [52] or drugs [53-56]. The
size of microparticles ranges from 100 nanometres to 1000 um [57-59], and particles with a
diameter below 100 nanometres are classified as nanoparticles [60].

3. Alginate Encapsulation Techniques
Generally, microencapsulation techniques are classified into three groups [61-63]:

(a) Physical methods such as spray drying, extrusion, lyophilization, supercritical fluid
precipitation and solvent evaporation;

(b) Physico-chemical methods including coacervation, liposomes and ionic gelation;

(c) Chemical methods such as interfacial polymerization and molecular inclu-
sion complexation.

In the case of alginate capsules preparation, the most frequently used methods are the
spray-drying technique and either extrusion or emulsification/gelation [61].
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3.1. Spray-Drying Technique

The spray-drying technique is the oldest technique used in alginate capsules. The
concept of this method was first described in Samuel Percy’s patent in 1872 [64]. The
process was introduced commercially in the 1920s, but spray drying was fully applied on
a large scale in the early 1980s [65,66]. In this method, initially, a solution containing the
active ingredient should be prepared with the dissolved polymer matrix. The solution
is then pressurized and sprayed to form a “mist” in the drying chamber. Hot gas (air or
nitrogen) is also blown into the drying chamber. The hot gas makes it possible to evaporate
the solvent. The capsules are then transported to a cyclone separator for recovery [3]. In this
technique, the control of the product’s feed, gas flow and temperature is important [67,68].
Figure 3 shows a schematic representation of the spray-drying procedure [3,63].

Solution with dissolved

polymer and active
ingredient

l Hot gas

Nozzle
Mist
Cyclone
separator
Drying
chamber
Spray dried
microcapsule

Figure 3. Scheme of the spray-drying encapsulation technique.

The spray-drying technique is applicable to encapsulate different kind of actives.
Among substances encapsulated in alginate capsules, there were lipids [69] and hydro-
carbons such as cellulase [70], carvacrol [71], or insulin [72]. Unfortunately, the main
disadvantage of this method is the impossibility to encapsulate substances sensitive to
elevated temperature and pressure.

3.2. Extrusion Technique

Another technique that has been used for a long time for producing microparticles
is the extrusion technique [73]. It consists of the preparation of a hydrocolloid solution
(an aqueous dispersion of a natural or synthetic polymer), e.g., sodium alginate. Then,
the material for encapsulation is added to the solution, and the suspension is pressed into
droplets into the gelling or hardener solution, e.g., calcium chloride [3,30,39,49,67,74-77].
Depending on the scale (laboratory or pilot scale), a syringe needle or an extruder is used
for the process, respectively [39]. The size and shape of the obtained beads depend on
factors such as the diameter of the needle and the distance of the needle from the hardener
solution. This technique is the most popular in laboratory scale because of simplicity and
low cost of production [78]. However, the main limitation in the case of its application in
the large scale is the fact that microparticles are formed slowly [30].

3.3. Emulsification Technique

An alternative method commonly used to obtain alginate capsules is emulsification.

The emulsification technique is more expensive than the extrusion method because a large
amount of oil is needed to prepare the emulsion [79]. In this technique, the discontinuous
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phase (mixture of hydrocolloid and encapsulated material) is added to a large volume of
continuous oil phase oil [3,30,39,46,49,67]. In the case of food applications, vegetable oils
are used as a continuous phase, most often canola, sunflower or corn oils [78,80]. Addi-
tionally, to stabilize the droplets of the internal phase, an emulsifier should be added to
the mixture formed. The obtained water-in-oil emulsion is continuously homogenized by
stirring [3,30,39,49,67]. The speed of the emulsion mixing is a critical step because it affects
both the shape and size of the capsules formed [81]. Very large capsules (around 1000 um
in diameter or larger) can result in poorly coated structures and a coarse texture [82], which
in turn affects the dispersion quality of the capsules in the final product [79]. The final
emulsion containing alginate droplets is broken by adding calcium chloride solution and
centrifuged, thereby separating the oil and water phases to obtain microspheres [83,84].
Figure 4 shows a diagram of the encapsulation process using extrusion and emulsifica-
tion techniques [46,67].

3 D
2B

Sodium Alginate Material for
solution encapsulation
Extrusion Technique Emulsification Technique

Polymeric solution % CaCl,
with material for E

encapsulation

Drop in Calcium
Chloride solution

Polymeric solution
with material for
encapsulation

Calcium Alginate
beads

Figure 4. Scheme of the encapsulation process by extrusion (on the (left)) and by emulsification
technique (on the (right)).

The main difference between the two techniques is the sequence of combining the
alginate and calcium chloride solutions. The polymer solution containing the active ingre-
dient is introduced into the calcium chloride solution in the case of the extrusion technique
as opposed to the emulsification technique, where the CaCl, solution is dripped into the
polymer solution. Depending on the method used to obtain them, the calcium alginate
beads are called balls (gelled droplets obtained by extrusion technique) or capsules, in the
case of the products of the emulsification technique [85]. The main differences between
these alginate beads are listed below [49,78,85,86]:

e  The balls have a porous network, while the capsules have a liquid core (water or oil);
e  The dimensions of the balls are much larger than in the case of the capsules;
e The balls are uniform in size and shape in contrast to differing in size in capsules.

The differences in the morphology (structure) of both the microparticle types are
perfectly illustrated in images obtained by electron microscopy TEM and SEM [87].

To sum up, some advantages and disadvantages of the above-presented methods of
AMP preparation are summarized in Table 1.
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Table 1. Advantages and disadvantages of alginate microencapsulation methods [3,79,84,88-90].

Method Advantages Disadvantages
simple and cheap method
Aohissorharabilsslrants - slow formation of-mi?roparticles — a problem in
Extrusion no use of large amounts of oil and emulsifier a large-scale application )

in the case of probiotics, no damage to the - limited choice of encapsulated actives
probiotic cell and high viability
the possibility of encapsulating both
h}’ drophilic and‘ hydrophobic ingredients - higher costs than in the case of extrusion due to
high PIOCESS efﬁmency . the use of a large amount of oil and emulsifier
the possibility of obtaining smaller - toxicity of organic solvents and droplet

Emulsification microparticles than in extrusion and spray agglomeration due to solvent removal in the case
drying methods of microcapsules formed from a complex at the
easy to scale up and fewer restrictions on interface of emulsion droplets

Spray-drying

preparation devices
high survival rate of probiotics

- nonuniform capsules

lO_W cosf . ) ) - material losses due to the adherence of substance
hlgh efﬁm?ncy and quality of the obtained particles to the drying chamber

microparticles o . . - limitations in the choice of coating material
adaptable to most typical industrial devices - in the case of probiotics, the loss of viability due

to the high-temperature drying requirement

The data presented in Table 1 indicate that the currently used alginate encapsulation
techniques are not universal. All methods have some pros and cons, but among the others,
the emulsification is more universal. The method allows to obtain small microparticles,
containing both hydrophilic and hydrophobic ingredients with high process efficiency.
Moreover, the microencapsulation of alginates based on the emulsification technique could
be modified by differing the polymer gelling process.

4. Microencapsulation of Alginates Based on Emulsification Technique

The emulsification process is based on the mechanism of external or internal gelling.
Both water-in-oil (W/O) and oil-in-water (O/W) emulsions could be used to prepare
microparticles. Depending on the gelling system used, the obtained microparticles can
have different properties and thus different applications. The properties differentiating
the external and internal gelling are: pore size, stiffness, permeability and strength of the
matrix. Alginate microspheres prepared with external gelling have smaller pores and a
denser surface structure than inside the capsule. In turn, microspheres obtained by internal
gelling have a more homogeneous structure, which is associated with a more uniform
distribution of cations in the particle [91-94].

4.1. Alginate Microspheres Formed in a W/O Emulsion—External Gelation

In the external gelation emulsification method, an alginate solution containing the
encapsulated active substance is emulsified in the oil phase to form a W/O emulsion.
Next, a cross-linking compound, e.g., calcium chloride solution, is gradually added to the
emulsion [42,95-97]. The addition of CaCl, solution causes the droplets of the alginate
emulsion to gel and form microspheres [4,98]. The calcium chloride particles in the solution
migrate according to the principle of diffusion to the phase interface of the droplets of
the alginate emulsion (the dispersed phase), where they dissolve in the aqueous phase
and cause gelation to form the microspheres [98]. This step is followed with filtration and
rinsing to remove residual oil. In this method, the obtained microspheres consist of a soft
core and a rigid outer matrix [29,99].
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4.2. Alginate Microspheres Formed in a W/O Emulsion—Internal Gelation

In an internal gelation process, insoluble calcium crystals (e.g., calcium carbonate) are
dispersed in an aqueous polysaccharide solution and serve as an internal calcium source.
This mixture is emulsified in an oil phase containing a surfactant. Upon pH reduction, from
7.5 to 6.5, calcium (Ca?*) is released from the calcium complex causing gelation to form
calcium alginate. To lower the pH, usually an oil-soluble organic acid such as acetic acid is
gently added to the oil, causing immediate diffusion into the water phase. In this way, the
immediate lowering of the pH of the dispersed droplet, solubilizing the crystalline calcium,
causes rapid gelling [4,29,98,100].

Considering the gelation process, two successive reactions follow after diffusion of
the oil-soluble acid through the oil-water interface. Protons that diffuse into the aqueous
gel phase encounter evenly spaced calcium microcrystals, usually CaCO3, which causes
the immediate release of calcium ions (1) and in situ gelling of the alginate, creating a
homogenous gel network (2). Below is the course of the reactions taking place [29,100]:

2H* + CaCO;3 — Ca%* + HyO + CO, ()

Ca% + Na*G — Ca®*G + Na* @)

Internal gelation produces symmetrical microspheres with large pores and a low
matrix density compared with external gelation [29,101].

A schematic representation of microsphere formation with internal and external gela-
tion is shown in Figure 5 [4,29,98].

A) 0il External Washed
phase Emulsification gelation microspheres

[l
fal [
fol |
el |

(B) oil Internal Washed
phase Emulsification gelation microspheres

L
el |
(Al
el

Figure 5. Schematic representation of microsphere formation with emulsification coupled with
external (A) and internal gelation (B). (A) 1. Continuous oil phase. 2. Emulsifying an alginate
solution in the oil phase (creating a W/O emulsion). 3. Addition of CaCl, solution to the oil phase
(external gelation of the alginate microspheres). 4. Washed alginate microspheres. (B) 1. Continuous
oil phase. 2. Emulsifying an alginate solution (containing an insoluble calcium source) in the oil phase
(creating a W/O emulsion 3. Solubilization of the calcium source by adding acid and lowering the pH
inside the beads (internal gelation of the alginate microspheres). 4. Washed alginate microspheres.
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4.3. Gelation at the Interfacial Area of Emulsion (Complexation)

One method of forming an emulsion is to deposit the polymer at the interface of
the emulsion droplets and then remove the solvent used [102]. The polymer coating that
deposits the polymer at the interface is stabilized with covalent or physical intermolecular
forces due to the addition of a cross-linking agent. The scheme of creating microcapsules in

this way is shown in Figure 6 [4,29].

Alginate
solution

S

Adding oil phase
containing drug

Adding
crosslinker

<
N—

Washed
microcapsules

-
T

=
~

IN

S
3

S
4

Figure 6. Schematic representation of microcapsule formation. 1. Alginate solution. 2. The oil phase,
containing the encapsulating ingredients, is emulsified in the alginate solution. 3. The addition of
CaCl, solution and formation of alginate microcapsules at the interface of the oil droplets. 4. The
solvent is removed, and the microcapsules are isolated and washed.

In this method, microcapsules are synthesized in an aqueous solution and at the
interface of oil drops. The preparation of alginate microcapsules is accomplished by
mixing the encapsulated component (usually hydrophobic drugs) with an organic solvent
such as ethanol or acetone to form the inner phase (oil phase) of the microcapsules [103].
The previously prepared mixture is added to the alginate solution containing, among
others, Tween 80 as a surfactant. It is then subjected to homogenization or sonication
to produce an O/W emulsion. The calcium chloride solution is slowly added to the
formed emulsion, which causes the alginate to cross-link and form microcapsules. The
core of the so-prepared microcapsules consists of an oily liquid surrounded by a single
polymer layer. The microcapsule suspension is equilibrated for several hours. Finally, the
solvent is removed under reduced pressure and the microcapsules formed are washed and
isolated [42,104,105]. Capsules of different row sizes can be obtained with this method. It
has been used for encapsulating, among others, testosterone [106] or essential oils [107].

In the case of the emulsification technique, core/shell microparticles with a liquid core
are formed. However, the latest few reports also characterized the AMP with a solid core.
For example, in a recent paper by Dubashynskaya et al., microparticles consisting of a core
made of partially deacetylated chitin nanowhiskers and an alginate shell were used for the
topical drug delivery of metronidazole [108].

5. Factors Influencing the Alginate Microparticle Formation Process

During the manufacture of AMP, regardless of the technique used, various factors are
key parameters. The alginate concentration, type and concentration of cross-linking vector,
type of oil, emulsifiers, pH regulator, agitation speed and cross-linking time influence the
quality of alginate microparticles (size, shape, stability and encapsulation efficiency).

5.1. Concentration of Sodium Alginate

Chan et al. [109] highlighted the effect of alginate concentration on the size of beads
prepared by use of the extrusion method. They observed that the concentration of alginate
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below 1% resulted in the formation of nonspherical capsules, probably due to the lack of
a sufficient number of carboxyl groups for the gelling process. On the other hand, when
the concentration of sodium alginate was higher (>5%), the increase in the viscosity of the
aqueous phase resulted in larger droplets with broad distribution. This is consistent with
the studies by Liu et al. [110], who investigated the effect of alginate concentration on the
size of capsules produced with the emulsification technique/internal gelation.

In the case of the microencapsulation of bacteria, Mandal et al. [111], investigated
the effect of alginate concentration on the survival of microencapsulated bacteria in the
emulsification technique/external gelation. They used alginate concentration in the range
of 2-4%. The obtained results show that an increase in alginate concentration results in
better resistance to unfavorable conditions in the gastrointestinal tract, which may be due
to the more rigid structure of the microspheres with the use of a higher concentration of
alginate. Similar results were obtained by Lotfipour et al. [112], who conducted research on
the microencapsulation of bacteria with the extrusion technique. They additionally found
that the mean bead diameters increased significantly with increasing alginate concentration,
which can be attributed to the greater viscosity of the resulting gel. According to research
in this area, an increase in the viscosity of the starter gel leads to the production of larger
beads with extrusion. Therefore, for a given application, the alginate concentration must be
controlled in terms of particle size, shape and particle distribution.

5.2. Type and Concentration of Cross-Linking Agent

Alginate gels cross-link in the presence of divalent cations. Chan et al. [109] investigated
the effect of various cations on the properties of alginate gels. In the study, they used cations of
calcium, barium, strontium, potassium, aluminum, lithium, ammonium and copper. It was
found that only a few cations (Ca?*, Sr?*, Ba%* and Cu?*) can form spherical alginate shells.
Aluminum ions did not form spherical capsules, while potassium, lithium and ammonium
ions did not form gels with alginate under experimental conditions. Earlier studies have shown
that several divalent cations can bind to alginates of different affinity in the following order:

Mg?* < Mn?* < Zn?*, Ni?*, Co?* < Fe** < Ca?* < Sr?* < Ba?* < Cd?* < Cu?* < Pb?* [113,114].

In addition, Chan et al. [109] investigated the influence of cation type on the strength of
formed alginate gel. The gel strength was expressed in Young’s modulus. Cations of
copper (802 kPa), in comparison with barium (592 kPa), strontium (464 kPa) and cal-
cium (339 kPa), formed the strongest gels. This is in accordance with results obtained
by Harper et al. [113,115]. They concluded that the size of used cation affects the strength
of the alginate gel. The larger cations (such as Ba?* and Sr?*) provide stronger binding
forces in the junction zones, thus forming stronger gels. Although cations of barium and
copper formed stronger alginate gels, calcium is the most popular cation used to cross-link
alginates. Ca* is considered clinically safe, readily available and economical [100]. Addi-
tionally, the alginate microspheres and microcapsules could be chemically cross-linked by
covalent bonds (using, for example, epichlorohydrin) [116,117], offering the potential for
microgel preparation with highly controllable porosities and cell interactions [118], or by
ionic bonds with cationic polymers such as N,N’-methylene bisacrylamide [119].

Walczak et al. [41] conducted research on the effect of CaCl, concentration on calcium
alginate cross-linking using the extrusion method. It has been observed that with an
increase in calcium chloride concentration (0.075-0.5 M), the number of microparticles
obtained decreased, while their hardness increased. The gel’s hardness increase is a
consequence of alginate cross-linking increasing along CaCl, concentration. On the other
hand, calcium chloride concentration (1-4%) had no significant effect on the size and
an encapsulation efficiency of the alginate beads. Won et al. [120] studied the effect of
CaCl, concentration on the efficiency of lipase encapsulation with the extrusion method.
They did not observe a significant effect of CaCl, concentration on the immobilization
efficiency. These results are similar to those obtained by Lotfipour et al. [112], who studied
the influence of calcium chloride concentration on the encapsulation of bacteria in alginate
beads with the extrusion technique. It seems that the excess of Ca?* ion concentration above
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a certain level (3 M) does not affect the formation of gel networks, and as a consequence,
the efficiency of encapsulation [120].

5.3. Type and Concentration of the Emulsifier

Surfactants pose two functions in emulsification processes. The first one is to lower
the interfacial tension between the water and oil phases and to facilitate the dispersion
of a viscous solution of alginate in the oil. The second one is to stabilize the emulsion
droplets against coalescence [100,110]. Various emulsifiers have been found useful in the
emulsifying /gelling processes of alginate emulsions. Table 2 shows examples of emulsifiers
used in the production of AMP.

Table 2. Surfactants used in the production of alginate microparticles.

Trade Name Concentration of Emulsifier [%] Encapsulation Techniques References
Lecithin 0.1;0.5;1.0; 2.0 Emulsification/internal gelation [121]
Span 80 0.5-2.0 Emulsification/internal gelation [110]
Span 80 0-3.0 Emulsification/internal gelation [122]
Span 80 20 Emulsification/external gelation [123]
Span 80 2.0 Emulsification /external gelation [124]
Span 85 20 Emulsification/external gelation [125]
Span 85 - Emulsification/internal gelation [126]
Tween 20 0.5;2.0 Extrusion [127]
Tween 20 0.1 Extrusion [128]
Tween 80 0.02 Emulsification/external gelation [83]
Tween 80 - Spray-drying [69]
Tween 80 - Spray-drying [71]
Tween 80 = Emulsification/complexation [106]
Tween 80 0.2 Emulsification /external gelation [129]
Mixture: Span 80 and Tween 80 1.0 Span 80 and 1.0 Tween 80 Emulsification/external gelation [19]
Mixture: Span 80 and Tween 80 1.0 (mixture 60/40) Emulsification/internal gelation [130]
polyglycerol polyricinoleate (PGPR) 4.0-15.0 Emulsification/internal gelation [131]

The data in the table show that the most commonly used surfactants in the microemul-
sion method are nonionic sorbitan esters. This is most likely due to the fact that they are the
most popular surfactants used to stabilize microemulsions. Another important parameter
in the case of the microparticles obtaining process is the concentration of these emulsifiers.

Liu et al. [110] conducted a study in which they found that the size of calcium alginate
capsules in the emulsification technique/internal gelation significantly decreased from
218 pm to 76.7 um with an increase in the surfactant concentration (Span 80) from 0.5-2.0%.
Since the surfactant is adsorbed on the surface of the droplets of the dispersed phase
and forms a film to prevent their coalescence, lower surfactant concentration results in
not completely covering the surface of the droplets, which declines droplets stability.
Coalescence causes larger droplets. On the other hand, emulsifier concentration above
2.0% is of little benefit to the formulation as the oil-soluble acid (glacial acetic acid) should
diffuse across the interface of water and oil to initiate the gelling reaction. Therefore, a
high concentration of the surfactant may result in resistance to mass transfer to protons,
prolonging gelation and resulting in low particle production [110]. A similar finding was
presented by Alnaief et al. [122]. An increase in the emulsifier concentration leads to a
reduction in the interfacial tensions between the alginate and the oil phase of the emulsion,
and thus to the reduction in the average size of the microspheres.
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5.4. Effect of an Oil Type on Alginate Capsule Properties

Food-grade and mineral oils are commonly applied in the process of alginate micro-
spheres preparation. However, mineral oils have a potentially greater risk to the environ-
ment [132], and therefore food-grade oils are used more frequently. Among food-grade oils,
the following are used: corn oil [129], canola oil [133], sunflower oil [20], soy bean oil [84]
and olive oil [134]. The effect of the oil phase on the properties of microparticles has not
been extensively studied. It is reported that the mean particle diameter obtained depends
on the viscosity of the oil used; therefore, the choice of 0il depends on the required particle
size. For example, Wang et al. found that the particles were larger and additionally had a
wider particle size distribution when olive oil was used compared with liquid paraffin oil,
because the viscosity of olive oil compared with liquid paraffin oil was higher [134].

5.5. pH Values

The pH range for encapsulation depends on several parameters such as the type of
polysaccharide, the ion vector and the kind of encapsulating agent [100]. In general, the
complex of cationic and anionic ions is formed as a result of electrostatic interactions be-
tween charged particles [29,135]. The strength of the polyelectrolyte complex is significantly
influenced by the pH value of the solution [29,136]. For a given hydrocolloid, the pH range
that will be optimal and will provide the greatest number of ionized or protonated groups
required for interaction should be checked. In the case of alginate, the pKa ranges from
3.4 to 4.4. When emulsion pH is higher than pKa, alginate carboxylate groups are ionized
and electrostatically linked to cationic polymers and calcium ions [29,137]. Additionally,
negatively charged carboxylate groups dominate in a weakly acidic environment with
a pH value of about 5 [29,138]. Neutral pH values are most appropriate in the case of the
encapsulation of living cells. Acid-tolerant cultures, such as lactic acid bacteria, can be
immobilized in the lower pH range, down to 5 [139]. In the case of proteins, the isoelectric
point must be taken into account [100].

In the case of the emulsification method/internal gelation, an important factor is the
selection of the appropriate oil-soluble organic acid. There are many different oil-soluble
organic acids that can be used, but acetic, citric and lactic acids are the most common
ones [100]. The acid concentration must be carefully calculated to promote the release
of calcium from the calcium complex without overdosing, otherwise it may potentially
damage the enclosure [139].

5.6. Agitation Speed

In addition to the factors related to the composition of the reaction mixture, the techno-
logical parameters of the emulsification process also affect the quality of the microcapsules
obtained. The literature sources indicate that increasing the mixing speed has a positive
effect on reducing the size of microparticles. The high speed of mixing produces finer
microparticles, which is related to greater energy that ensures the dispersion between the
oil phase and the water phase in an emulsion [140]. The results of Ahmed et al. [141,142]
indicate that the rotor speed was the most important parameter for controlling the size
of the microparticles. It has been shown that increasing the agitation speed from 200 to
600 rpm generally reduces the size of the microspheres as they produce smaller emulsion
droplets due to higher shear forces and increased turbulence in the emulsion. Similar
conclusions have been presented by Rodrigues et al. [143], who prepared microspheres con-
taining Aeromonas hydrophila bacteria using the emulsification technique/external gelation.
As a result of increasing the rotation speed from 500 rpm to 2000 rpm, the average particle
size decreased from 230 to 30.1 um. Moreover, Alnaief et al. [122] made similar conclu-
sions regarding the size of the microparticles. They explained that increasing the agitation
speed from 200 to 1400 rpm gave a large energy input in order to create a larger interface
area; thus, the dispersed droplets became finer and the microspheres were smaller in size.
As reported by Shukla et al., who prepared alginate microspheres containing diloxanide
furoate, using the emulsification technique/external gelation increased agitation speed
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(750-1500 rpm) and had a positive effect on the reduction in microspheres (from 455.92 to
348.24 um). However, when the mixing speed (1500 rpm) was too high, the formation of
irregularly shaped microspheres occurred as an effect of particle aggregation [127,144,145].
Therefore, in order to obtain satisfactory results, it is necessary to select the value of the
mixing rate individually, proper to each application.

5.7. Cross-Linking Time

Mali et al. drew attention to the effect of different cross-linking times on alginate mi-
crospheres loaded with domperidone prepared with the emulsification technique/external
gelation. Their results show that increasing the gelation time from 5-15 min slightly in-
creased the size (57.63-58.86 um) of the alginate microspheres. However, it was found that
with increasing cross-linking time, the encapsulation efficiency decreased (from 50.73% to
18.24%). This can be attributed to incomplete emulsification as a result of the higher
viscosity of the internal aqueous phase [124]. Gedam et al. reached similar conclusions
by preparing alginate microspheres filled with risedronate sodium using the emulsifica-
tion technique/external gelation. As a result of increasing the cross-linking time from
5 to 10 min, the encapsulation efficiency decreased, and the size of the microparticles in-
creased. Extended cross-linking time may be responsible for relatively greater cross-linking
of sodium alginate guluronic acid units, which in turn could increase the viscosity of
the preparation and cause the formation of larger microspheres [123,146]. On the other
hand, too short cross-linking time may cause incomplete cross-linking of the alginate and,
consequently, reduce the efficiency of encapsulation [29].

In turn, Lin et al. prepared alginate beads filled with astaxanthin using the extrusion
technique. It was shown that with the increasing cross-linking time (from 15 to 60 min), no
significant difference was observed, both in the mean bead size and the microencapsulation
efficiency [127]. Similar conclusions were presented by Lotfipour et al. regarding the
influence of mixing time on microencapsulation of bacteria with extrusion. Therefore, a
short mixing time may not be sufficient to fully cross-link and generate intense electrolyte
interactions. Consequently, larger particles with exposed pores are obtained, resulting in
compound losses in the microparticle and reduced encapsulation efficiency [29,147,148].
On the other hand, if the mixing time is too long, it may increase the viscosity of the alginate
phase, reduce the voids in the alginate matrix and increase the porosity and thus the leakage
of active substance molecules from the alginate droplets to the medium [29,149,150].

6. Application of Alginate Microparticles

The AMP are very popular vehicles used for the encapsulation of active substances in
food and pharmaceutic products (Tables 3 and 4). Primarily, the carriers were applied in the
food industry and later on in pharmaceutical applications. In the case of cosmetics, alginate
microparticles are not very popular yet, but as naturally originating, nontoxic, biodegrad-
able and biocompatible systems, additionally showing a moisturizing and protective effect
on skin, they have potential to grow their application [151].

6.1. The Application of AMP as Active Substance Carriers in the Food Industry

Alginates are very popular polymers in food industry. They are applied as thickening,
gel-forming and stabilizing agents. Moreover, the alginate-based formulations, being
biocompatible, biodegradable and nontoxic, are used as active compounds carriers.

With regard to the actives encapsulated in AMP, the probiotic micro-organisms are the
most often entrapped [152-158]. The data collected in Table 3 show that the most common
bacteria enclosed in alginate carriers are probiotics of the genus Lactobacillus, among others
such as L. plantarum, L. acidophilus and L. reuteri. In the alginate systems, the probiotics
have been incorporated into various formulations such as freeze-dried powders, tablets,
pellets and microcapsules [159,160]. The microencapsulation process not only protects
probiotics against unfavorable conditions in the digestive tract but also improves their
viability and increases survival rate [30,152,161]. It should be underlined that the size of
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probiotic bacteria usually ranges from 1 to 4 um [162]. For such reason, it would not be
possible to encapsulate them in nano-sized carriers.

Table 3. The application of alginate carriers in the food industry.

Concentration 5 ) Encapsulation
Capsules Components (%] M Active Ingredients Technique References
sodium alginate 0.05
chitosan 0.05 - Nisin Extrusion [20]
calcium chloride - -
0.0002

sodium alginate 1.5-2.5
guar gum 0.2-0.6 - Nisin Extrusion [163]
calcium chloride - -

0.1
sodium alginate 31.2
polyvinyl alcohol 31.2 } Sea buckthorn berries bio-oil ; .
whey protein concentrate 18.8 } and amaranth seeds bio-oil Extrusion [Xod]
calcium chloride 5 i}
sodium alginate
calcium chloride 1-3 L. acidophilus, L. casei,
fructooligosaccharides, - - B. bifidum Extrusion [165]
isomaltooligosaccharides or - 0.1 and B. longum
peptide coated -
sodium alginate 3
mul‘m orJ eru§alem artichoke 3 - L. acidophilus Extrusion [152]
calcium chloride - ]
chitosan coated - 01

L. casei,
1 3 L. plantarum,
sodium alginate 2 . y
starch 2 L. acidophilus,
lecithin 04 - Ly gaspert, Extrusion [166]
" ’ = L. bulgaricus,
calcium chloride - {
- B. adolescenti

0.1 and L. lactis
sodium alginate 2
xanthan gum 015
fruct0§e 3 - L. plantarum Extrusion [167]
maltose 3 i}
glycerol 55 ]
calcium chloride i }
sodium alginate 2 Staphylococcus
sugarbeet 2 - succinus and Extrusion [168]
calcium chloride - Enterococcus fecium

0.1
sodium alginate 2 ; ;
e — 05 - Saccharomyces cerevisine Extrusion [169]
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Table 3. Cont.

Concentration . . Encapsulation
Capsules Components (%] M Active Ingredients Technique References
sodisoviliinate 3 Yarrowtaltpolyttca{
5 Kluyveromyces lactis,
guargum - Lipomycesstarkeyi, Extrusion [170]
e S B - Sacchammycopsisﬁbl:digera
wheyproteinand chitosanuoated 2 0.1 and Brettanomycescustersianus
sodium alginate 1.875 L. bulgaricus .
calcium chloride - ]_5 and Streptococcus thermophilus Extrusion [
Streptococcus lactis,
sodl.um algmete 1.875 ) Streptocctccus Iact{s subsp. - 1721
calcium chloride # 15 diacetylactis
: and Streptococcus cremoris
sodl.um algma‘te 3 . L. reuteri Bstiiisian [173]
calcium chloride - 05 and B. longum
sod1‘um algmé‘lte 1 } Streptococcus lactis ) Bitision [174]
calcium chloride - 01 and Streptococcus cremoris
sodl.um algma'lte 0.75-2 - L. acidophilus Extrusion [175]
calcium chloride -
0.1;0.2;
1
sodium alginate 2
locust bean gum -
xanthan gum - - L. rhamnosus Extrusion [176]
calcium chloride - -
chitosan coated - -
0.1
sodl.um algma.te : - L. plantarum Extrusion [177]
calcium chloride -
0.15
sodium alginate 1-3
pancreatic digested casein 0-1 L. casei, L. acidophilus,
fructooligosacharides 0-3 - B. longum Extrusion [178]
isomaltooligosaccharides 0-3 = and B. bifidum
calcium chloride - -
1
sodl.um algme.xte . - L. reuteri Extrusion [179]
calcium chloride -
0.5
sodium alginate 2 .
T 05;0.8 : L. plantarum Extrusion [180]
sodium alginate 2
Hi-maize resistant starch 2 - L. acidophilus Extrusion [181]
calcium chloride - -
0.1
sodium alginate 1-3
fruktooligosacharides 0-3 o .
pancreatic digested casein 0-1 ) L ERtrion ]
calcium chloride - }
0.1
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Table 3. Cont.

Concentration . . Encapsulation

Capsules Components (%] M Active Ingredients Technique References
soditn al e d - L. reuteri Extrusion [183]
calcium chloride -

0.5
sodium alginate 2
starch 2 - L. reuteri Extrusion [183]
calcium chloride - -

0.5
sodium alginate 2
glycerol 5
xanthan gum 0.26 ; ;
Tween 20 01 : L. bulgaricus Extrusion [128]
calcium chloride - R
chitosan coated 0.8 .

0.5
sodium alginate 2 L. acidophilus ; :
calcium chloride - 1 and B. bifidum Rt [ee]
sodium alginate 2
or palmitoylated alginate - B. longum Extrusion [185]
calcium chloride 30
sodl.um algmz?te 1 % L. lactis subsp. cremoris Extrusion [186]
calcium chloride - 01
sodium alginate 1-3
glycerol 5
xanthan gum 0.9 # L. plantarum Extrusion [187]
calcium chloride - -
chitosan or gelatin coated - -

1

SR Al At e 0.1 L. acidophil Extrusio [188]
calcium chloride 2 _ FACIAOPIE KRR
whey proteins concentrate 2.5-4
sodium alginate 0.125 # L. acidophilus Extrusion [188]
calcium chloride - -

0.1
sodiunvalginate ) - L. plantarum Spray-drying [189]
whey protein isolate - .
sodium alginate 2 p
T - 0-1 L. rhamnosus Spray-drying [190]
zl(:ilotls:nalgmate _1_2 Emulsification

& i i i 9

Tween 40 05-15 : Coriander essential oil (t:;;et:;z:; [971
calcium chloride - . 8

0.5
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Table 3. Cont.

Concentration . . Encapsulation
Capsules Components (%] M Active Ingredients Technique References
sodium alginate and 1
alginate-resistant starch e
sunflower oil B Emulsification
Span 80 1 - Nisin (external [19]
Tween 80 1 gelation)
calcium chloride 25 )
: " 2
sodium alginate )
CaCO;3
Span 80 § e
B 4-15 Emulsification
Ll s S : Cocon extract emal (131
glacial acetic acid i} ) grlation)
Tween 20 } }
calcium chloride 0.03-01
sodn:rrl;lalgl.{\ate _- Emulsification
}l_l,svg:e: 83 ot } - L. acidophilus and L. rhamnosus (external [191]
calcium chloride - : gelation)
0.0625
sodiumalgmate 2 Emulsification
Hi-maize resistant starch 2 L. acidophilus and Bifidobacterium
Tween 80 0.02 ) spp- (external L
calcium chloride - : gelation)
0.1
sii;umuiglnate _3 L. rhamnosus,
& & B. longum,
xanthan gum - L. salivarivs Emulsificati
focust bedn giitn ) . salivarius, mulsification
- L. plantarum, B. lactis, (external [192]
carrageenan gum N - L. paracasei elation)
vegetable oil - - parachel &
- L. acidophilus
Tween 80 - R and B. bifid
calcium chloride - } g
0.01
sodium alginate 3
Hi-maize resistant starch 2 S—
7 5 3 Emulsification
corn oil # L. acidophilus and
Tween 80 - . L. casei (exte;nal [
calcium chloride - ) gelation)
chitosan coated - )
0.1

98



Polymers 2022, 14, 3834

17 of 32

Table 3. Cont.

Concentration . . Encapsulation

Capsules Components (%] M Active Ingredients Technique References
sodium alginate 1-3
faxseed mucilage 0.9 Emulsification
canola oil - - L. casei (external [133]
Tween 80 0.05 - gelation)
calcium chloride - -

0.15
f](;é::;lzlgli{late _3'6 Emulsification
Tween 80 5 : L. bulgaricus (Z;etll'zs; [193]
calcium chloride - . 8

0.05
sodium alginate 2
Hi-maize resistant starch 2 3 Emulsification

X L. casei

canola oil - - sl B Lt (external [194]
lecithin 0.02 - ‘ ’ gelation)
calcium chloride -

0.1
zgf;u;ﬁ algimate _3 Emulsification
Tween 80 0.02 : L. reuteri (Z);:eetf;l:; [174]
calcium chloride - ) gee

0.1
sodium alginate 2 . . Emulsification

o L. acidophilus
Hi-maize starch 2 - . (external [195]
: : and B. lactis 5

calcium chloride - - gelation)

0.1
zg?}l}\;{;a;ﬁmate _2—4 Emulsification
Tween 80 02 - L. casei (cétifna; [111]
calcium chloride - ) gelation,

0.05
sodium alginate 2
sodium citrate 0.1 Emulsification
calcium citrate 1 - Lactococcus lactis subsp. cremoris (internal [196]
canola oil - - gelation)
glacial acetic acid 0.667 -

= - -

S(ﬁ-j?)dﬂl L _3 Emulsification
Tween 80 0.02 : L. reuteri (e>;tet'rna; [183]
calcium chloride - } BESHON

0.1
sodium alginate 2
starch 2 Emulsification
corn oil - - L. reuteri (external [183]
Tween 80 0.02 - gelation)

calcium chloride
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Table 3. Cont.

Concentration . . Encapsulation
Capsules Components (%] M Active Ingredients Technique References
sodium alginate 4
corn starch 2 Emulsification
soybean oil - - L. acidophilus (external [197]
Tween 80 - - gelation)
calcium chloride - -

0.1

sodium alginate 1.5
CaCOg3 - Emulsification
canola oil - - B. animalis subsp. lactis (internal [198]
Tween 80 15 - gelation)

glacial acetic acid

6.2. The Application of AMP as Active Substance Carriers in the Pharmaceutical Industry

Alginate-based formulations as delivery systems have been originally developed for
pharmaceutical applications to provide controlled release and improve the stability of
drugs. Moreover, as in the case of food applications, the probiotic micro-organisms are
mostly entrapped in such carriers (Table 4).

Table 4. The application of alginate carriers in the pharmaceutical industry.

Concentration
Capsules Components o ] Active Ingredients Encapsulation Technique  References
%
sodium alginate 2-4
citric acid 0.6
dicalcium phosphate 0.2 . .
R 4 : Cellulase Spray-drying [70]
latex 0.05-0.5 B
bovine serum albumin 0.15 ~
sodium alginate 3
pectin 3 - Carvacrol Spray-drying [71]
Tween 80 - -
sodium alginate 2 - Insulin Spray-drying [72]
sodium alginate 4
Tween 80 B
succinic acid - Corn oil Spray-drying [69]
calcium phosphate dibasic 02 -
dihydrate i -
sodium alginate 2 Bovine serum
calcium chloride 25 - Spray-drying [25]

chitosan coated

albumin
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Table 4. Cont.
Concentration

Capsules Components %] M Active Ingredients Encapsulation Technique  References

00
sodium alginate 3
Sun flov'ver ol P - Catechin Extrusion [18]
oleic acid ester 1 B
calcium chloride 4 ~
sodium alginate 0.5-2
pectin 2
glycerol 1 = a-tocopherol Extrusion [199]
Tween 80 0.1 -
calcium chloride 5 -
sodium alginate 1 . ;
B — 25 _— Invertase Extrusion [200]
sodium alginate 20
calcium chloride - - L. plantarum Extrusion [201]
whey proteins coated 20 0.1
sodium alginate 2
alginate/psyllium blend 1.5/0.5 :
alginate /fenugreek blend 1.5/05 : L. glamgn ERIGIST: [
calcium chloride 4 ~
xanthan gum 0.15
sodium alginate 18
Tween 80 1 - L. plantarum Extrusion [203]
calcium chloride - -
chitosan coated - -

0.1

sodium alginate 2 L. acidophilus,
calcium chloride - - B. bifidum Extrusion [204]
chitosan coated - 0.1 and L. casei
sodl.um algm:ilte 24 - B. longum Extrusion [205]
calcium chloride - 01 <
sodl.um algme.lte 1.8 ) Succlmromgces Bssion [206]
calcium chloride - 01 boulardii
sodium alginate
calcium chloride b
oAl R - - L. reuteri Extrusion [207]
coated 0.1and 0.1 0-.1
sodium alginate 2
oligosaccharides (GOS, FOS, ;
IMO, XLO) ;.8 : L. fermentum Extrusion [208]

calcium chloride
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Table 4. Cont.

Concentration

Capsules Components %] M Active Ingredients Encapsulation Technique  References
% M
sodium alginate 14
zein 1-9 - B. bifidum Extrusion [209]
calcium chloride - -
0.1
sodium alginate 2
Tween 80 - . TS EETORE Emuls:ﬁcat.mn [106]
glycerol = ~ (complexation)
calcium chloride - B
2
sodium alginate 0.3-0.6
chitgsan g Lemongrass oil and Emulsification
Tween 80 1 s " [107]
turmeric oil (complexation)
ethanol - -
calcium chloride 0.67 -
sodium alginate 1:5,
CaCOy =
soyt{ean 011. . - . Bl Emulsmcah(.)n (internal [84]
glacial acetic acid - 0.000625 % gelation)
Tween 80 1 o
chitosan coated 0.4 R
sodium alginate 1
cormn starch. 2 L. casei Emulsification (external
vegetable'oil § B and B. bifidum elation) 2101
Tween 80 0.2 - ‘ g
calcium chloride - -
0.1
gelatin 13
genipin -
tempered oil - ) B idoliseontis Emu]smcatl(?n (external [211]
Span 85 0.5 gelation)
. . 0.00125
calcium chloride - B
sodium alginate coated 1 ]
0.05

6.3. The Application of AMP as Active Substance Carriers in the Cosmetic Industry

In the case of cosmetics, alginate microparticles are not very popular yet, but as
naturally originating systems additionally showing a moisturizing and protective effect on
skin, their application is still growing. Currently, in the case of skin care products, AMP
are used as carriers, both to protect unstable active compounds and to increase products
efficacy [212-215]. Additionally, AMP are used to enclosed unpleasant-smelling substances
and, as a result, to obtain products with little odor or completely without it [214]. The

examples of AMP cosmetic applications are presented in Table 5.
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Table 5. The application of alginate carriers in the cosmetic industry.

Concentration . . Encapsulation
Capsules Components %] Ml Actie Ingredients Technique References
sodium alginate 1-3 =
Tween 20 0.5;2 - Astaxanthin Extrusion [127]
calcium chloride 2;10 -
sodium alginate - - Lactic acid bacteria 5
calcium chloride - - (Lactobacillus) Extasion [216]
sodium alginate solution - -
ethanol - - R e
Tween 80 } } Tumeric oil Emulsification [217]
calcium chloride - -
sodium alginate 0.5-2.5 -
pectin 5 = 3 . P
Tween 80 01 R Vitamin E Emulsification [218]
calcium chloride 5 -

The data presented in Tables 3-5 show that extrusion, among others, is the most
commonly used method for encapsulating substances in alginate systems, while the least
used technique is spray drying. It is probably, due to the fact, that extrusion is a cheap
method in which there is no need to use additional components, such organic solvents,
emulsifiers, or large amounts of oil.

Comparing the methods of probiotics microencapsulation (Tables 3-5), it is clear that
extrusion is the most popular technique, probably because it does not damage bacteria
cells and gives high probiotic viability. In turn, external gelation is the most frequently
chosen method of emulsification process. This may be due to the fact that during external
gelation, it is not necessary to use any additional acid, which could also cause interactions
with microorganisms and, consequently, their reduced survival in microparticles.

6.4. Other AMP Applications

In recent years, the use of alginate microcapsules has been intensively developed
in agriculture [219-221] for encapsulating plant-growth-promoting bacteria. Plants can
grow better in the presence of plant probiotic bacteria because these bacteria carry out a
number of various important functions, such as nitrogen fixation and mineral dissolution,
among others. Other designs include the application of AMP as phase-change materials
for thermal energy storage [222]. The urgent need to meet increasing energy demand
and mitigate the environmental impact of fossil fuel combustion is driving large-scale
research into efficient and sustainable methods of storing thermal energy. Among various
technologies, systems using phase-change materials present one of the most promising
strategies. Another potential application of alginate microparticles is metallic protection.
The common application includes self-healing coatings for corrosion prevention in metal
substrates. Hia et al. developed surface-modified alginate multicore microcapsules for
metallic protection [223]. AMP are also used in the separation of metal ions, such as
Mo(VI) [224], Sb(III) [225], Pu(IV) [226], Platinum Group Metals [227] and Cu?* [228],
among others, and for photocatalytic wastewater treatment [229].

6.5. Advantages and Disadvantages of Alginate Microparticles
The alginates used as raw material to obtain the microparticles show a lot of advan-
tages but also a few disadvantages. Among the advantages of using AMP as a carrier of
active compounds, it should be mentioned that:
e  Alginates form a highly versatile, biocompatible, biodegradable and nontoxic matrix,
effectively protecting active components against external factors such as heat and
moisture, thereby enhancing stability and bioavailability [131,152,200];
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e Alginates show a prebiotic effect of low molecular weight alginates and their ability to ex-
tend the product shelf life [131,230] of beverages [231], yoghurt [232], sausages [233,234],
tuna burgers [235], cheese [236], apple juice [237] and ice-cream [238], among others;

e  There are mild microencapsulation conditions and no high temperatures (emulsifica-
tion and extrusion), which is especially important in the case of the encapsulation of
bacteria [200], because they are very sensitive to high temperatures;

e  Alginates form highly stable particles in the spray-drying technique [70], however, the
use of high temperatures in this method when encapsulating probiotics may reduce
their effectiveness and number [153];

e  Alginates improve the stability and increase the efficiency of delivery to the body of
microencapsulated active compounds [72], including probiotic microorganisms;

e  Alginates protect bacterial cells against the external environment [152], reduce sus-
ceptibility to contamination and protect against damage [205], such as the presence
of gastric juices, acidity and low pH [239,240], and in the case of cosmetics, protect
probiotics against the effects of preservatives;

e  Alginates increase the survival of probiotic bacteria both in the product and in the
gastrointestinal tract [165,168,191], which allows them to reach the intestines, and thus
has a positive effect on the intestinal microbiome [241,242].

On the other hands, among the disadvantages of AMP, attention should be paid to:

e  The low efficiency of capsules loaded with bacteria, difficulties in application on an in-
dustrial scale due to the high cost of bacteria and the microencapsulation techniques [72];

e  Susceptibility to the acidic environment of AMP loaded with bacteria, which reduces
the efficiency of encapsulation, such as a result of gastric juices [133,201,243];

e  The low mechanical strength of AMP and large pore size, which may cause the leakage
of biomolecules from microcapsules [200,244,245];

These disadvantages can be overcome, and the encapsulation efficiency can be increased
by using a coating material, e.g., chitosan [152], a peptide or fructooligosaccharides [165].

7. Summary

The manuscript presents a review of the current state of alginate polymer applica-
tions in the form of alginate microparticles (AMP) in the food, pharmaceutic and cosmetic
industries. The most important properties of alginates, including safety and biocompati-
bility, were described. The AMP preparation methods, their characteristics and industrial
applications were discussed. This overview provides an understanding of encapsulation
techniques (such as extrusion, emulsification and spray-drying processes) and the process
parameters that are critical to microcapsules production and affect particle size, morphology
and encapsulation efficiency. The influence of the microencapsulation process parameters
on microparticle quality was discussed. Finally, a summary of the active compounds encap-
sulated in the alginate carriers was presented, and the advantages and some disadvantages
of the alginate particles as delivery systems were summarized.

It was shown that alginate as natural biopolymer forms a highly versatile, biocom-
patible, biodegradable and nontoxic matrix, effectively protecting the active components
against external factors, and thereby enhancing their stability and bioavailability. However,
there are only few studies devoted to the use of alginate capsules as carriers of active
substances in cosmetic products, despite the fact that alginate carriers can be an ideal
solution, especially as probiotic carriers, in the case of skin-microbiome-friendly cosmetics.

In addition, given the various applications in which AMP are already used for due
to their attractive physicochemical properties and the continuously evolving methods of
producing them, alginates will make a significant contribution to revolutionizing research
in the future.

Another future interest is the development of the alginate microencapsulation tech-
niques. The upcoming process for the production of microcapsules and microspheres,
with great potential also in alginate microcapsule production, is the microfluidic technique.
The process allows the preparation of microgels with a wide range of morphologies and
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allows the continuous fine-tuning of the shape of the microparticles by simply chang-
ing the gelation conditions, e.g., the viscosity of the gelation bath, collecting height or
interfacial tension [246,247].
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1. INTRODUCTION

Alginates are natural polysaccharides obtained from marine
algae (Gomathi et al., 2017; Trnnesen and Karlsen, 2002).
The polymers are unbranched copolymers of D-mannuronic
acid (M) and L-guluronic acid (G) linked by B (1-4) glyco-
sidic bonds (Asgari et al., 2020; Kim et al., 2019; Paques,
2014; Van Vlierberghe et al., 2014; Walczak et al., 2015;
Wyrebska et al., 2014). The individual monomers in the chain
are arranged in an irregular block pattern with different GG,

Abstract

The process of obtaining alginate microspheres (AMs) by emulsification method was optimized by applying
statistical analysis software. Ten batches of microspheres were prepared using the fractional plan 3k=p,
AMs were obtained with two different methods: an ultrasonic homogenization (UH) process and a rotor-
stator mechanical homogenization (MH). The amount of a cross-linking agent (CaCly), calcium chloride
rate addition, and the sonication amplitude (UH) or the speed of rotor rotation (MH) were selected
as formulation variables. All the batches were evaluated in terms of stability and size of the alginate
microspheres. Approximation profiles were developed. As a result of the conducted research, stable
alginate microspheres with sizes ranging from 10 to 30 micrometres were obtained. The obtained results
showed that the quality of AMs was mainly affected by the concentration and the rate of calcium chloride
addition into the system. Therefore, the role of calcium ions in the mechanisms of shell structuring was
discussed. Lactobacillus casei bacteria were encapsulated into the batches found to be optimum. The
high encapsulation efficiency (EE) of the bacteria (72-94%) depending on the form) and their viability
over time were obtained. The model developed in the study can be effectively utilized to achieve the AMs
formulations.

Keywords
alginate microspheres, optimization, Lactobacillus casei, encapsulation, emulsification

Most of the scientific articles focus on application of algi-
nate microparticles in the food and pharmaceutical industries
(Dhamecha et al., 2019; Mart3u et al., 2019; Puscaselu et
al., 2020; Yang et al., 2020). Recently, environmental appli-
cation of alginate carriers as microspheres and microcapsules
is more frequent (Wang et al., 2019). However, the AMs
application in cosmetic industry has not been very popular.
There are only a few reports regarding the use of alginate
capsules as carriers of turmeric oil or vitamin E (Lebeer et
al., 2018; Lin et al., 2016; Shalaka et al., 2009).

MM and MG block proportions (Iravani et al., 2015; Paques,

2014; Trnnesen and Karlsen, 2002; Van Vlierberghe et al.,

2014; Wyrebska et al., 2014).

The monovalent metal ions with the alginates form soluble
salts, while the divalent and multivalent cations form gels or
deposits. Alginates containing a large number of guluronic
acid blocks form gels with much greater strength compared
to alginates rich in manuronates, because G blocks have
a stronger affinity for divalent ions than M blocks (T¥nnesen
and Karlsen, 2002). Biodegradable microspheres are obtained
by cross-linking the alginate structure with divalent cations,
in particular Ca*". The alginate microparticles (AMs) are
biocompatible, biodegradable and nontoxic delivery systems
used to encapsulate natural active substances, including pro-
biotics (Choukaife et al., 2020; Iravani et al., 2015; Puscaselu

et al., 2020).

@ (©) 2023. The Author(s). This is an open-access article distributed under the terms of the Creative Commons
@ Attribution (CC-BY 4.0, https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
BY

In the case of cosmetic products an application of differ-
ent vehicles helps to combine various active substances in
one formula, solves problems related to the incompatibility
of the substances (Sikora et al., 2020) and protect the ac-
tives against oxidation (Martins et al., 2017). Additionally,
microparticles are used to enclose unpleasant-smelling sub-
stances and, as a result, to obtain products with a low odour
or completely without it (tetocha et al., 2022). When pro-
biotics are used in cosmetic formulations, the microencapsu-
lation process allows survival of the microorganisms despite
the presence of preservatives. Compared to other effective
carriers of active compounds, such as nanoparticles, the ad-
vantage of microcarriers is that they do not penetrate into
the interstitial tissue and thus act locally (Lengyel et al.,
2019; tetocha et al., 2022; Wang et al., 2019). The choice
of microparticles instead of nanoparticles for cosmetic prod-
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ucts may be an ideal solution for epidermal effect, where the
encapsulated ingredient is to act on the top layer of the epi-
dermis and thus positively affect the skin microbiome. In ad-
dition, nanocarriers are not suitable, due to their small size,
for encapsulating active ingredients with sizes larger than
nano, e.g. bacteria.

The most commonly used methods of encapsulating com-
pounds in alginate capsules include techniques such as ex-
trusion, emulsification and spray drying (Tyagi et al., 2011).
Each method has its advantages and disadvantages. How-
ever, due to the different size of the particles obtained by
these methods, emulsification was selected for testing, be-
cause this technique allows to obtain smaller capsules (um)
than other techniques (mm), which is the most desirable in
the case of the cosmetics industry, where large particles neg-
atively affect the texture of the cosmetic and the consumer
feeling.

The purpose of this study was to obtain the high-quality
polymer microspheres by emulsification process, especially in
the potential use of the alginate microparticles in the cos-
metics industry. The effect of the emulsification parameters
on the size of the bacteria-loaded alginate microspheres was
evaluated. In order to optimize the process parameters, for
subsequent encapsulation in optimal forms of probiotic bac-
teria, a statistical method of experimental design (DOE) was
applied.

2. MATERIALS AND METHODS
2.1. Materials

Alginic acid sodium salt from brown algae, sodium citrate,
MRS broth and MRS agar (de Man Rogosa Sharpe) were
purchased from Sigma Aldrich (Poland). Calcium chloride
was bought in Avantor Performance Materials Poland S.A.
The capric-caprylic triglycerides and ECO-Tween 80 were
kindly supplied by Croda (Poland). Lactobacillus casei strain
ATCC 393 was purchased from American Type Culture Col-

lection, (USA).
Alginate solution

Chem. Process Eng., 2023, 44(3), 20

2.2. Method for obtaining blank microdispersions

Microdispersions with alginate microspheres were prepared
using a modified encapsulation method described by Sheu
and Marshall (1993) and Sultana et al. (2000). All details
of the methodology are described and claimed in patent ap-
plication P. 443812 (tetocha et al., 2023). Briefly, the wa-
ter in oil (W/O) pre-emulsion was prepared by mixing the
encapsulating material (2% sodium alginate solution) with
capric-caprylic triglycerides and 1% ECO-Tween 80. To re-
duce the water phase particle size, the emulsion was mixed
thoroughly using a homogenizer (Unidrive X 1000, CAT) or
sonicator (UP200 Ht, Hielscher). Next, the obtained sys-
tem was stirred with a magnetic stirrer (IKA C-MAG HS
7) and water solution of 0.1-0.5M calcium chloride was
slowly added dropwise to form a dispersion containing mi-
crospheres. After the addition of CaCl, solution, the stirring
of alginate microsphere dispersion was continued for an addi-
tional period of time (5-30 minutes). The microdispersions
were then stored in the refrigerator and their stability was
observed over time. After a defined period of time (24 h,
10 days) the stability of the dispersions was macroscopically
observed. Figure 1 shows the scheme of the production of
alginate microspheres.

2.3. Optimization process

The process of obtaining alginate microspheres were opti-
mized with the use of mathematical methods of experiment
planning (Statistica® ver. 13, StatSoft, Poland). The aim of
the optimization was to determine the process parameters
allowing to obtain stable microcapsules of relatively small
size (d < 100 um). In order to develop the best parame-
ters of AMs production the statistical method of experimen-
tal design (DOE) with the fractional plan 3X~7 was used.
Where K is the number of variables and p always takes the
value 1. First, the process structure and the variables influ-
encing the final alginate microcapsules properties were de-
termined (Figure 2).

o |

Eco - Tween 80 ’

4-{ Mixing

W/O pre-emulsion

Homogenization (1)
or ultasounds (2)
Adding of CaCl,

solution
v
Microdispersions

Figure 1. Block diagram of the microdispersion formulation process.
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Independent variables:

x;, dripping rate CaCl,

Formulation of

X, concentration of CaCl,

X3, ultrasounds power:
homogenizer speed

alginate
microcapsules
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Dependent variables:

¥, capsules size after 24l
10 days

Figure 2. Schematic description of the optimization process.

2.4. Statistical analysis

Statistical analysis was performed based on one-way analysis
of variance (ANOVA). The significance of differences was as-
sessed using the F test. In all cases, a p value <0.05 was con-
sidered statistically significant. Approximation profiles have
been developed taking into account independent parame-
ters (dripping rate and concentration of calcium chloride,
and homogenization method). By means of these profiles, it
was possible to determine changes in dependent parameters
(microcapsules size after 24 h and 10 days) depending on
changes in the value of independent parameters. Approxima-
tion profiles were obtained, that allowed to determine which
values of the input variables provide the most useful values
of the output variables. The approximate values were then
converted to a utility scale ranging from 0 to 1. The least
desirable effect is 0 (the largest microcapsule size) and 1
(the smallest microcapsule size) is the most desirable effect.
On the basis of the obtained approximation profiles, it was
possible to optimize the usability of the composition.

2.5. Determination of microdispersion droplet size

Optical microscope measurements were performed to deter-
mine the droplet size of the microdispersion. A small amount
of the dispersion to be tested was placed on a glass slide and
covered with a coverslip. The observations were made using
the Motic B1 Advanced Series Microscope equipped with
a digital camera. The droplet diameter for each sample was
determined from the mean of 200 measurements +SD.

2.6. pH measurements

The pH of W/O microdispersions were measured using
a Mettler Toledo S47 SevenMulti pH meter. First, the elec-
trode was washed with a large amount of distilled water, and
then it was placed in the test sample and the measurement
was made. For each sample, the result was given as the mean
of three measurements £SD.

2.7. SEM analysis
The morphology of the obtained microspheres was observed

with a scanning electron microscope (Mira3-FEG-SEM, Tes-
can, Brno—Kohoutovice, Czech Republic) with a pole emis-

https://journals.pan.pl/cpe

sion (Schottky emitter), equipped with an X-ray energy dis-
persive spectrometer EDX (Oxford Instruments) and a cool-
ing table (Peltier), operating in a temperature range from
as low as —30°C. The samples, for SEM investigations,
were prepared by rapid freezing in liquid nitrogen followed
by freeze-drying for 24 h (Al-Abboodi et al., 2019; Mao et
al., 2019; Miastkowska et al., 2020).

2.8. TEM Analysis

The morphology of the microdispersions was investigated us-
ing a transmission electron microscope JEOL JEM 2100 HT
(Jeol Ltd., Tokyo, Japan). Samples were collected on 300
mesh grids made from copper, additionally covered with for-
mvar film. On each grid was applied 5 pL of samples. The ex-
cess was removed using the filter paper and was left to dry at
ambient temperature. The transmission electron microscope
was used for observation with accelerating voltage of 80 kV.
Images were taken using a 4 kx4 k camera (TVIPS) equipped
with EMMENU software ver. 4.0.9.87 (TVIPS GmbH, Gaut-
ing, Germany) (Rys et al., 2022).

2.9. Bacterial strain and culture condition

Pure freeze dried culture of Lactobacillus casei strain ATCC
393 (LAB) was inoculated into MRS broth and incubated at
30°C for 48 h in aerobic conditions. Harvesting of cells in
the logarithmic phase was carried out by centrifugation at
3000x g for 10 min at 4°C. The cells were washed twice us-
ing sterile saline solution (0.9%) (w/v). The cell pellets were
resuspended in normal saline and prepared at a final concen-
tration of 10,6 log CFU/g. The numbers of bacteria in the
cell suspension was determined by counting on plates in MRS
agar medium (37°C, 72 h), using the pour plate inoculation
technique (Arenales-Sierra et al., 2019). The obtained bacte-
rial suspensions were used in the microencapsulation process.

2.10. Encapsulation of probiotics

The encapsulation of probiotics (Lactobacillus casei bacte-
rias) was done in the similar way as the preparation of the
blank microdispersions. The only difference was the compo-
sition of the water phase. In this case, the aqueous phase
consisted of the aqueous solution of sodium alginate (2%)
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and bacteria suspension. The mass ratio of the sodium al-
ginate solution to the bacterial cell suspension was 4:1. In
order to separate microspheres, the samples were centrifuged
in a laboratory centrifuge (EBA 20 by Hettich Zentrifugen).
Samples of the microspheres without centrifugation (1), mi-
crospheres spun at 500 rpm (2) and 30000 rpm (3) and stable
microdispersion (4), were selected for further tests.

2.11. Assessment of microencapsulation efficiency
and survival of probiotic bacteria during
storage

The obtained microspheres (1, 2, 3) and microdispersion (4)
were stored at room temperature for 1 month. The assess-
ment of the viability of microdispersion and microcapsules
with LAB was carried out immediately after encapsulation,
and after 7 and 30 days after the process in line with the
methodology described by Guimar3es et al. (2013). Suspen-
sion of the bacteria cells not subjected to encapsulation was
used as the control.

A one-gram portion of microcapsules was dissolved in 9 mL
of 0.2 mol L~ sterile sodium citrate solution (pH 6.0) and
then vortexed.

Serial dilutions were performed and then the obtained so-
lutions were inoculated by the pour plate method (1 mL)
on plates containing MRS-agar medium. Viable cells were
enumerated as the number of colonies after incubation for
72 h, at 37°C,in aerobic condition. Results were shown as
log colony forming units per gram (log CFU g=1). All tests
were conducted in triplicates.

The microencapsulation efficiency (EE [%]) of L. casei was
calculated using Eq. (1) and expressed as the percent of the
log CFU g~* (Darjani et al., 2016).

Chem. Process Eng., 2023, 44(3), 20

EE = (N/N,) x 100% (1)

In this equation, N stand for the number of bacterial cells
caught inside the microspheres or microdispersion, and N, is
the number of free L. casei cells added during encapsulation
process (Darjani et al., 2016; Shafizadeh et al., 2020). The
reduction in viability was characterized by the formula; N, —
N and expressed in log CFU/g.

3. RESULTS

3.1. The influence of input parameters on the size
of obtained microspheres

The process of obtaining alginate microparticles was opti-
mized with the use of mathematical methods of experiment
planning. Two fractional plans (ultrasound (UH) and high
shear homogenization (MH)) were prepared, with one point
at the centre of the plan. It was checked whether the
input parameters (Table 1) significantly affect the output
parameters.

The size of the capsules after 24 h and 10 days [um] were
classified as a group of output parameters for both plans.
Tables 2 and 3 present the results of the optimization process

Table 1. The variability ranges of independent parameters.

Concentration of calcium chloride

0.1; 0.3; 0.5
[mol/dm?]
Dropping rate of calcium chloride 5. 10. 15
[drop/min]
o UH [%] 69; 79; 89
Homogenisation method
MH [rpm] 8 000; 10 000; 12 000

Table 2. Matrix of the experimental design and experimental data obtained for the dependent variables with the use of ultrasound

method.
Physicochemical properties of microdispersions from experimental design
1:heN:y;:vtfem Input parameters . (Tut{)ut para(r:neterls . Stability  Stability
Ceac2 ‘/dropCaC.Iz Ultrasounds :gz‘: ; 45 Ilfe ) f::rs';g dSIazyes ;‘:E"" lgf;er pH
[mol/l]  [drop/min] [%] [wm] £SD [m] £5D ays
1 0.1 5 69 10.76+4.25 10.774+5.65 + + 6.05+0.02
2 0.1 10 89 14.16+8.47 15.31+8.69 o+ = 6.05-40.02
3 0.1 15 79 28.87+14.62 30.78+17.17 + - 6.05+0.02
4 0.3 5 89 16.91+6.99 17.23+7.69 - = 5.90+0.02
5 0.3 10 79 15.65+8.01 16.14+10.64 = = 5.90+0.02
6 0.3 15 69 23.88+13.65 32.56422.66 = = 5.90+0.02
T 0.5 5 79 10.74+4.39 13.71+11.79 - = 5.84 +0.01
8 0.5 10 69 16.314+9.95 29.75:£18.41 - - 5.84 +0.01
9 0.5 15 89 30.304+15.89 30.30+18.95 - - 5.84 +0.01
10 0.3 10 79 15.65-8.01 16.144+10.64 = — 5.90+0.02
4 0of 13 https:/ /journals.pan.pl/cpe
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Table 3. Matrix of the experimental design and experimental data obtained for the dependent variables with the use of high shear

homogenisation method.

Physicochemical properties of microdispersions from experimental design

No of Input parameters Output parameters Stability  Stability
the system - Vi caci Homogenisation Capsule size  Capsule size after after pH
fmol/l] | [drop/min] [iori] after 24 h after 10 days 24 h 10 days
[um] £SD [1m] £SD

1 0.1 5 8000 15.544+8.85 15.554+8.26 + + 6.05:£0.02
2 0.1 10 12000 16.29+7.99 16.58+9.26 + = 6.05:£0.02
3 0.1 15 10000 22.83+13.84 23.11+16.87 + = 6.05+0.02
4 0.3 D 12000 18.14+6.62  18.45+13.79 + = 5.90+0.02
5 0.3 10 10000 15.73+8.32 18.61+13.79 = - 5.90+0.02
6 0.3 15 8000 24.07+£24.98 30.39+20.22 - = 5.90+0.02
7 0.5 5 10000 7.16+3.45 18.21+18.48 = - 5.84 +0.01
8 0.5 10 8000 13.124+10.26  19.34+15.94 = = 5.84 +0.01
9 0.5 15 12000 17.71+12.71  27.77+17.99 = - 5.84 +0.01
10 0.3 10 10000 15.73+8.32  18.61+13.79 = = 5.9040.02

obtained by ultrasound and rotor-stator mechanical homog-
enization methods, respectively.

On the basis of the obtained results it was found that the
amount of a cross-linking agent (CaCl,) and the calcium
chloride rate addition are parameters influencing the micro-
capsules properties.

The most stable microdispersions with the smallest capsules
size were obtained (independently of homogenization method
used) for the samples at the concentration of calcium chlo-
ride solution amount 0.1 mol/dm? and for the lowest rate of
adding the cross-linking agent (5 drop/min). The remaining
samples delaminated spontaneously, thanks to which it was
easy to isolate the microspheres from the obtained microdis-
persion that deposited at the bottom of the test tubes. In
order to accelerate the isolation of the microcapsules, the
dispersions were centrifuged (500 rpm to 30 000 rpm) and
stored in a refrigerator (at 5°C) in the next steps.

3.2. Statistical analysis

The obtained results were analysed statistically. Figure 3
presents Pareto charts for the input parameters mentioned.
Statistically significant parameters for a fixed p value
(p < 0.05) are marked with a red line.

Based on the graphs, it is stated that the parameters that
have a statistically significant influence on the particle size
after 24 hours and 10 days in the case of ultrasound are the
dripping rate of calcium chloride as a linear function. How-
ever, when using homogenization to the group of parameters
that have a statistically significant impact on the particle
size after 24 hours, there are the rate of cross-linking agent
drops addition as a linear function and the concentration of

https://journals.pan.pl/cpe

calcium chloride as a linear and quadratic function, which
proves a strong influence of this parameter on the size of mi-
croparticles. On the other hand, after 10 days, the drop rate
of calcium chloride, as a dimension of the square function, is
an additional parameter significantly influencing the particle
size. This proves the enhancement of the influence of those
parameters on the size of the microspheres.

The full general regression equation is shown below. The
Eq. (2) takes into account all independent parameters. The
coefficients of the Eq. (2) are summarized in Table 4.

y=a+ bx; + CX12 +dx; + E'X22 + fX(3u/h)b+ 8X(3u/h)? (2)
where: x1 = Ccaciz, X2 = Vcaciz, Xsu = UH, x3p = MH.

The next point of statistical analysis includes approximation
profiles. The approximation profiles are presented in Figures 4
and 5. On the basis of the approximation profiles, the influ-

Table 4. The coefficients of regression equations for
ultrasonification and homogenization method.

Ultrasonification Homogenisation

Coefficients

after after after after
24 h 10 days 24 h 10 days
a 20.0565 206.0285 72.4396 55.2031
b 8.0534 9.3917 43.0485 43.5368
c —8.4832 7.8273 —94.8997 -58.5507
d -2.3632 -0.4108 -1.2897 —2.3227
e 0.1926 0.1071 0.104 0.1645
f -0.220 —4.8537 -0.0116 0.0073
g 0.0025 0.0296 58-1077 35.10°7
5 of 13
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Figure 3. Pareto charts for prepared compositions: (A) capsule size after 24 h [um] by ultrasonification, (B) capsule size after 10 days
[um] by ultrasonification, (C) capsule size after 24 h [um] by homogenisation, (D) capsule size after 10 days [um] by

homogenisation.
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Figure 4. Approximation profiles for prepared compositions with ultrasonication method.
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Figure 5. Approximation profiles for prepared compositions by homogenization.

ence of the input parameters on the output variables as well
as the determination of specific values of the independent pa-
rameters ensure the possibility of achieving the desired val-
ues of the output variables. The most desirable values are
the smallest particle size, both after 24 h and 10 days, be-
cause the smaller the size, the better the consistency of the
cosmetic. However, on the other hand, the sizes cannot be
nanometric, because if these carriers are to be used to en-
capsulate bacteria, the sizes must be micrometric.

The analysis of the approximation profiles for prepared com-
positions by ultrasonication method (Fig. 4) shows that mi-
croparticles with the smallest size of approx. 11 um are
obtained for the lowest concentration of calcium chloride
used (0.1 M), the minimum rate of cross-linking addition
at the level of 5 drop/min and amplitude values of 74%, af-
ter 10 days of storage. The charts show that the microsphere
size are stable over time (similar dimensions after 24 h and
10 days).The graphs also show that the average microparticle
size changes slightly with increasing concentration of cross-
linking agent. In the case of rate of calcium chloride addition,
the size of the microspheres increases as the rate of addition
of the cross-linking agent increases. In turn, analysing the in-
fluence of the amplitude on the particle size, after 24 hours,
an increase in their size is observed along with the increase in

https://journals.pan.pl/cpe

amplitude. However, after 10 days, the particle size decreases
to an amplitude of 74% and then begins to increase.

The analysis of the approximation profiles for prepared com-
positions with homogenization (Fig. 5) shows that micropar-
ticles with the smallest size of approx. 8 um (24 h) and
approx. 17 um (10 days) are obtained for the highest con-
centration of calcium chloride used, crosslinking at the level
of 7.5 drop/min and an intermediate homogenization value
of 10 000 rpm. The graphs also show that the average size
of microparticles increases with increasing concentration of
cross-linking agent to the value of 0.4 mol/dm3, and then
begins to decrease. When analysing the rate of dropping,
an increase in particle size is observed after the value of
7.5 drop/min is exceeded. In the case of amplitude, the par-
ticle size decreases to an intermediate value and then begins
to increase.

Figure 6 shows the surface response charts for the desirabil-
ity in terms of dripping rate and concentration of calcium
chloride, as a result of the ultrasonication method and the
homogenization method (and this range was extended by
model calculations).

The data presented in Figure 6 shows that in order to obtain
microparticles with the smallest size with the use of ultra-
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respect of dripping rate and concentration of CaCly: (A) as a result of the

ultrasonification method, (B) as a result of the homogenization method.

sound, dripping rate and concentration of CaCl, should be
in the range from 4 to 8 drop/min and 0.05 to 0.3 mol/dm?,
respectively. In the case of homogenization, dripping rate and
concentration of cross-linking agent should be in the range
from 4 to 10 drop/min and 0.5 to 0.55 mol/dm?, respectively.

Based on the design of experiments (DOE), the ultrasonifi-
cation method was chosen for further research (due to the
shorter preparation time of the samples) and stable microdis-
persion (denoted as number 4 in the further part), and micro-
spheres samples (marked as number 1, 2 or 3) (Table 5). The
efficiency of encapsulation was checked when using different

Table 5. Input and output parameters for optimal formulations.

Concentration

centrifugation speeds (no centrifugation (microspheres 1),
500 rpm (microspheres 2) and 30 000 rpm (microspheres 3).

Although the amplitude did not have a statistically signif-
icant effect on the preparation of microspheres. the use of
the smallest amplitude (69%) was chosen due to the lower
energy consumption and thus the cost of the process.

3.3. AMs Morphology analysis

Morphology and size of obtained microparticles were anal-
ysed by transmission electron microscopy (TEM) (Fig. 7)

Dropping rate of Homogenisation Capsule size Capsule size
of calcium chloride calcium chloride method after 24 h after 10 days
[mol/dm?] [drop/min] UH [%] [um]+SD [um]£SD
Microdispersion (ref. 4) 0.1 B 69 10.76+4.25 10.77+5.65
Mikrospheres (ref. 1/2/3) 03 10 69 158747.03  16.78+9.13

Figure 7. Transmission electron
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micrograph of a) structure of microdispersion, b) probiotic bacteria closed in microdispersion.
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and scanning electron microscopy (SEM) (Fig. 8). The TEM
image of the microdispersion confirmed that droplets were
spherical with the micro-size range.
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Figure 8. Scanning electron micrograph of a) structure of
microsphere obtained without the centrifugation, b)
structure of microsphere obtained with the 500 rpm, c)
structure of microsphere obtained with the
30 000 rpm, d) cross- section through microsphere.

The scanning electron microscopy technique has been widely
used to investigate a microparticle surface topography and its
network structure. The SEM images (Fig. 8) of microspheres
obtained by different centrifugation speed showed that the
use of a centrifugation speed of 30 000 rpm caused the de-
struction of the microsphere structure as a result of strong
centrifugal force. On the other hand. in the case of using

Design of alginate microsphere formulation as a probiotics carrier

the speed of 500 rpm, microspheres of spherical shape were
obtained. In addition. the micrographs show the surface of
the obtained structures. As can be see (Fig. 8). AMs micro-
spheres have a porous structure, which is consistent with the
studies of other research groups.

3.4. Viability of bacteria and encapsulation
efficiency

Table 6 presents the results of viability assessment and encap-
sulation efficiency of L. casei species bacteria (LAB) enclosed
in microspheres (1, 2, 3) and microdispersion (4). Microen-
capsulation efficiency was determined immediately after the
process. The viability of probiotic cells was assessed after
encapsulation. and after 7 and 30 days of storage at room
temperature.

Suspension of LAB cells not subjected to encapsulation with
the initial density of 10.6 log CFU g~* was used as the control
(No). Decapsulation was carried out with 0.2 mol/L sodium
citrate solution with pH = 6. The assessment of viability
of free and encapsulated probiotic cells was carried out by
counting of bacterial colonies grown on plates with MRS
agar medium (incubation conditions: 37 °C, 72 hours) using
pour plate inoculation method. The results obtained were
expressed in log CFU g~

The studies showed that microencapsulation efficiency (EE)
of live bacterial cells (LAB) enclosed in microspheres and mi-
crodispersion depends on the method of their preparation and
varies from 72% to 94%. The highest microencapsulation ef-
ficiency (EE) was obtained in microspheres 2 (microspheres
centrifuged at 500 rpm) and microspheres 3 (microspheres
centrifuged at 30 000 rpm), which amounted to 94% and
87%, respectively. Slightly lower EE values were obtained
in microspheres 1 (microspheres without centrifugation) and
microdispersion 4, which amounted to 84% and 72%, respec-
tively.

The reduction in numbers of live bacterial cells in formula-
tions 1, 2, 3, 4 amounted to: directly after encapsulation pro-
cess; from 0.4-2.97 log CFU g~!. 7 days after encapsulation

Table 6. Assessment of viability of encapsulated probiotic cells (LAB) over time. Determination of the microencapsulation process

efficiency (EE).

Immediately after encapsulation

7 days after encapsulation

30 days after encapsulation

Sample Cell viability Reduction EE Cell viability Reduction Cell viability Reduction
no. [log CFUg™']  [log CFU g7'] [%] [log CFUg™'] [logCFUg™] [log CFUg™'] [log CFU g7']
ik 8.9+0.2 1.7 84+1.8 8.524+0.9 2.08 6.34+0.9 4.26
2 10.0+0.4 0.6 94+0.5 9.134+0.6 1.47 6.77+0.5 3.83
3 9.224+0.2 1.38 874+1.2 8.84+0.4 1.8 6.39+1.2 4.21
4 7.63+0.8 2.97 72+0.4 75 2yl 6.36+0.5 4.24
1 — microspheres without centrifugation, 2 — microspheres centrifuged at 500 rpm,
3 — microspheres centrifuged at 30 000 rpm, 4 — microdispersion. All values are mean - standard deviation of three
https://journals.pan.pl/cpe 9 of 13
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process; 1.47-3.1 log CFU g, 30 days after encapsulation;
3.83-4.26 log CFU g~ 1.

The highest survival rate of L. casei strain up to day 30 of the
study was found in microspheres 2. For these microspheres,
the decrease in the number of live LAB cells was from 0.6 log
CFU g directly after encapsulation to 3.83 log CFU g~ af-
ter 30 days of storage. The lowest values of probiotic bacteria
survival were obtained for microdispersion 4, for which the
reduction in numbers of LAB cells directly after encapsula-
tion amounted to 2.97 log CFU g~'. and 4.24 log CFU g~*
after one month of storage at room temperature.

4. DISCUSSION

In our study, probiotic-loaded alginate microspheres were ob-
tained with the emulsification technique, The obtained mi-
crospheres were characterized by smaller sizes than previously
reported (Ji et al., 2019; Pupa et al., 2021; Seyedain-Ardabili
et al., 2016). The use of microscale delivery systems may be
the ideal solution for epidermal action, where an encapsu-
lated ingredient is intended to act on the stratum corneum.
In addition, using the emulsification technique, smaller cap-
sules are obtained than in the case of extrusion, where the
particles obtained are a few millimeters in size (Lin et al.,
2016), and a better texture of the cosmetic is associated
with it. On the other hand, too small size (nanoscale) would
be unsuitable for micrometer-sized bacteria. Considering the
above, when planning this experiment, it was assumed that
the size of microspheres is the most desirable parameter of
the experimental plan.

Based on the results of the design of the experiment (DOE),
the input parameters that significantly affect the size of the
microparticles are found in the rate of cross-linking agent so-
lution drops addition and its concentration (in case of ultra-
sonication method). Alginate gels cross-link in the presence
of divalent cations. Previous studies have shown that several
divalent cations can bind to alginates with different affinities,
which are on the order of Mg 2 < Mn 2" < Zn 2%, Ni 2,
Go 2 & Fe 2* & Car?™ & Sr% & Ba < w@d “~ &
Cu 2t < Pb 2+ (Li et al., 2007; Zhang et al., 2021). More-
over, in a study by Chan et al. (2011) gel strength was as-
sessed. Gel strength expressed in Young's modulus showed
that copper formed the strongest gels. followed by barium,
strontium and calcium (Chan et al., 2011). Although cations
such as barium and copper formed stronger gels with alginate
in studies, calcium is the main cation used to cross-link algi-
nates as it is considered clinically safe, readily available and
economical (tetocha et al., 2022; Reis et al., 2006). There-
fore, in this study, calcium chloride was chosen as the source
of divalent ions. In a study by Lotfipour et al. (2012) on
the effect of calcium chloride concentration on bacterial mi-
croencapsulation in extrusion method, it was concluded that
an increase in calcium chloride concentration (1-4%) had
no significant effect on the size of the prepared balls. How-
ever, in our experimental plan based on microemulsification
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method, in the case of ultrasonication, one of the statisti-
cally significant parameters turned out to be the concentra-
tion of the cross-linking agent. In addition, during the exper-
iment, it was noticed that with the increasing concentration
of calcium chloride, the number of formed microcapsules de-
creased. This is consistent with the research of Walczak et
al. (2015), who found that the amount of hydrogel obtained
decreased with increasing concentration of calcium chloride
(0.05-0.7 mol/dm?), while the hardness of the microspheres
increased. The decrease in cross-linking efficiency is probably
related to the rapid exchange of ions on the surface of the
droplet, which prevents the penetration of calcium cations
into its interior (Walczak et al., 2015).

Literature sources indicated that increasing the mixing speed
had a positive effect on reducing the size of microparticles.
The high agitation speed produces finer microspheres due
to the higher energy that ensures dispersion between the oil
phase and the water phase in the emulsion (tetocha et al.,
2022; Zhai et al., 2013). On the contrary, our experimen-
tal method of emulsification (of high shear homogenization
and ultrasonic homogenization) did not have an effect on
the size of the obtained microspheres, in the tested area of
the experiment. Most importantly, statistically significant in-
put parameter appeared to be the dripping rate. This is in
line with the research of Bennacef et al. (2022), who eval-
uated the properties of alginate capsules in the co-extrusion
method. It was shown that the increase in the dripping rate
significantly increased the diameters of the capsules, which
can be explained by the fact that more material added to the
capsule results in a larger diameter (Bennacef et al., 2022).

For further research, the ultrasonic homogenization process
was used, due to the shorter time of preparation method.
The data presented on the approximation profiles and saddle
diagrams suggested that in order to obtain the smallest parti-
cles in the process of ultrasonic homogenization dripping rate
and concentration of CaCl, should be in the range from 4 to
8 drop/min and 0.05 to 0.3 mol/dm?, respectively. Taking
all this information into account, the final samples of mi-
crospheres (1, 2, 3) and stable microdispersion (4) were ob-
tained using the dripping rate and crosslinker concentration
of 10 drop/min and 0.3 mol/dm3, respectively. The ultrason-
ication amplitude was 69%. The efficiency of encapsulation
was checked when using different centrifugation speeds (no
centrifugation (1), 500 rpm (2) and 30 000 rpm (3)).

In order to obtain alginate microspheres and microdispersions
with a fairly high LAB cell density, L.casei cell suspension
with the density of 10.6 log CFU g~! was added to the al-
ginate solution in the encapsulation process. The strategy
was used to avoid a possible reduction in cell viability during
sodium alginate cross-linking in calcium chloride. This ap-
proach resulted in a decrease in probiotic cells viability in the
created structures (1, 2, 3, 4) in the range of 0.6-2.97 log
CFU g !compared to the original L. casei cell suspension
used to obtain them. The lowest reduction in the number of
LAB was found in microspheres 2 and 3, which amounted to
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0.6 log CFU g~* and 1.38 log CFU g1, respectively. Slightly
higher reduction values were obtained in microspheres 1 and
microdispersion 4, which amounted to 1.38 log CFU g~ and
2.97 log CFU g 1.

The reduction in L. casei cells may be associated with
debonding and non-entrapment of LAB during the emulsi-
fication process applied. The decrease in LAB viability might
also have been associated with the use of calcium chloride
for the cross-linking of sodium alginate during the immo-
bilization process. Its high concentration could have caused
osmotic stress and contributed to the damage of bacterial
cells (Lasta et al., 2021). The amplitude of ultrasounds used
to obtain microspheres and microdispersion was not without
significance for the survival of LAB. According to some au-
thors, the level of reduction of the number probiotic bacteria
cells depends on the intensity of ultrasonic waves and the
duration of their use (Yeo and Liong, 2011). The mechanism
of ultrasound-induced stress is mainly associated with the
phenomenon of cavitation. ultimately leading to membrane
permeabilization. cell lysis and lipid peroxidation of the cell
membrane in probiotic bacteria (Hayer, 2010; Tang et al.,
2008). The differences in LAB reduction can also result from
the way of centrifugation.

Although some cells died during encapsulation, a large num-
ber of viable bacteria survived because they were enclosed in
alginate structures, which corresponded to the microencapsu-
lation efficiency EE within the range of 72-94%. Similar EE
values (73.64%-94.1%) were obtained by Pupa et al. (2021),
whose objective was to develop a double-encapsulated algi-
nate (1.5%) and chitosan (0.5%) shell by extrusion, emul-
sion and spray drying methods using Lactobacillus plantarum
strains 31F, 25F, 22F. Pediococcus pentosaceus 77F and P.
acidilactici 72N. Slightly lower EE values within the range
of 62.54-72.48% were obtained during encapsulation of Lac-
tobacillus plantarum NCDC201 and L. casei NCDC297 in
the extrusion process by Rather et al. (2017). Even lower EE
values within the range of 43-50% were obtained by encap-
sulation of (Zou et al., 2011).

It should be emphasize that different encapsulation methods
can affect the values of LAB encapsulation and the viability of
probiotic cells in different ways. According to some authors,
the genus of probiotic strain used, the microcapsule size, the
type of wall material used, the microbial cell load, as well
as the time of curing in the calcium chloride solution may
be essential for the above-mentioned parameters (Chavarri
et al., 2010; Farias et al., 2019).

The assessment of L. casei survival in microspheres (1, 2,
3) and microdispersion (4) showed a reduction at the level
of 1.47-3.1 log CFU g~* after 7 days of storage and 3.83—
4.26 log CFU g~! after 30 days of storage. It should be high-
lighted, however, that the lowest LAB reduction was found
in the case of microspheres 2 and microspheres 3, which
amounted to 1.47 log CFU g™! and 1.8 log CFU g~! after
7 days, and 3.83 log CFU g~! and 4.21 log CFU g1, respec-
tively. A higher LAB reduction was found in microspheres 1
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and microdispersion 4, which amounted to 2.08 log CFU g~*
and 3.1 log CFU g~ after 7 days. and 4.26 log CFU g~! and
4.24 log CFU g1 after 30 days, respectively. The observed
differences in L. casei survival mainly associated with the
water content in the formulations and it is related to the
method of the AMs systems obtaining. This is in accordance
to Kim et al. (2017) and Sohail et al. (2013), whose observed
that the reduction of water content in probiotic-loaded sys-
tems is the simplest way to increase the viability of LAB in
microcapsules.

On the other hand, some authors suggest that the parameters
such as: temperature, relative humidity, storage environment,
wall material composition, and light exposure affect viability
of the bacteria during storage of probiotic-loaded formula-
tions (Meng et al., 2008; Morgan et al., 2006).

5. CONCLUSIONS

The subject of the work was the optimization of probiotic-
loaded alginate microsphere production. The method of ex-
perimental design (DOE) was applied to select the most im-
portant process parameters affecting alginate microcapsule
quality and probiotic bacteria viability. The statistical analy-
sis provided an excellent tool to describe the parameters that
significantly influenced the formation of alginate microparti-
cles. The obtained results showed that the quality of AMs was
mainly affected by the concentration and the rate of calcium
chloride addition in to the system. Based on the DOE, sta-
ble microdispersion or microsphere samples were prepared by
ultrasonification with the following parameters: calcium chlo-
ride concentration equal to 0.3 mol/dm?, the rate of CaCl,
addition of 10 drop/min and the ultrasonication amplitude
of 69%. Lactobacillus casei bacteria were encapsulated with
high efficiency (72-94%) in the elaborated systems.
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Abstract: Probiotic bacteria confer health benefits to their host, support the intestinal microbiome and
fight antibiotic resistance. Probiotic products are used in the food and pharmaceutical industries and,
in recent years, have become increasingly popular in the cosmetic industry. However, in the case of
cosmetics, it is difficult to meet microbiological requirements while maintaining viable cells. The aim
of this research study was to develop an effective way of introducing live bacteria (a strain of L. casei)
into cosmetic formulations. A method of encapsulation of the bacteria was used to increase their
viability. As part of the results, the effective carriers for the strain of L. casei are reported. Alginate mi-
crospheres were prepared for the systems to protect the microorganisms against external factors, such
as temperature, UV light and preservatives. The obtained probiotic-loaded alginate microspheres
were then used as the active ingredient of cosmetic formulations. Additionally, a preservative system
was carefully selected to ensure the microorganisms’ viability and the microbiological stability of the
products. The obtained results showed a significant improvement in the survival of the microencap-
sulated probiotic strain in the cosmetic formulations containing antimicrobial agents (6.13 log CFU /g
after 120 days of storage) compared with the formulation containing the non-immobilised probiotic
strain, where complete elimination of bacterial cells was observed.

Keywords: alginate microspheres; alginate carriers; probiotics; cosmetic formulations; Lactobacillus
casei; preservatives

1. Introduction

According to the generally accepted definition established by the FAO/WHO, “probi-
otics are live microorganisms that, when administered in appropriate amounts, provide
the host with health benefits” [1-4]. In the case of the food and pharmaceutical industries,
probiotics are used as active ingredients to regulate the intestinal microbiota or to fight
antibiotic resistance [5-7]. However, in cosmetic products, live microorganisms can only be
used in a very limited dose because of the safety and requirements of cosmetic products
(Regulation No. 1223/2009 on cosmetic products) [1]. Preservatives are used in order
to obtain the proper microbiological purity of cosmetics, and as a result, it is difficult to
maintain live probiotic bacteria in the formulation. As an alternative, the metabolites of
probiotic bacteria have thus far been applied as cosmetic raw materials, i.e., fermentation
products, cell lysates, raw materials after tyndylisation and the filtrates of fermentation
products [4,8,9].

The use of the microencapsulation process can overcome the problem of the incompat-
ibility of preservatives and extend the life of bacteria in skin care products [10]. “Micropar-
ticle” is the term used to refer to spherical particles with diameters ranging from 1 um to
1000 um. Polymer microparticles are usually formed using a polymer matrix, in which the
active substance is immobilised [11,12]. Alginate microparticles are biodegradable, biocom-
patible and non-toxic active-substance delivery systems. The raw material used to obtain
the particles is alginate, which is a polysaccharide obtained from marine algae composed of
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molecules of D-mannuronic and L-guluronic acid connected by a glycosidic bond [13-16].
Most of the scientific literature focuses on the application of alginate microparticles in food
applications, pharmaceutical applications [13,17-19] and recently also in environmental
applications [20]. However, their potential for use in cosmetic formulations is a scientific
area that needs to be explored. Among other options, active ingredients enclosed in alginate
microparticles may be live strains of both predatory bacteria with an antimicrobial potential
(Bdellovibrio bacteriovorus) [21,22], as well as probiotics [23-25].

Lactobacillus casei is a probiotic bacterium that is known for its potential health benefits,
including its role in promoting skin health. L. casei may contribute to the maintenance of
the skin barrier by enhancing the production of ceramides and other lipids which play
a crucial role in skin integrity and help protect the skin against moisture loss, which is
essential for its elasticity and comfort [26,27]. Probiotics may exert anti-inflammatory
effects by inhibiting the toxic effects of certain pathogenic bacteria on the skin, which could
be beneficial for inflammatory skin conditions [28]. Some studies suggest that probiotics,
including Lactobacillus casei, may offer protection against the harmful effects of UV radiation,
potentially reducing the risk of photoaging [29].

Lactobacillus casei is often associated with promoting gastrointestinal health. It may
contribute to the balance of the gut microbiota and help maintain a healthy digestive
system [30]. Some studies suggest that L. casei may play a role in modulating the immune
system, potentially enhancing its response to various challenges, such as those associated
with vaccinations [31].

Additionally, L. casei is a strain of bacteria commonly employed in food fermentation
processes, such as the production of probiotic dairy products, including yogurts and
fermented milks, where it contributes to both health benefits and the development of
desirable product characteristics, enhancing both flavour and texture [32]. A probiotic
strain is commonly used in the production of supplements, providing a convenient way for
individuals to incorporate beneficial bacteria into their diet for potential health benefits [33].

In our previous studies, the production process of probiotic bacteria-loaded alginate
microspheres was optimised. The most important process parameters affecting both the
quality of the alginate microspheres and the efficiency of the encapsulation of probiotic
bacteria were selected using the method of experimental design (DOE) [10]. The aim of our
current study was to provide evidence that the microencapsulation process can overcome
the problem of the incompatibility of probiotic bacteria with cosmetic preservatives and can
also enhance the viability of probiotic bacteria inserted into skin care products. Alginate
microspheres containing a Lactobacillus casei strain were obtained and then introduced into
preserved cosmetic formulations. The influence of both the kind and concentration of the
preservative on the survival of the L. casei strain in the prepared cosmetic was evaluated.

2. Materials and Methods
2.1. Materials

Alginic acid sodium salt from brown algae, sodium citrate, MRS broth and MRS agar
(de Man Rogosa Sharpe) were purchased from Sigma Aldrich (Poznan, Poland). The Lacto-
bacillus casei strain ATCC 393 was bought from the American Type Culture Collection (Man-
assas, VA, USA). NatraGem™ (INCI: Glyceryl Stearate, Polyglyceryl-6 Palmitate /Succinate
and Cetearyl Alcohol) and Arlacel™ 2121 (INCI: Sorbitan Stearate and Sucrose Cocoate)
were kindly supplied by Croda (Krakéw, Poland). Meadowfoam seed oil was bought from
Piping Rock Health Products (Ronkonkoma, NY, USA). The tested preservatives, Parb
Free 4HAP (INCI: Hydroxyacetophenone), Parb Free PE91 (INCI: Phenoxyethanol and
Ethylhexylglycerin) and Parb Free DHN (INCI: Sodium Dehydroacetate), were kindly sup-
plied by Alfa Sagittarius (Krakow, Poland), and PeridoIM (INCI: Methylparaben), PeridolP
(INCIL: Propylparaben) and Dekaben DHA (INCI: Dehydroacetic acid) were kindly supplied
by IMCD (Warszawa, Poland). Dermosoft® 1388 (INCI: Aqua, Glycerin, Sodium Levuli-
nate and Sodium Anisate) was obtained from Evonik Industries AG (Essen, Germany),
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and sodium benzoate and xanthan gum were bought from Warchem (Zakret, Poland).
Deionised water was used as a solvent.

2.2. Preparation of L. casei Suspension

The lyophilised culture of the Lactobacillus casei ATCC 393 (LAB) strain was transferred
to MRS broth and then incubated at 30 °C under aerobic conditions for 48 h. The cells were
harvested in the log phase of growth by 3000 x g centrifugation for 10 min at 4 °C. In the
next stage, the cells were washed twice with sterile saline (0.9%) (w/v). Cell pellets were
resuspended in saline solution in order to obtain concentrations ranging from 10 log CFU/g
to 13 log CFU/g. The bacterial cell count in the cell suspension was determined by counting
the cells on plates in MRS agar (37 °C, 72 h culture) using the pour plate inoculation
technique [34]. The obtained L. casei suspensions were used to prepare microcapsules.

2.3. Encapsulation of Probiotics

The encapsulation of the probiotics (Lactobacillus casei bacteria) was performed ac-
cording to the methodology described in our previously published article [10] and patent
application P. 443812 [35]. Briefly, a pre-emulsion was prepared by mixing the encapsu-
lating material (2% sodium alginate solution and bacterial suspension in a 4:1 ratio) with
capric/caprylic triglycerides and 1% ECO-Tween 80. An aqueous calcium chloride solution
was added drop by drop to the solution in order to cross-link the microspheres. For the
purposes of separating the obtained microspheres from the microdispersion, a centrifu-
gation process was then conducted (EBA 20 by Hettich Zentrifugen). The composition
and production methodology of the microspheres have been precisely described in our
previous studies [10]. For further tests, we selected samples of the microspheres without
centrifugation (1); microspheres spun at 500 rpm (2) and 30,000 rpm (3); and a stable
microdispersion (4).

2.4. Assessment of the Viability of Free and Encapsulated Probiotic Cells Depending on the
Influence of Temperature, pH, UV Radiation and Preservatives

Aqueous solutions containing 0.9% sodium chloride (w/v) were prepared, and their
pH level was adjusted to the values of 2.0, 5.5 and 9.0 with sterile 1 mol /L HCI or NaOH
as well as the preservative solution—sodium benzoate combined with sodium salts of
levulinic and anisic acid. In order to assess the survivability of bacteria in solutions with
different pH values and the preservative solution, 1 g of encapsulated probiotics containing
9-11 log CFU of LAB cells was mixed with 9 mL of prepared solutions and incubated
at room temperature (20 °C) for 15, 30 and 60 min. After incubation, the capsules were
collected and put into 9 mL of 0.2 mol/L sterile sodium citrate (pH = 6). Cell viability was
assessed through pour plate inoculation and the counting of bacterial cells grown on plates
with MRS agar at 37 °C for 72 h under aerobic conditions [36].

A similar test was performed using free cells in order to compare the viability of
free and encapsulated probiotic cells under similar conditions. A volume of 1 g of cell
suspension with the live cell count amounting to 12.6 log CFU/g was mixed with 9 mL of
the preservative solutions at various pH values. After incubation (15, 30 and 60 min), cell
viability was assessed in line with the methodology described above.

In the experiments related to the assessment of the influence of temperature and UV
light, free and encapsulated probiotic cells were kept at 40 °C for 1 h and 96 h and at 50 °C
for 10 min and were treated with UV light. The assessment of the impact of UV radiation
on microcapsules was made according to the methodology proposed by Khorramvatan
et al. [37] with minor modifications. Samples (5 g) of each microencapsulated and free cell
suspension (control) were placed on glass Petri dishes. The plates were then exposed to
long-term UVB irradiation (311 nm) for 24 and 48 h. The UV sources were located 20 cm
from each sample. Next, 1 g of encapsulated cells or 1 g of free cell suspension (initial
density: 12.6 log CFU/g), stored under the conditions described above, was placed into
9 mL of 2 mol/L sterile sodium citrate (pH = 6) or 0.9% sodium chloride (w/v), respectively.
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After a series of dilutions, the viability of free and encapsulated cells was determined
and compared. The same procedure was applied to microcapsules and free bacterial cells
exposed to specific temperature conditions. The experiments were repeated two times,
and the results were used to calculate the average of log reduction. LAB cell reduction
was calculated as the difference between the initial number of free LAB cells or LAB cells
contained in the microspheres (No) and the number of free LAB cells or LAB cells contained
in the microspheres exposed to physicochemical factors for a specific time (Nt).

2.5. The Influence of Various Preservative Systems on the Viability of Probiotics in
Cosmetic Formulations

The microspheres with surviving L. casei strain bacteria were introduced into cosmetic
formulations preserved with different antibacterial systems to compare them with previ-
ously used versions (a mixture of sodium benzoate combined with sodium salts of levulinic
and anisic acid). Table 1 shows the compositions of the antimicrobial agents used, and the
base formulation (E1) is described in Table 2. The tests used the maximum permissible
concentrations of antimicrobial agents selected on the basis of Annex V to Regulation (EC)
No. 1223 /2009 of 30 November 2009 [38] and the safety data sheets of raw materials. Based
on previous experience, a mixture of preservatives (samples 1P and 2P) was used for the
first two systems due to its comprehensive antimicrobial effect.

Table 1. Composition of preservative systems.

Concentration of Preservative

Sample No. Trade Name INCI Name Used in Emulsions [%]
Aqua, Glycerin, Sodium
1P Derensaft 1360 Levulinate and Sodium Anisate .
Sodium benzoate Sodium benzoate 0.5
op Dekaben DHA Dehydroacetic acid 0.6
Sodium benzoate Sodium benzoate 0.5
3P Parb Free 4HAP Hydroxyacetophenone 1
4P Parb Free PE91 Phenoxyethanol and Ethylhexylglicerin 1
sp Peridol M Methylparaben 0.4
Peridol P Propylparaben 0.4
6P Parb Free DHN Sodium dehydroacetate 0.6
Table 2. General composition of base formulation (E1).
Phase Component Concentration [%]
Aqua up to 100
A Emulsifier 2.0-5.0
Thickener 0.2
Preservative *q.s.
5 Emulsifier 3.0-75
Emollient 15.0

* According to suppliers” data (Table 1).

2.6. Preparation of Cosmetic Emulsions with Microspheres Including Probiotics and Selected
Preservative System

An O/W base emulsion (E1) with a selected preservative system was prepared. In
order to evaluate the protection effect on probiotic bacteria viability through the encapsula-
tion process, two other formulations were prepared based on emulsion E1, the emulsion
containing a non-encapsulated L. casei strain (E2 emulsion) and bacteria-loaded micro-
spheres (E3 emulsion). Table 2 shows the general composition of the base formulation (E1).
The exact composition of the formulations is protected by patent application P. 445990 [39].
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The emulsions were prepared by heating the water and oil phases separately at 70 °C
and stirring with a magnetic stirrer at 600 rpm (IKA C-MAG HS 7). When both phases
reached the same temperature, the oil phase was slowly added to the water phase with
mechanical stirring at a temperature of 70 °C at a stirring speed of 600 rpm for t = 15 min.
The active ingredients—probiotic strain or probiotics-loaded microspheres—were added
after cooling to a temperature below 40 °C. Subsequently, the system was continuously
stirred and cooled up to 25 °C. The pH was then checked and adjusted by adding citric
acid. The formulations were stored in glass containers at 25 °C.

2.7. Study of the Physicochemical Properties of Cosmetic Emulsions

The stability of the obtained emulsions was evaluated by centrifugation test and
thermal stability test. In the first method, 2 mL samples of the formulations were submitted
to centrifugation at 3500 rpm for a duration of 10 min (EBA 20 Hettich Zentrifugen). The
formulations were then checked organoleptically for any changes indicating destabilisation,
e.g., delamination. In the second method, the emulsions were placed for 24 h in an incubator
(+40 °C) and refrigerated at —20 °C. The studies were conducted over three cycles [40].
At the end of the cycles, the samples were checked to verify that no phase separation
had occurred. Additionally, the stability of the products was visually observed at room
temperature over a period of three months.

The pH values were checked using a Mettler Toledo Seven Easy pH meter equipped
with a glass Inlab 410 electrode. A dilution test was applied to determine the type of the
emulsion as oil in water (O/W) or water in oil (W/O). For this purpose, a small amount of
the emulsion to be tested was placed on two watch glasses. Water was then added drop by
drop to one of them, and a small amount of oil was added to the other; then, the miscibility
of the drops was observed. If they were dispersed in the water phase, then this was an
O/W emulsion, because easy dispersion can only occur in a continuous phase [41].

The rheological study of the products was performed using a Brookfield Model R/S
Plus device equipped with the cone/plate (C-25-2) system, in the shear rate range of 1 to
100 s, at the temperature of 25 °C for 60 s. Each time, a small amount of the emulsion
was placed on the measuring plate, and the measurement was conducted three times for
each sample.

The average size of oil droplets in the formulations was measured by an optical
microscope, Motic B, equipped with a digital camera and connected to digital image
processing software (Motic Images Plus 2.0). For this purpose, one drop of each emulsion
was applied to a microscope slide and was then covered with a coverslip and observed
through an objective lens at 40x magnification.

2.8. Viability of Microencapsulated Lactobacillus casei in Skin Care Product

The assessment of the viability of probiotic strains encapsulated in microspheres in
the developed emulsions was conducted according to the methodology described by Lasta
et al. [36] and used to assess the survival of Lactobacillus acidophilus cells encapsulated
and introduced into cereal bars. Microspheres that showed the greatest resistance to un-
favourable physicochemical parameters were selected to use as the active ingredients in
emulsion 3. However, the system that guarantees the highest survival of probiotic bacteria
was selected as a preservative. The viability of probiotic cells in cosmetic formulations
containing the free L. casei strain (E2) and L. casei microspheres (E3) was assessed immedi-
ately after introduction into the cosmetic and then after periods of seven days, one month
and four months. The experiments were repeated two times, and the results were used to
calculate the average log reduction. Cell reduction was defined as the difference between
the initial amount of free LAB cells introduced into the cosmetic formulation (E2) or the
amount of cells contained in microcapsules introduced into the cosmetic formulation (E3)
and the amount of cells in the E2 formulation or E3 formulation after various storage times.
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2.9. Statistical Analysis

All data concerning the mean droplet size and viscosity of formulations and the
viability of the L. casei strain in the microspheres and formulations were presented as the
means of three different experiments + SDs. Differences between the calculated means
of each individual group were determined by one-way ANOVA tests, using statistical
software Statistica Version 12 (StatSoft Company, Krakéw, Poland). A value of p < 0.05 was
considered statistically significant.

3. Results
3.1. The Influence of Physicochemical Parameters on Free and Encapsulated Lactobacillus
casei Bacteria

The suspensions of the L. casei strain and the microspheres obtained by centrifugation
at different speeds (1, 2 and 3) and microdispersion (4) were subjected to various physico-
chemical factors, such as a temperature of 40 °C for 10 min, 60 min and 96 h (Figure 1A);
a temperature of 50 °C after 10 min (Figure 1B); acidic and alkaline pH (Figure 2); UV
radiation for exposure times of 24 h and 48 h (Figure 3A); and preservatives—sodium
benzoate combined with sodium salts of levulinic and anisic acid (Figure 3B). A 0.2 mol/L
sodium citrate solution with pH = 6 was used for the decapsulation process. The viability
of free and encapsulated probiotic cells was assessed by counting bacterial colonies grown
on MRS agar plates (incubation conditions: 37 °C, 72 h) after using the pour plate inocu-
lation technique. The obtained results were expressed in log CFU/g. LAB cell reduction
was calculated as the difference between the initial number of free LAB cells or LAB cells
contained in the microspheres (No) and the number of free LAB cells or LAB cells contained
in microspheres exposed to physicochemical agents for a given time (Nt): (No-Nt). In
the case of assessing the effect of temperature (Figure 1), the duration of exposure to the
free and encapsulated L. casei strain was selected based on trial-and-error analysis, which
enabled the observation of visible differences in the survival of the free strain compared
with the carriers used. In the case of 50 °C, it was impossible to observe differences over a
longer period of time (60 min), because the samples were biodegradable.
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Figure 1. The effect of temperature on free and encapsulated Lactobacillus casei bacteria: (A) 40 °C and
(B) 50 °C.
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Figure 2. The effect of pH on free and encapsulated Lactobacillus casei bacteria: (A) pH = 2.0,
(B) pH = 5.5 and (C) pH = 9.0.

It was shown that exposure of immobilised probiotic cultures in sodium alginate
microspheres (samples 1, 2, 3 and 4) to a temperature of 40 °C for 10 and 60 min (Figure 1A)
had no significant effect on cell viability. In the case of exposure to 40 °C for 10 min, the
reduction was 0-0.05 log, and after 60 min, it was 0.06-0.8 log. Slightly greater decreases in
the viability of LAB bacteria were found when the samples were exposed to a temperature
0f 40 °C for 96 h. The highest cell reduction was found for free L. casei cells (6.15 log) and mi-
crodispersion 4 (3.1 log). For the remaining samples (1, 2 and 3), LAB cell reduction was the
lowest in microsphere 2 and amounted to 0.9 CFU log/g. For microsphere samples 1 and 3,
the reduction levels were 1.72 CFU log/g and 2 CFU log/g, respectively.

A temperature of 50 °C for an exposure time of 10 min caused a reduction in the
number of free L. casei cells of 5.06 log. The greatest decrease in the number of LAB bacteria
was observed in the case of microdispersion 4, and it amounted to 1.80 log. In microsphere
samples 1, 2 and 3, the decreases in viability were minimal and amounted to 0.37 log,
0.20 log and 0.50 log, respectively.
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Figure 3. The effect of (A) UV radiation and (B) preservative on free and encapsulated Lactobacillus
casei bacteria.

The next parameter assessed was pH, with values of 2.0, 5.5 and 9.0 after contact times
of 15 min, 30 min and 60 min. In accordance with the literature [42], acidic and alkaline
pH values were selected for testing (Figure 2A,C) in order to assess the positive effect of
the carriers used on the probiotic strain. In turn, pH 5.5 (Figure 2B) was chosen due to the
fact that it corresponds to the physiological pH of the skin, which is the site of the potential
application of the product.

A pH value of 2 (Figure 2A) had an adverse effect on the viability of both free and
sodium alginate-immobilised L. casei cells in samples 2, 3 and 4. The average values of LAB
cell reduction were 1.08-3.06 log after 15 min, 2—4.22 log after 30 min and 3.23-8.7 log after
60 min for the above samples. The lowest reductions of live cells were found in microsphere
sample 1 and were 0.1 log after 15 min, 1 log after 30 min and 1.9 log after 60 min.

The greatest cell reduction in the case of contact with pH = 5.5 (Figure 2B) was
observed for the suspension of free L. casei cells, microsphere sample 1 and microdispersion
4. The reduction values of L. casei cells were within the ranges of 0.1-0.6 log after 15 min
contact, 1-1.54 log after 30 min contact and 1.9-2.13 log after 60 min contact for the above-
mentioned samples. The minimal reductions in LAB cells were observed for microsphere
samples 2 and 3 and were in the ranges of 0.06-0.24 log after 15 min, 0.12-0.34 log after
30 min and 0.32-0.52 after 60 min.

The greatest tolerance to pH 9 (Figure 2C) after contact times of 15, 30 and 60 min
was demonstrated by microsphere sample 2, for which the recorded decreases in LAB
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viability were 0.17 log after 15 min, 0.23 log after 30 min and 0.33 log after 60 min. For the
suspension of free LAB cells and the remaining samples (1, 3 and 4), the LAB reduction
values were within the ranges of 0.78-5.48 log after 15 min, 1.14-7.70 log after 30 min and
3.17-8.9 log after 60 min.

The next parameters were the effect of UV radiation and the preservative system on
free and encapsulated L. casei. The exposure time of UV radiation was selected according
to the methodology of Pereira et al. [43] for comparative purposes, in which as a result
of 6 h exposure to UV light, there was complete elimination of probiotic strains. In the
case of tests, the UV exposure was extended to 24 and 48 h in order to illustrate the
effectiveness of the carriers used on the probiotic L. casei strain. However, in the case of
the effect of a preservative, this is the first study to check the effect of carriers containing
microspheres with potential use in cosmetic products; therefore, the action time was
selected experimentally. The maximum exposure time was 60 min, as this was the longest
survival time of the free strain.

UV radiation after exposure times of 24 and 48 h had the most adverse effect on free
L. casei cells, reducing the number of live cells by 6.34 log after 24 h and by 7.90 log after
72 h. The greatest decrease in the viability of encapsulated LAB bacteria was observed
in microsphere sample 1 (0.4 log after 24 h and 1.69 log after 48 h) and microdispersion
4 (1.33 log after 24 h and 2.59 log after 48 h). In microsphere samples 2 and 3, the numbers
of live cells which were decreased after 24 and 48 h were minimal and amounted to
0.14 log and 0.5 log (microsphere sample 2) and 0.2 log and 1.54 log (microsphere sample
3), respectively.

The influence of the preservative system (sodium benzoate combined with sodium
salts of levulinic and anisic acid), which was initially selected as a system that protects
the cosmetic against microbiological degradation, was also assessed. The assessment was
made after a contact time of 30 and 60 min. The greatest reductions in bacterial cells were
observed in the case of the free L. casei cell suspension and were 7.70 log after 30 min and
8.90 log after 60 min.

The effects of the preservative system after both contact times in the case of micro-
sphere samples 2 and 3 were relatively small, causing decreases in cell number of 0.62 log
after 30 min and 1.7 log after 60 min (microsphere sample 2) and 1.3 log after 30 min and
1.72 log after 60 min (microsphere sample 3). For microsphere sample 1, the LAB reductions
were 1.24 log after 30 min and 2.80 log after 60 min, and for microdispersions, 4-1.33 log
after 30 min and 3.31 log after 60 min.

Microsphere sample 2 was characterised by the best survival of L. casei over time and
also showed the highest resistance to unfavourable physicochemical parameters such as
temperature, UV light, preservative system, and acidic and alkaline reactions compared
with the other tested samples. Therefore, these microspheres were selected for further
research aimed at selecting a preservative system and developing the composition of a
cosmetic formulation containing live probiotic bacteria enclosed in microspheres. The
obtained formulation was subjected to physicochemical assessment. The survival of the L.
casei strain enclosed in microspheres was also checked immediately after the production of
the cosmetic formulation, as well as after 7, 30 and 120 days of storage.

3.2. The Influence of Preservative Systems on the Viability of Probiotics in Cosmetic Formulations

This research study was aimed at assessing the impact of preservative systems (1P-
6P) protecting the cosmetic formulation on the viability of the L. casei strain enclosed in
selected microspheres over the considered time. The initial density of L. casei cells in the
microspheres was 9.60 log CFU/g. The tests were performed according to the methodology
included in Section 2.4., and the results obtained are presented in Table 3.
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Table 3. The influence of preservation systems on the viability of the L. casei strain.
Immediately After 7 Days After 30 Days
Sample No.  Cell Viability * Log Cell Viability Log Cell Viability Log
[log CFU/gl Reduction [log CFU/g] Reduction [log CFU/g] Reduction
1P 9.34+£0.2 0.26 6.18 0.8 342 6.06 £0.25 3.54
2P 729+0.8 2.31 3.08 +£0.2 6.51 230403 7.30
3P NG 9.60 NG 9.60 NG 9.60
4P 3.26 £ 0.4 6.34 NG 9.60 NG 9.60
5P 3.94 +£0.15 5.66 NG 9.60 NG 9.60
6P 390+ 05 5.70 3.50 4+ 0.15 6.10 208 £0.7 7.52

NG—no growth; * cell viability is the mean value of two replicates +-SD.

The maximum permissible concentrations of antimicrobial substances were used in
the study. The use of the highest possible concentration of preservative should ensure, in
addition to the survival of probiotic bacteria enclosed in microspheres, the microbiological
stability of the product.

Among the tested systems, preservative system 1P had the weakest impact on the
viability of the L. casei strain encapsulated in microspheres based on sodium benzoate
combined with sodium salts of levulinic and anisic acid. Compared with the initial density
of the L. casei strain in the microspheres, the viability of the strain decreased by 0.26 log
immediately after receiving the cosmetic formulation, by 3.42 log after 7 days and by
3.54 log after a one month. A slightly greater reduction in live L. casei cells was observed
after the use of preservative systems 2P (dehydroacetic acid and sodium benzoate) and 6P
(sodium dehydroacetate) in the cosmetic. In the case of preservative system 2P, immediately
after receiving the cosmetic, the decrease in the number of bacterial cells was 2.31 log; after
7 days, it was 6.51 log; and after 30 days, it was 7.3 log. Preservative system 6P, immediately
after creating the formulation, reduced the number of L. casei bacteria by 5.7 log. In the
subsequent stages of the study, the decrease in cell number was even greater and amounted
to 6.10 log, and after 30 days, it was 7.52 log. In the case of preservative systems 4P
(phenoxyethanol and ethylhexylglicerin), 5P (methylparaben and propylparaben) and
3P (hydroxyacetophenone), the following probiotic cell reduction values were obtained
immediately after receiving the cosmetic: 6.34 log, 5.66 log and 9.60 log. The cosmetic
formulation containing preservative system 3 was not subjected to the assessment of the
survival of L. casei cells contained therein after 7 and 30 days of storage due to their complete
elimination already in the first stage of testing. In cosmetic formulations protected with
preservative systems 4 and 5, after 7 days of storage, complete elimination of L. casei cells
was found.

Based on the obtained results, system 1P—sodium benzoate combined with sodium
salts of levulinic and anisic acid—was selected for further research due to this variant
ensuring the highest level of survival of probiotic bacteria. Additionally, this system was
tested in previous studies for in vitro cytotoxicity, and the studies confirmed no negative
impact on the viability of HaCaT cells [44].

3.3. Physicochemical Properties of Skin Care Products

Three stable O/W emulsions containing probiotic ingredients were obtained. The
Lactobacillus casei strain and microspheres containing L. casei were used as the active
ingredients. A system consisting of sodium benzoate combined with sodium salts of
levulinic and anisic acid was used as a preservative. Samples were submitted to an
accelerated stability study by centrifugation and to a thermal stress test in order to confirm
that the homogeneity of the samples had not been altered. The obtained formulations were
characterised by pH corresponding to the physiological skin pH. The mean droplet size of
the internal phase of the emulsions was in the range of 8.6-12.4 um. Table 4 describes the
physicochemical properties of the prepared emulsions.
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Table 4. Physicochemical properties of cosmetic emulsions.

E1 E2 E
Centrifugation test + + +
Thermal stability test + + +
pH 5.8 (+0.1) 5.8 (£0.1) 5.8 (+0.1)
Mean droplet size [um] 10.6 (£0.4) 8.60 (£0.89) 12.40 (£0.26)

In the next stage of the research study, the rheological properties of the prepared
compositions were checked. Viscosity curves of the obtained emulsions with probiotic
ingredients are shown in Figure 4.
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Figure 4. Viscosity curves of the prepared emulsions (T = 25 °C, n = 3, +SD).

The data presented in Figure 4 indicate that the viscosity of the products decreases with
the increase in the shear rate, which is characteristic of non-Newtonian, shear-thinning flu-
ids. The obtained results show that the addition of the active ingredient did not significantly
change the viscosity of the composition.

3.4. Assessment of the Survival of Probiotic Bacteria in Cosmetic Formulations

To confirm that bacterial encapsulation can overcome the problem of incompatibil-
ity of cosmetic preservatives and the viability of probiotics inserted into skin care prod-
ucts, two emulsions of the same composition but differing in the form of microorganism
introduction—free form (E2 emulsion) or bacteria-loaded alginate microcapsules (E3)—
were prepared, and Table 5 shows the viability of probiotic bacteria in these two cases
(Lactobacillus casei). A system consisting of sodium benzoate combined with sodium salts
of levulinic and anisic acid was used as a preservative. The survival rate was assessed
immediately after the production of the cosmetic formulation and after 7, 30 and 120 days
of storage (Table 5).
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Table 5. Viability of probiotic bacteria (Lactobacillus casei) in cosmetic formulations.
Immedlately g After 7 Days After 30 Days After 120 Days
Preparation
Sample No. Cell o Cell Eo Cell n6ig Cell Lo
Viability * . Viability A Viability s Viability 4
[log CFU/g] Reduction [log CFU/g] Reduction [log CFU/g] Reduction [log CFU/g] Reduction
E2 10.74 0.9 0.86 6.63 £ 0.5 4.97 48 £0.8 6.8 0 11.6
E3 851 +1.2 2.03 6.55+ 0.4 3.99 6.25 + 0.3 429 6.13 + 0.9 441

* Cell viability is the mean value of two replicates + SD.

The initial density of the L. casei strain that was included in the cosmetic formulation
(E2) was 11.6 log CFU/g. In the case of assessing the viability of the free strain of Lactobacil-
lus casei bacteria in the cosmetic formulation (E2), the number of L. casei cells decreased by
0.86 log immediately after preparing the cosmetic formulation. Slightly greater decreases
in the viability of probiotic bacterial cells were observed after one week and one month of
storage of the cosmetics and amounted to 4.97 log and 6.8 log, respectively. After 4 months
of storage, complete inactivation of L. casei was found in the cosmetic formulation.

However, in the case of the cosmetic product containing microspheres with the L. casei
strain (E3), the initial density of the L. casei strain in the microspheres was 10.54 log CFU/g.
Immediately after the preparation of the emulsion, a 2.03 log decrease in the number
of probiotic cells was observed. Tests performed at intervals of 7, 30 and 120 days of
storage of the cosmetics revealed a reduction in the viability of bacterial cells in the range
of 0.96-1.38 log compared with the initial value. Bacteria viability after 4 months was
comparable to the control level. In the case of the formulation (E2) containing the “not
protected” bacterial strain, the preservative system caused the complete elimination of
probiotic cells. The obtained results enable the conclusion that encapsulation in the alginate
microspheres ensures the survival of probiotic bacteria in the formulation, despite using
the preservative system.

4. Discussion
4.1. Probiotic Bacterial Encapsulation as a Method of Protection from External Factors

It is generally known that external factors such as temperature, light exposure, relative
humidity and wall material composition influence bacteria viability during storage of
probiotics-loaded formulations [45,46]. Probiotic bacterial encapsulation may be an effective
method of protecting the microorganisms against temperature, pH, UV light and other
preservation systems.

Probiotics are very temperature-sensitive, and their death rate increases with tem-
perature and is particularly severe above 51 °C [47,48]. In the case of the impact of high
temperatures on the tested microcapsules, our results are consistent with the reports by
other research groups [49]. As can be seen in Figure 1, even temperatures of 40 °C and
50 °C were not lethal to encapsulated L. casei, and cells encapsulated in carriers still showed
significantly higher survival rates compared with non-encapsulated cells. Similarly, a
high survival rate (90%) of the encapsulated L. plantarum strain was previously reported
when researchers heat-treated the microcapsules at 50 °C for 20 min [50]. In the study by
Abbaszadeh et al. [51], it was found that encapsulated bacteria survived significantly better
(p < 0.05) than free cells when exposed to temperatures of 55, 60 and 65 °C. After exposure
to heat at 65 °C for 30 min, the reduction in L. rhamnosus encapsulated in alginate and
chitosan microspheres decreased by only 2.55 log, while the number of free cells decreased
by approximately 5 log [51].

In our case, the developed alginate carriers ensure the isolation of probiotic strains
(L. casei) due to the action of acidic and alkaline environments (pH = 2, 5.5 and 9). More-
over, in the case of microsphere samples 2 and 3, there were no significant differences in
cell viability among different incubation times. However, in the case of the extreme pH
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values of 2 and 9, after 60 min, there was the almost complete elimination of bacterial
cells, while the use of microencapsulation increased the viability of the probiotic strain.
These findings are consistent with those of other research groups [49,51,52]. In the study
by Oberoi et al. [49], it was shown that encapsulated L. rhamnosus exhibited higher via-
bility at different pH values in comparison with the non-encapsulated group. Consistent
with previous reports by Kim et al. on the encapsulation of L. acidophilus, at pH = 1.2,
the non-encapsulated strain was completely destroyed after 1 h of incubation, while the
encapsulated cells maintained viability above 10° log CFU/mL at pH = 1.5 after 2 h [53].
Also, in the study by Haghshenas et al., it was found that non-encapsulated Lactobacillus
plantarum 15HN was very sensitive to low-pH conditions and its viability was dramatically
lost (from 9.76 + 0.06 log CFU/g to 3.63 & 0.03 log CFU/g), while the survival rate was
approximately 37%. The microencapsulation process significantly increased the survival of
probiotic bacteria, and the preparations showed a 1.3-1.7 log decrease in the number of
CFU in cells with a survival rate of 82-86% [42].

Both the effects of preservatives and UV light can damage bacterial DNA, depending
on the wavelength and exposure time [54]. Pereira et al. [43], in their studies, showed that
a 6 h exposure of probiotic bacteria of the species Bacillus subtilis and Bacillus licheniformis
to UV radiation caused their almost complete elimination in aqueous solutions. There is
relatively little information in the literature on the use of various methods of encapsulation
of microorganisms or their spore forms as protection against the harmful effects of UV
radiation. The results of our studies have shown that the use of alginate microspheres as
the probiotic bacteria protection carriers significantly reduced the effect of harmful UVB
radiation, with a wavelength of 311 nm. Even longer exposures (24 h and 48 h) to UVB
radiation did not result in a significant reduction in the number of L. casei cells (0.14 log
after 24 h and 0.50 log after 48 h).

QOur results seem to be consistent with those of Khorramvatan et al. [37], who showed
that from polymers such as starch, gelatine and sodium alginate used as coating materials,
sodium alginate exhibited the best protective properties. Sodium alginate protected Bacillus
thuringiensis spores to the greatest extent against the adverse effects of UVB and UVC
radiation. Sodium alginate at all tested concentrations (2, 3 and 5%) allowed the viability
of Bacillus thuringiensis spores to be maintained at the level of 72-90 after the exposure
of microcapsules with live spores to ultraviolet radiation over the long term (UVB), for
24-168 h, while the viability of free spores of B. thuringiensis decreased to 40-70 during
the time periods studied. However, at a concentration of 5%, sodium alginate enabled
the viability of bacterial spores to remain unchanged at 80%, even after irradiation with
ultraviolet light (UVC) over the short term for 5-25 min. The exposure of spores not
protected with any coating material to the same conditions (UVC, time of 5-25 min)
reduced their viability to 40-80%. In the case of our studies on the developed bacteria
carriers, the efficiency of the alginate microcapsules in enhancing the survival parameters
of bacterial cells were dependent on water content and were significantly lower in the case
of the microdispersion in comparison with the isolated microspheres. The reduction in the
water content in probiotics-loaded systems is the simplest way to increase the viability of
microencapsulated LAB [10]. Among the developed systems, the most effective ones were
the microspheres obtained after the separation of microcapsules from the solution with
the use of centrifugation at 500 rpm. These alginate systems were applied as the active
ingredients of the prepared probiotic cosmetic formulations.

4.2. Effect of Preservation System Properties on the Viability of Probiotic Bacteria in Probiotic
Cosmetic Products

The microbiological purity of cosmetics and resistance to infections is a complex
problem that is determined by the following factors: the quality and purity of ingredients
(especially the quality of water); the hygiene of the technological process (organization of
production and cleanliness of the devices used); the physicochemical properties of the final
product; the type of the packaging and packaging materials; and the presence of microbial
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inhibitors, i.e., preservatives [55]. Regulation (EC) No. 1223/2009 of 30 November 2009 [38]
describes the requirements of the safety of cosmetic products. Among other stipulations,
there are requirements regarding the microbiological purity of cosmetics. In order to
obtain cosmetics of appropriate quality, various types of preservatives are used in products.
Preservatives are ingredients added to cosmetics to protect the consumer and prevent
microbiological contamination during normal and expected use of the cosmetic product.
They demonstrate an antimicrobial effect, and when added to the cosmetic, they inhibit
the development of bacteria, mould and fungi, thus extending the shelf life. The list of
substances with antimicrobial activity and their permissible concentrations when used in
cosmetic products are listed in Annex V to Regulation (EC) No. 1223 /2009 of 30 November
2009 [38].

The most commonly used antibacterial preservatives can be divided according to their
chemical composition, namely, organic acids and their derivatives, alcohols and phenols,
aldehydes and formaldehyde-releasing agents, isothiazolinones, biguanides, quaternary
ammonium compounds (QACs), nitrogen compounds, derivatives of heavy metals and
inorganic compounds [56,57]. In general, the ideal preservative ingredient should be stable,
compatible, effective at low levels, non-toxic, compliant with cosmetic regulations and
inexpensive [58-60]. However, in the case of probiotics-loaded cosmetics, it is difficult to
meet the above-mentioned microbiological requirements while maintaining viable cells.
The aim of our study was to develop an effective method of introducing live bacteria (strain
of L. casei) into formulations. It was important to select the adequate preservative system
that would guarantee both of these requirements: to ensure the survival of probiotic bacteria
in the microspheres and the protection of the products from pathogenic microorganisms,
i.e., to ensure the microbiological purity and stability of the cosmetic formulations.

In the case of our research study, some preservatives from the group of organic acids
and their derivatives were used, specifically dehydroacetic acid, salt of benzoic acid (sodium
benzoate) and sodium levulinate—sodium salt of levulinic acid—combined with sodium
salt of anisic acid, which are examples of “natural preservatives” [61]. Additionally, for
comparison purposes, the most popular cosmetic preservatives were checked, namely,
parabens (also belonging to the group of organic acid derivatives). Among alcohols,
phenoxyethanol in combination with ethylhexylglycerin was used.

As an example of ketones, hydroxyacetophenone was selected. The antimicrobial
effect of organic acid derivatives (sodium benzoate combined with sodium salts of levulinic
and anisic acid, or dehydroacetic acid and sodium benzoate) is related to the reduction
in pH [62]. Acids and derivatives of organic acids, including benzoic acid and sorbic
acid, inhibit the development of microorganisms through several mechanisms: firstly, they
lower the pH of the external environment to values unfavourable for the development
of microorganisms [63]; secondly, they cause acidification of the cytoplasm due to the
penetration of uncharged organic acids into the cells (resulting in the internal pH causing
their dissociation into anions, which results in the lowering of the internal pH), which
affects the isoelectric pH of enzymes involved in glycolysis and active transport [62].
Alcohols and phenols (a system based on phenoxyethanol and ethylhexylglicerin) are
agents with effective antimicrobial properties against both bacteria and fungi. Their action
is bactericidal, especially in the case of acid-resistant mycobacteria. The mechanism of
action of alcohol is related to protein denaturation or the inhibition of protein synthesis
through several mechanisms [64]. Santos et al. [65] showed an effect of oxidative stress
in Pseudomonas putida KT2440 as a result of exposure to phenol. At low concentrations,
benzyl alcohol and phenoxyethanol lyse the bacterial cell membrane. In this way, they
can denature the structure of proteins by binding to amino acid residues [66,67]. However,
aldehydes also have a broad spectrum of activity against both bacteria and fungi. They can
react with chemical groups (amine, amide, imine, thiol, carboxyl and hydroxyl substituents)
on biomolecules, including proteins and DNA. This leads to protein aggregation, which
results in their irreversible chemical modification, leading to the inhibition of metabolism
and cell division [68,69].
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In the case of the prepared cosmetic products containing probiotic microspheres, the
systems based on organic acids and their derivatives (sodium benzoate combined with
sodium salts of levulinic and anisic acid) turned out to be the most effective ones, as they
had a weak impact upon the degradation of microspheres and upon the decrease in the
viability of the probiotics of the L. casei strain enclosed in the carriers. After 120 days of
storing the cosmetic, the survival of bacterial cells was comparable to that after 7 days
(6.13 log CFU/g). This may be related to the high tolerance of Lactobacillus bacteria to an
acidic environment because, as a result of metabolic changes, they produce lactic acid, thus
lowering the pH [63]. However, in the case of the preservative system of the mixture of
4-parahydroxybenzoic acid derivatives (methyl ester and propyl ester), which also belong to
derivatives of organic acids, no satisfactory probiotic survival effect was achieved, because
after 7 days, there was complete elimination of bacterial cells. This may be related to the
presence, in addition to the -COOH carboxyl group, of an additional -OH group, which
makes their mechanism of action similar to the antimicrobial effect of alcohols.

5. Conclusions

The results showed that the encapsulation of bacteria in alginate microspheres could
be an effective method of introducing live bacteria (strain of L. casei) into cosmetic formu-
lations. Encapsulation enables the protection of microorganisms against external factors
(temperature, UV light or preservatives) and, as a consequence, increases their viability. A
significant improvement in the survival of the encapsulated probiotic strain in cosmetic
formulations (6.13 log CFU/g after 120 days of storage) containing antimicrobial agents
was observed in comparison with the formulations containing the non-encapsulated bacte-
ria. Moreover, it has been shown that the selection of an appropriate preservative system
is important in the case of cosmetics containing the probiotic strain of L. casei. For the
developed products, systems based on organic acids and their derivatives proved to be the
most effective antimicrobial agents because they had a weak impact on the degradation
of microspheres; consequently, there was a decrease in the viability of the bacterial strain
enclosed in alginate carriers. Taking into account the promising results, the elaborated
technology may be an attractive approach to the development of long-stable cosmetic
products containing live bacterial strains.
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Abstract: Oleogels (organogels) are systems resembling a solid substance based on the gelation of
organic solvents (oil or non-polar liquid) through components of low molecular weight or oil-soluble
polymers. Such compounds are organogelators that produce a thermoreversible three-dimensional
gel network that captures liquid organic solvents. Oleogels based on natural oils are attracting more
attention due to their numerous advantages, such as their unsaturated fatty acid contents, ease of
preparation, and safety of use. As a result of the research, two oleogels were developed, into which
freeze-dried alginate carriers with a probiotic, L. casei, were incorporated. Two techniques were used
to produce probiotic-loaded capsules—extrusion and emulsification. Alginate beads obtained by
the extrusion process have a size of approximately 1.2 mm, while much smaller microspheres were
obtained using the emulsification technique, ranging in size from 8 to 17 pm. The trehalose was
added as a cryoprotectant to improve the survival rate of probiotics in freeze-dried alginate carriers.
The encapsulation efficiency for both of the methods applied, the emulsification and the extrusion
technique, was high, with levels of 90% and 87%, respectively. The obtained results showed that
the production method of probiotic-loaded microspheres influence the bacterial viability. The better
strain survival in the developed systems was achieved in the case of microspheres produced by the
emulsification (reduction in bacterial cell viability in the range of 1.98-3.97 log in silica oleogel and
2.15-3.81 log in sucragel oleogel after 7 and 30 days of storage) than by the extrusion technique (after
a week and a month of oleogel storage, the decrease in cell viability was 2.52-4.52 log in silica oleogel
and 2.48-4.44 log in sucragel oleogel).

Keywords: oleogels; probiotics; alginate microspheres; beads; carriers; hybrid systems; L. casei

1. Introduction

The advantage of oils applied onto the skin is their epidermis-softening properties.
They also influence skin hydration and elasticity. In the case of vegetable oils, in addition
to their moisturising effect, the skin protective action should be emphasised [1]. Natural
oils are characterised by good penetration though the skin; they are incorporated into
the lipids of the stratum corneum and thus contribute to the improvement of the skin
barrier function. The disadvantage of natural oils is their low chemical stability under
the influence of light and oxygen. Oils are relatively rarely used as independent carriers
of dermatological medicines. Due to their semi-solid consistency, ointments are more
convenient to apply [2,3]. A form of medicine or cosmetic formulation that can combine the
advantages of ointments and oils are lipophilic gels [1]. Gels are a popular form, in areas
such as pharmacy, medicine, the cosmetics industry, tissue engineering, food production,
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Oleogel-based systems

optics, telecommunications, electronics, and polymer plastics processing. There are two
main types of gels, hydrogels and organogels, which are distinguished due to the type
of liquid phase constituting them [4]. Hydrogels are mainly composed of a hydrophilic
polymer network that can absorb large amounts of polar liquid. Oleogels (organogels) are
created by stabilising oil in a network created by a gelling medium with a viscous and
elastic consistency [5-7] (Figure 1). As a result of the heating and cooling of the mixture,
interactions occur between the liquid and solid phases [8]. Oil molecules are trapped in a
three-dimensional network, which does not cause changes in their chemical composition,
and the resulting structure has gel properties [9]. Some types of gels are designed to
combine some of the features of hydrogels and oleogels. These hybrid gels, or bigels, are
systems that generally contain two immiscible liquid phases that are individually stabilised
by independent gelators (Figure 1) [10,11]. Bigels exhibit the advantages of both oil and
water phases, including the ability to simultaneously deliver lipophilic and hydrophilic
actives and improved viscoelasticity [10,12]. Other hybrid systems are emulgels (a type of
hybrid between emulsions and gels) (Figure 1). Emulgels are formed by an emulsification
process followed by a gelation process which involves the cross-linking and/or gelation of
the compounds present in the mixture.

Bigel

/’ EI Oil phase
Emulgel

O O O Emulgel gelator
O
O O Oil-water interface

Oleogel with capsules

\ . Capsule

Oleogel structure

Figure 1. Scheme of oleogel-based systems [by author].

Two main criteria are used to classify oleogels in the literature. The first is the
amount of oleogelator used to obtain the product. As a result, single-component and
multi-component (i.e., mixed) organogels are obtained. The second criterion is the type of
oleogelator used. As a result, oleogels are formed from low-molecular-weight oleogelators
and high-molecular-weight oleogelators [13-16]. Gelling substances of low molecular
weight include, inter alia, edible and vegetable oils compatible with the skin (e.g., olive oil,
sweet almond oil) [15-17], organic solvents (e.g., benzene, hexane) [18], waxes (beeswax,
carnauba wax, candelilla wax) [19,20], colloidal silica [21,22], lecithin [11,23], fatty acids and
alcohols, fatty acid esters and /or their mixtures [24,25], ceramides [26], phytosterols [27],
and surfactants [11,23]. In turn, high molecular weight oleogelators include polysaccharides
(e.g., ethylcellulose), proteins, and others polymers [11,28-30].
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Organogels can be the carriers for encapsulated probiotics as they provide additional
protection against unfavourable conditions and reduce the loss of bacterial cells in the
hydrocolloid matrix (Figure 1). Probiotics are live microorganisms with biological and
physiological effects on the microbiome population, which have the potential to prevent
and treat various pathologies, including regulating the microflora by inhibiting pathogenic
microorganisms, producing anticancer compounds [31,32] and modulating the immune
response [33]. Moreover, the use of a hybrid system and prior encapsulation of probiotics
in an additional carrier can enable the increased viability and therapeutic effect of the
formulation [34,35] (Figure 2) because in the case of such a hybrid system, there is no need
to use a preservative system. The selection of an appropriate shell material is crucial for
the stability of the obtained particles. This carrier may be alginate microspheres, which are
biocompatible, biodegradable, and non-toxic delivery systems for active substances [36,37].

Encapsulation of probiotics

\s
SN .

Adding oleogelators Adding

microspheres

=T\ Cooling .S —n

Heating under magnetic stirrer condition Oleogel Encapsulation into oleogel

Figure 2. Schematic description of the incorporation of encapsulated probiotics into the oleogel
system [by author].

Thus far, no studies have focused on the application of the oleogel systems as carriers
of probiotics encapsulated in hydropolymer capsules. Therefore, the main aim of the work
was to find out whether oleogel conditions influenced the survival of bacteria in alginate
capsules. For this purpose, stable forms of oleogels were developed to which alginate
carriers containing probiotics were incorporated. Trehalose was used as a cryoprotective
agent protecting bacterial cells from lyophilisation.

2. Results and Discussion
2.1. Size and Viability of Bacteria and Encapsulation Efficiency in Microcapsules

Five different types of probiotic-loaded microspheres were developed using two meth-
ods, emulsification and extrusion, and trehalose (Thl) was used as a cryoprotectant (Table 1).
In addition, two emulsifiers were used to obtain microspheres using the emulsification
technique ECO-Tween 80 (Alg/T80) and Span 80 (Alg/S80).

Table 1. Size and EE of the capsules obtained using the emulsification and extrusion techniques.

Cell Viability

Technique Type of Capsule Size [um] [log CFU g-1] EE [%]
Alg/T80 16.8 + 3.02 9.61 89
Emulsification Alg/S80 8.03 +£2.12 54 50
Alg/T80/Thl 159 +4.18 9.72 90
Tixtiis Alg 1216 + 302.86 9.1 84
xtrusion Alg/Thl 1169 + 412.11 94 87
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The method used to obtain the probiotic microcapsules influenced their properties.

Beads obtained using the extrusion technique have sizes of around 1.2 mm. However, as
a result of emulsification, much smaller microspheres were obtained, with sizes ranging
from 8 to 17 um. The obtained results are consistent with the results of other research
groups [38—41], where the use of the extrusion technique resulted in obtaining balls with
sizes in the range of millimetres, while emulsification allows obtaining micrometre particles.
In the study by Nualkaekul et al. [40] regarding the encapsulation of L. plantarum in
alginate beads using the extrusion method, capsules with sizes ranging from 2.9 to 3.1 mm
were obtained. In the case of the study by Muthukumarasamy et al. [39] regarding the
microencapsulation of L. reuteri using the extrusion and emulsification methods, the sizes
of the beads obtained by extrusion ranged from 2 to 4 mm, while for emulsification,
they ranged from 38 to 323 um. In the study by Mokarram et al. [41], microspheres with
probiotics (L. acidophilus and L. rhamnosus) were obtained using the emulsification technique
with sizes of 23.758-75.339 um.

In the case of cell viability and encapsulation efficiency, the methodology for obtaining
the microcapsules did not significantly influence the results. With both emulsification and
extrusion (carriers with Tween 80 as an emulsifier in the first technique or with the addition
of trehalose), the obtained results were at a similar level and ranged from 9.72 log CFU /g
to 9.1 log CFU/g and 90 to 84%, respectively. In the emulsification technique, the use
of Span 80 as an emulsifier to produce the W/O pre-emulsion resulted in significantly
lower encapsulation efficiency (50%) and a survival rate of L. casei of 5.4 log CFU/g. This
may be due to the fact that the microspheres obtained in this way had very small sizes
of 8.03 um 4= 2.12 um, and the sizes of the probiotic bacteria themselves ranged from 1
to 4 um [36,42]. As a result of obtaining such small sizes of microspheres, ineffective
encapsulation of the probiotic strain inside the capsule may have occurred, resulting in low
encapsulation efficiency.

2.2. Survival of Microencapsulated Probiotics During the Freeze-Drying Process
At this stage of the study, the effect of carriers on probiotic survival was analysed. The
tests were performed for the capsules obtained by both the emulsification and extrusion
techniques and compared to free bacteria not subjected to the encapsulation process.
After the freeze-drying process, the survival rate of encapsulated probiotics was
significantly higher than that of free cells (Figure 3).

Hkk K

FhkE

80
| exvs [ Free cells
geo_ * 3 Alg/T80
e | l.. 3 Alg/S80
P =3 Alg/T80/Thi
©
é |  Alg
3 207 == Alg/Thl
L |
J=1
1 1 1 1 I
¢ & &S
<§$‘ ésﬁ) 4§$§ q$§) ‘$;s> <§$D
& £ S L S
CFFF Y
¢ ¢ <

Encapsulation technique

Figure 3. Survival rate of free cells and encapsulated probiotics in the emulsification and extrusion
techniques. The bars represent standard deviations of the means according to three independent
repeated experiments. *—p = 0.05-0.011; ***—p < 0.0001.
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The lowest survival value of probiotic bacteria was found in the case of freeze-dried
Alg/S80 microspheres obtained by emulsification, which is also influenced by the already
low initial efficiency of encapsulation—this level was 10% and was similar to the survival
rate of freeze-dried, non-encapsulated bacteria (6%). A slightly higher survival rate was
observed in the case of Alg/T80 microspheres obtained by emulsification (40%) and Alg
capsules obtained by extrusion (35%). In freeze-dried Alg/T80/Thl microspheres obtained
by emulsification and Alg/Thl capsules obtained by extrusion, the highest survival rates of
the L. casei strain were achieved, which were 60% and 50%, respectively.

Reducing the rate of water diffusion from cells leads to the formation of intracellular ice
crystals in the freezing phase, which ultimately damages the cell membrane and leads to cell
death [43]. However, cells gradually become dehydrated because ice slowly forms outside
the cell, which in turn leads to extensive cell damage [44]. The higher survival due to
encapsulation is explained by the possible protection of cells against osmotic shock caused
by delayed hydration due to the presence of the capsule microenvironment [45,46]. After
adding trehalose to the alginate solution as a cryoprotectant, the survival rate of probiotics
in microcapsules significantly increased to 20% using the emulsification technique, and
15% in the case of extrusion. As a result of the addition of the cryoprotectant, a strong
ion—dipole interaction may occur and hydrogen bonds may be formed between trehalose
and cell biomolecules [47,48], which results in the improved survival of the probiotics
during freezing and less cell loss in the freezing process.

2.3. SEM Analysis

The surface morphology of the alginate carriers obtained through the emulsification
(Figure 4) and extrusion technique were analysed using scanning electron microscopy
(SEM) (Figure 5).

SNV SOW | w2 MIRAYTESC  SEM V60KV WO:4® | mmasTESCAN semv:solV | woae
0

View felc: 692 ym et - 0
SEMMAG: 300x  Date(midy " L § aglesonshie Contrim Innswic).

BORAD TESCAN  SEM HV: 5.0KV w0 459 men
View el 104 pm. Det SE 2pm
Jagleiofskie Centrum Innowacl  SEM MAG:2.00 kx _ Date(midly): 1022724 Jagleliodsble Centrum Innowacs

Figure 4. SEM micrographs of freeze-dried microspheres obtained by emulsification: (a) alginate-Tween
80 microspheres, (b) alginate-Span 80 microspheres, and (c) alginate-Tween 80-trehalose microspheres.
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Figure 5. SEM micrographs and cross sections of freeze-dried beads obtained by extrusion: (a) alginate
beads and (b) alginate-trehalose beads.

The SEM analysis shows that the methods of the probiotic-loaded capsules influence
the size and shape of the carriers. SEM images confirm that the particles obtained through
the extrusion technique showed significantly larger sizes than the microspheres obtained
using the emulsification technique, which is consistent with the literature [38]. Additionally,
in the case of the emulsification method, the kind of emulsifier used affects the size of the
microspheres. The smallest microspheres were obtained when Span 80 was used as the
emulsifying agent, but scanning microscope images showed the lowest visibility of the
encapsulated probiotics compared to the larger microspheres obtained when Tween 80
was used.

The use of trehalose as a cryoprotectant, irrespective of the method used, did not
affect the size of the obtained particles but influenced their shapes. With the addition of
trehalose, more spherical capsules were obtained. Moreover, for the cross section through
the beads for the extrusion technique, it can be seen that the addition of trehalose affects the
smoothing of the particle structure after lyophilisation. This is consistent with the literature
sources, which report that as a result of lyophilisation, the capsules are dehydrated, which
can lead to damage of the carrier structures and a change in the shape of the obtained
particles [43,44].

2.4. Survival of Freeze-Dried Microcapsules in Oleogels

In the next stage of the study concerning probiotic-loaded hybrid systems (freeze-
dried capsules incorporated into previously prepared oleogels), the viability of the bacteria
was checked.
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The initial density of the L. casei strain contained in the freeze-dried capsules and
incorporated into oleogels was 5.8 log CFU/g. For the emulsification technique, Tween 80
was used as the emulsifier due to its better encapsulation efficiency. A cryoprotectant,
trehalose, was also added to the carrier formulation (alginate solution), which had a
positive effect on the battery survival rate as a result of the freeze-drying process. Table 2
presents the results of the survival of the probiotic L. casei in two oleogel systems.

Table 2. Viability of encapsulated probiotic bacteria in oleogels.

Immediately After 7 Days After 30 Days
Oleogel Encapsulation Type of
Type Technique Microcapsules  Cell Viability Log Cell Viability Log Cell Viability Log
[log CFUg ']  Reduction [logCFUg 'l  Reduction [logCFUg 11  Reduction
OGK Emulsification ~ Alg/T80/Thl 5.54 0.26 3.82 1.98 1.83 397
Extrusion Alg/Thl 548 0.32 328 2.52 1.28 452
0G-S Emulsification ~ Alg/T80/Thl 5.52 0.28 3.65 2.15 1.99 381
Extrusion Alg/Thl 5.44 0.36 3.32 248 1.36 444

The bacteria survival rate was assessed immediately after the production of the
oleogels, as well as after 7 and 30 days of storage. In the case of oleogels (OG-K and
OG-S) containing microspheres with the L. casei strain obtained by emulsification, a de-
crease in the number of probiotic cells by 0.26 log and 0.28 log, respectively, was observed
immediately after preparation of the formulation. In studies performed at intervals of 7 and
30 days of organogel storage, a reduction in the viability of bacterial cells was observed in
the range of 1.98 to 3.97 log (OG-K) and from 2.15 to 3.81 log (OG-S) compared to the initial
value. However, in the case of oleogels containing capsules produced by extrusion, directly
after preparing the formulations, the number of L. casei cells decreased by 0.32 log (OG-K)
and 0.36 log (OG-S). After a week and a month of oleogel storage, the decrease in cell
viability was from 2.52 to 4.52 log (OG-K) and from 2.48 to 4.44 log (OG-S).

The literature has so far shown that oleogels can be a carrier for many nutraceuti-
cals while research efforts on the entrapment of probiotics in oleogels are very scarce.
Zhuang et al. [49] examined the ability of an oleogel emulsion based on soy lecithin to
increase the viability of probiotics. The findings showed that oxidation was significantly
slowed down in the soy lecithin-based oleogel emulsion. However, it was not the physical
barrier of the oleogel emulsion but the presence of lecithin that increased the viability of
probiotics. So far, no positive effect of oleogels on the protection and delivery of probiotics
has been demonstrated. Therefore, our study focused on introducing not only probiotics
into the formulation but also freeze-dried microcapsules containing probiotics. Based on the
studies on the viability of freeze-dried probiotic capsules in oleogels, better strain survival
was achieved for microcapsules produced by emulsification (1.83 log in OG-K and 1.99
log in OG-S after 30 days of storage). However, in the case of further research, it would be
necessary to focus on increasing the number of cells in the initial freeze-dried microspheres
introduced into the product so that their final viability over time would be higher.

2.5. Physicochemical Properties of Prepared Oleogels

The physicochemical, microbiological, and rheological studies were performed for
oleogels containing optimal microspheres, which had the highest encapsulation efficiency
and the best bacteria viability over time (Alg/T80/Thl microspheres).

Two types of stable formulations were prepared. Samples were submitted to an
accelerated stability study by centrifugation and to a thermal stability test in order to
confirm that the texture of the oleogels had not been altered. The obtained formulations
were characterised by pH corresponding to the physiological skin pH. Table 3 describes the
physicochemical properties of the prepared oleogels (base formulations and formulations
with microspheres).
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Table 3. Physicochemical properties of oleogels.
OG-K +1% OG-S +1%
sk Microspheres aG=s Microspheres
Centrifugation test + + + +
Thermal stability test + + + +
pH 6.04 (+0.02) 5.92 (+0.03) 6.08 (+0.03) 5.90 (+0.02)

The results of the mikrocount combi test confirmed the microbiological stability of the
formulations. After the incubation time, the results were compared with the evaluation
table, which indicates the degree of microbial contamination of the samples [50]. No growth
of bacteria, moulds or yeasts was observed.

In the next stage of the research, the viscoelastic properties of the prepared formu-

lations were checked. Figures 6 and 7 show the relation of moduli on stress for the
analysed samples.
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mG' 0G-K
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Figure 6. Examples of stress sweeps for the studied oleogels. G': storage modulus (filled symbols);
G"": loss modulus (empty symbols)—temperature 20 °C.

In all cases, the G’ values were higher than G”, which indicates the predominance
of elastic properties over viscous properties. Tables 4 and 5 list the critical stress values
defining the range of linear viscoelasticity and the corresponding stresses.

The stress values ranged from 10.55 to 35.20 Pa depending on the sample and measure-
ment temperature. Higher values were obtained for samples produced using Aerosil 200
(OG-K), and lower for samples acquired using Sucragel AOF (OG-S). In most cases, the
addition of microcapsules caused a decrease in the stress value defining the upper limit
of the linear viscoelasticity range; the exception was the sample based on Aerosil 200, for
which an increase in this value was found at a higher measurement temperature (37 °C).
It should also be emphasised that the OG-K samples (with and without microcapsules)
behaved differently, for which an increase in the critical stress value was found with an in-
crease in temperature, while for samples based on Sucragel, a decrease in these values was
found. The extension of the linear viscoelasticity range with an increase in temperature can
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be attributed to the improvement in the stability of the samples with the addition of Aerosil
200 during heating by generating stronger bonds and denser particle packing [21,51]. This
is confirmed by the relationships obtained for the mechanical spectra (Figures 8 and 9,
Tables 4 and 5).

® G' OG-S 0G"0G-S W G' 0GK
OG" 0G-K @ G' OG-S + 1% microspheres © G" OG-S + 1% microspheres
A G' OG-K + 1% microspheres A G" OG-K + 1% microspheres
10000
A A A A A A A A A A A A A A A A
lllllllllllIlll.==:=A
1000 = [}
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o A A L u]
= A AAAAAAAAAAASDDDDDD
o u] s
© 8 8 § 2 ¢ s
8 . &
coo6886888888 s . e,
°
10 b4
@
¢
°
1
1 10 100
Shear stress (Pa)
Figure 7. Example stress sweeps for the studied oleogels. G': storage modulus (filled symbols); G
loss modulus (empty symbols)—temperature 37 °C.
Table 4. Mean values of oscillatory tests parameters in oleogels. Amplitude sweeps: end of linear
viscoelastic region, LVR (t and ). Frequency sweeps: power law parameter fits (G1/, G1”, m’, and
m”’) and loss tangent at 1 rad /s—temperature 20 °C.
LVR Frequency Sweeps
Oleogel
T (Pa) v Gy’ (Pa) m’ G1" (Pa) m” tan & (1 rad/s)
OG-S 17.73 £ 1.16* 0.168 +0.010¢ 131.7 £442 0.209 + 0.003 © 478 +£07° 0.386 + 0.009 © 0.271 £+ 0.009 ¢
0OG-K 2754 +152° 0.020 £0.002° 3767 £19.1° 0.052 = 0.000® 4014142 0390 +0.010¢  0.059 £ 0.001°
OG-S + 1% microspheres 16,95+ 0.71° 0.120 + 0.003 ¢ 879.1 +£40.3¢ 0.048 -+ 0.002° 85.4 4344 0213 +0.005°  0.067 & 0.001 ¢
OG-K + 1% microspheres  25.63 + 0.44° 0.012 % 0.000 2 886.2 +23.6 0.042 = 0.002* 741+15°¢ 0265+ 0.004®  0.054 +0.000°
OG-S: oleogels with sucragel; OG-K: oleogels with silica. Different letters in each column indicate significance
between the means (<0.05) according to Tukey’s test.
Table 5. Mean values of oscillatory tests parameters in oleogels. Amplitude sweeps: end of linear
viscoelastic region, LVR (t and v). Frequency sweeps: power law parameter fits (G1/, G1”, m’, and
m”’) and loss tangent at 1 rad /s—temperature 37 °C.
LVR Frequency Sweeps
Oleogel
T (Pa) Y Gy’ (Pa) m’ G," (Pa) m” tan & (1 rad/s)
0G-$ 12.57 + 056 * 0.124 + 0.003 ¢ 1138 +46° 0.149 -+ 0.006 316+£13°% 0421 +0.007¢ 0172 + 0.002°
OG-K 3093 £0.37° 0.021 £ 0.002° 4615 +20.8° 0.042 + 0.0022 3624172 0313 £ 0.005¢  0.046 1 0.0012
OG-S + 1% microspheres  10.55 £ 0.40° 0.082 + 0.003 ¢ 7967 + 32.8¢ 0.040 + 0.002° 60.5+25° 0179 £0014°  0.053 +£0.004°
OG-K + 1% microspheres 3520 + 0.69°¢ 0.014 + 0.001 952.3 +76.84 0.036 + 0.001 687 +72b 0218 4+ 0.018® 0.049 + 0.005

OG-S: oleogels with sucragel; OG-K: oleogels with silica. Different letters in each column indicate significance
between the means (<0.05) according to Tukey’s test.
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Figure 8. Frequency sweeps for the different oleogels studied. G': storage modulus (filled symbols);
G”: loss modulus (empty symbols)—temperature 20 °C.
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Figure 9. Frequency sweeps for the different oleogels studied. G: storage modulus (filled symbols);
G”: loss modulus (empty symbols)—temperature 37 °C.

The lowest modulus values were obtained for the OG-S base sample, which was also
characterised by the highest tan § value, which indicates a relatively high share of viscous
properties. In all analysed cases, the modulus values increased with increasing frequency
and the elastic modulus dominated over the loss modulus, which indicates the dominance
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of elastic over viscous properties. With the exception of the OG-S sample without mi-
crocapsules, the remaining samples met the definition of a strong gel (G” /G’ < 0.1) [52].
The addition of microcapsules caused an increase in the modulus values and a decrease
in the phase shift angle value in both cases, which indicates an increase in the share of
elastic properties and improved stability of the tested samples. In most cases, an increase
in temperature caused a decrease in the modulus values and a decrease in the share of
viscous properties (decrease in the tan § value) for samples with the addition of Sucragel
AOF. An increase in the storage modulus value with increasing temperature was found for
samples produced using Aerosil 200 (in both cases). This rather unusual behaviour of silica
samples, as mentioned above, may be related to the sample preparation methodology or
lack of treatment at higher temperature, which may lead to significant structural changes
during heating, resulting in an increase in the range in which the sample behaves in a
stable manner (constant or slight increase in modulus values as a function of stress and
extension of the range of linear viscoelasticity). A similar relationship was found in the
work of Patel et al. [21], where an increase in gel strength determined by an increase in
the G’ modulus value was found after heating. The cited authors observed irreversible
restructuring and an increase in the strength of the hydrophilic silica particle network in
nonpolar solvents under the influence of heating, which was explained using a fractal
gel model. According to the cited work and the work of Wu et al. [51], this is related to
the increase in the fractal dimension at higher temperatures as a result of more compact
packing and thus stronger hydrogen bonds due to the proximity of the packed particles.

3. Materials and Methods
3.1. Materials

Alginic acid sodium salt from brown algae, MRS broth and MRS agar (de Man Rogosa
Sharpe), and sodium citrate were bought from Sigma Aldrich (Poznan, Poland). The
Lactobacillus casei strain ATCC 393 was purchased from American Type Culture Collection
(Manassas, VA, USA). ECO-Tween 80 (INCL: Polysorbate 80), Span 80, and Crodamol GTCC
(INCI: Caprylic/Capric Triglyceride) were kindly supplied by Croda (Krakow, Poland).
Sweet almond oil (INCI: Prunus Amygdalus Dulcis (Sweet Almond) Oil) was bought from
Ecospa (Warsaw, Poland), Aerosil 200 (INCI: Silica) was obtained from Evonik Industries
AG (Essen, Germany), and Sucragel AOF (INCI: Glycerin, Aqua, Sucrose Laurate) was
purchased from Alfa- chemicals (Binfield, UK).

3.2. Preparation and Cultivation of Bacteria

The freeze-dried culture of Lactobacillus casei strain ATCC 393 was transferred into
MRS broth and incubated for 48 h at 30 °C under aerobic conditions. Harvesting of cells in
the log phase was performed by centrifugation at 3000 x g for 10 min at 4 °C. The cells were
washed twice using a 0.9% (w/v) sterile saline solution. The cell pellets were resuspended
in the saline solution and prepared at a final concentration of 10.8 log CFU/g. The numbers
of bacteria cells in the suspension were determined by counting them on plates in an MRS
agar medium (37 °C, 72 h), using the pour plate inoculation technique.

3.3. Preparation of Microcapsules Containing L. casei Bacteria

The encapsulation of probiotics was performed using two techniques. Table 6 shows
the types of capsules obtained and a schematic description of the process is shown in
Figures 10 and 11.

The first technique, emulsification (Figure 3), was conducted according to the method-
ology described in our previous article [37] and patent application P. 443812 [53] with slight
modification. The initial pre-emulsion consisted of encapsulating material (sodium alginate
solution and bacterial suspension) with capric/caprylyl triglycerides, and an emulsifier
(ECO-Tween 80 or Span 80) was obtained and then ultrasonicated. Next, CaCl, (1 mol/L)
was added in a dropwise manner into a bacteria-loaded pre-emulsion.
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Table 6. The types of capsules obtained with the emulsification and extrusion techniques.
Technique Type of Capsules Type of Capsules
Alginate + ECO-Tween 80 Alg/T80
Emulsification Alginate + Span 80 Alg/S80
Alginate + ECO-Tween 80 + trehalose Alg/T80/Thl
v Alginate Alg
Exfrasion Alginate + trehalose Alg/Thl

oil
+ emulsifier

Alginate
solution
+ bacteria
strain

[ cacl; I

2 [ Loy
\ soluty

-1\ -

Centrifugation

Adding of 1
emulsion CaCl, solution [}

Primary Ultasonification

Microspheres

Figure 10. Schematic description of the process of obtaining probiotic microspheres by emulsification
[by author].

Alginate
solution
+ bacteria
strain

cacl: ‘
solution

Figure 11. Schematic description of the process of obtaining probiotic microspheres by extrusion
[by author].

For the extrusion technique (Figure 4), the alginate mixtures containing the bacteria
strain were added in a dropwise manner into 100 mL of CaCl, (1 mol/L) and left for 30 min
for gelation to achieve the alginate beads.

3.4. Freeze-Drying of Encapsulated Probiotics

In order to produce dry capsules, they were frozen at —18 °C for 24 h and subsequently
dried in a lyophiliser (Lyophilizer Alpha 1-2 LD Plus, Lohra, Germany). As a cryoprotec-
tant, trehalose (10%, w/v) was added into the alginate solution during the encapsulation
procedure in order to improve the survival of the probiotics during the freeze-drying
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process [54]. Ca-Alg capsules both with and without the cryoprotectant were lyophilised
with a freeze drier at —60 °C and 1072 bar for 24 h.

3.5. Encapsulation Efficiency and the Viability of Bacteria over Time

To determine the encapsulation efficiency and viability of bacteria, 1 g of the carriers
was dissolved in 9 mL of a 0.2 mol L~ sterile sodium citrate solution (pH 6.0) and the
entrapped viable bacteria were subsequently counted by the pour plate technique in MRS
agar. The encapsulation efficiency (EE) was calculated by Equation (1).

EE = (N/No) x 100% I

where the variables were as follows:

N—the number of entrapped viable bacteria cells.

No—the number of free viable bacteria cells before encapsulation.

The viability of probiotic bacteria in the capsules was assessed immediately after the
encapsulation process as well as after freeze-drying of the capsules containing the live
strain. Moreover, the viability of probiotic bacteria in carriers suspended in the oleogel was
assessed immediately after placing them in the gel system, as well as after 7 and 30 days of
storage at room temperature. Encapsulation efficiency was also determined for capsules
containing the live strain.

3.6. Probiotic-Loaded Capsule Morphology Analysis

The morphology of the obtained probiotic carriers was observed using an SEM
device—a scanning electron microscope (Mira3-FEG-SEM, Tescan, Brno-Kohoutovice,
Czech Republic) with unipolar emission (Schottky emitter) equipped with a cooling table
(Peltier) and an energy dispersive X-ray spectrometer EDX (Oxford Instruments). Samples
for testing were prepared by quick freezing in liquid nitrogen and then freeze-drying for
24 h [34,37].

3.7. Preparation of the Oleogels Containing Encapsulated Probiotic Bacteria

In both cases, probiotic bacteria-loaded capsules obtained both by the emulsification
and the extrusion technique were added to the oleogels. For this purpose, capsules contain-
ing the addition of trehalose (as the cryoprotective agent) were selected, and Tween 80 was
used as the emulsifier in the case of the emulsification method.

3.7.1. Preparation of Organogel with Silica (OG-K)

Table 7 shows the composition of the organogel stabilised by Aerosil 200 (OG-K). Both
of the ingredients (almond oil and silica) were mixed using the IKA C-MAG HS7 magnetic
mixer at a speed of 500 rpm for 5 min. The process was performed at 25 °C. Finally, 1% of
probiotic-loaded capsules were added to the obtained oleogel and the mixture was stirred
for 5 min, at the temperature of 25 °C.

Table 7. Composition of prepared base oleogels.

Ingredients Concentration
Sample No. (Trade Name) INCI Name [%]
OG-K Aerosil 200 Silica 5
a Sweet almond oil Prunus Amygdalus Dulcis (Sweet Almond) Oil 95
OG-S Sucragel AOF Glycerin, Aqua, Sucrose Laurate 30
- Sweet almond oil Prunus Amygdalus Dulcis (Sweet Almond) Oil 70

3.7.2. Preparation of Organogel with Sucragel (OG-S)

The organogel with sucragel was obtained by weighing the organogelator constituting
30% of the organogel into a beaker and heating it to a temperature of 75 °C (Table 2).
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Then, using an IKA C-MAG HS7 magnetic stirrer, the organogelator was stirred with the
simultaneous slow addition of sweet almond oil at a speed of 500 rpm. The mixture was
stirred for 5 min. After the oleogel cooled to 25 °C, 1% of probiotic capsules were added
and the mixture was mixed for an additional 5 min.

3.8. Study of the Physicochemical Properties of the Oleogels

The study of the physicochemical properties of the prepared oleogels was evaluated
using the methodology described in our previous manuscript [55]. The physical stability of
the obtained formulations was evaluated using a centrifugation test and a thermal stability
test. Briefly, in the centrifugation test, 2 mL samples of each oleogel were submitted to
centrifugation at 3500 rpm for the duration of 10 min (EBA 20 Hettich Zentrifugen). In
the second method, the formulations were placed in the incubator (+40 °C) for 24 h and
refrigerated at —20 °C. The procedure was conducted three times. Next, the formulations
were visually inspected for any changes in their texture. The pH values were checked using
a Mettler Toledo Seven Easy pH meter equipped with a glass Inlab 410 electrode.

3.9. Study of the Microbiological Stability

The microbiological stability of the oleogels were tested using a mikrocount® duo test
(Schulke, Norderstedt, Germany). The plastic slides were coated on one side with TTC agar
(the medium for bacterial count) and on the other side with Rose Bengal CAF agar (the
medium for yeast and mould detection) and were dipped in the product samples for 10 s.
The slides were then placed back in the sterile tube and incubated at 30 °C for 48 h. For the
detection of yeasts, the incubation time was extended for a further 48 h at 30 °C [50].

3.10. Viscoelastic Properties of Base Oleogels and Oleogels with Encapsulated Probiotics

The viscoelastic properties were identified using an oscillation rheometer RS 6000
(Thermo-Haake, Dreieich, Germany). A parallel notched plate system (diameter 35 mm,
gap size 1 mm) was used as the measuring element, which enabled the elimination of the
slip phenomenon. The prepared samples were placed in the theometer measuring system
and left for 5 min to relax stresses and stabilise the temperature. The tests were performed
at two temperatures: 20 °C and 37 °C.

Stress sweep tests were performed in a range from 1 to 100 Pa at a constant frequency
of 1 Hz.

The linear viscoelasticity range (LVR) was identified by determining (Haake Rheowin
Data Manager 4.93) the point at which the elastic modulus (G’) deviates by 5% from
the plateau [56]. The dynamic plastic stress (T) and the corresponding strain (y) were
determined. Mechanical spectra in the range of 0.01 to 10 Hz were identified in the linear
viscoelastic range at constant strain (0.4%). The experimental data are described by power
Equations (2) and (3):

G =Gjv™ ®

G’ =G 6)

where G’ is the storage modulus (Pa), G” is the loss modulus (Pa), v is the frequency (Hz),
and G1’, G1”, m/, and m” are constants.

4. Conclusions

In this study, stable hybrid systems were developed, specifically oleogel formulations
(OG-K and OG-S) containing freeze-dried capsules with the probiotic L. casei. The addition
of trehalose (a cryoprotective agent) to the capsule composition improved the bacteria
survival rate and influenced the shape of the carriers resulting in more compact and regular
microcapsules in the form of freeze-dried powders. Moreover, the wall system (Ca-Alg)
protects the probiotics from thermal conditions. SEM analysis confirmed significantly
smaller sizes of microspheres obtained in the case of the emulsification technique compared
to the spheres obtained by the extrusion method. The use of trehalose did not affect the
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size of the obtained particles for either method but contributed to the formation of more
compact structures.

Studies on the survival of freeze-dried probiotic capsules in oleogels (prepared by both
extrusion and emulsification) showed better strain survival in the case of microcapsules
prepared using the emulsification technique. In both oleogel systems (OG-K and OG-S), the
survival rate of the probiotic strain encapsulated in microspheres was similar. Although the
approach based on the introduction of probiotic microcapsules into oleogels is promising,
more studies on the delivery of probiotics using such systems should be conducted to
verify the advantages of the proposed solution.
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ABSTRACT: To realize the health benefits of probiotic bacteria, they = At - apocs four mrosphers |, .

must withstand processing and storage conditions and remain viable U — 't’ i~
<Yy = . S

after use. The encapsulation of these probiotics in the form of
microspheres containing tapioca flour as a prebiotic and vehicle
component in their structure or shell affords symbiotic effects that
improve the survival of probiotics under unfavorable conditions.
Microencapsulation is one such method that has proven to be effective
in protecting probiotics from adverse conditions while maintaining their
viability and functionality. The aim of the work was to obtain high-
quality microspheres that can act as carriers of Lactobacillus casei
bacteria and to assess the impact of encapsulation on the viability of
probiotic microorganisms in alginate microspheres enriched with a
prebiotic (tapioca flour) and additionally coated with hyaluronic acid,
chitosan, or gelatin. The influence of the composition of microparticles on the physicochemical properties and the viability of
probiotic bacteria during storage was examined. The optimal composition of microspheres was selected using the design of
experiments using statistical methods. Subsequently, the size, morphology, and cross-section of the obtained microspheres, as well as
the effectiveness of the microsphere coating with biopolymers, were analyzed. The chemical structure of the microspheres was
identified by using Fourier-transform infrared spectrophotometry. Raman spectroscopy was used to confirm the success of coating
the microspheres with the selected biopolymers. The obtained results showed that the addition of tapioca flour had a positive effect
on the surface modification of the microspheres, causing the porous structure of the alginate microparticles to become smaller and
more sealed. Moreover, the addition of prebiotic and biopolymer coatings of the microspheres, particularly using hyaluronic acid and
chitosan, significantly improved the survival and viability of the probiotic strain during long-term storage. The highest survival rate of
the probiotic strain was recorded for alginate—tapioca flour microspheres coated with hyaluronic acid, at 5.48 log CFU g~'. The
survival rate of L. casei in that vehicle system was 89% after storage for 30 days of storage.

KEYWORDS: microspheres, tapioca flour, alginate, probiotics, biopolymers, Lactobacillus casei

H INTRODUCTION is resistant starch (hi-maize). Starch is a common, biodegrad-
According to the generally accepted definition established by able, nontoxic, edible, and relatively inexpensive material."
FAO and WHO, “probiotics are live microorganisms that, Several reports descﬁbeqtbe use of starch to encapsulate food
when administered in appropriate amounts, provide the host ingredients™ and drugs.”” Starch granules are an accumulation
with health benefits.”"* The most common probiotics are of many starch molecules that consist of linear amylose and
bacteria in the genera Lactobacillus and Bifidobacterium. The highly branched amylopectin.”'’ The higher content of
International Scientific Association for Probiotics and Pre- amylose in tapioca flour (17—-23%) may be responsible for

biotics (ISAPP) defines prebiotics as “nondigestible food
ingredients that, when consumed in sufficient amounts,
selectively stimulate the growth and/or activity of one or a -
limited number of microbes in the colon resulting in Réceiveds Jurie 20,2024
documented health benefits.”>* Revised:: Sepfember;5; 2024
The combination of probiotics and prebiotics results in Accepted: September:5; 2024
symbiotic activity that improves the survival of bacteria in Eublished. September20,72024
unfavorable conditions, for example, in the stomach. The most
well-known prebiotic is inulin.' Another well-studied prebiotic

. . . )
the more efficient encapsulation of active substances.*"*

© 2024 The Authors. Published b;
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However, to achieve the health benefits attributed to the use
of probiotics (both in food and cosmetic products), the live
bacteria must withstand processing and storage conditions and
remain viable after application. In combination with prebiotics,
microencapsulation has been shown to be an effective method
to protect probiotics from these adverse conditions while
maintaining their viability and functionality.'' Additionally, in
the case of cosmetic products, the use of microcapsules or
microspheres offers a solution to the incompatibility of
substances when using different active substances in a single
formula.'” In addition, microparticles enable the encapsulation
of substances with an unpleasant odor, and the obtained
formulations have a weak or no odor. When probiotics are
used in cosmetic formulations, the microencapsulation process
may support the survival of microorganisms despite the
presence of preservatives.'”'> The beneficial properties of
probiotics are still underestimated and underutilized in the
cosmetics industry. For this reason, our research is focused on
the possibility of designing functional microspheres as carriers
of probiotic bacteria with potential applications in cosmetic
products dedicated to people with skin problems. Restoring
the balance of the bacterial microflora will translate into the
proper functioning of the microbiome that can promote skin
immunity and provide host defense, including protection
againstl_’skin inflammation, infections, wounds, and skin
cancer.

Emulsification is_one of the most common microencapsu-
lation techniques."> In this technique, the polymer solution
containing the encapsulated substance is emulsified in the oil
phase to form a water-in-oil (W/O) emulsion. Thereafter, a
cross-linking compound is gradually added to the emulsion,
causing the emulsion droplets to gel and form micro-
particles." "¢

Therefore, the aim of this study was to obtain high-quality
microspheres through an emulsification process and to
evaluate the effect of Lactobacillus casei encapsulation on the
viability of probiotic bacteria in alginate—tapioca flour
microspheres and microspheres coated with various biopol-
ymers including hyaluronic acid, chitosan, and gelatin.

B MATERIALS AND METHODS

Materials. Alginic acid sodium salt from brown algae, MRS broth,
de Man—Rogosa—Sharpe (MRS) agar, and sodium citrate were
purchased from Sigma-Aldrich (Poland). Tapioca flour was purchased
from Green Essence (Poland). Calcium chloride was purchased from
Avantor Performance Materials Poland S.A. Caprylic/capric trigly-
cerides and ECO-Tween 80 were kindly supplied by Croda (Poland).
Chitosan (85% deacetylation) and gelatin (type I) were purchased
from Sigma-Aldrich (Poland). Hyaluronic acid sodium salt (0.05—0.1
MDa) was kindly supplied by Alfa Sagittarius (Poland). The probiotic
bacteria L. casei strain ATCC 393 was purchased from American Type
Culture Collection.

Preparation of the L. casei Suspension for Encapsulation. A
250 pL aliquot of the bacterial suspension was transferred into 25 mL
of MRS broth contained in an Erlenmeyer flask and incubated at 30
°C under aerobic conditions for 48 h. The cells were harvested when
the suspension was in the logarithmic phase by centrifugation at
3000g for 10 min at 4 °C. The collected cells were washed twice with
sterile saline (0.9%) (w/v). The cell pellets were resuspended in saline
solution to obtain concentrations ranging from 9 log CFU/mL to 10
log CFU mL. The bacterial cell count of the cell suspension was
determined by counting the cells on plates in MRS agar (37 °C, 72 h
culture) using the pour plate inoculation technique.”” The obtained
bacterial suspensions were used for the microencapsulation
procedure.

Assessment of the Effect of Tapioca Flour Concentration on
the Growth of the L. casei Strain. This assessment study was
based on the methodology of Shafizadeh et al, with slight
modifications.'® To determine the optimal concentration of tapioca
flour required to encapsulate L. casei, an appropriate amount of flour
was put into liquid MRS to obtain relevant concentrations: 0.5, 1, 2, 4,
and 5%. MRS broth without any flour was used as the control. All
media prepared in 25 mL quantities in 50 mL Erlenmeyer flasks were
sterilized at 121 °C for 15 min in an autoclave. After cooling, the
media were inoculated with 1 mL of 48-h L. casei culture and
incubated for another 48 h at 37 °C under aerobic conditions. L. casei
bacteria were counted by a serial 10-fold dilutions in sterile saline
(0.9%) (w/v). Next, the live bacteria cell count in the medium was
determined by counting the cells on plates in MRS agar (37 °C, 72 h
culture) using the pour plate inoculation technique. Moreover, after
growing the L. casei strain on liquid medium with flour, the pH of the
culture medium was determined using a pH meter (Metler Toledo).
All tests were performed in triplicate, maintaining the principles of
sterility.

Encapsulation of L. casei. The encapsulation of L. casei was
performed in accordance with the modified methodology described
by Eetocha et al.'* and in the patent application P. 443812." Briefly, a
pre-emulsion was prepared by mixing the encapsulating material
(sodium alginate solution, prebiotic solution, and bacterial suspen-
sion) with capric/caprylic triglycerides and emulsifier (ECO-Tween
80). An aqueous solution of calcium chloride was added dropwise to
the solution to cross-link the microspheres. Then, the obtained
microspheres were separated from the emulsion by centrifugation
(EBA 20, Hettich Zentrifugen). All solutions used for encapsulation
were previously sterilized.

Optimization of Composition. The composition of micro-
spheres was optimized using mathematical methods (Statistica ver. 13,
StatSoft, Poland). To develop the best parameters for the alginate
microspheres (AMs) recipe, the design of experiments (DOE)
statistical method with the 3#) fractional plan was used. In this
plan, K is the number of variables, and p always takes the value 1.
First, the variables influencing the properties of the final alginate
microspheres were determined. The group of input parameters
included the amount of emulsifier, the concentration of the prebiotic
and alginate solutions, and the mass ratio of alginate to prebiotic. The
ranges of the process-independent variables are listed in Table 1.

Table 1. Ranges of Process-Independent Variables

the ranges of

independent variable variability
emulsifier concentration (%) 12,73
concentration of tapioca flour (prebiotic) solution 2,4,6
concentration of alginate solution (%) 2,34
mass ratio alginate to prebiotic (%) 1,273

Determination of Microdispersion Droplet Size. To deter-
mine the size of the microspheres obtained, the microdispersion was
analyzed using an optical microscope before centrifugation. For this
test, a small amount of the microdispersion was placed on a glass slide
and covered with a coverslip. Observations were made using a Motic
B1 Advanced Series microscope equipped with a digital camera. The
average + standard deviation (SD) droplet diameter for each sample
was determined on the basis of 200 measurements.

Viscosity Measurements. The rheological properties of the
obtained formulations were determined using a rotational rheometer
(Brookfield Model R/S Plus) at room temperature (25 °C), with a
shear rate of up to 500 s™', over 60 s.

Coating of Alginate Microspheres. The alginate microspheres
were coated with chitosan, gelatin, or hyaluronic acid. The pH values
of the coating solutions were checked using a Mettler Toledo Seven
Easy pH meter equipped with a glass Inlab 410 electrode. The
alginate microspheres were coated in accordance with the method-

https://doi.org/10.1021/acsami.4c10187
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Figure 1. Viable count (log CFU/mL) and pH of L. casei values ((a, b) respectively) of the samples containing different concentrations of tapioca
flour (error bars represent the SD of the related data). *p = 0.05—0.011; *¥p < 0.01; **#p < 0.001; **¥¥p < 0,0001.

ology of Krasaekoopt et al? and Zanjani et i Briefly, microspheres
(10 g) were immersed in 100 mL of each sterile solution (previously
autoclaved at 121 °C for 15 min), coated by stirring for 40 min using
a magnetic stirrer, separated by filtration, and rinsed with deionized
water.

Scanning Electron Microscopy (SEM) Analysis. The morphol-
ogy and cross-section of the obtained microspheres were observed
using a scanning electron microscope (Mira3-FEG-SEM, Tescan,
Brno-Kohoutovice, Czech Republic) with a one-pole emission
(Schottky emitter) equipped with an X-ray energy dispersive
spectrometer EDX (Oxford Instruments) and a cooling table
(Peltier), operated at a temperature of —30 °C. The samples for
SEM investigations were prepared bvy ra)pid freezing in liquid nitrogen
followed by freeze-drying for 24 iR

Fourier-Transform Infrared (FTIR) Analysis. To identify the
chemical structure of the microspheres, attenuated total reflection
Fourier-transform infrared (ATR-FTIR) spectrophotometry analysis
was performed using a Thermo Scientific Nicolet iSS FTIR
spectrometer equipped with an iD7 ATR accessory. The lyophilized
microspheres were meshed and mounted onto the ATR crystal for
analysis. The infrared spectra were recorded at wavelengths between
400 and 4000 cm™.

Raman Spectroscopy Analysis. To confirm the success of the
biopolymer coating, Raman spectroscopy was used. All Raman
measurements were performed by using a WITec a 300R
spectrometer equipped with a confocal microscope, TrueSurface
attachment, and charge-coupled device (CCD) detector. For this
purpose, a laser line with excitation at a wavelength of 532 nm, an air
lens with a magnification of 50X, and a numerical aperture of 0.75
were used. The radiation power at the focus point was 15—17 mW,
and the spectral resolution of the collected spectra was approximately
4 cm™'. For single spectra recorded for standards and uncoated
microspheres, the following parameters were used: number of
accumulations, 20; accumulation time for one spectrum, 0.5 s. In
each case, three spectra were recorded and then averaged within a
given sample.

Assessment of the L. casei Strain Viability and the
Effectiveness of Its Encapsulation. To determine bacterial
viability (spheres AMs, APMs, and APMs coated with various
substances) and the encapsulation effectiveness (spheres APMs in the

DOE experiment), a previously described method was used."’ To
count trapped bacteria, 1 g of spheres was added to 9 mL of 2% (w/v)
sterile sodium citrate at a concentration of 0.2 mol/L (pH 6.0), and
the mixture was stirred for 10 min. Next, serial dilutions were
prepared, and the obtained solutions were inoculated using the pour
plate method (1 mL) on MRS agar plates. Viable cells were counted
from the number of colonies after being incubated for 72 h at 37 °C
under aerobic conditions. All tests were performed in triplicate,
maintaining the principles of sterility. The results are presented as the
logarithm of colony-forming units per gram (log CFU g™') and as a
survival percentage.

The microencapsulation efficiency (EE) (%) of L. casei was
calculated from eq 1 and presented as the percentage log CFU g~'.**

EE (%) = (N/No) X 100 (1)

In the formula, N stands for the number of bacterial cells trapped in
the microspheres and No stands for the number of free L. casei cells
added during encapsulation.'***

Statistical Analysis. All data concerning the mean droplet size
and viscosity of formulations, assessments of the effect of flour
concentration on the growth of the strain, and the viability of the L.
casei strain in microspheres were presented as the mean of three
different experiments + SD. The differences between the calculated
means of each individual group were determined by one-way analysis
of variance (ANOVA) tests, using the statistical software Statistica
Version 12 StatSoft Company (Krakéw, Poland), and GraphPad
Prism. A value of p < 0.05 was considered statistically significant.

B RESULTS AND DISCUSSION

Effect of Various Concentrations of Tapioca Flour on
the Growth of the L. casei Strain. The effects of various
concentrations (0.5, 1, 2, 4, and 5%) of tapioca flour on the
growth of the L. casei strain and pH changes during MRS broth
fermentation are presented in Figure lab, respectively. An
increase in the concentration of flour has a positive effect on
the growth of the probiotic strain, but causes a decrease in the
pH of the growth medium.

The most intense growth of the strain took place when the
concentration of flour in the medium was 1 and 2%. The

52880 https://doi.org/10.1021/acsami4c10187
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Table 2. Matrix Showing the Experimental Design for Microsphere Composition and the Experimental Data Obtained for the

Dependent Variables

independent variables

dependent variables

sample  cemulsifier  cprebiotic  calginate mass ratio alginate to
no. (%) %) (g%) prebiotic (%)
25 3.0 6.0 2.0 3
1 1.0 2.0 2.0 1
22 3.0 4.0 2.0 1
4 1.0 4.0 2.0 3
19 3.0 2.0 2.0 2
20 3.0 2.0 3.0 1
11 2.0 2.0 3.0 2
15 2.0 4.0 4.0 3
7 1.0 6.0 2.0 2
16 2.0 6.0 2.0 1
12 2.0 2.0 4.0 1
13 2.0 4.0 2.0 2
6 1.0 4.0 4.0 1
10 2.0 2.0 2.0 3
28 20 4.0 3.0 2
18 2.0 6.0 4.0 2
2 1.0 2.0 3.0 3
27 3.0 6.0 4.0 1
21 3.0 2.0 4.0 3
24 3.0 4.0 4.0 2
26 3.0 6.0 3.0 2
23 3.0 4.0 3.0 3
3 1.0 2.0 4.0 2
1.0 6.0 4.0 3
8 1.0 6.0 3.0 1
17 2.0 6.0 3.0 3
14 2.0 6.0 3.0 1
S 1.0 6.0 3.0 2

EE after 24 h viability after 7 days
viscosity (Pas)  size (um) (log CFU/g) (log CEU/g)
1.175 £ 0.12 378§ 943 £ 0.20 9.3 £ 0.20
0.550 + 0.04 30+2 9.13 £ 0.25 8.6 + 0.12
0.720 + 0.04 109 + 12 8.54 + 0.10 2.4 + 0.10

1.685 + 0.10 9 +9 8.43 + 0.10 0

0.910 + 0.08 ST£7 7.84 + 0.15 7.7 £ 0.12
0.580 + 0.06 48 +6 8.44 + 0.16 82 + 0.15
1185 + 0.09 67 + 6 8.45 + 0.17 8.2 + 0.15
2.823 + 0.17 48 =7 9.24 £ 0.10 6.1 + 0.10
1.123 + 0.12 101 + 15 9.08 + 0.16 84 + 0.12
1.304 + 0.08 7 %8 8.45 +0.20 8.5 + 1.12
1661 + 0.14 36+ 1 941 +0.13 9.2 + 0.10
0.783 + 0.05 46 + 4 9.6 +0.11 5.7 £ 015
2.751 £ 0.18 164 + 17 924 £ 0.12 49 £ 0.13
0.929 + 0.08 46 + 3 8.8 £ 0.15 8.1 +0.18
1.322 + 0.12 74+ 8 9.11 £ 0.15 4.8 +0.12
2.617 + 0.17 P il 8.18 + 0.18 8.5 + 0.10
1.480 + 0.09 313 8.45 + 0.20 8.3 + 0.15
2.890 + 0.20 41 +2 8.13 + 0.17 8.1 + 0.11
2617 + 0.23 26 +3 7.89 £ 0.25 7.8 £ 0.25
2.760 + 0.12 42 + 4 8.01 + 0.15 32 +0.10
1.580 + 0.08 43+ 4 821 £0.15 7.8 £ 0.12
1.720 + 0.05 44 +5 8.14 £ 0.12 5.5 £ 0.15
2513 £ 0.17 S9+6 9.44 £+ 0.10 84 £ 0.11
3290 + 0.24 104 + 15 7.99 + 0.18 23 +0.10
118§ + 0.07 64 + 7 9.34 £ 0.11 S.1+0.14
1.627 + 0.07 38+3 8.55 + 0.14 0

1.815 + 0.02 56 +7 8.16 + 0.15 72 £ 0.15
1712 + 0.05 42 +6 8.58 + 0.20 0

concentration of L. casei was then equal to 14.39 and 15.79 log
CFU/mL, respectively. Thus, it is higher than the concen-
tration of L. casei cells in the control (sample without flour:
10.6 log CFU/mL) by 3.79 and $.19 log CFU/mL,
respectively. The samples mentioned above also had the
lowest pH values of 4.1 (flour concentration 1%) and 3.9
(flour concentration 2%). The less intense growth rate of L.
casei with the flour content of over 2% in an MRS medium can
be associated with the increased viscosity of the medium after
the addition of flour, as observed by Bustamante et al. after
using the additive of flaxseed mucus.*®

Tapioca flour is primarily composed of carbohydrates
(87.5%), mainly starch, and proteins (0.1%).>” Thus, it can
be a source of carbon during the process of growth and
development of L. casei bacteria in addition to glucose
contained in the MRS agar. The flour can also be a substrate
in the biosynthesis of organic acids such as lactic, propionic, or
formic acid.”® As the increased concentration of tapioca flour
results in the presence of more sugar compounds, bacterial
growth and their activity might be more affected, resulting in
higher concentrations of hydrogens ion and a reduction in the
pH of the MRS medium.”” The possibility of using
enzymatically hydrolyzed tapioca flour as a source of carbon
to promote growth of the Lactococcus lactis 10-1 (JCM7638)
strain and concurrently as a substrate for lactic acid
fermentation was previously suggested by Onet.”® Shamala
and Sreekantiah proposed similar conclusions and indicated
the possibility of utilizing unrefined tapioca flour in the

production of lactic acid and Lactobacillus plantarum biomass
for medical use.”” Based on the available data, bacteria of the
Lactobacillus genus, especially the species L. casei, L. plantarum,
and Lactobacillus acidophilus, have the ability to metabolize
various oligosaccharides, including starch, into simple sugars
and use them as a carbon source for growth and the synthesis
of organic acids.””**

Results of Experimental Design for Microsphere
Composition. The composition of alginate—prebiotic micro-
spheres was optimized using mathematical methods. The
viscosity, size, encapsulation efficiency, and viability after 7
days were classified as the output parameters. Table 2 shows
the specific values of process composition and the results of the
physicochemical analyses and viability over time of probiotic
bacteria.

Based on the graphs, it can be concluded that the parameters
with a statistically significant influence on the viscosity of the
obtained microspheres are the concentration of alginate
solution as a linear and square function (indicating the strong
influence of alginate concentration on viscosity), the
concentration of prebiotic solution, and the mass ratio of
alginate to prebiotic as a linear function (Figure 2a). Moreover,
the concentration of emulsifier (linear function) and
concentration of prebiotic solution (quadratic function) are
parameters that have a statistically significant influence on the
size of the microspheres (Figure 2b). For the input parameters
of encapsulation efficiency (EE) (Figure 2c) and viability after
7 days (Figure 2d), the statistically significant parameters are
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Figure 2. Pareto charts showing the influence of independent parameters on: (a) viscosity (Pa s), (b) size (um), (c) encapsulation efficiency (EE)

after 24 h (log CFU/g), and (d) viability after 7 days (log CFU/g).

the emulsifier concentration (linear function) and prebiotic
solution concentration (square function), respectively.

The next phase of the statistical analysis included the
approximation profiles. The approximation profiles are
presented in Figure 3 and show which values of the input
parameters achieve the most desirable values of the output
variables. The most desirable values are the smallest viscosity,
the size of the microspheres (to ensure that bacterial
encapsulation will be possible, i.e, not less than 1 ym), the
highest encapsulation efficiency, and the viability of probiotic
bacteria over time.

The analysis of the approximation profiles (Figure 3) shows
that the microspheres with the smallest viscosity (0.550 Pa s)
and size (26 ym) and the highest EE (9.6 log CFU/g) and
viability over time (9.3 log CFU/g) were obtained for the
lowest concentration of alginate solution (2%) and prebiotic
solution (2%), intermediate emulsifier concentration (2%),
and 1.5% mass ratio of alginate to prebiotic. The graphs also
show that the viscosity of the microspheres increases as the
concentration of alginate and prebiotic solutions and the mass
ratio of alginate to prebiotic are increased. The size of the
prebiotic microspheres decreases as the emulsifier concen-
tration increases. However, the efficiency of encapsulation also
decreases, which is in contrast to the expected effect.
Additionally, when the mass ratio of alginate to prebiotic is
increased, the EE and bacterial viability decreased over time.

Figure 4 shows the surface response plots for the most
desirable microsphere composition, i.e.,, emulsifier and pre-
biotic concentrations, and alginate and prebiotic concen-
trations; the range was extended by model calculations.

52882

The data presented in Figure 4 show that to obtain the
microspheres with the desired parameters, such as the smallest
droplet size and the lowest viscosity, and the highest EE and

viability over time of probiotic bacteria, the concentrations of
the emulsifier and prebiotic solution should be in the range of

1.0 to 2.5% and below 1.5%, respectively. However, in the case
of the influence of the concentrations of prebiotic and alginate
solutions on desirability, the most optimal values were in the
ranges of 1.8—2.2 and 1.5—1.6%, respectively.

Based on the design of experiments (DOE) results, the
alginate—prebiotic microspheres (Table 3) were prepared as

well as other coatings. Additionally, optical micrographs of

alginate—prebiotic microspheres containing probiotic L. casei
are shown in Figure 5.

SEM Analysis. The surface morphology and cross-section
of alginate microspheres reference sample'’ and alginate—
prebiotic microspheres were analyzed using scanning electron
microscopy (SEM) (Figure 6).

The alginate microspheres (Figure 6a) were generally
spherical with a wrinkled surface.'"*> The wrinkled surface
was probably a result of the water content lost during the
freeze-drying process.”*~* Dolly et al.** reported that during
the lyophilization of polysaccharide hydrogel spheres, ice
crystals were formed at the low temperatures to which the
spheres were exposed to during preparation for freeze-drying.
After sublimation of the ice crystals under reduced pressure, a
porous, dry, and spongy matrix is formed. In turn, Fareez et
al.”’ linked surface irregularities of the particles to higher
concentrations of polymer in specific regions of the closed
spheres. The addition of tapioca flour did not change the shape
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Figure 3. Approximation profiles for the influence of independent parameters on: viscosity [Paes], size [um], encapsulation efficiency after 24 h
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Figure 4. Response surface plots for the desirability with respect to (a) emulsifier and prebiotic concentration and (b) alginate and prebiotic

concentration.

Table 3. Input and Output Parameters for the Optimal Composition of Alginate—Prebiotic Microspheres

(%) ) (%)
1.0 2.0 2.0

mass ratio alginate to
prebiotic (%)

LS

Ty

0.530 £ 0.1

52883

size (ﬂm)
30.00 + 4.25

EE after 24 h
(log CFU/g)

931 £ 02

viability after 7 days
(log CFU/g)

9.06 + 0.4
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Figure 5. Alginate—prebiotic microspheres containing L. casei probiotic before freeze-drying, (a) structure of microsphere, (b) microsphere with

encapsulated L. casei.

or size of the microparticles (Figure 6b). However, the
addition of a prebiotic source had a positive effect on the
modification of the surface of the microspheres; consequently,
the porous structure was smoothed and the alginate micro-
particles became more sealed.

The structure of alginate and alginate—prebiotic micro-
spheres with encapsulated L. casei is presented in Figure 7. As
can be seen, in both cases (Figure 7a,b), microorganisms were
present in the sphere (marked with an arrow).

FTIR Analysis. The FTIR spectra of alginate, tapioca flour,
and L. casei-containing microsphere were used to detect
functional groups that may illustrate various interactions
between molecules (Figure 8).

A broad peak at approximately 3252 cm™" appears in the
plane of the sodium alginate powder, which relates to the O—
H stretching vibration. The peak near 1592 cm™ is related to
the asymmetric stretching of the —C=O of the carboxyl
group, and the peak near 1405 cm™ is related to the
symmetrical stretching of the COO group. The peaks at
approximately 1020 cm™" correspond to the hydrogen and C—
H bonds, respectively. The vibration absorption bands at
1000—-850 cm™' arise from the C—H bonds of the
monosaccharides.****

In the spectrum of tapioca flour, characteristic FTIR
absorption peaks were observed, e.g, at 927, 993, 1149,
1335, and 3287 cm™'. The infrared absorption at approx-
imately 925 cm™" was attributed to glycosidic bonds in starches
and asymmetric C—O—C stretching,"’ The peak at 993 cm™
was associated with the C—OH bending vibration. The
absorption peak at 1149 cm™ was probably a result of the
C—0 and C—C stretching coupling, whereas the peak at 1076
em™ could be attributed to the C—O—H bending mode.
Moreover, the slight peaks between 1149 and 1076 cm™ may
be due to the amylopectin content of the starch granules,
which depends on the type of starch. In addition, the infrared
band at 1335 cm™ may have originated from CH, bending.
The FTIR spectra of starch show the C—H stretching mode in
the range of 2800—3000 cm™" and the O—H stretching mode
in the range of 3000-3600 cm™"*"** The O—H stretching
mode of starch was observed at 3287 cm™" whereas the C—H
stretching mode was approximately 2929 em™.

FTIR spectra of alginate—tapioca flour microspheres with
entrapped probiotic cells contained slightly shifted, typical
polysaccharide vibrational bands with characteristic alginate
bands in the regions of 3224, 1456, and 1072 cm™. The
spectrum also includes bands typical of tapioca flour: 2934,

1

1632, and 1072 cm™. A broad and strong absorption band
appears at approximately 3600—3200 cm™" in both composite
materials and is slightly shifted in the microspheres containing
probiotic bacteria, suggesting that hydrogen bonds may play an
important role in the formation of the biocomposite. The new
sharp peak at 1740 cm™ may be related to the amide bonds
found in probiotic cellular proteins.'” The intense bands at
1740 and 1632 cm™ are also associated with amide band I
(C=0 stretching vibrations) of functional groups from
endogenous proteins and amide band II (angle deformation
C—N-H in the plane and C—N segment of probiotic cellular
proteins).'”** The ATR-FTIR spectrum of probiotic-loaded
microspheres contained a peak at ~1072 cm™, which was
identified in the literature as stretching vibrations from the
phosphoric acid groups in the nucleic acids. Absorption in the
range from 1200 to 900 cm™" can be attributed to symmetrical
stretching vibrations of the phospho-oxygen (P—O) phospho-
dioxy group (PO,—), as well as deformation vibrations of C—
O—C of polysaccharides belonging to the glycoproteins of the
cell membrane and lipopolysaccharides of the membrane of
probiotic cells.”>** The band at 831 cm™ is in the region of
900—700 cm™". This region is considered the true fingerprint
region because it contains very specific and weak spectral
patterns showing the vibrations of the aromatic ring of
aromatic amino acids (tryptophan, tyrosine, phenylalanine)
and nucleotides.** Absorption in this region is related to the
presence of cellular material in the encapsulated probiotic cells.

Coating of Alginate—Prebiotic Microspheres. To
encapsulate living cells, a neutral pH is most appropriate, as
it does not damage the cellular structures. However, acid-
tolerant cultures, such as lactic acid bacteria, can be
immobilized in the lower pH range, down to pH 5.'"*
Moreover it should be noticed that despite the addition of a
prebiotic, the porous structure of microspheres was smoothed
and the alginate microparticles were sealed, showing that
tapioca flour is the most useful food ingredient for
encapsulating prebiotics and stimulating their growth. There-
fore, solutions of biopolymers with slightly acidic pH, such as
gelatin, chitosan, and hyaluronic acid, were prepared to coat
the microspheres and further seal their structure. Table 4
shows the pH of the solutions used to coat the microspheres
containing L. casei bacteria and the particle size distribution of
the resulting microspheres.

The mean diameter of the microspheres without the
additional coating layer was 30.1 + 2.2 ym. The additional
coating agents slightly increased the size of the microspheres.
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Figure 6. SEM micrographs of cross sections of freeze-dried (a) alginate microspheres (reference sample) and (b) alginate—tapioca flour

microspheres.

This is consistent with other literature reports.** In our case, a
slight increase in the size of the spheres resulted from the
coating. Koo et al."” reported that the shape and size of the
beads did not change significantly when chitosan was added as
a coating agent to alginate beads. Micron-sized spheres have
been prepared in several reports to provide a soft texture when
added to other products such as food.**** In other reports of
spheres obtained by the emulsification technique, the sizes are

much larger (>100 ym). The mean diameter of microspheres
without additional chitosan coating was 92 + 1.709 ym in the
study of Zanjani et al,”' whereas that of chitosan-coated
microspheres was much larger, at 124 + 1.96 ym. In our study,
the obtained microparticles had a size of less than 40 um,
despite the biopolymer coating.

Raman Spectroscopy Analysis. Raman images (usually
50 X S0 um? in size) were collected with a sampling density of

https://doi.org/10.1021/acsami.4c10187
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Figure 7. SEM micrographs of the structure of freeze-dried (a) alginate microspheres with encapsulated L. casei and (b) alginate—tapioca flour
microspheres with encapsulated L. casei.

1 pm in the x, y plane and a spectral accumulation time of 0.5 spectra. In the next step, a chemometric analysis (k-means
s. Within each sample, Raman images were recorded, which cluster analysis, KMC) was performed to group similar spectra
were then subjected to routine processing consisting of into classes. In the KMC analysis, pixels within the same class
removing cosmic rays and correcting the baseline of the were coded with the same color, and the spectra of a given
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Figure 8. FTIR of plain sodium alginate, plain tapioca flour (prebiotic
source), and alginate—prebiotic microspheres with L. casei.

Table 4. pH of Coating Solutions and the Particle Size
Distribution of Microspheres

coating material pH particle size [pm]
uncoated 30.1 +£22
chitosan 5.73 375 + 3.6
gelatin 5.36 326 + 2.1
hyaluronic acid 5.51 346 + 1.6

class were averaged. The background area (outside the
microcapsule) is coded in black.

Figure 9 presents the averaged spectra of the standards along
with the average spectrum recorded for the sample containing
uncoated microspheres. In the average spectrum of uncoated
microspheres, there are intense and well-separated bands at
positions 1302, 1444, and 1655, and a wide band in the range
from 2800 to 3050 cm™'. In the case of standard spectra,
marker bands are indicated in Figure 9, which could be used to
identify them in the analysis of coated microspheres (as these
bands are not present in the spectrum of uncoated micro-
spheres). Hyaluronic acid can be identified based on the bands
found at positions 899, 948, and 1375, whereas chitosan is
identified mainly on the band at 1375 cm™. Gelatin is
characterized by a set of bands at 1252, 1452, 1671, and 2942
em™". Owing to the overlappin§ of the bands in the so-called
“high range” (2800—3050 cm™) for the spectra of standards
and uncoated microspheres, this region was not taken into
account during the analysis.

Raman images for coated microspheres were collected for
well-isolated objects that were approximately spherical and
without visible damage. In the case of all tested microspheres
coated with hyaluronic acid (Figure 10), the KMC analysis
enabled the separation of two classes within the studied
objects, one covering the greater part of the mapped surface
containing the central part of the microsphere (colored red)
and the other located on the edges (coded in green). The
spectrum of the class separated at the edges of the
microspheres contains distinct bands at approximately 890,
950, and 1375 cm™', which may be attributable to hyaluronic
acid (they are not present in the spectrum recorded for the
sample containing uncoated microspheres). The red class
spectrum also contains these bands, but they are less intense,
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Figure 9. Comparison of the average spectra of standards of
hyaluronic acid, chitosan, and gelatin with the average spectrum of
uncoated microspheres. The characteristic bands are marked on the
spectra of the standards.

which is related to the focal plane and the volume from which
the spectrum is collected in each pixel.

Similar results were obtained for chitosan-coated micro-
spheres (Figure 11). In the case of two out of three objects, the
chemometric analysis revealed two classes with different
spectral profiles: the boundary layer (colored yellow) and
the larger-area middle layer (coded in blue). The spectrum of
the blue class is similar to the spectrum from the sample
containing uncoated microspheres; it is difficult to find bands
indicating the presence of chitosan. However, the spectrum of
the yellow class (the edge of the microspheres) has a low
intensity band located at 1375 cm™. This band is also present
in the chitosan standard spectrum, which may indicate the
presence of this compound on the surface of two of three
imaged microspheres.

The third sample tested contained gelatin-coated micro-
spheres (Figure 12). In the case of this sample, owing to the
high similarity of the spectra recorded within the tested
objects, only one class was distinguished based on the KMC
analysis. The average spectrum from this class is similar to the
spectrum recorded for the sample of uncoated microspheres;
there are no visible bands characteristic of the gelatin standard
spectrum.

The bacteria (size 1-3 um) are retained quite well in the
alginate gel matrix. However, these microspheres have a porous
structure (Figure 6a). The addition of tapioca flour reduces the
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Figure 10. Raman mapping results for selected microspheres coated with hyaluronic acid: images with measurement areas marked (A) with KMC
analysis (B) and average spectra for classes (spectral colors correspond to class colors in KMC images) compared with the standard spectrum (C).
Bands indicating the presence of hyaluronic acid on the surface of the microspheres are marked as a green area.
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Figure 11. Raman mapping results for selected chitosan-coated microspheres: images with measurement areas marked (A) with KMC analysis (B)
and average spectra for the classes (the colors of the spectra correspond to the colors of the classes in the KMC images) compared with the
standard spectrum (C). A band indicating the presence of chitosan on the surface of the microspheres is marked in yellow.

pores and smooths the surface of the microspheres (Figure disintegration in the presence of excess monovalent ions, Ca>*
6b). Conversely, alginate microparticles are susceptible to chelating agents, and harsh chemical environments.” It is
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Figure 12. Raman mapping results for selected gelatin-coated microspheres: images with measurement areas marked (A) along with KMC analysis
(B) and the average spectrum of the microsphere compared to the gelatin standard (C). In the microspheres spectra, there are no visible bands

indicating the presence of gelatin on their surface.

reported that the cross-linked alginate matrix system at low pH
reduces the molecular weight of alginate, causing faster
degradation and release of active ingredients.”’ Therefore,
the use of another anionic agent coating the surface of the
microspheres (in our case, hyaluronic acid) can prevent the
degradation of alginate structures, thereby contributing to the
increased stability of the microspheres under the influence of
unfavorable conditions. Additionally, the use of tapioca flour
may reduce the repulsion between polymers and thus improve
the cross-linking of the coated structures.

Coating alginate microspheres with chitosan is well
established in the scientific literature. Dropping alginate
solution into a solutlon containing a mixture of calcium
chloride and chitosan®' or soaking alginate beads in this
solution®” creates chitosan-coated alginate beads, resulting in a
polyelectrolyte complex. In the research of Zhou et al,” the
use of chitosan coating reduced cell release by 40%.

The advantages of gelatin include its ability to form
membranes, probiotic biocompatibility, and nontoxicity. Addi-
tionally, gelatin and sodium alginate can form a strong complex
arising from the electrostatic interactions between the amlde
group of gelatin and the carboxyl groups of alginate.’
However, in the case of gelatin, the effectiveness of the
coating cannot be clearly determined. The peaks are at similar
lengths with respect to uncoated microspheres, but a second
peak is visible at a length of approximately 1671 cm™". In some
reports, gelatin is described with a characteristic peak at 1639
em™,>* so the spheres may also be coated with gelatin, but this
cannot be confirmed. Additionally, the pH of the coating
solution could have influenced the quality of the coating. The
isoelectric point of gelatin is approximately 7—9; thus, under
neutral pH conditions, it has a positive charge,’® and the

coating solution used has a slightly acidic pH, which may also
affect the quality of the coating.

Survival of the Encapsulated L. casei Strain During
Storage. Literature studies indicate that encapsulation of
probiotic bacteria leads to significantly higher viability
compared with free cells. In the study conducted by
Dimitrellou et al.,”” the strain L. casei ATCC 393 was
encapsulated in alginate capsules for the production of
probiotic fermented milk. As a result, high bacterial survival
(7.13 log CFU g') was obtained as a result of storing the
product at 4 °C for 4 weeks. The results are in agreement w1th
those of other research groups. Karkar and co-workers™
encapsulated the probiotic bacteria L. casei and L. acidophilus in
oleaster flour, which is rich in phenolic compounds and has
potential prebiotic properties, and then stored at —24 °C for
28 days. As a result of storage, the viability for L. casei bacteria
was less than 20%. Similar results were also obtained by
Hadzieva et al.*” L. casei bacteria were encapsulated in a soy
protein isolate and sodium alginate. As a result of micro-
encapsulation, the survival rate of L. casei was 82% during
storage for 4 months at 4 °C. However, the survival studies
over time were conducted at low temperatures (4 and —24
°C).

Therefore, to increase the survival of probiotic strains at
room temperature, in addition to the prebiotic source,
additional coating of the spheres can be used.”” Such
blogolymers include chitosan,>®" poly-L- -lysine, 2082 gela-

e Eudraglt L100-55,° Eudragit $100,°> maltodextrin,**
and collagen. > Therefore, we aimed to determine whether the
addition of tapioca flour at a concentration of 2% as a source of
prebiotic and the use of coating with chitosan, gelatin, or
hyaluronic acid significantly affected the survival of the L. casei
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strain and its viability in spheres during storage at room
temperature.

In the first stage of the study, the survival of the L. casei
strain encapsulated in alginate microspheres (AMs), alginate
microspheres enriched with prebiotics (AMPs), and alginate
microspheres with prebiotics additionally covered with various
substances (APMs chitosan, APMs gelatin, APMs hyaluronic
acid) was assessed. Survival was assessed immediately after
capsule production and after 7 and 30 days of storage, and the
results obtained were expressed as log CFU g™ (Figure 13).
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Figure 13. Comparison of the viability of encapsulated L. casei in
alginate microspheres (reference sample), alginate—prebiotic micro-
spheres (AMPs), and AMPs coated with chitosan, gelatin, and
hyaluronic acid during 30 days of storage at room temperature. *p =
0.05—0.011; **p < 0.01; **#¥p < 0.001; ****p < 0.0001.

The initial density of the L. casei strain suspension used to
obtain spheres was 8.1 log CFU g™'. Immediately after
receiving the spheres, the highest survival of the L. casei strain
was observed for APMs and AMs spheres, of 7.31 and 7.01 log
CFU g, respectively. Slightly lower survival values were
observed for APMs spheres coated with other substances: 4.97
log CFU g' (APMs chitosan coated), 6.11 log CFU g™
(APMs gelatin coated), and 6.05 log CFU g~' (APMs
hyaluronic acid coated).

After 7 days of storage at room temperature, the survival rate
of the probiotic strain decreased to 6.32 log CFU g™! in APMs
spheres and 6.22 log CFU g' in AMs spheres. For the
remaining spheres, the survival rates of L. casei were 4.41 log
CFU g™ (APMs chitosan coated), 5.37 log CFU g™ (APMs
gelatin coated), and 5.27 log CFU g™' (APMs hyaluronic acid
coated).

After 1 month of storage, a significant change in the survival
of the L. casei strain was compared with the results of fresh
spheres and after 7 days of storage. The highest survival rate of
the probiotic strain was recorded for APMs hyaluronic acid-
coated spheres, of 548 log CFU g~'. Slightly lower strain
survival was found in APMs gelatin-coated spheres of 5.34 log
CFU g% In the case of the remaining spheres, the obtained
survival values were as follows: 3.99 log CFU g™' (AMs), 4.84
log CFU g, and 4.94 log CFU g™' (APMs chitosan coated).

We also assessed how the percentage viability of the strain
encapsulated changed after 7 and 30 days of storage compared
to the viability immediately after sphere production (100%
viability) (Figure 14).

After 7 days of storage, the highest viability of the L. casei
strain was found in the case of APMs chitosan coated, APMs

~ AMs
AMPs
—— AMPs chitosan coated
80 - AMPs gelatin coated
AMPs hyaluronic acid coated
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0 1'0 2'0 30
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Figure 14. Survival rates of L. casei in AMs, AMPs, AMPs chitosan-,

gelatin-, and hyaluronic acid-coated microspheres over 30 days of
storage at room temperature.

hyaluronic acid coated, and AMs spheres, with values of 93.8,
90.4, and 89.9%, respectively. The viability of the strain in
other spheres was slightly lower (88.6% for APMs gelatin-
coated spheres and 86% for AMPs spheres).

Extending the storage period to 30 days resulted in a 10.96%
reduction in the viability of the L. casei strain in the case of
APMs hyaluronic acid-coated spheres and a 12.1% reduction in
the case of APMs gelatin-coated spheres compared with the
initial value. In the remaining spheres, a much higher reduction
in survival values was found: 16.81% (APMs chitosan coated),
34.4% (AMPs), and 44.4% (AMs).

The obtained results therefore indicate that the addition of a
prebiotic and the coating of microspheres with gelatin and
hyaluronic acid significantly affected the survival rate (survival
rate of $.48—5.34 log CFU g™') as well as maintaining the
viability of the probiotic strain (viability rate of 89—87.9%)
during long-term storage. The effect of chitosan was slightly
less effective than hyaluronic acid or gelatin. The obtained
strain survival results for chitosan-coated spheres after 1 month
of storage were similar to those for prebiotic spheres (survival
of 4.84—4.94 log CFU g™'). The use of chitosan coating
allowed the viability of L. casei to be maintained at 83.2%; for
probiotic spheres, this value was 65.6%.

The effectiveness of gelatin coating was already reported by
da Conceicio et al.>* They encapsulated two probiotic strains
of Lactobacillus paracasei (LBC 81 and ELBAL) with
fructooligosaccharides (FOS) as a prebiotic in a calcium
alginate matrix using extrusion technology with gelatin as a
coating material. Both strains were characterized by high
viability under the tested stress conditions, such as a simulated
gastrointestinal environment and low-temperature storage.
Previous research has also shown that an alginate matrix
coated with gelatin can improve the survival of probiotic
bacteria in unfavorable conditions.**”

Several studies have shown that low-molecular-weight
chitosan is effective as a microcapsule coating agent despite
its antimicrobial properties.”"

The research of Erdelyi et al.*" into the development of a
probiotic preparation for animals in the form of chitosan-
coated microspheres containing strains of the genus
Bifidobacterium and Lactobacillus showed lower resistance to
stress conditions (heat) and lower viability of the strains
compared with uncoated microspheres. Our research has
shown that coating microspheres with chitosan can increase
the viability of the L. casei strain without significantly affecting
its survival over 30 days of storage. It should therefore be
noted that encapsulating different strains of bacteria can
present different behaviors.”” Coating alginate beads with
chitosan has been found to create a complexation between the
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two materials, resulting in important properties such as
reduced porosity, decreased encapsulated bacteria leakage,
and high stability across varying pH ranges. This is because the
negatively charged alginate interacts with the positively
charged chitosan, forming a semipermeable membrane.”’

According to available literature data, no work has examined
the use of hyaluronic acid to coat AMs containing probiotic
bacteria. However, hyaluronic acid has been used as a
substance for coencapsulation of AMs for potential use as
vehicles for drug delivery to the lungs.*”’* In the study by
Ratanavaraporn et al,*® the use of hybrid alginate/hyaluronic
acid spheres as a carrier for gentamicin was also described,
which resulted in sustained release of the antibiotic. Moreover,
in the work of Caiiibano-Hernandez et al,” hybrid alginate—
hyaluronic acid microspheres were used to encapsulate insulin-
producing cells. According to their study, the inclusion of
hyaluronic acid in AMs resulted in an increase in the viability
of insulin-producing pancreatic islet cells, reducing the
percentage of cells displaying early apoptosis and membrane
damage. The studies presented in this article showed that
hyaluronic acid has the greatest impact (89%) on improving
the viability of L. casei during storage.

The differences in the survival and viability of probiotic
bacteria in microspheres coated with hyaluronic acid, gelatin,
and chitosan may result from the antibacterial properties of
chitosan. Chitosan and chitosan derivatives have a killing effect
on various species of microorganisms by neutralizing the
negative charges on their surface.”*”* According to No,”> MIC
values of chitosan with molecular weights in the range from
224 to 28 kDa for three strains of probiotic bacteria of the
Lactobacillus genus were as follows: L. plantarum (0.05—
0.05%), Lactobacillus brevis (>0.1—0.08%), and Lactobacillus
bulgaricus (0.1—0.1%).

B CONCLUSIONS

In this study, alginate—tapioca flour microspheres coated with
different biopolymers, such as hyaluronic acid, chitosan, and
gelatin, were obtained. The use of microencapsulation
techniques, such as emulsification, obtained microcarriers
that were smaller than 40 ym in size. The addition of
prebiotics and biopolymer coating of the microspheres,
especially with hyaluronic acid and chitosan, made their
structure more smooth and sealed, which strongly affected the
survival and viability of the encapsulated probiotic strain (L.
casei bacteria) during long-term storage. The highest survival
rate of the probiotic strain was recorded for alginate—tapioca
flour microspheres covered with hyaluronic acid and
maintained the viability of L. casei at 89% during storage for
30 days compared with a value of 65.6% for uncoated probiotic
spheres. Considering these promising results, microcarriers of
live bacteria are significant for use in cosmetic products. The
use of probiotics in topical preparations can be an alternative
or supplement for skin affected by inflammation, including
atopic dermatitis or dry or sensitive skin. Restoring the balance
of the bacterial microflora of the skin will translate into the
proper functioning of the skin barrier and the reduction of
inflammation related to the disruption of skin barrier integrity
and the multiplication of pathogenic bacteria. Therefore,
further in vitro and in vivo studies are necessary to confirm the
potential benefits for the skin.
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Opis wynalazku

Przedmiotem wynalazku jest sposob otrzymywania mikrokapsutek zawierajacych bakterie pro-
biotyczne zamknigte wewnatrz kapsutki wytworzonej z naturalnego polimeru na przyktad alginianu z alg
brunatnych.

Mikrokapsutkowanie, czy tez mikroenkapsulacja, jest procesem polegajacym na powlekaniu lub
zamykaniu danego materiatu lub mieszaniny materiatéw wewnatrz otoczki (membrany), ktérg stanowi
okreslony materiat lub uktad. Zazwyczaj materiaty te réznig sie wtasciwosciami fizyko-chemicznymi, to-
tez w wyniku mikroenkapsulacji otrzymywany jest produkt kompozytowy — mikrokapsutki, ztozone
z rdzenia oraz otoczki o réznej charakterystyce materiatowej. Istnieje wiele metod mikroenkapsulacji,
ktére mozna podzieli¢ na dwie gtéwne grupy: procesy chemiczne (np. koacerwacja, polimeryzacja mie-
dzyfazowa lub in situ) oraz procesy mechaniczne lub fizyczne (np. suszenie rozpytowe, enkapsulacja
mikroprzeptywowa, wyttaczanie wirowe, technologia wibracji dysz).

Najczesciej stosowanymi w enkapsulacji biomateriatami sg resorbowalne materiaty polimerowe
naturalne i syntetyczne, wsrod ktérych wyrézni¢ nalezy dwie grupy: polisacharydy, w tym alginian, chi-
tozan; oraz poliestry alifatyczne, takie jak polilaktyd (PLA), poliglikolid (PGA), kopolimer polilaktyd-gli-
kolid (PLGA). Mikrokapsutki alginianowe stanowig biokompatybilne, biodegradowalne i nietoksyczne
systemy dostarczania substancji aktywnych. Surowcem stosowanym do otrzymywania mikrosfer sg al-
giniany, polisacharydy pozyskiwane z alg morskich, zbudowane z potgczonych wigzaniem glikozydo-
wym czgsteczek kwasu D-mannuronowego i kwasu L-guluronowego. Ze wzgledu na biokompatybilno$¢
i nietoksycznos$¢ alginiany znalazly zastosowanie, jako nosniki substanciji aktywnych, przy czym wyko-
rzystywane sg w formie mikrozeli, mikrokapsutek i mikrosfer. Najczesciej stosowane sg w przemysle
spozywczym i farmaceutycznym. Do popularnych metod otrzymywania kapsutek alginianowych nalezg
techniki takie jak: ekstruzja (wyttaczanie), emulsyfikacja oraz suszenie rozpytowe.

W stanie techniki znane jest rozwigzanie bedace przedmiotem zgtoszenia patentowego
P.395685, ktére dotyczy sposobu wytwarzania mikrokapsutek zelowych i charakteryzuje sie tym, ze do
komory wprowadzane sg réwnoczesnie i rozpylane na siebie co najmniej dwa strumienie gazozoli, z kt6-
rych jeden stanowi mieszanine zelujgcego sktadnika bedacego Sciankg mikrokapsutki i substancji za-
mykanej, a drugi zawiera substancje wchodzgce w reakcje utwardzania — zelowania scianki mikrokap-
sutki, przy czym wielkos¢ czastek faz rozproszonych w gazie nie moze byc¢ wigksza niz 100 pm.

Z amerykanskiego zgtoszenia patentowego US 2009/0098628 rowniez jako EP1702058B1 znana
jest metoda i urzadzenie do wytwarzania mikrokapsutek zawierajgcych drobnoustroje. Charaktery-
styczng cechg tego rozwigzania jest formowanie kropel kontaktujgcych sie z lustrem cieczy za pomocg
porowatej przegrody.

Z amerykanskiego opisu patentowego US 6 033 888 znany jest proces mikrokapsutkowania ko-
morek drobnoustrojow, ktdry polega na rozpraszaniu zestalanych kropel przy uzyciu ultradzwigkdw.
Tworcy rozwigzania opracowali nowy proces, ktéry wzmocnit mikrokapsutki alginianu i ich tolerancje na
kontakt z inng substancjag — cytrynianem, jednak i w tym procesie tworzy kropelki alginianu o odpowied-
niej wielkosci, ktére nastepnie wprowadza sie na odpowiednig gtebokos¢ do roztworu zelujgcego.

Znany z polskiego opisu patentowego PL235870 sposob wytwarzania mikrokapsutek typu
rdzen/otoczka modyfikowanych tlenkiem grafenu, w technologii wspétosiowego wyttaczania z wykorzy-
staniem technologii wibracji dysz oraz elektrostatycznego rozpraszania uformowanych kropel, charak-
teryzuje sie tym, ze sporzadza sie wodny roztwdr alginianu o stezeniu od 0,01% (w/o) do 30,0% (w/0),
z dodatkiem tlenku grafenu w ilosci od 0,01% (w/o) do 10,0% (w/o) w stosunku do objgtosci roztworu
alginianu, oraz emulsjg¢ z wodnego roztworu substancji biologicznie aktywnej oraz roztworu poliestru
w rozpuszczalniku organicznym, w ktorej poliester jest wybrany z grupy zawierajacej: polimery kwasu
mlekowego, polimery kwasu glikolowego, polimery kwasu e-kapronowego, i ich kopolimery, a rozpusz-
czalnikiem substancji biologicznie aktywnej jest roztwor soli fizjologicznej lub biologicznie dopuszczalny
bufor, zas stosunek fazy organicznej do fazy wodnej wynosi od 1:1 do 20:1, nastepnie z tego wodnego
roztworu oraz tej emulsji formuje sie mikrokapsutki, ktére sieciuje sie w wodnym roztworze chlorku wap-
nia lub chlorku strontu o stezeniu od 1 mM do 1 M, w czasie od 0,1 godziny do 24 godzin, po czym
mikrokapsutki ptucze sie woda, zamraza sie i liofilizuje.

W zgtoszeniu WO2015019307 przedstawiono mikrokapsutki do ochrony probiotykdw i sposoby
ich wytwarzania. W niektorych postaciach mikrokapsutki wedtug zgtoszenia stosuje sie do dostarczania
probiotykéw, kombinacji probiotykéw i prebiotykdw i/lub synbiotykdw przez zotadek ssaka do jego dol-
nego odcinka przewodu pokarmowego. W niektorych przyktadach wykonania mikrokapsutki zawierajg
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biopolimer i biatko pochodzenia roslinnego. W niektorych przyktadach wykonania mikrokapsuiki obej-
mujg jako biopolimer alginian, jotakaragen lub deacylowang gume gellan. W niektérych przyktadach
wykonania mikrokapsutki zawierajg biatko z ciecierzycy, biatko z grochu lub biatko sojowe jako biatko
pochodzenia roslinnego. Emulsje zawierajacg biopolimer, biatko pochodzenia roslinnego i materiat pro-
biotyczny do kapsutkowania mozna poddac sieciowaniu w celu utworzenia mikrokapsutki.

Z amerykanskiego opisu patentowego US 11123384 znane sg mikrokapsutkowane bakterie pro-
biotyczne chronione przed degradacjg przez kwasne roztwory wodne, wysokie stezenia soli kwasow
zbiciowych, podwyzszone temperatury i diugotrwate przechowywanie oraz wykazujgce zwiekszong ak-
tywnos¢ przeciwbakteryjng w poréwnaniu z ich odpowiednikami niemikrokapsutkowanymi. Mikrokapsut-
kowane bakterie probiotyczne obejmujg bakterie probiotyczne zamkniete w mikrokapsutkach. Bakterie
probiotyczne to zywe komoérki Lactobacillus plantarum. Kazda z mikrokapsutek zawiera matryce zelo-
wanego alginianu. Matryca catkowicie otacza bakterie probiotyczne w matrycy. Zewnetrzna powierzch-
nia matrycy ma powtoke sktadajgca sie zasadniczo z jednego oleju roslinnego wybranego z grupy skta-
dajgcej sie z oliwy z oliwek i oleju rzepakowego lub zewnetrzna powierzchnia matrycy jest traktowana
chlorkiem sodu. Mikrokapsutkowane bakterie probiotyczne majg sredni rozmiar czgstek ponizej 1000
mikronéw (um).

W literaturze brak jest precyzyjnych wskazan jakie parametry wejsciowe, dla procesu enkapsula-
cji mikroemulsyjnej z zastosowaniem homogenizacji ultradzwigkowej lub mechanicznej, w istotny spo-
sob wplywajg na parametry wyjsciowe — wielkosc¢ i stabilnos¢ mikrokapsuiek alginianowych otrzymywa-
nych w tym procesie.

Wedtug wynalazku, sposéb otrzymywania mikrokapsutek zawierajgcych bakterie probiotyczne
zamkniete wewnatrz kapsutki wytworzonej z polimeru naturalnego alginianu z alg brunatnych, w ktérym
to sposobie przygotowuije sie roztwér naturalnego polimeru z bakteriami probiotycznymi — komponent A,
przygotowuje sie komponent B w postaci fazy olejowej zawierajgcy surfaktanty, przygotowuje sie roz-
twor sieciujgcy — komponent C, a nastepnie miesza poszczegolne komponenty, charakteryzuje sie tym,
Ze czynnik sieciujgcy — komponent C, ktory stanowi 0,1-0,5 M roztwér wodny zawierajgcy jony Ca?*
wprowadza sie z predkoscig 0,3—2 ml na minute, zachowujgc stosunek masowy roztworu alginianu do
roztworu czynnika sieciujgcego na poziomie 1:1, przy czym uprzednio wodny roztwor alginianu sodu,
o stezeniu 1-5% wagowych, miesza sie z roztworem MRS, w ktérym stezenie bakterii probiotycznych
wynosi 108-~10"2 CFU/ml, a roztwér polimerowy taczy sie z roztworem bakterii probiotycznych w sto-
sunku 4:1, w temperaturze od 20 do 25°C (komponent A), nastepnie do uktadu wprowadza sie faze
olejowa — (komponent B), ktérg stanowi mieszanina triglicerydéw kaprynowo-kaprylowych z surfaktan-
tem, mieszanine komponentéw A i B poddaje sie mieszaniu, za pomocg mieszadta mechanicznego,
z predkoscig w przedziale 400-800 rpm, w czasie 5—10 minut, utrzymujac temperature uktadu dysper-
syjnego na poziomie 25°C. Uzyskang preemulsje poddaje sie procesowi homogenizacji, dla uzyskania
emulsji, a nastepnie do otrzymanego uktadu, przy cigglym mieszaniu z predkoscig 400-800 rpm, wpro-
wadza sie czynnik sieciujgcy. Mieszaning komponentéw A, B i C poddaje sie sieciowaniu, w tempera-
turze od 20-25°C, przez okres od 5 do 30 minut, korzystnie 10 minut. W celu separacji mikrokapsutek,
emulsje olejowg poddaje sige procesowi wirowania, stabilizuje w temperaturze 5-7°C, przez okres 24
godzin, a nastepnie po oddzieleniu fazy olejowej, wydzielone mikrokapsutki przemywa sie 1% wodnym
roztworem chlorku sodu i poddaje procesowi liofilizaciji.

Korzystnie, jony Ca?* pochodzg z roztworu soli wapnia, takiego jak roztwor chlorku wapnia o ste-
zeniu 0,1-0,5M.

Korzystnie, komponent A z komponentem B tgczy sie w stosunku wagowym 1:5.

Korzystnie, wodny roztwor alginianu sodu — roztwor polimerowy — przygotowywany jest przez
rozpuszczenie od 1 do 5 czesci wagowych, soli sodowej kwasu alginowego z alg brunatnych w wodzie
w ilosci od 95 do 99,0 czesci wagowych, korzystnie 98 czesci wagowych.

Korzystnie, zawartosc¢ surfaktantu wynosi 0,5 do 2,0% wagowych w stosunku do masy fazy wodnej.

Korzystnie, jako emulgatory stosuje sie surfaktanty z grupy niejonowych zwigzkow powierzch-
niowo czynnych, takie jak oksyetylenowane pochodne estrow sorbitanu i kwasow tluszczowych: laury-
nowego, palmitynowego, oleinowego oraz estry sorbitanu i kwasow ttuszczowych laurynowego, palmi-
tynowego, oleinowego oraz ich mieszanin.

Korzystnie, jako bakterie probiotyczne stosuje sie szczepy nalezace do rodzaju Lactobacillus lub
Bifidobacterium, korzystnie Lactobacillus casei, korzystnie w ilosci 108102 CFU/m.
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Korzystnie, proces homogenizacji prowadzi sie stosujgc homogenizator typu ,rotor-stator” przy
predkosci 7000—-12000 rpm, korzystnie przy predkosci 8000 rpm. Korzystnie, proces homogenizacji pro-
wadzi sie stosujgc homogenizator ultradzwiekowy i amplitude od 50 do 90%, korzystnie od 65 do 70%.

Korzystnie, proces wirowania dla oddzielenia mikrokapsutek prowadzony jest z predkoscig 500
do 3 000 rpm.

Korzystnie w sposobie wedtug wynalazku otrzymuje sie kapsutki o kontrolowanych rozmiarach,
o wielkosci od 10 do 500 mikrometrow.

Najwiekszy wptyw na wielko$¢ mikrokapsutek alginianowych, otrzymywanych sposobem wedtug
wynalazku ma szybkos¢ wkraplania oraz stezenie srodka sieciujgcego.

Stosujgc homogenizacje ultradzwiekowa sposobem wedtug wynalazku otrzymano stabilne kap-
sutki alginianowe o rozmiarach od 10 do 500 mikrometréw.

Otrzymane kapsutki moga stanowi¢ surowiec, bedgcy nosnikiem probiotykéw do stosowania
w preparatach przeznaczonych do pielegnaciji i/lub leczenia skory.

Wynalazek zostat przedstawiony w przyktadach wykonania.

Przyktad 1

Wstepng emulsje — preemulsje, ktéra byta kierowana do sieciowania przygotowano poprzez
zmieszanie fazy wodnej i fazy olejowej. Faze wodng stanowit wodny roztwdr alginianu sodu o stezeniu
2% wag. z bulionem MRS, w ktérym stezenie bakterii Lactobacillus casei, w wyniku namnozenia liofili-
zatu ATCC 334, wynosito 10" CFU/mI. Stosunek roztworu alginianu sodu do bulionu bakteryjnego wy-
nosit 4:1. Faze olejowa stanowita mieszanina triglicerydéw kaprynowo-kaprylowych z surfaktantem po-
lioksyetylenowanymi estrami sorbitanu i kwasu oleinowego. Stosunek masowy fazy wodnej do olejowej
wynosit 1:5. Zawartos¢ surfaktanta w dyspersji, w stosunku do masy fazy wodnej wynosita 1%. Po po-
taczeniu fazy olejowej i fazy wodnej, preemulsje mieszano za pomocg mieszadta magnetycznego,
z predkoscig obrotow w przedziale 500 rpm, przez okres 10 minut, w temperaturze pokojowej — T=25°C.
Nastepnie mieszanine stanowigcg preemulsje poddawano procesowi homogenizaciji, stosujgc homoge-
nizator typu ,rotor-stator” przy predkosci 8000 rpm.

Przed homogenizacjg potgczone fazy: wodna (A) i olejowa (B) w wyniku mieszania mieszadtem
mechanicznym tworzg uktad nazywany preemulsjg (taki uktad nie jest jeszcze stabilny migdzy innymi
dlatego, Zze krople fazy wewnetrznej, w tym przypadku wodnej, majg rézne rozmiary co sprzyja koale-
scencji i dopiero po homogenizacji otrzymujemy bardziej jednorodng a tym samym i bardziej stabilng
faze wewnetrzng — i tym samym uktad mozna nazywac¢ emulsja.

Do zhomogenizowanej emulsji W/O, zawierajgcej probiotyczny szczep bakterii, w kolejnym etapie
ciggle mieszajgc (mieszadto magnetyczne, predkosc obrotéw w 500 rpm) wkraplano z szybkoscig 1 ml
na minute, roztwor 0,3 M chlorku wapnia w celu utworzenia mikrokapsutek alginianowych. Stosunek
masowy roztworu alginianu do roztworu chlorku wapnia wynosit 1:1. Mieszanie dyspersji mikrokapsutek
alginianowych kontynuowano po zakonczeniu wkraplania roztworu CaCl: jeszcze przez 10 minut. W ko-
lejnym etapie, w celu oddzielenia otrzymanych w procesie mikrokapsutek, dyspersje olejowg wirowano
z szybkoscig 500 rpm przez 20 minut, pozostawiono na okres 24 godzin w temperaturze 5°C, a nastep-
nie po oddzieleniu fazy olejowej, mikrokapsutki poddano procesowi liofilizacji. Otrzymano mikrokapsutki
alginianowe o rozmiarach d = 10-500 mikrometréw, zawierajgce bakterie probiotyczne — Lactobacillus
casei.

Przyktad 2

Wytworzono preemulsje przez zmieszanie fazy wodnej i fazy olejowej. Faze wodng stanowi 2%
roztwor wodny alginianu sodu z bulionem MRS, w ktérym stezenie bakterii Lactobacillus plantarum
w wyniku namnozenia liofilizatu ATCC 8014 wynosito 10° CFU/mI. Stosunek roztworu alginianu sodu
do bulionu bakteryjnego wynosit 4:1. Faze olejowg stanowi mieszanina triglicerydow kaprynowo-kapry-
lowych z surfaktantem — oksyetylenowanymi estrami sorbitanu i kwasu oleinowego. Stosunek masowy
fazy wodnej do olejowej wynosit 1:5. Zawartos¢ surfaktanta w dyspersji, w stosunku do masy fazy wod-
nej wynosi 1,0%. Po potaczeniu fazy olejowej i fazy wodnej, preemulsje mieszano za pomoca mieszadta
magnetycznego z predkoscig obrotéw w przedziale 600 rpm, w czasie 10 minut, w temperaturze poko-
jowej T=25°C. Nastepnie mieszanine stanowigca preemulsje poddawano procesowi homogenizacji, sto-
sujgc proces homogenizacji ultradzwiekowej i amplituda sonikacji — 69%. Do zhomogenizowanej emulsji
W/O, zawierajgcej probiotyczny szczep bakterii, w kolejnym etapie ciggle mieszajgc przy uzyciu mie-
szadfa magnetycznego, przy predkosci obrotowej 600 rpm wkraplano z szybkoscig 1 ml na minute roz-
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twér 0,3 M chlorku wapnia, zachowujac stosunek masowy roztworu alginianu do roztworu chlorku wap-
nia wynosit 1:1. Po zakonczeniu wkraplania roztworu CaClz. mieszanie dyspersji mikrokapsutek alginia-
nowych kontynuowano jeszcze przez 10 minut. W celu oddzielenia otrzymanych mikrokapsutek, dys-
persje wirowano z szybkoscig 500 rpm, a nastepnie pozostawiono na okres 24 godzin w temperaturze
5°C. Po oddzieleniu od fazy olejowej, przemyciu roztworem NaCl, otrzymane mikrokapsutki poddano
procesowi liofilizacji. Otrzymano zliofilizowane mikrokapsutki alginianowe o rozmiarach d = 10-500 mi-
krometrow zawierajgce Lactobacillus casei.

Stanowigca przedmiot rozwigzania metoda otrzymywania mikrokapsutek, w emulsji W/O, stanowi
prosty, niewymagajacy specjalistycznej aparatury (np. wyposazonej w specjalne przegrody) proces. Pa-
rametry procesu homogenizacji oraz zmiana szybkosci wkraplania i stezenia srodka sieciujgcego
(chlorku wapnia), pozwalajg na uzyskanie z duzg precyzjg stabilnych mikrokapsutek o kontrolowanych
rozmiarach od 10 do 500 mikrometréw. Opracowana technika wytwarzania mikrokapsutek jest ekono-
miczna i ekologiczna nie wymaga stosowania duzej ilosci, drogich surowcdéw, np. rozpuszczalnikow
organicznych. Zasadniczg zaletg rozwigzania jest wysoka efektywnosé enkapsulacji bakterii probiotycz-
nych w mikrokapsutkach.

Oznaczenia i skréty:

MRS — podtoza hodowlane ,De Man, Rogosa and Sharpe” do namnazania, hodowli bakterii;

CFU — Colony Forming Unit — jednostki tworzace kolonie, jednostka okreslajgca liczbe
mikroorganizméw lub komorek w materiale badanym.

Zastrzezenia patentowe

1. Sposob otrzymywania mikrokapsutek zawierajgcych bakterie probiotyczne zamkniete we-
wnatrz kapsutki wytworzonej z polimeru naturalnego alginianiu z alg brunatnych, w ktérym to
sposobie przygotowuje sie roztwor naturalnego polimeru z bakteriami probiotycznymi — kom-
ponent A, przygotowuje sie komponent B w postaci fazy olejowej zawierajgcy surfaktanty,
przygotowuje sie roztwor sieciujgcy — komponent C, a nastepnie miesza poszczegdine kom-
ponenty, znamienny tym, Zze czynnik sieciujgcy — komponent C, ktéry stanowi 0,1-0,5 M roz-
twor wodny zawierajacy jony Ca®* wprowadza sie z predkoscig 0,3—2 ml na minute, zachowu-
jac stosunek masowy roztworu alginianu do roztworu czynnika sieciujgcego na poziomie 1:1,
przy czym uprzednio wodny roztwér alginianu sodu, o stezeniu 1-5% wagowych, miesza sie
z roztworem MRS, w ktérym stezenie bakterii probiotycznych wynosi 10s—1012 CFU/ml, a roz-
twor polimerowy tgczy sie z roztworem bakterii probiotycznych w stosunku 4:1, w temperaturze
od 20 do 25°C (komponent A), nastepnie do uktadu wprowadza sie faze olejowg — (kompo-
nent B), ktorg stanowi mieszanina triglicerydéw kaprynowo-kaprylowych z surfaktantem, mie-
szanine komponentéw A i B poddaje sie mieszaniu, za pomocg mieszadta mechanicznego,
z predkoscig w przedziale 400-800 rpm, w czasie 5-10 minut utrzymujgc temperature ukiadu
dyspersyjnego na poziomie 25°C, uzyskang preemulsje poddaje sie procesowi homogenizaciji
dla uzyskania emulsji, a nastepnie do otrzymanego ukiadu, przy ciaglym mieszaniu z predko-
$cig 400-800 rpm, wprowadza sie czynnik sieciujgcy, mieszaning komponentéw A, B i C pod-
daje sie sieciowaniu, w temperaturze 20-25°C, przez okres od 5 do 30 minut, korzystnie 10
minut, separuje mikrokapsutki, poddajgc emulsje olejowg procesowi wirowania, stabilizuje
w temperaturze 5-7°C przez okres 24 godzin, a nastepnie po oddzieleniu fazy olejowej, wy-
dzielone mikrokapsutki przemywa sie 1% wodnym roztworem chlorku sodu i poddaje proce-
sowi liofilizaciji.

2. Spos6b wedtug zastrz. 1, znamienny tym, Ze jony Ca?" pochodzg z roztworu soli wapnia,
takiego jak roztwor chlorku wapnia o stezeniu 0,1-0,5M.

3. Sposodb wedtug zastrz. 1, znamienny tym, Zze komponent A z komponentem B tgczy sie w sto-
sunku wagowym 1:5.

4. Sposéb wedtug zastrz. 1, znamienny tym, ze wodny roztwér alginianu sodu — roztwor poli-
merowy — przygotowywany jest przez rozpuszczenie od 1 do 5 czesci wagowych, soli sodowej
kwasu alginowego z alg brunatnych w wodzie w ilosci od 95 do 99,0 czesci wagowych.
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Sposob wedtug zastrz. 4, znamienny tym, Zze wodny roztwoér alginianu sodu — roztwor poli-
merowy — przygotowywany jest przez rozpuszczenie od 2 czesci wagowych, soli sodowej
kwasu alginowego z alg brunatnych w wodzie w ilosci 98 czesci wagowych.

Sposob wedtug zastrz. 1, znamienny tym, ze zawarto$¢ surfaktantu wynosi 0,5 do 2,0% wa-
gowych w stosunku do masy fazy wodnej.

Sposob wedtug zastrz. 1, znamienny tym, Ze jako emulgatory stosuje sie surfaktanty z grupy
niejonowych zwigzkéw powierzchniowo czynnych, takie jak oksyetylenowane pochodne es-
tréw sorbitanu i kwasow ttuszczowych: laurynowego, palmitynowego, oleinowego oraz estry
sorbitanu i kwaséw tluszczowych laurynowego, palmitynowego, oleinowego oraz ich miesza-
niny.

Sposob wedtug zastrz. 1, znamienny tym, Ze jako bakterie probiotyczne stosuje sie szczepy
nalezgce do rodzaju Lactobacillus lub Bifidobacterium, korzystnie Lactobacillus casei.
Sposdb wedtug zastrz. 8, znamienny tym, Ze jako bakterie probiotyczne stosuje sie szczep
Lactobacillus casei, a stezenie bakterii wynosi 108-10'2 CFU/m.

Sposob wedtug zastrz. 1, znamienny tym, Zze proces homogenizacji prowadzi sie stosujac
homogenizator typu ,rotor-stator” przy predkosci 7000-12000 rpm.

Sposob wedtug zastrz. 10, znamienny tym, Zze proces homogenizacji prowadzi sie stosujac
homogenizator typu ,rotor-stator” przy predkosci 8000 rpm.

Sposéb wedtug zastrz. 1, znamienny tym, ze proces homogenizacji prowadzi sie stosujgc
homogenizator ultradzwigkowy i amplitude od 50 do 90%.

Sposob wedtug zastrz. 12, znamienny tym, Ze proces homogenizacji prowadzi sie stosujgc
homogenizator ultradzwiekowy i amplitude 65-70%.

Sposob wedtug zastrz. 1, znamienny tym, Ze proces wirowania dla oddzielenia mikrokapsu-
tek prowadzony jest z predkoscig 500 do 3 000 rpm.

Sposob wedtug zastrz. 1, znamienny tym, Ze otrzymuje sie kapsutki o kontrolowanych roz-
miarach, o wielkosci od 10 do 500 mikrometrow.
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Formulacja kosmetyczna lub dermokosmetyczna zawierajgca bakterie probiotyczne

Tytut:

Skrot opisu:

Przedmiotem zgloszenia jest formulacja
kosmetyczna lub dermokosmetyczna

zawierajgca bakterie  probiotyczne, ktéra
charakteryzuje sie tym, ze zawiera: zywe
bakterie probiotyczne zamkniete
w mikrosferach polimerowych w ilosci do 1%
wagowych — komponent A, faze wodng
— komponent B, fazg olejowg — komponent C,
oraz substancje dodatkowe - komponent D, przy
czym zawarto$¢ bakteri w komponencie
A wynosi, co najmniej 10° jednostek tworzacych
kolonie na 1g mikrosfer polimerowych, a uktad
konserwujgcy stanowi benzoesan sodu oraz
mieszanina soli sodowej kwasu anyzowego
i soli sodowej kwasu lewulinowego w ilosci od
1 do 4% wagowych, lub mieszanina kwasu
dehydrooctowego i sorbinianu potasu od 0,3%
do 1,2%, przy czym komponent B i komponent
C tworzg emulsje olej w wodzie, ktéra zawiera
komponent Ai D.
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Formulacja kosmetyczna lub dermokosmetyczna
zawierajaca bakterie probiotyczne

Przedmiotem  wynalazku  jest  formulacja  kosmetyczna  lub
dermokosmetyczna zawierajaca zywe bakterie probiotyczne, ktore zamkniete sa

w mikrokapsutkach polimerowych.

Stan techniki:

Substancje z grupy pre- i probiotykéow od lat stosowane sa z powodzeniem
jako sktadniki zywnosci 1 suplementow diety. W ciagu ostatnich lat znaczaco
wzrosto zainteresowanie preparatami kosmetycznymi lub dermokosmetycznymi,
ktore zawieraja szczepy bakterii probiotycznych. Ochrona skory przed
drobnoustrojami chorobotwdrczymi i mikrobiom skory to tematy bardzo aktualne.
Zaburzenia prawidtowego funkcjonowania mikrobiomu skory wynikajace migdzy
innymi z niewlasciwej higieny sg przyczyna nadmiernego wysuszenia skory, czy
zmian chorobowych na przyklad atopowego zapalenia skoéry. Zachowanie
prawidtowego mikrobiomu skéry oraz wywieranie pozytywnego wplywu na
mikroflore skory w przypadku leczenia choréb skéry moze zosta¢ zapewnione
poprzez zastosowanie w formulacji preparatow pielegnacyjnych, czy
kosmetycznych, zywych szczepoéw probiotycznych. Pozytywne dziatanie
probiotykow w kompozycjach kosmetykow moze by¢ zwigzane z uzupelnianiem
mikrobiomu cztowieka, wytwarzaniem rdznych zwigzkow o dziataniu
przeciwutleniajagcym, nawilzajacym, biobdjczym, wykazujacych aktywnosé
biobdjcza lub innych produktéw fermentacji, ktore bezposrednio lub posrednio

oddziatuja na skére lub inne narzady cztowieka.
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Wprowadzenie zywych szczepow bakteryjnych do formulacji kosmetycznej
lub dermokosmetycznej przy jednoczesnym zachowaniu zywotnosci probiotykow,
pomimo koniecznej obecnosci srodkow konserwujacych w preparatach wodnych
staje si¢ mozliwe poprzez zastosowanie mikroczastek polimerowych wewnatrz,
ktorych zamknigte sg zywe szczepy bakteryjne.

Mikroczasteczki alginianu to biokompatybilne, biodegradowalne i nietoksyczne
systemy dostarczania stosowane do kapsutkowania naturalnych substancji
aktywnych, w tym probiotykéw.

Zgodnie z ogolnie przyjeta definicia FAO/WHO probiotyki to zywe
mikroorganizmy, ktére podane w odpowiednich ilosciach przynosza korzysci
zdrowotne  gospodarzowi”.  Najczesciej  spotykanymi  probiotykami  sa
przedstawiciele rodzajéw Lactobacillus i Bifidobacterium. Do tej pory w przemysle
kosmetycznym termin ,probiotyk” byt uzywany szerzej, poniewaz zywe
mikroorganizmy moga byc stosowane w produktach kosmetycznych tylko w
bardzo ograniczonym zakresic ze wzgledu na fakt, ze ich zywotnos$¢, czystosé i
dziatanie sa trudne do kontrolowania. W celu wykorzystania zywych bakterii w
produktach kosmetycznych nalezy zrezygnowac z konserwantow, co jest bardzo
trudne z punktu widzenia bezpieczenstwa kosmetykow i wymogow stawianych
produktom kosmetycznym (rozporzadzenie nr 1223/2009 w sprawie produktow
kosmetycznych). Grupe surowcow, taczacych korzysci zdrowotne dla skory w
przypadku kosmetykow stanowia substancje, ktore nie sa bezposrednio zywymi
bakteriami, ale zostaly uzyskane za pomoca bakterii probiotycznych. Wsréd nich
wyrozniamy: produkty fermentacji, lizaty komorkowe, surowce po tyndylizacji i
filtraty produktow fermentacji.

Opisane w literaturze patentowej zastosowania probiotykoéw w dermatologii i
kosmetykach dotycza w glowne] mierze preparatow zawierajacych niezywotne
szczepy bakteryjne. Wprowadzane sa one do kosmetykow w postaci metabolitow
bakteryjnych: fermentéw - patent EP 2470159, ekstraktow KR20210052827, czy
lizatéw - patent EP 2704704. Opis wynalazku EP 2704704 ujawnia rozwiazanie,
ktore dotyczy bakterii probiotycznych i/lub rozpuszczalnego metabolitu bakterii
probiotycznych i/lub lizatu komorkowego bakterii probiotycznych do zastosowania
w leczeniu zaburzenia zwigzanego =z funkcja Scistego potaczenia,
charakteryzujgcego sie tym, ze bakterie probiotyczne, rozpuszczalny metabolit

bakterii probiotycznych i/lub lizat komorkowy bakterii probiotycznych jest
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przygotowany do podawania miejscowego. Wynalazek EP 3888628 rowniez
dotyczy zastosowania filtrowanego lizatu bakterii probiotycznych do
kosmetycznego, nieterapeutycznego zwickszania funkcji bariery skornej, przy
czym lizat bakterii probiotycznych pochodzi ze szczepu Lactobacillus rhamnosus,
Lactobacillus reuteri lub Bifidobacterium longum i zastosowanic obejmuje
miejscowe podawanie lizatu na skore dla regeneracji lub naprawy bariery skorne;j.
W przypadku formulacji kosmetycznych i dermokosmetycznych zawierajacych
zywe szczepy probiotyczne opisane sa rozwiazania, ktére dotycza preparatow
niezawierajacych konserwantéw, dlatego zalecane sa do krotkotrwatego
przechowywania (max. 2 tygodnie) w temperaturze 4-8 stopni Celsjusza.

Opis patentowy FR 2957798 ujawnia kompozycje kosmetyczna lub
dermatologiczng zawierajaca fazg wodna i faze olejowa, przy czym wspomniana
kompozycja jest typu emulsji woda w oleju i zawiera skuteczng ilo$¢ co najmniej
jednego aktywnego zywego mikroorganizmu probiotycznego, przy czym
wspomniany mikroorganizm jest obecny w fazic wodnej i zawiera od () do (0.001%
wagowych srodka konserwujacego w stosunku do catkowitej masy kompozycji.
Znane sg kompozycje kosmetyczne zawierajace bakterie probiotyczne, przy czym
produkt kosmetyczny przygotowywany jest bezposrednio przed uzyciem.
Patent FR2913337 ujawnia proces obrobki kosmetycznej materialu keratynowego
i obejmuje (a) dostarczenie liofilizowanej postaci co najmniej jednego zywego lub
nieaktywnego mikroorganizmu lub jego metabolitow czy frakcji, (b) dostarczenie
podtoza innego niz posta¢ liofilizowana, (¢) dorazne kontaktowanie postaci
liofilizowanej w pozywce tak, ze solubilizacja i/lub dyspersja postaci liofilizowanej
zachodzi w pozywce, oraz (d) kontaktowanie otrzymanej mieszaniny z materiatem
keratynowym. Niezalezne zastrzezenia patentowe obejmuja: (1) produkt do
pielegnacji doraznej, kosmetycznej lub dermatologicznej, do materialow
keratynowych, zawierajacy co najmniej jedna pierwsza kompozycj¢ kosmetyczna
lub dermatologiczna oraz druga kompozycje, rozna od pierwszej kompozycji,
zawierajaca co najmniej jedna liofilizowang posta¢ co najmniej jednego zywego
lub nieaktywnego mikroorganizmu lub jego metabolitow czy frakcji; oraz (2)
zestaw kondycjonujacy zawierajacy co najmniej: pierwsza komore zawierajaca co
najmniej jedna liofilizowana postac¢ co najmniej jednego mikroorganizmu lub jego
metabolitow lub frakcji; druga komore zawierajacg pozywke rozng od postaci

liofilizowanej, gdzie druga komora jest, przed uzyciem zestawu, odizolowana i
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uszczelniona od pierwszej; oraz srodki do taczenia pierwszej i drugiej komory,
zgodnie z zamoOwieniem. Glownym ograniczeniem tego wynalazku jest
koniecznos¢ przygotowania kompozycji probiotycznej bezposrednio przed
zastosowaniem.

Z patentu curopejskicgo EP 3386478 znane jest zastosowanie kapsutek biatkowo-
polimerowych z bakteriami z rodzaju Bacillus coagulans w $rodkach do higieny
osobistej i artykulach gospodarstwa domowego. Wynalazek zapewnia podejscie do
zachowania i ochrony bakterii probiotycznych w kompozycjach produktow do
higieny osobistej/pielegnacji zawierajacych $rodki powierzchniowo czynne. W
wielu przypadkach bakterie Gram+ i/lub metabolity bakterii probiotycznych sa
stosowane w detergentowych kompozycjach do pielegnacji ciata lub higieny
domowej w celu poprawy wlasciwosci uzytkowych produktu. Dla ochrony bakterii
probiotycznych przed sktadnikami kompozycji unieruchamia/kapsutkuje sie
bakterie w  polimerowych  kapsutkach  pektynowo-alginianowych lub
alginianowych, ktorych polimerowa bariera pozwala na utrzymanie stabilnej
zywotnosci bakterii w detergentowych srodkach. Patent opiera sie na inkubacji
bakterii (zakapsutkowanych i niezakapsutkowanych) w ciagu 120 godzin w
podwyzszonej temperaturze — 37 °C. Zastosowane w rozwigzaniu mikrokapsutki
maja rozmiary rzgdu mm, od 0,2 do 5 mm. W zgloszeniu patentowym WO
2013/188626 opisany jest sposob przedluzenia zywotnosci bakterii po 3
tygodniach stazowania w wodzie, kapsutki probiotyczne i szczep probiotyczny,
ktore zawieraja probiotyk, zwiazek przenoszacy tlen i biokompatybilny srodek
wigzacy. Kompozycje zawierajace probiotyki maja stabilng zywotnosé
probiotykéw i sa odpowiednie do wlaczania do wodnych preparatow do higieny
osobistej, takich jak kosmetyczne i niekosmetyczne plyny, mydta, kremy,
szampony, plyny do mycia ciala i tym podobne.
Z curopcjskicgo patentu EP 4021193 znana jest bezwodna formulacja sktadajaca
si¢ z bakterii probiotycznych i mieszaniny olejow, jako nosnika.

Przedmiotem wynalazku PL 438815 jest produkt kosmetyczny sktadajacy si¢
z dwoch poétproduktow: fazy olejowej, zawierajacej unieczynnione —
zliofilizowane bakterie probiotyczne z rodzaju Lactobacillus — 1% wag.,
emulgator w postaci oksyetylenowanych alkoholi ttuszczowych C12-13 -
14% wag., uwodorniony olej roslinny — 3,5% wag., alkany C15-19 i

mieszanina estrow kwasow kaprylowego i kaprynowego z alkoholami z oleju
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kokosowego — 16% wag., kokaprylanu i tokoferol — 6.5% wag., estry
etylowe masta Shea — 20% wag., olej z nasion konopi siewnych — 10%
wag., olej z awokado — 23% wag., tokoferol i olej z nasion stonecznika —
1% wag.; sylilan dimetylowy krzemionki — 5% wag.; oraz z fazy emulsyjnej,
zawierajacej wode, emulgator oraz pozostale sktadniki aktywne; ktory
charakteryzuje sie tym, ze zywe bakterie probiotyczne z rodzaju
Lactobacillus wraz ze swoimi metabolitami sa w postaci proszku suszonego
rozpytowo. Kolejnym przedmiotem wynalazku PL 438815 jest zastosowanie
ujawnionego produktu kosmetycznego do poprawy kondycji i wygladu skory,
przy czym poprawa kondycji skory oznacza poprawe nawilzenia skory o 18%
- 23%, zmniejszenie widoczno$ci zmarszczek o 13 - 18%, poprawe
elastycznosci skéry o 17 - 22%, obnizenie pH skory o warto$¢ 0,5 - 0,6 i
zmniejszenie parowania wody z rogowej warstwy naskorka o 23 - 28%.

Na rynku kosmetycznym dostepne sa produkty deklarujace w swoim sktadzie zywe
szczepy bakterii Lactobacillus na przyktad kosmetyk belgijskiej firmy YUN

zawierajacy kapsutkowane szczepy Lactobacillus.

W literaturze naukowej, jak i patentowej brak jest informacji na temat
formulacji kosmetycznej. w postaci emulsji O/W, stabilizowanej mikrobiologicznie
ukfadem konserwujacym, zawierajacej zywe bakterie probiotyczne inkorporowane
w mikrosferach alginianowych, o rozmiarach ponizej 200 um.

Przedmiotem wynalazku jest kompozycja preparatu kosmetycznego, w
postaci emulsji hydrofilowej typu olej w wodzie (O/W), zawierajaca jako sktadnik
aktywny mikrokapsutki polimerowe 7z zywymi bakteriami probiotycznymi — szczep
Lactobacillus casei. Sklad preparatu, a w szczegolnosci uktad konserwujacy
zastosowany w kompozycji zapewniaja ochrong¢ zakapsutkowanych bakterii
zarébwno przed degradacja jak 1 przed nadmiernym (nickontrolowanym)
rozmnazaniem.

Istote wynalazku stanowi sktad formulacji, a w szczegdlnosci odpowiednio
dobrany uktad konserwujacy, wplywajacy na zywotnos¢ zakapsutkowanych
szczepow bakteryjnych w formulacji preparatu

kosmetycznego/dermokosmetycznego.
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Wedlug  wynalazku formulacja kosmetyczna lub dermokosmetyczna
zawierajaca bakterie probiotyczne, charakteryzuje si¢ tym, ze zawiera:
zywe bakterie probiotyczne zamkniete w mikrosferach polimerowych w ilosci do
1% wagowych — komponent A,

faze wodng - komponent B,

faze olejowa - komponent C,

oraz substancje dodatkowe - komponent D, przy czym zawartos¢ bakterii w

komponencie A wynosi, co najmniej 10° jednostek tworzacych kolonie na 1g
mikrosfer polimerowych, a uklad konserwujacy stanowi benzoesan sodu oraz
mieszanina soli sodowej kwasu anyzowego i soli sodowej kwasu lewulinowego
w ilosci od 1 do 4% wagowych, lub mieszanina kwasu dehydrooctowego i
sorbinianu potasu od 0,3% do 1,2%, w ktdrej komponent B i komponent C tworza
emulsje olej w wodzie zawierajaca komponent A i D.

Korzystnie, emulsja olej w wodzie w formulacji wedhug wynalazku, ktora powstata
z komponentu B i C sktfada sie z:

a. mieszaniny stearynianu sorbitanu, estrow kwasow tluszczowych z oleju
kokosowego i1 sacharozy w ilosci od 1 do 5% masowych,

b. mieszaniny stearynianu gliceryny, estrow poliglicerolu 6 i kwasow
palmitynowego i bursztynowego, alkoholu cetearylowego w ilosci od 3% do
10% masowych,
emolientéw w ilosci od 13 do 23% masowych,

d. substancji konserwujacych: benzoesan sodu i mieszanina soli sodowej kwasu
anyzowego i soli sodowej kwasu lewulinowego, w ilosci od 1 do 4%
wagowych lub sorbinian potasu i kwas dehydrooctowy w ilosci od 0,3% do
1,2%,

e. modyfikatora reologii w ilosci od 0,1% do 0,5% masowych,

f.  oraz wody, w ilosci stanowiacej uzupelnienie do 100% masowych formulacji.
Korzystnie, mikrosfery zawieraja zywe bakterie probiotyczne z rodzaju
Lactobacillus lub Bifidobacterium.

Korzystnie, zywe bakterie probiotyczne z rodzaju Lactobacillus to szczep
Lactobacillus casei ATCC 393.

Korzystnie, mikrosfery polimerowe zostaty wykonane z polimeréw naturalnych
takich jak: alginiany, chitozan, pektyna i/lub polisacharydéw i/lub zwigzkéw

biatkowych np. kolagenu.
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Korzystnie, mikrosfery polimerowe to mikrosfery alginianowe.
Korzystnie, mikrosfery alginianowe maja rozmiary ponizej 200 um.
Korzystnie, mikrosfery zawierajace zywe bakterie powstaly przez suszenie
rozpytowe, suszenie w ztozu fluidyzacyjnym, ekstruzje¢, emulsyfikacje lub inne
dostepne techniki.
Korzystnie, modyfikator reologii stanowi substancja z grupy hydrokoloidow
pochodzenia naturalnego, korzystnie guma ksantanowa, kolagen, skrobia, kwas
hialuronowy lub jego sole.
Korzystnie, konserwant uzyty w formulacji nalezy do grupy pochodnych kwasow
organicznych, w tym kwasu benzoesowego i/lub kwasu sorbowego i/lub kwasu
dehydrooctowego i/lub kwasu salicylowego i/lub kwasu
parahydroksybenzoesowego i/lub ich mieszanin.
Korzystnie, w sktad substancji konserwujacych wchodzi benzoesan sodu w ilosci
od 0,2 do 0,5% wagowych, oraz mieszanina soli sodowej kwasu anyzowego i soli
sodowej kwasu lewulinowego w proporcji 1 : 1 w ilosci od 0,5 do 4% wagowych.
Korzystnie, stosunck benzoesanu sodu do mieszaniny soli sodowych kwasu
anyzowego i lewulinowego znajduje si¢ w przedziale 1 : 4.
Korzystnie, w sktad substancji konserwujacych wchodzi kwas dehydrooctowy
w ilosci od 0,3 do 0,6 % wagowych i sorbinian potasu w ilosci 0,2 do 0,6 %
wagowych.
Korzystnie, stosunek kwasu dehydrooctowego do sorbinianu potasu wynosi 1 :
0,83.
Korzystnie, emolient nalezy do grupy olejow roslinnych niekomodogennych lub
stanowi mieszaning olejow, np. olej z nasion fakowej piany, olej z ogorecznika, olej
7 czarnej porzeczki, olej z pestek malin, olej jojoba, olej winogronowy.
Korzystnie, stosunek zwiazkow w mieszaninie estrow sacharozy z kwasami oleju
kokosowego i stearynianu sorbitanu wynosi 1,2-1,5 : 0,8-1.1.
Korzystnie, stosunek stearynianu gliceryny : alkoholu cetearylowego : estrow
poliglicerolu-6  z kwasami palmitynowym i bursztynowym  wynosi
1.8-2:0.8-1,1: 3,3-3,6.
Korzystnie, substancje dodatkowe — komponent D stanowia: regulator pH i/lub
substancje zapachowe.

Stanowiaca przedmiot rozwigzania formulacja

kosmetyczna/dermokosmetyczna to emulsja olej w wodzie, konserwowana
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wyselekcjonowanymi uktadami konserwantow, ktore naleza do grupy pochodnych
kwasow organicznych, a zarazem zawierajaca zywotne bakterie probiotyczne.
Rodzaj Lactobacillus posiada status GRAS (ang. generalny recognized as safe), co
oznacza ,.bezpieczne w stosowaniu”. Szczep wprowadzany jest do formulacji, jako
enkapsutowany sktadnik nosnika — mikrosfer alginianowych i cechuje sig
rozmiarami ponizej 200 um, co stanowi kolejna przewage w odniesieniu do
noénikoéw znanych ze stanu techniki.

Jako konserwant, w formulacji wedlug wynalazku, zastosowano uklad sktadajacy
si¢ z: benzoesanu sodu oraz mieszaniny soli sodowej kwasu anyzowego i soli
sodowej kwasu lewulinowego lub mieszaniny kwasu dehydrooctowego
i sorbinianu potasu. Dokonano oceny przezywalnosci bakterii w roztworze
konserwujacym. W tym celu do 1 g kapsutkowanych probiotykéw dodano 9 ml
sterylnego cytrynianu sodu o stezeniu 2 mol/L (pH= 6) i inkubowano
w temperaturze pokojowej (20°C) przez 30 i 60 minut. Oceny zywotnosci komorek
probiotycznych wolnych i zakapsutkowanych dokonano poprzez zliczanie kolonii
bakteryjnych wyrostych na plytkach z agarowym podiozem MRS (warunki
inkubacji; 37°C, 72 godz.) po uzyciu techniki inokulacji Pour Plate. Uzyskane
wyniki wyrazano w CFU/g (liczba jednostek tworzacych kolonig (jtk)/g).

Na rysunku 1 przedstawiono wplyw dziatania uktadu konserwujacego na

przezywalnos¢ bakterii w roztworze konserwujacym.
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Wolny szczep Lactobacillus caser

Rys.1 - Wplyw dziatania uktadu konserwujacego na przezywalnosé bakterii.
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Redukcja komorek bakteryjnych w przypadku zawiesiny wolnych komoérek
Lactobacillus casei wynosita 7,70 logCFU/g po 30 min. oraz 9,90 logCFU/g po 60
min. Wplyw uktadu konserwujacego po obu czasach kontaktu w przypadku
enkapsutowanego szczepu Lactobacillus casei byl stosunkowo niewielki
powodujac spadek liczebnosci komoérek o 0,62 logCFU/g po 30 min
10 1,710gCFU/g po 60 min, co $wiadczy o skutecznej ochronie szczepu na dziatanie

uktadu konserwujacego i odpowiednim jego doborze.

Ninicjszy wynalazek zostal przedstawiony w przyktadach wykonania, ktére
ilustruja rozwiazanie i nie powinny by¢ uznane za ograniczajace zakres ochrony
patentowe;.

Przyklad 1.

Sktad opracowanej formulacji kosmetycznej - emulsja O/W przedstawiono w

Tabeli 1.

Tabela 1. Sktad opracowane] formulacji kosmetycznej:

Komponent | Sklad receptury preparatu Z[%Z;l::ic
A Mikrosfery polimerowe zawierajace bakterie 1
probiotyczne
Stearynian sorbitanu (50-100%); estry sacharozy 25
z kwasami oleju kokosowego (5-10%) ’
Modyfikator reologii 0,2
Woda (25-35%); gliceryna (30-50%); sol sodowa
B kwasu lewulinowego (10-20%); sdél sodowa 2
kwasu anyzowego (4-7%)
Benzoesan sodu 0,5
do 100
Woda sktadu
formulagji
Stearynian  gliceryny  (50-100%);  estry
poliglicerolu-6 1 kwsow palmitynowego i 45
C bursztynowego (25-50%); alkohol cetearylowy ’
(10-25%)
Emolient - olej z nasion tgkowej piany 15
D Kompozycja zapachowa q.s.
Kwas cytrynowy q.8.
10/18
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Sposéb przygotowania preparatu kosmetycznego:

Osobno odwazono sktadniki dla komponentu B i komponentu C, nastepnie
podgrzewano kazda mieszaning do temperatury T=70°C az do uzyskania
jednorodnych uktadow. W kolejnym etapie polaczono komponenty wlewajac
komponent C (olcjowy) do komponentu B (wodnego). Po potaczeniu
komponentéw, mieszanie kontynuowano w temperaturze 70°C., do uzyskania
jednorodnego, homogenicznego uktadu emulsyjnego. W kolejnym etapie emulsje
schtodzono do temperatury 40°C i wprowadzono sktadnik aktywny (mikrosfery
alginianowe z bakteriami Lactobacillus casei) — komponent A oraz kompozycje
zapachowa (komponent D). Nastepnie sprawdzono i wyregulowano pH, poprzez
dodatek kwasu cytrynowego. Kompozycja powinna mie¢ warto$¢ pH w zakresic
54 - 59. Mieszanie kontynuowano do schiodzenia masy emulsyjnej do

temperatury T=25°C.

Przyklad nr 2.

W tabeli 2 przedstawiono sktad formulacji kosmetycznej - ecmulsja O/W.

Tabela 2. Sktad opracowane] formulacji kosmetycznej:

Komponent | Sklad receptury preparatu ﬁzzvna:st(])sc
A Mikrosfery polimerowe zawierajace bakterie |
probiotyczne
Stearynian  sorbitanu  (50-100%); estry
sacharozy z kwasami olcju kokosowego (5- | 2,5
10%)
Modyfikator reologii 0,2
B Kwas dehydrooctowy 0,6
Sorbinian potasu 0,5
do 100
Woda sktadu
formulacji
Mieszanina stearynianu gliceryny (50-100%);
alkoholu cetearylowego (10-25%); i estrow
. : i . 14,5
C poliglicerolu-6 z kwasami palmitynowym i | ~
bursztynowym (25-50%);
Emolient - olej z pestek malin 15
D Kompozycja zapachowa q.s.
Kwas cytrynowy q.s.
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Preparat kosmetyczny przygotowano zgodnic ze sposobem ujawnionym w
przyktadzie nr 1.

Oceniono zywotno$¢ zakapsutkowanych bakterii probiotycznych - Lactobacillus
casei - w formulacji kosmetycznej zawierajacej mikrosfery i okreslony uktad
konserwujacy (Tabela 3). Oceny dokonano bezposrednio po wprowadzeniu
mikrosfer do kosmetyku, a nastepnie po 7 dniach, po 30 dniach oraz po 120 dniach

przechowywania. Uzyskane wyniki przedstawiono w Tabeli 3.

Tabela 3. Ocena zywotnosci zakapsulkowanych bakterii probiotycznych
Lactobacillus casei w formulacji kosmetycznej zawierajacej

mikrosfery.

Preparal kosmetyczny na bazie formulacji w postaci kremu

Okres przechowywania

Bezposrednio po 14 dni 30 dni 120 dni

otrzymaniu

Przezywalno$¢ | Redukcja | Przezywalnosé | Redukeja | Przezywalno$é | Redukeja | Przezywalno$¢ | Redukeja
[CFU/a] [log] [CFU/a] [log] [CFU/g] [log] [CFU/g] [log]
32x10° 3,03 3,52x10° 3,99 1,78x10¢ 429 1,35x10° 441

Poczatkowa gestosé szczepu Lactobacillus casei przed wiaczeniem do formulacji
kosmetycznej wynosita 10,54 log CFU/ml. Bezposrednio po utworzeniu formulacji
kosmetycznej zaobserwowano spadek liczebnosci komorek probiotycznych o 3,03
log. Badania wykonane w odstepach 14, 30 i 120 dni przechowywania kosmetyku
wykazaly obnizenie przezywalnosci komorek bakterii w zakresie 0,96 -1,38 log w
porownaniu do stanu wyjsciowego, co swiadczy o tym, ze zywotnosé bakterii po
czasie 4 miesiecy jest na podobnym, kontrolowanym poziomie.

Dla poréwnania dokonano takze oceny zywotnosci wolnego szczepu baklerii
Lactobacillus casei w formulacji kosmetycznej (Tabela 4). Poczatkowa ggstosé
szczepu wiaczonego do formulacji kosmetycznej w postaci wolnych komorek
wynosita 9,05 log CFU/ml (Tabela 4).
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Tabela 4. Zywotno$é wolnych bakterii probiotycznych (Lactobacillus casei)
w formulacji kosmetycznej.

Bezposrednio po 7 dni 30 dni 60 dni

otrzymaniu

Przezywalnos¢ | Redukcja | Przezywalnoé¢ | Redukcja | Przezywalno$¢ | Redukcja | Przezywalmos¢ | Redukcja
ICFU/g] lTog] ICFU/e] log] ICFU/g] log] ICFU/g] llog]

1,55x10% 0.86 1.2x10% 497 1.8x10% 6.8 0 9.05

Bezposrednio po otrzymaniu formulacji kosmetycznej liczebno$¢ komorek
Lactobacillus casei spadta o 0,86 log. Nieco wigkszy spadek zywotnosci komorek
bakterii probiotycznych zaobserwowano po 7 dniach i 30 dniach przechowywania
kosmetyku i wynosit on odpowiednio 4,97 log oraz 6,8 log. Po 2 miesigcach
przechowywania stwierdzono catkowita inaktywacje Lactobacillus casei
w formulacji kosmetycznej.

Na podstawie przeprowadzonych badan stwierdza si¢, iz nosnik w postaci
mikrosfer alginianowych pozwala na przezycie bakterii probiotycznych
w formulacji, pomimo zastosowania ukladu konserwujacego. Natomiast
w przypadku wprowadzenia do preparatu wolnego szczepu bakteryjnego (braku
ochrony szczepu w postaci mikrosfer), uktad konserwujacy powoduje catkowita

redukcje komorek probiotycznych.
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Zastrzezenia patentowe

1. Formulacja kosmetyczna lub dermokosmetyczna zawierajaca bakterie
probiotyczne , znamienna tym, ze zawiera:
zywe bakterie probiotyczne zamknigte w mikrosferach polimerowych w
ilosci do 1% wagowych — komponent A,
faze wodng - komponent B,
faze olejowa - komponent C,
oraz substancje dodatkowe - komponent D, przy czym zawartos¢ bakterii
w komponencie A wynosi, co najmniej 10* jednostek tworzacych kolonie
na 1g mikrosfer polimerowych, a uktad konserwujacy stanowi benzoesan
sodu oraz mieszanina soli sodowej kwasu anyzowego i soli sodowej kwasu
lewulinowego w ilosci od 1 do 4% wagowych, lub mieszanina kwasu
dehydrooctowego i sorbinianu potasu od 0,3% do 1,2%, przy czym
komponent B i komponent C tworza emulsje olej w wodzie, ktéra zawiera
komponent A iD.

2. Formulacja wedtlug zastrz.1 znamienna tym, ze cmulsja olcj w wodzic
powstaje z komponentu B i C i sktada si¢ z:

a. mieszaniny stearynianu sorbitanu, estrow kwasow ttuszczowych
z oleju kokosowego i sacharozy w ilosci od 1 do 5% masowych,

b. mieszaniny stearynianu gliceryny, estrow poliglicerolu 6 i kwasow
palmitynowego i bursztynowego, alkoholu cetearylowego w ilosci
od 3% do 10% masowych,

c. emolientow w ilosci od 13 do 23% masowych,

d. substancji konserwujacych: benzoesan sodu i mieszanina soli

sodowej kwasu anyzowego i soli sodowej kwasu lewulinowego,
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w ilosci od 1 do 4% wagowych lub sorbinian potasu i kwas
dehydrooctowy w ilosci od 0,3% do 1,2%,
e. modyfikatora reologii w ilosci od 0,1% do 0,5% masowych,
f. oraz wody, w ilosci stanowiacej uzupetnienie do 100% masowych

formulacji.
Formulacja wedtug zastrz.1 znamienna tym, ze mikrosfery zawieraja zy we
bakterie probiotyczne z rodzaju Lactobacillus lub Bifidobacterium.
Formulacja wedlug zastrz.1 znamienna tym, ze zywe bakterie
probiotyczne z rodzaju Lactobacillus to szczep Lactobacillus casei ATCC
393.
Formulacja wedtug zastrz.1 znamienna tym, ze mikrosfery polimerowe
zostaty wykonane z polimerow naturalnych takich jak: alginiany, chitozan,
pektyna i/lub polisacharydéw i/lub zwiazkéw biatkowych np. kolagenu.
Formulacja wedtug zastrz.1 znamienna tym, ze mikrosfery polimerowe to
mikrosfery alginianowe.
Formulacja wedtug zastrz.6 znamienna tym, ze mikrosfery alginianowe
maja rozmiary ponizej 200 pum.
Formulacja wedtug zastrz.1 znamienna tym, ze mikrosfery zawierajace
zywe bakterie powstaly przez suszenie rozpylowe, suszenie w zlozu
fluidyzacyjnym, ekstruzje, emulsyfikacje lub inne dostepne techniki.
Formulacja wedlug zastrz.2 znamienna tym, ze modyfikator reologii
stanowi substancja z grupy hydrokoloidow pochodzenia naturalnego,
korzysinie guma ksantanowa. kolagen. skrobia, kwas hialuronowy lub jego

sole.

.Formulacja wedlug zastrz.1 znamienna tym, ze konserwant uzyty w

formulacji nalezy do grupy pochodnych kwaséw organicznych, w tym
kwasu  benzoesowego  i/lub  kwasu  sorbowego i/lub  kwasu
dehydrooctowego i/lub  kwasu salicylowego  lub  kwasu
parahydroksybenzoesowego i/lub ich mieszanin.

Formulacja wedlug zastrz.l zmamienna tym, ze w sklad substancji
konserwujacych wchodzi benzoesan sodu w ilosci od 0,2 do 0,5%
wagowych, oraz mieszanina soli sodowej kwasu anyzowego i soli sodowe;j

kwasu lewulinowego w proporcji 1 : 1 wilosci od 0,5 do 4% wagowych.
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Formulacja wedlug zastrz.1 znamienna tym, ze stosunck benzoesanu sodu
do mieszaniny soli sodowych kwasu anyzowego i lewulinowego znajduje

sig¢ w przedziale 1 : 4.

.Formulacja wedlug zastrz.| znamienna tym, ze w skiad substancji

konserwujacych wchodzi kwas dehydrooctowy w ilosci od 0,3 do 0,6 %

wagowych i sorbinian potasu w ilosci 0,2 do 0,6 % wagowych.

.Formulacja wedlug zastrz.1 znamienna tym, ze stosunek kwasu

dehydrooctowego do sorbinianu potasu wynosi 1 : 0,83.

. Formulacja wedlug zastrz.2 znamienna tym, ze cmolicnt nalezy do grupy

olejow roslinnych niekomodogennych lub stanowi mieszaning olejow, np.
olej z nasion takowej piany, olej z ogorecznika, olej z czarnej porzeczki,
olej z pestek malin, olej jojoba, olej winogronowy.

Formulacja wedtug zastrz.2 znamienna tym, ze stosunek zwigzkow w
mieszaninie estrow sacharozy z kwasami oleju kokosowego i stearynianu
sorbitanu wynosi 1,2—1.5 : 0,8-1,1.

Formulacja wedlug zastrz.2 znamienna tym, Ze stosunck sicarynianu
gliceryny : alkoholu cetearylowego : estrow poliglicerolu-6 z kwasami
palmitynowym i bursztynowym wynosi 1,8-2 : 0,8-1,1: 3,3-3,6.
Formulacja wedlug zastrz.1 znamienna tym, ze substancje dodatkowe —

komponent D stanowia: regulator pH i/lub substancje zapachowe.
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Rys.1 - Wplyw dziatania uktadu konserwujacego na przezywalnos¢ bakterii.
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Microbiome and Reduce Acne Symptoms™, bioRxiv 2018, doi:
https://doi.org/10.1101/463307,

A FR2957798 A1 (OREAL [FR]) 30-09-2011 1-18
A W02022249194 Al (TAGRA BIOTECHNOLOGIES LTD [IL]) 01-12-2022 1-18
A PL438815 Al (PORADZISZ SYLWIA BIOTEAM [PL]) 14-03-2022 1-18

O Dalszy ciag wykazu dokumentéw na nastepnej stronie

A — dokument okreslajacy 0golny stan techniki, ktory nie jest uwazany za posiadajacy szczegdlne znaczenie,

E - dokument stanowiacy wczesniejsze zgloszenie lub patent, ale opublikowany w lub po dacie zgloszenia,

L= Ktory moze p ¢ w watpliwosc zastrzegane pierwszenstwo(-wa), lub przytoczony w celu ustalenia daty publikacji innego cytowanego dokumentu
lub 2 innego szczegolnego powodu,

O - dokument odnoszacy sig do ujawnienia ustnego przez zastosowanie, wystawienie lub ujawnienie w imy sposob,

P — dokument opublikowany przed data zgloszenia, ale poZnicj niz zastrzegana data pierwszenistwa,

T - dokument poznicjszy, opublikowany po dacic zgloszenia lub w dacic picrwszeiistwa i nicbedacy w konflikcic ze zgloszenicm, ale cytowany w cclu zrozumicnia
zasad lub teorii lezacych u podstaw wy nalazku,

X - dok 0 szczegolnym iu; zastrzegany wynalazek nie moze by ¢ uwazany za nowy lub mie moze by¢ uwazamy za posiadajacy poziom wynalazczy, jezeli
ten dokument brany jest pod uwage samodzielnie,

Y - dokument o szczegolnym znaczeniu; zastrzegany wynalazek nie moze by ¢ uwazany za posiadajacy poziom wynalazczy, jezeli ten dokument zostanic polaczony z
jednym lub kilkoma tego typu dokumentami, a takie polaczenie bedzie oczywiste dla znawcy,

& — dokument nalezacy do tej samej rodziny patentowej.

Sprawozdanie wykonal/-a: Data: Podpis:
Marta OKraSka 04 01 2024 /podpisano kwalifikowany m podpisem elekironicznym/

Pismo wydane w formie dokumentu elektronicznego
Asesor

Uwagi do zgloszenia

Sprawozdanic zostalo wykonanc w oparciu o zastrz. z dnia 01.09.2023 r..

18/18

202



15. Oswiadczenia wspolautorow

Dr hab. inz. Matgorzata Miastkowska, prof. PK Krakéw,05.05.2025 r.
Politechnika Krakowska im. Tadeusza Kosciuszki

Wydziat Inzynierii i Technologii Chemicznej

ul. Warszawska 24

31-155 Krakow

Oswiadczenie o udziale w publikacji naukowej i pracach realizowanych wspélnie

zmgr inz. Anng tetocha

A. tetocha™, M. Miastkowska, E. Sikora, Preparation and Characteristics of Alginate
Microparticles for Food, Pharmaceutical and Cosmetic Applications, Polymers, 2022, 14, 3834
DOI: https://doi.org/10.3390/polym14183834

XAutor korespondencyjny
M6j udziat w powstaniu publikacji polegat na konsultacji naukowej w zakresie konceptualizacji,

edycji pierwotnej wersji manuskryptu i odpowiedzi na recenzje oraz nadzorze nad cafoscig prac.

Mdj udziat w powstaniu publikacji okre$lam na 20%.

Matgmada. [WaHeasdeo

podpis
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Dr hab. inz. Elzbieta Sikora, prof. PK Krakdéw,05.05.2025 r.
Politechnika Krakowska im. Tadeusza Koéciuszki

Wydziat Inzynierii i Technologii Chemicznej

ul. Warszawska 24

31-155 Krakéw

Oswiadczenie o udziale w publikacji naukowej i pracach realizowanych wspélnie

zmgr inz. Anng tetocha

A. tetocha™, M. Miastkowska, E. Sikora, Preparation and Characteristics of Alginate
Microparticles for Food, Pharmaceutical and Cosmetic Applications, Polymers, 2022, 14, 3834
DOI: https://doi.org/10.3390/polym14183834

HAutor korespondencyjny

MGj udziat w powstaniu publikacji polegat na konsultacji naukowej w zakresie konceptualizacji,
edycji pierwotnej wersji manuskryptu i odpowiedzi na recenzje oraz nadzorze nad cafo$cig prac.

M@j udziat w powstaniu publikacji okreslam na 20%.
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mgr Alicja Michalczyk Krakow,05.05.2025 .
Sie¢ Badawcza tukasiewicz

Instytut Przemystu Organicznego

ul. Annopol 6

03-236 Warszawa

Oéwiadczenie o udziale w publikacji naukowej i pracach realizowanych wspdlnie

z mgr inz. Anng tetocha

A. tetocha®™, A. Michalczyk, M. Miastkowska, E. Sikora, Design of alginate microsphere
formulation as a probiotics carrier, Chemical and Process Engineering: New Frontiers, 2023,
44(3), e20

DOI: 10.24425/cpe.2023.146722

Autor korespondencyjny

Mé6j udziat w powstaniu publikacii polegat na okresleniu efektywnoéci i zywotnosci
zakapsutkowanych probiotykéw w czasie. Bratam rowniez udziat w interpretacji wynikow
przeprowadzonych analiz oraz opisaniu rezultatdw w pierwotnej wersji manuskryptu.

Moj udziat w powstaniu publikacji okreslam na 20%.
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Dr hab. inz. Matgorzata Miastkowska, prof. PK Krakow,05.05.2025 r.
Politechnika Krakowska im. Tadeusza Kosciuszki

Wydziat Inzynierii i Technologii Chemicznej

ul. Warszawska 24

31-155 Krakow

Oswiadczenie o udziale w publikacji naukowej i pracach realizowanych wspéinie

z mgr inz. Anng tetocha

A. tetocha™, A. Michalczyk, M. Miastkowska, E. Sikora, Design of alginate microsphere
formulation as a probiotics carrier, Chemical and Process Engineering: New Frontiers, 2023,
44(3), €20

DOI: 10.24425/cpe.2023.146722

HAutor korespondencyjny

M¢j udziat w powstaniu publikacji polegat na konsultacji naukowej z zakresu interpretacji
wynikéw, edycji pierwotnej wersji manuskryptu i odpowiedzi na recenzje oraz nadzorze nad
catoscig prac.

M¢j udziat w powstaniu publikacji okreélam na 10%.

... Mirsthassle.

podpis
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Dr hab. inz. Elzbieta Sikora, prof. PK Krakéw,05.05.2025 r.
Politechnika Krakowska im. Tadeusza Ko$ciuszki

Wydziat Inzynierii i Technologii Chemicznej

ul. Warszawska 24

31-155 Krakéw

Oswiadczenie o udziale w publikacji naukowej i pracach realizowanych wspdlnie

z mgr inz. Anng tetocha

A. tetocha™, A. Michalczyk, M. Miastkowska, E. Sikora, Design of alginate microsphere
formulation as a probiotics carrier, Chemical and Process Engineering: New Frontiers, 2023,
44(3), 20

DOI: 10.24425/cpe.2023.146722

*Autor korespondencyjny

M¢j udziat w powstaniu publikacji polegat na konsultacji naukowej z zakresu interpretacji
wynikéw, edycji pierwotnej wersji manuskryptu i odpowiedzi na recenzje oraz nadzorze nad
catoscig prac.

M¢j udziat w powstaniu publikacji okreélam na 10%.
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mgr Paulina Ostrowska Krakéw,05.05.2025 r.

Sie¢ Badawcza tukasiewicz
Instytut Przemystu Organicznego
ul. Annopol 6

03-236 Warszawa

Oéwiadczenie o udziale w publikacji naukowej i pracach realizowanych wspdlnie

z mgr inz. Anng tetocha

A. tetocha™, A. Michalczyk, M. Miastkowska, E. Sikora, Probiotics-Loaded Microspheres for
Cosmetic Applications, Applied Sciences, 2024, 14(3), 1183
DOI: https://doi.org/10.3390/app14031183

*Autor korespondencyjny

M¢j udziat w powstaniu publikacji polegat na okreéleniu zywotnosci komorek bakteryjnych w

formulacji kosmetycznej.

M0j udziat w powstaniu publikacji okreslam na 1%.
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mgr Alicja Michalczyk Krakéw,05.05.2025 r.
Sie¢ Badawcza tukasiewicz

Instytut Przemystu Organicznego

ul. Annopol 6

03-236 Warszawa

O$wiadczenie o udziale w publikacji naukowej i pracach realizowanych wspélinie

z mgr inz. Anng tetocha

A. tetocha™, A. Michalczyk, M. Miastkowska, E. Sikora, Probiotics-Loaded Microspheres for
Cosmetic Applications, Applied Sciences, 2024, 14(3), 1183
DOI: https://doi.org/10.3390/app14031183

MAutor korespondencyjny

M&j udziat w powstaniu publikacji polegat na okresleniu zywotnosci komarek bakteryjnych w
czasie, w mikrosferach probiotycznych oraz formulacji kosmetycznej. Bratam rowniez udziat w
interpretacji wynikow przeprowadzonych analiz oraz opisaniu rezultatéw w pierwotnej wersji
manuskryptu.

Méj udziat w powstaniu publikacji okreslam na 20%.
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Dr hab. inz. Matgorzata Miastkowska, prof. PK Krakow,05.05.2025 r.
Politechnika Krakowska im. Tadeusza Koéciuszki

Wydziat Inzynierii i Technologii Chemicznej

ul. Warszawska 24

31-155 Krakéw

Oswiadczenie o udziale w publikacji naukowej i pracach realizowanych wspélnie

zmgr inz. Anng tetocha

A. tetocha™, A. Michalczyk, M. Miastkowska, E. Sikora, Probiotics-Loaded Microspheres for
Cosmetic Applications, Applied Sciences, 2024, 14(3), 1183
DOI: https://doi.org/10.3390/app14031183

™Autor korespondencyjny

M&j udziat w powstaniu publikacji polegat na konsultacji naukowej z zakresu interpretacji
wynikow, edycji pierwotnej wersji manuskryptu i odpowiedzi na recenzje oraz nadzorze nad
catoscig prac.

Moj udziat w powstaniu publikacji okreélam na 9%.

mougmvéaﬂ’fm/#&w/@,

podpis
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Dr hab. inz. Elzbieta Sikora, prof. PK Krakow,05.05.2025 r.
Politechnika Krakowska im. Tadeusza Koéciuszki

Wydziat Inzynierii i Technologii Chemicznej

ul. Warszawska 24

31-155 Krakow

Oswiadczenie o udziale w publikacji naukowej i pracach realizowanych wspélnie

z mgr inz. Anng tetocha

A. tetocha™, A. Michalczyk, M. Miastkowska, E. Sikora, Probiotics-Loaded Microspheres for
Cosmetic Applications, Applied Sciences, 2024, 14(3), 1183
DOI: https://doi.org/10.3390/app14031183

*Autor korespondencyjny

M¢j udziat w powstaniu publikacji polegat na konsultacji naukowej z zakresu interpretacji
wynikéw, edycji pierwotnej wersji manuskryptu i odpowiedzi na recenzje oraz nadzorze nad
catoscig prac.

M6j udziat w powstaniu publikacji okre$lam na 5%.
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Dr hab. inz. Matgorzata Miastkowska, prof. PK Krakow,05.05.2025 .
Politechnika Krakowska im. Tadeusza Ko$ciuszki

Wydziat Inzynierii i Technologii Chemicznej

ul. Warszawska 24

31-155 Krakdéw

Oswiadczenie o udziale w publikacji naukowej i pracach realizowanych wspéinie

z mgr inz. Anng tetocha

A. tetocha™, Miastkowska M., Sikora E., Michalczyk A., Liszka-Skoczylas M., Witczak M., Hybrid
Systems of Oleogels and Probiotic-Loaded Alginate Carriers for Potential Application in
Cosmetics, Molecules, 2024, 29, 5984

DOI: https://doi.org/10.3390/molecules29245984

MAutor korespondencyjny

Moj udziat w powstaniu publikacji polegat na konsultacji naukowej z zakresu interpretacji
wynikéw, edycji pierwotnej wersji manuskryptu i odpowiedzi na recenzje oraz nadzorze nad
catoscig prac.

Méj udziat w powstaniu publikacji okre$lam na 10%.

podpis
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Dr hab. inZ. Elzbieta Sikora, prof. PK Krakéw,05.05.2025 r.
Politechnika Krakowska im. Tadeusza Kosciuszki

Wydziat Inzynierii i Technologii Chemicznej

ul. Warszawska 24

31-155 Krakéw

Oéwiadczenie o udziale w publikacji naukowej i pracach realizowanych wspélnie

zmgr inz. Anng tetocha

A. tetocha™, Miastkowska M., Sikora E., Michalczyk A., Liszka-Skoczylas M., Witczak M., Hybrid
Systems of Oleogels and Probiotic-Loaded Alginate Carriers for Potential Application in
Cosmetics, Molecules, 2024, 29, 5984

DOI: https://doi.org/10.3390/molecules29245984

*Autor korespondencyjny

M¢j udziat w powstaniu publikacji polegat na konsultacji naukowej z zakresu interpretacji
wynikéw, edycji pierwotnej wersji manuskryptu i odpowiedzi na recenzje oraz nadzorze nad
cafoscig prac.

M6 udziat w powstaniu publikacji okreélam na 10%.
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mgr Alicja Michalczyk Krakow,05.05.2025 .
Sie¢ Badawcza tukasiewicz

Instytut Przemystu Organicznego

ul. Annopol 6

03-236 Warszawa

Oéwiadczenie o udziale w publikacji naukowej i pracach realizowanych wspélnie

z mgr inz. Anng tetocha

A. tetocha™, Miastkowska M., Sikora E., Michalczyk A., Liszka-Skoczylas M., Witczak M., Hybrid
Systems of Oleogels and Probiotic-Loaded Alginate Carriers for Potential Application in
Cosmetics, Molecules, 2024, 29, 5984

DOI: https://doi.org/10.3390/molecules29245984

HAutor korespondencyjny

Mj udziat w powstaniu publikacji polegat na okresleniu efektywnosci enkapsulacji i zywotnosci
komorek bakteryjnych w czasie, w kapsutkach probiotycznych oraz formulacji oleozelowe;j.
Bratam réwniez udziat w interpretacji wynikow przeprowadzonych analiz.

Moj udziat w powstaniu publikacji okreslam na 10%.
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Dr Marta Liszka-Skoczylas Krakdéw,05.05.2025 r.
Uniwersytet Rolniczy im. H. Kottataja

Wydziat Inzynierii i Technologii Zywnosci

ul. Balicka 122

30-149 Krakéw

Oéwiadczenie o udziale w publikacji naukowej i pracach realizowanych wspdlnie

z mgr inz. Anng tetocha

A. tetocha™, Miastkowska M., Sikora E., Michalczyk A., Liszka-Skoczylas M., Witczak M., Hybrid
Systems of Oleogels and Probiotic-Loaded Alginate Carriers for Potential Application in
Cosmetics, Molecules, 2024, 29, 5984

DOI: https://doi.org/10.3390/molecules29245984

* Autor korespondencyjny

M¢j udziat w powstaniu publikacji polegat na przeprowadzeniu analizy wtasciwosci
lepkosprezystych formulacji oleozelowych. Bratam réwniez udziat w interpretacji wynikéw
przeprowadzonych analiz.

M¢j udziat w powstaniu publikacji okre$lam na 10%.
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Prof. dr hab. inz. Mariusz Witczak Krakow, 05.05.2025 r.
Uniwersytet Rolniczy im. H. Kottgtaja
Wydziat Inzynierii i Technologii Zywnosci

ul. Balicka 122, 30-149 Krakow

Osdwiadczenie o udziale w publikacji naukowej i pracach realizowanych wspélinie

zmgr inz. Anna tetocha

A. tetocha™, Miastkowska M., Sikora E., Michalczyk A., Liszka-Skoczylas M., Witczak M., Hybrid
Systems of Oleogels and Probiotic-Loaded Alginate Carriers for Potential Application in
Cosmetics, Molecules, 2024, 29, 5984

DOI: https://doi.org/10.3390/molecules29245984

“Autor korespondencyjny

M@j udziat w powstaniu publikacji polegat na interpretacji wynikdw przeprowadzonych analiz
wiaéciwosci lepkosprezystych formulacji oleozelowych.

Moj udziat w powstaniu publikacji okreslam na 5%.

216



Dr hab. inz. Matgorzata Miastkowska, prof. PK Krakéw,05.05.2025r.
Politechnika Krakowska im. Tadeusza Kosciuszki

Wydziat Inzynierii i Technologii Chemicznej

ul. Warszawska 24

31-155 Krakéw

Oswiadczenie o udziale w publikacji naukowej i pracach realizowanych wspélinie

zmgr inz. Anng tetocha

A. tetocha™, A. Michalczyk, M. Miastkowska, E. Sikora E., Effect of Encapsulation of
Lactobacillus casei in Alginate-Tapioca Flour Microspheres Coated with Different Biopolymers
on the Viability of Probiotic Bacteria, ACS Applied Materials&Interfaces, 2024, 16(39), 52878-
52893

DOI: https://doi.org/lO.102l/acsami‘4c10187?urlappend=%3Fref%3DPDF&jav:VoR&rel=cite-
as

*Autor korespondencyjny

M¢j udziat w powstaniu publikacji polegat na konsultacji naukowej z zakresu interpretacji
wynikéw, edycji pierwotnej wersji manuskryptu i odpowiedzi na recenzje oraz nadzorze nad
cafoscig prac.

Moj udziat w powstaniu publikacji okreélam na 8%.

podpis
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mgr Alicja Michalczyk Krakow,05.05.2025 r.
Sie¢ Badawcza tukasiewicz

Instytut Przemystu Organicznego

ul. Annopol 6

03-236 Warszawa

Oéwiadczenie o udziale w publikacji naukowej i pracach realizowanych wspdinie

z mgr inz. Anng tetocha

A. tetocha™, A. Michalczyk, M. Miastkowska, E. Sikora E., Effect of Encapsulation of
Lactobacillus casei in Alginate-Tapioca Flour Microspheres Coated with Different Biopolymers
on the Viability of Probiotic Bacteria, ACS Applied Materials&lInterfaces, 2024, 16(39), 52878-
52893

DOI: https://doi.org/10.1021/acsami.4c10187?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-
as

*Autor korespondencyjny

Moj udziat w powstaniu publikacji polegat na okresleniu efektywnosci enkapsulacji i zywotnosci
komorek bakteryjnych w czasie, w mikrosferach probiotyczno-prebiotycznych. Bratam rowniez
udziat w interpretacji wynikdéw przeprowadzonych analiz.

M0j udziat w powstaniu publikacji okreslam na 15%.
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Dr hab. inz. Elzbieta Sikora, prof. PK Krakow,05.05.2025 r.
Politechnika Krakowska im. Tadeusza Kosciuszki

Wydziat Inzynierii i Technologii Chemicznej

ul. Warszawska 24

31-155 Krakéw

Oswiadczenie o udziale w publikacji naukowej i pracach realizowanych wspéinie

z mgr inz. Anng tetocha

A. tetocha™, A. Michalczyk, M. Miastkowska, E. Sikora E., Effect of Encapsulation of
Lactobacillus casei in Alginate-Tapioca Flour Microspheres Coated with Different Biopolymers
on the Viability of Probiotic Bacteria, ACS Applied Materials&Interfaces, 2024, 16(39), 52878-
52893

DOI: https://doi.org/10.1021/acsami.4c10187?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-
as

*Autor korespondencyjny

M¢j udziat w powstaniu publikacji polegat na konsultacji naukowej z zakresu interpretacji
wynikéw, nadzorze nad catoscig prac oraz pozyskiwaniu funduszy.

Méj udziat w powstaniu publikacji okre$lam na 7%.
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