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Streszczenie (PI)

W niniejszej pracy ukazany zostal obecny stan wiedzy na temat zastosowania estrow
cukrowych kwasow tluszczowych (w skrocie: ECKT) w przemys$le spozywczym,
kosmetycznym, a takze w medycynie 1 farmacji. Podsumowano dotychczas przebadane
1 stosowane metody syntezy chemicznej 1 enzymatycznej ECKT. Nastepnie omdwiono
réznorodno$¢ komponenty hydrofilowej estrow, tj. samych cukréw, z naciskiem na dostepnos¢
tych zrodet w przyrodzie i przemysle, na przyktadzie laktozy (lac). W dalszej czgsci pracy
przedstawiono réznorodno$¢ oraz samg role komponenty hydrofobowej estrow, a takze wplyw
jej budowy oraz modyfikacji na wiasciwosci ECKT, a co za tym idzie — na ich zastosowanie.
Po przedstawieniu tego aspektu zaprezentowano stan wiedzy dotyczacy wykorzystania
bakteryjnych polihydroksyalkanianéw (w skrocie: PHA) nie tylko jako polimery uzyteczne
w medycynie, ale rdwniez jako cenne Zrdédto komponenty hydrofobowej dla ECKT. Podj¢ta
zostala proba wyjasnienia, jak ten potencjal moze by¢ wzmocniony dzigki wybranym
modyfikacjom chemicznym monomeréw PHA. Po czesci teoretycznej przedstawiona zostata
cze$¢ eksperymentalna, w ktorej omowiono dobor warunkow syntezy enzymatycznej ECKT
1ich analizy (jakosciowa 1 ilosciowa HPLC-MS, GC). By przejs¢ do dalszych etapow i spetni¢
glowne cele aplikacyjne projektu, konieczne bylo przetozenie procesu syntezy i oczyszczania
produktow ze skali analitycznej do miligramowej/gramowej. Dzigki temu mozliwe bylo
rowniez okreslenie struktury uzyskanych zwigzkow metodami spektroskopowymi. Dalej,
po uzyskaniu wigkszych ilo$ci modyfikowanych i niemodyfikowanych ECKT, istotnym celem
byto okreslenie zdolnos$ci do tworzenia/stabilizacji emulsji przez uzyskane surfaktanty na
podstawie pomiarOw wartosci: zmian napi¢cia powierzchniowego w czasie oraz
w zalezno$ci od stezenia roztworu danego estru, w celu wyliczenia krytycznego stezenia
agregacji. Dane te postuzyly do zaprojektowania przyktadowych uktadow emulsyjnych
olej/woda na bazie komercyjnie dostgpnej oliwki do pielggnacji skéry oraz skwalanu —
stabilizowanych wybranymi estrami. Wyniki te 1 ich interpretacja sa niezbedne
do zweryfikowania realnych celéw aplikacyjnych — mozliwosci zastosowania ECKT w
przemysle. Zwienczenie calego procesu badawczego stanowi weryfikacja potencjatu
biologicznego nowo wytworzonych ECKT: dzialania antyproliferacyjnego estrow wzgledem
komoérek nowotworowych na przykladzie raka prostaty 1 ludzkiego czerniaka, a takze
potencjatu antybakteryjnego 1 antygrzybicznego wzgledem popularnych patogenow
1 organizmow oportunistycznych. Powyzsze aspekty biologiczne estrow dodatkowo zostaty

uzupetnione o ich mozliwy wptyw na $rodowisko na podstawie toksycznosci wzgledem



Caenorhabditis elegans. Cato$¢ pracy stanowi zestaw czterech artykuléw naukowych
opublikowanych w trakcie realizacji pracy doktorskiej, cytowanych w odpowiednich miejscach
i opatrzonych uzupelnieniami i komentarzami. Autor rozprawy jest zarazem pierwszym

wspotautorem wszystkich publikacji 1 mial znaczacy wktad w ich wykonanie oraz redakcje.



Abstract (Eng)

This work shows the current state of knowledge on the application of sugar esters of
fatty acids (ECKT) in the food, cosmetic and pharmaceutical industries. The chemical and
enzymatic methods of ECKT synthesis that have been studied and used to date were
summarized. This was followed by a discussion of the diversity of the hydrophilic components
of the esters, i.e. the sugars themselves, their accessibility in nature and industry, using lactose
(lac) as an example. The following part of the paper focuses on the diversity and role of the
hydrophobic component of the esters, as well as the influence of its structure and modification
on the properties of ECKTs and, consequently, on their application. Having presented this
aspect, the state of knowledge regarding the use of bacterial polyhydroxyalkanoates (PHA) not
only as polymers useful for medical application, but also as a valuable source of hydrophobic
components for ECKT was exposed. An attempt is made to explain how this potential can be
enhanced by selected chemical modifications of PHA monomers. After the theoretical part, the
experimental part was presented, in which a selection of conditions for the enzymatic synthesis
of ECKT and their analysis (qualitative and quantitative HPLC-MS, GC) was discussed.
In order to proceed further and meet the main application goals of the project, it was necessary
to transfer the process of synthesis and purification of products from the analytical scale to the
milligram/gram scale. This also made it possible to determine structures of the obtained
compounds using spectroscopic methods. After obtaining larger quantities of modified and
unmodified ECKTs, the next important goal was determining the ability of the obtained
surfactants to form or stabilize emulsions. In order to do that measurements of surface tension
changes in time and as a function of given ester concentration were performed. That allowed to
calculate the critical aggregation concentration. These data were used to design sample
oil/water emulsion systems based on commercially available skin care oils and squalane —
which were stabilized with selected esters. These results and their interpretation are necessary
to verify the real application goals — the possibility of using ECKT in the industry.
The culmination of the research process is the verification of the biological potential of the
newly synthesized ECKTs: antiproliferative effect of the esters against cancer cells, using
prostate cancer and human melanoma as examples, as well as the antibacterial and antifungal
potential against common pathogens and opportunistic organisms. The aforementioned
biological aspects of the esters are further complemented by their possible environmental
impact based on toxicity against Caenorhabditis elegans. The dissertation is a set of four

scientific articles published during the whole research process. The articles were cited and



supplemented by additional comments and discussion. The author of the dissertation is also the

first co-author of all the publications and made significant contributions to their editing process.
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Lista uzytych skrotow

ECKT Estry cukrowe kwasow tluszczowych
C9 Kwas nonanowy
C9-Me Ester etylowy kwasu nonanowego
PHN poli[(R)-3-hydroksynonanian-ko-(R)3-hydroksyheptanian]
PHPV poli[(R)-3-hydroksypentanian-ko-(R)-3-hydroksypropionian]
R30OH-C9 Kwas (R)-3-hydroksynonanowy
R30H-C7 (R)-3-hydroksyheptanowy
Mieszanina hydroksykwasow monomeréw PHN: (R)-3-hydroksynonanianu
mPHN . .
i (R)-3-hydroksyheptanianu
Mieszanina estroéw metylowych monomeréw PHN: (R)-3-hydroksynonanianu
mPHN-Me . .
i (R)-3-hydroksyheptanianu
R30H-C9-Me | Ester metylowy kwasu (R)-3-hydroksynonanowego
R30H-C7-Me | Ester metylowy kwasu (R)-3-hydroksyheptanowego
F-mPHN-Me Mieszanina estréw metylowych fluorowanych monomeréw PHN: estry metylowe
(R)-3-(2,2,2-trifluoroetoksy)nonanianu i (R)-3-(2,2,2-trifluoroetoksy)heptanianu
glu a-D-glukopiranoza
gal B-D-galaktopiranoza
lac Laktoza: B-D-Galaktopiranozylo-(1—4)-D-Glukopiranoza
C9-glu Ester glukozowy kwasu nonanowego
C9-gal Ester galaktozowy kwasu nonaowego
C9-lac Ester laktozowy kwasu nonanowego
mPHN-glu Mieszanina estrow gluk.ozy monomeréw PHN: (R)-3-hydroksynonanianu
i (R)-3-hydroksyheptanianu
Mieszanina estréw galaktozy monomerow PHN: (R)-3-hydroksynonanianu
mPHN-gal . .
i (R)-3-hydroksyheptanianu
Mieszanina estréw laktozy monomeréow PHN: (R)-3-hydroksynonanianu
mPHN-lac . .
i (R)-3-hydroksyheptanianu
F-mPHN-glu Mieszanina estréw glukozy fluorowanych monomeréw PHN: (R)-3-(2,2,2—
trifluoroetoksy)nonanianu i (R)-3-(2,2,2—trifluoroetoksy)heptanianu
F-mPHN-gal Mieszanina estréw galaktozy fluorowanych monomerow PHN: (R)-3-(2,2,2—
trifluoroetoksy)nonanianu i (R)-3-(2,2,2—trifluoroetoksy)heptanianu
F-mPHN-lac Mieszanina estrow laktozy fluorowanych monomeréw PHN: (R)-3-(2,2,2—
trifluoroetoksy)nonanianu i (R)-3-(2,2,2—trifluoroetoksy)heptanianu
CalB Immobilizowana lipaza B z grzyba Candida antarctica
TL-IM Immobilizowana lipaza z grzyba Thermomyces lanuginosus
HTB140 Linia komorkowa ludzkiego czerniaka skory
Dul45 Linia komérkowa ludzkiego raka prostaty
HSF Linia komoérkowa ludzkich fibroblastow skornych
HaCAT Linia komérkowa ludzkich keratynocytow skornych
PNT2 Linia komorkowa ludzkiego nabtonka prostaty
DMSO Dimetylosulfotlenek
DMF Dimetyloformamid
THF Tetrahydrofuran
HLB Rownowaga hydrofilowo-lipofilowa (Hydrophilic-Lipophilic Balance)
CAC Krytyczne stezenie agregacji
NMP N-metylopirolidon
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Graficzne przedstawienie zakresu prac badawczych

Synteza poli 3-(R)-hydroksynonanianu—ko-heptanianu (PHN)
w procesie fermentacji przy uzyciu bakteri:
Pseudomonas putida KT2440
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1. Wstep i przyblizenie gtéwnych probleméw badawczych

1.1. Problem choréb nowotworowych

Choroby nowotworowe to jedne z najbardziej Smierciono$nych schorzen na $wiecie.
Wedtug World Human Organization oraz instytucji Globocan w 2021 roku zachorowato ok.
19,29 mln 0s6b. Choroby te spowodowaty niemal 10 mln zgondéw. Ponadto tego samego roku
choroba nowotworowa dotkne¢ta ok. 400 000 dzieci [1]. Rak ptuc, prostaty, jelita grubego,
zotadka 1 watroby to najczestsze rodzaje nowotworow u mezczyzn, podczas gdy rak piersi,
jelita grubego, pluc, szyjki macicy i tarczycy sa najczgstsze wsrdd kobiet [1]. Ponizej

zamieszczono statystyki obrazujace skale 1 rodzaje choréb nowotworowych.

a) Piers: b) Ptuca:
. 2261419 . 1796 144
55085 3 11.7% T i
(46%) Pluca: (%) Okreznica:
r2 206771 935173
(11,4%) (9,4%)

- Qkreznica:

1931590
(10%6) L Watroba:
Prostata: 83% 180 ’
. 1414 259 0
604127 W troba-,T Zotadek: 466 003 b etyk: Pieré: 76861793'
Sl Tosl: 1089103 (4.7%) :
(3.1%) 905677 544 076 684 996 (7,7%)
(4,7%) (2.6%) (5,5%) (6,9%)
Suma: 19 292 789 Suma: 9 958 133
C d
) Qceania: ) Oceania:
254 291 (1,3%) 69 354 (0,7%)
Afryka: ) Ameryka Azia:
1109 209 (5,7%) 3251}83 . Pétnocna: [= éog 431
699 274 (7%) 58,3%
fmfe_ry‘lfa (49,3%) ( )
acinska
h . Afryka:
i Karaiby: 71 1y429

147027

(7,1%)

(7,6%)
Ameryka Ameryka
Pétnocna: tacinska
2 556 862 i Karaiby:
(13,3%) 713 414
(7,29%)
Europa: Europa:
4398 443 1955 231
(22,8%) (19,6%)

Suma: 19 292 789

Suma: 9 958 133

Rys. 1. Statystyki zachorowan i umieralnosci na choroby nowotworowe w roku 2021: a) nowe przypadki zachorowan

na $wiecie, b) Statystka $mierci, ¢) Statystyki zachorowan na poszczegdlnych kontynentach, d) Statystyki $§mierci na

poszczegdlnych kontynentach. Zmodyfikowano na podstawie [1]
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Ponadto w czasie pandemii spowodowanej wirusem SARS-CoV-2 dostep do opieki
zdrowotnej zostal ograniczony nawet w krajach rozwinietych, a osoby w trakcie terapii, majace
obnizong odporno$¢, byty dodatkowo wystawione na powiktania zwigzane z infekcja wirusa

[2, 3]. Stad zapotrzebowanie na nowe rodzaje terapii, nowe leki i strategie leczenia nadal ro$nie.

Obecnie najpowszechniejsze podejscie kliniczne do walki z  chorobami
nowotworowymi opiera si¢ na terapii skojarzonej, tj. odpowiednim i opcjonalnym doborze
1 zastosowaniu nast¢pujacych technik: operacja chirurgiczna usuwajaca guz z ciala pacjenta,
chemio-, radio-, foto-, termo- i krioterapia. Kazda z tych technik jest dobierana indywidualnie
i dostosowana do pacjenta w zaleznosci od pftci, wieku, zaawansowania choroby i rodzaju
nowotworu [4]. Dodatkowo, czasami niezbg¢dne staje si¢ uzupeinienie protokolu o terapig
celowang lub tzw. szczepionki przeciwnowotworowe. Polegaja one na podawaniu specjalnie
wyhodowanych przeciwcial monoklonalnych znakujacych dany typ komoérek nowotworowych
pobranych od pacjenta/pacjentki bagdz immunizowanie pacjenta/pacjentki poprzez podawanie
wersji jego/jej komorek nowotworowych w nieszkodliwej formie [5-8]. Do glosu doszta
rowniez nanotechnologia, ktéra udostgpnita calg palete roznych nosnikow: nanoczastek,
nanorurek, nanokapsutek zwiekszajacych selektywnos$¢ lekow, ulatwiajacych dostarczenie
lekow w konkretne miejsca znajdywania si¢ ognisk przerzutowych oraz ich wchtanianie [9—

11].

Dzigki wprowadzeniu i rozpowszechnieniu szczepionek mRNA przeciw wirusowi
SARS-CoV-2 dokonano znaczacych postepow w rozwoju nowych lekéw 1 rozwinigto
technologi¢ szczepionek przeciwnowotworowych bazujacych na miRNA, siRNA oraz ssDNA.
Czasteczki te podawane sa za pomoca wektorow wirusowych badZz nanokapsutek

stabilizowanych estrami, w tym ECKT [12, 13].

Jednakze popyt na nowe leki lub ich formy i technologie ich dostarczania nie spada,
gdyz komorki nowotworowe mutuja i uodparniaja si¢ na nowe generacje lekow [14, 15].
Ponadto koszty lekow 1 terapii sa czesto duze 1 limitujg powszechno$¢ (zwlaszcza w krajach
rozwijajacych si¢). Dodatkowym problemem, na ktory nalezy zwrdci¢ uwage przemystu
farmaceutycznego, jest cyrkulacja toksycznych czastek 1 ugrupowan mutagennych
1 kancerogennych w §rodowisku. Zuzyte leki, ktore niszcza komorki nowotworowe badz ich
substraty/produkty uboczne, gdy dostaja si¢ do wod, gleb i organizméw zdrowych, same
dziataja mutagennie i kancerogennie [14, 15]. Stad potrzeba poszukiwania nie tylko samych

strategii 1 nowych zwiazkéw, lecz takze zwigzkow o niskiej toksycznosci, tatwo
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biodegradowalnych i zwigkszajacych wchianianie juz dostgpnych komercyjnie lekow tak, by

moce skutecznie je uzywaé w nizszych stgzeniach [16, 17].

Ze wzgledu na wyzej wymienione aspekty modyfikowalne ECKT stanowig obiecujacy
materiat badawczy w procesie poszukiwania alternatywy lub wzmocnienia konwencjonalnych
terapii przeciwnowotworowych. Mogg z jednej strony przekazywac¢ konkretne (toksyczne dla
komorek nowotworowych) ugrupowania, a z drugiej by¢ tatwo degradowane przez lipazy

1 esterazy obecne we wszystkich organizmach zywych.

1.2. Estry cukrowe kwasow ttuszczowych

Estry cukrowe naleza do klasy zwigzkow biodegradowalnych i bioaktywnych, ktore
zwrécily uwage naukowcow 1 przemystu w ostatnich dziesigcioleciach [18-20]. Czasteczki te
sktadaja si¢ z hydrofilowej komponenty cukrowej (bogatej w grupy hydroksylowe) potaczone;j
wigzaniami estrowymi z cze$cig hydrofobowa — zwykle kwasem karboksylowym. Liczba i
dlugo$¢ tych tancuchow kwasowych wraz z liczba grup hydroksylowych danego cukru
okreslaja réwnowage hydrofilowo-lipofilowa (Hydrophilic-Lypophilic Balance, w skrocie:
HLB) — unikalng wtasciwo$¢ danej czasteczki estru cukru. Jednoczes$nie ich budowa chemiczna
umozliwia tworzenie miceli 1 emulsji oraz stabilizacje pian dzigki wlasciwosciom
powierzchniowo czynnym. Cechy te przekladaja si¢ na praktyczne zastosowanie estrow
cukrowych kwasow ttuszczowych, dlatego sa one szeroko wykorzystywane w przemysle
spozywczym, kosmetycznym i farmaceutycznym (jako dodatki do produktow mlecznych, pasz,
kremow, zeli, szamponow, past, masci). ECKT moga wptywac takze na organizmy zywe, np.
zwigkszaja przepuszczalnos$¢ bton komorkowych 1 inaktywuja biatka transblonowe, narazajac
w ten sposob drobnoustroje na niekorzystne czynniki zewngtrzne, utrate bialek
wewnatrzkomorkowych 1 cennych skladnikéw odzywczych, prowadzac do $mierci
mikroorganizmu. Wsrod estréw cukroOw najbardziej popularne sg te, ktore zawierajg glukoze,

galaktoze, sacharoze lub laktoze ze wzgledu na ich duzg dostepno$¢ z zasobow naturalnych.

1.3. Laktoza — odpad przemystowy zrédtem komponenty hydrofilowej dla
ECKT

Najwiekszymi producentami mleka na §wiecie sg USA i1 Unia Europejska. Szacuje sig,
ze gospodarka UE wyprodukowata szacunkowo 161,0 min ton surowego mleka w 2021 r.,

co oznacza wzrost o 0,7 mln wzgledem poprzedniego roku. Zdecydowana wigkszo$¢ mleka
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surowego (150,7 miIn ton) trafita do mleczarni, pozostata cze$¢ zostala wykorzystana
bezposrednio w gospodarstwach. Mleko to uzyto do produkcji zarowno $wiezych
1 przetworzonych produktow mlecznych. Szacuje si¢, ze tego roku mleczarnie wyprodukowaty
ok. 2,3 mln ton masta i produktéw maslanych z 44,4 mln ton pelnego mleka, 10,4 mln ton sera
z 61,4 mln ton mleka petlnego 1 16,4 min ton mleka odtluszczonego, a takze 23,2 min ton mleka
spozywczego z 13,0 mln ton mleka petnego i 10,0 mln ton mleka odtluszczonego [23]. Z kolei
USA w 2019 r. wyprodukowalo okoto 9,9 min t mleka, ktére przerobiono gtéwnie na ponad

600 rodzajow sera 1 mleka w proszku.

Z przemyshu mleczarskiego pozyskuje si¢ dwa gltéwne produkty uboczne: $cieki, w tym
woda do mycia i pasteryzacji, oraz serwatkg. Te pierwsze sg zmieszane z detergentami
1 generalnie maja niski wsad organiczny: 2,5 1 $ciekdw na 1 kg przetworzonego mleka.
Serwatka natomiast jest silnie obcigzajacym srodowisko produktem przemystowym, poniewaz
na 1 kg sera uzyskuje si¢ 9—10 litrow serwatki. Obecnie okoto 50% $ciekéw mleczarskich na
swiecie jest odprowadzanych do srodowiska bez jakiejkolwiek kontroli. Sytuacja ta nie tylko
powoduje eutrofizacje¢ zbiornikow wodnych, lecz takze zwigksza koszty oczyszczania wody

w oczyszczalniach [24].

Serwatka sktada si¢ gtownie z laktozy, biatka i mineratow (odpowiednio 70-72%,
8-10% i 12-15% suchej masy). Jej pH waha sie od 3,3 do 9,0. Zawiera od 0,01 do 1,7 g I'!
catkowitego azotu (oznaczanego metoda Kjeldahla NTK); chemiczne zapotrzebowanie na tlen
reakcji prowadzacych do roztozenia sktadnikéw serwatki (COD) to 50102 g I!, a biologiczne
zapotrzebowanie na tlen mikrorganizméw rozkladajacych serwatke (BZT) waha si¢ migdzy
27 a 60 g I"'. Ze wzgledu na te cechy serwatka stanowi atrakcyjny substrat do biologicznego
oczyszczania poprzez fermentacj¢ beztlenowa. Ponadto serwatka moze by¢ rowniez
wykorzystywana do pozyskiwania migdzy innymi zywnosci dla niemowlat, wypiekow,
szczepionek, lekow, szampondw 1 past do zgbow. W procesach fermentacji tlenowej przez

odpowiednie bakterie mozna jej uzy¢ nawet do produkcji polihydroksymaslanu (PHB) [25].

Pomimo wysokiej wartosci odzywcze] okoto polowa wytworzonej objetosci serwatki
jest nadal niewtasciwie wykorzystywana lub utylizowana, co powoduje szkody w ekosystemie.
Biorac pod uwage staly wzrost rocznej produkcji sera, roéwniez ilo$¢ wytwarzanej serwatki
wzrasta, co wymaga nowych strategii w celu poprawy jej wykorzystania i zastosowania.
Ze wzgledu na ilo$¢ dziennej produkcji, jakos¢ odzywcza 1 potencjat w przemysle, cieszy si¢

ona duzym zainteresowaniem branzy zywnosciowej [24].
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Chociaz w ostatnich latach popyt na laktoze si¢ zwiekszyt, jest mato prawdopodobne,
aby istnial zyskowny rynek dla catej potencjalnie dostgpnej laktozy. Poniewaz usuwanie
serwatki lub odpadow ultrafiltracji przez zrzucanie do drég wodnych nie jest juz dozwolone,
poszukiwano sposobow wykorzystania laktozy. Przez wiele lat za najbardziej obiecujace
uwazano hydrolize do glukozy 1 galaktozy, ale inne modyfikacje cieszg si¢ coraz wigkszym

zainteresowaniem [26].

Laktoza moze by¢ hydrolizowana do glukozy 1 galaktozy przez enzymy
(B-galaktozydazy, powszechnie nazywane laktazg) lub kwasy. Komercyjnymi zrodiami
B-galaktozydazy sa grzyby plesniowe (zwlaszcza Aspergillus spp.), ktorych enzymy maja
optymalne kwasne pH, oraz drozdze (Kluyveromyces spp.), ktoére wytwarzaja enzymy
o optymalnym pH obojetnym [27]. B-galaktozydazy staly si¢ dostepne na rynku i stanowia
potencjat komercyjny przy przemystowym rozwigzywaniu ,,problemu serwatki” i wyjscia na

przeciw ludziom cierpigcych na nietolerancje laktozy [27].

Uwzgledniajac powyzsze uwarunkowania, zauwazono, ze zarowno laktoza, jak i jej
sktadowe mogg by¢ tatwym 1 tanim do pozyskania na skal¢ przemystowa substratem do syntezy
zwigzkow bioaktywnych. Rozszerzenie za§ zakresu wykorzystania tego cukru 1 jego
sktadowych w farmacji i przemysle kosmetycznym wpisuje si¢ w idee zielonej gospodarki.
Dlatego zdecydowano wykorzysta¢ wilasnie te cukry do syntezy ECKT bgdacych przedmiotem

omawianej pracy badawcze;.

1.4. Zrédta komponenty hydrofobowej ECKT

Rodzaj komponenty hydrofobowej ECKT istotnie wptywa na ich wilasciwosci
fizykochemiczne. Decyduja o nich: dlugos¢ *lancucha alifatycznego danego kwasu
organicznego, obecno$¢ lub  brak réznych dodatkowych grup  funkcyjnych
(np. hydroksylowych, fenylowych, halogenkéw alkilowych itp.), rozgalezienie tancuchéw
weglowych oraz obecno$¢ wigzan nienasyconych. Te wszystkie sktadowe decyduja
o promieniu czasteczki ECKT, jej hydrofobowosci, ulozeniu przestrzennym, zdolnosci
do formowania micel 1 agregowania oraz reaktywnosci. Za nimi idg zdolno$ci do przenikania
przez btony komodrkowe, toksycznos$¢ i oddziatywania z biatkami danego organizmu, ktore
sa wystawione na dziatanie ECKT [20, 27]. Jesli chodzi o inne zastosowania, ECKT pehnig
funkcje¢ ochronng podczas procesu krystalizacji, pomiarow mikroskopowych w wysokiej

rozdzielczosci oraz przechowywania biatek w niskich temperaturach. Dodatek surfaktantow

17



utatwia réwniez wyodrgbnienie fragmentu bton komorkowych, w ktorych zakotwiczone

sg bialka transbtonowe [28, 29].

W procesie projektowania i produkcji ECKT wazny jest dobor komponenty
hydrofobowej, a takze zrddto jej pochodzenia, by odbywato si¢ z mozliwie jak najmniejszym
obcigzeniem dla $rodowiska naturalnego. Najpopularniejsze zrodta to $rednio- lub
dhugotancuchowe kwasy tluszczowe pochodzace z modyfikacji frakcji ropy naftowej czy tez
estry metylowe frakcji diesla, tzw. FAME (Fatty Acid Methyl Esters). Innym zroédtem
tancuchow moga by¢ kwasy tluszczowe pochodzace z ekstrakcji 1 hydrolizy estrow, jakimi
sa thuszcze zwierzece oraz roslinne (efekt produkcji biodiesla). Oleje roslinne to np. olej sojowy
(62% rocznej $wiatowej produkcji olejow roslinnych), palmowy (36,5%), rzepakowy (12,5%),
stonecznikowy (9%), kukurydziany, Iniany, kokosowy, lawendowy, r6zany, awokado itp. [30,

33, 34].

Najpopularniejsze kwasy tluszczowe stosowane w przemystowej produkcji ECKT to:
kwas kapronowy (C6), kaprylowy (C8), kaprynowy C10, laurynowy (C12), mirystynowy
(C14), palmitynowy (C15), oleinowy (C16) oraz stearynowy (C18) [35-38].

Jednym z najwazniejszych powodow przeprowadzenia badan opisanych w niniejszej
rozprawie byla idea zastosowania nowego, niestandardowego zrddlta komponenty
hydrofobowe; ECKT o stosunkowo tanim pochodzeniu, nieobcigzajacej $rodowiska
technologii pozyskiwania, matej toksycznosci, a przede wszystkim mozliwosci jej modyfikacji
chemicznej 1 enzymatycznej. Takie cechy maja kwasy tluszczowe pochodzace

z depolimeryzacji bakteryjnych poliestrow — polihydroksyalkanianow (PHA).

1.5. Polihydroksyalkaniany

Polihydroksyalkaniany to poliestry zbudowane ze (R)-3-hydroksykwasow. Odktadane
sa w wewnatrzkomorkowych hydrofobowych granulkach przez liczne bakterie, ktore
zazwyczaj majg $rednice od 0,2 um do 0,7 um (przyktad widoczny na rys. 2a). Przyktadowa
struktura polimeru zostala przedstawiona na rysunku 2b. Oprocz 97,7% zawartosci PHA,
zawieraja tez 1,8% bialek oraz 0,5% innych lipidow [39, 40]. PHA stanowig materiat zapasowy
dla komorki bakteryjnej, syntezowany de novo w sytuacji nadmiaru zrédta wegla 1 limitu soli
nieorganicznych (np. amonowych, fosforanow, siarczanéw czy magnezu). PHA moze nawet

stanowi¢ do 80% suchej masy komorki [40].
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Rys. 2. Przyktad PHA: a) granulki PHA zakumulowane w bakteriach Pseudomonas putida CA-3 — zmodyfikowano
na podstawie [41]; b) wzor polstrukturalny PHA, gdzie n — liczba jednostek monomerycznych w zakresie 100—
30 000, * — centrum chiralne, R — reszta z r6zng liczba at. C w zakresie 1-18, x — liczba at. C w zakresie 1-3;

zmodyfikowano na podstawie [42].

1.5.1. Zastosowania PHA

PHA maja gléwnie pochodzenie bakteryjne (przynajmniej 119 rodzajow
zidentyfikowanych hydroksykwasow), cho¢ s3a przypadki niektorych genetycznie
modyfikowanych roélin zdolnych do ich syntezy [40, 41, 44, 45]. Ich produkcja na skale
przemystowa wspiera rozwoj tzw. gospodarki obiegu zamknigtego (circular economy), czyli
opartej na materiatach odnawialnych i jak najwydajniej wykorzystujacej dostepne zasoby
naturalne. Zrédlem wegla w wielkoskalowych procesach fermentorowych sa rozne cukry,
glicerol z produkcji i obrobki biodiesla, czy oleje i thuszcze roslinne pozyskane z biorafinerii
przetwarzajacych kukurydze lub trzcing cukrowa. Nawet odpady z przemystu zwierzecego,
takie jak 1], tez moga by¢ wykorzystane do produkcji PHA [43, 46, 47]. Ze wzgledu na dtugos¢
tancuchéw jednostek monomerycznych budujacych PHA mozemy je podzieli¢ na trzy typy:
krotkotancuchowe, tzw. short chain length (scl-PHA C3-C5, wlaczajac w to obecnosé
chiralnego at. C), S$redniotancuchowe — medium chain length (mcl-PHA, C6-Cl14)
1 dlugotancuchowe — long chain length (Icl-PHA, wigcej niz C15) [40, 48]. W zalezno$ci
od dtugosci, rozgatezienia tancuchow bocznych monomerdw, obecnosci kopolimerdw, a takze
obecnosci grup funkcyjnych, tancuchy te moga by¢ réznie upakowywane 1 dawaé rdzng
gestosé, ciezar czasteczkowy 1 strukture polimeru. Powoduje to, ze PHA moga mie¢ rézne
wlasciwosci fizyczne 1 mechaniczne, a co za tym idzie — zastosowanie [41, 49].
Najpopularniejsze zastosowania PHA to folie w rolnictwie, folie spozywcze i ksztattki,
a w medycynie implanty, stenty 1 nici chirurgiczne. PHA mozna tez wykorzysta¢ do produkc;ji
uktadow rozprowadzajacych leki w tkankach organizmoéw czy produkcji mikrokapsutek [47—
50].
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W pracy doktorskiej prezentuj¢ kolejng mozliwos¢ zastosowania PHA (na przyktadzie
polihydroksynonanianu-ko-heptanianu) jako zréwnowazonego zrédta modyfikowalnych

hydroksykwasow do produkcji estrow cukrowych kwasow ttuszczowych.

1.6. Synteza ECKT

1.6.1. Synteza chemiczna

Synteza chemiczna wszystkich estréw cukrowych zachodzi w warunkach bezwodnych.
Najlepszymi mediami dla prowadzenia reakcji sg takie rozpuszczalniki organiczne, w ktorych
mozna rozpusci¢ zarowno substrat hydrofobowy, jak i cukier, tj. pirydyna, N-metylopirolidon
(NMP), pirolidyna, dimetyloformamid (DMF) oraz dimetylosulfotlenek (DMSO). Jednak
z punktu widzenia preparatyki i oczyszczania sg to media bardzo trudne do odparowania
1 odseparowania od produktow. Alternatywa sa bezwodne rozpuszczalniki, w ktorych tatwo
rozpusci¢ co prawda jedynie substraty hydrofobowe dla ECKT, za to tatwo je odparowac.
Przyktadami mogg by¢ dichlorometan, metanol, octan etylu, trietyloamina, 2-metylo-2-butanol,
tert-butanol. Przy uzyciu tego rodzaju mediow reakcyjnych reakcja zachodzi
na granicy faz. Substratami hydrofobowymi w tym wypadku sa estry metylowe lub winylowe
kwasow organicznych, bezwodniki (np. bezwodnik octowy) lub chlorowcowane pochodne
kwasow organicznych. Zazwyczaj proces przeprowadza si¢ w obecnosci sit molekularnych
oraz w temperaturze 25—-130°C (bardzo rzadko nizej, np. 0°C). Czas trwania tych reakcji —
w zaleznos$ci od katalizatora i warunkow — wynosi od kilkunastu sekund do kilku godzin

(czasem do 24 h) i pozwala osiagna¢ do ok. 90% wydajnosci.

Co zatem sktania do korzystania z biokatalitycznych drog otrzymywania ECKT? Jest to
przede wszystkim selektywnos$¢ biokatalizatorow. Ogromne znaczenie ma mniejsza
szkodliwos¢ dla srodowiska biokatalizatora wzgledem katalizatorow chemicznych, uzywane
media reakcyjne 1 nizszy zakres uzywanych temperatur w pordwnaniu do procesOw
chemicznych. Ponadto, zeby reakcja chemiczna byta efektywna, nierzadko trzeba
zmodyfikowaé ktory§ z substratow (na przyklad chlorowanie lub allilowanie substratu
kwasowego). Dopiero wtedy mozna acylowa¢ nimi cukry. Ten etap umozliwiaja rowniez nie
zawsze przyjazne dla srodowiska katalizatory np. K2COs, chlorek cynku, chlorek zelaza, Ho/Pd-
C, nadchlorek litu, triflat indu czy zeolity. Dla odmiany by uzyska¢ ECKT z zadowalajaca
wydajno$cig przy uzyciu enzymOw pochodzenia grzybicznego badz bakteryjnego wystarczy
zmetylowac jeden z substratow, a niekiedy nawet 1 to nie jest wymagane. Stad to enzymy sg

coraz czg¢$ciej wybieranymi katalizatorami transestryfikacji. Peten wachlarz reakcji estryfikacji
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zarowno chemicznych, jak 1 enzymatycznych na przyktadzie laktozy zostal opisany
1 zestawiony w artykule przegladowym autorstwa: Staron, J.; Cichon, E.; Stefaniak, M.; Guzik,
M. [53].

1.6.2. Synteza enzymatyczna ECKT — znaczenie lipaz w procesie syntezy

Sposrad ok. 4000 znanych w przyrodzie enzymow, czlowiek wykorzystuje w przemysle
ok. 200. W wigkszosci sg to enzymy pochodzenia bakteryjnego i grzybowego. Wazng funkcje
w przemysle petnig lipazy, czyli acylohydrolazy triacyloglicerolu (E.C. 3.1.1.3). Mimo,
1z s3 enzymami rozpuszczalnymi w wodzie, hydrolizuja wigzania estrowe nierozpuszczalnych
w wodzie substratow do bardziej polarnych produktéw. Natomiast w warunkach bezwodnych
katalizuja reakcje odwrotna, tj. syntez¢ wigzan estrowych, a takze transestryfikacje,
regioselektywne acylowanie alkoholi (np. cukréow, glikoli, metanolu), a takze aminowanie,
np. synteze peptydow. Stad stanowiag §wietny naturalny katalizator do syntezy ECKT. Lipazy
zawierajg w centrum aktywnym tzw. triade katalityczng — sekwencj¢ aminokwasow: seryna-
histydyna-kwas asparaginowy (Ser-His-Asp) lub seryna-histydyna-kwas glutaminowy (Ser-
His-Glu). Taka budowa centrum aktywnego jest takze charakterystyczna dla proteaz
serynowych. Znajomos¢ ich struktury odgrywa istotng role w projektowaniu i konstruowaniu

lipaz do okreslonych celow [54].
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Rys. 3. Schemat dziatania miejsca aktywnego lipazy: a) struktura lipazy Candida antarctica (CalB): szkielet — kolor
szary, wyszczegolnione centrum aktywne zawierajace triadg katalityczna, w ktorej aminokwas seryna (Ser) sasiaduje
z histydyna (His) i kwasem asparaginowym (Asp): (kolor z6lty), wraz z kieszenig przyjmujaca substrat (kanat dostepu
dla substratu — kolor fioletowy), b) schemat procedury immobilizacji lipazy umozliwiajacy zwigkszenie jej

aktywnosci dzigki stabilizacji detergentem; modyfikowane na podstawie [56, 57].
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Immobilizacja zazwyczaj powoduje spadek aktywno$ci enzymow ze wzgledu
na agregacje 1 mozliwe zastonigcie dojscia do miejsca aktywnego oraz sam proces
nadwyrezajacy strukture katalizatora [57]. Z drugiej jednak strony zakotwicza biatko oraz
stabilizuje fizycznie i1 termicznie, co pozwala na dtuzsze przechowywanie, zwicksza zakres
dziatania (w odniesieniu do pH i temperatury), a takze umozliwia ponowne, cz¢sto kilkukrotne
wykorzystanie oraz tatwe odseparowanie od reagentdw reakcyjnych. W przypadku lipaz
odpowiedni sposdb immobilizacji moze spowodowaé wrecz hiperaktywnos$¢, gdyz proces
umozliwia zmian¢ konformacji na taka, by spowodowac¢ otwarcie miejsca aktywnego (tzw.
aktywacja powierzchniowa), a potem unieruchomienie biatka (patrz rys. 4). Dlatego zabieg ten
jest powszechny przy pracy z lipazami i przy przemystowym ich wykorzystaniu. Dodatkowo,
jesli chodzi o unieruchomione na zlozu lipazy i reakcje estryfikacji, moze dochodzié

do samoaktywacji enzymow blisko siebie utozonych [58].

Z powyzszych wzgledéw, by zsyntezowa¢ pozadane ECKT, ktore sa obiektem
badawczym tej pracy, uzyto katalizatora enzymatycznego, wyzej wymienionego cukru —
laktozy (lac) — oraz jej skladowych: glukozy (glu) 1 galaktozy (gal), a jako komponente
hydrofobowa wykorzystano estry metylowe kwasu nonanowego (C9), a takze mieszaning

estrow metylowych hydroksykwasow pochodzacych z depolimeryzacji PHN.
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2. Cele pracy

Gléwnym celem pracy jest synteza, charakterystyka i okreslenie wlasciwosci

biologicznych ECKT. Szczegdtowe cele zostaly wyrdznione ponizej:

1.

Opracowanie metod enzymatycznej syntezy ECKT, a takze oznaczania jako$ciowego,
czystosci 1 wydajnosci procesu. Weryfikacja struktur nowych estréw, a takze

przeskalowanie procesu z ilosci analitycznych do gramowych.

Oznaczenie zmian wybranych wtasciwos$ci fizykochemicznych od stezenia ECKT w
wodzie: napig¢cia powierzchniowego roztworu, krytycznego stezenia agregacji, zdolnosci

do stabilizacji emulsji.

Poznanie wtasciwosci przeciwdrobnoustrojowych, w szczegolnosci przeciwbakteryjnych
i przeciwdrozdzakowych estrow na bazie glukozy. Przedyskutowanie tych wtasciwosci
w konteks$cie antybiotykéw 1 potencjalnych zastosowan w przemysle spozywczym i

farmaceutycznym.

Oznaczenie cytotoksycznosci oraz wlasciwos$ci antyproliferacyjnych modyfikowanych i
niemodyfikowanych ECKT wzgledem wybranych linii rakowych oraz komorek
referencyjnych. Porownanie tych wlasciwo$ci z innymi estrami cukrowymi oraz
popularnymi cytostatykami. Okreslenie, jakg rolg w przemysle 1 medycynie moglyby

odgrywac¢ nowo zsyntezowane estry.

Okreslenie potencjalnego wplywu badanych zwigzkow na Srodowisko poprzez

oznaczenie toksycznosci wzgledem modelowych organizmdw — nicieni.
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3. Wykaz artykutow stanowigcych prace doktorskg

(zgodnie z kolejnoscig ukazania si¢)

PUBLIKACJA 1 (P1):

Wojciech Snoch, Mateusz Tataruch, Olga Zastawny, Ewelina Cichon, Mathilde Gosselin,
Hubert Cabana, Maciej Guzik “Hollow silica microspheres as robust immobilization carriers”

2019, Bioorganic Chemistry 93, 102813; DOI: 10.1016/j.bioorg.2019.02.038

Wktad:

Wykonatem czg$¢ prac eksperymentalnych dotyczacych opracowania $ciezki syntezy estrow
cukrowych 1 ich oznaczania metodami HPLC-MS oraz aktywnosci badanych lipaz.
Przygotowatem wstepna wersj¢ publikacji 1 metod oraz dyskusji dotyczacej lipaz i syntezy

estrow cukrowych.

PUBLIKACJA 2 (P2):

Wojciech Snoch, Karolina Stepien, Justyna Prajsnar, Jakub Staron, Maciej Szaleniec, Maciej
Guzik, “Influence of Chemical Modifications of Polyhydroxyalkanoate-Derived Fatty Acids on
Their Antimicrobial Properties” 2019, Catalysts, 9(6), 510, DOI: 10.3390/catal9060510

Wkiad:

Wykonalem nastepujace prace eksperymentalne: synteza polimeru — polihydroksynonanianu-
ko-heptanianu oraz przeprowadzenie jego oczyszczenia i1 depolimeryzacji. Dokonatem
przegladu metod modyfikacji hydroksykwasow, w szczegolnosci pod katem wprowadzenia
podstawnika F-alkilowego. Opracowalem metod¢ jego wprowadzania do grup 3-OH
monomerdéw polihydroksynonanianu-ko-heptanianu. Opracowatem 1 wykonatem synteze
estrow glukozy za pomoca immobilizowanych lipaz. Przeprowadzitem cze$¢ analiz

UHPLC-MS. Przygotowatem pierwsza wersje¢ calego manuskryptu.
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https://doi.org/10.1016/j.bioorg.2019.02.038

PUBLIKACJA 3 (P3):

Wojciech Snoch, Dawid Wnuk, Tomasz Witko, Jakub Staron, Andrzej J. Bojarski, Ewelina
Jarek, Francisco J. Plou, Maciej Guzik “In Search of Effective Anticancer Agents—Novel Sugar

Esters Based on Polyhydroxyalkanoate Monomers” 2021, International Journal of Molecular

Sciences, 22(13), 7238, DOI: 10.3390/ijms22137238

Wkiad:

Opracowalem wstep manuskryptu na podstawie przegladu literaturowego. Wykonalem czegs¢
prac eksperymentalnych: synteze¢ fermentorowa, obrobke i oczyszczanie polimeru bakteryjnego
oraz jego depolimeryzacje. Zmodyfikowalem mieszaning estréw metylowych monomerow
wprowadzajac fragment alkilowy podstawiony fluorem. Dokonalem syntezy oczyszczenia
estrow cukrowych na bazie glukozy, galaktozy i laktozy. Opracowalem metody analityczne
UHPLC-MS. Oznaczylem stezenia 1 wydajnosci reakcji. Zinterpretowatem widma IR
zwigzkoéw. Uczestniczytem w procesie interpretacji i dyskusji zdje¢ struktur subkomoérkowych
komoérek rakowych z mikroskopu konfokalnego oraz wynikoéw transmigracji. Napisalem
pierwsza wersje catlego manuskryptu. Opracowalem rysunki, tabele i wykresy oraz suplement.

Pehitem funkcje¢ tacznika pomigdzy wspdtautorami. Odpowiadalem na uwagi recenzentow.

PUBLIKACJA 4 (P4):

Wojciech Snoch, Ewelina Jarek, Dusan Milivojevic, Jasmina Nikodinowic-Runic, Maciej
Guzik “Physicochemical studies of novel sugar fatty acid esters based on (R)-3-hydroxylated
acids derived from bacterial polyxydroxyalkanoates and their potential environmental impact”
2023, Frontiers in Bioengineering and Biotechnology 9(11), 1112053, DOTI:
10.3389/tbi0e.2023.1112053

Wkiad:

Wykonatem wigkszo$¢ prac eksperymentalnych (synteza, oczyszczanie, oznaczanie estrow
cukrowych, badania fizykochemiczne, cze$¢ badan toksycznosci przeprowadzonych na
nicieniach), dokonatem przegladu literaturowego, napisatem szkic — wersje pierwotng catego

manuskryptu, przygotowatem rysunki, wykresy. Opracowalem suplement.
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4. Omowienie prac badawczych i publikacii

Wprowadzenie do Publikacji 1

By moéc wiasciwie zrealizowaé eksperymenty opisane pracy P1 nalezato dokonaé
przygotowan polegajacych na przegladzie literaturowym dotyczacym metod acylacji réznych
dwucukréw (gtéwnie lac i podobnej do niej w budowie sacharozy) tancuchami alifatycznymi
zblizonymi dhlugoscia do kwasu nonanowego (to jest C8, C9, Cl12), za pomoca
immobilizowanych lipaz grzybicznych i bakteryjnych. Najwazniejsze reakcje estryfikacji i ich
warunki (rodzaj rozpuszczalnika, stosunek molowy reagentow, stezenie lipazy, temperatura
reakcji, szybko§¢ wytrzasania i czas prowadzenia reakcji) zostaty przetestowane a wyniki

zebrane w tabeli 1.

Ponizszy rysunek 4 przedstawia uproszczony schemat reakcji otrzymywania ECKT
na przyktadzie modelowego nonanianu glukozy (C9-glu). Reakcja ta byla przedmiotem

znacznej czesci badan opisanych w artykule P1.

CHy

OH :
lipaza
H o H warunki
o 2 H bezwodne © nonanian
_—
HaC \I(\/\/\/\CH3 - . glukozy
o] HO OH (C9-glu)
H OH
ester metylowy kwasu
nonanowego (C9-Me) glukoza

Rys. 4. Schemat reakcji katalizowanej przez lipaz¢. Adaptacja Panelu B publikacji P1 — lipaza acyluje glukozg

nonanianem metylu, tworzac ester cukru i produkt uboczny metanol [59].

Reakcje zostaty przeprowadzone z uwzglednieniem warunkow zamieszczonych
w ponizszej tabeli nr 1 po uprzednim zmodyfikowaniu do objgtosci 1,5 ml. Przygotowano serie

reaktorow w szczelnie zakrecanych plastikowych probéwkach.
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Tabela 1. Zestawienie warunkow syntezy enzymatycznej ECKT optymalnych dla uzyskania C9-lac

. Stosunek
AL AU Medium molow
testowanej | pochodzenie Substrat Cukier . Y | Literatura
reakcyjne [ kwasu do
metody enzymu .
cukieru
Kwas
octadeka—9—
1 CalB enowy lac EtOH (99%) 1:1 [58, 59]
kwas oktadeka
9,12-dienowy
CalB
Amano lipaza monolaurynian Aceton, MEK,
2 PS-IM : 3:1 [60, 61]
winylu 2M2B
(Pseudomonas
cepacia), lac,
Thermomyces sacharoza
lanuginosus 1 .
3 amanolipase | Monoiaurynian Pirydyna 3:1 [65
TL-IM winylu
Mucor miehei
4 monolaurynian lac  |[2M2-But-OH| 2:1 [64]
winylu
TL-IM
monolaurynian 2M2-But-0H
5 winylﬁll lac 80%/ 20% 3:1 [65]
DMSO
6 Candida rugosa kwas kaprowy, |lac, ryboza,| Aceton, EtOH, 3:1: 2:1 [66]
kwas laurynowy | mannoza | t-amyl-OH

Detekcji reagentow dokonano za pomocg wysokosprawnej chromatografii cieczowej

sprzezonej ze spektrometrem masowym HPLC-MS (Szimadzu oraz Agilent 6460).

Najbardziej wydajng metoda okazata si¢ by¢ opublikowana przez zespdl M. Walsh
pt. ,.Synthesis of lactose monolaurate as influanced by various lipases and solvents”.
Jej adaptacja to: 22 mg lac [43 mM], uzycie 2M2B jako medium reakcyjnego suszonego
za pomocg sit molekularnych, 34 mg katalizatora — immobilizowanej lipazy, obecno$¢ 10%
m/v sit molekularnych (4 A,150 mg), 130 mM estru czyli odpowiednio C9-Met 1458 ul
dla estru C7/C9-Met [67]. Stezenie C9-lac oznaczono metoda standardu wewnetrznego na
podstawie krzywej kalibracyjnej dla estru wzorcowego — monolarurenianu sacharozy (C12). Ze

wzgledu na niskie wydajno$ci postanowiono rozszerzy¢ spektrum substratowe o sktadowe lac,
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to jest o glukoze (glu) 1 galaktoze (gal), a takze potwierdzi¢ obecnos$¢ produktow inng metoda
— chromatografia gazowa z detektorem plomieniowo-jonizujacym (GC-FID, Varian).
By dokona¢ detekcji GC, mieszaning reakcyjna nalezato uprzednio poddaé procesowi
derywatyzacji za pomoca odczynnika chloro-silanowego TMCS (trimethylchlorosilane).
Kluczowa rolg w procesie analizy reagentow po reakcji odegrata pirydyna, gdyz umozliwia ona
rozpuszczenie zarowno glu, gal, jak i estrow, co jest kluczowe z punktu widzenia derywatyzacji
oraz wykreslenia krzywych kalibracyjnych. Dlatego po zatrzymaniu reakcji (poprzez
zamrozenie), przed przygotowaniem probek do analiz, dokonano catkowitej ekstrakcji poprzez
dodanie pirydyny do kazdego z reaktorow i intensywne mieszanie. Finalnie probki do analizy
HPLC-MS przygotowano wedtug ponizszego zoptymalizowanego protokotu. Po wymieszaniu
z pirydyna pobrano po 100 pl mieszanin reakcyjnych i rozcienczano dziesigciokrotnie
w roztworze MeOH/H0 50%/50% v/v, mieszano przy uzyciu mieszadla (typu Vortex),
a nastepnie wirowano. Nadsgcz pobrano i rozcienczono 100 razy w takim samym roztworze
MeOH/H>0O. Probki poddawane analizie GC przygotowano w nastgpujacy sposob:
po wymieszaniu z pirydyng pobrano po 100 pl mieszanin reakcyjnych i wymieszano z 200 pl

odczynnika derywatyzujacego (TCMS). Inkubowano przez 30 min w T = 70°C [68].
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Rys. 5. Chromatogramy ukazujace pierwsze proby detekcji ECKT w trakcie procesu optymalizacji reakcji
enzymatycznych: a) schemat procesu derywatyzacji reagentow przed analiza GC-FID, b) chromatogram gazowy
C9-glu — GC-FID Varian, ¢) chromatogram i widmo masowe adduktu [M+Na]*-nonanianu laktozy — HPLC-MS

Shimadzu, d) chromatogram i widmo masowe adduktow [M+H]" i [M+Na]*-nonanianu glukozy — UHPLC-MS
Agilent QQQ 6460.
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Kiedy upewniono si¢, ze pozadana reakcja zachodzi w warunkach odtworzonych
z protokoldw opisanych w zestawie publikacji z przegladu, podjeto proby zwigkszenia jej

wydajnosci. Owocem tych prob jest ponizsza publikacja.

Publikacja 1 — Bioorganic Chemistry 2019

Bioorganic Chemistry 93 (2019) 102813

Contents lists available at ScienceDirect

Bioorganic Chemistry

journal homepage: www.elsevier.com/locate/bioorg

Hollow silica microspheres as robust immobilization carriers

Check for
updates

Wojciech Snoch”, Mateusz Tataruch’, Olga Zastawny", Ewelina Cichofi’, Mathilde Gosselin’,
Hubert Cabana®, Maciej Guzik™

# Jerzy Haber Institute of Catalysis and Surface Chemistry Polish Academy of Sciences, Niezapominajek 8, 30-239 Krakdw, Poland
bD(’pan‘ment of Plant Cytology and Embryology, Institute of Botany, Jagiellonian University, Gronostajowa 9, 30-387 Krakdw, Poland

¢ Faculty of Material Science and Ceramics, AGH University of Science and Technology, Mickiewicza Av. 30, 30-059 Krakow, Poland

4 Materium Innovations INC., Boulevard Industriel 790, Granby, J2G 9J5 Quebec, Canada

¢ Department of Civil and Building Engineering, Universite de Sherbrooke, 2500 Boulevard de I'Universite, Sherbrooke, JIK 2R1 Quebec, Canada

Wplyw immobilizaciji lipaz na efektywnos¢ syntezy ECKT
Dzigki wymienionym w powyzszym wprowadzeniu przygotowaniom mozliwe bylo
zrealizowanie czesci badan omawianych w publikacji P1 dotyczacych wptywu immobilizacji

lipaz na efektywnos$¢ syntezy ECKT, ktore wchodza w zakres niniejszej rozprawy.

Po dobraniu optymalnych warunkow i rozpuszczalnikow dla przeprowadzenia reakc;ji
enzymatycznej syntezy ECKT w skali analitycznej, przy uzyciu popularnych 1 latwo
dostepnych enzyméw CalB i TL-IM, postanowiono rozszerzy¢ wachlarz katalizatorow.
W zwigzku z tym zostala nawigzana wspoétpraca z firmg Eucodis Bioscience produkujaca
immobilizowane oraz wolne lipazy w celu rozszerzenia spektrum zastosowania mozliwych

katalizatorow. Przetestowalem seri¢ 26 lipaz, z ktorych jedna — immobilizowana EL70, okazata
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si¢ najbardziej obiecujgca. Dalej, zespdt badawczy pracujacy nad P1 nawigzat wspotprace
z kanadyjska firma MATSPHERES® produkujagca materiaty dla biotechnologii,
w szczeg6lnosci dla reaktorow, w tym podloza do immobilizacji enzymoéw. Po otrzymaniu
porcji poditozy od firmy METSPHERES® we wspoétpracy z dr Eweling Cichon i dr inz.
Mateuszem Tataruchem dokonali$my immobilizacji lipazy EL70 i przetestowaliSmy konwersj¢
glukozy do jej estru kwasu nonanowego. Reakcje przeprowadzin w matych reaktorach typu
batch, zgodnie z wcze$niej wypracowanymi warunkami reakcji. Testowane podtoza to: Monolit
— o gladkiej powierzchni z modyfikowanymi grupami —OH, azurowe Sphere — zawierajace
modyfikowane o grupy —OH, jak 1 —NH>, oraz mikroczasteczkowe pianki (Microcellular foam),
réwniez z modyfikowanymi grupami —OH i —NHb>. Ponizej zestawiono wydajnos$ci, ktore
obliczono na podstawie stezenia nieprzereagowanego cukru (tabela 2). Analiz dokonywano

metodami UHPLC-MS (QQQ Agilent) oraz GC-FID (Varian).

Immobilizacja enzymu El 70 Eucodis Bioscience na sfunkcjonalizowanych ztozach krzemionkowych

i Procedura immobilizacji [
Krzemionka Krzemionka TE
z dostepnymi Nogniki z dostepnymi Typ nosnika:
grupami -OH ONIKE grupami -NH,
EL 70
wolna lipaza
l @ Aktywacja
WENE nosnikow iy ‘ 1-OH Monolit |
00000 NHNHNHNHNH
‘, Wprowadzenie fgcznika ‘
tzw. link [ 1-OH Sfer |
Struktura “" oH (e Inkera) e o Struktura :
divinylosulfonu s L M glutaraldehydu
Hzc/ﬁu H i NH,-pianka mikrokomdrkowa
0 (NH,mfc)
{, Immobilizacja na ziozach * H
oH o G HO
SERY - [ e
Ho”” \D/\/\\o HO/ \QH A
* Lipaza * H Lipaza
oH a HO, N ﬂ
Ny W\ \ \Si/_ NH
si s / 7B L2
P & HO ol
o \O/\/\\o Liofilizacja 4
o ]
Bt nmaomand likezy ks Piki dla zderywatyzowane] galaktozy |
( / |
l Piki dla zderywatyzowanych =
produktow C9-glukozowych s

po 24 h reakcji

Piki dla zderywatyzowanych |
| praduktéw C9-galaktozowych |
st po 24 h reakcji l

Brak piku dla produktu w przypadku wolnej lipazy EL 70 Brak piku dla produktu dla nieimmobilizowanej EL 70

Rys. 6. Schemat immobilizacji enzyméw na sfunkcjonalizowanych zlozach firmy Matspheres®, oraz wyniki
jakosciowej analizy GC mieszanin poreakcyjnych.
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Eksperyment wykazat brak aktywnos$ci wolnej lipazy EL70. Najbardziej preferowanym

no$nikiem do dalszych eksperymentow okazaty sie sfery modyfikowane grupami —NH>.

Tabela 2. Synteza C9-glu w reaktorach z 2M2B jako medium

No$nik / Enzym Stezenie glukozy po 24h [mg ml!] | Konwersja [%]
EL 70 wolna lipaza 3,77 13,5
MATSPHERES®-OH 0,5 88,5
MATSPHERES®-NH, 0,07 98,4
SBA-OH 0,5 89,1
SBA-NH, 0,47 83,7
TL-IM 2,53 42,1
CalB 2,72 37,6

Po uzyskaniu wynikow reakcji biokatalizy w reaktorach typu batch zdecydowano sie
na przeprowadzenie eksperymentu angazujacego reaktor przeptywowy oparty na kolumnie
pOlpreparatywnej, pompie HPLC i termostacie do kolumny, zeby sprawdzi¢, czy ta forma
prowadzenia reakcji moze zwigkszy¢ jej wydajnos$¢. Schemat reaktora i wyniki umieszczono
ponizej. Zeby rozpusci¢ substrat cukrowy i uniknaé zapchania kolumny oraz pompy, uzyto
mieszaning 2M2B:DMSO (8:2, v/v) jako medium reakcyjne. Katalizatorem byta lipaza EL70
Eucodis Bioscience immobilizowana na azurowych podlozach Kanadyjskiej firmy

MATSPHERES modyfikowanych grupami —OH lub —NHo.

Immaobilizowany enzym
zatadowany na kolumne

Naczynie do zbierania
mieszaniny poreakcyjnej

=nppied
50 epnra‘yﬂ!”
\ ]

Piec do grzania kolumny HPLC
podczas rozdziatu

Rys. 7. Schemat reaktora przeplywowego w skali analitycznej skonstruowanego we wspotpracy z dr inz. Mateuszem

Tataruchem.
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Tabela 3. Zestawienie konwersji uzyskanych w poszczegoélnych turach rekacji transestryfikacji immobilizowana
lipaza EL70 z wykorzystaniem reaktora przeptywowego

Ponowne wykorzystanie
Typ nosnika 1 | 2 | 3
dla enzymu Konwersja [%]
MATSPHERES®-OH 12,9 73,0 51,1
MATSPHERES®-NH2 42,6 88,3 68,1

Tabela 3 pokazuje, jak zmieniaty si¢ wydajnosci reakcji w reaktorze przeplywowym
za kazdym jego wykorzystaniem na podstawie ubytku substratu glukozowego. Ponowne
(drugie) wykorzystanie reaktora zwigkszyto wydajnos¢ reakcji. Jednak trzecie wykorzystanie
kolumny z katalizatorem spowodowato spadek wydajnosci. Eksperyment pokazat nie tylko
wzrost wydajnosci reakcji wzgledem reaktorow typu catkowity wsad tzw. batch z podtozem
modyfikowanym grupami —-NH> z 58,7% do 88,3% (wzrost ok. 30%), lecz takze mozliwo$¢

kilkukrotnego wykorzystania katalizatora.

Podsumowanie i wnioski

Niniejszy manuskrypt przedstawia koncepcje rozwoju biokatalitycznej syntezy estrow
cukrowych na przyktadzie lac, glu, gal, oraz C9-Me. Rozwdj ten polegal najpierw na doborze
najlepiej dziatajacych warunkow dla tego uktadu oraz badaniach przesiewowych serii 26 lipaz
firmy Eucodis Bioscience 1 wyborze jednej najbardziej obiecujacej. Okazata si¢ nig EL070.
Kolejnym etapem usprawnienia procesu bylo zastosowanie no$nikow zaréwno gltadkich typu
SBA, jak i azurowych firmy MATSPHERES®, modyfikowanych odpowiednio grupami ~OH
1 —NH>. Ostatnim z proponowanych rozwigzan jest synteza za pomocg reaktora
przeplywowego, zawierajacego dobrany w poprzednich etapach katalizator. Wszystkie testy

wykonano w skali analitycznej 1 weryfikowano odpowiednio metodami GC i HPLC-MS.

Powyzsze badania wykazaty okoto 7,5-krotne zwigkszenie skuteczno$ci dziatania
komercyjnie dostepnej lipazy ELO70 po jej zimmobilizowaniu na aminowanych azurowych
no$nikach, a 6,5-krotne w przypadku hydroksylowanych. Dla porownania gladkie no$niki
hydroksylowane SBA zwigkszyly wydajno$¢ reakcji ok. 6,6 krotnie, a aminowane SBA — 6,2
krotnie. Obiecujacy okazat si¢ tez koncept wykorzystania reaktora przeptywowego, gdyz
pozwala on na wielokrotne uzycie enzymu i prowadzenie reakcji w warunkach ciggtych. Tutaj
korzystniejsze rezultaty przyniosty nos$niki azurowe —NHb», dajac konwersje co prawda nizsza
niz w reaktorze typu batch, bo 42,6%, podwajajac ja przy nastepnym uzyciu. Jednak po drugim
cyklu reakcji wydajnos¢ spadta z 88,3% do 68,1%. Zdecydowanie limitujacym czynnikiem w

tym uktadzie jest konieczno$¢ uzycia medium rozpuszczajacego cukier (20% DMSO/80%
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2M2B), ktory co prawda zabezpiecza uktad przed zatkaniem i umozliwia przeptyw substratu
przez kolumne¢ zawierajaca katalizator, ale jest trudny do odparowania po reakcji. Zamiast
DMSO mozna w przyszto$ci przetestowaé inne rozpuszczalniki, takie jak N-metylopirolidon,

pirolidyna czy pirydyna.
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Po ustaleniu warunkow syntezy i detekcji ECKT w P1, kolejnymi etapami staly sig:
przeskalowanie z ilosci analitycznych do miligramowych, modyfikacja komponenty
hydrofobowej, a takze wstepna weryfikacja wtasciwosci biologicznych estréw na przyktadzie
bakterii 1 drozdzakéw. W tym celu dokonano biosyntezy estroéw: PHN 1 poli[(R)-3-
hydroksypentanian-ko-(R)-3-hydroksypropionianu] (PHPV) za pomocg bakterii, odpowiednio:
Pseudomonas putida KT2440 1 CA3. Nastepnie polimery poddano kwasnej metanolizie
1 uzyskano mieszaniny estréw metylowych odpowiednich 3-hydroksykwasow (w przypadku
PHN dlugosci tancuchow monomerow: C9 i1 C7, a w przypadku PHPV — C5 i C3).
Po przeprowadzeniu szeregu prob i selekcji reakcji chemicznych zabezpieczenia grup 3-OH
dopracowano protokot modyfikacji chemicznej monomerow. W konsekwencji do grupy 3-OH
monomerdw wprowadzono grupe trifluoroetylowa poprzez wytworzenie wigzania eterowego
przy trzecim atomie wegla monomerdéw. Reakcja typu SN2 zachodzita w suchym
tetrahydrofuranie (THF) suszonym za pomoca glinowodorku litu — LiAlH4. Nukleofilem byt
wodorek sodu (NaH), a donorem grupy trifluoroetylowej (—~CH2CF3) — trifluorometylosulfonian
trifluoroetylu. Po oczyszczeniu 1 oznaczeniu zmodyfikowanych monomerdéw zalozono serig
reaktorow preparatywnych, by uzyska¢ biblioteke ECKT. Ponizej przedstawiono schemat

calego procesu syntezy i modyfikacji monomerdw.
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Rys. 8. Wzory oraz schematy biosyntezy bakteryjnych poliestrow, uzyskania z nich metylowanych hydroksykwasow,
a takze ich modyfikacji chemicznej przed etapem biokatalizy. A+B: synteza PHN i metanoliza; C+D: Fluorowanie
monomerow; E+G: synteza estrow metylowych; F+H: hydroliza substratow przez CalB; 1 — kwas nonanowy (C9);
2 —poli[(R)-3-hydroksynonanian-ko-(R)-3-hydroksyheptanian] (PHN); 3 — ester metylowy PHN (Me-PHN); 4 — ester
metylowy (R)-3-hydroksyheptanianu; 5 — kwas 5-fenylopentanowy (C5-Phe); 6 — poli[(R)-3-hydroksypentanian-ko-
(R)-3-hydroksyheptanian] (PHPV); 7 — (R)-3-hydroksy-5-fenylopentanian metylu (Me-PHPV); 8 — (R)-3-hydroksy-
3-fenylpropionian metylu; 9 — 2,22-trifluoroetylo trifluorometyl sulfonian; 10 — (R)-3-(2,2,2-
trifluoroethoxy)nonanian metylu; 11 — (3R)-3-(2,2,2-trifluoroetoksy)heptanian metylu; 12 — trifluorometylo
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hydroksy sulfonian; 13 — (R)-5-fenylo-3-(2,2,2-trifluoroetoksy)pentanian metylu; 14 — 3-fenylo-3-(2,2,2-
trifluoroetoksy)propionian metylu; 15 — nonanian metylu; 16 — kwas (R)-3-hydroksyheptanowy; 17 — kwas 3-(2,2,2-
trifluoroetoksy)heptanowy; 18 — (R)-3-kwas hydroksynonanowy; 19 — kwas 3-(2,2,2-trifluoroetoksy)nonanowy; 20
— S-fenylpentanian metylu; 21 — kwas (R)-3-hydroksy-5-fenylopentanowy; 22 — kwas 5-fenylo-3-(2,2,2-
trifluoroetoksy)pentanowy; 23 — kwas (R)-3-hydroksy-3-fenylopropionowy; 24 — kwas 3-fenylo-3-(2,2,2-
trifluoroetoksyy)propionowy).

Synteza ECKT — kolejne kroki usprawniania

Na potrzebe preparatywnej produkcji ECKT reakcje z udziatem glukozy, lipazy TL-IM
oraz C9-Me, ktorych protokét opracowano w trakcie przygotowania P1, przeskalowano
do objetosci 10 ml. Tym razem komponente hydrofobowa stanowily dodatkowo wczedniej
wymienione estry metylowe niemodyfikowanych i modyfikowanych monomeréw PHN

1 PHPV.

HC
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H,C Ho‘_}o ho
_-0 To]
HC
‘\_\_\ﬁ Mo o M OH N HC—
e OH H_ OH H =N

TL-IM, 2ZM2B
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H __ OH

Rys. 9. Wzory potstrukturalne uzyskanych ECKT na bazie glukozy.

Ponadto dopracowano metody analityczne UHPLC-MS. ECKT oznaczono jako$ciowo.
Konwersje wyznaczono na podstawie ilo§ciowej analizy st¢zenia pozostatej glukozy w probce.

Wyniki umieszczono w ponizszej tabeli 4.
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Tabela 4. Konwersje uzyskane w reakcjach chemicznych i enzymatycznych

Numer zwigzku w P2: Skrot nazwy zwiazku: Konwersja [%]:
15 C9-Me 100
10,11 F-mPHN 48,5
7,8 mPHPV 100
13,14 F-mPHPV NP
26 C9-glu 42,17
27,28 mPHN-glu 85"
29,30 F-mPHN-glu NP
31 C5-Phe-glu 43,3
32,33 mPHPV-glu 78,7
34,35 F-mPHPV-glu NP
* Konwersje przeliczono na podstawie stezenia glu
NP - nie potwierdzono

Opis procesu optymalizacji modyfikacji monomeréw PHN

W literaturze mozna znalez¢ caty wachlarz reakcji chemicznych umozliwiajacych
wprowadzenie atomu halogenowca lub podstawnika go zawierajacego do tancucha weglowego,
gdyz jest to bardzo popularna praktyka zwigkszania potencjatu biologicznego lekow [68, 69].
Metody te angazuja gtéwnie katalizatory metaloorganiczne badz inne odczynniki niezbyt
przyjazne dla srodowiska, m.in.: diethylaminosulfur trifluoride (DAST); BF3/OEt;; Olah’s
reagent (pyridinium poly(hydrogen fluoride) PPHF), N-fluoropyridinium triflate;
N-fluorobenzenesulfonimide (NFSI) lub jego metylowany analog (Me-NFSI); BrFs; czy tez
katalizatory magnezowe w uktadzie porfirynowym (trans-difluoro manganese(IV)) [70, 71, 72,
73]. Dodatkowo bywa, ze metody te nie sg wystarczajaco selektywne, gdyz eliminujg wszystkie
atomy lub ugrupowania danego typu, np. wszystkie atomy H lub cata grup¢ —OH, badz moga
by¢ stosowane tylko po to, by podstawi¢ C—H na C-F, nie tworzac uktadu: C—-O—CF [74-76].
Nie daja przez to mozliwosci wplywania na uktady biologiczne za pomoca doboru ilosci,
lokalizacji tych ugrupowan czy poprzez wykorzystanie chiralnosci atomu C. Przetestowalismy
zatem kilka metod fluorowcowania metylowych estrow monomeréw PHN z eliminacjg atomu
H zlokalizowanego jedynie na grupie 3—OH. Testowane zwiazki to: 1-fluoro-3-jodopropan;
1,1-difluoro-2-jodoetan; 1,1,1-trifluoro-3-jodopropan, nukleofile: NaH (60%),
diizopropyloamid litu (LDA); media: dimetyloformamid (DMF), dichlorometan (DCM),
tetrahydrofuran (THF). Ostatecznie wybrano metode¢ opisang w sekcji Materials and methods

artykutow P2 i P3. Kluczowymi aspektami w tym procesie wydaja si¢ warunki bezwodne
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(suszenie THF za pomoca LiAlH4; atm. Argonu) decydujace o wydajnos$ci oraz obecnos¢ tatwo
odchodzacej grupy trifluorosulfonowej. Dodatkowo, zaleta tej metody jest nienaruszanie
struktury reszty czasteczki i brak potrzeby uzywania dodatkowych procedur przygotowania
reagentow. Zastosowanie tatwo odchodzacej grupy triflatowe; budzi nadzieje
na przetestowanie mozliwosci wprowadzania do monomeru PHN innych uktadow
chemicznych, a przez to wptywanie na ich cytotoksyczno$¢. Ma ona jednak rowniez wade —
zarOwno substraty, jak 1 produkty uboczne wymienionej reakcji alkilacji sa mutagenne
1 kancerogenne oraz lotne. Trzeba zatem zachowac szczegdlng ostroznos¢ oraz odpowiednie

procedury przy przeprowadzaniu reakcji, a takze utylizacji odpaddéw po reakcji.

Modyfikacja monomeréw PHA, ktorej procedura zostata szczegdtowo opisana
w rozdziale 3 (Materials and methods) artykulu P2, pozwolila na otrzymanie
1,26 g (48,5% konwersji) frakcji produktow (3 1 4). Wzory polstrukturalne przedstawiono na
rys. 9 w panelu A — bedacym adaptacja Figury 1 C w artykule P2. Wszystkie konwersje
zamieszczone w tabeli 4 zostaly zaadaptowane na podstawie artykulu P2 (tabela 1). Analiza
spektroskopowa (\H NMR, MS) zwiazkow wykazala, ze grupy 3—OH estréw metylowych PHN
zostaly zmodyfikowane (rysunki S4 1 S5 w Supplementary materials P2).

Zgodnie z nasza najlepsza wiedza jest to pierwsze doniesienie, ktore dotyczy
zabezpieczania grupy hydroksylowej monomeréw PHA lub podstawienia przez podstawnik
halogenowy [75, 77-79]. NaH okazat si¢ skutecznym reagentem do usuwania atomoéw wodoru
z grup PHN 3-OH 1 ich aktywacji w celu ataku ugrupowania trifluoroetylowego, mimo
ze diizopropyloamidek litu jest znacznie silniejszym nukleofilem. Dodatkowo uzycie suchego

THF jako medium okazato si¢ kluczowym elementem catego procesu syntezy.

Badania mikrobiologiczne

Badania aktywno$ci przeciwdrobnoustrojowej nowo zsyntezowanych ECKT
powstatych z zmodyfikowanych i1 niemodyfikowanych monomeréw PHA przeprowadzono
na wybranych bakteriach Gram-dodatnich i Gram-ujemnych i grzybach drozdzopodobnych
z kolekcji drobnoustrojow ATCC, NCTC 1 CIP. Aktywno$¢ zwigzkéw wyrazono jako
minimalne stezenie hamujace (MIC). MIC badano metoda dwukrotnego rozcienczenia
seryjnego (w 96-studzienkowych plytkach). Liczebno$¢ bakterii w inokulum wynosita 10° CFU
ml™! (jednostka tworzaca kolonie na ml) i 5 x 10* do 2,5 x 103 CFU ml™! dla drozdzy. Badane
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zwigzki rozpuszczono w DMSO 1 rozcienczono w sterylnym podtozu (do maksymalnie
3% zawartosci rozpuszczalnika). Stezenia zwigzkéw wynosity odpowiednio od 78 do 5000 ug
ml~! [80, 81]. Jako kontrole zastosowano cyprofloksacne (przeciwbakteryjna) i fluxonazol
(przeciwgrzybiczny). Eksperyment wykazal, ze wartosci MIC (lub minimalne st¢zenie
bakteriobojcze — MBC) zarowno niezmodyfikowanych, jak i zmodyfikowanych monomerow
PHA i ich estrow glukozy sa w wiekszosci przypadkow wyzsze niz 2500 pg ml™!, czyli 50 000
razy wyzsze niz powszechnie stosowanych antybiotykéw (cyprofloksacyna, flukonazol 0,5 pg
ml ™) [80, 82]. Monomery PHA z grupa hydroksylowa przy trzecim atomie wegla wykazywaty
silniejsze dziatanie przeciwbakteryjne (dla szczepow bakterii takich jak Staphylococcus aureus
NCTC 4163 1 Bacillus cereus ATCC 11778) w pordéwnaniu z ich analogami kwaséw
thuszczowych bez grupy 3—OH. Podobne wyniki uzyskali Sandoval i wspotpracownicy, ktorzy
badali wptyw grupy hydroksylowej na wlasciwos$ci przeciwbakteryjne monomeréw PHA [84].
Bakterie wykazaty za to pewna wrazliwos$¢ na ok. 2—4 razy wyzsze st¢zenia ECKT wzgledem
monomerdw, z ktorych powstaty. Wrazliwo$¢ moze zaleze¢ od rodzaju uzytego weglowodanu,
dlugosci kwasow tluszczowych przylaczonych do cukru oraz ugrupowania zwigzanego

z czescig kwasowg ECKT [85].

W odniesieniu do dziatania przeciwgrzybiczego, ester C9-glu (26, rys. 10) wykazywat
najwigksza aktywno$¢ sposrod wszystkich badanych ECKT (wartosci MIC dla C. parapsilosis
— 313 pug ml™!, C. albicans ATCC 90028 — 625; C. krusei ATCC 1023 — 625 pg ml™h).
Zaobserwowano réwniez pewne dziatanie przeciwbakteryjne estrow glukozy mPHN-glu (27 1
28, rys. 10) wobec Staphylococcus spp. w zakresie MIC 1250-2500 ug ml™!. Po modyfikacji
ugrupowaniem fluorowym, estry pochodzace od monomerow PHN (34 1 35) wykazaly
aktywnos$¢ przeciwdrobnoustrojowa wobec Staphylococcus aureus NCTC 4163 (MIC 2500 pg
ml™!). W przypadku pozostatych badanych par (estry glu vs. testowany szczep) nie
zaobserwowano istotnego dziatania przeciwdrobnoustrojowego. Wyniki te s3a zgodne
z doniesieniami innych, w ktérych estry cukréow glukozy lub maltozy (dtugos¢ kwasow
thuszczowych n = 8—14) wykazaly wartosci MIC miedzy 250 a 2000 pg ml~! w testach na szereg
szczepéw Gram-ujemnych 1 Gram-dodatnich [88, 89]. Przedstawione w ponizszej
tabeli 5 wartosci MIC zblizone sg do wartosci innych, podobnych zwigzkéw. Doniesienia
literaturowe informuja, Zze syntezowana chemicznie przez A. Smith et al. grupa estrow
laurynowych a-D-glukozy 1 B-D-glukozy byta toksyczna wzgledem S. aureus ATCC 2593
w przedziale odpowiednio 40-310 umol 1!, estréw oktanoilowych — 2,5 mmol 1!, Wzgledem

natomiast E. coli ATCC 25922, estry na bazie a-D-glukozy B-D-glukozy byly toksyczne

40



w przedziale odpowiednio 12,5 mmol I"!, dla oktanoilo i 20 mmol 1 !, dla estréw laurynowych

[88].

Tabela 5. Warto$ci MIC wybranych kwasow tluszczowych oraz ECKT wzgledem szczepow kontrolnych [88]

Zwiazek S. aureus ATCC 25923 | E. coli ATCC 25922
MIC [mmol ml!] MIC [mmol ml!]

Kwas laurynowy (C12) 0,63 10
Monolaurynian 0,04 20
Kwas kaprylowy (C8) 5 12,5
Monokaprylian 2,5 6,25
6-O-lauroilo-a-D-glukopiranozyd metylu 0,31 20
6-O-lauroilo-B-D-glukopiranozyd metylu 0,04 20
6-O-oktanoilo-o.-D-glukopiranozyd metylu 2,5 12,5
6-O-dodekanylo-a-D-glukopiranozyd metylu 0,04 20
6-O-dodekanylo-B-D-glukopiranozyd metylu 2,5 20
4,6-di-O-lauroilo-a-D-glukopiranozyd metylu NDa ND
6-O-lauroilo-a-D-mannopiranozyd metylu 0,04 20
6-O-lauroilo-a-D-galaktopiranozyd metylu >10 >20
Monolauroilo pentaerytriol >10 >20
Dilauroilo pentaerytriol NO NO
NO — nie oznaczono
NDa — nie oznaczono ze wzgledu na staba rozpuszczalnosé

W innym artykule podano, ze syntezowane i badane estry laurynowe i palmitynowe
na basie sacharozy wykazaty dziatanie wzglgdem popularnych szczepéw obecnych w jedzeniu

w zakresie MIC = 0,01 do nawet powyzej 5 mg ml™! [89].

Podsumowanie i wnioski

Publikacja P2 opisuje pierwsza probe modyfikacji grup (R)-3-OH monomeréw PHA
1 PHPV oraz enzymatycznej syntezy estrow glukozy powstatych na ich bazie. Procedury ich
otrzymywania i oczyszczania wymagajg jednak dalszej optymalizacji w kierunku zwigkszenia
wydajnosci 1 czystosci. Slabe wlasciwosci antybakteryjne i przeciwgrzybiczne ECKT
w poroOwnaniu z antybiotykami nie pozwalaja na uzycie ich jako przyszte $rodki grzybo-
lub/i bakteriobdjcze, jednak stezenia MIC utrzymujg si¢ w przedziale dziatania i nie odbiegaja

znaczaco od innych dostepnych w literaturze i przemysle estréw cukrowych.

Trzeba mie¢ na uwadze, ze na etapie tworzenia niniejszej publikacji nie byla jeszcze
w pelni dopracowana procedura oczyszczania preparatywnego ECKT, co moglo skutkowaé
zanieczyszczeniem resztami cukrowymi. Kolejne etapy pracy i w konsekwencji publikacje

pozwolily na lepsze doczyszczenie badanych zwigzkow, rozszerzenie spektrum substratowego
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o galaktoze i laktoze, a takze zbadanie innych obiektow biologicznych (publikacje P3 i P4).
Dodatkowo, interesujacym doswiadczeniem bytoby zweryfikowanie, czy sama obecnos¢
badanych ECKT w hodowli moglaby wspomaga¢ dziatanie wybranych antybiotykow, czynigc
drobnoustroje bardziej na nie wrazliwymi. Warto zatem przetestowac¢ dziatanie addytywne czy

tez synergistyczne otrzymanych ECKT z antybiotykami wzgledem szczepow wzorcowych.
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Po przebadaniu uzyskanych ECKT pod katem dziatania przeciwbakteryjnego
1 przeciwdrozdzakowego zsyntezowano kolejng porcj¢ ECKT, tym razem dodatkowo
zudzialem cukréw lac 1 gal, oraz podjeto probe zweryfikowania ich wlasciwos$ci
antyproliferacyjnych wzgledem ludzkich komorek rakowych. W pierwszym etapie konieczne
bylo nie tylko powtorzenie wszystkich syntez w skali preparatywnej, lecz takze rozszerzenie
z gal i lac. Niezbedne okazalo si¢ rowniez zoptymalizowanie procedury oczyszczania badanych
zwigzkéw. W tym celu dokonano uzupehienia przegladu literaturowego, w odniesieniu
do biokatalitycznej syntezy ECKT na bazie laktozy [19, 91-93]. W konsekwencji, protokoty
wypracowane 1 opisane w P1 1 P2 zmodyfikowano w nastgpujacy sposob: zmieniono stosunek
molowy cukru do komponenty hydrofobowej na 2:1 oraz wydtuzono czas prowadzenia reakcji
do 48 h. ECKT oczyszczano z wykorzystaniem kolumny preparatywnej RP-C18 VersaPack
1 uktadu woda/metanol. Strukture zwigzkéw potwierdzono nie tylko za pomocg UHPLC-MS
w trybie MRM (jak w P1 i P2), lecz takze poprzez metody spektroskopowe 'H NMR, 1°F NMR,
IR. Procedure pozyskiwania estrow metylowych monomeréw PHN (mPHN-Me) oraz ich

fluorowania przeprowadzono zgodnie z protokotem przedstawionym w artykule P2.
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Ocena cytotoksycznosci ECKT i wtasciwosci antyproliferacyjnych

Doktadny protokot opisano w sekcji Materials and methods. W skrocie — przygotowano
roztwory wyj$ciowe o stezeniu po 25 mmol I zsyntezowanych zwigzkéw w DMSO oraz uzyto
je do otrzymania odpowiednich rozcienczen przez dodanie PBS. Serie rozcienczen
przefiltrowano przez filtry 0,22 um w warunkach sterylnych i dodano do odpowiednio
rozhodowanych komorek rakowych i1 zdrowych komorek referencyjnych w stezeniach
koficowych 0,0624, 0,125, 0,250, 0,50 mg ml™! (tak zeby stezenie DMSO nie przekraczato
2% v/v w studzience pomiarowej). Nastepnie przeprowadzono test MTT po odpowiednio 24 h,
48 h, 72 h'1 120 h. Testowane linie rakowe to rak prostaty (Dul45) oraz ludzki czerniak skory
(HTB140). Wybor tych linii jest uzasadniony tym, ze rak prostaty jest jedna z najczesciej
diagnozowanych choréb nowotworowych (1 414 259 mezczyzn w 2022 r.) [1]. Rak skory —
czerniak, mimo dostgpu do szerokiego wachlarzu metod leczenia, potrafi nawraca¢ na skorze
nawet w miejscach po wycieciu guza. Stad potrzeba uzupetniania strategii leczniczych.
Z drugiej strony jest interesujagcym materialem badawczym ze wzgledu na tatwos¢ w testowaniu

na nablonkach potencjalnych nowych preparatéw medycznych.
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Tabela 6. Cytotoksycznos¢ ECKT oznaczona za pomocg testu MTT

C[f:]ls C9-glu | C9-gal | C9-lac | PHN-glu | PHN-gal | PHN-lac | F-mPHN-glu | F-mPHN-gal | F-mPHN-lac
24 1317,1 | 1560,5 | 919,5 | 932,1 750,9
d 66 78 46 146 169
DU145 (rak 72 658,6 | 780,3 | 836,9 | 541.1
prostaty) d 33 39 169 159
120 | 1317,1 | 1560,8 | 459,8
d 66 78 23
24 |2491,5[2390,9|1707,2| 1507,6 | 1256,8 - - -
d 285 120 110 80 32 — — —
PNng(s‘t‘::’;"_“ek 72 [ 1110,5[12333] 919,5 | 13122 | 6125 9263 1183,5 11564
O d 207 327 46 115 31 127 238 234
120 [2053,1 [2355,3|1743,7| 1180,2 | 18384
d 538 220 33 247 20
24 1468,8 | 1659,0 | 621,6 | 1767,6 | 9673
d 46 434 77 253 26
HTB140 (ludzki 72 1317,1 | 1560,5| 919,5
czerniak) d 66 78 46
120 | 1133,9
d 92 78 51 35
. 72 1317,1 | 1560,5| 919,5 | 1427,3 | 1200,0 733,7 580,0 644,1
Iﬁfﬁ;ﬂg:y“fykie d 66 | 78 | 46 71 60 25 81 37 17
iliE) 120 — — — — — — 800,8 945.9 670,0
d — — — — — — 40 47 33
HSF (udzkle 72 [1317,1]1560,5| 9195 | 6134 | 6242 | 4458 | - - -
fibroblasty skérne d 66 ’8 46 12 322 24 — - —
_ Rl 120 - - - 761,2 499,6 631,1 761,2 499,6 631,1
d — — — 143 25 64 143 25 64
[umol I"']: znak ,~” — nie oznaczono, d — odchylenie standardowe. Czerwone pola oznaczajg najnizsze wartosci stezeri zwiazkéw — redukujace populacje komoérek do

50% (IC50). Informujg o najwyzszej toksycznosci, zielone pola oznaczaja najwyzsze stezenia IC50. Informuja o najnizszej toksycznosci.
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Analizujac wpltyw ECKT na bazie F-mPHN na lini¢ czerniaka HTB140 po 24 hi72 h
inkubacji, stwierdzono wyzsza skutecznos¢ F-mPHN-glu w dziataniu antyproliferacyjnym
(wartosci IC50 odpowiednio ~60 i ~90 umol 1) niz F-mPHN-gal (156 umol 1"!). Wydtuzenie
czasu inkubacji do 120 h nie wptyneto negatywnie na komorki nowotworowe. Spowodowato
to wzrost stezen IC50 do 370 pmol 1! dla F-mPHN-glu, do 250 umol 1! dla F-mPHN-gal i 390
pumol 17! dla F-mPHN-lac, odpowiednio. W stosunku do komérek kontrolnych HaCaT i HSF,
konieczne byto zastosowanie odpowiednio od 2 do 8 razy wickszych st¢zen omawianych
zwigzkow. Zwigzek mPHN-lac wykazat znacznie wyzszg toksyczno$¢ wobec linii DU145 niz
jego odpowiedniki mPHN-glu i mPHN-gal i mniejsza niz te majgce grupy trifluoroetylowe.
Warto$¢ IC50 mPHN-lac spadta z 160 pmol 1! po 24 h, przez 130 umol 1! po 72 h do mniej
niz 90 umol 1! po 120 h. mPHN-lac okazat si¢ mniej szkodliwy dla komérek PNT2, poniewaz
ich wartoéci IC50 spadty z co najmniej 420 pmol 1! po 24 h do 160 umol 1! po 120 h. Bardziej
obiecujaca sytuacja byta w przypadku komorek czerniaka. IC50 tych zwigzkow wynosito 690
umol I"! po 24 h; 280 pmol 1! po 72 h 1430 upmol I po 120 h dla komérek HTB140, natomiast
IC50 po 72 h dla komérek kontrolnych: HaCaT wynosit 38 umol 1! i 500 pmol I"! dla HSF.

By doda¢ bardziej szczegotowy kontekst do dyskusji w publikacji P3, uzupeiniono
ja o dodatkowy przeglad literaturowy uwzgledniajacy zakresy stgzen cytotoksycznych
powszechnie stosowanych chemioterapeutykow oraz innych estrow cukrowych. Na jego

podstawie sporzadzono ponizsza tabele cytotoksycznosci (tabela 7).
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Tabela 7. Zestawienie cytotoksyczno$ci wybranych ECKT oraz popularnych chemioterapeutykow wzgledem konkretnych linii rakowych

Zwiazek IC/EC50 [pmol I''] Testowana linia rakowa Referencja:
) 1,14-33 B16F10 czerniak
cis-platyna [94, 95]
20 Dul45
Paclitaxel/Taxol 0,00126-12,30 Testowane na 397 réznych linii [94]
0,824+0,163 A549 (adenocarcinoma — rak ptuc)
SN-38
0,5 H1975 (adenocarcinoma — rak ptuc) [95]
0,0056 A549
Deaotaxel
0,0014 H1975
C8 — Laktoza (caprate) > 2000
C12 — Laktoza (laurynian) 1069/376 ..
C16 — Laktoza (palmitynian) 122/60 Calu-=3/Caco-2 (rak okreznicy) [96]
C14 — Laktoza (myristynian) 261/112
(C16) 6-O-palmitoilmaltotriozyd 2,3/3,6 g
(C12) (dodecylo)a-D-maltozyd 23 Hep-G2/HeLa 971
(C8) 6,6'-di-O-oktanoilo-a,a-trehalozyd 7,4-14,8 .
(C12) dodecylo-B-D-maltorioza 23 BALBST3 i KATO I 98]
Fluorowany tancuch, zawierajacy grupy triazolowe — C8H17 f3-
D-glukozyd 1198
SRR 5 Jurkat (ludzki rak limfocytow T) [99]
C16H33 B-D-glukoza
Fluorowane C14—C19 z F 9-F17 glukopiranozydy 190-600 [73]
B16F10 (mysi czerniak skory)
25-250 [75]

Fluorowane C7/C14/C19-gluko-/galakto-/maltopiranozydy
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Na podstawie zestawionych powyzej warto$ci mozna stwierdzié, ze estry cukrowe nie
moga konkurowac¢ z popularnymi chemioterapeutykami takimi jak cis-Pt, Paclitaxel czy SN-
38. Jednak wartosci IC50/EC50 sg zblizone do innych estrow takich jak: C14 — Laktoza
(myristynian), C16 — Lactoza (palmitynian), C12 — Laktoza (laurynian), a nawet fluorowanych
C14-C19 z F9-F17 glukopiranozydow 1 fluorowanych C7/C14/C19-gluko—/galakto—
/maltopiranozydow. Jednoczes$nie warto$¢ toksycznego stezenia zalezy nie tylko od budowy
(cukru, dtugosci tancuch weglowego, obecnosci i1 ilosci atomow F), lecz takze od rodzaju
komorek. Na przyktadzie komorek Calu-3/Caco-2 (rak okreznicy) widaé, ze wzrost tancucha
alifatycznego estru laktozowego powoduje zmniejszenie wartosci IC50 odpowiednio z 1069
umol I'! do 122/60 umol 111 261/112 pmol 1!, Ponadto inne komoérki typu BALB/3T3 i KATO
IIT czy Hep-G2/HeLa sg 100 razy bardziej czule na zwigzki o podobnej dtugos$ci tancucha. Jest
to sugestia, by rozszerzy¢ zakres badanych obiektow o rézne linie komorkowe. Dodatkowo
zaobserwowano, ze obecnos¢ wielu ugrupowan C-F w tancuchach alifatycznych fluorowanych
Cl14-C19 =z F9-F17 glukopiranozydow 1 fuorowanych C7/C14/C19-gluko-/galakto-
/maltopiranozydéw nie czyni ich o rzad lub dwa rzedy wielko$ci bardziej toksycznymi

wzgledem komorek czerniaka w poréwnaniu z fluorowanymi ECKT opisywanymi w P3.

Podsumowanie i wnioski

Pomimo stosunkowo wysokich wartosci IC50 (60—-170 pmol 1°!) zsyntetyzowanych
ECKT wzgledem komorek rakowych Dul45 1 HTB140, w poroéwnaniu z powszechnie
stosowanymi chemioterapeutykami, badane zwiazki moga konkurowa¢ z innymi ECKT
opisanymi juz w literaturze. Surfaktanty na bazie PHA moglyby tworzy¢ mikroemulsje lub
mikroemulsyjne systemy dostarczania lekow, ktére dalej pomagatyby w stabilizacji
1 dystrybucji stosowanych komercyjnie lekow w leczeniu raka lub terapii genowej. Takie
nos$niki na bazie ECKT stanowia potencjalne narz¢dzie do wspolpracy z chemioterapeutykami
takze dzigki ich wltasnym wlasciwosciom cytotoksycznym [101-103]. Ciekawym ich aspektem
sg rowniez potencjalne wlasciwosci antyprzerzutowe. Dalsze zbadanie tego zjawiska
w rozszerzonym programie badawczym dostarczytoby wielu istotnych informacji. Przestanka
do tego jest widoczny wptyw badanych EKCT na cytoszkielet i wtokna posrednie komorki
[103]. Wreszcie panel testowanych linii komérkowych w eksperymentach cytotoksycznosci
powinien zosta¢ poszerzony o inne linie, ktére moga by¢ bardziej wrazliwe na syntetyzowane
zwigzki. Podsumowujac, dane zawarte w tym manuskrypcie stanowig punkt odniesienia dla
przysztych badan zwigzanych z tworzeniem SMEDDS w oparciu o zsyntetyzowany ECKT

do celowanych terapii przeciwnowotworowych.
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Po zweryfikowaniu wlasciwosci przeciwrakowych opisanych ECKT koniecznymi
dalszymi etapami w procesie potencjalnego uzycia danego zwigzku lub jego formulacji
w przemysle jest charakterystyka fizykochemiczna i orientacyjne okreslenie potencjalnego
wplywu badanych zwigzkoéw na §rodowisko. W tym wypadku badania ograniczone zostaly
tylko do niemodyfikowanych ECKT, gdyz ze wzgledu na ich budowe (oraz brak fluoroalkilu)
estry te moga stanowi¢ odpowiednik lub zamiennik surfaktantéw niejonowych uzywanych

powszechnie w kremach, masciach czy emulsjach.

Protokoty opracowane w ramach realizacji publikacji P3 zostaly zmodyfikowane tak,
by umozliwi¢ dalszy proces usprawniania otrzymywania ECKT. Zwigkszono objetos¢
catkowitg reaktorow do 100 ml, zeby utatwi¢ rozpuszczanie si¢ substratow cukrowych. Ponadto
usprawniono proces oczyszczania poprzez zwigkszenie liczby probek naktadanych na kolumne.
Bylo to mozliwe dzigki zastosowaniu zloza krzemionkowego modyfikowanego
ugrupowaniami oktadecylowanymi w uktadzie fazy odwréconej (RP-C18) firmy KARL

ROTH, ktére samemu mozna natozy¢ na szklang kolumne o wigkszej objetosci 1 wyptukaé
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zniej pozostate ECKT. Umozliwilo to réwniez rozpoczecie wzrostu gradientu od 10%
fazy A (H20). Zabiegi te pozwolity na zwigkszenie catkowitej masy produktow eluowanych
z kolumny preparatywnej odpowiednio nawet do 118—-600 mg przy zachowaniu podobnego
poziomu wydajnosci wzgledem wynikéw opisanych w publikacji P3. Zwigkszyty one jednak
udziat diestréw w badanych mieszaninach ECKT 1 nie rozwigzaly problemu rozdziatu mono-
od diestrow. Kwestia ta istotnie wplywa na charakterystyke wlasciwosci fizykochemicznych
ECKT (dynamiczne napigcie powierzchniowe, CMC, zdolno§¢ do stabilizacji emulsji).
Ponadto zwrocono uwage na istotny aspekt dotyczacy metody detekcji 1 oznaczenia
jakosciowego i ilosciowego reagentow. Usprawniono czuto$¢ detekcji substratow cukrowych
(UHPLC-MS tryb MRM), co pozwolilo na wykreslenie krzywych kalibracyjnych i oznaczenie
zawarto$ci pozostatych cukrow. Czystosci badanych ECKT oznaczono metoda UHPLC-MS
1 wynosity one odpowiednio 84-94%. Dodatkowo, estry cukrowe, ze wzgledu na niejonowy
charakter, maja ograniczong zdolno$¢ rozpadu na jony potomne w trybie MRM, dajac duza
intensywno$¢ pikéw w trybie SIM i znacznie nizszg w trybie MRM. Niektore z mono- oraz
diestréw zawierajace tancuchy C7 (mPHN-glu C7C7, mPHN-gal C7 oraz C9C7, a takze
mPHN-lac C7, C7C7, C9C7) w ogole nie ulegaly rozpadowi w celce kolizyjnej (Q2).
Poréwnano zatem pola powierzchni pikow zarowno w trybie SIM, jak i MRM oraz uznano
za trafniejsze postugiwanie si¢ powierzchniami pikéw uzyskanych z trybu SIM przy
wyznaczeniu $rednich mas molowych otrzymanych mieszanin 1 kalkulacji procentowego
udzialu monoestrow (tabela 1 P4 przedstawiajaca sktad 1 masy zwiazkow, tabela S1 P4

zawierajgca czystosci 1 wydajnos$ci otrzymywania ECKT).

Na podstawie zmian napigcia powierzchniowego w czasie, roztworoOw wodnych
zawierajacych rozne stezenia ECKT, wykreslono krzywe, stezenia rownowagowe (rys. 2 1 3
w artykule P4) oraz krytyczne st¢zenia agregacji (CAC; tabela 2 P4). Krzywe dla réznych
stezen (w pelni omdéwione w P4), ale o podobnym profilu i niewielkiej réznicy wartosci,
wskazuja na agregacje zwiazku lub tworzenie miceli. W przypadku C9-glu, mPHN-glu,
mPHN-gal i mPHN-lac zaobserwowano po dwa takie profile (rys. S1 P4).

Poréwnujac wartosci CAC badanych mieszanin ECKT oraz wartosci napigé
miedzyfazowch ich roztwordw z warto$ciami napiec i1 krytycznych stezen micelizacji (CMC)
zwigzkoéw o podobnej strukturze i/lub stosowanymi w przemysle, mozna zaobserwowac pewne

zalezno$ci. Przedstawiono je w tabeli 8 i omdwiono ponizej.
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Tabela 8. Wtasciwosci fizykochemiczne badanych ECKT zebrane razem i zestawione ze zwigzkami referencyjnymi

Badane zwigzki

Teoretyczne warto$ci HLB (Griffin) w

Nazwa zwigzku [mSnAolCl“] [(; ‘?_(lj] NETEC [I:l(l) ;IVI:;:'_lehnlowe Y zalezno$ci od skladu pH
Cc9 C7 | C9C9 | C7CT | C9CT
C9-glu 2,7 0,864 31,5-24,5 11,25 — 7,83 — - 1539
C9-gal 2,0 0,64 25,2-23.5 11,25 — 7,83 — - 1533
C9-lac 0,56 0,27 29,2-25.8 14,20 — 11,00 — - 16,29
mPHN-glu 1,4 0,471 35-26 11,72 | 12,79 | 8,70 9,81 9,22 13,92
mPHN-gal 0,56 0,188 37-32 11,72 | 12,79 | 8,70 9,81 9,22 14,12
mPHN-lac 0,016 10,0079 39-28.5 14,41 | 1527 | 11,49 | 12,57 | 12,01 | 6,8
Zwigzki referencyjne
. CMC Napiecie powierzchniowe HLB
SISz [mmol I''] - [Il)nN m| Y (Griffin)| REF
B -D-glukozyd oktylowy 21,2 31 12,32 [104]
B -D-glukozyd nonylowy 6,9 29,6 11,7
Monooktanian glukozy (C8) 10,15 26,37 11,76
Monodekanian glukozy (C10) 0,71 30,49 10,77 [103]
Monodekanian glukozy (C10) 1,5 25,5 10,77 | [106]
Kaprynian laktozy (C10) 2,5 40,6 14,8 | [107]
Laurynian laktozy (C12) 0,55 40,4 14,1 [108]
Laurynian sacharozy (C12) 1,2 19,7 8,19
Oleinian sacharozy (C18) 0,0345 29,6 10,1 [109]
Tween 80 0,01 38 15
Laurynian a-D-glukozy (C12) 0,13 41,2 3,8 [110]
Laurynian a-D-maltozy (C12) 0,12 35,9 4,5 1]
Tetradekanian laktozy (C14) 0,041 38,6 43
Monooktanian sacharozy (C8) SM-800 ® 6,0 28,7 15,8
SM-1000 ® 0,57 32,9 [112]
SM-1200 ® 0,27 33,5
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Biorgc pod uwage skiad badanych mieszanin 1 udziat diestrow, oczekiwalibySmy
nizszych zakresow stezen CAC, podobnych do przedstawionych w tabeli 8, m.in. oleinianu
sacharozy. Wartosci te odpowiadaja jednak w przyblizeniu warto§ciom innych estréw czy
eterow zawierajacych dluzsze tancuchy weglowe (rowniez zestawionych w tej tabeli).
Przyktadami mogg by¢: monodekanian glukozy (C10), kaprynian laktozy (C10), laurynian
laktozy (C12) oraz laurynian sacharozy (C12). Dodatkowo wartosci napi¢¢ powierzchniowych
badanych ECKT (y=39-24,5 mN m!) rowniez mieszcza sic w zakresie pordwnywanych
estrow (y=40,6-19,7 mN m™!). Jak wida¢, obecnos¢ dodatkowych taficuchéw C9 lub C7 w
sktadniku hydrofobowym nie przeklada si¢ bezposrednio na wihasciwosci porownywalne z
dwukrotnie dluzszymi tancuchami alifatycznymi innych estrow. Nie wiemy dokladnie, czy
diestry na bazie monomeréw PHN powstaja gtéwnie przez taczenie si¢ z ich grupami 3—OH,
czy z grupami cukrowymi —OH. Potaczenie fancuchow C7 1 C9 monomeréw PHN lub reszt
kwasu nonanowego, odpowiednio z ré6znymi grupami —OH cukrow, powoduje rozgalezienie
catej czasteczki, co ma wptyw na jej wlasciwosci fizykochemiczne. Co wigcej, sama obecnos¢
3-OH monomeréw moze réwniez wpltywaé na rozgatezienie calej czasteczki 1 zakldcacd
hydrofobowos$¢ tancucha weglowego [106]. Nie mamy jednak wystarczajacych danych, aby
przeprowadzi¢ szczegdlowa analize ich struktury. By rozwigza¢ ten problem, nalezatoby
rozdzieli¢ monomery C9 od C7 przed reakcjami, nastepnie ponownie przeprowadzi¢ reakcje
enzymatyczne w skali preparatywnej, a na etapie oczyszczania zwigkszy¢ rozdzielczos¢,
manipulujac zmiang gradientu MeOH wzgledem H>O, objetosciami zbieranych frakcji
1 szybkoscia przepltywu. Po rozdziale preparatywnym badane frakcje nalezy doktadnie osuszy¢
i podda¢ analizie '"H NMR, '>)C NMR, 3D NMR i HR-MS. Otrzymane spektra nalezy ze sobg

zestawi¢ 1 przedyskutowac intensywnosci i stosunki poszczegdlnych sygnatow.

Stabilizacja emuls;ji

Kolejnym waznym etapem dla charakterystyki i1 przydatnosci nowych ECKT
w przemys$le kosmetycznym 1 farmaceutycznym bylo okreslenie zdolnosci do stabilizacji
emulsji. W tym celu sporzadzono seri¢ uktadow woda/ole; (W/O), gdzie faza wodng byty
roztwory ECKT w stgzeniach odpowiednio 0,5 x CAC, 1,0 x CAC i 1,5 x CAC, a fazg olejowa
stanowit popularny w kosmetykach skwalan lub oliwka do pielegnacji skory dzieci Bambino®
(zawierajaca kosurfaktanty). Po wytrzgsaniu uklady filmowano przez pierwsze
5 min, a potem robiono zdjecia w czasach t = 30 min, 1 h, 3 h, 5 h i 24 h. Na podstawie

konsystencji 1 formy emulsji dobrano skal¢ oceniajacg ich stabilnos¢.



Na podstawie serii filméw 1 zdje¢ wykonanych dla 48-godzinnych uktadow W/O
zawierajacych rézne stezenia badanych ECKT nie mozna bylo zmierzy¢ grubosci warstwy
emulsji, a tym samym okre$li¢ wskaznika stabilno$ci emulsji (Emulsion Stability Index,
w skrocie: ESI). Wynikato to z krotkiego czasu zycia emulsji. Jednak w zaleznos$ci od rodzaju
estru, jego stezenia i sktadu fazy olejowej uktady emulsyjne tworzyty si¢ 1 utrzymywaty od
kilku minut do 1 h. Emulsje zawierajace skwalan byly mniej stabilne. Uktady referencyjne W/O
niezawierajace estrow rozmywaja si¢ juz po kilku minutach. Z kolei systemy zawierajace
ECKT na bazie olejku do pielegnacji ciata okazaly si¢ bardziej trwale, poniewaz mialy
zroznicowany sktad i zawieralty kosurfaktanty, takie jak dlugotancuchowe alkohole. Ponadto w
wigkszosci  przypadkbw  mozna  bylo  zaobserwowal  roéznice w  trwaloSci
1 konsystencji emulsji, zalezne od st¢zenia ECKT w fazie wodnej. Im wyzsze stezenie ECKT,
tym stabilniejszy 1 bardziej jednorodny uklad. Najbardziej stabilne okazaly si¢ systemy
zawierajace C9-glu 1 C9-gal. Najmniej stabilny system zawieral C9-lac. Emulsje na bazie
estrow mPHN-glu i mPHN-gal okazaly si¢ mniej stabilne niz te z kwasu nonanowego.
Natomiast emulsje zawierajace mPHN-lac wykazywaty wyzsza trwato$¢ niz mPHN-glu,

mPHN-gal 1 C9-lac.

Idealny system W/O stosowany w przemysle kosmetycznym lub farmaceutycznym
pochodzi z naturalnych zrédet. Emulsje musza by¢ wystarczajaco stabilne, aby mozna je byto
przechowywa¢ w temperaturze pokojowej. Z drugiej strony, powinny by¢ biodegradowalne
1 biokompatybilne. Natomiast w przypadku systemow dostarczania lekdw nie jest rowniez
wskazane, by czas ich istnienia w organizmie byt dtuzszy niz 48—72 h. Zbyt dtugo cyrkulujace
w tkankach uktady micelarne, mikro 1 nanokapsutki, czy same surfaktanty moga zwiekszy¢
wchianianie przez btony komorkowe innych, niepozadanych substancji. Innym waznym
czynnikiem jest biodostgpno$¢ emulsji. Oznacza to tatwe wchianianie przez powierzchnie
nabtonka, przechodzenie przez btony komorkowe, ale nieuszkadzanie ich [113]. Micele
chronigce strukture leku przed enzymami i1 zmiany pH powinny umozliwia¢ stopniowe
uwalnianie go do tkanek [114]. Sktadniki budujace micele powinny by¢ tatwo rozktadane
w organizmie lub z niego usuwane oraz degradowane w $rodowisku, w ktéorym potem
ewentualnie mogg si¢ znajdywac¢ [116—122]. Niewatpliwie badane ECKT wykazuja pewne
wlasciwosci stabilizujgce emulsje, ale w celu nadania uktadom W/O pozadanej jakosci
wymagana jest ich dalsza optymalizacja, w tym stezenia ECKT, skladu fazy olejowej, metod

mieszania i dodatku kosurfaktantow [122].
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Na uwage zashuguje rowniez fakt, ze chociaz zdolno$§¢ ECKT do stabilizacji emulsji nie
jest spektakularna, wykazuja one wilasciwosci przeciwnowotworowe (P3), co zwigksza ich

mozliwos$ci zastosowania w przemysle [123].

Potencjalny wptyw ECKT na srodowisko

Caenorhabiditis elegans to wielokomorkowy, niepasozytniczy organizm modelowy,
ktory jest cennym obiektem badawczym do testowania dzialania réznych przemystowych
substancji chemicznych, takich jak leki przeciwnowotworowe i antybiotyki [125, 126].
Kazdego roku ludzkos$¢ wytwarza ogromne ilosci §ciekow przemystowych, a wraz z nimi
srodkow powierzchniowo czynnych [114, 115, 127, 128]. Dlatego istnieje potrzeba ciaglego
monitorowania ich wptywu na organizmy zyjace w glebie 1 wodach gruntowych [129, 130].
Przydatnos¢ przedstawicieli Nematoda przejawia si¢ w szybkim cyklu zyciowym, latwym
rozmnazaniu 1 uzyskiwaniu duzej liczby osobnikéw w kolejnych pokoleniach
(sa hermafrodytami) oraz mozliwosci dtugotrwatego przechowywania larw 1 jaj w warunkach
laboratoryjnych. Nie wymagajg ciaglej hodowli, a procedura synchronizacji cykli zyciowych
osobnikow w populacji jest prosta. Ponadto nicienie zywig si¢ tatwo dostgpnym zrodtem
pozywienia — bakteriami E. coli. Najwazniejsza z ludzkiego punktu widzenia, jest obecnos¢
prostych uktadow narzadéw: nerwowego (pierScien nerwowy), krwi, protonefrydialnego,
gonad oraz umiej¢tnos¢ oceny nie tylko liczebnos$ci populacji pod mikroskopem, lecz takze
zdolnosci do aktywnego przemieszczania poszczegolnych osobnikéw w populacji. Dlatego
nicienie mogg by¢ posrednim bioindykatorem wptywu badanych substancji na srodowisko

naturalne [131, 132].

Stosowanie estrow w formulacjach atopowych prowadzi do ich uwolnienia
do srodowiska naturalnego. Z tego powodu postanowiono przeprowadzi¢ badania wstepne
okreslajace ich cytokotoksycznos¢. W tym celu badano wptyw estréw cukrow na nicieniach —
oceniano ich przezywalno$¢ po 48-godzinnej ekspozycji na wybrane st¢zenia ECTK.
Na podstawie mobilnos$ci organizmow wyciggnieto wnioski dotyczace ich zywotnosci. Liczba
osobnikOw na studzienke wynosita 6-42. Kazde stezenie zwigzku badano w trzech
powtorzeniach (1 stezenie na 3 studzienki) i wyniki usredniano. Organizmy aktywnie
poruszajace si¢ uwazano za zywe, ledwo poruszajace si¢ — za zywe (majac na uwadze,
ze zwigzki te moga mie¢ negatywny wplyw na organizmy), a organizmy nieruchome —
za martwe. Wyniki badan przeprowadzonych na nicieniach przedstawione sg na rysunku nr 4

w publikacji P4, ktory zostat zaadaptowany 1 widnieje w tej pracy jako rys. 10.
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Rys. 10. Wykres przedstawiajacy toksycznosci wybranych niemodyfikowanych ECKT, testowanych na

C. elegans.

Przeprowadzone badania pozwolity stwierdzi¢, ze uzyskane ECKT nie stanowia
wickszego zagrozenia dla badanych nicieni w tym czasie ekspozycji. Dopiero najwyzsze ich
stezenia (2,0 mg ml™") zmniejszyly populacje organizméw nawet o 15%, ale 1,5 mg ml™! nie
wplyneto na nie, co rowniez §wiadczy o ich niskiej szkodliwos$ci. Stezenia estrow na studzienke
miescily sie w przedziale 0,0625-2,0 mg ml !, co odpowiada ich stezeniom molowym: C9-glu
0,186— 5,690 mmol I"'; C9-gal 0,162— 5,312 mmol I"'; C9-lac 0,125— 4,0 mmol I"'; mPHN-glu
0,142— 4,544 mmol 1"'; mPHN-gal 0,148— 4,744 mmol I"'; mPHN-lac 0,119— 3,816 mmol I"'.

W poréwnaniu z wynikami omdéwionymi w artykule P3, poziomy wszystkich
niemodyfikowanych estrow (opartych na monomerach PHN) redukujacych populacje komorek
nowotworowych: Dul45 1 HTB140 o 50% (IC50) w okresie 24—72 h nie przekroczyly stezen:
0,25 mg ml™! (zakres IC50 odpowiednio 0,090—1,500 mmol 1! dla komérek nowotworowych
i 0,500-2,5 mmol I"! odpowiednio dla zdrowych komérek odniesienia). Innymi stowy, zakres
stezen badanych zwigzkéw wykazujacych dziatanie przeciwnowotworowe jest znacznie nizszy
niz stezen toksycznych dla nicieni, co sugeruje, ze dalsze badania ECKT pod katem

zastosowania w medycynie nie powinny wykazywac¢ charakteru ekotoksycznego [123].

Zaleta badanych w tej pracy ECKT jest brak w ich strukturze wigzan eterowych, ktére
czesto wystepuja w popularnych surfaktantach takich jak: glikol polietylenowy (PEG), betaina

55



kokamidopropylowa (CAPB) i hydroksysultaina kokamidopropylowa (CAPHS), Tween 20,
Tween 80 [132], alkoholowy eter polioksyetylenowy (AEO) lub obecno$¢ innych mozliwie
toksycznych grup jak w przypadku eteru polioksyetylenowego alcylofenolu (APEO).
To sprawia, ze badane ECKT sg latwiej rozkladane przez enzymy w organizmach jedno-
1 wielokomorkowych [133]. Dodatkowo hydrofobowe sktadniki badanego ECKT nie
przekraczaja 9 atomow wegla, co moze by¢ kolejng zaleta w poréwnaniu z innymi powszechnie
stosowanymi estrami: monolaurynianem sorbitanu (Span 20, Span 80), monolaurynianem PEG
20-Sorbitan (SPEG, Tween 20, Tween 80) na bazie kwasow o dlugosci tancucha odpowiednio
C12, C161 C18, poniewaz zwickszenie dtugosci tancucha sktadnika hydrofobowego zwigksza
rowniez toksyczno$¢ ECKT [134]. Dla poréwnania, toksyczno$¢ innych strukturalnie
podobnych estréow allozy do C. elegans o r6znych dlugosciach tancucha weglowego n = 2, 4,

6, 8 miescila sic w przedziale 0,2—1 mmol 1! [135].

Weryfikujac potencjalne zastosowanie danego zwigzku, kosmetyku lub nosnika leku
w przemysle, zanim trafi on do badan przedklinicznych, konieczna jest ocena toksykologiczna
na kazdym z mozliwych etapéw (najmniejsza, najwigcksza szkodliwa dawka i1 przewlekte
podawanie zwiazku), nie tylko komérkowym, ale takze na bardziej ztozonych organizmach
zywych [137, 138]. Najwyzsze testowane w niniejszej pracy poziomy ECKT (2,0 mg ml!
okoto 6,0-8,0 mmol 171), ktore zmniejszaty populacje C. elegans o okoto 15%, byty znacznie
powyzej ich warto$ci CAC. Jednocze$nie zakres stezen surfaktantoéw stosowanych w fazie
wodnej do projektowania modelowych uktadéw emulsyjnych wynosi 0,5-1,5-krotnosci CAC.
Informacja o braku negatywnego wplywu estrow na badane nicienie w tym zakresie stezen
otwiera mozliwos$¢ dalszych préb aplikacyjnych. Nalezy jednak pamigtac, ze czasteczki ECKT
budujace micele majg inne st¢Zenia i organizacj¢ niz te rozproszone w buforach, w ktérych zyty
badane organizmy. Moga si¢ zatem zachowywac inaczej 1 wykazywa¢ inny poziom

toksycznosci [135, 139-141].
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Podsumowanie i wnioski

Wiasciwosci fizykochemiczne otrzymanych estrow cukréow nie zostalty w peini
scharakteryzowane, ale sg wystarczajace do oceny ich potencjatu aplikacyjnego. Aby doktadnie
odpowiedzie¢ na pytanie, dlaczego ECKT wykazuja tak wysokie poziomy CAC przy niskich
wartosciach napiecia migdzyfazowego, nalezatoby oddzieli¢ PHN C7 od monomerow C9,
oddzielnie zsyntetyzowac estry, a nastgpnie oddzieli¢ mono- od diestrow. Jest to proces
czasochtonny 1 bardziej kosztowny w skali preparatywnej niz proba wytworzenia ukladow
emulsyjnych opartych na mieszaninach opisanych powyzej. Niemniej jednak uzyskane
warto$ci CAC i y odpowiadaja zwigzkom o podobnej strukturze z literatury (takim jak SM-
1000, tj. dekanian sacharozy, laurynian laktozy czy monodekanian glukozy). Réwniez
mozliwo$¢ tworzenia systeméw wodno-olejowych na bazie popularnych sktadnikow
kosmetycznych — skwalanu i popularnej oliwki do pielggnacji skoéry dzieci — potwierdzita
potencjat aplikacyjny badanych estrow. Jednak proces tworzenia i testowania tych emulsji
powinien by¢ dalej optymalizowany. Konieczne byloby przetestowanie szeregu roéznych
sktadnikow olejow, a takze kosurfaktantéw w celu pordwnania ich wskaznikow stabilno$ci

emulsji oraz wielkosci 1 zachowania miceli.

W przyszlosci warto skoncentrowac si¢ na ocenie toksycznos$ci nie tylko samych
zwigzkow, lecz takze uktadow emulsyjnych opartych na ECKT. Rozszerzenie tych
eksperymentow o takie aspekty jak wptyw ECKT na zwigkszenie podatnosci C. elegans
na dzialanie réznych niesprzyjajacych warunkéw glebowych (obecno$¢ pestycyddéw, soli
nieorganicznych, niskie pH, substancje osmotycznie czynne). Badanie to mogloby stanowi¢
symulacje tego, czy 1 jak uktady W/O stabilizowane badanymi ECKT rzeczywiscie zwigkszaja
wchtanianie niekorzystnych substancji przez organizmy z otoczenia oraz zwigkszajg ich
toksyczno§¢. Cenna bylaby nawet ocena podatno$ci na organizmy oportunistyczne.
Z farmaceutycznego i medycznego punktu widzenia kluczowym krokiem jest odpowiedz
na pytanie dotyczace mechanizméw dzialania estrow, w tym utraty tacznosci bton
wewnatrzkomorkowych [96]. Nicienie nalezy zbadac¢ bardziej szczegdétowo pod katem wpltywu
ECKT (i stabilizowanych przez nie uktadow emulsyjnych) na ich narzady wewnetrzne, takie

jak uktad hormonalny i nerwowy, a takze zdolno$¢ do rozmnazania [130, 142].
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5. Podsumowanie i wnioski koncowe

Niniejsza rozprawa stanowi klamre dla cyklu czterech publikacji, ktorych jestem
pierwszym wspotautorem i1 do ktorych powstania znaczaco si¢ przyczynilem. Przedstawiajg
pierwsze proby syntezy ECKT na bazie laktozy, glukozy i galaktozy oraz hydroksykwasow
pochodzacych z depolimeryzacji bakteryjnego PHN pozyskanego na drodze kontrolowanej
fermentacji. Wszystkie pig¢ celéw wymienionych w rozdziale 2 zostato zrealizowane.
Potwierdzone zostaty struktury nowo wytworzonych estréw, dopracowane metody ich syntezy,
detekcji oraz oczyszczania w skali analitycznej 1 preparatywnej. Te ostatnie wymagajg dalszych
prac, w szczegdlnosci zwigkszenia wydajno$ci w kierunku wybranych: mono— lub diestréw

i wydajnej ich separacji w skali preparatywne;.

Podwaliny dla calego procesu badawczego daly eksperymenty przesiewowe
pozwalajace na ustalenie optymalnych warunkow reakcji syntezy ECKT za pomoca lipaz,
a takze warunkow detekcji jakosciowej produktow i ilosciowej substratu cukrowego. Pozwolito
to na zrealizowanie publikacji P1, w ktérej wykazano zasadno$¢ nie tylko testowania nowych,
komercyjnych lipaz ale rowniez ich immobilizacji na nowych podiozach azurowych
modyfikowanymi grupami —~OH i -NH, (firma MATSPHERES®, wspotpraca z dr inz. Eweling
Cichon). We wspoélpracy z dr inz. Mateuszem Tataruchem (IKiFP PAN) skonstruowano i
przedstawiono uzycie reaktora przeplywowego w skali miligramowej, z kolumng zawierajaca
immobilizowang lipaze EL70 Eucodis Bioscience®. Okazal si¢ on byé konkurencyjny
wzgledem reaktorow typu catkowity wsad i daje mozliwos$¢ nawet trzykrotnego uzycia. Jednak
by skorzysta¢ w petni z jego mozliwos$ci nalezy dokona¢ dalszych optymalizacji m.in. medium

reakcyjnego (uzy¢ np. DMF, lub NMP, zamiast DMSO).

We wspotpracy z promotorem pomocniczym dr. Jakubem Staroniem (IF PAN)
opracowana zostatla po raz pierwszy metoda wprowadzania fluorowcoalkilu do estrow
metylowych monomeréw PHN (P2 i1 P3). Nowa metode modyfikacji monomeréw PHN warto
sprobowaé adaptowa¢ w kierunku wprowadzania innych warto$ciowych dla farmakologii

ugrupowan, np. fenylowych, metoksylowych czy trifluorofenylowych.

We wspoélpracy z dr. Dawidem Wnukiem (ZBK WBBiB UJ) zweryfikowane zostaty
wlasciwosci antyproliferacyjne uzyskanych ECKT wzgledem komoérek ludzkiego czerniaka
HTB140 1 raka prostaty Dul45. Wartosci IC50 bedace wynikiem tych pierwszych badan nie
wskazuja, ze badane ECKT moga stanowi¢ konkurencje dla lekéw wykorzystywanych

w terapiach przeciwnowotworowych, jednak dzialaja one w podobnym zakresie, co inne
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opisane w literaturze ECKT. Wykazano natomiast wigkszg cytotoksyczno$¢ fluorowanych
ECKT (P3) wzgledem niemodyfikowanych, a te z kolei — wigkszg cytotoksyczno$¢ niz estry
posiadajace jedynie tancuchy alifatyczne C9. Zamyst zatem wzmocnienia potencjatu
biologicznego ECKT poprzez udekorowanie komponenty hydrofobowej ugrupowaniami
fluorowcoalkilu za posrednictwem wigzania eterowego okazat si¢ traftny. We wspotpracy z mgr
Karoling  Stgpien (ZMF  WUM)  zweryfikowane  zostaly  bakteriostatyczne
i przeciwdrozdzakowe wtasciwosci wybranych estrow glukozy (P2). Okazaty si¢ one
niesatysfakcjonujace do zastosowan przemystowych. Natomiast we wspotpracy z dr. Dusanem
Milivojevicem (IMGGE UB) wykazalismy potencjalnie niski negatywny wptyw na srodowisko
za pomocyg testow toksycznos$ci przeprowadzanych na modelowym organizmie Caenorhabitis
elegans (P4). Oznaczenie podstawowych wlasciwosci fizykochemicznych wybranych ECKT
(HLB, pH, y, CAC) oraz ich zdolnosci do stabilizacji emulsji (we wspoipracy dr Eweling Jarek)
pozwolilo na okreslenie szans wykorzystania badanych ECKT w przemysle kosmetycznym 1i

farmaceutycznym (P4).

Ponadto owocem niniejszych badan oprocz cytowanych i omawianych publikacji jest
zgloszenie patentowe nr P.437233 o tytule: ,,Zastosowanie estrow cukrowych kwasow
thuszczowych o komponencie kwasowej bedacej mieszaning monomeréw uzyskanych
z bakteryjnego polihydroksynonaniano-ko-heptanianu do hamowania proliferacji komorek

nowotworowych w leczeniu 1 profilaktyce chorob” [142].

Wypracowane rozwigzania i uzyskane wyniki wykazuja na tyle duzy potencjat, ze sa
wykorzystywane dalej — w projekcie NCN 1 NCBR Tango V-A/0013/2021 pt. ,,Opracowanie
funkcjonalnej formy aplikacji estrow cukrowych kwasow ttuszczowych na bazie bakteryjnych
polihydroksyalkanianéw hamujacych rozwdj komodrek nowotworowych”, dotowanym
w wysokosci 250 tys. PLN, ktorego jestem gtéwnym wykonawca. W projekcie tym skupiam
si¢ na opracowaniu lepiej dzialajacych formulacji, a co za tym idzie — aplikacji badanych
modyfikowanych i niemodyfikowanych ECKT. Planowane do uzyskania formulacje, oprocz
samych czystych mieszanin ECKT, to uktady mikroemulsyjne oraz nano/mikrokapsuiki.
Wszystkie uzyskane uktady beda testowane na szerokim panelu linii komérkowych raka jelita
grubego oraz czerniaka. Najlepiej dzialajaca formulacja jednego z estrow przejdzie do dalszych
etapow. Sa nimi: weryfikacja dzialania synergistycznego wraz z powszechnie
wykorzystywanymi chemioterapeutykami, badania toksykologiczne na myszach oraz testy

z ksenograftami tkankowymi pochodzacymi od pacjentow onkologicznych (uktadami PDX —
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Patient Derived Xentograms). Badania te nie bylyby mozliwie bez opracowanych metodologii

syntezy i charakterystyki przedstawionych w niniejszej rozprawie doktorskie;j.

Dalsze kierunki badan, jakie nalezy przeprowadzi¢ w zakresie omawianej tematyki
badawczej, mozna podzieli¢ na dwa gltéwne nurty: badania podstawowe i aplikacyjne. Badania
podstawowe winny skupi¢ si¢ na doprecyzowaniu mechanizmu i droég dziatania
modyfikowanych i1 niemodyfikowanych ECKT na uktady zywe oraz uscisleniu, czy 1 jak
doktadnie ECKT oddzialuja z blonami komorkowymi oraz strukturami subkomorkowymi;
z jakimi receptorami si¢ wigzg i jak wplywaja na genom komorek; czy i jak aktywuja szlak
apoptotyczny; czy wpltywaja na wigzanie si¢ komorek do podtoza, czy tez zaburzaja glikolizg
[143]. W tym celu nalezatoby zsyntezowaé i wprowadzi¢ do komoérek/organizméw formy
deuterowane badanych zwigzkow [144]. Warto rowniez skorzysta¢ z badan proteomicznych
z wykorzystaniem metod western blot, spektrometrii masowej, mikroskopii fluorescencyjne;j
oraz cytometrii przeplywowej [145]. Ponadto warto sprébowaé alternatywnych mozliwosci
alkilacji grup 3-OH monomeréw PHN tak, zeby méc wprowadzi¢ inne ugrupowania np.
fenylowe, metoksylowe, trifluoroetylowe. W szczegodlnosci waznym aspektem wydaje si¢
enzymatyczna droga alkilacji hydroksykwasow czy utworzonych z nich ECKT [146, 147].
Badania aplikacyjne z kolei winny si¢ skupi¢ na zwickszeniu wydajnosci modyfikacji
monomerdw oraz syntezy estrOw cukrowych na wigkszg skale, a takze na zwigkszeniu
efektywnosci separacji mono- od diestrow przed samg modyfikacja 1 acylacjg nimi cukrow.
Ponadto dalszej optymalizacji wymaga otrzymywanie stabilnych ukladéw W/O,

mikroemulsji/mikrokapsutek jako potencjalnych no$nikoéw lekow.

Podsumowujac, bazujac na wymienionych publikacjach, patencie, projektach, a przede
wszystkim wynikach badan, mozna stwierdzi¢, ze nowo zsyntezowane i scharakteryzowane
ECKT oraz ich modyfikacje stanowig nowy, cenny materiat badawczy 1 nadajg si¢ do podjecia
dalszych etapéw weryfikacji mozliwosci ich zastosowan w medycynie, przemysle
farmaceutycznym i kosmetycznym. Przedstawione metody syntezy i oczyszczania, mimo
stosunkowo niskich wydajnosci, okazaty si¢ wystarczajace, aby mozna byto zidentyfikowac,
wstepnie scharakteryzowac 1 zbada¢ wlasciwosci biologiczne ECKT. Tym niemniej autor jest
swiadomy, i1z jest to dopiero wierzchotek gory lodowej w odniesieniu do badan nad ta

interesujaca grupa zwigzkow.
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ARTICLE INFO ABSTRACT

Keywords: Hollow silica microspheres provide an ideal solid support for enzyme immobilization. We tested one of the
Hollow silica microspheres newest development, namely MATSPHERES®, a silica openwork material as a carrier for the covalent im-
hPmOblhzaﬁO“ mobilization of enzymes used to synthesize bioactive compounds. Two model enzymes - ethylbenzene dehy-
Lipase drogenase and EL070 lipase — were considered. They belong to two different enzyme classes and catalyse re-
Ethylbenzene dehydrogenase . . . . . . .

Biocatalysis actions taking place in various environments (aqueous and non-aqueous, aerobic and anaerobic). The enzymes

were immobilized by covalent bonds (via divinyl sulfone and glutaraldehyde) on new silica material.
Effectiveness of immobilization processes on the spheres grafted with amine groups and on the analogues
without functionalization was determined for both enzymes. Microspheres were characterized morphologically
and also their mechanical stability was examined during exposure to varying physical conditions. It was shown
that MATSPHERES® due to their openwork structure and relative stability under batch and flow conditions can

Batch reactor
Flow reactor

be a competitive SBA support for enzyme immobilization and production of bioactive compounds.

1. Introduction

In the era of frightening industrial growth, it became necessary to
look for solutions that are less harmful to the environment, in either the
production of new goods or waste management. Therefore, acquisition
of new biologically active compounds with the aid of biocatalysis is
gaining more and more popularity. Green Chemistry employing enzymes
in compound processing offers a wide range of advantages over tradi-
tional ways: reduction in energy and water consumption, minimizing
the use of hazardous, toxic chemicals and solvents as well as decrease in
waste emission and pollution [1,2]. Enzymes used in biocatalysis allow
to obtain a wide range of compounds, including those applied in food
and pharmaceutical industries, in an extremely selective manner.
Moreover, recent developments in biocatalysis open new routes for
utilisation of compounds originating from various resources, also those
constituting as a waste. Enzymes can be applied either in the synthesis
of new drugs or intermediate products exhibiting desired properties.
However, despite huge advantages, enzymes, as products of living or-
ganisms, have small tolerance to a range of physicochemical and bio-
logical parameters (i.e. temperature, pH, solvents and proteolytic en-
zymes etc.) [3]. Thus, studies elucidating improvements of the enzyme

* Corresponding author.
E-mail address: ncguzik@cyfronet.pl (M. Guzik).

https://doi.org/10.1016/j.bioorg.2019.02.038

efficiency, reaction optimisation routes or a search for the most optimal
reaction conditions are essential. To overcome the problem of their
vulnerability, enzymes may be immobilized on a range of different
supports. Immobilization increases their stability and activity, which
has a significant impact on improving the overall efficiency of catalysed
reaction [4]. The conversion rate for immobilized enzymes is also found
to be higher compared to their free forms (only in case of lipases) [5]
and organic solvent resistance is significantly increased [6]. Moreover,
immobilization greatly facilitates the re-use of the catalysts [7-9].
Due to a huge number of potential applications of enzyme im-
mobilization there is a growing interest in searching for and testing new
supports which meet the requirements of specific enzymes or reactions
conducted by them [10]. For example, silica based microspheres con-
stitute a new interesting group of enzymes attaching carriers. Silica
capacities to bind an enzyme on its surface were already widely studied
[11-13]. Most importantly, silica as a support is chemically versatile; it
offers great variation of its chemical surface modification enabling
different approaches for covalent binding of a given enzyme [14].
Further, recent developments in material design enable creation of 3D
spheres of different sizes and architecture [15-17]. Openwork spheres
for example not only provide greater surface for immobilisation of an
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enzyme when compared to simple granules but also support reduction
on operating pressure in flow bioreactors enabling higher flows for
particular applications. In the presented work we have focused on one
of such new developments — on MATSPHERES® — hollow silica micro-
sphere of sophisticated 3D architecture for immobilisation of two dis-
tinct enzymes — a dehydrogenase and a lipase, which perform their
catalytic reactions in two different reaction media — aqueous and non-
aqueous.

Both enzymes selected for this study are of pharmaceutical and
chemical importance. Both are used to synthesize bioactive com-
pounds with a variety of applications. The first enzyme considered in
this study is an ethylbenzene dehydrogenase (EbDH) belonging to
DMSO reductase family [18]. It was firstly isolated from Aromatoleum
aromaticum (EbN1 Azoarcus sp.) where it is responsible for anaerobic
ethylbenzene mineralization and converts wide range of substrates
into chiral secondary alcohols [14-24], which are considered as Ac-
tive Pharmaceutical Ingredients (APIs). EbDH is one of the few en-
zymes conducting synthesis of secondary chiral alcohols by en-
antioselective hydroxylation of hydrocarbon substrates structurally
similar to ethylbenzene. What is especially noteworthy is the fact that
out of 34 known EbDH substrates, 21 result exclusively in (S) en-
antiomer [25-27]. For example, natural product of EbDH transfor-
mation of ethylenbenzene, that is 1-phenylethanol, is found to be
utilized as a synthon for i.e. selective A1l adenosine receptor antago-
nists synthesis, a stimulating agent of the central nervous system
[28,29] or in synthesis of dopamine transporter ligands (DAT) as a
novel potential cocaine-abuse therapeutic agent [30]. The other en-
zyme used in this study is a lipase, commercially available from Eu-
codis Bioscience GmbH (Austria) under trade name EL070. Lipases
(EC 3.1.1.3.) are a subclass of the hydrolases that under physiological
conditions play crucial role in hydrolysis of triacylglycerols, while in
the absence of water are prone to catalyze reversed reactions (i.e.
esterification). It was reported that lipases promote efficient synthesis
of sugar fatty acids (SFAEs) [6,31-33]. SFAEs constitute a novel group
of non-ionic sugar-based surfactants increasingly used as emulsifiers
in pharmaceutical, cosmetic, food and detergent formulae. Biode-
gradability and biocompatibility, no irritating effect and lack of
toxicity of those compounds are favourable features that raise the
great interest of their additional broad applications in food and
pharmaceutical industries [34]. They were shown to bare antibacterial
properties resulting from surfactant interactions with bacterial cell
membrane [35] and also they can be potentially implemented as anti-
cancer agents [36,37].

Having the above in mind, we have conducted a systematic study
that encompassed characterisation of MATSPHERES® hollow silica
microspheres, their application for two types of enzymes immobilisa-
tion, which was followed by catalytic testes in both batch and flow
modes.

2. Materials and methods
2.1. Materials

Commercial lipase EL070 (EC 3.1.1.3) of prokaryotic origin (highly
purified lyophilized powder) was obtained from Eucodis Bioscience
(Austria). Ethylbenzene dehydrogenase (EbDH) (EC 1.17.99.2) was
obtained as described elsewhere in detail [27]. Briefly, Aromatoleum
aromaticum was cultivated under anaerobic conditions, cells were col-
lected and free cell extract was submitted to column purification (Se-
pharose DEAE, Hydroxapatite). Purity of enzyme was assayed by SDS-
PAGE (data not shown). Immobilisation carriers were provided by
Materium Innovations (Canada) and referred to in this manuscript as
MATSPHERES®-OH (non-modified) and MATSPHERES®-NH, (mod-
ified as described below). SBA-15-ultra-2 carriers were obtained as
described in [38] and referred to in this manuscript as SBA-OH (non-
modified) and SBA-NH, (modified as described below). Other chemicals
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were of reagent grade and purchased from Merck (Poland) and VWR
(Poland).

2.2. Physical characterisation of silica spheres

The size of MATSPHERES® was confirmed by light microscopy ob-
servations (Nikon ECLIPSE E200; 7 photos, magnification 400x, sample
size 136 objects) and analysed with ImageJ 1.49 v software. The shape
of the microspheres after short activity assays and long-term reactions
was also examined with an optical microscope in order to evaluate the
influence of reaction conditions on the structural integrity of the car-
riers. Similarly, the effect of freezing immobilization support (—20 °C,
2 weeks period) was also determined by microscopic observations. The
effect of the flow rate was studied with Agilent 1100 Series binary
pump by varying the flow up to 5mlmin~! for PrepRPC FPLC column
(Pharmacia Biotech, Sweden) packed with 0.5ml of each of the sup-
ports studied. Specific surface area (Sggr), pore volume (Vo) and pore
diameter of SBA were obtained as described elsewhere [38]. SBA grain
size was determined based on electron microscope measurements
(JEOL JSM-7500F). MATSPHERES® characteristics were provided by
the supplier (including Sggt, Viot, pore diameter and density of func-
tional groups). The interaction of spheres with of media components
was verified by appropriate HPLC measurement as described below.
Each component (i.e. glucose, methyl nonanoate, 1- (S)-phenylethanol,
K3[Fe(CN)g] in respective reaction media was incubated over appro-
priate time which depended on the assay performed and its con-
centration was analysed.

2.3. Engyme immobilization

Enzymes immobilization was carried out accordingly to scheme at
Fig. 1. Immobilization of each enzyme (EbDH or lipase) was conducted
with 0.5ml of each carrier (MATSPHERES®-OH and MATSPHE-
RES®-NH, silica microspheres, SBA-OH or SBA-NH,).

2.3.1. EbDH immobilization

The carriers (0.5 ml) were rinsed twice with distilled water and
then with 20 ml of buffer appropriate to the type of surface activation,
i,e. 1M NayCO; (pH 11) for silica-OH carriers, 0.1 M KH,PO,/
Na,HPO, (pH 7.0) for silica-NH, carriers. Next the surface of the
carriers were activated according to the following procedures: i) silica-
OH carriers were slowly agitated with 0.5ml of 3% divinyl sulfone
(DVS) in 1M Na,COs; for 1h at room temperature using laboratory
orbital shaker. ii) silica-NH, carriers were stirred with 0.5ml 2.5%
glutaraldehyde (GA) in 0.1 M KH,PO,/Na,HPO, for 1h at room
temperature. After activation with DVS and GA the supports were
rinsed with distilled water and subsequently with 0.1 M Na,HPO, (pH
8.0) or 0.1 M KH,P0O4/Na,HPO, (pH 7.0), respectively. Moreover, in
order to protect the enzyme during immobilization all buffers were
supplemented with 3 mM K3[Fe(CN)g]. For each type of the carrier
0.5 ml of the purified EbDH (3.67 mg/mL, activity: 27.18 mU/mL) was
added and gently stirred for 1h at room temperature after which it
was cooled to 4 °C and left at this temperature for 3 h. The excess of
unbound protein was filtered off and carriers were washed with 0.1 M
KH,PO,/Na,HPO, (pH 7.0) to remove the excess of unbound protein.
All eluates were collected and analyzed for the presence of the un-
bound protein. Finally, in order to endcap the free active groups of the
carrier, the supports were submerged in 0.5 M Tris/HCI buffer pH 7.5
for 3h at 4°C. At this stage immobilization of EbDH was completed
and each carrier-EbDH was left at 4 °C.

2.3.2. Lipase immobilization

For each ml of carrier 100 mg of lipase was prepared. 10 mg of li-
pase was weighed for control sample used in protein activity assay.
Lipase was dissolved in buffer solutions pH = 8.0 and pH = 7.0, re-
spectively for silica-OH and silica-NH,. Lipase concentration in each of
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Fig. 1. Schematic representation of immobilization procedures used in this
work.

the buffers was 50mgml~' or 30.2mgml~' for MATSPHERES® or
SBA, respectively. The carriers (0.25 ml) were rinsed twice with 0.5 ml
of the buffer appropriate to the type of surface activation, i.e. 1M
Na,COs3 (pH 11.0) for silica-OH carriers, 0.1 M KH,PO4/Na,HPO, (pH
7.0) for silica-NH,, carriers. Next, in order to activate the carriers sur-
face, the following procedures were conducted: i) silica-OH carriers
were slowly agitated with 0.5 ml of 3% DVS in 1 M Na,COs for 1 h at
room temperature using laboratory orbital shaker; ii) silica-NH, car-
riers were stirred with 0.5ml 2.5% GA in 0.1 M KH,PO,/Na,HPO, for
1h at room temperature. After activation, each carrier was rinsed six
times with deionized water in order to remove the excess of the linker.
Then, each was suspended in a buffer solution (0.1 M Na,HPO,,
pH = 8.0) and stored for 3h at 4 °C. After that time, silica-OH and si-
lica-NH, carriers were rinsed twice with 0.1 M Na,HPO, (pH 8.0) or
0.1 M KH,PO4/Na,HPO, (pH 7.0), respectively. For each type of the
carrier 0.5 ml of the lipase solution was added and gently stirred for 1 h
at room temperature after which it was cooled to 4 °C and left at this
temperature overnight (Note: enzyme was dissolved/suspended in
0.1M Na,HPO, (pH 8.0) or 0.1 M KH,PO4/Na,HPO, (pH 7.0), re-
spectively for silica-OH and silica-NH, carriers). The excess of unbound
protein was filtered off and carriers were rinsed four times with 0.1 M
KH,PO,/Na,HPO, (pH 7.0). All eluates were collected and analyzed for
the presence of the unbound protein. Finally, in order to endcap the free
active groups of the carrier, the supports were submerged in 0.5 M Tris/
HCI buffer pH 7.5 and gently stirred at room temperature for 1 h. Next,
each carrier was rinsed with deionized water and freeze-dried over-
night.
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The success of immobilization process for each enzyme was de-
scribed by “enzyme loading” and “retained activity” parameters as
described in Egs. (1) and (2).

immobilized protein [mg]

Enzyme Loadi %) = 100%

nzyme  Loading (%) initial amount of protein [mg] % (€8]
bserved activi U

Retained Activity (%) = 20served activity (U} onq
initial activity [U] 2

2.4. Reagents sorption studies

Reagents used for EbDH: 0.25ml (66 mg MATSPHERES®-OH and
63 mg MATSPHERES® —NH,) of a carrier was suspended in 10 ml of
100 mM MES buffer (pH 5.5) containing 1.55 mM 1-(S)-phenylethanol
(PhEtOH) or 1 mM electron acceptor potassium ferricyanide (III) Ks[Fe
(CN)gl. The mixture was continuously shaken (temp. 30 °C, 250 rpm)
for 3days and 0.25ml samples were removed periodically. Samples
were centrifuged (13,000 rpm) and submitted for quantitative HPLC
and UV-vis analysis. Reagents used for EL070: 0.25 ml (66 mg MATS-
PHERES®-OH and 63 mg MATSPHERES®-NH,) of a carrier was sus-
pended in 10 ml of reaction medium (80% v/v of 2-methyl-2-butanol
and 20% v/v DMSO) containing 4 mgml~! glucose. The mixture was
continuously shaken (temp. 30°C, 250 rpm) for 3days and 0.25ml
samples were removed. Samples were centrifuged (13,000 rpm) and
submitted for quantitative HPLC-MS analysis.

2.5. Determination of protein concentration

The amount of protein in the supernatant was determined by
Bradford method using Bovine Serum Albumin as a standard [39]. The
amount of bound protein was determined indirectly by the difference
between the amount of protein introduced into the coupling reaction
mixture and the amount of protein in the filtrates. Measurement were
performed using spectrophotometer microplate reader (Epoch, BioTek,
Instruments, Inc.) controlled with a Gen5 Data Analysis software in-
terface. Immobilization efficiency was calculated by subtracting the
concentration of the tested supernatants from the initial concentration
of the enzyme solution.

2.6. Determination of EbDH activity

Enzymatic tests were carried out in three modes: batch, fed-batch
and continuous flow, under aerobic and anaerobic conditions. 0.5 ml of
homogenous or immobilized EbDH enzyme (carrier suspension) was
added into 10 ml (batch mode, aerobic conditions) or 20 ml (fed-batch
mode, anaerobic conditions) of 0.1 M Tris/HCl buffer (pH 7.5) with
6 mM K3[Fe(CN)g]. Reaction buffer was preheated to 30 °C. The reac-
tions were initiated by addition of ethylbenzene stock solution in tert-
butyl alcohol (C = 1.5 mM). The initial activity was determined under
aerobic conditions. An EbDH activity unit (U) was defined as the
amount of enzyme liberating 1 umol of 1-(S)-phenylethanol per minute
under the assay conditions. Activity was calculated in U/mL of settled
immobilized preparation or in U/mg of immobilized enzyme. Degree of
reaction conversion was calculated as the ratio of the product con-
centration at the end of the reaction to the initial substrate con-
centration. Long term fed-batch enzymatic experiments were carried
out under anaerobic conditions in order to extend the enzyme operation
stability [27]. The substrate and re-oxidant were supplemented when-
ever depletion was observed by HPLC or UV-Vis (420 nm), respectively.
HPLC determination of substrate and product was conducted as de-
scribed elsewhere [27]. Immobilized EbDH was tested in the flow re-
gime under anaerobic conditions by measuring the concentration of the
product obtained at a specific flow rate. The range of flow rates varied
from 0.05 to 1.5mlmin "' and reactions were carried out in the same
conditions as described above. Based on these measurements, the
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Table 1
Physical analysis of immobilization supports.
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Carrier Particle shape and size S BET Vior [em®g™1]  Amine group density Vinyl group density Pore diameter Mass of 0.5 ml of
[m2 g 1] [mmol g~ 1] [mmol g~ 1] [;\] carrier [mg]

SBA-OH Cube, 692 1.95 — 140 52
SBA-NH, 490 1.62 1.0 — 140 74

190 + 49nm by

580 *+ 144nm
MATSPHERES® -OH  Sphere, 212 1.52 — — 150-300 132
MATSPHERES® -NH, 189 1.41 0.5 0.5 150-300 125

30 = 10um

dependence of substrate conversion to residence time was determined.
Residence time was calculated as the ratio of the bed volume (including
the volume of the carrier being compared) to the flow rate. Having the
above in mind, the most optimum flow rate was selected.

2.7. Determination of free and immobilised lipases enzymatic activity
towards tributyrin

Enzymatic activity was determined by employing a modified pro-
tocols [40-42]. Briefly, tributyrin solution was prepared in HEPES
buffer (pH 7.2) with addition of 25 pl-50 pl of Triton X per 20 ml of the
reaction mixture. Lipase Thermomyces lanuginosus (TL-IM, Science
Technics Sdn Bhd; Malaysia), Candida antarctica lipase B (CalB, No-
vozym 435; 10,000 PLU/g; Denmark) and EL070 (free and immobilized
on different supports) were incubated in the solution with constant
stirring (150 rpm) at 55 °C. Samples were withdrawn at specific inter-
vals, diluted 10x with acetonitrile and analysed at Shimadzu Promi-
nence HPLC equipped with UV-Vis detector set to 210 nm and Eclipse
XDB-C18 column 4.6 x 100 um Agilent Technologies (depletion of tri-
butyrin, increase of acetic acid signal). An isocratic elution of 15%
water and 85% acetonitrile was applied. The injection interval was
4.5 min. Lipase activity unit (U) was defined as the amount of the en-
zyme that catalyzes the conversion of 1 umol of tributyrin per minute
under the specified conditions of the assay method.

2.8. Determination of ELO70 activity in SFAE synthesis

Enzymatic reactions were carried out either in 100% v/v 2-methyl-
2-butanol (2M2B) or in 2M2B/DMSO (80:20, v/v). Glucose was sup-
plemented to yield 4mgml~!, whereas methyl nonanoate to
11 mg ml~ 1. 50 mg of molecular sieves (4 f\) was added to withdraw
forming water. Reactions were initiated by addition of 12mg of an
enzyme (TL-IM, CalB or EL0O70 free or in immobilized form). Reactions
were conducted at 55°C either in a batch mode (24 h, rotation in a
BINDER thermostat oven MASON Technology) or in a continuous flow
mode. PrepRPC FPLC packed column was connected to HPLC pump
Applied Separations K-500). Samples were collected at set intervals and
were analysed on HPLC-MS system as described below. Lipase activity
unit (U) was defined as the amount of the enzyme that catalyzes the
conversion of 1 pmol of glucose per minute under the specified condi-
tions of the assay method.

2.9. HPLC measurement

Glucose qualitative analysis was performed by HPLC measurements
on Agilent 1290 Infinity System with automatic autosampler and MS
Agilent 6460 Triple Quad Detector equipped with Agilent Zorbax
Eclipse Plus C18 column (2.1 X 50 mm, 1.8 um). For separation of
sugar fatty acid esters (SFAE) the column was eluted at 30 °C at a flow
rate of 0.4 mlmin~"! and developed with gradient elution of mixture of
water (A) and methanol (B) given as follows: 0.00 min (95% A/5% B) to
1.00 min (0% A/100% B) to 3.50 min (0% A/100% B) to 3.51 min (95%
A/5% B) to 4.50min (0% A/100% B). The injection interval was

4.5min. MS Agilent 6460 Triple Quad tandem mass spectrometer with
Agilent Jet Stream ESI interface was used in negative ion mode.
Nitrogen at a flow rate of 10 L min~! was used as the drying gas and for
collision-activated dissociation. Drying gas and sheath gas temperatures
were set to 350 °C. Capillary voltage was set to 3500 V, whereas the
nozzle voltage was set to 500V. Glucose was monitored by MRM
transition of 179 — 89 m/z in negative ion mode and its depletion was
calculated from calibration curve. MassHunter software (Agilent) was
used for HPLC-MS system control, data acquisition, and data proces-
sing.

3. Results and discussion
3.1. Physicochemical characterisation of immobilisation supports

It is well known that grain size, pore architecture and carrier surface
functionalization are very important factors that affect the applicability
of a carrier. Therefore, we have performed basic physical analysis of
MATSPHERES® and compared them with standard Santa Barbara
Amorphous (SBA-15) immobilization carriers (Table 1). Microscopic
observations revealed that the MATSPHERES® supports are hollow
micrometric spheres, whereas SBA, a commonly used enzyme im-
mobilization support, is a powder consisting of nanometric cubes. Ni-
trogen adsorption studies showed that the available surface area of the
hollow spheres was 2.6 to 3.4 fold lower than these of SBA (for details
see supplementary material). There was also lower coverage of the
ammonium immobilisation on the spheres. However, the spheres are
characterised with up to 2 fold larger pores with greater variety in sizes
due to the openwork architecture, which positively influences enzyme
immobilization by enabling its penetration and encapsulation in the
sphere’s core. Mechanistic studies revealed that the hollow spheres are
not resistant to mechanical stirring with magnetic bar, however they
withstand prolonged rotation (i.e. application in batch type reactors)
and elevated pressures obtained by relatively high flows (up to
5mlmin~?) (Fig. 2). In addition, the pressure generated by a column
filled with 0.5 ml MATSPHERES® at a flow rate of 3mlmin~' corre-
sponds to the pressure that generates the same volume of SBA-15 at
three times lower flow rate (Fig. 2E). Thus, the hollow microspheres
outperform the standard SBA supports for applications in flow through
reactors. Neither lyophilisation nor cycle of freezing the wet supports at
—20 °C and thawing had any effect on the spheres architecture. Finally,
storing of MATSPHERES® at —20 °C in aqueous solution for two weeks
did not destruct their structure (Fig. 2G). Such stability may be due to
perforated structure of this material.

3.2. Carriers’ interactions with the reaction components

For the purpose of demonstrating the universality of hollow mi-
crospheres in biocatalysis, we have chosen two distinct enzymes of
interest for pharmaceutical and food industries that carry out their
catalytic reactions in different media, i.e. aqueous and non-aqueous,
ethylbenzene dehydrogenase (EbDH) and a lipase (EL070) respectively.
These two enzymes greatly differ in the mode of action (Fig. 3) - EbDH
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Fig. 2. Mechanistic performance of hollow spheres. Microscopic observations of spheres under different condition (magnification 400 X): (A) unmodified carrier
material, (B) material after 24 h stirring in solution with magnetic bar, (C) material after constant rotation for 48 days, (D) material after quadruple flow of solvent at
0.05mlmin~?, (E) pressure as a function of the flow rate generated by the empty column and a column filled with 0.5 ml of silica. Microscopic image of MATS-

PHERES® before (F) and after (G) 14 days of storing at —20 °C.

converts ethylbenzene in buffered water solution to 1-(S)-pheny-
lethanol and requires an artificial electron acceptor (K3[Fe(CN)g]) for
its action in vitro, whereas lipase is capable of generating of a novel
ester bond in non-aqueous environment without aid of any mediator.
Therefore, we have conducted several experiments in order to de-
termine whether the hollow spheres interact with any given component
of both reactions. Firstly, we verified whether the hollow spheres dis-
play any interaction with both enzymatic substrates under the reaction
condition employed in this study. We did not observe any relevant
physical nor chemical interplay for any of the tested compounds, with
exception to K;3[Fe(CN)g]. When potassium ferricyanide(III) was con-
tacted with MATSPHERES®-~OH and SBA-OH in EbDH reaction buffer
(1 mM K3[Fe(CN)¢]) remained on the same concentration level over
312h. However that was not the case for the spheres with NH, and

A
OH
) EbDH v
+ \\MOV' — + Mo
ethylbenzene 1-(S)-phenylethanol

¢

ﬁxidam
2H" H,0

2[Fe(CN),J* 2[Fe(20N)6]3'

vinyl functionalities (MATSPHERES®-NH, or SBA-NH,), where a rapid
decrease to depletion was observed (Fig. 4). This can be explained by
the K3[Fe(CN)g] oxidation reaction of distal -NH, groups, and therefore
we conclude the MATSPHERES®-NH,, are less desirable in use for EbDH
biocatalysis.

3.3. Enzymes immobilization on the hollow spheres and their enzymatic
performance

Enzymatic preparation of ethylbenzene dehydrogenase obtained
from a native strain Aromatoleum aromaticum EbN1, as well as com-
mercial ELO70 lipase powder, were used for immobilization on two
types of spheres — non-functionalized (MATSPHERES®-OH) and func-
tionalized with vinyl and amino groups (MATSPHERES®-NH,). For

OH
B o .
HO
/\/\/\/\< + HoZ
o— OHOH
C9 - methyl ester glucose
lipase
non - aqueous
conditions

:>/\/\/\/\

HO o glucose nonanoate

HO
OHOH

Fig. 3. Reactions performed by enzymes in this study. Panel A - ethylbenzene dehydrogenase converts ethylbenzene to 1-(S)-phenylethanol while transferring an
electron to an artificial electron acceptor K3[Fe(CN)g]. Panel B — lipase EL070 acylates glucose with methyl nonanoate to form sugar ester and a side product

methanol.
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Fig. 4. Interaction of potassium ferricyanide (III) with hollow microspheres.
Buffer with electron acceptor without silica stands as a reference.

further comparisons SBA-OH and SBA-NH, analogous preparations
were also made (Table 2).

3.3.1. EbDH

It is known that EbDH class of enzymes is oxygen sensitive [21,43]
and therefore these conditions seem to be more favorable for long-term
EbDH operation. We have confirmed this phenomenon by performing a
batch type reactors under both atmospheres. After immobilization
process, there was high protein coverage of both types of spheres,
ranging from 88 to 90% or 3.2 — 3.3mg of bound protein per ml of
carrier. Under aerobic conditions and independently of sphere’s mod-
ification we observed a progressing enzyme inactivation due to the
presence of oxygen. Under these conditions, free and immobilized for-
mulation of EbDH were inactivated after about 20 h of continues work
[27]. Still, they were able to produce similar amounts of product for all
carries (from the lowest for SBA-NH, — 0.14 mM up to 0.17 mM for

Table 2
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MATSPHERES®-NH,) of 1-(S)-phenylethanol before its complete in-
activation. It needs to be stressed that the activity of each functionality
under aerobic condition was similar among carries with the same
functionality (see Tables 2 and 3).

In the absence of oxygen, a more active immobilized biocatalyst can
be rapidly selected. Under anaerobic conditions, the enzyme operated
for over 580 h (24 days), with residual activity still remaining for fur-
ther 21 days, being able to convert several batches of substrate to
achieve final 2.84 mM (56.5 umol) (MATSPHERES®-OH) and 1.56 mM
(31.2pmol) (MATSPHERES®-NH,) product concentrations (Fig. 5,
Table 3). The average process activity determined as a change in pro-
duct concentration from the start of the experiment until 580 h of re-
action (the end of the linear rate of product formation) was 1.6 mU,
0.8 mU and 2.9 mU for the reactors with MATSPHERES®~OH, MATSP-
HERES®-NH, and free enzyme, respectively. For comparisons, the SBA
preparations proved to be only slightly better than MATSPHERES® by
1.1 and 1.2 fold for SBA-OH and SBA-NH,, respectively. Noteworthy,
enzyme lifetime elongated almost 30 fold (from 20h in aerobic con-
ditions to over 580 h in anaerobic conditions).

Under the anaerobic conditions, the best results in terms of reaction
efficiency were obtained with activation of —OH groups (for both of
MATSPHERES® and SBA), which is in agreement with Tataruch et al.,
2014 [27]. Moreover, enzymatic preparations on carriers with OH
functionalities under aerobic conditions resulted in higher activity
when compared to the -NH, supports. This could be the combined ef-
fect of two factors: i) presence of the DVS activator ii) lack of electron
acceptor interaction with microsphere surface. In case of MATSPHE-
RES®-NH,, the electron acceptor depletion is probably caused by its
reduction by reactive amine groups. This phenomenon may lead to
serious decline in the activity of the enzyme immobilized on MATSP-
HERES®-NH,.

Recently we have reported EbDH immobilisation on a cellulosic
support [27], however, when flow reactors are concerned this type of
carrier is inadequate due to its physical performance (gluing of grains
thus clogging the column). MATSPHERES® however seems to be sui-
table for this type of applications and even outperforms standard SBA
carrier used widely in immobilization studies with regards to their flow

Catalytic characterization of immobilized and homogenous enzymes — EbDH and EL070.

Carrier Activating agent activity [mU] per mL (per mg) of Retained activity ~ Bound protein** Enzyme loading Specific initial activity
carrier or homogenous enzyme* [%] [mg ml™ 1] (protein) [%] [mU mg’l]

EbDH

Homogenous EbDH — 27.18 100 — — 7.40

MATSPHERES® -OH  DVS 10.88 40 3.30 90 3.29
(0.041)

MATSPHERES® -NH, GA 9.60 35 3.23 88 2.98
(0.038)

SBA-OH DVS 11.00 40 3.35 91 3.28
(0.106)

SBA-NH, GA 9.32 34 3.2 87 291
(0.063)

Lipase ELO70

Homogenous EL070 — (274160.0) 100 — — 274160.0

MATSPHERES® -OH  DVS 427920 4.6 33.6 67 12735.7
(1620)

MATSPHERES® -NH, GA 685450 5.6 44.2 88 15507.9
(2740)

SBA-OH DVS 468738 8.6 19.9 65 23554.7
(4521)

SBA-NH, GA 279232 3.7 27.3 89 10228.3
(1887)

Where: DVS - divinyle sulphone, GA - glutaraldehyde.

* EbDH was obtained in liquid formulation from bacterial strain in our laboratory (see materials and methods), whereas lipase was purchased in powdered form.
Therefore for homogenous EbDH the activity was given only “per ml”, whereas in case of homogenous lipase “per mg”.

** The amount of bound protein was calculated by subtracting the washed off protein quantity from this used for immobilization and recalculated per 1 ml of the
carrier. Protein concentration for native EbDH (all supports) was 3.67 mgml ™%, for lipase ELO70 was 50 mgml ™' and 30.2 mgml~! for MATSPHERES® and SBA,

respectively.
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Table 3
Synthesis of 1-(S)-phenylethanol under aerobic and anaerobic conditions.
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Type of carrier Final product concentration in the

reactor [mM] product conc.) [%]

Reaction efficiency (based on max.

Final product concentration in the
reactor [mM]

Reaction efficiency (based on max.
product conc.) [%]

Reaction condition anaerobic aerobic
Homogenous EbDH 4.90 100 0.40 100
MATSPHERES® —OH 2.84 58 0.16 40
MATSPHERES® -NH, 1.56 32 0.17 43
SBA-OH 3.12 64 0.15 38
SBA-NH, 2.17 44 0.14 35
—n— reference
0.59 s MATSPHERES®-OH 5 -=—reference
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Fig. 5. Profiles of changes in product concentration in reaction catalysed by immobilized and native EbDH in aerobic (Panel A) and anaerobic (Panel B) atmosphere.
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Fig. 6. Performance of immobilized EbDH in flow reactor. A — effect of residence time on acetophenone conversion; B — subsequent cycles in flow reactor.

characteristics (Fig. 2). We have tested the most promising enzyme
formulation (EbDH immobilized on MATSPHERES®-OH) in the flow
regime under anaerobic conditions by measuring the concentration of
the product obtained at a specific flow rate. Fig. 6A shows the variation
of product concentration with a change in flow rate in a single pass flow
through the 0.5ml of bed with EbDH immobilised on MATSPHE-
RES®-OH in the reactor. In order to determine the reusability of the
immobilised EbDH preparation (MATSPHERES®-OH), we performed a
consecutive enzymatic test under a flow regime of 0.05 ml min~*. 20 ml
of the reaction medium with an initial concentration of 1.5 mM sub-
strate was pumped through the silica bed in four reactor cycles under
anaerobic conditions at a rate of 0.05 ml min ~! (6 h 20 min). After each
charge, the column with the immobilized enzyme was washed with a
fresh reaction buffer without substrate and stored under anaerobic at-
mosphere at 7 °C. The product concentration achieved after the first
reaction reached 41 uM and was defined as 100% of activity. A drop in

the activity was observed when consecutive cycle of enzymatic reaction
were performed in the flow-through reaction (Fig. 6B). In the fourth
charge, 30% of the residual activity was achieved in comparison to the
first charge. 2.1 umoles of the product was obtained in combined four
charges in less than 27 h.

3.3.2. EL070 lipase

Mesoporous silica micro/nanoparticles, among other siliceous sup-
ports, also proved to be reliable carriers for lipases immobilisation
[44-46]. However, little is known about the employment of hollow
microspheres functionalised by DVS/GA with available —OH/-NH,
surface active groups for lipase immobilisation and particularly for
their use in sugar fatty acids ester (SFAE) synthesis. Therefore we have
immobilised a commercial lipase on both types of carriers and tested
the preparations for their usefulness in SFAE production. Based on
tributyrin lipase activity assay and Bradford protein concentration
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assay it was determined that 0.127 mg of EL0O70 lipase was loaded on
1 mg of MATSPHERES®-OH giving finally 12.6U of enzyme activity,
whereas 0.177 mg of lipase was loaded on 1 mg MATSPHERES®-NH,
resulting in 15.5U of final enzyme activity (Table 2). Enzyme loading of
the protein loading reached 67% for MATSPHERES®-OH and 88% for
MATSPHERES®-NH,. This may be due to the fact that silica inherently
has hydroxyl groups on the surface, while by introducing additional
NH,, groups, the possibilities for the enzyme to be incorporated into the
carrier are increased [37]. Immobilisation efficiency of ELO70 on SBA
was comparable to these obtained for spheres, namely 65% for SBA-OH
and 88% for SBA-NH,. Specific initial activity of SBA-OH preparation
was 23.5Umg ' (1.8 fold greater than spheres), whereas for SBA-NH,
we obtained 10.2 Umg "~ 1 (0.6 fold lower than spheres). However, when
specific activity values of the resulting preparations were compared
with homogenous EL070 activity (274.2 U mg 1), the efficiency of the
whole process was only 4.6% and 5.7% for MATSPHERES®-OH and
MATSPHERES®-NH,, respectively; whereas for SBA-OH - 8.6% and
SBA-NH, - 3.7%. These results suggest that during the immobilization
procedure the enzyme was partially inaccessible. This may be due to
covalent bond formation between functional groups of the protein and
linking agents DVS or GA respectively, resulting in changes of the en-
zyme conformation that dislocates its active site [47-50].

Consecutively, we have employed free EL070 and its immobilised
variants for biocatalytic synthesis of sugar esters in non-aqueous en-
vironments. Following protocols of others [23,41] the enzymatic reac-
tions were performed in 2-methyl-2-butanol (2M2B) on its own (batch
processes) or supplemented with 20% dimethyl sulfoxide (DMSO), in
order to facilitate complete glucose solubilisation in the reaction
medium during the flow type reactors. The free enzyme was found to
poorly convert methyl nonanoate and glucose to its corresponding
sugar ester in the batch tests (maximum of 13.5% glucose conversion,
Table 4). However once immobilised on MATSPHERES®-OH and
MATSPHERES®-NHS,, the lipase was able to produce glucose nonanoate
in 2M2B with 88.5% and 98.4% efficiency, respectively (Table 4). Si-
milar enhancement of SFAE synthesis was achieved, when lactose and
palmitic acid were catalysed with immobilised Candida antarctica lipase
B to form lactose palmitate [6]. For a benchmark comparison the EL070
immobilised on SBA supports and two other commercial immobilised
lipase preparations were tested. We found that our two MATSPHERES®
preparations of EL070 outperformed immobilised Thermomyces lanugi-
nosus Amano lipase (TLIM) by 2.1-2.3 fold and C. antarctica lipase B
(CalB) by 2.4-2.6 fold. When MATSPHERES®-OH where compared to
their SBA counterparts conversions were at the same level. However,
MATSPHERES®-NH, proved to be 1.2 fold more efficient than SBA-NH,
(Table 4). It is also worth to notice that glucose nonanoate is not
commercially available, therefore all conversion calculations were
made taking into consideration the depletion of glucose in the reaction
medium. However, the glucose nonanoate formation was confirmed by
ESI-MS, 'H NMR and IR measurements (see supplementary informa-
tion).

Having in mind good performance of the hollow microspheres
under different flow conditions, we set up flow type reactors in order to
produce sugar esters in this mode. Being aware that sugar ester
synthesis is a much slower process than EbDH biocatalysis, we decided

Table 4
Synthesis of glucose nonanoate in 2-methyl-2-butanol in batch mode.

Glucose after 24h [mgml™!] Conversion [%]

EL 070 homogenous 3.77 13.5
MATSPHERES® -OH 0.50 88.5
MATSPHERES® -NH, 0.07 98.4
SBA-OH 0.50 89.1
SBA-NH, 0.47 83.7
TLIM 2.53 42.1
CalB 272 37.6
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Table 5
Performance of immobilised lipases in the flow reactors.

Turnover Conversion [%]
0 1 2 3
Type of support MATSPHERES® -OH 0 12.9 73.0 51.1
MATSPHERES® -NH,, 0 42.6 88.3 68.1

to conduct experiments under the slowest flow possible under our ex-
perimental setup (0.02 mlmin~'). In order to avoid clogging of the
reactor, we used 2M2B:DMSO (8:2, v/v) medium, as it allowed for a
total glucose solubilisation. The column was packed with 250 pul of
enzymatic bed and reactions were conducted 3 times at 55 °C and a flow
rate of 0.05mlmin~! (6h 20 min). We have observed that MATSPH-
ERES®-NH, enabled faster sugar conversion to glucose nonanoate after
1st and 2nd charges by 3.3 and 1.2 fold respectively when compared to
MATSPHERES®-OH (final 88.3% versus 73.0% conversion, Table 5).
The observed drop in the conversion for the 3rd round when the hollow
microspheres were used can be explained by water sorption from the
surrounding environment and ester hydrolysis (each round lasted for
6 h, set-up was not sealed and medium contained hygroscopic DMSO).
Nevertheless, the investigated continuous flow system outperformed
some of the previously reported SFAE continuous reactor setups
[51-55].

4. Conclusions

In the process of immobilization of ethylbenzene dehydrogenase on
MATSPHERES® and SBA carriers with the same functionalization si-
milar values of activity and bound protein were obtained, and thus the
parameters characterizing the process of immobilization (enzyme
loading, retained activity). At this stage there were no major differences
between the spheres and the SBA carriers. Apart from the residual en-
zyme activity in the final phase of the reaction, it was shown that under
anaerobic conditions the enzymatic preparations were able to operate
for about 24 days (580h), which corresponds to results reported al-
ready in the literature [27]. A prolonged operation (days) of enzymatic
preparations in anaerobic conditions clearly indicated that for both
supports without additional amino group (spheres or SBA) the im-
mobilised enzyme operated more efficiently and differences in the final
product concentrations or average process activities were very small.

Immobilisation of lipase enabled efficient production of sugar ester
in either batch or flow-through regime. For immobilized lipase, the
percentage of retained activity was significantly lower than in the case
of EbDH (in the range of 3.7-8.6%). However, only the use of the im-
mobilized formulation of this enzyme allowed effective glucose non-
anoate synthesis. Within the silicas with amine groups, the retained
activity for MATSPHERES® was 50% higher than for SBA, whereas this
dependence was inverse for the NH,-silica.

Silica carriers are widely used for immobilisation of a variety of
enzymes. We have shown that hollow microspheres are also suitable for
this type of applications. The MATSPHERES® are durable materials due
to their openwork architecture that withstands harsh physical condi-
tions (prolonged rotational mixing, freeze/thawing cycles, lyophilisa-
tion, etc.) revealing their broad applications in biocatalysis. Moreover,
the hollow spheres enabled acceptable enzymes immobilisation, which
are comparable to the gold standard in mesoporous silica immobiliza-
tion — Santa Barbara Amorphous carriers.
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Abstract: Sugar esters are bioactive compounds derived from renewable resources. They consist
of a sugar moiety with attached non-polar part — usually a fatty acid. These compounds find
uses in cosmetic, food and pharmaceutical industries as surfactants due to their physicochemical
and antimicrobial activities. In this study we have produced fatty acids for sugar ester synthesis
from bacterially derived polyesters, namely polyhydroxyalkanoates (PHAs). We have developed
methodology to decorate PHA monomers with a fluorinated moiety. With aid of biocatalysis a
series of glucose esters was created with unmodified and modified PHA monomers. All synthesised
compounds showed moderate antimicrobial activity.

Keywords: polyhydroxyalkanoate; (R)-3-hydroxyacids; biocatalysis; sugar esters; antimicrobial

1. Introduction

Sugar esters represent a class of biodegradable and bioactive compounds that brought attention
of scientists and industries in recent decades [1]. These molecules are composed of a hydrophilic
sugar component (rich in hydroxyl groups) connected via ester bonds to a hydrophobic part, usually a
carboxylic acid. The number and the length of these acid derived chains, together with the number of
hydroxyl groups of the particular sugar determine the hydrophilic-lipophilic balance (HLB) - a unique
property of a given molecule of sugar ester. At the same time their chemical structures enable them to
form micelles, emulsions, stabilize foams thanks to their surface active properties [2,3]. These features
bring practical importance of sugar fatty acids esters (SFAEs), hence they are widely used in the food,
cosmetic and pharmaceutical industries (as additives for dairy products, feeds, creams, gels, shampoos,
pastes, ointments) [3-7]. SFAE not only have interesting physicochemical properties, but also are
biologically active [8,9], increase the cell membrane permeability of microorganisms and inactivate
transmembrane proteins, thus exposing microbes to adverse external factors, loss of intracellular
proteins and valuable nutrients leading to an immediate inactivation [10,11].

The most popular among the sugar esters are those which contain glucose, galactose, sucrose or
lactose because of their availability from natural resources [12-16]. The hydrophobic component is
commonly derived from plant or animal biomass, e.g., butyric (C4), caprylic (C8), pelargonic (C9),
lauric (C12), palmitic (C16) and stearic (C18) acids [5,8,9,17,18]. Depending on the length of aliphatic
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chain, its branching and existence of additional functional groups SFAE molecules may be more or less
available for a given organism (due to variations in cell membrane transfer) and also faster or slower
decomposed by enzymes (lipases, glycosidases). The presence of additional functional groups in the
aliphatic chain modifies both the physical properties and therapeutic effect of SFAE, thus enhancing its
biological effectiveness and spectrum [19-22]. These include phenyl, hydroxyl, amino, hydroxyphenyl,
methoxy-phenyl and halogen-containing moieties, e.g., phenyl-fluorine, or alkyl halides [23-26]. Out
of the mentioned modifiers, the fluorine most profoundly alters the molecule’s biological functions
(i.e., increases the free-radical production; influences bio-retention due to increased hydrophobicity of
a given molecule) [27-29].

In order to aid in the search for new modifiers of the hydrophobic component of SFAE we tapped
into monomeric units that build bacterially derived polymers. Bacteria synthesise polyhydroxyalkanoates
(PHAs) in response to unfavourable environmental conditions employing sophisticated biochemical
apparatus [30]. PHAs are composed of 3-hydroxylated fatty acids, where the hydroxyl group is always
in an absolute R configuration [31]. Existence of this hydroxyl group on the carboxylic acid moiety
opens interesting paths for modifications [32]. For example, it can be readily used to form an ether bond
between oxygen atom and a halogenated alkyl group, which may influence their potential therapeutic
effect. In recent years similar modifications of PHA monomers have been performed. However, they
relied on the elimination of the hydroxyl group on chiral 3rd carbon atom and its exchange to 3-chloro,
3-fluorobenzyl, 3-bromo, 3-fluoro or amino group, which led to the loss of chirality of the molecule,
but improved bacteriostatic properties [33,34].

Our study presents the development of a biocatalytic synthesis method for the preparation of
unique glucose esters based on PHA derived monomers, namely mixtures of (R)-3-hydroxynonanoic and
(R)-3-hydroxyheptanoic acids or (R)-3-hydroxy-5-phenylpentanoic and (K)-3-hydroxy-3-phenylpropionic
acids arising from two types of PHA polymers obtained in bacterial fermentation process grown on,
respectively, nonanoic or 5-phenylvaleric acids. The PHA derived acids were further functionalised with
a 2,2,2-trifluoroethyl trifluoromethyl sulphate moiety. The virgin mixtures or their modified counterparts
were attached to glucose via lipase mediated biocatalytic reaction in a water-free organic solvent systems.
The resulting novel SFAEs were purified and characterised, and submitted to antimicrobial studies in
order to elucidate their potential antimicrobial characteristics.

2. Results and Discussion

2.1. Synthesis of Polyhydroxyalkanoates

P. putida CA-3 was cultured on 5-phenylpentanoic acid (40 mM) in a shake flask for 5 days, which
yielded 2.43 g/L of cell dry weight (CDW) mass with 57% (w/w) of PHA. The extracted PHA polymer
(PHPV) composed of (R)-3-hydroxy-5-phenylpentanoic and (R)-3-hydroxy-3-phenylpropionic acids
in a 94:6 molar ratio. In case of polyhydroxynonanoate (PHN) fermentation, P. putida KT244 strain
was grown on nonanoic acid and accumulated 71% of the polymer in CDW, while the molar ratio of
obtained (R)-3-hydroxynonanoic and (R)-3-hydroxyheptanoic acid monomers was 7:3.

2.2. Modification of PHA Monomers

The procedure described in Section 3 allowed us to obtain 1.26 g (48.5% conversion) of a pure
fraction of desired products (3,4) - PHN derived mixture of hydroxyacids methyl esters. Structural
analysis (‘"H NMR, MS) of compounds revealed that 3-OH groups of PHN methyl esters were
successfully protected (Figures S4 and S5 in Supplementary Material). Product 10 lost the methyl group
during the ionization in MS, therefore it was identified as acid ([M-H]~ 255 m/z) at retention time (Rt)
of 2.3 min. An analogous situation occurred with the shorter protected PHA monomer (product 11),
(227 m/z, Rt = 1.9 min). Additionally, we observed a fragmentation ion (162.9 m/z), which, in accordance
with the theoretical predictions of the fragmentation of compound 11 (Figure S5 in Supplementary
Materials). The remaining chromatography fractions contained either dimers or trimers of 10+11 or
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their fluorinated counterparts. Unfortunately all trials for PBHPV derived fatty acid modifications
ended without significant results. 1*C NMR confirmed that an etheric bond between C-O~ at the 3rd
carbon atom of the P3HPV monomer aliphatic chain and trifluorethyl group was created. However
purity of the collected fractions was unsatisfying, thus not allowing us from further biocatalytic steps
with the mixture of 34+35. Results of all were gathered and summarized in Table 1.

Table 1. Summary of PHA modifications and their sugar esters synthesis.

Compound Number: Conversion [%]:
15 100
10,11 485
7,8 100
13,14 n.c.
26 42.1%
27,28 85 *
29,30 n.c.
31 43.3 %
32,33 78.7 %
34,35 n.c.

* Conversions calculated from glucose concentrations.

To the best of our knowledge this is a first report that concerns protection of the hydroxyl group
of a PHA monomers without its removal or its substitution by a halogen substituent [24,33-35]. NaH
turned out to be an efficient reactant for hydrogen atoms removal of PHN 3-OH groups and their
activation for an attack of trifluoroethyl moiety, even though lithium diisopropylamide is a much
stronger nucleophil. Most importantly, an extra dry THF as a medium turned out to be the key element
of the whole synthetic process.

Conversion of glucose to its corresponding esters (SFAE) via Thermomyces lanuginosus lipase
(TL-IM) was confirmed by MS/MS analysis (Table 2). Compound 26 was identified as [M+Cl~]~ adduct
355 m/z in a scan mode, whereas in Product Ion Scan mode its precursor [M-H]™ ion (319 m/z) produced
fragmentation ion 228.9 m/z (Figure S6 in Supplementary Materials). PHN glucose esters (27,28) - both
C9 and C7 were detected as [M + C17]™ ions in the scan mode, where their signals were 371 and 343 m/z
respectively. In Product Ion Scan mode the precursor and fragmentation ions were observed at 335 and
307 m/z. Compound 27 in Product Ion Scan was characterized by fragmentation signals at 334.7, 172.8,
58.7 m/z. Such fragmentation was consistent with results of the theoretical analysis of the breakdown of
the compound (Figures S7 and S8 in Supplementary Materials). Glucose esters of aromatic compounds
have been synthesized with success, as indicated by their spectra in MS analysis. The product 31 was
detected as the [M-H] ~ ion (339 m/z). In the case of PHPV sugar esters, only the MS spectrum with
(R)-3-hydroxy-5-phenylpentanoic acid (compound 33) was obtained. The compound was detected
in the scan mode as the mass with the chlorine adduct, ((M+C1~]~ = 391 m/z) with retention time of
1.4 min. In Product Ion Scan mode the 33 precursor ion [M-H]™ (355 m/z) did not fragmented within
the range of scanned energy collisions. The yield obtained within our study are comparable to these
obtained for acylation of glucose by others [36,37].

2.3. Antimicrobial Testing

The initial microbial experiment showed that MIC (or Minimum bactericidal concentration—MBC)
values of both unmodified and modified PHA monomers and their glucose esters are in most cases
higher than 500 g mL~!, which is 50,000 fold higher than commonly used antibiotics (Ciplofloxan,
Fluxonazole) [38,39]. Nevertheless, the literature reports and our results show that SFAEs in general
have a bacteriostatic effect if present in higher concentrations, which can be used for other than
therapeutic purposes (e.g., in the cosmetic or food industries, as surfactants/emulsifiers) [20,21,40,41].
Therefore, we increased the tested concentrations up to 5000 ug mL~! (Table 3).
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Table 2. Precursor ions and Product ions of tested compounds in product ion scan mode.

Compound Precursor Ion (m/z) Product Ions (m/z)  Collision Energies (eV)  Retention Time (min)
1 157 157.1 5 1.6
3 173 173.1, 59 5 1.9
4 145 145.1, 59 5 1.8
5 191 114.8, 190.6 5 1.6
7 207 176.9, 206.9 5 1.6
8 179 n.c - -
12 255 255 5 2.3

13 227 226.7,162.9 5 1.9
26 319 318.5, 228.9 5 1.7
27 335 334.7,172.8,58.7 10 14
28 307 n.c. * - -
29 417 417.1 25 1.6
30 389 n.c - -
31 339 338.9 5 1.7
33 356 354.9 5 1.4
32 n.c. nd. * - -

* n.c.—not confirmed, n.d.—not determined.

The results obtained during this study prove that microorganisms exhibit different sensitivity to
antimicrobial agents, which strongly depends on the type of carbohydrate used, length of fatty acids
attached to the sugar and moiety linked to the fatty acid part of SFAE. 5-phenylvaleric acid proved to
be more effective against the tested bacteria at lower concentrations compared to aliphatic nonanoic
acid. The antibacterial action of acids with the phenyl group has been known before—phenylpropionic
or phenylacetic acid have a strong antibacterial effect on various types of bacteria such as S. aureus,
C. albicans and E. coli at 1000 ug mL~! [42]. The opposite situation was observed in the case of
inhibition of Candida growth, where nonanoic acid was more effective at 10 times lower concentrations
compared to aromatic acids [43]. It has been reported that nonanoic acid could be active against
some dermatophytes and non-dermatophyte fungi. Some of other saturated fatty acids (i.e., capric
and lauric) have been also reported to possess the inhibitory effect against Candida spp. Fungicidal
activity of fatty acids could be determined by mechanisms focused on yeast membrane disruption [43].
Sugar fatty acids esters also tend to be biologically beneficial in combating fungi. Their emulsifying
properties could be successful implement in detergents and cosmetic production.

PHA monomers with a hydroxyl group at the 3rd carbon atom showed a stronger antibacterial
activity (for bacteria strain such as Staphylococcus aureus NCTC 4163 and Bacillus cereus ATCC 11778),
when compared to their fatty acids analogues without the 3-OH group. Similar results were obtained
by Sandoval and colleagues, who tested the effect of the hydroxyl group on the antibacterial properties
of PHA monomers [44]. For other strains tested no improvement of antibacterial activity was observed
in the MIC between 5-phenylvaleric acid and PHPV derived monomer mixture. Attachment of the
fluorinated moiety to PHN derived monomers did not significantly influenced their biological activity
against tested strains.
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Table 3. Activity of modified and unmodified PHA monomers and their SFAE against standard bacteria and fungi strains — minimal inhibitory concentrations (MIC, jtg mL™1).

Cljlpmﬂ‘”‘“m/ [34,35] [32,33]1 [27,281  [31] 261  [10,11]  [78] [3,4] [5] [ Compound [ug mL-1]:
uxonazole
4 2500 >5000 2500 5000 5000 2500 2500 1250 1250 2500 Staphylococcus aureus NCTC 4163
0.5 5000  >5000 1250  >5000 5000 2500 2500 2500 1250 2500 Staphylococcus aureus ATCC 6538
0.5 >5000  >5000  >5000  >5000 5000 2500 2500 2500 1250 2500  Staphylococcus epidermidis ATCC 12228
0.5 5000  >5000 1250  >5000 5000 2500 1250 2500 1250 2500 Staphylococcus epidermidis RP 62A
0.5 >5000  >5000  >5000  >5000 5000 2500 2500 2500 2500 2500 Enterococcus hirae ATCC 10541
0.5 >5000  >5000  >5000  >5000 2500 2500 2500 1250 1250 2500 Bacillus cereus ATCC 11778
0.5 >5000  >5000  >5000  >5000 5000 2500 2500 2500 1250 2500 Bacillus subtilis ATCC 6633
0.5 >5000  >5000  >5000  >5000  >5000 2500 5000 5000 2500 5000 Escherichia coli ATCC 25922
0.5 >5000  >5000  >5000  >5000  >5000 5000 5000 5000 2500 5000  Pseudomonas aeruginosa ATCC 27853
0.5 >5000  >5000  >5000  >5000 5000 2500 2500 5000 2500 o500 Selmonella e"terﬁzsi‘lﬂgsf" fnterica CIP
0.5 >5000 >5000 5000 >5000 5000 2500 1250 2500 2500 2500 Listeria monocytogenes
0.5 >5000  >5000  >5000  >5000 313 5000  >5000  >5000 625 156 Candida parapsilosis ATCC 22019
0.5 >5000  >5000  >5000  >5000 625 5000  >5000 2500 1250 313 Candida albicans ATCC 90028
0.5 >5000  >5000  >5000  >5000 625 >5000  >5000 5000 1250 156 Candida krusei ATCC 6258
0.5 >5000  >5000  >5000  >5000 1250 5000  >5000 5000 1250 156 Candida albicans ATCC 10231
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Sugar esters synthetized in this work revealed weak antibacterial to moderate antifungal activities
(Table 3). C9-glucose ester (26) exhibited the highest antifungal activity of all studied sugar esters
(MIC values of 313; 625; 625 ug mL~! for C. parapsilosis; C. albicans ATCC 90028; C. crusei ATCC 1023,
respectively). We observed also some antibacterial activity of PHN glucose esters (27,28) towards
Staphylococcus spp. in MIC range of 1250-2500 pg mL~'. When modified with fluorine moiety, the PHN
derived esters (34,35) retained their antimicrobial activity for Staphylococcus aureus NCTC 4163 (MIC
2500 pg mL~!). For other tested pairs (glucose esters vs. tested strain) we did not observe significant
antimicrobial action. These findings are in line with reports of others, where glucose or maltose sugar
esters (fatty acid carbon atoms n = 8-14) revealed MIC values between 250 to 2000 ug mL~!, when
tested against a range of Gram negative and positive strains [10,45].

3. Materials and Methods

3.1. Synthesis of Polyhydroxyalkanoates

Polyhydroxynonanoate (PHN; 2) was produced with Pseudomonas putida KT2440 strain with
nonanoic acid (1) in the fermentation feed as the sole energy and carbon source (Figure 1A) as described
in our previous study [46]. Polyhydroxyphenylvalerate (PHPV; 6, Figure 1B) was obtained in shake flask
cultures with Pseudomonas putida CA-3 (50 mL total medium volume in 250 mL Erlenmeyer flasks, 30 °C,
250 rpm, 5 day fed-batch cultivation) in Minimal Salt Medium (containing (g L™1): Na,HPO,-12H,0,
9.0; KH,POy, 1.5; MgSO4-7H,0, 0.2; NH4Cl, 1.0; CaCly-2H,0, 0.02; Fe(III)NHy-citrate, 0.0012) with
sodium phenylvalerate (total 80 mM). Polymers were extracted with ethyl acetate and characterised
as described previously [46]. The polymers were degraded to their monomeric units via an acidic
methanolysis (15% H,SO4 in methanol) to yield hydroxy fatty acid methyl esters according to previously
established protocol [34].

3.2. Modification of PHA Monomers

Several methods of the 3-OH PHA methyl esters groups’ halogenation were tested.
Briefly different fluorinated alkyl iodes (1-fluoro-3-iodopropane; 1,1-difluoro-2-iodoethane;
1,1,1-trifluoro-3-iodopropane), various nucleophiles (sodium hydride (NaH; 60%), lithium
diisopropylamide (LDA)) and different media (dimethylformamide (DMF), dichloromethane (DCM),
tetrahydrofuran (THF)) were tested. Finally one method was chosen and was as follows. To stirred
solution of 2.26 g PHN (2; 1 eq. mol) in anhydrous THF (20 mL), NaH (1.2 eq. mol) was added under
argon atmosphere. After 30 min 2,2,2 -trifluoroethyl trifluoromethyl sulfate (9; 1.2 eq. mol) was added
(Figure 1C). The reaction mixture was stirred on ice overnight. After acidification, an extraction in
ethyl acetate (Et-Ac)/H,O was performed. TLC in Ac 1:7 H confirmed that no PHN (2) was left in
the reaction mixture. Versa flash chromatography purification gave fraction of 1.5 g fluorinated PHN
methyl esters (10,11) mixture (‘H NMR spectra are available in supplementary materials). PHPV
modification followed under the same procedure (Figure 1D). After modifications a part of all of the
obtained monomers was converted into their acidic forms using Candida antractica lipase B (CalB) in
water environment (Figure 1FH). Briefly 300 mg of a given methyl ester was dissolved in 2 mL of
dichloromethane. To 5 mL of H,O, 85 mg of lipase was added. Both mixtures were combined and
vigorously shaken (240 rpm, 35°C) overnight. Mixtures were acidified to pH 4 with HCl, and brine was
added followed by the addition of 7 mL of ethyl acetate in order to extract (3x) the desired fatty acid.

3.3. SFAE Synthesis

Enzymatic reactions were carried out in water free 2-methyl-2-butanol (2M2B) in 10 mL total
volume. Glucose was supplemented to yield 4 mg mL~! (1 eq. mol), whereas methyl nonaoate (15)
to 11 mg mL~!; PHN methyl esters (3, 4) 9.5 mg mL"!; fluorinated PHN methyl esters (10,11) 11.46
mg mL~L; 5-phenylpentanoic methyl esters (20) to 8.3 mg mL~!; PHPV methyl esters (7,8) 9.02 mg
(to 2 eq. mol). A quantity of 100 mg mL~" of molecular sieves (4A) was added to withdraw the water
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formed. Reactions were initiated by addition of 12 mg mL~! of an enzyme (Thermomyces lanuginosus
lipase herein referred to as TL-IM), with shaking (240 rpm), at 55 °C for 24 h (New Brunswick Scientific
Exella E24 Incubator Shaker Series; (Figure 2)) [36,37,47]. Samples were collected at set intervals and
were analysed on HPLC-MS system.

A
£t CHCL, MeOH, H,50, 15%
Pseudomonas punda
“Nutrient imiting " Boilingfor 72h
:uhure infermenter
o]
=n
1
Pseudomonas putida CHCI MeOH, H,50, 15%;
“Nutrient [imiting 0 0 0 " Bollingfor 72h
0 culture in shake
HO flasks ~o 0 0
5 6 7 8
‘ e &
H,C B
3 9
+ HG o * O=§ =0 e THE (extra dry), 1.2 eq. mol Nak
HO' o d tH, F,  Arotm 0°C,2ah i (;
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Figure 1. Scheme of synthesis PHA and modifications their monomers (A+B: PHN synthesis
and methanolysis; C+D: Fluorination of PHN monomers E+G: methyl ester synthesis; F+H:
demethylation of substrates with CalB); 1. nonanoic acid; 2. poly-3-hydroxyhydroxynonaoate;
3. methyl (3R)-3-hydroxynonanoate; 4. methyl (3R)-3-hydroxyheptanoate; 5. 5-phenylpentanoic
acid; 6. poly-3-hydroxypentanoate; 7. methyl (3R)-3-hydroxy-5-phenylpentanoate; 8. methyl
(8R)-3-hydroxy-3-phenylpropanoate; 9. 2,2,2-trifluoroethyl trifluoromethyl sulfate; 10. methyl
(8R)-3-(2,2,2-trifluoroethoxy)nonanoate; 11. methyl (3R)-3-(2,2,2-trifluoroethoxy)heptanoate;
12. trifluoromethyl hydrogen sulfate; 13. methyl (3R)-5-phenyl-3-(2,2,2-trifluoroethoxy)pentanoate;

14. methyl  3-phenyl-3-(2,2,2-trifluoroethoxy)propanoate; 15. methyl nonanoate;
16. (R)-3-hydroxyheptanoic acid; 17. 3-(2,2,2-trifluoroethoxy)heptanoic acid; 18. (R)-3-hydroxynonanoic
acid; 19. 3-(2,2,2-trifluoroethoxy)nonanoic acid;  20. methyl 5-phenylpentanoate;

21. (R)-3-hydroxy-5-phenylpentanoic acid; 22. 5-phenyl-3-(2,2,2-trifluoroethoxy)pentanoic
acid; 23. (R)-3-hydroxy-3-phenylpropanoic acid; 24. 3-phenyl-3-(2,2,2-trifluoroethoxy)propanoic acid.
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OH
H
H
OH H Mol. Sieves
HO 240 rpm
H  OH

Figure 2. Scheme of synthesis SFAE. 25. Glucose [(25,55)-6-(hydroxymethyl) oxane-2,3,4,5-tetrol];
26. [(35,65)-3,4,5,6- tetrahydroxyoxan-2-yl] methyl nonanoate]; 27. [(35,65)-34,5,6-tetrahydroxyoxan-2-yl]
methyl  (3R)-3-hydroxynanonoate;  28.  [(35,65)-34,5,6-tetrahydroxyoxan-2-yl] =~ methyl  (3R)
-3-hydroxyheptanoate; 29. [(35,6S)-3,4,5,6-tetrahydroxyoxan-2-yl] methyl(3R)-3-(2,2,2-trifluoroethoxy)
nonanoate; 30. [(35,65)-34,5,6-tetrahydroxyoxan-2-yl] methyl (3R)-3-(2,2,2-trifluoroethoxy) heptanoate;
31.  [(3565)-3/4,56-tetrahydroxyoxan-2-yl] ~ methyl  5-phenylpentanoate;  32.  [(35,65)-34,5,6-
tetrahydroxyoxan-2-ylJmethyl (BR) -3-hydroxy-3-phenylpropanoate; 33. [(35,65)-3/4,5,6-
tetrahydroxyoxan-2-yl] methyl (3R)-3-hydroxy-5-phenylpentanoate; 34. [(3S,65)-3,4,5,6-tetrahydroxyoxan-2-yl]
methyl (3R)-3-phenyl-3-(2,2,2-trifluoroethoxy) propanoate; 35. [(3S,65)-3 4,5,6-tetrahydroxyoxan-2-yl] methyl
(3R) -3-phenyl-3-(2,2,2-trifluoroethoxy) pentanoate.

3.4. LC-MS

The analyses were performed by UHPLC measurements on Agilent 1290 Infinity System with
automatic autosampler and MS Agilent 6460 Triple Quad Detector (Santa Clara, CA, USA) equipped
with Agilent Zorbax Eclipse Plus C18 column (2.1 X 50 mm, 1.8 um). Separations were conducted at
30 °C at in a gradient of water (A) and methanol (B) according to the eluent program 0.00 min (95%
A/5% B) to 1.00 min (100% B) to 3.51 min (95% A/5% B) to 4.50 min (95% A/5% B) using a flow rate of
0.4 mL min~!. The 5 ul injections of samples were applied in duplicates. An MS Agilent 6460 Triple
Quad tandem mass spectrometer with an Agilent Jet Stream ESI interface was used in negative ion
polarization using either the Scan (MS2 scan) or Product Ion Scan modes. The optimum collision

energy was 5 eV for all of the products. Nitrogen at a flow rate of 10 L min~!

was used as the drying
gas and for collision-activated dissociation. The drying gas and sheath gas temperatures were set
to 350 °C. The capillary voltage was set to 3500 V, whereas the nozzle voltage was set to 500 V. All
compounds were monitored in scan and product ion modes with different collision energies (5-30 eV)
(m/z values of products in the Table 2). MassHunter software (Version B.05.00, Agilent, Santa Clara,

CA, USA) was used for HPLC-MS system control, data acquisition, and data processing.

3.5. Antimicrobial Testing

The studies of antimicrobial activity were conducted for modified and non-modified PHA
monomers (acids) and their SFAE derivatives using clinical and reference strains of bacteria and
yeast-like fungi from international microbe collections: ATCC (American Type Culture Collection),
NCTC (National Collection of Type Culture) and CIP (The Collection de I'Institut Pasteur). Among
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reference strains, there were seven Gram-positive bacteria (Staphylococcus aureus NCTC 4163, S. aureus
ATCC 6538, S. epidermidis ATCC 12228, S. epidermidis ATCC 35984, Enterococcus hirae ATCC 10541,
Bacillus cereus ATCC 17778 and B. subtilis ATCC 6633) and four Gram-negative bacteria (Pseudomonas
aeruginosa ATCC 27853, Escherichia coli ATCC 25922, Salmonella enterica subsp. enterica CIP 108115
and clinical isolate of Listeria monocytogenes). The yeast-like fungi used in this study were Candida
spp.- (C. parapsilosis ATCC 22019, C. krusei ATCC 6258, C. albicans ATCC 90028 and C. albicans ATCC
10231). Compounds antimicrobial activity was expressed as minimum inhibitory concentration (MIC)
according to The European Committee on Antimicrobial Susceptibility Testing (EUCAST) and The
Clinical & Laboratory Standards Institute (CLSI) reference procedures with some modification. MIC
was tested by the twofold serial microdilution method (in 96-well microtiter plates) on MH II liquid
medium for bacteria or RPMI- 1640 medium for Candida species. The final inoculum of all studies
bacteria was 10°° CFU/mL (colony forming unit per mL) and 5 x 10* to 2.5 X 10> CFU mL™! for yeast.
The stock solutions of tested compounds were prepared in DMSO and diluted in sterile medium (to
maximum 3% of solvent content). The concentrations of compounds were from 78 to 5000 pg mL™'.
The MIC value was the lowest concentration of the researched compound at which bacteria growth was
no longer observed after 18 h. Yeast growth was evaluated by absorbance measurement at 530 nm after
at least 24 h of incubation. The MIC was defined as a 50% or more reduction in growth compared to the
control well [38,48]. As controls, two antimicrobial compounds were used: ciprofloxacin (antibacterial)
and fluxonazole (antifungal).

4. Conclusions

This work provides an insight into synthesis of novel range of compounds derived from bacterial
polyesters — polyhydroxyalkanoates. Firstly, we have established a methodology for protection
of hydroxyl group of PHA derived monomers by introducing a fluorinated moiety via an etheric
bond. Secondly, we developed a protocol for biocatalytic acylation of glucose with these bacterially
derived fatty acids. Further in the study we have tested antimicrobial potential of these unmodified
and modified PHA derivatives. The obtained compounds revealed moderate antibacterial and
antifungal activities. Further research is needed in order to increase the antimicrobial activity of either
PHA monomers or their sugar esters by introduction of other bioactive structural components to
their moieties.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/6/510/s1.
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Figure S2. Methyl (3R)-3-hydroxynonanoate (3):
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Zoom in spectra of proton localized at C7 (experiment):
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THNMR spectrum of PHN-O-CH2-CF3;
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Zoom in protons localized at C7 and protons from —O-Ch2-CF3 (experiment):
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Predicted fragmentation: m/z = 163
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Predicted fragmentation: m/z= 229
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Prediction of THNMR spectrum of C9-Gluc ester:

Predicted 1H NMR Spectrum
OH

HO.. o

5 1

I I

- . L

Ho o ‘z/?\ha/ NaeT
6 K

o

. OH
i 12

PN
18 20

Chy

A (d)|
5.09

Ui

-0.16
r0.15
0.14
r0.13
r0.12
ro0.11
0.10
0.09
0.08

L (m)

0.89 -0.07

1428
0.06
0.05
0.04

0.03

0.02

0.01

b

|

0.99

e e

1.04 1.022.020.991.00

0.00

i, et
2020.871.7411.18

[

s
2.03 311 -0.01

6.0 5.8 5.6 54 5.2 5.0 4.8 4.6 44 4.2 4.0 3.8 3.6 3.4 362( 3.0 )2.8 26 2422 2018 1.6 1.4 1.2 1.0 0.8 0.6 0.4 0.2
ppm

Figure S7. [(35,65)-3,4,5,6-tetrahydroxyoxan-2-ylJmethyl (3R)-3-hydroxynanonoate (27)
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Predicted fragmentation: m/z= 59
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Figure S9. [(35,65)-3,4,5,6-tetrahydroxyoxan-2-ylJmethyl (3R)- 3-(2,2,2-trifluoroethoxy)nonanoate (29)
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Predicted fragmentation: m/z =115
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Predicted fragmentation: m/z =177
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Figure S12. [(35,65)-3,4,5,6-tetrahydroxyoxan-2-ylJmethyl 5-phenylpentanoate (31)
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Figure S13. [(35,65)-3,4,5,6-tetrahydroxyoxan-2-ylJmethyl (3R)-3-hydroxy-5-phenylpentanoate (33)
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Abstract: Cancer is one of the deadliest illness globally. Searching for new solutions in cancer
treatments is essential because commonly used mixed, targeted and personalized therapies are
sometimes not sufficient or are too expensive for common patients. Sugar fatty acid esters (SFAEs)
are already well-known as promising candidates for an alternative medical tool. The manuscript
brings the reader closer to methods of obtaining various SFAEs using combined biological, chemical
and enzymatic methods. It presents how modification of SFAE’s hydrophobic chains can influence
their cytotoxicity against human skin melanoma and prostate cancer cell lines. The compound’s
cytotoxicity was determined by an MTT assay, which followed an assessment of SFAEs” potential
metastatic properties in concentrations below ICsovalues. Despite relatively high ICso values (63.3—-
1737.6 uM) of the newly synthesized SFAE, they can compete with other sugar esters already
described in the literature. The chosen bioactives caused low polymerization of microtubules and
the depolymerization of actin filaments in nontoxic levels, which suggest an apoptotic rather than
metastatic process. Altogether, cancer cells showed no propensity for metastasis after treating them
with SFAE. They confirmed that lactose-based compounds seem the most promising surfactants
among tested sugar esters. This manuscript creates a benchmark for creation of novel anticancer
agents based on 3-hydroxylated fatty acids of bacterial origin.

Keywords: anticancer agents; sugar esters; polyhydroxyalkanoates; fluorination; chemical

modifications; melanoma; prostate cancer

1. Introduction

According to statistics provided by the World Human Organization, cancer is one of
the deadliest illness globally. It is estimated that it caused 9.6 million deaths, or one in six
deaths, in 2018. Lung, prostate, colorectal, stomach and liver cancers are the most common
types of cancer in men, while breast, colorectal, lung, cervical and thyroid cancers are the
most common among women [1]. Based on ‘Cancer Treatment and Survivorship
Statistics, 2019’, the most prevalent cancers in 2019 in the USA were prostate (3,650,030),
colon and rectum (776,120), skin melanoma (684,470) among males and breast (3,861,520),
uterine corpus (807,860), and colon and rectum (768,650) among females [2]. Moreover,
prostate cancer was the fifth most common cancer in Europe in 2018 (450,000) [3]. These
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statistics bring us to conclusions that searching for new solutions in melanoma and
prostate cancer treatment is still essential.

Nowadays, mixed, targeted and personalized therapies are becoming more
commonly used to treat cancer [2]. Many of them are combinations of surgery and radio-
, chemo-, immune-, photo-, thermo- and cryotherapies. Some medicines disrupt cell
division by interfering with the cell’s cytoskeleton (tubulin, mitotic spindle). Others
interact with the DNA (e.g., cis-Pt, doxorubicin, fluorouracil)[4,5] of the cells or even
disturb signalization by interacting with transmembrane hub proteins to drive the cell to
apoptosis [6]. On the other hand, the most prospective therapies are inspired by nature
itself: these are either based on monoclonal antibodies or programmed bacterial
pathogens specifically targeting tumor cells within a host body [7]. In spite of the wide
range and high effectiveness of the mentioned therapies, sometimes even they are not
sufficient. Moreover, very often they are too expensive for common patients. Therefore,
our attention was drawn to other tools that could both reduce the doses of drugs and the
amount of drugs used in a given mixed, targeted therapy. The properties of sugar fatty
acids esters (SFAE) make them promising candidates to be another valuable tool [8,9].

SFAEs are compounds widely used in the cosmetics and food industries because
their antifungal and antibacterial properties. The physiochemistry of these surfactants
allows for the formation of micelles or emulsions, which extends their applicability also
to the pharmaceutical industry [10-12]. It has been shown that SFAE molecules are able
to block glycolysis [13]. On the other hand, fatty acid chains of SFAE may cause their non-
specific anchorage in cell membranes, consequently leading to the damage of
transmembrane proteins, leakage of valuable substances outside of the cell and
penetration of the unfavorable ones [14]. This aspect is widely discussed in the literature
on the example of the influence of SFAE on microorganisms: Bacillus sp., Staphylococcus
sp., Escherichia sp., Salmonella sp. or Listeria sp. [12-14]. However, activity of these
surfactants may be different while investigated on mammalian cells biology [15].

In 1970s scientists began research on anti-cancer properties of SFAE [16]. The
experiments carried out on both in vitro and in vivo cell models confirm that SFAE may
inhibit the secretion of TNF-a and some proinflammatory cytokines such as IL-1B, IL-6
and IL-8 [17]. Moreover, their ability to inhibit in vitro excessive proliferation of bone
marrow cells in the acute myelogenous leukemia model was also described [18]. It has
also been shown that biological activity of SFAE may depend on the length of an aliphatic
chain and their number in the whole ester molecule (mono- vs. di- vs. tri-/poly-esters).
Furthermore, the type of sugar that builds SFAE plays a significant impact on their
properties, affecting the hydrophilic-lipophilic balance (HLB) and thus the physical
properties of the whole ester (solubility, micelles formation, stabilization of emulsion
systems) [15].

The biological activity of SFAEs can also be altered by their structural modifications
[19]. The literature reports that the biological activity of commonly used anti-cancer drugs
can be improved through the introduction of halides, and a similar strategy can also be
applied to sugar esters [20]. The most commonly used in pharmacology, and
simultaneously, the most promising modifications of moieties in terms of their
antiproliferative properties are perfluorination [21], chlorination [22], bromination [23]
and the introduction of halogenated alkyl (trifluoromethyl, pentafluoroethyl) [24] and
fluorophenyl [25] or trimethoxyphenyl [26] groups. They can be obtained by the
substitution of hydrogen atoms in the carbon chain or hydroxyl groups of a sugar for
halide atoms into the molecular structure. As the literature reports, the cytotoxicity of the
modified molecules may be changed significantly both by the number and the location of
the introduced halides. For example, substitution of all carbon atoms with 6-19 fluorine
atoms in the hydrophobic part of SFAE showed promising anticancer potential. However,
these compounds were also highly toxic to normal cells [27]. Therefore, it is essential to
pay attention to increasing selectivity towards cancer cells without harming the native
ones during the drug designing process.
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Here, we propose the use of bacterially derived natural monomers, namely (R)-3-
hydroxyacids originating from polyhydroxyalkanoates polymers (PHA), as a basis for the
synthesis of modified SFAE (Figure 1). PHAs can serve as material for manufacturing of
nontoxic implants and other medical devices. They also are often used as media for drug
delivery upon implantation [28-30]. To date, more than 150 different (R)-3-hydroxyacids
have been reported, thus creating endless possibilities for further modifications [31].
Despite the differences, all of them share two unchanging features—a presence of
carboxylic and a 3-carbon-located hydroxyl groups. The first one enables the synthesis of
a wide range of SFAEs, the latter, on the other hand, enables the introduction of various
moieties into the SFAE molecule. Recently, we have reported routes towards synthesis of
(R)-3-hydroxyacid- based glucose esters with fluorine modified analogues [29]. Here, we
expanded the glucose esters library with galactose and lactose SFAE versions and tested
the whole collection of compounds against human melanoma and prostate cancer cells in
vitro. In this paper, we present the description on biocatalytic synthesis of novel SFAEs
and their structural characterization by infrared and NMR spectroscopies combined with
mass spectrometry analysis. Furthermore, we demonstrate a set of biological studies
elucidating sugar esters” biological potential. Firstly, the cytotoxicity of these novel
compounds was examined, together with their metastatic properties, in concentrations
below ICs. The results were compared to sugar esters from literature and some
compounds commonly used in clinical oncology.
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Figure 1. Scheme of sugar fatty acid esters enzymatic synthesis with glucose as an example. The remaining sugar-based
SFAE:s (galactose and lactose) and all structures of the obtained compounds are presented in Supplementary Figure S1.
Where: Ri: -OH group or nonanoic acid —structure shown in blue rectangle; R»: modified or not modified (mPHN or F-
mPHN) PHN monomeric residues —their structures are shown in red rectangle; Rs: -OH group or one of residues which
structures are shown in red rectangle.

2. Materials and Methods
2.1. Preparation of Unmodified and Modified Polyhydroxynonanoate Monomers

Polyhydroxynonanoate (PHIN) was produced using Pseudomonas putida KT2440 in a
controlled continuous fermentation process as described previously [30]. Briefly,
nonanoic acid was used as a source of carbon and energy for bacteria. The polymer was
extracted with ethyl acetate and characterized as described in Sofinska et al. [30]. Next, it
was decomposed to monomers through acidic methanolysis. The hydroxylated acid
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methyl esters were analyzed by gas chromatography. Modification of the resultant methyl
esters of monomers was conducted as described previously [29]. The obtained monomers
were converted into their acidic forms using Candida antarctica lipase B under aqueous
conditions to obtain sodium salts.

2.2. Synthesis of Sugar Fatty Acid Esters (SEFAL)

Enzymatic reactions were performed in 2-methyl-2-butanol (2ZM2B). Sugar
substrates: lactose, glucose and galactose were supplemented with solvent and the
remaining reagents, giving 20 mg m[L-' (2 molar equivalents) of final concentration in a
reactor. The remaining substrates were: nonanoic acid methyl esters (C9) 6.04 mg mL-!
PHN monomer methyl esters 9.48 mg mL and fluorinated PHN methyl esters 9.48 mg
mL! (up to 1 molar equivalent), respectively. Additionally, 100 mg mL" of activated
molecular sieves (4 A) were added to maintain anhydrous conditions. The reactions were
initiated by the addition of 40 mg ml-! catalyst: enzyme Novozym Candida antarctica
lipase B (CalB) and conducted at 55 °C for 48 h with shaking (240 rpm; New Brunswick™
Scientific Exella E 24 Incubator Shaker Series, Eppendorf, Hamburg, Germany).

2.3. HPLC Analysis

Analyses were performed using UHPLC measurements in Agilent 1290 Infinity
system with automatic autosampler (Santa Clara, CA, USA) and MS Agilent 6460 Triple
Quad Detector (Agilent, Singapore) equipped with Zorbax Eclipse Plus 300SB-C18
Agilent column (2.1 mm x 50 mm, 1.8 um, Santa Clara, CA, USA). To separate the
components of the reaction mixture, the column was eluted at 30 °C at a flow rate of 0.4
mL min and developed with a gradient of elution of solvent A (water) and solvent B
(methanol) as follows: 0.00 min (95% A/5% B) to 1.00 min (100% B) to 4.50 min (95% A/5%
B) to 5.00 min (95% A/5% B). The interval between injections was 4.5 min. MS Agilent 6460
Triple Quad tandem mass spectrometer with Agilent Jet Stream Electrospray (ESI)
interface was used in negative ion mode. Nitrogen with a flow rate of 10 L min-! was used
as a drying and collision gas. The drying gas temperature was set to 350 °C and the
shielding gas temperature to 200 °C. The capillary voltage was set to 4000 V and the nozzle
voltage to 2000 V. All compounds were monitored in scanning mode and product ions
with different collision energies (5-30 eV) (m/z products in Table 51 in Supplementary
Section).Workstation MassHunter Data Acquisition 1.1 version was used to control the
HPLC-MS data collection and processing,.

2.4. Preparative HPLC

Preparative scale liquid chromatography was used to purify SFAE products. The
crude reaction mixture was purified on VersaPack™ C18 (SUPELCO Analytical,
Bellefonte, PA, USA) preparative column in the MeOH/H20 system with an increasing
MeOH gradient of 50 to 100%. The elution of the reagents was monitored with TLC
chromatography performed on C18 Merck silica gel plates (with the same elution system
as in preparative separation) and high performance liquid chromatography coupled to
mass spectrometer: Waters TQD instrument in scan mode ESI: +100-1000 m/z.

2.5.1. HNMR and *F NMR Spectroscopy

Twenty mg samples of each compound were dried under vacuum. Samples were
analyzed on Bruker (BioSpin GmBLH, Rheinstetten, Germany) in CDCls.

2.6. IR Spectroscopy

The compounds tested were dissolved in methanol. All spectra were collected by
using IR microscope Nicolet iN10 (Thermo Scientific™ part of Thermo Fisher Scientific,
Madison, USA). All reflection measurements were performed on gold layer by using high-
sensitivity MCT-A detector within spectral range from 4000 cm! to 675 cm1, 128 scans
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during 25 s with normal resolution just after the solvent evaporation or immediately after
application in case of volatile substances. Fully automated adjustable aperture for
measuring field extraction was 150 um x 150 pm.

2.7. Cell Cultures

The following cell lines were used: human prostate cancer cells from metastases to
the brain DU145 (ATCC® HTB-81™, Manassas, Virginia); healthy human prostate
epithelial cell line as a control (PNT2; Sigma-Aldrich, Darmstadt, Germany); human
melanoma Hs 294T (ATCC® HTB-140™, Manassas, Virginia); human epidermal
keratinocytes (HaCaT) HEKO001 (ATCC® CRL-2404™, Manassas, Virginia); and normal
human skin fibroblasts B] (ATCC® CRL2522™1) as controls. The cells were cultured in 37
°C with humidified atmosphere enriched with 5% CO: in appropriate cell culture media:
DMEM F12Ham (Sigma-Aldrich, Darmstadt, Germany) + 5% FBS (Thermo Fisher
Scientific; Gibco; Waltham, MA, USA); RPMI-1640 (Sigma-Aldrich, Darmstadt, Germany)
+ 10% FBS (Thermo Fisher Scientific; Gibco; Waltham, MA, USA); DMEM high glucose
(Sigma-Aldrich) + 10% FBS (Thermo Fisher Scientific; Gibco; Waltham, MA, USA); DMEM
low glucose (Sigma-Aldrich, Darmstadt, Germany) + 10% FBS (Thermo Fisher Scientific;
Gibco; Waltham, MA, USA). All media contained a penicillin/streptomycin (Sigma-
Aldrich, Darmstadt, Germany) cocktail.

2.8. MTT Cytotoxicity Assay

For the determination of the cytotoxic effect of tested compounds, normal (control)
and cancer cell lines cells were tested at a concentration of 2.5 x 104 cells cm2 in
appropriate culture medium into 96 well microplates (VWR, Radnor, PA, USA). Cells
were preincubated with four different concentrations of tested compounds: 0.5, 0.25, 0.125
and 0.0625 mg mL* for 24 h, 72 h and 120 h in cell incubator. After the incubation, MTT
labelling reagent (final concentration 0.5 mg mL-') and solubilizing solution were added
according to the protocol. The samples absorbance was measured using a microplate
reader (Multiscan FC; Thermo Fisher Scientific, Waltham, MA, USA) by 570 nm
wavelength, 620 nm for reference.

2.9. Fluorescent Staining

Cellular studies 12-well plates were used, cell density 3 x 10° per well. After 24 h and
48 h of incubation with tested compounds (0.0625 mg mL-1), the samples were fixed
according to standard protocol. Tubulin (green; AlexaFluor-488 mouse anti-p-tubulin IgG;
BD Biosciences, San Jose, CA, USA, Pharminogen; cat. 558605), vimentin (infra-red; I:
rabbit-anti-vimentin IgG; GeneTex, Irvine, CA, USA; GTX100619; II: chicken-anti-rabbit-
AlexaFluor647 IgG; ThermoFisher, Waltham, MA, USA) and counterstained nuclei (blue;
Hoechst 33258; Sigma-Aldrich, Darmstadt, Germany) and F-actin (red; AlexaFluor546-
phalloidin; ThermoFisher, Waltham, MA, USA). Next, the samples were washed 5 times
with deionized water and prepared for imaging with Fluorescent Mounting Medium
(Dako Omnis, Agilent, Santa Clara, CA, USA).

2.10. Transmigration Assay

Transmigration assay was performed using 24-well glass-bottom plate (Eppendorf)
containing microporous membranes in Boyden’s chamber (Corning; pore diameter: 8 um;
membrane diameter: 6.5 mm). Native DU145 and HTB140 cells were seeded at density of
3 x 105 cells per membrane with tested compounds (0.0625 mg mL-!) and left for 48 and 96
h for transmigration. The transmigrating cells were fixed with 3.7% formaldehyde and
counted. The result is presented as a reference to the rate of cell proliferation in the
corresponding compound.

2.11. Cell Structures Imaging
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Microscopic measurements and observations were carried out with the use of
fluorescent techniques performed on Zeiss Axio Observer Z.1 microscope with LSM 710
module (Carl Zeiss Microscopy GmbH Carl-Zeiss-Promenade 10, 07745 Jena, Germany).
Image acquisition, processing, deconvolution and analysis were performed using Zeiss
ZEN Black software ver. 8.1.0.484 and FluoRender 2.21.0. An oil immersion 40x/NA:1.4
lens was used for observations. Parameters used for acquisition of cell morphology were:
nucleus—blue channel (405 nm); microtubular network — green channel (488 nm); Actin—
red channel (546 nm); vimentin— far red channel (647 nm).

3. Results
3.1. Synthesis and Modification of Polyhydroxynonanoate Monomers (mPHN)

The process of bacterial polyhydroxynonanoate (PHN) synthesis provided 130 g L
of dry biomass, which after extraction, purification and filtration, gave the desired
polymer with 71% efficiency. Its composition was analyzed using gas chromatography
and revealed that the PHN polymer consisted of 77.7% (R)-3-hydroxynonatec (R30OH-C9)
and 22.3% (R)-3-hydroxyheptane (R30OH-C7) monomeric units. A portion of that mixture
was subjected to further chemical modification. The weighed, purified and dried post-
reaction mixture contained fluorinated methyl esters of mPHN monomers (mPHN-Me)
(C7 and C9 chains). The actual conversion of 48.5% was determined from the average
expected mass for the reaction, whose theoretical efficiency is 100%. Samples were
submitted to 'H and F NMR analyses, which confirmed the structural modification of
the PHN (R)-3-hydroxyacids and the synthesis of the (R)-3-(2,22-trifluoroethoxy)
nonanoic a (R)-3-(2,2,2-trifluoroethoxy)heptanoic acids (together called F-mPHN-Me,
Figure S1 in Supplementary Section). The infrared spectroscopic observation further
confirmed the successful synthesis of the fluorinated compounds. The spectra of purified
samples after reacting mPHN-Me with trifluoroethyl trifluoromethanosulphonate
revealed the disappearance of stretching vibrations in the range 3000-3500 cm-!
characteristic for free hydroxylic group. Moreover, the appearance of new peaks was
observed (1465.1 cm™!, 1377 ecm™?, 1261 cm™), which correspond to -CFs groups connected
to the alkyl chain of the monomers. A similar pattern was observed by Li et al,, who
analyzed the infrared substrate spectrum of CF:~CH:-O-CHs molecules (described and
discussed in detail in the supplementary section).

3.2. Structural Analysis of Synthesized Sugar Esters

A library of sugar esters of both nonanoic acid and (R)-3-hydroxyacids derivatives
was created by a biocatalytic approach employing immobilized Candida antarctica lipase
B (CalB). In addition, a series of SFAEs with aliphatic, nonanoic and heptanoic
hydrophobic tails were generated as controls to all further performed experiments. The
structures of the sugar esters were confirmed by 'H NMR and IR analyses (Figures 54-512
in Supplementary Section). In general, it was observed that signals between 5.25 and 0.75
ppm, originated from newly synthesized fatty acid-sugar ester, consisted of several
multiplets. Signals between 1.5 and 0.75 correspond to fatty acid chains, shifts between
2.25 and 5.25 came from sugar 'H signals, and multiplets around 4.5 and 4.0 came from
'H localized on a nearby ester bond. The differences between the fatty acids, fatty acid
sugar diesters and monoester spectra are subtle and can be explained more by analyzing
intensity and ratio of particular signals than appearance of additional ones. All the tested
SFAE specimens showed the presence of stretching vibrations at 1725-1735 cm! (ester
bonds), stretching vibrations in the range of 3000-3500 em™ (sugar ring -OH groups) and
stretching vibrations in the range of 2800 to 3000 cm? (-CH: aliphatic chain). All these
spectra showed great similarity to the spectrum of the reference sample, which was a
commercially available standard of sucrose monolaurate.

Furthermore, an in-depth analysis performed by MS/MS measurements supports the
obtained results from spectroscopic studies and allow for quantification of reaction yields.
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The SFAEs were analyzed in positive and negative modes after ionization in electrospray
(ESI) where they formed different adducts (ESI+: [M + HJ%; [M + NaJ%; [M + KJ-and ESI-:
[M - HJ; [M - Cl]; [M — H20]J"). These specimens were fragmented to obtain structural
fragments of SFAE molecules (Table 51 in Supplementary Section). It was noticed that the
obtained sugar esters after biocatalytic synthesis were mixtures of different mono and
diesters (Table 1). For example, the lipase produced, on average, a 6:4 ratio of mono- to
diesters when methyl esters of nonanoic or (R)-3-hydroxynonanoic acids were used.
Interestingly, when a fluorinated version of C9 PHN monomer was used, this proportion
had changed—we observed that CalB produced 86.6% monoester with C9 PHN
monomer, virtually no C9-C9 PHN diester and 12.7% of C7-C7 PHN diester.
Monosaccharides, when reacted with nonmodified PHN monomers and aliphatic fatty
acid esters predominantly, produced SFAE monoesters in the presence of CalB. When
bulkier, fluorinated PHN monomers were used, the lipase synthesized diesters.
Subsequently, the product ions with the highest intensities obtained from SFAE
fragmentation in MS/MS experiments were used for quantification of the reaction yields.
In general, the conversion yields obtained varied between 10.25 and 42.49% (Table 1). As
a rule of thumb, glucose appeared to be the most reactive sugar in our experimental setup.
We have observed that the introduction of a fluorinated moiety on a PHN monomer
resulted in an averaged 2.3-fold drop in the reaction yield for monosaccharides but did
not affect synthesis of lactose esters as much (1.1-fold decrease). All of these characterized
SFEA mixtures were submitted for biological studies.

Table 1. Molar composition of sugar fatty acid ester based on LC-MS QQQ analysis and conversions of reactions.

Ester Monoester with Monoester with  Diester C9 Diester C7 Diester C9C7 Conversion

C9 Chains [%] C7 Chains [%] Chains [%] Chains [%] Chains [%] after 48 h [%]
C9-glu 57.8 - 42.2 - - 17.8
C9-gal 99.9 - - - - 17.8
(C9-lac 56.2 - 43.8 - - 10.4
mPHN-glu 88.1 0.7 - - 11.2 425
mPHN-gal 38.6 - 18.8 427 - 24.3
mPHN-lac 594 - 40.6 - - 12.6
F-mPHN-glu 0.4 8.5 76.0 10.3 4.6 18.9
F-mPHN-gal - - - 90.9 9.1 10.3
F-mPHN-lac 86.6 0.2 0.5 12.7 - 11.0

Where '~ —not present.

3.3. MTT Assay Indicating Anti-Proliferative Properties of C9, mPHN and F-mPHN
Based SFAE

To understand anti-cancer effect of the sugar fatty esters, in vitro inhibitory
concentrations (ICso) of each ester in the MTT test were determined. The experiments
indicated a low cytotoxicity of the referring compounds which the hydrophilic SFAE
groups are made of, namely, glu, gal and lac (data not shown). Similarly, the toxicity of
the SFAE’s hydrophobic molecules (i.e., nonanoic acid and its sodium salt and modified
and unmodified PHN monomers (either in acidic or salt forms)) oscillated in the range of
0.23 to over 4.09 x 10-* mol L, respectively. They were two- to fourfold higher than the
ICso of the tested mPHN-based sugar esters. The most promising group of the potential
therapeutic compounds turned out to be the esters of the PHN monomers armed with
trifluoroethyl groups and also mPHN lactose ester (Table 2 and Supplementary Figure
515). In the case of F-mPHN-glu and F-mPHN-gal, the toxicity against DU145 prostate
cancer cells was around 0.1 x 103 mol L (after 72 h and 120 h) and 0.08-0.33 x 103 mol L-
Tof F-mPHN-lac, respectively. For comparison, the ICs values for sodium salts of the
fluorinated monomers PHN alone were 0.23 x 10 mol L-! after 24 h and >1.84 x 10~ mol
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L-after 120 h. The ICso values of the esters for PNT2 (control) cells were respectively: 0.93
x 10 mol L for fluorinated glucose esters, 1.18 x 10 mol L for galactose esters and 1.16

x 10 mol L for lactose esters. Fluorinated PHN monomers alone gave this effect at more
than 4.09 x 10*mol L-'at 72 h and 1.84 x 10 *mol L-'at 120 h.

Table 2. Cytotoxicity ICs of SFAE determined by MTT assay.

ICs0 [10-3 mol L-1]

F-mPHN- F-mPHN- F-mPHN-

Time [h] C9-glu  C9-gal  (C9-lac PHN-glu PHN-gal PHN-lac olu gal lac

24 1.32 1.56 0.92 0.93 0.75 - - -
DU145 72 0.66 0.78 0.84
120 1.32 1.56

24
PNT2 72

1.11

120 [7205
24 147
HTB140 72 1.32
120 | 113
72 1.32 143 1.20 0.73 0.58 0.64
HaCAT 0 - - - - - - 0.80 0.95 0.67
HSP 72 1.32 1.56 0.92 0.61 062 | 045 - : -
120 - - - 076 | 050 063 076 | 050 063

DU145—prostate cancer; PNT2 —prostate epithelium—control; HTB140—human skin melanoma; HaCAT —human skin
keratynocytes; HSF—human skin fibroblasts; - —not determined. Red fillings mark the lowest concentrations needed to
reduce a cell population to 50% and green—the highest. Standard deviations of IC50 values are available in Supplementary
Table S2 and graphical representation contains Supplementary Figure S15.

Analyzing the effect of sugar esters based on F-mPHN against the melanoma HTB140
line after 24 and 72 h incubation, a higher effectiveness of F-mPHN-glu in antiproliferative
activity (ICso values 0.06 and 0.09 x 103 mol L, respectively) than F-mPHN-gal (0.156 x
10 mol L) could be observed. Extending the times of incubation up to 120 h did not
affect the cancer cells negatively. It caused increase of ICso concentrations up to 0.37 x 10-3
mol L1 for F-mPHN-glu, up to 0.25 x 10~ mol L' for F-mPHN-gal and 0.39 x 10~ mol L1
for F-mPHN-lac, respectively. In relation to the HaCaT and HSF control cells it was
necessary to use about two- to eightfold fold greater concentrations of the discussed
compounds, respectively. mPHN-lac showed much higher toxicity against DU145 line
than their mPHN-glu and mPHN-gal counterparts and less than those having
trifluoroethyl groups. The ICs value of mPHN-lac dropped from 0.16 x 10*mol L at 24
hto 0.13 x 103mol L at 72 h to less than 0.09 x 103 mol L at 120 h. mPHN-lac turned out
to be less harmful to PNT2 cells because their 1Cso values decreased from at least 0.42 x
10 mol L after 24 h to 0.16 x 10° mol L after 120 h. Additionally, a more promising
situation was not the case of melanoma cells. The ICso of these compounds were 0.69 x 10-3
mol L-! after 24 h; 0.28 x 103 mol L-!after 72 h and 0.43 x 103 mol L-!after 120 h for HTB140
cells, whereas ICso after 72 h for control cells: HaCaT was 0.38 x 103 mol L-tand 0.50 x 103
mol L for HSF.

3.4. Cell Structures Imaging Indicate Reorganization of Intermediate Filaments in the Presence
of a Selected SFAL

Three cytoskeletal elements were analyzed: actin filaments (red ladder),
microtubules (green ladder) and intermediate filaments (vimentin—white; Figure 2).
These fibers showed morphology characteristic for normal cells grown on glass [32]. The
actin filaments were thick and rarely distributed and the microtubules were seen as thick
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and distinctly separated beams. It was also noticed (Figure 2b) that the presence of the
investigated SFAE caused some changes in the other components of the cytoskeleton:
actin and microtubules. In the case of microscopic images showing the cytoskeleton, an
increased presence of biodiverse pickling inside the cytoplasm can be seen, which may
suggest an elevated content of depolymerized actin. On the other hand, the microtubules
in cells in the presence of sugar esters show a greater density of fibers and their lower
diameter. Similar changes in the cytoskeleton are often associated with the apoptosis
process [33,34]. The literature shows the direct influence of the cell’s environment on the
shape, dynamics and architecture of both actinic and microtubule fibers [32]. However,
these differences are not big enough to specify and propose any certain intracellular
mechanism of interaction with the SFAE.

Analysis of cell nuclei shape provided information about their condition. Using
image analysis algorithms their roundness was determined for each cell individually
(Figure 3). For DU145 cells (Figure 3a) after the first 24 h, the roundness of nuclei was in
the range of 0.6-0.9, which is characteristic for normal cells in standard culture on glass
medium [35]. After 48 h no significant changes in nuclei shapes of tested cells did not
appear. Only in case of mPHN-lac was an increase in roundness was observed. For the
cells cultured in (C9-lac and mPHN acid, a decrease in nucleus roundness index was
observed.

In the case of the HTB140 cell line, the situation was different (Figure 3b). It was
clearly visible that for these cells the general circularity index of the organelle was lower
and in the range 0.5-0.75, which is normal for elongated melanoma nuclei and usually
associated with changes in cytoskeleton architecture and focal adhesion appearance [36].
These changes correlated with subtle alterations of in microtubules and intermediate
filaments observed in microscope (Figure 2). After the first 24 h from the start of
cultivation the highest circularity index was presented by cells with C9-lac and mPHN-
lac. The smallest round nuclei were found in cells cultured with glucose, galactose, mPHN
and F-mPHN sodium salts. The changes of the nuclei shape caused by the compounds
were more significant after the next 24 h. The changes occurred in almost all cell groups
and a decrease in roundness index was observed in each case. The biggest change
occurred in a presence of C9-lac esters, mPHN-lac and F-mPHN-lac.

Subcellular structures imaging brought our attention to changes of intermediate
filaments. Our study focused on the analysis of adhesion points. They were observed as
dot forms placed in the focal plane located between the cell body and glass surface. After
24 h, DUI45 cells formed the smallest number of adhesion points in medium
supplemented with mPHN-gal and mPHN sodium salt. All cells grown in F-mPHN
mediums were characterized with a high number of adhesion points similar to pure
glucose. After 48 h in all samples, except those containing glucose, a significant increase
in the number of adhesion points was observed. The highest increase occurred in cells
grown in media containing mPHN-gal and F-mPHN-glu solutions. The cells grown in
medium with F-mPHN-gal showed a similar growth. This growth did not exceed the
statistical significance in the rest of experimental samples. In case of HTB140 cells, no
vimentin analysis was performed due to its almost complete depolymerization and lack
of possibility of correct imaging. Metastases is a process associated with the migration of
cancer cells in the body. Its reduction may minimize this harmful phenomenon. An
increase in the number of adhesion points (Figure 4) may indicate that selected
compounds cause cancer cells to bond more strongly to the substrate or to the glass surface
and thus their migration may be limited [37]. On the other hand, these observations may
indicate an increasing the intensity of the attachment points production allowing the cells
to migrate [38]. In order to verify which of these processes was more likely in our case,
transmigration tests were carried out and proliferated cells were counted.
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Figure 4. Number of adhesion points formed by DU145 cells during incubation with the investigated compounds (with
concentrations below ICs0). Adhesion points defined as dot forms placed in the focal plane located between the cell body
and glass surface. Their greater number may suggest intensification of migration process caused by investigated
compounds. In case of HIB140 cells, no vimentin analysis was performed due to its almost complete depolymerization
which indicates strong impact of SFAE on cytoskeleton.

3.5. Inhibition of Transmigration Caused by C9, mPHN-lac and mPHN-glu

The transmigration test was a model experiment that was performed to illustrate the
ability of cells to transmigration through a microporous membrane, where the pores
mimic chinks between epithelial cells. Cancer cells are able to penetrate the tissues and
migrate through the walls of blood vessels into the vascular system, which is referred to
as epithelial to mesenchymal transition [39]. This process allows cells to populate new
niches in other tissues, creating metastases. The key issue was to learn whether the cancer
cells migrate in a medium supplemented with the investigated SFAE below the ICs
values, and if yes, whether they are able to proliferate actively after the transition process.
Therefore, transmigration values obtained after 96 h for the cancer cells treated with tested
compounds were checked. In parallel, the proliferation of cells with the tested compounds
was examined.

The results presented in Figure 5 are the ratios of transmigration to proliferation from
the experimental conditions (from tested SFAE compounds at 0.0625 mg mL?!
concentration) in relation to the same ratios of the controls (glu, gal and lac, respectively
at the same concentrations). Transmigration rates above 1.0 (100%) mean that the
transmigration is enhanced, while rates below 1.0 mean that the total transmigration is
inhibited by the tested compounds.
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Figure 5. Transmigration assay of cancer cells in a presence of the investigated SFAE measured after 96 h. An increase in
the ratio of proliferated cells after passing through the inserts, caused by the SFAE, may indicate that tested compounds
could promote metastasis (at concentrations below the ICs0). A decrease in this ratio may indicate lack of such effect. (a)
DU145; (b) HTB140.

Figure 5 shows that the concentration of 0.0625 mg mL-! of mPHN-lac present in the
culture medium reduced transmigration of DU145 cells in 96 h by 40%, mPHN-glu ester
reduced this ability by 17%, whereas C9-lac by 25% and F-mPHN-glu by 7%. The rest of
compounds had no significant effect or in case of mPHN-gal and fluorinated esters even
increased the cell’s ability of transmigration up to 22 to 24%. All compounds except
mPHN-lac and c9-lac enhanced the transmigration of HTB140 cells from 6% (F-mPHN
salt) even to 55% (F-mPHN-glu), respectively (Figure 5b). The mPHN-lac ester and the
(C9-lac ester decreased this factor by 22% and 16%, respectively. These data suggest that
lactose esters inhibit transmigration of either prostate cancer and melanoma cells below
ICso concentrations. Moreover, presence of either not modified and modified mPHN
component in the sugar esters affected positively on transmigration process below ICso
values.

4. Discussion

Analysis of SFAE composition basing on MS/MS detections (Table 1) confirmed the
number of monomers attached to the sugar molecule impacts the quantity of alkyl halides
introduced into the ester structure, The amount of hydrophobic chains attached to a sugar
is determined by the lipase specificity and the conditions of the enzymatic reaction. As
shown by the MTT results and reported by others, each of these modifications can have a
significant effect on the cytotoxicity of the final SFAE. Synthesized sugar esters based on
nonanoic acid, unmodified and modified mPHN turned out to affect DU145 and HTB140
cancer cells. The ICso values determined by MTT tests were two to four times lower than
in cells threated by the control compounds (C9, mPHN, F-mPHN, glu, gal and lac ranged
from 0.23 to over 0.41 x 10 mol L!). At the same time, our SFAEs were less toxic towards
the healthy cell lines (PNT2, HaCAT, HSF) with the cytotoxic concentrations being
eightfold higher than these used to eliminate the cancer lines (from 0.17 to 2.4 x 10-* mol
L1, respectively). The range of these concentrations corresponds with the available
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literature data on the antiproliferative properties of other sugar esters, especially those
having the same number of carbon atoms in hydrophobic part of the molecule [15].

From the experimental data gathered it was evidenced that type and quantity of the
monomers attached to the sugar molecule by the lipase, and also the type of sugar used,
both have impact on the biological behavior of SFAE. Based on the UHPLC-MS/MS
analysis of the compositions of each synthesized SFAE, together with the corresponding
ICs0 values, the structure—toxicity relations can be discussed. For example, C9-glu and C9-
lac were composed of similar ratios of monoesters to diesters but exhibited different
cytotoxicity levels towards tested cancer lines. That observation may suggest that the kind
of sugar used (mono- vs. disaccharide) has a greater influence on the anticancer properties
of SFAE when the same hydrophobic chain is considered. A similar pattern was observed
when mPHN-based SFAE were tested, however the presence of the hydroxyl group on
the aliphatic chain of SFAE resulted in the increased antiproliferative character of these
sugar esters. Other studies report an important correlation in the level of cytotoxicity and
the chain length of the hydrophobic component [30,35]. For example, the ICs of an
octanoic acid glucose ester against Jurkat (Human T-cell leukemia) was 0.12 x 10- mol L-
!, whereas the 16 carbon atoms counterpart was as low as 0.02 x 10 mol L. This suggest
that in future research it will be beneficial to screen longer fatty acid mixtures originating
from polyhydroxyalkanoates for their potential in modulating the cytotoxicity of
synthesized SFAEs.

The introduction of trifluoroethyl groups into mPHN further increased the
cytotoxicity of the glucose and galactose esters. Interestingly, this modification did not
have such a great effect on the lactose-based SFAE when compared to C9-lac or mPHN-
lac compounds. It is known form the literature that nonspecific modifications of the
aliphatic chain of SFAE by substitutions of hydrogen atoms by halides may further reduce
the biological activity of the molecule (e.g., decrease of the glucose ester’s cytotoxicity to
over 0.20 x 10 mol L), thus suggesting that a plan for manipulation of cytotoxicity of
the SFAE presented in this work is promising for potential drug designing process.

Having examined the cytotoxicity of SFAE, we looked at the subcellular structures of
the assayed cell lines after their exposition to the tested compounds below their ICs
concentrations. Esters (especially these based on lactose) interacted to some extend with
intermediate pillars, in particular with vimentin (Figure 2—white channel), which was
manifested by a minor increase in the number of cluster points after 48 h exposure to all
of the tested compounds (Figure 4). In the literature, there is scarce information on SFAE
interaction with the cytoskeleton. However preliminary conclusions can be drawn from
observations of polyethylene glycol inhibition of polymerization/depolymerization of
microtubules [40] or interactions of gallic acid-based glycoconjugates that target tubulin
and its colchicine binding site [41]; that may in future help to explain antiproliferative
properties of PHA-based SFAE. Nuclei shape and number of adhesion points may
provide information about potential metastatic stages. Therefore, we have conducted
microscopic observations of these structures. There were minimal changes in the
roundness of the cell’s nuclei over a period of 24-48 h that may indicate that all of the
tested SFAE did not affect these organelles significantly while treating them below the
ICs0 concentrations (Figure 3). In addition, no significant differences were seen in the
amounts of adhesion points between treated and untreated cells. Our survey showed
decrease in transmigration of DU145 and HTB140 cells in most of the tested compounds,
with the exception of these containing fluorine atoms. This phenomenon may be
associated with disturbances in the cytoskeleton architecture, however it requires
additional analysis of signaling pathways related to the cytoskeleton and cell movement
at the molecular levels [41]. Altogether, and keeping in mind the relatively high
cytotoxicity of SFAE (Table 2), we can assume that the synthesized sugar esters will not
promote metastasis.
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5. Conclusions

Despite relatively high ICso values (0.06-0.17 x 10-* mol L) of the synthesized SFAEs
in comparison to commonly used chemotherapeutics, the studied compounds can
compete with other SFAEs already described in the literature. Their contribution in drug
designing process may rely on either using the SFAE as potentially active substances or
as supporting therapeutics. These PHA-based surfactants may form microemulsions or
self-microemulsifying drug delivery system (SMEDDS), which may help to stabilize and
distribute commercially used medicines for cancer treatment or gene therapy; thus, SFAE-
based carriers could co-work with chemotherapeutics by their own cytotoxic properties
[42-44]. However, antimetastatic properties of our SFAE require further investigations
due to their visible influence on cytoskeleton and cell intermediate filaments [41]. Finally,
the panel of tested cell lines in the cytotoxicity experiments should be extended to include
other lines that may be more sensitive to the synthesized compounds. In summary, the
data contained within this manuscript are benchmarks for future studies related to the
creation of SMEDDS based on synthetized SFAE for targeted anticancer therapies.

6. Patents

The work presented in this manuscript is a part of a Polish patent application number
P.437233 "Use of sugar esters of fatty acids, with an acid component as a mixture of
monomers derived from bacterial polyhydroxynonanoate-co-heptanoate, to inhibit
tumour cell proliferation in the treatment and prevention of diseases” submitted on 8
March 2021.
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p) F-mPHN-glu: mixture of (3R)-3-(2,2,2-trifluoroethoxy)nonanoate glucose and (3R)-3-(2,2,2-

trifluoroethoxy)heptanoate glucose mono andesters







r) F-mPHN-gal: mixture of (3R)-3-(2,22-trifluoroethoxy)nonanoate galactose and (3R)-3-(2,2,2-

trifluoroethoxy)heptanoate galactose mono and diesters












s) F-mPHN-lac: mixture of (3R)-3-(2,2,2-trifluoroethoxy)nonanoate lactose and (3R)-3-(2,2,2-

trifluoroethoxy)heptanoate lactose mono and diesters

Fig 1. List of compound names, shortcuts and structures generated in ChemSketch



Table 1. Precursor and product ions of sugar esters obtained in MRM LC-MS QQQ analysis:

Compound: MRM: Precursor ion -> Fragmentor: Collision energy:
product ion
[M+K]-: 359.14 -> 341.3 6
€9 monoester [M+K]-: 359.14 >193.3 93 18
C9-gluc [M+K]-: 359.14 > 41.1 74
[M+K]-: 359.14 -> 202.5 26
C9 C9 diester [M+Na]+: 483.69 -> 69 142 22
C9-gal: [M+K]-: 359.14 > 341.3 6
C9 monoester [M+K]-: 359.14 > 43.1 98 54
[M+K]-: 359.14 > 202.4 18
C9 C9 diester [M+Na]+: 483.69 -> 69 142 22
€9 monoester [M+H:0+H]-: 517.2 -> 157.1 136 22
C9-lac: [M+H20+H]-: 517.2 > 282.1 46
C9 C9 diester [M+Nal+: 657.3 ->157.1 131 30
C9 monoester [M+Cl]-: 371,15 -> 35 98 14
[M+K]+ 429.11 -> 73.1
C7 monoester [M+MeOH]+: 340.15 -> 295.7 132 6
mPHN- glu: [M+MeOH]+: 340.15 -> 180.4 26
C9 C9 diester [M+Cl]-: 527,26 -> 35 137 30
C7 C7 diester - - -
C9 C7 diester [M+Cl]-: 499.23 -> 35 137 18
C9 monoester [M+Cl]-: 371.15 -> 35 98 14
C7 monoester [M+K]+: 429.11 ->73.1
mPHN- gal: . [M+H]+: 493.3 -> 59.1 113 18
C9 C9 diester
[M+H]+ 493.3 > 42.1 126
C7 C7 diester [M+H]+: 437.24 ->23.1 181 30
[M+H20+H]-: 517.2 -> 157.1 116 26
mPHN -lac: €9 monoester 5172 ->282.1 116 38
C9 C9 diester [M+Na]+: 657.3 ->157.1 111 26
C9 monoester [M+K]+: 457.14 -> 23 172 34
[M+K]:+429.11 -> 73.1 46
[M+K]:+429.11 -> 45 94
[M+K]:+429.11 -> 43.1 245 178
C7 monoester
[M+K]:+429.11 ->218.7 22
F-mPHN-
gluc: C9 C9 diester wth two [M+MeOH]+: 688.3 > 73.1 147 70
—CFs [M+MeOH]+: 688.3 -> 355.1 26
C9 C7 diester with one [M+Nal+: 651.26 -> 73 78
—CFs [M+Na]+: 651.26 ->45.1 235 166
C9 C7 diester with one [M-H]-: 627.26 > 325 191 38
—CFs
C9 C7 diester with two 113 14
F-mPHN- _CFs [M+H]+: 629.28 -> 324.4
gal: C7 C7 diester with one [M+H]+: 457.14 -> 23.1 167 38
—CFs group
C9 C9 diester with two | [M+MeOH]+: 851.36 >73.1 114
—CFs groups . 162 50
group [M+MeOH]+: 851.36 -> 436.4
F-mPHN-" 09 €9 diester with one | [M#+Na]+: 75934 > 73.1 127 78
lac: ~CFs group [M+Nal+: 759.34 -> 45 190
C7C7d1estcelr:3v\nth one - [M+Nal+: 703.28 > 355.1 118 30
C7C7 with two —CFs [M+Nal]+: 833.28 ->73.1 181 122
groups [M+Na]+: 833.28 -> 45 198
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Fig 2. IR spectrum of C12- (sucrose monolaurate) as a referring compound

Following peaks inform about:
*  Stretching vibrations: 3000- 3500 cm indicate presence -OH group

*  Stretching vibrations: 2900 cm! come from -CH: aliphatic residues

¢ Stretching vibrations around 1725 cm responsible for ester bonds

14
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Fig 3. IR spectra of methyl esters of not modified PHN monomers (mixture of 3-(R)- hydroxynonanoic

and 3-(R)- hydroxyheptanoic acids)
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b) F NMR spectra of the modified PHN monomers confirmed a presence of fluoric

moieties



fluorinated PHN monomers
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c) IR spectra of the purified PHN mixture after modification

Fig 4. Spectra analysis of methyl esters of methyl esters of 3-(R)- (2 -2’- 2"~ trlifluoroethyl)-nonanoic and

heptanoic acids (fluorinated PHN monomers or mPHN-F)

IR Spectra description:

Stretching vibrations between ~ 1360-1090 cm™ suggests presence of -CFs groups

Stretching vibrations between ~ 1360-1000 cm™ and 1110-1000 cm* suggests presence of —CF bonds
And 2859 cm? for -C-O-C etheric bonds

1734 cm stretching vibrations inform about presence of ester bonds between methyl groups and

carboxyl groups of PHN monomers

Spectrum profile refers to inverted IR spectra of 2,2,2-Trifluoroethyl Methyl Ether taken from:
“Low-Resolution Microwave, Infrared, and Raman Spectra, Conformational Stability, and Vibrational

Assignment of 2,2,2-Trifluoroethyl Methyl Ether”; ]. Phys. Chem. 1987, 91, 1334-1344

Additionally, lack of large peak between 3000-3500 cm! suggests -OH groups are not present in a

structure of the analyzed compound which confirms that reaction of protecting -OH group occurred
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Fig 5. Spectral analysis of glucose nonanoate (C9-glu)
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Fig 6. Spectral analysis galactose nonanoate (C9-gal)
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Fig 7. IR spectra of lactose nonanoate (C9-lac)
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b) 'THNMR spectra: 'H NMR (300 MHz, Methanol-d4) & 4.93 (s, 3H), 4.10 — 3.89 (m, 1H), 3.33
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Fig 9. Spectral analysis of galactose mono and diesters esters originated from mixture of not modified

PHN monomers (mPHN-gal)

Predicted 1H NMR Spectrum +0.080
k0.075
H OH 4 10.070
1 / \ o
H ¢ H0.065
\ = P74 +0.060
(o} G TP 10.055
0 V57 % 38 +0.050
g 4\ H
H OH¥* 141 P +0.045
39 I ]
/ = +0.040
N L0.035
L0.030

+0.025

1-0.020

N

0.015

+0.010

0.005

-0.000

+--0.005

0 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05 -10 -15 -20
f1 (ppm)

a) 'HNMR spectra prediction



a - o © =~ ©
Parameter Value =4 5 = g TR g
- ™ = ] = =
1 Comment 25347-1H | \ [ [
WS6
2 Origin Bruker BioSpin GmbH
3 Solvent MeOD
4 Temperature 298.1
5 Pulse Sequence 2930
6 Number of Scans 28
7 Receiver Gain 115
& Relaxation Delay 0.0000
9 Pulse Width 14.5000
10 Acquisition Time 3.5001
11 Acquisition Date 2020-02-28T09:26:11
12 Modification Date 2020-02-28T09:26:19
13Gto G 1.00000000
14 Echo Delay 0.0000
15 Gradient Duration 0.0000
16 Spectrometer Frequency 300.20
17 Spectral Width 6009.6
18 Lowest Frequency -1156.7
19 Nudeus 1H
20 Acquired Size 21034
21 Spectral Size 65536
|
i
|
| | I
||| | "‘ | v ‘ ‘
| |
J \ J | \JL) |
AN bl L S _J .
g i T T
8 & R R &
- - ] ~
T T T T T T T T T T T T T T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

4.5
1 (ppm)
b) "HNMR spectra: (300 MHz, Methanol-d4) o 4.90 (s, 3H), 4.16 (q, ] =7.1 Hz, 1H), 4.07 - 3.91

(m, 1H), 3.33 (p, ] = 1.6 Hz, 1H), 2.55 — 2.31 (m, 2H), 1.58 — 1.23 (m, 11H), 1.03 - 0.82 (m,

3H)
12
not modified PHN monomers (mPHN-lac)
2926
1,0
0,8

1073

absorbance
o
[
)

044

O;O T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

-1
wave numbers cm



c) IR spectra

Fig 10. Spectral analysis of lactose mono and diesters esters originated from mixture of not modified

PHN monomers (mPHN-lac)
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Fig 12. IR spectra of galactose mono and diesters esters originated from mixture of fluorinated PHN

monomers (F-mPHN-gal)
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Table 2. Cytotoxicity of SFAE determined by MTT assay: — not determined; d — standard deviation. Red

fillings mark the most lowest concentrations, green- the highest.
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Sugar fatty acids esters are popular compounds widely used in both the nutritional,
cosmetic and pharmaceutical industries due to their amphiphilic structure and
consequent ability to reduce the surface tension of solutions. Furthermore, an
important aspect in the implementation of any additives and formulations is their
environmental impact. The properties of the esters depend on the type of sugar used
and the hydrophobic component. In this work, selected physicochemical properties
of new sugar esters based on lactose, glucose and galactose and hydroxy acids
derived from bacterial polyhydroxyalkanoates are shown for the first time. Values for
critical aggregation concentration, surface activity and pH make it possible that these
esters could compete with other commercially used esters of similar chemical
structure. The investigated compounds showed moderate emulsion stabilization
abilities presented on the example of water-oil systems containing squalene and
body oil. Their potential environmental impact appears to be low, as the esters are
not toxic to Caenorhabditis elegans even at concentrations much higher than the
critical aggregation concentration.

KEYWORDS

polyhydroxyalkanoates (PHA), sugar esters, cosmetic industry, Caenorhabditis elegans,
environmental impact, surface activity

Introduction

The demand for various emulsion systems and lubricants for skin care and protection is
increasing every year (Farias et al., 2021). It became even more significant in recent years due to
the fight against the COVID-19 pandemic-when the frequency of disinfection has become an
inseparable part of everyone’s life (Masen, 2020; Patruno et al., 2020; Dini and Laneri, 2021).
Therefore, the pharmaceutical and cosmetic industries are constantly working on perfect water-
oil (W/O) systems that are less irritating to skin, are more stable in temperature and time, and
are even capable of delivering bioactive compounds (Fabbron-Appas et al., 2021). At the same
time, the impact of these systems on the environment is not without significance. Emulsions
used in the industry should have physical and chemical parameters allowing them to be easily
decomposed to not harm living organisms (Dini and Laneri, 2021; Tang et al., 2022). In order to
meet these requirements a perfect combination of the oil phase and the emulsion stabilizer
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needs to be sought. Sugar fatty acid esters (SFAE) seem to be fair
candidates for supporting such W/O systems. Their chemical structure
and physicochemical properties, provide numerous applications in the
pharmaceutical, cosmetic and food industries, including dietary
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supplements (Kumar, 2005; Lopaciuk and Loboda, 2013; Blanc,
2015). The foremost important feature these chemicals offer in the
formulation of products (i.e. creams, gels, foams, efc.) are their ability
to decrease interfacial tension and to stabilize emulsions. Sometimes
they are even accompanied by antimicrobial characteristics (Hill and
Rhode, 1999; Van Kempen et al., 2013; Lucarini et al., 2016; Shao et al.,
2018). These surfactant features can be manipulated either by the
number of-OH groups within a sugar component, the length or
modification of an aliphatic chain, which together can be described
by hydrophilic-lipophilic balance (HLB) values (Sharma and
2015; Pe et al, 2017). The
hydrophobic component may be branched, include unsaturated
bonds, additional hydroxylic groups or other desirable
functionalities (van Kempen et al., 2014; Zhou et al., 2014; Riecan

Sarangdevot, 2012; Lémery et al,

et al.,, 2022). Worth mentioning is a fact that global surfactant market
size was 39,901 million USD in 2019 and is projected to grow to
52,417 million USD by 2025 (Tortilla et al., 2019).

Having the above in mind, our attention was drawn by a family of
bacterial polyesters, namely polyhydroxyalkanoates (PHAs), as a source of
easily modifiable hydroxyacids, used here as the hydrophobic component
of SFAEs. Polyhydroxyalkanoates are synthesized by bacteria in response
to environmental stress from various carbon sources and so far around
150 different building blocks are incorporated in their structure
(Steinbiichel and Steinbiichel, 1995). The PHA monomers, namely
(R)-3-hydroxylated fatty acids, are promising components for SFAEs
synthesis with intrinsic antimicrobial and anticancer potential (Snoch
et al,, 2019; Snoch et al., 2021). Their structure-a hydroxyl group at the 3™
position—allows for further modifications by decorating the molecule with
the desired functionality (i.e. via an ether or an ester bond). Moreover,
these sugar esters can be synthesized with an aid of biocatalysis, using
enzymes such as lipases or esterases (Ansorge-Schumacher and Thum,
2013; Khan and Rathod, 2015; Pappalardo et al., 2017; Staron et al., 2018),
enabling preparation of true green additives. We have followed this path
and employed biocatalysis in synthesis of our novel esters. However, little
is known about their physicochemical characteristics.

This work describes surface activity of biotically synthesized sugar
esters in comparison with their aliphatic counterparts (Figure 1). Their
hydrophobic ~ part was originated from bacterial poly-(R)-
3-hydroxynonanoate-co-heptanoate (PHN). Firstly, we provide data
on critical aggregation concentration (CAC), the point, conventionally
chosen, where an increase of the surfactant concentration does not lead to
a significant further reduction of the surface tension (Garofalakis et al.,
2000) of the investigated compounds. Additionally, we performed simple
tests of their emulsifying abilities with popular ingredients in cosmetic
industry as skincare oil and squalene. Next, determination of emulsion
stabilizing properties of these systems enabled us to verify industrial
potential application of the SFAE as emulsifier. Finally, performing
toxicity assay on Caenorhabditis elegans provided prognosis about the
final key issue: potential environmental impact of the investigated
stabilizers (Place, 2020; Ali and El-Ashry, 2021; Lanzerstorfer et al., 2021).

Materials and methods
Sugar esters used in this study
Sugar esters of aliphatic nonanoic acid along with a mixture of (R)-3-

hydroxylated nonanoic acid and heptanoic acids (mPHN, derived from
PHN) of glucose, galactose and lactose were obtained and characterized as
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TABLE 1 Composition of enzymatically obtained sugar esters used in this work.

Compound name?® Type of mono/diester

Amount of mono/diester (%)

10.3389/fbice.2023.1112053

Mean molar mass (g mol™)

C9-glu 9 75.8 370.57
c9c9 242

C9-gal 9 91.0 352.68
c9¢9 9.0

C9-lac 9 89.4 497.31
c9c9 10.6

mPHN-glu 9 20.0 406.98
c9¢9 09.8
c7 16.3
c7¢7 32.9
c9c7 21.0

mPHN-gal c9 20.5 401.61
c9c9 27.0
c7 25.6
c7¢7 15.0
c9¢7 11.9

mPHN-lac 9 24.6 584.22
c9c9 18.9
<7 06.3
c7¢7 21.5
c9¢7 28.8

a) C9-glu: a mixture of mono and diesters of glucose nonanoate, C9-gal: a mixture of mono and diesters of galactose nonanoate, C9-lac: a mixture of mono and diesters of lactose non-aoate, mPHN-

glu: a mixture of PHN monomers originated glucose mono and diesters, mPHN-gal: a mixture of PHN monomers originated from galactose mono and diesters, mPHN-lac: a mixture of PHN

monomers originated lactose mono and diesters.

« c9-monoester containing one nine carbon atom chain

« c7-monoester containing one seven carbon atom chain

« c9c9-diester containing two nine carbon atom chains

o c¢7c7-diester containing two seven carbon atom chains

« c9c7-diester containing one nine and one seven carbon atom chain

described in our previous works. In search of effective anticancer
agents—novel sugar esters based on polyhydroxyalkanoate Monomers
(Snoch et al,, 2021). The composition of new synthesized compounds is
presented in Table 1, the yields and their purity are presented in
Supplementary Table SI.

Determination of surface activity of
synthesized compounds

The surface tension has been measured for different batches of
synthetized compounds by using pendant drop shape analysis method
by two apparatus. First apparatus: a home-made experimental set-up
described in detail in (Para et al., 2006), with experimental error equals
to 2mN/m, was used. The Young-Laplace capillary equation was
fitted to the digitally recorded drop image. Measured surface tension
value corresponds to the value of the best fit (note: it is as the only

Frontiers in Bioengineering and Biotechnology

unknown parameter in this equation). The dynamic surface tension
measurements were performed every 5s. Measured equilibrium
surface tension corresponded to the obtained steady-state time after
adsorption, which was depended on surfactant concentration. The
studied solutions of surfactant were mixtures of sugars mono and
diesters, which can differ by number of hydrophobic hydrocarbon
chains. As a consequence, the kinetic curves for different drops of the
same solution did not often overlap. That is why the experimental
values for one solution are the mean values from all the recorder
dynamic curves. As second apparatus a commercial tensiometer
(PAT-1M, Sinterface, Berlin, Germany), with experimental error of
0.2 mN/m, was used. (Kairaliyeva et al., 2017). The PAT-1M apparatus
allows for an accurate control of the droplet area (or its volume) by a
syringe pump, driven by a feedback loop software based on the drop
imaging. The dynamic interfacial tension versus time on a freshly
formed drop is measured during the ageing of the interface while
keeping the drop volume constant (11 uL). The equilibrium interfacial

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1112053

Snoch et al.

tensions are obtained from these data at long period of time. The
greatest experimental error is mainly connected with small differences
in composition from batch to batch so we present all experimental
points and determined the critical aggregation concentration (CAC).
All surface tension measurements were performed at 295 K. For all the
experiments, ultrapure water—produced from the Millipore Direct-Q
® 50V purification system (18 MQ cm™), was used. Its surface tension
measurement provides a value of 72.5 + 0.2 mN/m, stable for at least
2hours at 20°C meaning negligible amount of surface-active
impurities.

Determination of hydrophilic- lipophilic
balance

Hydrophilic-Lipophilic Balance was determined according Griffin
method by using following equation (Griffin W.C., 1954)

hydrophilic group molecular weight

HLB =20x (1)

total sur factant molecular weight

Emulsion stability

The ability of the SFAE to stabilize water—-oil (W/O) systems was
estimated by measuring time of phase separation in each performed
emulsion. The experiment was conducted under following protocol: 5 g
of each SFAE solutions were prepared as water phase and mixed with
0.5 g of oil phase: squalane or popular commercially available skincare
oil- Bambino® respectively. Concentrations of the SFAE in solutions were:
0.5 x CAC, 1.0 x CAC 1.5 x CAC respectively. The skincare oil consisted
of: glycine soya oil, paraffinum liquidum, parfum, ethyl linolate, ethyl
oleate, tocopherol, propylene glycol, propyl galate, citric acid, BHA,
according to the manufacturer label in the unknown proportions. The
mixtures were mixed in shaker at 25 C for 20 min and mixed vigorously
with Vortex for another 1 min to ensure the phases were mixed
sufficiently (An et al., 2019; Li and Xiang, 2019).

Caenorgabditis elegans toxicity assay

Potential environmental impact of the investigated compounds was
tested by treating Caenorhabditis elegans according to following
protocol adapted from WormBook (Stiernagle, 2006) and (Djapovic
etal., 2021). Briefly, synchronized worms (L4 stage) were suspended in a
medium containing 95% M9 buffer (3.0g of KH,PO,, 6.0g of
Na,HPO,, 5.0 g of NaCl, and 1 mL of 1 mol L' MgSO, x 7 H,0 in
1 L of water), 5% LB broth (10 g L' tryptone, 5 g L™' yeast extract, and
10gL'NaCl), and 10 ugmL™" of cholesterol. The experiment was
carried out in 96-well flat-bottomed microtiter plates (Sarstedt,
Nimbrecht, Germany) in the final volume of 100 pL per well
Suspension of nematodes (25 pL containing 25-35 nematodes) was
transferred to the wells of a 96-well microtiter plate, where 50 uL of the
medium was previously added. Next, 25 uL of a solvent control (DMSO)
or 25 uL of a concentrated solution was added to the test wells. The
examined esters were dissolved in DMSO to obtain stock solutions than
added to the wells with worms. The final concentrations of the
compounds were 2.0, 1.5, 1.0, 0.5, 0.25 and 0.125 mgmL™". The final
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concentration of DMSO in each well was 1% (v/v) Subsequently, the
plates were incubated at 25 C for 2 days. The fraction of dead worms was
determined after 48 h by counting the number of dead worms and the
total number of worms in each well, using a stereomicroscope
(SMZ143-N2GG, Motic, Wetzlar, Germany). As a negative control
experiment, nematodes were exposed to the medium containing 1%
(v/v) DMSO.

Results

After preparative synthesis, purification and drying the
obtained SFAE were analyzed using UHPLC-MS (QQQ) in both
selected ionic mass (SIM) and multiple reaction monitoring
(MRM) modes. The obtained peaks from ESI+, i.e. (M + Na)*
adducts, were integrated so their peak areas enabled us to calculate
fractions of mono and diesters. Mean molar masses of SFAE
mixtures were calculated as well. The obtained results are
presented below in Table 1.

Instead of the critical micelle concentration (CMC), we decided to
use the more general term—critical aggregation concentration
(CAC)—because the LC-MS analysis shows that the synthesised
compounds are in fact mixtures of mono and diesters with
different percentage compositions (See Table 1) and undefined
stereochemistry of the resulting esters. As the concentration of the
surfactants tested increases, the surface tension does not transition
sharply to a constant value, as is the case with pure mono-component
solutions,  but

surfactant gradually

We used as

changes
CAC
concentration at which the slopes of the curves connecting the

marginally
(Supplementary Figure S1). values the
experimental points significantly change shape and the surface
tension for subsequent concentrations does not differ significantly
(dashed lines in Figure 2). Despite the large scatter in the data obtained
especially for the galactose derivatives, the experimental results of the
solutions of the different batches, obtained on the two apparatus,
coincide, and the trend in the differences in surface activity between
the simple esters and mPHN derivatives is the same (Figure 2). The
lactose derivatives are the most surface active, followed by galactose
and the least glucose, as evidenced by the increasing values of the
critical aggregation concentration (Table 2). A comparison of the
aliphatic sugar esters and the corresponding mPHN derivatives shows
that the mPHN derivatives are more surface active (Figure 3). In our
case the quality of the anomers (a or B) in the tested solutions was not
data that the
stereochemistry of the sugar derivatives can affect the surface

determined. Nevertheless, literature indicate
tension. For example, f§ anomers are more effective surfactants
than o anomers, and differences in surface tension can be as high
as 8mN m™". This is a result of differences in the ability to form
intermolecular hydrogen bonds with other ester molecules and the
surrounding water molecules (Nilsson et al., 1998). As a consequence,
the sugar moieties’ hydrophilicity, surface activity and solubility are
altered, which can result in the presence of relatively large aggregates
in solution, but too fine (below 300 nm) to cause visible turbidity in
solutions (Nilsson and So, 1998; Larsson et al., 2019). Clearly, this is an
issue that will require additional research in the future.

The pH of the solutions tested for simple sugar derivatives and
mPHN-lac ranged from 5.2 to 6.8, which is characteristic of aqueous
solutions in contact with carbon dioxide. Only in the case of mPHN-
glu and mPHN-gal were the solutions slightly acidic (pH = 4.0 £ 0.2),
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triangles; mPHN-gal red triangles; mPHN-lac green triangles. The intersection of the lines indicates the concentration at which the slope of the surface

tension isotherms changes significantly, which is conventionally taken as CAC.

so surface tension measurements were carried out for these solutions
(C =1mmol L") in the presence of 0.1 mol L' NaCl. Increasing the
ionic strength did not result in significant changes in surface tension
(e.g. from 34.8 mN m™" in H,0 to 33.1 mN m™" in 0.1 mol L™' NaCl for
mPHN-gal and from 34.5 mN m™ in H,0 to 32.6 in 0.1 mol L™* NaCl),
which are within the experimental limit of the apparatus error
(2mN m™). This may indicate that surface-active ionic compounds
are absent from the solution. In contrast, measurements in 0.1 mol L™
NaOH solution resulted in a significant increase in surface tension
(e.g. for mPHN-gal it increased to a value of 2 mN m™ and for
mPHN-gal to 58.6 mN m™). This may be due to the different
susceptibility to hydrolysis - the released organic acids dissociate in
an alkaline environment and, as ionic surfactants, show much lower
surface activity. In addition, the different degree of hydrolysis may be
due to the different content of o and f§ anomers.

Both glucose and galactose esters CAC values were much lower than
the referenced CMC glucose monooctanoate (10.5 mmol L") and higher
than glucose monodecanoate (0.71-1.5 mmol L™') (Lee et al,, 2018), which
directly correlates with the chain length of the hydrophobic component of
SFAE. Interestingly, C9-lac and mPHN-gal ester mixtures are somewhat
identical to the commercial sucrose monodecanoate (SM-1000), the CMC
of which was 0.56 mmol L™". In general CACs of the mPHN derived esters
obtained are higher than their counterparts in the literature, giving slightly
lower interfacial tension values. The difference was observed for mPHN-lac
which CAC is much lower than sucrose and lactose caprate (c10), laurate
(c12) and even oleate (c18). Although mPHN-lac can be compare to
Tween 80 (y = 0.0l mmol L™, 38 mN m™). (Lee et al., 2018) (Lucarini
et al, 2018) (Ye et al, 2016). All the synthesized based SFAE have their
measured surface tension at the similar level (varying for the lowest of y =
252-235mNm™" for C9-gal to the highest of y = 32-28 mN'm™ for
mPHN-lac, without any visible trend, Table 2). The HLB indexes
calculated are lower for mono carbohydrates in both groups when
compared to lactose esters. However, when hydrophobic component is
considered, the HLB indexes are larger by 1-3 units for the aliphatic
SFAEs. All the HLB values were in range of the referenced compounds
(Table 2) regardless of whether the calculations took into account the
content of mono- or diesters.
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On the basis of the obtained interfacial tension profiles, it was
possible to draw equilibrium concentrations curves, thus to determine
aggregation concentrations (Figures 2A,B). The curves for different
concentrations, but with a similar profile and little difference in values,
are indicative of aggregation or micelle formation. They also provide
indirect information on how the presence of mono- and diesters of
c7 and ¢9 chains affects the ability to reduce surface tension. It is
noticeable that the shape of each curve is depended on the sugar
component (glucose and galactose vs. lactose esters, Figures 2A,B). In
both cases the slopes of lactose esters were steeper than in these of
glucose and galactose esters mixtures, which may be related to the
difference in the size of the hydrophilic sugar heads. (Gaudin et al,,
2019). Moreover, the slope of the curve for the mPHN-lac mixture was
steeper than C9-lac (containing 89.4% monoester, 10.6% diesters),
which may be related to the higher ratio of diesters in the mPHN-lac
mixture (containing 30.8% of the total monoesters of ¢9 and ¢7 and
69.2% of the total of c9¢9, c7c¢7, c9c7 diesters).

Taking into account the composition of the tested mixtures and
contribution of diesters, we would expect lower ranges of CAC
concentrations. Similar to those presented in Table 2 e.g. sucrose
oleate. As can be seen, the presence of additional ¢9 or c¢7 chains in
the hydrophobic component does not translate directly into
properties comparable to twice as long aliphatic chains of other
esters. It can be partially explained by the catalytic action of the
lipase, which decorates a sugar moiety by attaching hydrophobic
components on the opposite sides of the carbohydrate. There is also
uncertainty when it comes to decorating sugars with (R)-
3-hydroxylated fatty acids by the action of lipase, whether the
final structure of the resultant SFAE is as described above for the
aliphatic appendixes or it reassembles this of rhamnolipids (sugar +
(R) -3-hydroxylated fatty acid + (R)-3-hydroxylated fatty acid).
Moreover, the mere presence of hydroxyl group of monomers can
also influence the branching of the entire molecule and disrupt the
hydrophobicity of a carbon chain. (Hollenbach et al, 2020).
Therefore, more detailed studies are needed in order to
elucidated the final structure of the produced esters and also
their behaviour on the molecular scale.
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TABLE 2 Physicochemical properties of the synthetized sugar esters and reference compounds.

Compounds used in this study

Compound name CAC Surface tension y HLB griffin for each SFAE component
(mmol L-1) (mN m-1) c9¢c9 c7c7 c9c7
C9-glu 27 31.5-24.5 11.25 - 7.83 - - 539
C9-gal 2 252-23.5 11.25 - 7.83 - - 533
C9-lac 0.56 29.2-25.8 14.2 - 11 - - 629
mPHN-glu 1.4 35-26 11.72 12.79 8.7 9.81 9.22 3.92
mPHN-gal 0.56 37-32 11.72 12.79 8.7 9.81 9.22 412
mPHN-lac 0.016 39-28.5 14.41 15.27 11.49 12.57 12.01 6.8

Referenced compounds

Compound name CMC/CAC Surface tension y HLB Griffin References
(mmol L-1) (mN m-1)
octyl- B-D- glucoside 21.2 31 12.32 Gaudin et al. (2019)
nonyl- B-D- glucoside 6.9 29.6 11.7
Glucose monooctanoate (c8) 10.15 26.37 11.76 Zhang et al. (2015)
Glucose monodecanoate (c10) 0.71 30.49 10.77
Glucose monodecanoate (c10) 1.5 25.5 10.77 Hollenbach et al. (2020)
Lactose caprate (c10) 2.5 40.6 14.8 Lee et al. (2018); Lucarini et al. (2018)
Lactose laurate (c12) 0.55 40.4 14.1
Sucrose Laurate (c12) 1.2 19.7 8.19 Ye et al. (2016)
Sucrose oleate (c18) 0.0345 29.6 10.1
Tween 80 0.01 38 15
a-D-Glucose laurate (c12) 0.13 41.2 3.8 Garofalakis et al. (2000)
a-D-Maltose laurate (c12) 0.12 35.9 4.5
Lactose tetradecanoate (c14) 0.041 38.6 43
Sucrose monooctanoate (c8) SM- 800 * 6 28.7 15.8
Sucrose monooctanoate (c10) SM- 1000 * 0.57 329 -
Sucrose monooctanoate (c12) SM- 1200 * 0.29 335 -

Emulsion stability

Basing on a series of 5-min films and images taken up to 48 h of water/
oil systems containing different concentrations of the tested SFAEs, it was
not possible to measure the thickness of the emulsion layer and thus
determine the stability index of the emulsion (Supplementary Figure S2).
This was due to the short lifetime of the emulsion. However, depending on
the type of ester, its concentration, and the composition of the oil phase,
emulsion systems formed and maintained from several minutes to 1 hour
(Table 3.). Emulsions containing squalene were less stable. W/O control
systems containing no esters blurred after only a few minutes. On the other
hand, systems containing SFAEs based on body care oil turned out to be
more durable, as they had a diverse composition and contained co-
surfactants such as alcohols. Furthermore, in most cases, differences in
the durability and consistency of emulsions can be observed. They depend
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on the concentration of SFAEs in aqueous solutions. The higher the SFAE
concentration, the more stable and homogeneous the system was. Systems
containing C9-glu and C9-gal proved to be the most stable. The least stable
system contained C9-lac. Emulsions based on mPHN-glu and mPHN-gal
esters proved to be less stable than those originated from nonanoic acid. In
contrast, the emulsions containing mPHN-lac exhibited a higher
persistence than mPHN-glu, mPHN-gal and C9-lac. The maximum
lifetime of the investigated homogeneous emulsion systems (Table 3
emulsion quality assessment 3, Supplementary Figure S2) was 60 min.
These were systems containing a commercial baby care oil. However, some
remaining emulsions were visible and even more stable: 180 min for
mPHN-glu, mPHN-gal and mPHN-lac to 1440 min for C9-glu, C9-gal,
C9-lac. In W/O systems that contained squalane, after 60 min, the quality
rating were 2 or 1, respectively. These lifetimes are definitely too short to
make them competitive against other surfactants used in the industry, such
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The comparison of surface activity of biocatalytically synthesized mPHN sugar esters with their aliphatic counterparts. Respectively for glucose (Panel A),

galactose (Panel B) and lactose (Panel C) derivatives.

as Tween 80, Triton-X, Span 20, Span 60, polyethylene glycol (PEG).
However, noteworthy is that commercially available products very often
contain combinations of various surfactants e.g. Tween 80- polyoxoethylene
sorbitan monooleate or Triton X-100-consisted of PEG and p-tert-
octylphenol.  Usually investigated W/O
combinations of two or more different ionic and/or nonionic surfactants
and other co-surfactants i.e. alcohols and fatty acids, that make together the
emulsions even more stable and extend their lifetime. (Watanabe et al.,
2018). (Li and Friberg, 1982; McClements and Jafari, 2018). This approach
should be investigated with our biocatalytically synthetized SFAE.
Although the expected lifetime of a commercially acceptable emulsion
should be counted in days up to 1 month, the prepared here W/O systems

systems are based on

did not perform well more than 24 h. We can explain this either by poor
stabilizing properties of the SFAEs or their too-low concentrations used in
preparation W/O systems, as well as lack of other co-surfactants. The
calculated concentrations of the investigated surfactants present in the
emulsions were between 0.001% and 1.0% m/v respectively (from 0.5 to
1.5 x CAC) while usually used concentrations of surfactants from the
literature are between 0.1% and 5.0% m/v (Feng et al., 2022) but rarely
calculated on their CAC or CMC values. That makes our system difficult
to compare. Moreover, literature mentions several different techniques
used for emulsion preparation i.e. shaking, ultrasound mixing, microwave
pulsing, (Taha et al., 2020; Hyde et al, 2021), magnetic mixing, high
pressure homogenization (Li and Xiang, 2019), and syringe mixing
(Koursari et al,, 2020). In recent years, even use of solid stabilizing
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particles (Pickering emulsions) became more popular. Nanomaterials
derived from natural sources are an interesting alternative or
supplementary for this application. (Velasquez-Cock et al, 2021). In
order to compare our surfactants for their feasibility in applications other
than described below (drug delivery purposes), studies should be
conducted in greater concentrations and with other additives.

The ideal W/O system used in the cosmetic or pharmaceutical
industry should arise from natural sources, and also should be able to
form stable and durable emulsions. Emulsions need to be stable
enough to be stored at room temperature. Most importantly, they
should be biodegradable and biocompatible. When it comes to drug
delivery systems, their life time longer than 48-72 h is not advisable
either. Another crucial factor is emulsion bioaccessibility. That means
easy absorption by the epithelial surfaces, passing through cell
membranes but not damaging them. (Production of green
surfactants: Market prospects | Elsevier Enhanced Reader) The
micelles protecting the structure of the drug from enzymes and/or
pH changes should be able to release it gradually to the tissues.
(Felzenszwalb et al., 2019). The micelle-building components ought to
be easily degraded or removed from the body and easily decomposed in
the environment. (Tovar-Sanchez et al., 2020) (Hunt, 2017) (Fagan and
Portman, 2014). Undoubtedly, the studied SFAEs show some emulsion-
stabilizing properties, but in order to give these W/O systems the desired
longer lifespan, further optimization of SFAEs concentration, oil phase
composition, mixing methods and addition of co-surfactants is required.
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TABLE 3 Emulsion stability of two exemplary water/oil systems in time. Numbers-colors and their intensity is a scale referring to the intensity of a particular emulsion.
Exemplary photos of the formed emulsions Supplementary Figure S2. a) Control- W/O systems with no SFAE addition b) squalene as oil phase with SFAEs as stabilizers

c) baby care oil as an oil phase with SFAEs as stabilizers.
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mankind supplies a huge amount of industrial wastewater and with FIGURE 4

it-surfactants (Production of green surfactants: Market prospects | Elsevier
Enhanced Reader; Akbari et al., 2018; Felzenszwalb et al., 2019; Tovar-
Sanchez et al., 2020). Therefore, there is a need for continuous monitoring
of their impact on organisms living in soil and groundwaters (Ebele et al,,
2017; Rathi et al., 2021). The usefulness of nematodes representatives is
manifested in a fast life cycle, easy multiplication and obtaining a large
number of individuals in subsequent generations, the possibility of
long-term storage of larvae and eggs in laboratory conditions. They do
not require continuous breeding, and the procedure for synchronizing the
life cycles of individuals in a population is simple. In addition,
Caenorhabditis  elegans feed on an easily available source of
food-bacteria E. coli. The most important from the human point of
view, is the presence of simple organ systems: nervous (nerve ring),
blood, protonfridial, gonads, and the ability to assess not only the size
of the population under the microscope, but also the ability to actively move
individuals in the population. Therefore, nematodes can be indirect
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Toxicity of the sugar esters against Caenorhabditis elegans after
48 h exposure.

bioindicators of the influence of the tested substances on the natural
environment (Fagan and Portman, 2014; Hunt, 2017). Having the above in
mind, toxicity of the tested sugar esters against Caenorhabditis elegans was
assessed by observing the nematodes under a microscope after 48 h of
exposure. Based on the mobility of Caenorhabditis elegans their viability
was assessed. Actively moving organisms were considered living, non-
moving organisms were considered dead, and barely moving organisms
were considered alive as well (having in mind, that the compounds could
have a negative effect on worms) (Figure 4).

Observations of the nematodes allowed us to conclude that the
obtained SFAEs do not pose a major threat to Caenorhabditis elegans
at the given time of exposure. Only the highest concentrations
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(2.0 mg ml™") of the mixtures reduced nematodes populations up to 15%
but 1.5 mgml™ was already not effective. The concentrations of the
esters per the well ranged from 0.0625 to 2.0 mg ml™' which correspond
to their molar concentrations of: C9-glu 0.186.14-5.69 mmol L™'; C9-gal
0.162-5.312 mmol L™"; C9-lac 0.125-4.0 mmol L™'; mPHN-glu
0.142-4.544 mmol L™'; mPHN-gal 0.148-4.744 mmol L™"; mPHN-lac
0.119-3.816 mmol L™, respectively. We have previously reported that
SFAE esters based on nonanoic acid and PHN monomers show
anticancer potential. The reported consternations (ICs,) of these
compounds that were found to be effective against certain cancer
lines (In Search of Effective Anticancer Agents—Novel Sugar Esters
Based on Polyhydroxyalkanoate Monomers-W. Snoch et al., 2021. pdf)
are at the levels of being non-toxic to Caenorhabditis elegans. For
example, the effective ICs, for Dul45 and HTB140 cell lines after 24 h
exposures to all tested SFAE were below 0.25 mg ml™" (i.e. ICsy range
respectively 0.09-1.5 mmol L™'for cancer cells and 0.5-2.5 mmol L,
respectively for reference healthy cells).

Sugar esters belong to the group of non-ionic surfactants. The
presence of a hydrophobic fatty acid tail and a hydrophilic sugar head
give them an amphiphilic character. The chemical structure itself does
not, in general, pose a direct threat to the entire organism of nematode.
However, this amphiphilicity and the ability of compounds to lower
the surface tension of solutions may permeabilize cell membranes
(Tuvia et al., 2014; McCartney et al., 2019). On the other hand, the
presence of long carbon chains (such as c18 steric acid) increases the
solubility of individual compounds in water (e.g. in industrial
wastewaters) (Vinarov et al, 2018). All this together causes the
entry of undesirable substances from the environment into the
cells, an increase in the concentration of H* ions, free oxygen
radicals, herbicides, pesticides or salts (which can cause an osmotic
shock), which in turn may direct the cells to the apoptotic pathway
(Shao et al., 2018; Cavanagh et al., 2019; Appah et al., 2020; Liu et al.,
2021; Martins-Gomes et al., 2022). In addition, the hydrophobic
components of the SFAE tested do not exceed 9 carbon atoms,
which may be another advantage compared to other commonly
used esters based on acids with a chain length of c12, c16 or cl18
(e.g. Span 20, Span 80, PEG 20- Sorbitan monolaurate (SPEG), Tween
20, Tween 80). Since increasing the chain length of the hydrophobic
component also increases the toxicity of SFAE (Bunchongprasert and
Shao, 2020). For comparison, the toxicity of other structurally similar
allose-based esters to Caenorhabditis elegans with various carbon
chain lengths n = 2, 4, 6, 8 was in the between 0.2 and
1.0 mmol L™ (Sakoguchi et al., 2019).

In addition, every cosmetic or drug carrier potentially used in the
industry must be thoroughly tested in terms of toxicology, before it
goes to preclinical research (the smallest, largest harmful dose, and
chronic administration of the compound), at every possible stage, not
only cellular, but also more complex living organisms (Dent et al.,
2018; Bopp et al, 2019). The highest tested levels of the SFAE
(2.0 mgml" around 6.0 mmolL™") that reduced Caenorhabditis
elegans populations ~15% were near to CMC values. At the same
time, the range of surfactants concentrations used in the water phase,
to design model emulsion systems, were 0.5-10-fold CAC.
Information obtained about minor negative effects of the esters on
tested nematode in this concentration range opens the possibility for
further application trials. However, it should be remembered that the
SFAE molecules building micelles have a different concentration and
organization than those dispersed in the buffers in which the
Caenorhabditis elegans were used. They may behave differently and

Frontiers in Bioengineering and Biotechnology

10.3389/fbioe.2023.1112053

show a different level of toxicity, therefore more detailed investigation
is foreseen for the future (Khamkar, 2011; Kaur et al., 2016; Rusanov,
2018; Bunchongprasert and Shao, 2020).

Conclusion

The physicochemical properties of the obtained sugar esters were
characterized which enabled their application potential evaluation. The
obtained CAC and surface tension values correspond to compounds with
a similar structure from the literature (such as SM-800, lactose caprate, or
glucose monodecanoate). Also, the ability to create water—oil systems
based on popular cosmetic ingredients, such as squalene and the
commercial skincare oil confirmed application potential of the tested
esters. However, the process of forming and testing these emulsions should
be further optimized. It would be necessary to test a series of different oil
components, as well as co-surfactants, in order to compare their emulsion
stability indexes, size of the micelles formed and their behaviour.

In future prospective, it is worthy to focus on assessing the toxicity
of not only the compounds themselves, but entire SFAEs based stable
emulsion systems. Extending these experiments to such aspects as
of SFAE on increasing the vulnerability of
Caenorhabditis elegans for these emulsion systems and repeat it in

influence the

unfavourable water and soil conditions (presence of pesticides,
inorganic salts, low pH, osmotically active substances). Even
assessing susceptibility to opportunistic organisms would be
valuable. From pharmaceutical and medical points of view, a key
step is to answer questions about the mechanisms of the esters
interaction with cells and/or model organisms, including the
permeabilization of cells and intracellular membranes, and the
ability to reversibly modulate endothelial electrical resistance
(TEER), would be of great value. (Lucarini et al., 2018) Nematodes
should be examined in more detail in terms of the impact of SFAE, and
emulsion systems stabilized by them, on their internal organs, such as
the endocrine and nervous systems, and also the ability to reproduce.
(Ebele et al., 2017; Alfhili et al., 2018)
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SUPPLEMENTARY

Table S1. Purity, efficiency and yields of the obtained SFAE.

Mass
Mass
Mas of expected expected
Compound the Purity | if 100% | Yield 1 ifll) 00% Yield 2
name: obtained| [%] was [%] was ? [%]
ester [g] monoester .
le] diester
C9-glu 0.328 84.78 2.779 10.01 3.995 6.96
C9-gal 0.278 84.45 2.779 8.44 3.995 5.87
C9-lac 0.135 94.59 2.092 6.10 2.700 4.73
mPHN-glu | 0.593 87.73 1.25 41.53 3.124 16.65
mPHN-gal 0.6 89.05 1.25 42.67 3.124 17.10
mPHN-lac [ 0.118 93.86 1.87 5.93 2.436 4.55



mailto:maciej.guzik@ikifp.edu.pl

24

80 80 L
concentration [mM)] — concentration [mM]
70 0 0,0
0010 — 0010
— 0,025 0,025
E 60 —— 0,050 E 60-| _—
Z 0,080 z ————— 0,080
E 0,075
E — 0,100 = 0075
c 50 - — 0250 5 —_ 0
5 2 —— 0,250
5 0300 0500
2 40 - 1'0 ; 40 0,750
= — i
> 50 - @ 30 —_— 30
® ’ 40
20 20
10 : : 10 4 . .
0 3600 7200 10800 0 3600 7200 10800
80 Time [s] 80 Time [s]
_ 70 T 70 —
£ Z 60
Z 60 £
= 5 50
5 50 £ K
W
@
8 40 k 40
3 £ 30\
£ 30 =
@ ? 20
20
10 10
0 600 1200 1800 2400 3000 3600 0 600 1200 1300 2400 3000 3800
Time [s] Time [s]
25
26 a) C9-glu b) C9-gal
27
28

29



30
31

32

33
34

80

c) C9-lac

concentration [mM]
70 0,010
T 0,025
2 60 - 0,050
E 0,08
s 0,100
F 501 0,250
< 0,500
R 0,80
§ 1,0
-g 40 4 2,0
a \\ 30
30 -b
20 T T T T T
0 2000 4000 6000 8000 10000
80 Time [s]
T 70 == = —
E 80 K
A e
2
g 40
§ 30 o —
=
=)
@ 20
10
0 600 1200 1800 2400 3000 3600
Time [s]

80
70 4 concentration [mM]
0,01
= —— 0,025
E 604 —— 0,050
£ 0,080
‘s 504 —— 0,100
g —— 0,250
8 > 0,500
L 40l 0,800
g 7 T™— — 10
% [~ — 20
— — 30
> 30 A :
@ 5 — — 40
—— 496
20 - — 60
— 70
— 15
10 . ;
0 3600 7200 10800
80
_70
£
=z
Z
5 50
E [ —
g 40
3
£ 30 =
@
20
10 v v - r
0 800 1800 2400 3000 3600
Time [s]
d) mPHN-glu



35

37
38
39
40

Surface tension [mN/m]

Surface tension [mN/m]

80 concentration [mM]
concentration [mM]
0,01 2
0,03 -
Y e 003 R — 0‘010
01 —— 0,025
k 0,2 £ 60 - —— 0,050
60 03 2 0,075
05 E k — 0,100
1.0 c 50 A — 0,250
50 : S
LN — . 2 0,500
T T e e ——— . . 15 5 | 0,750
- 2.0 =40 4 — 10
40 4 . ©
~— a0 8 — 20
50 € j—— — 30
30 60 @ 301 — 40
05 — 50
0.5 — 50
20 - 6.0 20
——— 60
———— 60
10 . . 10 ‘ ‘
0 3600 7200 10800 0 3600 7200 10800
80 Time [S] 80 l\ Time [S]
_ 70
70 = £
Z 80 -
60 E —
5 5 ———
50 2 |
3 40
40 S 8 —_—
o —— g 30
30 @
20
20
10
10 ' 0 600 1200 1800 2400 3000 3800
0 600 1200 1800 2400 3000 3600
Time [s] Time [s]
¢) mPHN-gal f) mPHN-lac

Fig S1. Interfacial tension changes in time depending on sugar ester concentration
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Figure S2. Exemplary photos of the formed emulsions stabilized by SFAE
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