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STRESZCZENIE

Badania nad enzymatyczna modyfikacja zwigzkow fenolowych i ich
wykorzystaniem jako dodatkow funkcjonalnych do olejow roslinnych.

Celem rozprawy bylo opracowanie immobilizowanego biokatalizatora opartego
na odpadach spozywczych oraz jego zastosowanie w lipofilizacji kwasow fenolowych, w
szczegolnosci kwasu chlorogenowego (CGA), dominujacego w ekstraktach z fuséw
kawowych, wytlokow aronii i jabtek. Postawiono hipotezg, ze odpady te moga stanowié
zrownowazone no$niki do immobilizacji lipaz, umozliwiajac synteze bioaktywnych
estrow o ulepszonych wlasciwosciach przeciwutleniajgcych 1 potencjalnie
przeciwdrobnoustrojowych, a takze poprawiajacych stabilnos¢ olejow roslinnych.

Wykazano, ze sposrod lipaz unieruchamianych na trzech testowanych nosnikach
najwyzszg aktywnos$¢ syntetyczng (1036,0 U/g) osiagneta lipaza z A. oryzae
immobilizowana na natywnych fusach kawowych (NSCG), co przypisano ich porowatej
strukturze, wysokiej zawarto$ci hemicelulozy oraz obecno$ci lipidow sprzyjajacych
aktywacji miedzyfazowej enzymu. Biokatalizator NSCG skutecznie katalizowat
estryfikacje CGA alkoholami o réznej dhugosci tancucha weglowego. Zaobserwowano
zaleznos$¢ wydajnosci tej reakcji od dlugosci tancucha weglowego, w przeciwienstwie do
enzymu komercyjnego Novozym 435. Najwyzsza wydajno$¢ biotransformacji CGA
uzyskano w przypadku dodekanolu (34,06%).

Ester butylowy CGA charakteryzowal si¢ najwyzszg aktywnoscig
antyoksydacyjna, porownywalng z wolnym CGA i BHT. Estry $redniotancuchowe (C6,
C8) wykazaly selektywng aktywno$¢ przeciwdrobnoustrojowa wobec bakterii Gram-
dodatnich. Dodatek estrow krotkotancuchowych (C4, C6) do oleju rzepakowego
znaczaco poprawial jego stabilno$¢ oksydacyjna, dzigki lepszej rozpuszczalnosci w
matrycy lipidowej. W przypadku lipofilizacji ekstraktow butanolem najwyzsza
wydajnos¢ reakcji otrzymywania estru butylowego kwasu chlorogenowego (~90%)
odnotowano dla ekstraktow z wytlokdw jabtkowych i aroniowych. Mimo wysokiej
wydajnoséci zaobserwowano obnizenie aktywno$ci antyoksydacyjnej w stosunku do
ekstraktow niemodyfikowanych oraz brak wptywu na stabilno$¢ oksydacyjna oleju.

Przeprowadzone badania dowodza, ze odpady spozywcze moga pelni¢ podwojna
rolg, jako nosniki biokatalizatorow 1 zrodto zwigzkow fenolowych. Biokatalizator oparty
na fusach kawowych umozliwil efektywng synteze bioaktywnych estrow kwasu

chlorogenowego.



ABSTRACT

Research on the enzymatic modification of phenolic compounds and their use as
functional additives to vegetable oils.

The aim of the dissertation was to develop an immobilized biocatalyst based on
food waste and to apply it to the lipophilization of phenolic acids, in particular
chlorogenic acid (CGA), which predominates in extracts from spent coffee grounds,
chokeberry pomace, and apple pomace. It was hypothesized that these wastes could serve
as sustainable carriers for lipase immobilization, enabling the synthesis of bioactive esters
with enhanced antioxidant and potentially antimicrobial properties, as well as improving
the oxidative stability of vegetable oils.

It was demonstrated that, among the lipases immobilized on the three tested
carriers, A. oryzae lipase immobilized on native spent coffee grounds (NSCG) exhibited
the highest synthetic activity (1036.0 U/g). This was attributed to the porous structure of
the carrier, its high hemicellulose content, and the presence of lipids that favor interfacial
activation of the enzyme. The NSCG biocatalyst effectively catalyzed the esterification
of CGA with alcohols of varying carbon-chain lengths. In contrast to the commercial
biocatalyst Novozym 435, a clear dependence of reaction yield on alcohol chain length
was observed. The highest CGA biotransformation yield was obtained with dodecanol
(34.06%).

The butyl ester of CGA exhibited the highest antioxidant activity, comparable to
that of free CGA and butylated hydroxytoluene (BHT). Medium-chain esters (C6, C8)
showed selective antimicrobial activity against Gram-positive bacteria. The addition of
short-chain esters (C4, C6) to rapeseed oil significantly improved its oxidative stability
due to their better solubility in the lipid matrix. In the lipophilization of extracts with
butanol, the highest yield of butyl chlorogenate formation (~90%) was recorded for
extracts from apple and chokeberry pomace. Despite the high conversion, a reduction in
antioxidant activity was observed compared to unmodified extracts, with no effect on oil
oxidative stability.

The conducted studies demonstrate that food waste can play a dual role, serving
both as biocatalyst carriers and as sources of phenolic compounds. A biocatalyst based
on spent coffee grounds enabled the efficient synthesis of bioactive chlorogenic acid

esters.



WYKAZ SKROTOW I OZNACZEN

Symbol Znaczenie

ADF wiokno detergentowe kwasne (ang. Acid Detergent Fibre)

ADL lignina detergentowa kwasna (ang. Acid Detergent Lignin)

APE ekstrakt z wyttokow jabtkowych (ang. Apple Pomace Extract)

AP wytloki jabtkowe (ang. Apple Pomace)

NAP lipaza z A.oryzae (Novozym 51032) immobilizowana na wyttokach
jablkowych

BHT butylohydroksytoluen

CALB lipaza B z C. antarctica

CGA kwas chlorogenowy

ChoP wytloki aroniowe (ang. Chokeberry Pomace)

NChoP lipaza z A.oryzae (Novozym 51032) immobilizowana na wyttokach
aroniowych

CUPRAC zdolno$¢ antyoksydacyjna oparta na redukcji jonéw miedzi (II)
(ang. Cupric Reducing Antioxidant Capacity)

DM sucha masa (ang. dry mass)
DPPH rodnik 1,1-difenylo-2-pikrylohydrazylu

ESI - MS spektrometria mas z jonizacja elektrorozpylajaca

FTIR spektroskopia w podczerwieni z transformacjg Fouriera

ICs0 stezenie substancji powodujace 50% redukcje rodnika DPPH

NDF wiokno detergentowe obojetne (ang. Neutral Detergent Fibre)

NSCG lipaza z A.oryzae (Novozym 51032) immobilizowana na fusach
kawowych

PDSC wysokoci$nieniowa, roznicowa kalorymetria skaningowa

ROS reaktywne formy tlenu (ang. Reactive Oxygen Species)

RSM metoda powierzchni odpowiedzi (ang. Response Surface Methodology)

SCG fusy kawowe (ang. Spent Coffee Grounds)

SCGE ekstrakt z fusow kawowych (ang. Spent Coffee Grounds extract)
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WSTEP

Powszechnie wiadomo, ze zwigzki fenolowe stanowia duzg i zréznicowang grupe
metabolitow wtornych wystepujacych giéwnie w roslinach, a takze w grzybach. W
ostatnich latach wzrosto zainteresowanie tymi zwigzkami ze wzgledu na ich cechy
funkcjonalne, takie jak  wlasciwosci  przeciwutleniajace,  przeciwzapalne,
przeciwdrobnoustrojowe i przeciwnowotworowe, co przeklada si¢ na ich znaczenie
biologiczne, zywieniowe i farmakologiczne. Cechg, ktora utrudnia ich zastosowanie, jest
niska rozpuszczalno$¢ w tluszczach i olejach. T¢ wlasciwos¢ mozna jednak poprawi¢ w
wyniku dotgczenia do czasteczki grup lipofilowych (np. reszt acylowych z kwasow
thuszczowych lub tancuchow alkilowych z alkoholi tluszczowych), co w praktyce
oznacza estryfikacje zwigzkow fenolowych. Pochodne otrzymane w rezultacie
lipofilizacji cechuje wyzsza rozpuszczalno$é w lipidach. Ponadto, w wielu przypadkach
modyfikacja poprawia rowniez ich aktywnos$¢ biologiczng. Do przeprowadzenia
powyzszych reakcji, zgodnie z podej$ciem zielonej chemii, mozna wykorzysta¢ enzymy,

a doktadnie lipazy, nalezace do klasy hydrolaz.

W celu otrzymania stabilnego preparatu enzymatycznego stosuje si¢ technike
immobilizacji, ktora polega na unieruchomieniu czasteczek biatek enzymatycznych na
odpowiednim nosniku. Proces immobilizacji umozliwia ochrone enzymu przed
czynnikami stresowymi pochodzacymi ze $rodowiska, a takze tatwe oddzielenie i
oczyszczanie produktow z mieszanin reakcyjnych oraz wydajne odzyskiwanie
biokatalizatorow. Nowy trend stanowi poszukiwanie bardziej przyjaznych dla
srodowiska matryc w celu stworzenia w pelni biodegradowalnego biokatalizatora, ktory

bedzie nowa alternatywa dla syntetycznych no$nikow.
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1. PRZEGLAD PISMIENNICTWA

1.1.  Wpybrane odpady spozywcze jako cenny surowiec do ponownego

zagospodarowania

Marnowanie zywnos$ci to powazny problem o wymiarze globalnym, ktory niesie
za sobg skutki §rodowiskowe, spoleczne i ekonomiczne. Wedlug Food Waste Index
Report (2021), w 2019 roku na swiecie wygenerowano okoto 931 milionow ton odpadow
zywnosciowych. Z tej ilosci 61% pochodzito z gospodarstw domowych, 26% z sektora
gastronomicznego, a 13% z handlu detalicznego. Oznacza to, ze nawet 17% catkowitej
globalnej produkcji zywno$ci moze zosta¢ zmarnowane. Jak wskazuja Poore i Nemecek
(2018), niemal 24% emisji gazéw cieplarnianych zwigzanych z produkcja zywnosci
wynika ze strat w tancuchu dostaw lub marnotrawstwa na poziomie konsumentow.
Sposrod tych emisji, 15% przypisuje si¢ niewtasciwym praktykom w tancuchu dostaw,
takim jak nieodpowiednie warunki przechowywania, obstugi, chtodzenia czy transportu,
natomiast 9% zwiazanych jest z wyrzucaniem zywnosci przez sprzedawcow detalicznych
1 konsumentow. W rezultacie marnowanie zywnosci odpowiada za okoto 6% globalnych
emisji gazow cieplarnianych.

Glownymi grupami zywnosci, ktdre przyczyniajg si¢ do marnotrawstwa lub utraty
sktadnikow odzywczych, sa zboza i ro$liny straczkowe, owoce 1 warzywa, migso i
produkty pochodzenia zwierzgcego, korzenie, bulwy 1 ro§liny oleiste. Sposrod tych grup
zywnosci, korzenie, bulwy 1 rosliny oleiste, stanowigce prawie 26% oraz owoce i
warzywa, stanowigce 22%, s3 dwiema najwickszymi grupami pod wzgledem strat
zywnosci (Capanoglu i in. 2022). Odpady powstate z tych grup obejmuja m.in. skorki,
fodygi, nasiona, tupiny, otrgby, zarodki, odpady sortownicze, wyttoki i miazgg.
Szczegdlnym wyzwaniem dla przemystu przetworstwa owocdw 1 warzyw jest
zagospodarowanie surowcow, ktore nie sg bezposrednio wykorzystywane w procesach
technologicznych. Szacuje si¢, ze wyttoki stanowiag od 10 do 35% masy przetwarzanego
surowca (Tarko i in. 2012).

Problem ten ma szczegdlne znaczenie w Polsce, jednym z czolowych
producentow owocdéw w Europie, takich jak np. jabtka, gruszki i aronia, ktére sg
surowcem do produkcji sokow, dzemow czy koncentratow. Wedlug danych Gtownego
Urzedu Statystycznego, w sezonie 2018/2019 az 3,15 miliona ton jabtek przeznaczono na
produkcje soku zageszczonego (Ptocharski i in. 2019). Wyttoki jabtkowe sg jednym z

najpowszechniej generowanych rodzajow odpadow spozywczych, ich $wiatowa
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produkcja wynosi okoto 4 miliony ton rocznie (Gotgbiewska i in. 2022). W przypadku
aronii, wedlug danych Agencji Rynku Rolnego, powierzchnia jej upraw w Polsce wzrosta
z 5000 ha do 8 000 ha w latach 2004—2013, a zbiory zwigkszyty si¢ z 38 000 do 58 000
ton (Platonova i in. 2021).

Wzrost zainteresowania gospodarka o obiegu zamknietym oraz praktykami
zrbwnowazonego rozwoju stymuluje badania nad mozliwoscia ponownego
wykorzystania lignocelulozowych odpadéw owocowo-warzywnych, w tym wiasnie
jabtkowych 1 aroniowych, w zastosowaniach technologicznych. Ze wzgledu na
odpowiednig porowatos¢, tadunek powierzchniowy oraz chemiczng obojetnos¢, odpady
te stanowig atrakcyjne nosniki w procesach unieruchamiania enzymow (Bilal i in. 2019;
Najera-Martinez i in. 2022).

Innym odpadem o podobnych wlasciwosciach sa fusy po kawie, ktorych globalna
roczna produkcja wynosi okoto 6 milionow ton i stanowi az do 60% masy
przetworzonych ziaren kawy. Wraz ze wzrostem §wiatowego spozycia kawy, ilos¢ tych
odpadow roéwniez systematycznie rosnie. Fusy po kawie to lignocelulozowy odpad o
niskim koszcie, latwej dostepnosci i odnawialnym charakterze, spetniajacy wiele
wymagan fizykochemicznych stawianych nos$nikom enzyméw. Ich  struktura
charakteryzuje si¢ odpowiednig wytrzymaloscia, obojetnoscig chemiczng i stabilnoscia.
Co wigcej, zawarto$¢ zwigzkow organicznych, takich jak kwasy tluszczowe, lignina,
celuloza, hemiceluloza oraz inne polisacharydy, czyni z nich doskonatag matryce do
immobilizacji enzymow (Campos-Vega i in. 2015; Mak i in. 2023; Atabani i in. 2022;
Srinivasan i in. 2023; Colantoni i in. 2021).

Poza rolg technologiczng, odpady spozywcze, w tym wytloki owocowe i fusy po
kawie, stanowig takze bogate zrodlo zwigzkéw bioaktywnych, w tym zwigzkoéw
fenolowych, btonnika pokarmowego, biatek i weglowodanéw. Ze wzgledu na
wlasciwosci przeciwutleniajgce, przeciwzapalne 1 przeciwdrobnoustrojowe zwigzki
fenolowe znajdujg zastosowanie w zywnosci funkcjonalnej, suplementach diety, a takze

w formulacjach farmaceutycznych i kosmetycznych (Arun i in. 2020).

1.2.  Lipazy jako cenne biokatalizatory

Lipazy (EC 3.1.1.3), klasyfikowane jako hydrolazy, to enzymy lipolityczne,
ktorych naturalng funkcja jest katalizowanie reakcji hydrolizy triacylogliceroli do
diacylogliceroli, monoacylogliceroli, glicerolu i wolnych kwasow thuszczowych.

Wykazuja aktywnos¢ zalezng od pH, zazwyczaj stabilng w neutralnym pH lub w zakresie
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od 4,0 do 8,0. Moga by¢ pozyskiwane z réoznych zrodet: zwierzgeych, roslinnych oraz
mikrobiologicznych. Ostatnie z nich budza coraz wigksze zainteresowanie z uwagi na
nizszy koszt produkcji oraz wigkszg dostgpnos¢ w porownaniu do lipaz pochodzenia
zwierzecego 1 ros$linnego. Charakteryzuja si¢ wysokg stabilno$cig katalityczng i
enancjoselektywnos$cia, a takze szerokg specyficznoscig substratowg i tolerancja na
czynniki $rodowiskowe, takie jak pH, temperatura czy rozpuszczalniki organiczne
(Coelho i Orlandelli 2020; Chandra i in. 2020). Lipazy w centrach aktywnych posiadaja
triade katalityczng aminokwasow: seryne (Ser), histydyne (His) oraz kwas asparaginowy
(Asp) lub glutaminowy (Glu). Ich cechg charakterystyczng jest obecnos¢ ,,wieczka” (ang.
lid), ktore jest amfipatyczng strukturg zbudowana z jednej lub kilku a-helis. Ma ona
kluczowe znaczenie funkcjonalne, poniewaz odpowiada za odstonigcie hydrofobowego
centrum katalitycznego w obecnos$ci substratu. W jednorodnym $rodowisku wodnym
lipazy zwykle przyjmuja konformacje¢ zamknieta i wykazuja niska aktywno$¢; natomiast
na granicy faz woda—olej lub w $rodowisku hydrofobowym przechodza w konformacje
otwartg i ulegajg aktywacji miedzyfazowej (ang. interfacial activation) (Filho i in. 2019;
Albayati i in. 2020).

Podstawowa funkcja lipaz jest hydroliza wigzan estrowych na granicy faz
hydrofilowej 1 hydrofobowej. W odpowiednich warunkach, szczegdlnie przy
ograniczonej obecnos$ci wody, moga one rowniez katalizowac reakcje syntezy, takie jak
estryfikacja i transestryfikacja (de Araujo i in. 2017; Chandra i in. 2020). Enzymy te
znajduja szerokie zastosowanie w réznych dziedzinach, gtéwnie ze wzgledu na ich
selektywno$¢ chemiczng, regio- 1 stereospecyficznos¢. Odgrywaja znaczaca role w
przetwarzaniu szerokiej gamy olejow roslinnych. Proces ten, bez udziatu enzymow,
wymaga wysokich temperatur i ci$nien, co czyni go energochtonnym. Zastosowanie lipaz
pochodzenia mikrobiologicznego, m.in. z hodowli takich mikroorganizmow jak:
Thermomyces lanuginosus, Aspergillus niger, Pseudomonas aeruginosa, pozwala
prowadzi¢ reakcje w tagodniejszych warunkach (40-60 °C) oraz uzyskiwa¢ produkty o
lepszych wiasciwosciach uzytkowych i wysokiej czystosci. Enzymy lipolityczne
umozliwiajag takze modyfikacj¢ struktury tluszczéw rodlinnych, co jest istotne w
produkcji preparatow do zywienia niemowlat oraz w produkcji thuszczé6w o zmniejszonej
kalorycznos$ci. Lipazy wykorzystuje si¢ do wytwarzania substytutow masta kakaowego o
zblizonych wlasciwosciach smakowych i uzytkowych do naturalnego produktu, do
produkcji bioemulgatorow oraz estrow, ktore sg istotnymi sktadnikami aromatow (Mehta

i in. 2021; Chandra i in. 2020, Rodrigues i in. 2019; Mokhtar i in. 2020). Sa cennymi
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biokatalizatorami w produkcji biodiesla, katalizujg transestryfikacje olejow roslinnych
krotkotancuchowymi alkoholami alifatycznymi (Narwal i in. 2013; Quayson i in. 2020).
W przemysle kosmetycznym 1 farmaceutycznym wykorzystuje si¢ je m.in. do
wytwarzania filtrow UV, sktadnikow preparatow myjacych, olejkéw zapachowych oraz
do syntezy enancjomerycznie czystych lekow. Przykladem jest lipaza B z Candida
antarctica (CALB), uzywana do produkcji inihibitora katepsyny K (Mouad i in. 2016;
Ugoiin.2017; Braultiin. 2014; Manoel i in. 2016). Swoje zastosowanie lipazy odnajduja
tez w przemysle $rodkoéw czyszczacych. Detergenty wytwarzane przy udziale lipaz
preferowane s3 do usuwania czasteczek lipidéw z zabrudzonych powierzchni, co
przedluza zywotno$¢ tkanin i jest efektywne w temperaturze otoczenia. Sag
wszechstronnymi narzgdziami w syntezie organicznej i bioremediacji (Fernandez-

Lafuente i in. 2010; Mhetras i in. 2021; Albayati i in. 2020).

1.3.  Proces immobilizacji lipaz

Wykorzystanie wolnych enzymow w przemysle wigze si¢ jednak z pewnymi
ograniczeniami, takimi jak niska stabilno§¢ w warunkach syntezy. Aby zminimalizowac
te problemy, stosuje si¢ proces immobilizacji enzyméw. Technika ta poprawia ich
stabilno$¢ w szerokim zakresie pH i1 temperatur oraz umozliwia ich tatwe odzyskiwanie i
ponowne wykorzystanie z mieszaniny reakcyjnej (Xie i in. 2022). Immobilizacj¢ dzieli
si¢ na dwa typy ze wzgledu na rodzaj oddziatywan pomiedzy no$nikiem a biatkiem
enzymatycznym. Oddziatywania fizyczne obejmuja wigzania wodorowe, sily van der
Waalsa oraz oddzialywania hydrofobowe, natomiast oddzialywania chemiczne polegaja
na tworzeniu wigzan kowalencyjnych. Do podstawowych metod immobilizacji zalicza
si¢ adsorpcje fizyczng, putapkowanie, enkapsulacje, wigzanie kowalencyjne oraz
sieciowanie. Na przestrzeni lat przebadano wiele roznych no$nikéw, w tym przede
wszystkim polimery syntetyczne, takie jak zywice akrylowe, metakrylowe 1 styrenowe
(Hanefeld i in. 2009), nanomateriaty (Shuai i in. 2017), np. nanoczastki magnetyczne i
nieorganiczne (Liu i in. 2011), nanoczastki ztota (Du 1 in. 2013), tlenek grafenu (Kumar
i Pal 2021; Nematian i in. 2020), czy nanoczastki krzemionki. W$r6d innych badanych
nos$nikow znajduja si¢ rowniez materialy weglowe oraz tlenki metali nieorganicznych
(np. tlenki glinu, tytanu, cyrkonu) (Ismail i Baek, 2020), jak i biopolimery, m.in.
polisacharydy (celuloza, skrobia, dekstran, agaroza, chitozan) oraz biatka (albumina,
zelatyna) (Cantone i in. 2013). Jednym =z najbardziej znanych preparatow
enzymatycznych jest Novozym 435, czyli lipaza B z C. antarctica (CALB),
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unieruchomiona na makroporowatej zywicy polimerowej Lewatit VP OC 1600,
kopolimerze metakrylanu z diwinylobenzenem. Biokatalizator ten cechuje si¢ wyjatkowa
skutecznos$cig w syntezie organicznej 1 procesach biokatalitycznych (Coelho 1 Orlandelli
2020; Filho i in. 2019).

Ponadto tendencje badawcze coraz czesciej koncentrujg si¢ na rozwoju bardziej
ekologicznych i ekonomicznie korzystnych rozwigzan (Thangaraj i Solomon, 2019). W
tym kontek$cie rosngce zainteresowanie wzbudzaja odpady lignocelulozowe, ktore
stanowig obiecujgce nosniki dla lipaz i innych enzyméw. Wzrost liczby publikacii
naukowych oraz analiza danych statystycznych jednoznacznie wskazuja na stale
rozwijajacy si¢ trend badan w tym obszarze. Ze wzgledu na rosnacg populacje ludnosci
oraz intensyfikacje dziatalnos$ci rolniczej i lesnej, kazdego roku generowane sg miliardy
ton biomasy roslinnej. Biomasa ta sktada si¢ gldéwnie z drewna, roslin zielnych oraz
odpadow rolniczych. Jej podstawowe sktadniki chemiczne to: celuloza (16-50%),
hemiceluloza (10-38%), lignina (7-36%) i popiot (0,4-15%), a takze niewielka ilos¢
takich sktadnikow, jak pektyny, zywice, woski i sole mineralne (Mokhena i in. 2021;
Trache i in. 2020).

Do tej pory podjeto proby adsorpcji lipaz na odpadach z przemystu rolno-
spozywczego, takich jak kolby kukurydzy, trzcina cukrowa, tuski ryzowe, fusy kawowe
(de S. Lira 2021, Girelli i in. 2023), wiokno kokosowe, mioto browarniane (Najera-
Martinez 2022) oraz skorupki jaj (Budzaki i in. 2022). W niektorych przypadkach
zastosowanie tych surowcow nie tylko okazato si¢ skuteczne, ale rowniez prowadzito do
uzyskania preparatow, cechujacych si¢ wyzsza aktywnoScig niz w przypadku
tradycyjnych nos$nikow. Glowne zalety odpadéw zywnosciowych jako nosnikow do
immobilizacji enzymdw to ich wysoka porowato$¢ i duza powierzchnia wlasciwa, a takze
obecno$¢ réznorodnych grup chemicznych, ktére pozytywnie wptywaja na adsorpcje

enzymow (Girelli i in. 2020).

1.4.  Kwasy fenolowe i enzymatyczne otrzymywanie ich pochodnych

Znaczna liczba zwiazkow fenolowych 1 ich pochodnych wystepuje w naturze,
szczegolnie w §wiecie roslin. Polifenole, bedace wtdérnymi metabolitami roslinnymi,
obejmujg takie klasy zwigzkoéw jak kwasy fenolowe, flawonoidy, stilbeny oraz lignany.
Stanowia one istotny skladnik codziennej diety cztowieka i1 pelnig kluczowa role w
systemie obronnym ro$lin, wykazujac przy tym szereg korzystnych wilasciwosci

biologicznych, w tym aktywno$¢ przeciwutleniajacg. Kwasy fenolowe charakteryzujg si¢
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obecnoscig grupy karboksylowej oraz co najmniej jednej grupy hydroksylowej
bezposrednio przytaczonej do pierscienia aromatycznego (fenolowej). Sg klasyfikowane
jako pochodne kwasu hydroksybenzoesowego np. kwas p-hydroksybenzoesowy,
protokatechowy, wanilinowy, galusowy i kwasu hydroksycynamonowego np. kwas p-
kumarowy, ferulowy, kawowy, sinapowy, chlorogenowy, neochlorogenowy,
rozmarynowy) (Korzeniowska 2017; Vermerris i Nicholson 2008). Sa naturalnymi,
hydrofilowymi przeciwutleniaczami, ktére powszechnie wystepuja w owocach,
warzywach, przyprawach oraz ziotach aromatycznych. Ze wzgledu na swoje wtasciwosci
antyoksydacyjne, chelatujace, a takze dzialanie przeciwzapalne, antyalergiczne i
przeciwdrobnoustrojowe, sa one szczegdlnie interesujace z punktu widzenia zdrowia
publicznego oraz zastosowania w zywnosci funkcjonalnej i nutraceutykach (Proestos i in.
2006; Szajdek i Borowska 2004).

Naturalne kwasy fenolowe sg powszechnie stosowane jako przeciwutleniacze w
przemys$le spozywczym, kosmetycznym 1 farmaceutycznym, ale ich niska
rozpuszczalnos¢ w $Srodowiskach apolarnych np. olejach znaczaco ogranicza zakres
zastosowan w produktach ttuszczowych oraz uktadach emulsyjnych. Aby zwigkszy¢ ich
biodostepnosc¢ i1 skutecznos¢ w tego typu matrycach, mozliwe jest przeprowadzenie ich
lipofilizacji, czyli modyfikacji czasteczki w celu nadania jej amfifilowego charakteru.
Taka modyfikacja zmienia réwnowage hydrofilowo-lipofilowa, umozliwiajac
otrzymywanie nowych, funkcjonalnych zwigzkéw bioaktywnych o ulepszonych
wlasciwosciach w poréwnaniu do tradycyjnych hydrofilowych zwigzkow fenolowych.
Dzigki temu zwigzki te mogg lokalizowaé si¢ na granicach faz (olej—woda lub olej—
powietrze), gdzie zachodza reakcje utleniania lipidow, skuteczniej chronigc przed ich
degradacja oksydacyjna (Durand i in. 2017; Ramadan, 2021, Laguerre i in. 2013).

Istnieja dwa glowne sposoby przeprowadzania lipofilizacji: chemiczny i
enzymatyczny. Metoda chemiczna jest bardziej zlozona ze wzgledu na wrazliwos¢
kwasow fenolowych na temperatur¢ i ich podatno$¢ na utlenianie w $Srodowisku
zasadowym. Proces ten jest czesto malo selektywny, wymaga wielu etapow
oczyszczania, usuwania katalizatorow i rozpuszczalnikow oraz generuje znaczne iloSci
odpadéw. Z kolei metoda enzymatyczna jest preferowana, poniewaz zachodzi w
tagodniejszych warunkach (niska temperatura, neutralne pH), przy jednoczesnym
ograniczeniu reakcji ubocznych i wysokiej selektywnos$ci substratowej, CO czyni ja
bardziej przyjazna dla srodowiska i skutkuje mniejsza ilo$cig produktéw ubocznych

(Mardani i in. 2024; Aleman i in. 2015; Figueroa-Espinoza i in. 2013). Do
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przeprowadzenia takiej modyfikacji najczesciej wykorzystywane sa lipazy, dzialajace w
srodowiskach o niskiej zawartosci wody. Substratami moga by¢ np. kwas ferulowy i
rozne alkohole tluszczowe, ktére w obecnosci enzymu ulegajg estryfikacji, tworzgc nowe
bioaktywne zwigzki o zwickszonej rozpuszczalnosci w olejach (Campos-Vega i in. 2015;
Du i in. 2013). Poza lipazami, w tego typu reakcjach wykorzystywane sg takze inne
enzymy: esterazy, tannazy oraz kutynazy (Shuai i in. 2017; Pasangulapati i in. 2012).

W ostatnich latach enzymatyczna lipofilizacja kwasow fenolowych zyskata na
znaczeniu jako metoda zwickszania ich hydrofobowosci 1 funkcjonalnosci
przeciwutleniajacej. Guyot i in. (1997, 2000) wykorzystali lipazg B z C. antarctica, do
estryfikacji roznych kwasow fenolowych (np. cynamonowego, kawowego, ferulowego)
z alkoholami o r6znej dtugosci fancucha (C4—C18), osiagajac nawet 97% wydajnosci dla
kwasu cynamonowego z butanolem w systemie bezrozpuszczalnikowym. Z kolei
Buisman i in. (1998) odnotowali wydajnos¢ do 85% w estryfikacji kwasu cynamonowego
z 1-butanolem w n-pentanie, podczas gdy dla pochodnych kwasu benzoesowego
uzyskano znacznie nizsze wartosci (<2%). Badania Stamatis i in. (1999, 2001) wykazaty,
ze lipaza z R. miehei moze by¢ skuteczniejsza od lipazy z C. antarctica w syntezie estrow
kwasu ferulowego, osiggajac do 30% wydajnosci w bezrozpuszczalnikowych warunkach
z 1-oktanolem. Compton i in. (2000) uzyskali jedynie 14% wydajnosci dla ferulanu
oktylu, co wskazuje na znaczenie warunkéw reakcji i typu alkoholu. Giuliani i in. (2001)
z powodzeniem zastosowali feruloesteraze z A. niger w mikroemulsji do syntezy ferulanu
pentylu, osiggajac 60% wydajnosci w 8 godzin. Kolejne badania (Topakas i in. 2003)
potwierdzily znaczenie struktury substratu: feruloesteraza z Fusarium oxysporum
wykazala wysoka aktywno$¢ wobec kwasow z grupa hydroksylowa w pozycji para,
osiggajac do 75% wydajnosci. Natomiast Yu i in. (2004) syntetyzowali estry kwasu
galusowego z alkoholami (C1-C18) przy uzyciu mikrokapsutkowanej tanazy z A. niger,
uzyskujac najwyzszg wydajnos¢ (44,3%) dla galusanu propylu. Zebrane dane dowodza,
ze efektywnos$¢ enzymatycznej lipofilizacji kwasow fenolowych jest silnie zalezna od
struktury substratow, typu enzymu, dlugosci tancucha weglowego alkoholu oraz
warunkow reakcji, co stanowi kluczowy element optymalizacji proceséw otrzymywania

bioaktywnych, lipofilowych estrow fenolowych.

1.5. Enzymatyczna lipofilizacja zwigzkéw fenolowych w ekstraktach roslinnych

Poprawa rozpuszczalnosci zwigzkéw fenolowych w srodowiskach organicznych

jest najczgsciej realizowana poprzez modyfikacje pojedynczych zwigzkéw (Ramadan
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2022; de Araujo i in. 2017). Jednakze wykazano, ze ekstrakty roslinne zazwyczaj
charakteryzuja si¢ lepszymi wlasciwosciami przeciwutleniajacymi niz wigkszo$¢
czystych zwigzkéw fenolowych, co moze sugerowal istnienie synergistycznych
interakcji pomiedzy obecnymi w nich przeciwutleniaczami (Szajdek i Borowska 2004).

Szczegblny nacisk w badaniach kladziony jest na antocyjany, ktére choc sa
wysoko aktywne, sa rowniez czgsto niestabilne i wrazliwe na zmiany pH, $wiatlo i ciepto.
Lipofilizacja antocyjandw, najczesciej wystepujacych w postaci glikozydow, odbywa sie
poprzez estryfikacje grupy hydroksylowej w czgsteczce cukru kwasami ttuszczowymi,
co ma na celu poprawe ich stabilno$ci oraz rozpuszczalno$ci w thuszczach. Zastosowanie
lipofilizowanych ekstraktow roslinnych wykazuje obiecujace rezultaty. Pochodne te sa
zazwyczaj bardziej lipofilowe niz zwigzki wyj$ciowe 1 umozliwiajg poprawe stabilnosci
olejow jadalnych (np. podczas smazenia), zwigkszenie stabilno$ci barwy podczas obrobki
termicznej oraz obnizenie zawartosci akrylamidu w produktach spozywczych (Jasinska i
in. 2022, [P1]). Owoce stanowig bogate zrodto zwigzkoéw fenolowych. Do tej pory
wykorzystano antocyjany z macznicy alpejskiej (Arctostaphylos alpina), takie jak
cyjanidyno-3-O-galaktozyd, acylowany kwasem laurynowym. Modyfikacja ta poprawita
termostabilnos¢ i lipofilowos$¢ estru, mierzong wspotczynnikiem podziatu oktanol/woda
(logP). Badania na czarnej porzeczce (Ribes nigrum L.) wykazaly, ze enzymatyczna
acylacja glukozydow i rutynozydow cyjanidyny i delfinidyny kwasem laurynowym
doprowadzita do powstania monoacylowanych pochodnych. Estryfikacja ta zwigkszyta
lipofilowos$¢ 1 termostabilno$¢ antocyjandw, a takze poprawita hamowanie peroksydacji
lipidow w $rodowisku lipofilowym. Ekstrakty z kanadyjskiej jabtoni (ang. Canadian
crabapple), zawierajace gtéwnie florydzyne, zostaly zmodyfikowane za pomocg kwasu
oktadekanowego. Otrzymany ester wykazat lepsze dziatanie antyoksydacyjne w oleju
rzepakowym podczas smazenia chipséw ziemniaczanych, cho¢ nie miat istotnego
wplywu na jego stabilno$¢ podczas przechowywania. Ponadto, proantocyjanidyny z
nasion winogron estryfikowano kwasem laurynowym, uzyskujgc pochodne o wyzszej
lipofilowos$ci 1 najwyzszej aktywno$ci zmiatajacej rodniki DPPH w poréwnaniu do
zwigzkdéw wyjsciowych oraz syntetycznych antyoksydantow BHT 1 TBHQ (Jasinska i in.
2022, [P1]).

Lipofilizacje przeprowadzano w ekstraktach, nie tylko z owocow, ale takze z
kwiatow oraz liSci. Badania na ptatkach r6zy wykazaty, ze enzymatyczna estryfikacja

antocyjanow (glownie cyjanidyno-3,5-O-diglukozyd) kwasem laurynowym prowadzi do
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powstania monoestrow laurylowych. Pochodne te wykazaty lepsza stabilno$¢ barwy
podczas obrobki cieplnej w ekstrudatach ryzowych i kremach do biszkoptow, co
podkresla ich potencjat jako naturalnych barwnikow. Delfinidyno-3-O-sambubiozyd z
kwiatow hibiskusa (Hibiscus sabdariffa) zostal acylowany kwasem oktanowym.
Otrzymany produkt miat poprawiong lipofilowo$¢ i wykazywatl stabilizacj¢ zasady
chinoidalnej, ktéra odpowiada za niebieski kolor w umiarkowanie zasadowym pH, co
pozwala najego zastosowanie jako stabilnego pigmentu. W przypadku ekstraktow z lisci
modyfikacja byta stosowana gtownie w celu poprawy rozpuszczalnosci flawonoidow w
matrycach tluszczowych. Ekstrakt z lisci bambusa, bogaty we flawonoidy C-
glikozydowe, takie jak izoorientyna i izowiteksyna, poddano enzymatycznej acylacji
kwasem laurynowym. Zastosowanie tych acylowanych flawonoidow wykazato kluczowa
zdolno$¢ do hamowania tworzenia akrylamidu w smazonych chipsach ziemniaczanych,
sugerujac ich interakcje z reaktywnymi zwigzkami karbonylowymi powstajacymi w
reakcjach Maillarda (Jasinska i in. 2022, [P1]). Ze wzgledu na ograniczong lipofilowos¢
ekstraktu z jarzebu pospolitego (Sorbus aucuparia L.), ktorego dominujagcym
sktadnikiem jest kwas chlorogenowy (ok. 80% catkowitej zawartos$ci fenoli), Aladedunye
I in. (2015) wykorzystali enzymatyczng estryfikacj¢ kwasu chlorogenowego alkoholem
oktadekanowym, otrzymujac oktadecylowy ester kwasu chlorogenowego. Produkt ten
wykazal zwiekszong skuteczno$¢ antyoksydacyjng w warunkach smazenia, znaczaco
hamujac tworzenie zwigzkéw polarnych oraz di- i polimerycznych triacylogliceroli w
porownaniu z ekstraktem niemodyfikowanym i probg kontrolng. Wyniki te potwierdzaja,
ze enzymatyczna lipofilizacja moze by¢ efektywna strategig poprawy funkcjonalnosci
fenoli w matrycach lipidowych 1 sprzyja¢ wykorzystaniu surowcoéw roslinnych jako
zrodla przeciwutleniaczy o podwyzszonej aktywnosci. Zastosowanie petnych ekstraktow
ro$linnych, zawierajacych rézne rodzaje zwiazkéw fenolowych, oraz analiza ich
synergistycznego dzialania wcigz stanowi nowe 1 ztozone podej$cie badawcze. Oczywiste
jest, ze ekstrakty z poszczegdlnych rodzajow owocdéw ro6znig si¢ zawartoscia
przeciwutleniaczy, a ich aktywno$¢ przeciwutleniajaca zalezy od typu 1 iloSci
poszczeg6lnych zwigzkow fenolowych. Metoda lipofilizacji ekstraktow roslinnych

powinna by¢ dostosowana do sktadu danego ekstraktu (Osmulescu i in. 2017).
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2. CEL I HIPOTEZY BADAWCZE

Celem rozprawy bylo opracowanie immobilizowanego biokatalizatora opartego na
odpadach spozywczych oraz jego zastosowanie w lipofilizacji kwasow fenolowych, w
szczegblnosci kwasu chlorogenowego (CGA), dominujacego w ekstraktach z fuséow
kawowych, wyttokow aronii i jabtek. Otrzymane estry i lipofilizowane ekstrakty

oceniono jako dodatki poprawiajace stabilno$¢ oksydacyjng oleju roslinnego.
Cel pracy realizowany byt w oparciu o nastepujace hipotezy badawcze:

H1: Odpady spozywcze z produkcji napojow (np. wyttoki jabtkowe i aroniowe oraz fusy
kawowe) moga stanowi¢ nosnik do immobilizacji enzymow lipolitycznych, umozliwiajgc

otrzymanie biokatalizatoréw o wysokiej aktywnosci syntetyczne;j.

H2: Lipazy immobilizowane na nosnikach pochodzacych z odpadow spozywczych
skutecznie katalizuja estryfikacje dominujacego w uzyskanych ekstraktach kwasu

fenolowego.

H3: Estry dominujacego kwasu fenolowego otrzymane w lipofilizacji zachowuja lub
przewyzszaja wilasciwosci przeciwutleniajagce i/lub  przeciwdrobnoustrojowe w
porownaniu do zwigzku wyjsciowego, a ich dodatek do oleju roslinnego istotnie zwicksza

jego stabilno$¢ oksydacyjna.

H4: Lipofilizacja ekstraktow roslinnych za pomoca opracowanego biokatalizatora
skutkuje otrzymaniem produktu o zwigkszonej lipofilowosSci, przy zachowaniu lub
poprawie wlasciwosci przeciwutleniajacych 1/lub przeciwdrobnoustrojowych w

porownaniu do ekstraktu niezmodyfikowanego.
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3. MATERIALY | METODY BADAWCZE

3.1.

Materiaty do badan

Gloéwny material do badan stanowity:

- lipazy pochodzenia mikrobiologicznego:

[P2, P3, P5] ptynna niecimmobilizowana lipaza z Aspergillus oryzae (Novozym
51032, Novozymes, Bagsvaerd, Dania)

[P3, P4] ptynna nieimmobilizowana lipaza z Rhizomucor miehei (Palatase
20000L, Novozymes, Bagsvaerd, Dania)

[P3] ptynna nieimmobilizowana lipaza z Thermomyces lanuginosus (Lipozyme
TL, Novozymes, Bagsvaerd, Dania)

[P2] ptyn po hodowli szczepu drozdzy Yarrowia lipolytica KKP 379
pochodzacego z Kolekeji Kultur Drobnoustrojow Przemystowych, nalezacej do
Instytutu Biotechnologii Przemystlu Rolno-Spozywczego im. Prof. Waclawa
Dabrowskiego — Panstwowego Instytutu Badawczego w Warszawie (Polska).
[P2, P3, P5] immobilizowana lipaza B z Candida antarctica (Novozym 435,

Sigma-Aldrich, Poznan, Polska) — jako proba referencyjna

- no$niki do procesu immobilizacji:

[P2] chitozan (Glentham Life Sciences, Corsham, UK)

[P2] Lewatit VP OC 1600 (Lanxess, Kolonia, Niemcy) — makroporowaty
adsorbent zbudowany z kopolimeru metakrylanu i diwinylobenzenu

[P2, P3, P4, P5] odpady spozywcze: wyttoki z aronii i z jabtek (Greenherb,
Wysoka, Polska), fusy kawowe (lokalna kawiarnia Costa Coffee oraz EcoBean

(Warszawa, Polska)).

- odczynniki chemiczne, stanowigce substraty oraz rozpuszczalnik do optymalizacji

reakcji syntezy

[P5] kwas chlorogenowy, 1-butanol, 1-heksanol, 1-oktanol, 1-dekanol, 1-
dodekanol, eter tert-butylowo-metylowy (Sigma-Aldrich, Poznan, Polska)
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3.2. Hodowla drozdzy, liofilizacja i oczyszczanie lipaz

Do hodowli drozdzy [P2] zastosowano podtoze YPO (2% peptonu, 2% oliwy z oliwek,
1% ekstraktu drozdzowego) o pH 5,0, z dodatkiem 0,1% Tween 80 jako emulgatora.
Hodowle eksperymentalne inokulowane poprzez dodanie 0,1% (v/v) 24-godzinnej
hodowli szczepu drozdzy Y. lipolytica KKP 379 w podiozu YPG (2% peptonu, 2%
glukozy, 1% ekstraktu drozdzowego, pH = 5,0) do 200 cm? sterylnego podtoza w kolbach
okragtych ptaskodennych. Nastepnie kolby inkubowano przez 48 godzin na wytrzasarce
posuwisto-zwrotnej, przy predkosci obrotowej 140 rpm (IKA KS 4000 IC Control,
Niemcy). Hodowle drozdzy odwirowano, a plyn pohodowlany =z lipazami
zewnatrzkomérkowymi oddzielono od biomasy i przelano na szalki Petriego. Probki
zamrozono w zamrazarce Irinox (Corbanese, Wtochy) w temperaturze —40°C, a
nastepnie liofilizowano w aparacie Christ Gamma 1-16 (Osterode am Harz, Niemcy).
Uzyskany materiat przechowywano na pétkach w temperaturze 0 °C. Liofilizowany ptyn
pohodowlany oczyszczono z wykorzystaniem chromatografii jonowymiennej (elucja za
pomoca liniowego gradientu z 0,7 M NaCl i 15 mM buforu Tris-HCI, pH = 6,8) oraz
chromatografii zelowej z uzyciem sita molekularnego (bufor fosforanowy 50 mM, pH =
7,0). Otrzymane aktywne frakcje enzymow lipolitycznych zageszczono w wirdwce (4
000% g, 10 min) z zastosowaniem membrany VIVASPIN Centrifugal Concentrator 10
000 MWCO PES (Sartorius, Gottingen, Niemcy).

3.3. Wstepna obrobka fusow z kawy
Badania przeprowadzono na surowcach pobranych na réznych etapach ciagtego procesu

technologicznego firmy Ecobean, opisanego w zgtoszeniu patentowym nr WIPO ST 10/C
PL447416 [P3]. Ponizej opisano wstgpng obrobke kazdej probki:

SCG1 — fusy z kawy zostaly zebrane z warszawskiej kawiarni. Po transporcie SCG
zostaly wysuszone do wilgotnosci okoto 5%.

SCG2 — SCG1 ekstrahowano heksanem w reaktorze pod cisnieniem przez 30 minut, a
nastepnie filtrowano w suszarce filtracyjnej w celu oddzielenia fazy statej od heksanu i
oleju kawowego.

SCG3 — SCG2 ekstrahowano 40 — 50% etanolem, w celu uzyskania kolejnej frakcji.
Ekstrakcje przeprowadzono w reaktorze przez 2 godziny w stosunku SCG:
rozpuszczalnik (1:10). Koniecznym etapem byta filtracja i suszenie analogiczne do

przygotowania SCG2.
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SCG4 — Odpady SCG3 poddano hydrolizie w reaktorze z 2,5% wodnym roztworem
kwasu siarkowego w stosunku 1:9, przez 3 godziny w temperaturze 100 °C. SCG4

oddzielono od cieczy i wysuszono.
3.4.  Immobilizacja lipaz

3.4.1. Immobilizacja na no$niku Lewatit VP OC 1600

Immobilizacj¢ na no$niku Lewatit VP OC 1600 przeprowadzono zgodnie z metodologia
opisang przez Barrera-Rivera i Martinez-Richa (2017), z drobnymi modyfikacjami [P2].
W pierwszym etapie makroporowaty nosnik aktywowano etanolem w stosunku 1:10
(nosnik:etanol) przez 5 godzin, nastgpnie przemywano go wodg destylowang i suszono
prézniowo w temperaturze pokojowej przez 24 godziny. Nast¢pnie do 1 g no$nika dodano
15 cm® ptynu po hodowli Y. lipolytica lub roztworu lipazy (1 cm® oczyszczonej lipazy
uzyskanej z ptynu po hodowli Y. lipolytica lub 1 cm?® nieimmobilizowanej lipazy
Novozym 51032 w 14 cm?® wody). Roztwory lipaz wraz z no$nikiem inkubowano na
wytrzasarce orbitalnej w temperaturze 4 °C przez 14 godzin. Po inkubacji,
unieruchomione lipazy na no$niku przemywano woda destylowang i suszono préozniowo

w temperaturze pokojowej przez 24 godziny.

3.4.2. Immobilizacja na chitozanie

Na podstawie metodologii opisanej przez Pereira i in. (2003), z drobnymi modyfikacjami,
przeprowadzono immobilizacje lipaz na chitozanie poprzez adsorpcje fizyczna [P2].
Przed immobilizacja, chitozan (2 g) zawieszono w 30 cm?® heksanu i mieszano przez 1
godzine. Heksan usunigto poprzez filtracje prozniows, a chitozan przemyto woda
destylowana. Do immobilizacji uzyto 20 cm?® ptynu po hodowli drozdzy Y. lipolytica oraz
1 cm?® nieimmobilizowanej lipazy Novozym 51032 (rozcieficzonej w 14 cm® wody
destylowanej). Roztwor lipaz mieszano z chitozanem w kolbie Erlenmeyera i
inkubowano przez 3 godziny w temperaturze pokojowej, a nastepnie przez kolejne 18
godzin w warunkach statycznych w temperaturze 4 °C. Na zakonczenie, unieruchomione
preparaty filtrowano prézniowo, przemyto woda destylowang 1 wysuszono w

temperaturze pokojowe;j.
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3.4.3. Immobilizacja na odpadach spozywczych

Procedura immobilizacji na odpadach spozywczych (wytlokach z aronii i jablek oraz
fusach kawowych) opierata si¢ na metodologii przedstawionej przez Bunti¢ i in. (2018),
z niewielkimi modyfikacjami [P2, P3, P4, P5]. Roztwér nieimmobilizowanej,
komercyjnej lipazy (1 cm® cieklej lipazy i 14 cm® wody destylowanej), dodawano do
kolby zawierajacej 1 g nosnika, a nastepnie mieszano przez 2 godziny. Immobilizowana
lipazg filtrowano pod proznia, przemyto wodg destylowang i wysuszono w temperaturze

pokojowe;j.

3.5.  Charakterystyka odpadow spozywczych
3.5.1. Obrébka wstepna i przygotowanie ekstraktow

10 g kazdego odpadu spozywczego (wyttokow z aronii i jabtek oraz fusow po kawie —
[P5]) odwazono, owinigto w bibule filtracyjng i umieszczono w aparacie Soxhleta.
Ekstrakcje prowadzono zgodnie ze schematem (Rys.1), najpierw o obecnosci 150 cm?®
hekasanu, a nastepnie 150 cm?® etanolu, do uzyskania 10 pelnych cykli przelania
rozpuszczalnika prze aparat Soxhleta. Po tym czasie pozostaty rozpuszczalnik zostat
odparowany pod zmniejszonym ci$nieniem z wykorzystaniem wyparki rotacyjnej. Z
frakcji po ekstrakcji heksanem okreslono zawartos¢ lipidow w odpadach spozywczych.
Procentowa ilo$¢ wyekstrahowanego thuszczu obliczono na podstawie masy poczatkowe;j
probki 1 masy wyekstrahowanych lipidow. Uzyskane ekstrakty natozono na ptytki i
zamrozono w temperaturze -42°C w zamrazarce Irinox (Corbanese, Wtochy) przez 1
godzing, a nastgpnie przeniesiono na 24 godziny do liofilizacji w aparacie Christ Gamma
1-16 LSC (Osterode am Harz, Niemcy). Zastosowane warunki to: temperatura potek
10°C oraz ci$nienie 63 Pa. Cisnienie bezpieczenstwa wynosito 103 Pa, chronigc materiat
przed temperaturami powyzej -20°C. Suche ekstrakty przechowywano w temperaturze

pokojowe;j.
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Rys. 1. Schemat procesu wstepnej obrobki odpadow spozywczych.

3.5.2. Analiza widkna

Frakcje wildkna oznaczano za pomoca systemu FibertecMC 8000 (Foss Analytics,
Warszawa, Polska) [P3, P4]. Zawarto$¢ wtokna surowego oznaczono metodg PN-1SO
5498 (1996). Zawartos¢ wiokna detergentowego kwasnego (ADF) oraz ligniny
detergentowej kwasnej (ADL) okre$lono zgodnie z normg PN-EN 1SO 13906 (2009).
Natomiast oznaczenie zawarto$ci widkna detergentowego obojetnego (NDF), po
trawieniu z uzyciem amylazy, przeprowadzono zgodnie z normg PN-EN ISO 16472
(2007). Zawartos$¢ celulozy obliczono jako réznice migdzy ADF a ADL, natomiast
zawarto$¢ hemicelulozy — jako r6éznicg¢ miedzy NDF a ADF.

3.5.3. Analiza pierwiastkow

Catkowitg zawarto$¢ pierwiastkow: C, N i S oznaczono metoda spalania na sucho (Vario

MacroCube, Elementar, Niemcy) [P5].

3.6.  Charakterystyka biokatalizatorow
3.6.1. Aktywno$¢ hydrolityczna

Pomiar aktywnosci hydrolitycznej przeprowadzono metoda spektrofotometryczng, opartg
na hydrolizie laurynianu p-nitrofenylu [P2, P3, P4, P5]. Reakcj¢ prowadzono w
probéwkach typu Eppendorf. Do badania uzyto 100 pl wolnej (cieklej) lipazy lub 25 mg
unieruchomionego biokatalizatora zawieszonego w 100 pl wody destylowanej, ktore
mieszano, w temperaturze 37°C, z 25 upl 0,3 mmol laurynianu p-nitrofenylu
rozpuszczonym w 2 ¢cm? heptanu. Po 15 minutach inkubacji mierzono absorbancje przy

dlugosci fali 410 nm za pomoca spektrofotometru UV—Vis. Jednostke aktywnos$ci
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enzymatycznej lipazy (1 U) zdefiniowano jako ilo$¢ enzymu uwalniajacg 1 pmol p-

nitrofenolu na minut¢ w warunkach 0znaczenia.

3.6.2. Aktywno$¢ syntetyczna

Aktywno$¢ syntetyczng immobilizowanej lipazy oceniano za pomocg metody
kolorymetrycznej opracowanej przez Zheng i in. (2014), ktore zostata zmodyfikowana na
potrzeby pracy badawczej [P2, P3, P4, P5]. Pomiar oparto na reakcji transestryfikacji
pomiedzy octanem winylu a 1-butanolem. MBTH (hydrazon 3-metylobenzo-2-
tiazolinonu) reaguje z uwalnianym aldehydem octowym, tworzac odpowiednig aldazyng,
ktéra nastgpnie przeksztatlcana jest w niebiesko zabarwiony zwigzek TAPMC
(tetraazapentametylenowa cyjanina). Reakcj¢ prowadzono w probowkach typu
Eppendorf, w roztworze zawierajgcym 100 mM octanu winylu i 100 mM 1-butanolu w 1
cm?® heksanu. W celu zainicjowania transestryfikacji dodawano 5 pl wolnej (cieklej)
lipazy lub 5 mg immobilizowanej lipazy. Inkubacje prowadzono przez 5 minut w
temperaturze 30 °C z mieszaniem. Proba kontrolna nie zawierata dodatku enzymu. Po
zakonczeniu reakcji przygotowywano rozcienczone probki (200-krotnie lub zgodnie z
wymaganiami) do pomiaru spektrofotometrycznego. Analize rozpoczynano od dodania 1
cm® 0,1% (m/v) roztworu MBTH do kazdej probki i inkubacji przez 10 minut w
temperaturze 30 °C. Nastepnie dodawano 0,4 cm® 1% (m/v) roztworu NHsFe(SO4)2
x12H20 (w 0,1 M HCI) i inkubowano przez kolejne 30 minut w tej samej temperaturze.
Pomiar kolorymetryczny przeprowadzano przy diugosci fali 595 nm przy uzyciu
spektrofotometru. Krzywa wzorcowg opracowano na podstawie roznych stezen aldehydu
octowego. Jednostke aktywnosci syntetycznej lipazy (1 U) zdefiniowano jako ilos¢
enzymu przeksztalcajacag 0,1 mmol octanu winylu w aldehyd octowy na minute w

warunkach oznaczenia.

3.6.3. Specyficzno$¢ substratowa

Do okreslenia specyficznosci dzialania lipaz wobec réznych substratow zastosowano
metodg spektrofotometryczng oparta na reakcji hydrolizy laurynianu p-nitrofenylu
(podrozdziat 3.6.1) [P3, P4]. W badaniu wykorzystano nastepujace estry p-
nitrofenylowe: maslan (C4:0), kaprylan (C8:0), laurynian (C12:0), palmitynian (C16:0),
stearynian (C18:0) oraz oleinian (C18:1).
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3.6.4. Zawartos¢ biatka

Stezenie biatka w wolnej lipazie oraz w filtratach po procesie immobilizacji oznaczano
spektrofotometrycznie metoda Lowry’ego (Toczko i Grzelinska 1997) [P2, P3, P4].
Metoda ta opiera si¢ na reakcji wigzan peptydowych i aromatycznych aminokwasow z
odczynnikiem fenolowym Folina—Ciocalteu. Do pomiaru uzywano 1 cm?® kazdego
badanego roztworu. Przygotowano rowniez 50-krotne rozcienczenia probek. Reakcje
prowadzono w proboéwkach, do ktérych dodawano 5 cm® odczynnika miedziowego (2%
Na2COs w 0,1 M NaOH, 1% CuSOs oraz 2% winianu sodowo-potasowego w stosunku
objetosciowym 100:1:1). Po 10 minutach dodawano 0,5 cm® odczynnika fenolowego
Folina—Ciocalteu. Inkubacj¢ prowadzono przez 30 minut, po czym mierzono absorbancj¢
przy dlugosci fali 750 nm za pomocg spektrofotometru Rayleigh UV-1601 (BRAIC,
Pekin, Chiny). Do obliczen zawartosci biatka wykorzystano krzywa kalibracyjna
sporzadzong z uzyciem albuminy jako wzorca. [lo§¢ biatka zaadsorbowanego na no$niku
obliczono na podstawie réznicy pomi¢dzy zawartoscig biatka w wolnej lipazie, a jego

ilo$cig w roztworze po immobilizacji.

3.6.5. Specyficzna aktywno$¢ hydrolityczna i syntetyczna

Na podstawie uzyskanych wynikéw dotyczacych aktywnos$ci hydrolitycznej i
syntetycznej oraz zawarto$ci biatka, obliczono aktywnos$ci wlasciwe wolnej lipazy oraz

immobilizowanych biokatalizatorow zgodnie z ponizszymi rownaniami [P3, P4]:

1. Wolna, nieimmobilizowana lipaza

U ] aktywno$¢ hydrolityczna lub syntetyczna [%]

Aktywnos¢ wtasciwa [— -
ihg ... . mg biatka
zawarto$¢ biatka w wolnej lipazie [—ml ]

2. Immobilizowana lipaza

aktywno$¢ hydrolityczna lub syntetyczna [mig]

o U
Aktywnos¢ wasciwa [m_g] = mg biatka

ilo$¢ biatka unieruchomionego na noé$niku [——-——]|
mg nos$nika

3.6.6. Profil aktywnos$ci w réznym pH i temperaturze

Do okreslenia wptywu roznych wartosci pH srodowiska reakcji oraz temperatury na
immobilizowane preparaty enzymatyczne, zastosowano metod¢ oceny aktywnosci
hydrolitycznej (podrozdziat 3.6.1) [P3, P4]. W pierwszym wariancie reakcje
prowadzono w buforze fosforanowym (10 mM) o pH 5, 6, 7 oraz 8, a temperatura reakcji

dla kazdego pomiaru byla stata i wynosita 37°C. W drugim wariancie, reakcje
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prowadzono w temperaturach od 30 °C do 70 °C, przy zachowaniu niezmienionych,

pozostalych parametrow.

3.6.7. Spektroskopia FT-IR

Widma FT-IR wszystkich preparatow rejestrowano za pomocg spektrometru Nicolet iS5
ATR firmy Thermo Scientific, wyposazonego w diamentowy krysztalowy modut do
pomiarow ATR iD7 (Thermo Fisher Scientific, Waltham, USA). Pomiary wykonywano
w zakresie liczby falowej od 4000 do 600 cm™ [P3].

3.6.8. Mozliwo$¢ ponownego uzycia

Mozliwos¢ ponownego wykorzystania biokatalizatorow 0ceniono za pomocg metody
pomiaru aktywnosci hydrolitycznej opisanej w podrozdziale 3.6.1 [P3, P4]. Reakcje
hydrolizy laurynianu p-nitrofenylu przeprowadzano w temperaturze 37 °C i pH 7 przez
15 minut. Nastgpnie mierzono absorbancje za pomoca spektrofotometru.
Immobilizowany enzym oddzielano od mieszaniny reakcyjnej, dwukrotnie przemywano
heksanem oraz buforem fosforanowym (pH 7), po czym ponownie uzywano do

katalizowania tej samej reakcji. Biokatalizatory stosowano w pieciu kolejnych cyklach.

3.6.9. Skaningowa Mikroskopia Elektronowa (SEM).

Natywne nos$niki oraz preparaty enzymatyczne po immobilizacji poddano analizie
struktury powierzchni za pomocg skaningowego mikroskopu elektronowego (HITACHI
TM 3000, Ramsey, New Jersey, USA) [P2, P3, P4]. Probki zostaly wysuszone w
warunkach prozni i pokryte warstwa ztota przy uzyciu napylarki Cressington Sputter
Coater 108 auto (Cressington Scientific Instruments, Watford, Wielka Brytania), a

nastepnie obserwowane mikrofotografie wykonano przy powigkszeniu x400.

3.7.  Optymalizacja reakcji syntezy z wykorzystaniem modelu Boxa-Behnkena

Modelowa reakcja lipofilizacji kwasu chlorogenowego z 1-butanolem zostata
przeprowadzona z uzyciem biokatalizatora — lipazy z A. oryzae immobilizowanej na
fusach po kawie (NSCG) [P5]. W celu optymalizacji warunkow reakcji zaprojektowano
eksperyment trdjczynnikowy o trzech poziomach kazdego z analizowanych czynnikow,
wykorzystujac plan Boxa-Behnkena (Tabela 1). Analizowanymi czynnikami byly
temperatura (35, 45 1 55 °C), stgzenie enzymu (20%, 35% 1 50% wzgledem sumy masy
substratow) oraz molowy stosunek substratow (alkoholu do kwasu chlorogenowego —

2:1, 5:1 oraz 8:1). Jako rozpuszczalnik zastosowano eter tert-butylowo-metylowy (15
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cm?®). Optymalizowano réwniez czas trwania reakcji (3, 5, 7 i 9 dni). W kolejnych
reakcjach lipofilizacja kwasu chlorogenowego byta przeprowadzana z alkoholami o
roznej dhugosci tancucha weglowego (C6, C8, C10, C12) przez 7 dni. Optymalne
parametry stanowig czgs$¢ zgloszenia patentowego ,,Sposob otrzymywania estrow kwasu
chlorogenowego i alkoholi, na drodze biokatalizy”, WIPO ST 10/C PL451973 (Jasinska
K., Fabiszewska A., Zieniuk B.). Eksperymenty prowadzono z uzyciem dwoch
biokatalizatorow: lipazy z A. oryzae immobilizowanej na fusach kawowych oraz
Novozym 435 jako wzorca referencyjnego. Sktad mieszaniny reakcyjnej badano za
pomoca techniki HPLC. Wydajno$¢ reakcji obliczano na podstawie pola pod krzywa piku
substratu i produktu na chromatogramie.

Tabela 1. Poziomy kodowane i warto$¢ dekodowana planu Boxa-Behnkena

Minimum Srednia Maximum

Czynnik Nazwa Jednostka (-1) (0) (+1)
1 Temperatura °C 35 45 55
Molowy )
2 stosunek égfgilo()lénlg;vvas 2:1 5:1 8:1
substratow & Y
Stezenie
enzymu
3 wzgledem % 20 35 50
sumy masy
substratow

3.8.  Analiza chromatograficzna

3.8.1. Chromatografia kolumnowa — oczyszczanie produktu reakcji

Po zakonczeniu reakcji estryfikacji (podrozdziat 3.7) mieszaning przefiltrowano w celu
oddzielenia biokatalizatora. Nastgpnie rozpuszczalnik odparowano pod obnizonym
ci$nieniem, a powstaly osad poddano oczyszczaniu metodg chromatografii kolumnowej.
Jako fazg stacjonarng zastosowano zel krzemionkowy (wielko$¢ czastek: 0,040-0,063
mm; rozmiar oczek: 230—400), natomiast fazg ruchoma byta mieszanina chloroformu i
metanolu w stosunku objetosciowym 1:1. Obecno$¢ poszukiwanych zwigzkow
monitorowano za pomocg cienkowarstwowej chromatografii (TLC) na ptytkach z zelem
krzemionkowym. Frakcje zawierajace pozadany produkt potaczono, a rozpuszczalnik
usuni¢to przez odparowanie. Estry wykrystalizowano z heptanu, aby uzyska¢ zwigzek

oczyszczony [P5].

30



3.8.2. Wysokosprawna chromatografia cieczowa - okreslenie wydajnosci reakcji

Proces przygotowania estrow po reakcji polegat na odparowaniu rozpuszczalnika pod
strumieniem azotu, rozcienczeniu otrzymanego osadu metanolem oraz przeniesieniu do
kolb miarowych o objetosci 25 cm®. Przygotowane roztwory estrow po reakcji
przefiltrowano przez filtr strzykawkowy PTFE o $rednicy porow 0,45 um do fiolek
chromatograficznych.

Analiza chromatograficzna estrow kwasu chlorogenowego zostala przeprowadzona
zgodnie ze zmodyfikowang procedurg analityczng opisang przez Glowacka i in. (2019).
Analiza HPLC odbyta si¢ przy uzyciu uktadu wysokosprawnej chromatografii cieczowej
Shimadzu (Kioto, Japonia), wyposazonego w odgazowywacz DGU-20A SR, pompg LC-
20AD, autosampler SIL-20A HT, termostat kolumny CTO-10AS VP oraz detektor
diodowy SPD-M20A. Separacja probek zostala przeprowadzona na kolumnie
analitycznej Supelco SUPELCOSIL LC-18-S o wielkosci czastek 5 pm (25 cm x 4,6
mm). Jako fazy ruchome zastosowano wodny 0,1% roztwor kwasu mréwkowego (faza
A) oraz metanol (faza B) w trybie elucji gradientowej, przy przeplywie 0,8 cm®/min.
Profil gradientu byt nast¢pujacy: 0 min — 80% fazy B, 12-15 min — 50% fazy B, 28-45
min — 80% fazy B. Detekcj¢ prowadzono przy dtugosci fali 325 nm. Wydajno$¢ reakcji

wyznaczano na podstawie pol pod krzywymi odpowiednich pikéw analitow [P5].

3.8.3. Chromatografia cieczowa sprze¢zona ze spektrometriag mas - analiza zawarto$ci

kwasow fenolowych w wybranych ekstraktach

Poréwnanie zawarto$ci wybranych kwasow fenolowych oraz ich pochodnych w
przygotowanych ekstraktach przed i1 po procesie lipofilizacji okreslono za pomoca
chromatografii cieczowej sprz¢zonej ze spektrometrig mas (LC-MS) [P5], w Zaktadzie
Bezpieczenstwa i Analizy Chemicznej Zywnosci, Instytutu Biotechnologii Przemystu

Rolno-Spozywczego im. Prof. Wactawa Dabrowskiego w Warszawie.

Kazdy liofilizowany ekstrakt doktadnie odwazono (10 mg) i rozpuszczono w 1 cm?®
metanolu. Zawiesiny poddano sonikacji w kapieli ultradzwigkowej przez 30 minut w
temperaturze pokojowej. Nastepnie probki przefiltrowano przez strzykawkowe filtry o
porowatosci 0,22 um (membrana PTFE). Na podstawie tych roztworow macierzystych
przygotowano trzy poziomy stezenia analitow: 10, 1 oraz 0,1 mg/cm®. W tym celu

odpowiednie objetosci roztworow macierzystych odparowano do sucha pod strumieniem
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azotu w temperaturze pokojowej, a pozostalosci rozpuszczono w 30% metanolu (v/v),

aby uzyska¢ pozadane stezenia.

Do okreslenia zawarto$ci kwasoéw fenolowych w ekstraktach pochodnych pobierano
probki z mieszaniny reakcyjnej. Odpowiednie objetosci (50 lub 200 uL) pobierano z
fiolek i odparowywano do sucha pod strumieniem azotu. Pozostato$ci rozpuszczano w
roztworze 30% metanolu (v/v) i dopetiano do obj¢tosci 200 lub 250 pL, w zaleznosci
od poczatkowej objetosci ekstraktu. Przygotowane probki nastepnie analizowano za

pomocg chromatografii cieczowej sprzezonej ze spektrometrig mas (LC-MS).

3.9. Identyfikacja zwigzkoéw

3.9.1. Analiza struktury estrow

Potwierdzenie struktury oczyszczonych estrow przeprowadzono za pomocg
spektroskopii magnetycznego rezonansu jadrowego - *C NMR na Wydziale Chemii
Uniwersytetu Warszawskiego, w Warszawie. Widma rejestrowano w spektrometrze
Bruker AVANCE 500 MHz (Bruker, Billerica, MA, USA) z zastosowaniem DMSO-d6
jako rozpuszczalnika. Przesunigcia chemiczne (8) podano w czgéciach na milion (ppm)
wzgledem tetrametylosilanu (TMS) jako standardu wewnetrznego [P5].

Ester butylowy kwasu chlorogenowego (C4)

13C NMR (126 MHz, DMSO-d6) & 173.19, 165.43, 148.61, 145.70, 145.17, 125.34,
121.34, 115.85, 114.55, 113.81, 73.12, 71.09, 69.40, 66.91, 64.12, 37.23, 35.09, 30.03,
18.54, 13.56.

Ester heksylowy kwasu chlorogenowego (C6)

13C NMR (126 MHz, DMSO-d6) & 173.16, 165.35, 148.54, 145.66, 145.15, 125.32,
121.27, 115.79, 114.55, 113.75, 73.01, 71.07, 69.27, 66.75, 64.37, 37.22, 34.97, 30.80,
27.88, 24.90, 21.97, 13.78.

Ester oktylowy kwasu chlorogenowego (C8)

13C NMR (126 MHz, DMSO-d6) & 173.16, 165.35, 148.53, 145.65, 145.15, 125.31,
121.26, 115.77, 114.53, 113.73, 73.01, 71.07, 69.28, 66.77, 64.36, 37.22, 34.99, 31.11,
28.57, 27.92, 25.24, 22.05, 13.94.

Ester decylowy kwasu chlorogenowego (C10)

13C NMR (126 MHz, DMSO-d6) & 173.16, 165.36, 148.57, 145.67, 145.16, 125.29,
121.27, 115.77, 114.51, 113.71, 73.04, 71.06, 69.29, 66.80, 64.37, 37.22, 35.03, 31.31,
29.12, 29.00, 28.97, 28.92, 28.85, 28.73, 22.10, 13.97.

Ester dodecylowy kwasu chlorogenoweqgo (C12)

13C NMR (126 MHz, DMSO-d6) § 173.15, 165.35, 148.54, 145.65, 145.14, 125.30,
121.25, 115.76, 114.51, 113.73, 73.04, 71.05, 69.31, 66.80, 64.35, 37.21, 35.03, 31.30,
29.02, 28.99, 28.91, 28.89, 28.72, 28.60, 27.92, 25.24, 22.11, 13.97.
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3.9.2. Analiza za pomoca spektrometrii mas

Widma wysokorozdzielczej spektrometrii masowej z jonizacja elektrorozpylajaca (ESI-
MS) butylowego estru chlorogenowego zostaty pozyskane za pomoca ultra-wydajnego
chromatografu cieczowego ACQUITY UPLC I-Class (Waters, Milford, MA, USA)
sprz¢zonego ze spektrometrem masowym Synapt G2-S HDMS (Waters, Milford, MA,
USA), wyposazonym w zrodto jonéw ESI oraz analizator mas typu g-TOF.
Zarejestrowane dane przetworzono za pomocg pakietu oprogramowania MassLynx V4.1
(Waters, Milford, MA, USA). Widma ESI-MS rejestrowano w trybie jonow dodatnich i
ujemnych w zakresie stosunku masy do tadunku (m/z) od 50 do 3000. Analiza zostata
przeprowadzona w Pracowni Spektrometrii Mas, Instytutu Chemii Organicznej PAN w
Warszawie [P5].

3.10. Reakcja lipofilizacji

Na podstawie optymalizacji syntezy pochodnych kwasu chlorogenowego opisanej w
podrozdziale 3.7 wybrano parametry do przeprowadzenia lipofilizacji ekstraktow z fusow
po kawie, wytlokodw z aronii i jabtek [P5]. Reakcje prowadzono w kolbach stozkowych
w temperaturze 55 °C, z cigglym mieszaniem (150 obr./min). Do mieszaniny reakcyjnej
dodano 1-butanol oraz wysuszone ekstrakty z odpadéw spozywczych w stosunku 8:1
(m/m) oraz 15 cm? eteru tert-butylowo-metylowego. Reakcje katalizowano lipaza z A.
oryzae immobilizowang na fusach kawowych oraz lipaza Novozym 435 jako
biokatalizatorem referencyjnym, przez 7 dni. Biokatalizatory usuni¢to z mieszaniny
reakcyjnej przez filtracj¢. Ekstrakty, po odparowaniu pozostatego rozpuszczalnika,
poddano analizie technikami chromatograficznymi wg metodyki opisanej w rozdziale
3.8.3.

3.11. Charakterystyka estrow kwasu fenolowego oraz ekstraktow z odpadow

spozywczych

3.11.1 Catkowita zawarto$¢ zwigzkow fenolowych

Catkowitg zawarto$¢ zwiazkow fenolowych w ekstraktach (1 mg/cm® w metanolu) przed
procesem lipofilizacji okreslono metoda Folina—Ciocalteu [P5]. Do szklanych probowek
dodano 0,18 cm? ekstraktu, ktory rozcienczono 4,92 cm® wody destylowanej, a nastepnie
dodano 0,3 cm?® odczynnika Folina—Ciocalteu i wymieszano. Po 3 minutach pH roztworu
zmieniono poprzez dodanie 0,6 cm® nasyconego roztworu weglanu sodu. Inkubacje

prowadzono w ciemnosci, w temperaturze 25 °C, przez godzing. Absorbancj¢ roztworow
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zmierzono spektrofotometrem Rayleigh UV-1601 (BRAIC, Pekin, Chiny) przy dtugosci
fali 750 nm, z uzyciem probki kontrolnej jako punktu odniesienia. Zawarto$¢ polifenoli
wyrazono jako réwnowazniki kwasu chlorogenowego (mg rownowaznikow CGA na g

ekstraktu). Analiz¢ przeprowadzono w trzech powtorzeniach.

3.11.2. Analiza wtasciwosci przeciwutleniajacych

3.11.2.1. Metoda z rodnikiem DPPH

Test DPPH zostal przeprowadzony zgodnie z protokolem opisanym przez Zanetti i in.
(2017), z niewielkimi modyfikacjami, w celu oceny wtasciwosci antyoksydacyjnych
otrzymanych zwigzkow i ekstraktow [P5]. Do przeprowadzenia dos$wiadczenia
przygotowano 1 mM roztwor wyizolowanych estrow kwasu chlorogenowego oraz 1
mg/cm? otrzymanych ekstraktow w metanolu. Do proboéwek z rozcienczeniami probek
dodano 2,7 cm® roztworu DPPH (4 mg DPPH w 100 cm?® metanolu). Aktywnos¢
antyoksydacyjng badanych zwigzkéw zmierzono za pomoca spektrofotometru Rayleigh
UV-1601 (BRAIC, Pekin, Chiny) przy dlugosci fali 517 nm. Na podstawie wynikow
czterech roznych rozcienczen badanych roztworéw obliczono warto$¢ ICso, czyli st¢zenie
potrzebne do redukcji 50% rodnika DPPH". Jako odniesienie uzyto butylohydroksytoluen
(BHT).

3.11.2.2. Metoda CUPRAC

Test CUPRAC zostal zastosowany jako uzupelniajagca metoda oceny aktywnoSci
antyoksydacyjnej badanych substancji. Analiza zostata przeprowadzona zgodnie z
metodg opisang przez Ozyiirek i in. (2011) [P5]. W tej metodzie spektrofotometrycznie
mierzono absorbancj¢ kompleksu utworzonego przez neokuproing (2,9-dimetylo-1,10-
fenantroling) 1 jon Cu(I) przy dtugosci fali 450 nm. Na podstawie pomiaréw absorbancji
badanych estrow chlorogenowych i ekstraktow w pordwnaniu do Troloxu, ktory stuzyt
jako wzorzec, obliczono ekwiwalentne zdolnos$ci antyoksydacyjne Troloxu (TEAC).

Jako odniesienie uzyto butylohydroksytoluen (BHT).

3.11.3. Analiza wtasciwosci przeciwdrobnoustrojowych

Aktywnos¢ przeciwdrobnoustrojowa oceniano metodg dyfuzyjno-krazkowa [P5]. Estry i
ekstrakty rozpuszczono najpierw w etanolu, uzyskujac stezenie 50 mg/cm?®. Nastepnie na
jatowe dyski o $rednicy 6 mm naniesiono po 10 puL kazdego zwigzku lub ekstraktow.
Zawiesiny bakterii dostosowano do standardu 0,5 McFarlanda 1 réwnomiernie

rozprowadzone na ptytkach z agarowym podlozem Mueller—Hinton (30% wywar z
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wolowiny, 1,75% hydrolizat kazeiny, 0,15% skrobia, 1,7% agar). Nast¢pnie dyski
nasgczone wybranymi estrami i ekstraktami umieszczono na powierzchni podioza z
inokulum. Ptytki inkubowano w temperaturze 37 °C przez 16-18 godzin. Po inkubacji
zmierzono $rednice stref zahamowania wzrostu wokot dyskéw, aby oceni¢ skutecznos$c
antybakteryjng testowanych zwigzkéw i ekstraktow. Do analizy uzyto nastepujacych
szczepow bakterii, zakupionych w Polskiej Kolekcji Mikroorganizméow (PCM) Instytutu
Immunologii 1 Terapii Doswiadczalnej Polskiej Akademii Nauk (Wroctaw, Polska):
Bacillus cereus PCM 482, Bacillus subtilis PCM 486, Enterobacter cloacae PCM 2848,
Enterococcus faecalis PCM 2909, Escherichia coli PCM 2057, Listeria monocytogenes
PCM 2191, Serratia marcescens PCM 549 oraz Staphylococcus aureus PCM 2054.

3.11.4. Analiza stabilnosci oksydacyjnej olejow roslinnych

Maksymalny czas utleniania (tmax) dla olejow rzepakowych bez dodatkéw (probka
kontrolna) oraz z dodatkami zostat okreslony za pomoca analizy wysokoci$nieniowej,
roznicowej kalorymetrii skaningowej (PDSC) [P5]. Do 30 g oleju rzepakowego w
probéwkach typu Falcon dodano etanolowe ekstrakty (3 mg zwiagzku/ekstraktu w 30 pl
etanolu), co odpowiadato stezeniu 0,01% zwigzku/ekstraktu w oleju. Pomiar
przeprowadzono zaraz po dodaniu wszystkich reagentow Oraz po 2 miesigcach
przechowywania. Probka oleju o masie 3-4 mg umieszczona zostala w otwartej
aluminiowej szalce, obok ktorej znajdowata si¢ pusta szalka referencyjna, w komorze
cisnieniowej aparatu DSC Q20 (TA Instruments, New Castle, DE, USA). Warto$¢ Tmax
rejestrowano w statej temperaturze 120 °C oraz przy poczatkowym cisnieniu 1400 kPa,
w srodowisku czystego tlenu. Maksymalny czas utleniania tmax, wyrazony w minutach,
zostal wyznaczony poprzez analize¢ przeplywu ciepta w czasie przy uzyciu

oprogramowania TA Software (wersja 4.5A).
3.11.5. Analiza lipofilowosci estrow wybranego kwasu fenolowego

Aby okresli¢ lipofilowos¢ otrzymanych estrow kwasu chlorogenowego, wspotczynnik
podziatu oktanol/woda (logP) oraz rozpuszczalno$¢ w wodzie (logS) zostaly obliczone
za pomocg oprogramowania MOE (Molecular Operating Environment, Chemical

Computing Group, Kanada) [P5].

3.12. Analiza statystyczna

Wyniki zostaly poddane analizie statystycznej za pomocag oprogramowania

STATISTICA 13.3 (TIBCO Software Inc., Palo Alto, CA, USA). Zastosowano
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nastepujace metody: test Shapiro-Wilka do oceny hipotezy statystycznej dotyczacej
normalnosci rozktadu danych eksperymentalnych, testy Levene’a i Brown-Forsythe’a do
oceny hipotezy jednorodno$ci wariancji, analiz¢ wariancji (ANOVA), test post-hoc
Tukeya oraz plan eksperymentu Boxa-Behnkena do optymalizacji reakcji syntezy. Za

istotne statystycznie uznano wyniki przy poziomie istotnosci p < 0,05.
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4.  OMOWIENIE I DYSKUSJA WYNIKOW

4.11. Charakterystyka opracowanych biokatalizatoréw, otrzymanych w wyniku
immobilizacji enzymoéw lipolitycznych pochodzenia mikrobiologicznego na
roznych nosnikach

Weryfikacja hipotezy H1: Odpady spozywcze z produkcji napojow (np. wytloki

jabtkowe 1 aroniowe oraz fusy kawowe) moga stanowi¢ nosnik do immobilizacji

enzymow lipolitycznych, umozliwiajac otrzymanie biokatalizatorow o wysokiej

aktywno$ci syntetyczne;j.

W ramach badan wstepnych przeprowadzono analiz¢ mozliwosci wykorzystania
wybranych lipaz pochodzenia mikrobiologicznego w procesach immobilizacji na
nos$nikach pochodzenia naturalnego oraz syntetycznego, ktorej celem byta selekcja

najbardziej efektywnych uktadow enzym-nosnik do dalszych etapow pracy (Rys. 2).

LIPAZY: NOSNIKI:
. Novozym 51032 (A. oryzae) BADAN IA « chitozan
. lipaza zewnatrzkomdrkowa, WSTE P N E [PZ] s Lewatit VP OC 1600

pochodzgca z hodowli * fusy po kawie

drozdzy Y. lipolytica
LIPAZY: Palatase 20000L (R. miehei)
20000L (R. miehei) NOSNIKI: wyttoki z aronii i jabtek
NOSNIKI: fusy po kawie (natywne i po cbrébce wstepnej)

(natywne i po obrébce wstepnej) [P3] [P4]

\ /

LIPAZY: Novozym 51032

(A. oryzae)

NOSNIKI: natywne fusy po kawie,
wytloki z aronii i jabtek  [P5]

}

BIOKATALIZATOR: Novozym 51032 (A. oryzae)
immobilizowany na natywnych fusach po kawie

LIPAZY: Novozym 51032 (A. oryzae),
Lipozyme TL 100L (T. lanuginosus), Palatase

Rys. 2. Schemat prac badawczych dotyczacych otrzymania i charakterystyki
immobilizowanych preparatéw enzymatycznych, pochodzenia mikrobiologicznego,
ktore opisano w publikacjach [P2, P3, P4, P5].

W tym celu poréwnano kilka komercyjnych preparatow enzymatycznych, obejmujacych:
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- lipaze B z drozdzy C. antarctica (CALB), immobilizowana na hydrofobowym no$niku
Lewatit VP OC 1600 (Novozym 435), powszechnie stosowang w przemysle jako
biokatalizator, a w przypadku niniejszej pracy jako odnosnik referencyjny,

- lipaze z plesni A. oryzae (Novozym 51032),

- lipaze¢ z plesni T. lanuginosus (Lipozyme TL 100L),

-lipazg z plesni R. miehei (Palatase 20000L).

Jako nosniki do immobilizacji wykorzystano zardéwno syntetyczny Lewatit VP OC 1600,
jak i alternatywne, biodegradowalne matryce takie jak odpady pochodzenia
spozywczego, obejmujace zuzyte fusy kawowe (SCG), wytloki z jabtek (AP), wyttoki z
aronii (ChoP) oraz naturalny biopolimer - chitozan.

Uzyskane wyniki jednoznacznie wykazaty, ze aktywno$¢ katalityczna badanych
preparatow zalezala nie tylko od rodzaju enzymu, ale przede wszystkim od specyfiki
zastosowanego nosnika. Lipaza Novozym 51032 immobilizowana na no$niku Lewatit
VP OC 1600 charakteryzowala si¢ najwyzsza aktywnoscig hydrolityczng (0,0059 U/mg),
przewyzszajacg nawet preparat referencyjny, przy jednoczesnie wysokiej zdolnosci
adsorpcji biatka na powierzchni nosnika [P2]. Z kolei enzymy immobilizowane na
nosnikach lignocelulozowych (fusy po kawie) oraz chitozanie wykazaly zdecydowanie
wyzszy potencjat w zakresie aktywno$ci syntetycznej, co jest szczegdlnie istotne w
procesach estryfikacji 1 transestryfikacji. Dla przyktadu, lipaza Novozym 51032
immobilizowana na chitozanie oraz fusach kawowych osiggneta aktywno$¢ syntetyczng
odpowiednio 0,23 i 0,40 U/mg, podczas gdy analogiczna warto$¢ dla tego samego
enzymu immobilizowanego na no$niku Lewatit VP OC 1600 wynosita jedynie 0,17 U/mg
[P2]. Podobne zjawisko zaobserwowano w przypadku lipazy z R. miehei, ktorej
aktywnos$¢ syntetyczna na natywnych wyttokach jabtkowych osiggneta wartos¢ 461 U/g,
a na natywnych wyttokach aroniowych 370 U/g, co jednoznacznie wskazuje na ich
przydatno$¢ jako taniego, biodegradowalnego nosnika [P4]. Co wigcej, immobilizacja
lipaz Lipozyme TL i Palatase 20000L na fusach kawowych prowadzita do uzyskania
biokatalizatorow o wyzszej aktywnosci hydrolitycznej niz w przypadku zastosowania
nosnika Lewatit VP OC 1600 [P3].

Analiza poréwnawcza pozwolila stwierdzi¢, ze na efektywno§¢ immobilizacji
decydujacy wptyw miata jako$¢ interakcji miedzy enzymem, a nosnikiem, a nie sama
ilo$¢ zaadsorbowanego biatka. Lewatit VP OC 1600, mimo zdolnosci do wigzania duzych

ilosci enzymu, prawdopodobnie sprzyjat powstawaniu agregatow ograniczajacych dostep
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do centrum aktywnego. Porowate materiaty lignocelulozowe, takie jak fusy kawowe czy
wytloki owocowe, mogly sprzyja¢ zachowaniu otwartej konformacji lipazy, co mogto
skutkowa¢ wzrostem aktywnos$ci syntetycznej. Wplyw miata rowniez obrobka wst¢pna
no$nikOw — oczyszczanie poprawialo stabilnos¢ hydrolityczng biokatalizatora, lecz
jednoczesénie prowadzito do obnizenia jego aktywnosci syntetycznej. Fakt ten wskazuje
na korzystny udzial naturalnych komponentéw roslinnych w stabilizacji enzymow.
Potwierdzono to m.in. w przypadku fuséw kawowych, gdzie usunigcie hemicelulozy w
procesie oczyszczania skutkowato istotnym spadkiem aktywnosci lipolitycznej.
Dodatkowo zaobserwowano, ze biokatalizatory immobilizowane na oczyszczonych
wyttokach aroniowych wykazaty wicksza aktywno$¢ podczas ponownego uzycia,
utrzymujac 5-10% poczatkowej aktywnos$ci hydrolitycznej po pigciu cyklach, co

stanowilo lepszy wynik niz dla uktadéw opartych na fusach kawowych.

W toku badan przesiewowych skoncentrowano si¢ na dwoch gtéwnych kierunkach. W
pierwszym [P3] prowadzono badania nad immobilizacja lipaz Novozym 51032,
Lipozyme TL oraz Palatase na fusach kawowych w formie natywnej i po wstepnej ich
obrobce, natomiast w drugim [P4] skoncentrowano si¢ na immobilizacji lipazy Palatase

na wytlokach z aronii i jabtek.

Na podstawie wynikow aktywnosci i stabilnosci biokatalizator6w ostatecznie
wytypowano uktady z udziatem lipazy Novozym 51032 immobilizowanej na natywnych
fusach kawowych, a takze na wytlokach aroniowych 1 jablkowych. Wybodr ten
uzasadniono wysokga aktywnos$cig katalityczna, stabilno$cia oraz potencjatem
wykorzystania tanich, powszechnie dost¢gpnych materiatow odpadowych zgodnych z
zasadami gospodarki o obiegu zamknietym, co w dalszej perspektywie otwiera droge do

ich praktycznego zastosowania w syntezie zwigzkow o wysokiej warto$ci dodane;.

Ostatnim krokiem badan na tym etapie bylo opracowanie trzech rodzajow
biokatalizatorow, uzyskanych poprzez adsorpcje lipazy mikrobiologicznej pochodzacej z
plesni A. oryzae na fusach po kawie, wyttokach z aronii i jabtek [P5]. Do weryfikacji
efektywnosci procesu immobilizacji przeprowadzono analize elementarng zaréwno
otrzymanych biokatalizatorow, jak i surowcoéw zastosowanych jako no$niki. Ocenie
poddano zawarto$¢ wegla, azotu oraz siarki w badanych prébkach. W przypadku fusow
kawowych (SCG) stwierdzono stosunkowo wysoka zawarto$¢ wegla (48,41%), niska

zawarto$¢ azotu (2,23%) oraz jedynie 0,12% siarki. Zblizony uktad warto$ci odnotowano
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dla wytlokéw z aronii (ChoP), ktore zawieraty 50,31% wegla, 1,87% azotu oraz 0,09%
siarki. Odmienny profil charakteryzowal natomiast wyttoki jabtkowe (AP), dla ktorych
zawarto$¢ pierwiastkow byta nizsza i wynosita odpowiednio: 44,62% wegla, 0,99% azotu
1 0,07% siarki. Otrzymane dane pozostajg w zgodzie z wartosciami raportowanymi w
literaturze dla fusé6w kawowych (Girelli i in., 2023), wytlokow jablkowych (Guerrero i
in., 2014) oraz wytlokdéw jagodowych (Osman i in., 2020). Istotnym spostrzezeniem jest
zaobserwowany we wszystkich przypadkach wzrost udziatu procentowego azotu w
immobilizowanych preparatach enzymatycznych w stosunku do zawartoSci tego
pierwiastka w materiale odpadowym, co wskazuje na skuteczng adsorpcje bialek na

powierzchni nos$nika.

Sposrod analizowanych ukladoéw, najwyzsza aktywnos$¢ katalityczng wykazywat
biokatalizator immobilizowany na fusach kawowych, osiagajac aktywnos$¢ hydrolityczng
na poziomie 6,0 U/g oraz aktywnos$¢ syntetyczng wynoszaca 1036,0 U/g, co istotnie
przewyzszato wartosci uzyskane dla pozostatych nosnikow (Rys. 3). Wysoka aktywnos¢
katalityczna otrzymanych immobilizowanych preparatow enzymatycznych moze

wynikac¢ z szeregu czynnikow determinujacych efektywno$¢ procesu.
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Rys. 3. Aktywno$¢ hydrolityczna (a) 1 syntetyczna (b) lipazy z A. oryzae
immobilizowanej na fusach z kawy (NSCG), wyttokach z aronii (NChoP) i wyttokach z
jablek (NAP). Srednie oznaczone ta sama litera (a-c) nie roznily sig istotnie (a = 0,05).

Adsorpcja, bedaca jedng z najprostszych i najczesciej stosowanych metod immobilizacji

enzymow, opiera si¢ na oddzialywaniach fizycznych o niewielkiej sile, takich jak sity van
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der Waalsa, interakcje hydrofobowe czy wigzania wodorowe. Z tego wzgledu kluczowe
znaczenie dla efektywnosci immobilizacji oraz stabilno$ci enzymu ma struktura
chemiczna 1 funkcjonalno$¢ powierzchni nos$nika. Obecno$¢ okreslonych grup
funkcyjnych, takich jak hydroksylowe, karboksylowe czy fenylowe, na powierzchni
no$nika sprzyja powstawaniu oddzialywan niekowalencyjnych z enzymem, co umozliwia
tworzenie stabilnych uktadow biokatalitycznych (Mokhtar i in., 2020; Alcaiiz-Monge i
in., 2022; Girelli i Chiappini, 2023).

W kontekscie badanych materiatdw odpadowych pochodzenia rolno-spozywczego
wczesniejsze doniesienia wskazuja, iz istotnym czynnikiem mogacym wplywaé na
zdolnos¢ adsorpcyjng nosnika jest sktad wtokna surowego, w szczegolnosci zawartos¢
hemicelulozy. Natywne fusy kawowe (SCG), w poréwnaniu z wytlokami jabtkowymi i
aroniowymi, charakteryzuja si¢ wyraznie wyzsza zawartos$cig hemicelulozy w suchej
masie (Tabela 2). Podwyzszona zawarto$¢ tego polisacharydu moze zwigkszaé gestosé
dostepnych miejsc wigzania na powierzchni, co z kolei sprzyja interakcjom enzymu z

nosnikiem oraz poprawia stabilno$¢ immobilizowanego uktadu.

Tabela 2. Zawarto$¢ celulozy, hemicelulozy i ligniny w odpadach: wyttokach
jablkowych 1 aroniowych oraz fusach po kawie. Skroty: ADF — wtokno detergentowe
kwasowe, ADL — lignina detergentowa kwasowa, NDF — widkno detergentowe neutralne,

DM — sucha masa.

ODPAD CELULOZA HEMICELULOZA LIGNINA
spozywczy JEPNOSTKA ' \DF.ADL)  (NDF - ADF) (ADL)
) Natywne 21,06 + 0,41 2369+097  1687+048 [P3]
usy kawowe
Natywne
wyt_loki %DM 18,87+ 0,32 3,53+1,30 32,76 £ 0,08 [P4]
aroniowe
Natywne
wyttoki 20,99 + 0,07 5,87 +£0,97 9,46 +0,20 [P4]
jabtkowe

Kolejnym istotnym aspektem jest struktura surowca, stosowanego jako nosnik. Natywne
fusy kawowe charakteryzowaty si¢ strukturg bardziej porowata w poroéwnaniu z
pozostatymi badanymi no$nikami, co przeklada si¢ na zwigkszong powierzchnig
wlasciwg. Zwiekszona dostepnos¢ powierzchni mogtla sprzyja¢ skuteczniejszej adsorpcji
czasteczek lipazy na powierzchni nos$nika. Dodatkowo, obecnos$¢ lipidow w materiatach
surowych moze wspomagac¢ stabilizacje¢ lipaz poprzez oddziatywania hydrofobowe,

odzwierciedlajace ich naturalne $rodowisko katalizy. Analiza zawarto$ci thuszczu w
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badanych materialach odpadowych wykazata, ze fusy kawowe cechowaty si¢ najwyzsza
jego zawartosciag (11% m/m) w poréwnaniu do wyttokow aroniowych (0,3% m/m) oraz
jabtkowych (0,2% m/m).

Lipazy zbudowane s3 z tancuchéw polipeptydowych zawierajacych zardwno regiony
hydrofilowe, jak i hydrofobowe, a ich centra aktywne sa zwykle zastonigte przez
hydrofobowe ,,wieczko” w konformacji zamknigtej (Rodrigues i in., 2019). W kontakcie
z hydrofobowa powierzchnig no$nikow, ,,wieczko” moze ulec konformacyjnej zmianie,
odstaniajac centrum aktywne w procesie okreslanym mianem aktywacji miedzyfazowe;.
Zmiana ta zwicksza wydajno$¢ katalityczng enzymu oraz utatwia jego adsorpcje na
powierzchni hydrofobowej, stabilizujgc otwartg, monomeryczng form¢ enzymu bez

koniecznosci stosowania dodatkowych etapow aktywacji (Manoel i in., 2015).

Stopien hydrofobowosci oraz wlasciwosci fizykochemiczne nosnika istotnie wptywaja
zardwno na efektywno$¢ wigzania lipazy, jak 1 na aktywno$¢ enzymatyczng enzymu
(Silveira 1 in., 2017). Podczas gdy niektore lipazy preferuja nosniki o umiarkowanej
hydrofobowosci, w literaturze powszechnie wskazuje si¢, iz bardziej hydrofobowe
powierzchnie umozliwiajg uzyskanie wyzszych wydajnos$ci immobilizacji w zalezno$ci
od ich powinowactwa do poszczegolnych no$nikéw (Brabcova i in., 2013). W zwigzku z
tym wyzsza zawarto$¢ lipidow w fusach kawowych moze sprzyjac stabilizacji lipazy
poprzez oddziatywania hydrofobowe, co pozostaje w zgodzie z opisanymi

mechanizmami aktywacji miedzyfazowej 1 immobilizacji enzymow.

Na podstawie uzyskanych wynikow potwierdzono hipoteze H1, ze odpady spozywcze
takie jak wytloki jabtkowe 1 aroniowe, a takze fusy kawowe moga stanowi¢ nos$nik do
immobilizacji enzyméw lipolitycznych, umozliwiajac otrzymanie biokatalizatorow o
wysokiej aktywnosci syntetycznej. Natomiast, do dalszych badan, jako biokatalizator,
wybrano lipazg z A. oryzae immobilizowang na natywnych fusach kawowych, ktora byta

najbardziej aktywna syntetycznie oraz stabilna w szerokim zakresie pH oraz temperatur.

4.12. Przygotowanie ekstraktow z odpaddéw spozywczych oraz ich analiza pod katem

sktadu kwasow fenolowych

Liofilizowane ekstrakty uzyskane z fusow kawowych, wytlokow aroniowych oraz
wytlokéw jabtkowych poddano analizie zawarto$ci wybranych kwasow fenolowych
[P5]. Ocenie poddano nastepujace zwigzki: kwas galusowy, protokatechowy, 4-
hydroksybenzoesowy, wanilinowy, kawowy, syryngowy, p-kumarynowy, salicylowy,
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chlorogenowy, synapinowy, ferulowy oraz cynamonowy (Rys. 4). Sposrod
analizowanych probek, ekstrakt pochodzacy z fuséw kawowych wykazat najwigksza
zawarto$¢ kwasu chlorogenowego, ktory stanowil okoto 93% catkowitej zawarto$ci
zidentyfikowanych kwasow fenolowych. Pozostate 7% tworzyty przede wszystkim kwas
protokatechowy, kawowy i ferulowy. W ekstrakcie z wytlokow aroniowych kwas
chlorogenowy rowniez byl dominujacym kwasem fenolowym, stanowigc okoto 50%
catkowitej zawartosci oznaczonych kwasow fenolowych. Kolejnymi pod wzgledem
udziatu byly kwasy protokatechowy oraz kawowy. Najbardziej zroznicowany profil
kwasow fenolowych stwierdzono w ekstrakcie z wytlokow jabtkowych. W tym
przypadku dominujagcym zwigzkiem byt kwas protokatechowy (42%), natomiast kwas
chlorogenowy stanowil okoto 30% catkowitej zawarto$ci oznaczanych zwiazkow, a
trzecim kwas 4-hydroksybenzoesowy. Na podstawie uzyskanych wynikow do dalszych
badan wybrano kwas chlorogenowy jako substrat modelowy, ze wzgledu na jego
obecno$¢ we wszystkich trzech ekstraktach oraz wysoka zawarto$¢ w kazdym z nich.
Wybor tego kwasu w przypadkéw fusow kawowych umozliwiatby takze otrzymanie
jednorodnego produktu.

kwas galusowy

kwas protokatechowy

kwas 4-hydroksybenzoesowy
kwas wanilinowy

kwas kawowy

kwas syryngowy

kwas p-kumarowy

kwas salicylowy

kwas chlorogenowy

kwas synapinowy

kwas ferulowy
kwas cynamonowy

\

EKSTRAKT Z WYTLOKOW  EKSTRAKT Z WYTLOKOW  EKSTRAKT Z FUSOW
JABLKOWYCH ARONIOWYCH KAWOWYCH

Rys. 4. Procentowy udziat wybranych kwasoéw fenolowych w liofilizowanych
ekstraktach z wyttokow jabtkowych, wytlokow z aronii i fuséw z kawy (wyrazony jako

% wszystkich zidentyfikowanych kwaséw fenolowych).

4.13. Synteza estrow kwasu chlorogenowego.

Weryfikacja hipotezy H2: Lipazy immobilizowane na no$nikach pochodzacych z
odpadow spozywczych skutecznie katalizujg estryfikacje dominujacego w uzyskanych

ekstraktach kwasu fenolowego.

Kwas chlorogenowy jest szeroko rozpowszechnionym zwigzkiem pochodzenia
ros$linnego, wystepujacym w znacznych ilosciach w ziarnach kawy, owocach pestkowych

I jagodowych oraz warzywach kapustnych. Znany jest z szeregu korzystnych efektow
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biologicznych, obejmujacych silne wlasciwosci antyoksydacyjne, ochron¢ bariery
jelitowej 1 watrobowej oraz potwierdzong skuteczno$¢ w profilaktyce i terapii otylosci
oraz cukrzycy typu II. Ze wzgledu na polarny charakter kwas chlorogenowy cechuje si¢
ograniczong rozpuszczalno$ciag w matrycach lipidowych, co stanowi czynnik
ograniczajacy jego zastosowanie w przemysle spozywczym, farmaceutycznym i
kosmetycznym. Jego hydrofobowo$¢ mozna zwigkszy¢ poprzez chemiczng badz
enzymatyczng lipofilizacje, polegajaca na estryfikacji grupy karboksylowej alkoholem
thuszczowym. Szczegdlne znaczenie przypisuje si¢ podej$ciu  enzymatycznemu,
poniewaz zastosowanie biokatalizatorow umozliwia prowadzenie reakcji w
tagodniejszych warunkach, zapewnia wigksza selektywno$¢ oraz ogranicza powstawanie
produktow ubocznych. Co wigcej, procesy enzymatyczne sa przyjazne Srodowisku,
wymagaja mniejszych naktadéw energetycznych i generujag mniej odpadéw (Lopez-

Giraldo i in., 2007; Wang i in., 2021; Gil i Wianowska, 2017).

W niniejszej pracy wykorzystano metode powierzchni odpowiedzi (RSM) w celu
optymalizacji enzymatycznej syntezy estru butylowego kwasu chlorogenowego.
Biokatalizatorem referencyjnym byt Novozym 435, natomiast badanym uktadem — lipaza
z A. oryzae immobilizowana na natywnych fusach kawowych (NSCG). Caty proces
optymalizacji wybranej syntezy zostal doktadnie opisany w publikacji [P5]. Lacznie
przeprowadzono 15 do$wiadczen, w ktérych analizowano wplyw temperatury (35-55
°C), molowego stosunku substratow (alkohol: kwas chlorogenowy — 2:1, 5:1, 8:1) oraz
stezenia enzymu wzgledem masy substratow (20-50%). Oceniany model odpowiedzi,
uzyskany za pomoca planu Boxa-Behnkena wykazat wysoka zgodno$¢ z danymi
eksperymentalnymi — wspotczynnik determinacji (R?) wyniost 0,999, a R? skorygowane
0,999 dla reakcji katalizowanej przez NSCG, natomiast dla Novozym 435 wartosci te
wynosity odpowiednio 0,988 1 0,913.

Analiza wykresu Pareto dla syntezy estru butylowego kwasu chlorogenowego z udziatem
biokatalizatora NSCG wykazata, ze najistotniejszym czynnikiem wplywajacym na
wydajnos¢ reakcji byt liniowy efekt molowego stosunku substratow (butanol: kwas
chlorogenowy) oraz stezenie enzymu wzgledem catkowitej iloSci substratow. Trzecim
pod wzgledem znaczenia czynnikiem byt efekt kwadratowy temperatury. Odpowiednie
trojwymiarowe wykresy odpowiedzi potwierdzity, ze zwigkszanie stosunku alkoholu do

kwasu prowadzito do wyzszych wydajnosci reakcji. Ponadto, zarowno zwigkszone
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stezenie enzymu, jak i podwyzszona temperatura wywieraly pozytywny wplyw na

efektywnos¢ estryfikacji.

W przypadku reakcji katalizowanej enzymem referencyjnym Novozym 435 analiza
wykresu Pareto wykazala, iz jedynie liniowy efekt stosunku substratéw istotnie wptywat
na wydajnos¢ procesu — wyzszy udzial alkoholu korelowat z lepsza wydajnoscia reakcji.
Pozostate czynniki, takie jak stezenie enzymu i temperatura, nie wykazaty istotnosci
statystycznej. Poréwnanie obu ukladow wskazuje na istotng roznice pomigdzy nimi.
Immobilizowana lipaza z A. oryzae na no$niku odpadowym (NSCG) charakteryzowata
si¢ wicksza wrazliwo$cig na badane warunki reakcji, podczas gdy enzym komercyjny
immobilizowany na syntetycznym nos$niku (Novozym 435) wykazywal wigksza
stabilno$¢. Na podstawie trojczynnikowej analizy Boxa-Behnkena wyznaczono
optymalne warunki reakcji, ktore okazaty si¢ zgodne dla obu ukladow. Maksymalne
wydajnosci osiggni¢to w temperaturze 55 °C i1 przy najwyzszym badanym molowym
stosunku substratow (8:1, butanol: kwas chlorogenowy). Z ekonomicznego punktu
widzenia do dalszych dos§wiadczen wybrano stezenie enzymu 35% (m/m wzgledem masy
substratow), co pozwolito zoptymalizowa¢ proces poprzez redukcje ilosci uzytego

biokatalizatora bez obnizania wydajnosci reakcji.

W kolejnym kroku badano wptyw czasu reakcji w ustalonych warunkach optymalnych
(Rys. 5a). Dla biokatalizatora NSCG maksymalng wydajnos¢ (10,61%) uzyskano po 7
dniach, podczas gdy Novozym 435 osiggnat najwyzszg wydajno$¢ (97%) po 9 dniach.
Co istotne, komercyjny biokatalizator juz na wczesnym etapie procesu wykazywat
wysoka aktywno$¢ katalityczna, osiagajac wydajnos¢ 90,86% po zaledwie 3 dniach, co
podkresla jego efektywnos¢ w katalizie tej reakceji estryfikacji.
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Rys. 5. Wydajnos$¢ reakcji otrzymania estru butylowego kwasu chlorogenowego w
zalezno$ci od czasu reakcji (a) oraz wydajno$¢ reakcji otrzymania estrow kwasu
chlorogenowego z alkoholami o r6znej dlugosci tancucha weglowego (b). Wartosci
oznaczone ta samg malg literg (a-e) lub wielka literg (A-D) nie rdznily si¢ istotnie (o =

0,05).

Zoptymalizowane warunki reakcji zastosowano do lipofilizacji kwasu chlorogenowego z
uzyciem szeregu alkoholi thuszczowych o zréznicowanej dlugosci tancucha weglowego
(C6, C8, C10, C12). Wyniki zaprezentowano na Rysunku 5b, a reakcje prowadzono
zgodnie ze schematem przedstawionym na Rysunku 6. W przypadku biokatalizatora
NSCG zaobserwowano, iz wydajnos¢ reakcji rosta proporcjonalnie do dtugosci tancucha
alkoholu. Najwyzsza wydajnos¢ (34,06%) uzyskano w reakcji z dodekanolem (C12),
natomiast najnizsza (10,62%) w reakcji z butanolem (C4). Z kolei komercyjny
biokatalizator Novozym 435 =zapewnial wysokie wydajnosci we wszystkich
analizowanych przypadkach, co wskazuje, iz wczesniej zoptymalizowane warunki byty

szeroko skuteczne w syntezie roznych estrow kwasu chlorogenowego z jego udziatem.
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Rys. 6. Estryfikacja kwasu chlorogenowego za pomoca lipazy z alkoholem butylowym
(C4), heksylowym (C6), oktylowym (C8), decylowym (C10) i dodecylowym (C12).

Cho¢ biokatalizator immobilizowany na odpadach kawowych (NSCG) charakteryzowat
si¢ relatywnie niskimi wydajno$ciami catkowitymi, niniejsze badanie stanowi pierwsze
doniesienie dotyczace jego zastosowania w enzymatycznej lipofilizacji kwasu
chlorogenowego. Uzyskane wyniki potwierdzaja, ze biodegradowalne nos$niki
pochodzace z odpadéw przemystu spozywczego moga stanowi¢ obiecujaca, przyjazng
srodowisku alternatywe¢ wobec konwencjonalnych materiatéw stosowanych w procesach
immobilizacji. Co wigcej, optymalizacja parametréw reakcji metoda Boxa—Behnkena
(temperatura, molowy stosunek substratow, stezenie enzymu) wykazata, iz wydajnosé¢
estryfikacji kwasu chlorogenowego katalizowanej przez biokatalizator NSCG jest
istotnie zalezna od tych czynnikow. Zjawisko to pozostaje zgodne z ogdlnymi trendami
obserwowanymi w reakcjach estryfikacji enzymatycznej, w ktorych podwyzszanie
temperatury 1 zwigkszanie ilosci enzymu prowadzi zwykle do poprawy efektywnosci
procesu do momentu, w ktorym moga wystapi¢ zjawiska dezaktywacji termicznej lub
nasycenia enzymu substratem. Z Kkolei biokatalizator komercyjny Novozym 435
cechowat si¢ wysokimi wydajnosciami, ktore pozostawaty w duzej mierze niezalezne od
zmienno$ci badanych parametréow reakcji, co podkresla jego stabilno$¢ operacyjng i
tolerancje substratowg. NSCG okazal si¢ bardziej wrazliwym biokatalizatorem na
zmienne warunki reakcji, co wymaga w przysztosci starannego doboru parametrow w

planowaniu do$wiadczen oraz podczas jego praktycznego stosowania.

Enzymatyczna modyfikacja kwasu chlorogenowego z wykorzystaniem lipaz byta
szeroko badana w poprzednich pracach, jednak dotychczas koncentrowano si¢ przede

wszystkim na biokatalizatorach komercyjnych. Lopez-Giraldo i in. (2007) opisali
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dwustopniowg synteze estrow kwasu chlorogenowego, obejmujaca wstepna chemiczng
estryfikacje prowadzaca do powstania metylowego estru, a nastgpnie enzymatyczng
transestryfikacj¢ z udziatem alkoholi ttuszczowych (C4—C16) katalizowang lipazg B z
Candida antarctica (CALB). Reakcje prowadzone w temperaturze 55°C przez 96 godzin,
przy stezeniu enzymu 2,5-10% (m/m), pozwolily uzyska¢ wydajnos¢ w zakresie 61—
93%, zaleznie od dtugosci tancucha alkoholu. Podobne podejscie zastosowali Guyot i in.
(2000), wykorzystujgc ten sam enzym w reakcji bezposredniej estryfikacji z 1-oktanolem,
1-dodekanolem i 1-heksadekanolem przy nizszych stezeniach enzymu (1,2-1,5% m/m) i

dhuzszym czasie prowadzenia reakcji (30 dni), osiggajac wydajnosci 40—75%.

W badaniach poréwnawczych Lorentz i in. (2010) przeprowadzili synteze O-
palmitoilowych pochodnych kwasu chlorogenowego z wykorzystaniem panelu
komercyjnych lipaz, w tym Novozym 435, Lipozyme RM-IM, TL-IM, lipaza A (A.
niger), lipaza M (M. javanicus), lipaza DF (R. oryzae), lipaza AY (C. rugosa), lipaza G
(P. camembertii) oraz lipaza PS (P. cepacia). W warunkach standardowych (60 °C, 1000
rpm) wydajno$ci miescity si¢ w przedziale 14—60% po 7 dniach, przy czym decydujacym
czynnikiem okazal si¢ stosunek molowy substratow (kwas palmitynowy: kwas
chlorogenowy w zakresie 10:1-80:1). Z kolei Wang i in. (2021) zastosowali Lipozyme
RM do acylacji kwasu chlorogenowego winylowymi estrami (C2-C12), prowadzac
reakcje w temperaturze 55°C i przy szybkosci mieszania 400 rpm, uzyskujac pigé
odmiennych pochodnych 4-O-acylowanych w ciggu 7 dni. Zhu i in. (2020) skupili si¢ na
optymalizacji Szeregu parametrow reakcji, obejmujgcych rodzaj rozpuszczalnika,
stezenie 1 form¢ enzymu, stosunek substratow oraz czas reakcji, 1 zidentyfikowali
warunki optymalne (55 °C, stosunek molowy substratéw 1:10, 400 rpm, 7 dni),
umozliwiajace wydajng synteze pochodnych kwasu chlorogenowego. W tym przypadku,
w przeciwienstwie do badan w ramach tej pracy doktorskiej, acylowana byta grupa OH

w kwasie chinowym, bedacym czgécig kwasu chlorogenowego.

Pomimo szerokiego zastosowania komercyjnych immobilizowanych lipaz w badaniach
opisanych w literaturze, nadal istnieje istotna luka badawcza dotyczaca wykorzystania
biokatalizatorow o charakterze zréwnowazonym S$rodowiskowo. Do tej pory nie
raportowano zastosowania enzymow immobilizowanych na biodegradowalnych
nosnikach pochodzacych z odpadow, takich jak fusy kawowe, w procesach lipofilizacji
kwasu chlorogenowego. Prezentowana praca wypelnia te luke, dostarczajac danych

porownawczych dotyczacych wydajnosci katalitycznej nowego biokatalizatora NSCG
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wzgledem uktadu komercyjnego, potwierdza hipoteze H2, Ze lipazy immobilizowane na
nos$nikach pochodzacych z odpadéw spozywczych moga skutecznie katalizowad
estryfikacje dominujagcego w uzyskanych ekstraktach kwasu fenolowego (w tym
przypadku kwasu chlorogenowego) oraz wnosi nowe spojrzenie na rozwoj bardziej
przyjaznych S$rodowisku i1 ekonomicznie korzystnych alternatyw dla modyfikacji

zwigzkéw fenolowych.

4.14. Analiza wlasciwosci otrzymanych estrow kwasu chlorogenowego.

Weryfikacja hipotezy H3: Estry dominujgcego kwasu fenolowego otrzymane w
lipofilizacji zachowuja lub przewyzszaja wlasciwosci przeciwutleniajgcei/lub
przeciwdrobnoustrojowe w porownaniu do zwigzku wyjsciowego, a ich dodatek do oleju

ros$linnego istotnie zwigksza jego stabilno$¢ oksydacyjna.

Otrzymane estry kwasu chlorogenowego (C4-C12), poddano ocenie pod katem
wlasciwosci funkcjonalnych, obejmujacych aktywno$¢ przeciwutleniajaca, dziatanie
przeciwdrobnoustrojowe oraz zdolno$¢ stabilizacji oksydacyjnej oleju roslinnego.
Analizie poddano takze kwas chlorogenowy oraz syntetyczny antyoksydant BHT jako

kontrola odniesienia. Szczegétowe wyniki umieszczono w publikacji [P5].

4.14.1. Aktywnos¢ przeciwutleniajaca estréw kwasu chlorogenowego

Sposrod wszystkich otrzymanych pochodnych, najwyzsza aktywnos¢ przeciwutleniajaca
wykazal ester butylowy kwasu chlorogenowego (ICso = 0,34 mM; TEAC = 3,26). Jego
skuteczno$¢ byta porownywalna zarowno z kwasem chlorogenowym (ICsp = 0,26 mM;
TEAC = 3,49), jak i BHT (ICs0 = 0,35 mM; TEAC = 3,14), przy jednoczesnym wzroscie
lipofilowos$ci, co potwierdza warto§¢ logP. Zaobserwowano ponadto, iz wraz ze
wzrostem dlugosci tancucha weglowego alkoholu uzytego w reakcji estryfikacji,
aktywno$¢ antyoksydacyjna estrow zmniejszata si¢, niezaleznie od zastosowanej metody

analitycznej (CUPRAC, DPPH), pomimo zwigkszonej lipofilowosci czasteczki.

Zjawisko to odpowiada dobrze znanemu w literaturze ,,efektowi odciecia” (ang. cut-off
effect), polegajacemu na nieliniowej zalezno$ci  pomiedzy  aktywnos$cig
przeciwutleniajagca a hydrofobowos$cia zwigzku. Wzrost lipofilowo$ci nie zawsze
prowadzi do proporcjonalnej poprawy zdolno$ci antyoksydacyjnych zwiazku, po
osiggnieciu optymalnej dhlugosci tancucha nastgpuje wyrazny spadek aktywnosci
przeciwutleniajacej (Shahidi i Zhong, 2011; Laguerre i in., 2010, 2011, 2013). W

badaniach wlasnych maksymalng aktywno§¢ odnotowano dla estru butylowego,
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natomiast dane literaturowe wskazuja zar6wno na optimum przy krétszych tancuchach
(C4, C8) (Lopez-Giraldo i in., 2009), jak i przy dluzszych (C12) np. w modelach
komoérkowych z nadprodukcjg ROS oraz w emulsjach olej-woda (Laguerre i in., 2009,
2011, 2013). Rozbieznosci te moga wynika¢ z odmiennych systeméw badawczych
(roztwory homogeniczne, emulsje, modele komoérkowe), metod oceny antyoksydacyjnej

lub warunkoéw eksperymentalnych.

W literaturze wskazuje si¢ kilka mechanizméw mogacych tlumaczy¢ efekt odciecia.
Najczgséciej przywolywana jest hipoteza podzialu fazowego (ang. partitioning
hypothesis), zgodnie z ktdrg estry o optymalnej dtugosci tancucha weglowego (C4, C8,
C12) lokuja si¢ najefektywniej na granicy faz olej—woda badz w obrgbie blon
komorkowych — tam, gdzie inicjowane jest peroksydacja lipidow i reakcje rodnikowe
(Laguerre i in., 2011; Pappalardo i in., 2023). Przy dluzszych tancuchach weglowych
dochodzi do nadmiernego zanurzenia czasteczki w fazie lipidowej, co ogranicza dostgp
grup hydroksylowych do reaktywnych form tlenu (Serensen i in., 2012). Kolejnym
czynnikiem sg efekty steryczne — masywne tancuchy alkilowe moga utrudnia¢ dostep
wolnych rodnikéw do miejsc reaktywnych (Lopez-Giraldo i in., 2009). Zjawisko to moze
takze wpltywaé na ograniczenie zdolno$ci do tworzenia dimeréw, co dodatkowo
zmniejsza aktywnos$¢ antyoksydacyjng zwigzku. Trzecim potencjalnym mechanizmem
jest zdolnos¢ do samorzutnej organizacji czasteczek w srodowisku wodnym. Dodecylowy
ester kwasu chlorogenowego wykazywal zdolno$¢ do tworzenia struktur
supramolekularnych w roztworach wodnych, co sprzyjato jego interakcji z blonami

komorkowymi i wyzszemu potencjatowi antyoksydacyjnemu (Laguerre i in., 2011).

4.14.2. Whasciwosci przeciwdrobnoustrojowe estrow kwasu chlorogenowego

Otrzymane pochodne kwasu chlorogenowego oceniono réwniez pod katem aktywnosci
przeciwdrobnoustrojowej wobec o$miu szczepow bakteryjnych, reprezentujacych
bakterie Gram-dodatnie i Gram-ujemne. Badania wykazaty, ze ester butylowy kwasu
chlorogenowego, mimo wysokiej aktywno$ci przeciwutleniajacej, nie wykazywat
zadnych wlasciwosci przeciwdrobnoustrojowych, podobnie jak kwas chlorogenowy oraz
BHT. Natomiast estry o $redniej dtugosci tancucha (heksylowy i oktylowy) wykazaty
wyrazne dziatanie hamujace wzrost bakterii Gram-dodatnich (m.in. B. cereus, B. subtilis,
E. faecalis, S. aureus). Estry o dtuzszych tancuchach weglowych (C10, C12) dziataty
stabiej i wykazywaly ograniczona aktywno$é selektywna. Zaden z badanych zwigzkow
nie wykazywat aktywnos$ci wobec bakterii Gram-ujemnych.
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Otrzymane wyniki cze¢$§ciowo pokrywaja si¢ z doniesieniami literaturowymi. Suérez-
Quiroz i in. (2013) stwierdzili, ze dodecylowy ester kwasu chlorogenowgo, pozyskany z
ziclonej kawy, wykazuje aktywno$¢ wobec wybranych bakterii Gram-dodatnich (B.
cereus, Clostridium sporogenes, Listeria innocua), lecz nie dziala na Gram-ujemne
szczepy (E. coli, Pseudomonas fluorescens, Salmonella enterica). Co interesujace, kwas
chlorogenowy wykazywatl szersze spektrum dziatania, obejmujace réwniez bakterie
Gram-ujemne, cho¢ komorki S. enterica pozostawaly oporne na jego dziatanie. Z kolei
Ma i in. (2007) wykazali, ze modyfikacje kwasu chlorogenowego poprzez wprowadzenie
lipofilowych fancuchow zawierajacych reszty aminokwasowe moga znaczaco zwigkszaé
aktywno$¢ przeciwdrobnoustrojowa zwlaszcza wobec opornych szczepoéw drozdzy
Candida krusei, przy jednoczesnym ograniczeniu toksyczno$ci wobec organizmow

morskich.

Podsumowujgc, aktywno$¢ przeciwdrobnoustrojowa estréw kwasu chlorogenowego ma
wyraznie charakter zalezny od dlugos$ci i charakteru tancucha alkilowego. Najwigkszy
potencjal wykazuja pochodne o $redniej dtugosci (C6, C8), aktywne wobec bakterii
Gram-dodatnich. Wyniki te sugeruja mozliwos¢ zastosowania estrow kwasu
chlorogenowego jako naturalnych $rodkéw przeciwdrobnoustrojowych, jednak ich
selektywno$¢ wzgledem bakterii Gram-ujemnych wskazuje na potrzebe dalszej

modyfikacji strukturalnej w celu poszerzenia spektrum dzialania.

4.14.3. Stabilno$¢ oksydacyjna oleju rzepakowego z dodatkiem estrow kwasu

chlorogenowego

Wyniki stabilno$ci  oksydacyjnej oleju rzepakowego z dodatkiem kwasu
chlorogenowego, jego estrow oraz BHT, w momencie dodania oraz po dwoch miesigcach
przechowywania przedstawiono na Rysunku 7. Najwyzsza stabilno$¢ oksydacyjng (Tmax
=101,8 min) wykazywat olej z dodatkiem BHT, co bylo zgodne z oczekiwaniami wobec
skuteczno$ci tego syntetycznego przeciwutleniacza. Porownywalne wartosci uzyskano
dla estrow z krotkim tancuchem weglowym — butylowego (C4, tmax = 98,3 min) oraz
heksylowego (C6, tmax = 95,9 min). Natomiast olej zawierajacy natywny kwas
chlorogenowy charakteryzowat si¢ nizsza odpornoscig na utlenianie (tmax = 90,7 min),
ktéra dodatkowo spadta po przechowywaniu. Wyniki te koreluja z aktywnos$cia
przeciwutleniajaca badanych zwiazkow, gdzie estry butylowy i heksylowy wykazywaty
najwyzszg zdolno$¢ zmiatania wolnych rodnikéw. Zwigkszona lipofilowos¢ tych

pochodnych w stosunku do natywnego kwasu chlorogenowego mogta sprzyja¢ lepszemu
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rozpuszczaniu si¢ w matrycy lipidowej, co przektadato si¢ na wyzsza skuteczno$é
antyoksydacyjng. Po dwoch miesigcach przechowywania odnotowano niewielki, lecz
statystycznie istotne zmniejszenie stabilnosci oleju w przypadku dodatku niektorych
estrow, w tym butylowego (C4, tmax = 93,2 min) oraz decylowego (C10, Tmax = 88,7 min).
Obnizenie stabilno$ci oleju wskazuje na ograniczong trwato$¢ ochronnego dziatania

estrow w dtuzszym okresie, pomimo ich wyjsciowej wysokiej aktywnosci.
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Rys. 7 Stabilno$¢ oksydacyjna oleju rzepakowego z dodatkiem kwasu chlorogenowego,
jego estrow z lancuchami alkilowymi o réznej dlugosci (C4-C12) oraz BHT (uzytego
jako antyoksydant referencyjny, mierzona w momencie dodania oraz po dwodch
miesigcach przechowywania. Warto$ci oznaczone tg samg malg literg (a—c) lub wielka
litera (A—C) nie réznig si¢ znaczaco (a = 0,05). Symbol * oznacza istotng statystycznie
roznice migdzy poczatkowym stanem stabilnosci oksydacyjnej oleju z dodatkami, a

stanem po 2 miesigcach przechowywania.

Wyniki badan potwierdzaja hipoteze H3, ze lipofilizacja jest skuteczng strategia, dzigki
ktorej wybrane pochodne kwasu chlorogenowego zachowujg lub przewyzszaja pozadane
wlasciwos$ci w stosunku do wyjsciowej niemodyfikowanej czasteczki kwasu, zwlaszcza
w kontekscie ich zastosowania w matrycach lipidowych i1 zwigkszania stabilnosci

oksydacyjnej olejow roslinnych.

4.15. Lipofilizacja ekstraktow z odpadéw spozywczych za pomoca wybranego
biokatalizatora oraz analiza ich wlasciwo$ci przeciwutleniajacych 1
przeciwdrobnoustrojowych oraz wplywu na stabilno$¢ oksydacyjng oleju

roslinnego.

Weryfikacja hipotezy H4: Lipofilizacja ekstraktow roslinnych za pomoca opracowanego

biokatalizatora skutkuje otrzymaniem produktu o zwigkszonej lipofilowosci, przy
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zachowaniu lub poprawie wlasciwosci przeciwutleniajacych i/lub

przeciwdrobnoustrojowych w poréwnaniu do ekstraktu niezmodyfikowanego.

Na podstawie uzyskanych wynikéw optymalizacji syntezy estru butylowego kwasu
chlorogenowego zaplanowano reakcje lipofilizacji z wykorzystaniem liofilizowanych
ekstraktow pochodzacych z odpadow przemystu spozywczego. Ze wzgledu na to, ze
kwas chlorogenowy zostal zidentyfikowany we wszystkich trzech ekstraktach, reakcje
prowadzono przy parametrach uznanych za optymalne w ukladzie modelowym. Do
estryfikacji zastosowano 1-butanol w stosunku masowym 1:8 (alkohol: ekstrakt). W
badaniach wykorzystano zaréwno biokatalizator biodegradowalny NSCG, jak i
komercyjny Novozym 435 jako punkt odniesienia. Wyniki uzyskane w procesie

lipofilizacji ekstraktow zostaly umieszczone w publikacji [P5].

Obecno$¢ gtownego produktu reakcji: estru butylowego kwasu chlorogenowego
potwierdzono w analizach LC-MS przeprowadzonych dla wszystkich badanych probek
po 7 dniach inkubacji. Najwyzsza wydajno$¢ reakcji (Tabela 3) odnotowano dla
ekstraktow z wyttokéw jabtkowych i aronii, ktora osiggneta ok. 90%. Co istotne,
biokatalizator oparty na fusach kawowych (NSCG) katalizowal reakcje w sposob
porownywalny do enzymu referencyjnego. Nizsze wyniki uzyskano natomiast dla
ekstraktu z fuséw kawowych, gdzie wydajnos¢ reakcji upochodnienia kwasu
chlorogenowego wyniosta 47,7% w przypadku Novozymu 435 oraz 15,2% dla NSCG.
Mozna przypuszczaé, iz z uwagi na dominacj¢ kwasu chlorogenowego w ekstraktach z
fusow kawowych, konieczny jest dtuzszy czas reakcji, aby umozliwi¢ calkowite
przereagowanie substratu. W przypadku ekstraktu z wyttokow jabtkowych i aroniowych
udzial kwasu chlorogenowego byt znacznie nizszy, co mogto utatwiaé efektywniejsza

estryfikacje.

Tabela 3. Wydajnos¢ reakcji otrzymywania estru butylowego kwasu chlorogenowego, z
mieszaniny reakcyjnej po lipofilizacji ekstraktow z odpadéw spozywczych,
katalizowanej przez Novozym 435 i NSCG.

WYDAJINOSC REAKCJI OTRZYMYWANIA ESTRU BUTYLOWEGO KWASU
CHLOROGENOWEGO W REAKCJI LIPOFILIZACJI EKSTRAKTOW Z
ODPADOW SPOZYWCZYCH [%)]

Ekstrakt z wyttokow Ekstrakt z wyttokow

aroniowych jabtkowych Ekstrakt z fusow kawowych
NOVOZYM NOVOZYM NOVOZYM

435 NSCG 435 NSCG 435 NSCG

90.9% 92.0% 91.5% 87.6% 47.7% 15.2%
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Niniejsze badania stanowia pierwsze doniesienie dotyczace zastosowania lipazy
mikrobiologicznej immobilizowanej na fusach kawowych do upochodnienia kwasu
chlorogenowego zawartego w ekstraktach odpadowych. Do tej pory biokatalizator tego
typu stosowany byt wytacznie w procesach hydrolizy thuszczow mlecznych. Girelli i in.
(2023) wykorzystali lipaze z drozdzy C. rugosa immobilizowang na fusach kawowych
do hydrolizy tluszczu mlecznego, uzyskujac niemal 60% konwersje po 18 godzinach
reakcji 1 utrzymujac te warto$¢ w trakcie trzech kolejnych cykli uzycia. Z kolei K. de S.
Lira i in. (2021) podjeli probe immobilizacji lipazy z T. lanuginosus (TLL) na fusach
kawowych, jednak biokatalizator ten nie wykazywat zadnej aktywnosci katalityczne;.

Uzyskane wyniki wskazuja, ze lipazy moga by¢ wysoce efektywne w transformacjach
wybranych zwigzkéw w ekstraktach odpadowych, cho¢ skutecznos$¢ katalizy zalezy od
sktadu chemicznego poszczegdlnych matryc. W zalezno$ci od rodzaju ekstraktu, lepsze
rezultaty osiagano z uzyciem biokatalizatora NSCG albo Novozymu 435. Podkresla to
konieczno$¢ starannego doboru immobilizowanego enzymu do okreslonego procesu.
Ostateczna ilo$§¢ otrzymanego produktu byta S$cisle uzalezniona zaréwno od
poczatkowego stezenia kwasu chlorogenowego, jak i obecno$ci innych zwigzkéw
fenolowych, ktére mogg blokowa¢ centrum aktywne enzymu. Dodatkowo na przebieg
reakcji moga wplywac inne sktadniki ekstraktow, takie jak antocyjany, taniny, kofeina,
cukry czy pektyny, ktore wykazuja zdolno$¢ wigzania lub hamowania enzymow (Antonic

i in., 2020; Saracila i in., 2024; Ballesteros i in., 2014; Girelli i in., 2020).

4.15.1. Aktywnos¢ przeciwutleniajagca i przeciwdrobnoustrojowa lipofilizowanych

ekstraktow z odpadow spozywczych

Glownym celem tego etapu byto zweryfikowanie, czy modyfikacja poprzez lipofilizacje
z uzyciem l-butanolu moze poprawi¢ wlasciwosci ekstraktow, szczegolnie w kontekscie

opracowania dodatkéw spozywczych o zwigkszonej lipofilowosci.

Najwyzsza catkowitg zawarto$¢ zwiazkow fenolowych odnotowano w ekstrakcie z fuséw
kawowych, co potwierdzita analiza LC-MS. Na drugim miejscu znalazt si¢ ekstrakt z
wytlokdw Z aronii, natomiast ekstrakt z wyttokéw jabtkowych wykazywat najnizsze
calkowite stgzenie zwigzkow fenolowych. Podobng tendencje zaobserwowano w
przypadku aktywno$ci przeciwutleniajgcej, ekstrakty bogatsze w zwigzki fenolowe

charakteryzowaty si¢ wigkszym potencjatem antyoksydacyjnym.
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Istotnym spostrzezeniem jest wptyw lipofilizacji na aktywno$¢ przeciwutleniajacg. W
przypadku ekstraktow z wyttokdéw z aronii oraz fusow kawowych zaobserwowano istotne
obnizenie aktywnosci antyoksydacyjnej po lipofilizacji, co sugeruje, ze proces ten moze
negatywnie wptywaé¢ na ogo6lng skutecznos¢ antyoksydacyjng. Obnizenie to mozna
thumaczy¢ modyfikacja lub degradacja zwiazkow bioaktywnych w trakcie reakcji
lipofilizacji. Odmienna sytuacja wystapita w przypadku ekstraktu z wytlokow
jabtkowych, gdzie zmiany w aktywno$ci antyoksydacyjnej byly minimalne. Cho¢
wytloki jabtkowe uznawane sg za stosunkowo bogate zrodto zwigzkéw polifenolowych,
ponad 50% z nich stanowig procyjanidyny zaliczane do flawan-3-oli. Pozostale zwiazki
to glikozydy kwercetyny, kwasy fenolowe oraz chalkony, takie jak florydzyna i floretyna
(Bhushan i in. 2008; Tarko i in. 2012). W niniejszym badaniu analiza LC-MS wykazata,
ze liofilizowany ekstrakt z wytlokéw jabtkowych zawierat najnizsza catkowita zawarto$¢
kwasow fenolowych (0,422 mg/g) w poréwnaniu do wyttokoéw aronii (10,442 mg/g) oraz
fusow kawowych (15,723 mg/g). W zwiazku z tym, efekty lipofilizacji mogly by¢
bardziej wyrazne w przypadku dwoéch ostatnich surowcow, ze wzgledu na wyzsza

zawartos¢ kwasow fenolowych, a tym samym podatnos¢ na modyfikacje chemiczne.

Lipofilizacja catych ekstraktow niesie ze sobg ryzyko zmiany synergistycznych interakcji
pomiedzy skladnikami fenolowymi, co moze prowadzi¢ zaréwno do obniZenia, jak i
potencjalnego zwigkszenia ich whasciwosci przeciwutleniajagcych. W niniejszej pracy
analizowano obecno$¢ jednego estru kwasu chlorogenowego w upochodnionych
ekstraktach, natomiast potencjat innych pochodnych kwaséw fenolowych powstatych w
trakcie procesu pozostaje nieznany, a ich identyfikacja i ocena wymagaja dalszych badan.
Warto rowniez podkresli¢, ze zaden z badanych ekstraktow z odpadoéw spozywczych —
zarbwno w formie natywnej, jak 1 po lipofilizacji nie wykazal aktywnosci

przeciwdrobnoustrojowej wobec zadnego z testowanych szczepow bakterii.

4.15.2. Stabilnos¢ oksydacyjna oleju rzepakowego z dodatkiem ekstraktow z odpadow
spozywczych

Zarébwno natywne, jak i lipofilizowane ekstrakty z fusoéw kawowych (SCGE, tmax = 91,0
min) oraz wyttokow aroniowych (ChoPE, tmax = 90,4 min), nie poprawiaty stabilnosci
oksydacyjnej oleju w porownaniu do kontroli (Rys. 8). Odwrotny efekt odnotowano w
przypadku ekstraktu z wytlokow jabtkowych (APE), ktory obnizat odporno$¢ oleju na

utlenianie (tmax = 87,7 min przed lipofilizacja i 80,7 min po lipofilizacji).
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Rys. 8. Stabilno$¢ oksydacyjna oleju rzepakowego z dodatkiem ekstraktéw z odpadow
spozywczych: wytlokow aroniowych (ChoPE), wyttokow jabtkowych (APE) 1 fuséw
kawowych (SCGE) przed i po lipofilizacji, mierzona w momencie dodania ekstraktow i
po dwoch miesigcach przechowywania. Warto$ci oznaczone tg samg malg literg (a—c) lub
wielkg litera (A—C) nie roznig si¢ znaczaco (o = 0,05). Symbol * oznacza istotng
statystycznie roznice migdzy poczatkowym stanem stabilnosci oksydacyjnej oleju z

dodatkami, a stanem po 2 miesigcach przechowywania.

Po dwoch miesigcach przechowywania oleje ze wszystkimi badanymi ekstraktami
wykazywaty podobny poziom stabilnosci oksydacyjnej, zblizony do prob kontrolnych,
co wskazuje, ze cho¢ dodatek ekstraktow nie pogarszal znaczaco parametrow
jakosciowych, nie zapewnil rowniez istotnej ochrony przed utlenianiem w dluzszej
perspektywie. Szczegélnie stabe dziatanie ekstraktu jabtkowego sugeruje, ze sktad
fenolowy tego surowca, charakteryzujacy si¢ stosunkowo niskim udziatem kwasow
fenolowych, moze ograniczac jego potencjal antyoksydacyjny w lipidowym $rodowisku

oleju.

Niezadowalajace wyniki w zakresie poprawy stabilnosci oksydacyjnej przy zastosowaniu
ekstraktow odpadowych nie potwierdzaja hipotezy H4 | moga wynikaé z niedostatecznej
rozpuszczalnosci fenolowych skladnikow w fazie lipidowej. Proces lipofilizacji
prowadzony z wykorzystaniem butanolu mogt okaza¢ si¢ niewystarczajacy dla uzyskania
odpowiedniego stopnia solubilizacji w matrycy oleju. Wskazuje to na potrzebe
zastosowania alkoholi o dluzszych tancuchach alkilowych, co potwierdzaja wczesniejsze
prace Aladedunye 1 wspotpracownikow (2014, 2015). W badaniach tych wprowadzenie
fancucha oktadecylowego do czasteczki kwasu chlorogenowego badz flawonoidow

(m.in. florydzyny) poprawiato zdolno$¢ przeciwutleniajaca w warunkach smazenia w
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glebokim ttuszczu, cho¢ nie przektadato si¢ na istotne zwigkszenie stabilnosci podczas
przechowywania oleju. Co istotne, fenolowe pochodne lipofilowe wykazywaly wyzsza
retencj¢ w smazonym produkcie, poprawiajgc jego wartos¢ odzywczg i1 potencjalnie

wydtuzajac okres przydatnosci do spozycia.
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5.

WNIOSKI

Odpady przetworstwa roslinnego z przemystu napojowego stanowig jednocze$nie
zrédto kwasow fenolowych oraz no$nik do immobilizacji lipaz.

Lipaza z plesni A. oryzae zostala skutecznie unieruchomiona na trzech
biodegradowalnych nosnikach: fusach kawowych (NSCG), wyttokach
aroniowych (NChoP) i jabtkowych (NAP). Najwyzsza aktywno$¢ uzyskano dla
biokatalizatora NSCG, prawdopodobnie dzigki wickszej zawartosci
hemicelulozy, bardziej porowatej struktury i wyzszej zawartosci frakcji lipidowej
(~11%), sprzyjajacych aktywacji miedzyfazowej i stabilizacji enzymu poprzez
oddziatywania hydrofobowe.

Obecny we wszystkich trzech ekstraktach (z wyttokow aroniowych i jabtkowych
oraz fusow kawowych) kwas chlorogenowy poddano enzymatycznej lipofilizacji
dla poprawy kompatybilnos$ci z matrycami lipidowymi. Dla NSCG wydajnos¢
lipofilizacji rosta wraz z dlugosciag tancucha weglowego alkoholu (C4-C12),
podczas gdy komercyjny biokatalizator Novozym 435 wykazywat aktywno$¢
katalityczng zblizong dla wszystkich czasteczek substratu niezaleznie od dlugosci
fancucha weglowego alkoholi.

Wsérod otrzymanych estrow kwasu chlorogenowego najwyzsza aktywnosc
antyoksydacyjng wykazal ester butylowy (C4), porownywalng ze swoim
prekursorem i BHT, przy jednoczesnym wzroscie lipofilowos$ci. Zaobserwowano
efekt ,.cut-off”, gdzie wydtuzenie tancucha alkilowego obnizato aktywnos¢

antyoksydacyjnag estrow kwasu chlorogenowego.

. W zakresie aktywno$ci przeciwdrobnoustrojowej najsilniejsze dziatanie

wykazaly estry sredniotancuchowe (C6, C8) kwasu chlorogenowego, szczegolnie
wobec bakterii Gram-dodatnich. Pozostate badane substancje nie wykazywaty
istotnej aktywnosci przeciwdrobnoustrojowej.

Lipofilizacja ekstraktow z wytlokéw aroniowych oraz fuséw kawowych
spowodowata istotny spadek ich aktywnosci antyoksydacyjnej, a ponadto zaden
z ckstraktow, natywny ani lipofilizowany, nie wykazal aktywnosci
przeciwdrobnoustrojowej w zastosowanych warunkach oznaczenia.

Dodatek krotkotancuchowych (C4, C6) estrow kwasu chlorogenowego zapewnit
istotng poprawe stabilnosci oksydacyjnej oleju rzepakowego, co przypisuje si¢

lepszej rozpuszczalnosci tych estrow w fazie lipidowej wzgledem wolnego kwasu
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chlorogenowego. Same ekstrakty, mimo wysokiej zawartoSci kwasow
fenolowych, nie poprawity istotnie stabilnosci oksydacyjnej oleju, co wskazuje

m.in. na potrzebe poprawy ich rozpuszczalno$ci w srodowisku lipidowym.

Podsumowujac, odpady przemystu spozywczego stanowig obiecujace, przyjazne
srodowisku no$niki do immobilizacji enzymoéw, umozliwiajac otrzymywanie
pochodnych kwasoéw fenolowych. Chociaz wydajnos$¢ syntezy i funkcjonalno$¢
otrzymanych pochodnych zaleza od sktadu ekstraktu oraz dlugosci tancucha
alkilowego, niniejsze badanie otwiera nowe perspektywy wykorzystania
odpadow spozywczych jako surowca do opracowywania innowacyjnych
dodatkow do zywnosci o zwigkszonej lipofilowosci oraz potencjalnych
wlasciwosciach antyoksydacyjnych i przeciwdrobnoustrojowych. Dalsze badania
powinny objaé szczegdlows identyfikacje produktéw lipofilizacji, optymalizacje
warunkoéw reakcji, jak rowniez weryfikacje bezpieczenstwa stosowania w

zywnosci przy praktycznych poziomach dodatku.
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acid by biodegradable biocatalysts immobilized on spent coffee grounds”.
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Apple Waste as Carriers".
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matrices for immobilization of microbial lipases” i ustna prezentacja w
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23.01.2024 r. (w ramach projektu ,,Popularyzacja nie boli 2.0)

XXVII Sesja Naukowa Sekcji Mtode; Kadry Naukowej ,,Rozwoj Nauk o
Zywnoéci. Zrownowazona przyszto$¢”/ Xth International Session of Young
Scientific Staff “Food Science Development. Sustainable future. Prezentacja pt:
Odpady kawowe jako potencjalny no$nik do immobilizacji lipaz. 11-12.05.2023
Warszawa

The 3rd International Electronic Conference on Foods: Food, Microbiome, and
Health, 01 — 15.10.2022 — proceedings paper — “Investigating culture media for
obtaining lipolytic biocatalysts based on Rhizopus oryzae fungi”.
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czy globalna? Tradycyjna czy innowacyjna? / IXth International Session of Young
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IV. Konferencja Doktorantow ,,Cztery Zywioty — wspdlczesne problemy w
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7. Czlonek Zespolu Promocji i Projektow przy Radzie Doktorantow SGGW
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Abstract: Different plant extracts have the potential to be important sources of phenolic compounds.
Their antibacterial, antifungal and antioxidant properties are of interest to researchers due to various
possibilities for use in the pharmacy, cosmetic and food industries. Unfortunately, the direct applica-
tion of phenolics in food is limited because of their hydrophilic nature and low solubility. The review
is devoted to the recent advances in the methods of lipophilization of phenolic extracts along with
the use of enzymes. The concept of extract modification instead of single compound modification
is based on the expected synergistic effect of many phenolic compounds. The main focus is on the
phenolic compounds found in fruits, flowers and leaves of different common and underutilized as
well as medicinal, folk-medicinal or endemic plants. The compiled papers point to the great interest
in the modification of anthocyanins, highly active but often unstable phenolics. Some examples of
other flavonoids are also outlined. The possible applications of the lipophilized plant extracts are
presented for improving the stability of edible oils, decreasing the content of acrylamide, exhibiting
higher color stability in thermal processing and increasing the nutritional value.

Keywords: plant extracts; lipophilization; phenolic compounds; lipase; anthocyanins; esterification

1. Introduction

Plant extracts have been used since ancient times. People were using phytonutrients
and biologically active compounds long before they were described and their structures
were discovered. Nowadays, it is assumed that approximately 20% of known plants have
been applied in pharmaceutical studies and have positively affected human health [1].
Many plant origin substances have well-described antifungal, inflammatory, antibacterial
and antitumor properties. It is well known that many plants are abundant in polypheno-
lic compounds; therefore, plant extracts are also a good source of these secondary plant
metabolites. For example, vegetables, fruits, nuts, seeds, stems, flowers and roots are
plentiful in polyphenols. To date, there are more than 8000 polyphenolic structures known,
and for many years, research on their functional and therapeutic properties has been car-
ried out [2]. The diversity in the quantity and specific structures of phenolics is observed
between plants. They are a large and diverse group, including flavonoids, e.g., flavonols,
flavanols, anthocyanins and nonflavonoids, e.g., phenolic acids (hydroxycinnamic and
hydroxybenzoic acids), lignans and stilbenes [3]. Phenolic compounds are of general in-
terest because of their ability to be very effective in free radical scavenging in foods. They
can easily donate hydrogen or electrons to convert free radicals into more stable and safe
compounds [4]. Food technologists are trying to fortify groceries with phenolics which can
serve as antioxidants, but their use in lipophilic matrices is limited due to their hydrophilic
nature and low solubility. It is necessary to derive them into the more amphiphilic form
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Figure 1. Enzymatic synthesis of (a) cyanidin-3-O-(6""-dodecanoyl)galactoside, and (b) pentyl chloro-

which let them keep their original functional properties. The improvement can be made
by a modification defined as lipophilization. This term encompasses chemically or enzy-
matically esterifying the appropriate group of a phenolic compound with a fatty alcohol
or a fatty acid [4,5]. In the case of phenolic acids, this will be esterification with aliphatic
alcohols. Flavonoids, which are usually present in nature in the form of glycosides, can be
lipophilized by esterification of the primary (predominantly) alcohol group in the sugar
molecule with fatty acids. It should be noted that this reaction does not concern phenolic
groups and therefore should not adversely affect the antioxidant potential of the esterified
compounds (Figure 1). The esterification of phenolic compounds can be performed by
chemical or enzymatic methods. The latter is especially recommended because the use
of biocatalysts allows for applying milder conditions, assures selective specificity and
minimizes side reactions and formation of by-products. Enzymatic reactions are more
environmentally friendly because of the reduced amount of energy consumption and waste
material production. Sometimes these two methods are applied alongside in chemoenzy-
matic lipophilization, which can be carried out in two ways: under solvent or solvent-free
conditions [6].

OH
OH
HO 0% O
Li
+ C;;H,;,COOH ﬂ' ‘ = * H/O\H
OH Organic solvent . OORZ\/O\H/ C,H,,
HO
OH o
o
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genate. The phenolic moiety is highlighted in blue, sugar moiety and quinic acid are in red, and
lipophilic molecules (fatty acid /alcohol) are marked in green.

Improving the solubility of phenolics in organic media is performed often as a single
compound modification [5,7]. However, plant extracts have been found to generally show
better antioxidant properties than most pure phenols, which may suggest a synergistic
interaction of antioxidants with each other [8].

Using whole plant extracts, which contain different kinds of phenolic compounds, and
verifying their synergistic effect is still a novel approach. It is obvious that extracts from the
individual types of fruits differ in the content of various antioxidants and their antioxidant
activity is related to the content of the type of individual phenolic compounds. Therefore,
the method of lipophilization depends on the composition of the extract [9].

This review aims to summarize the current knowledge concerning enzymatic lipophiliza-
tion of plant extracts. Recent advances in the methods of enzymatic modification of phenolic
extracts and investigated enzymes as well as exerted biological activities, including nutri-
tional and pharmaceutical applications, are discussed. In the paper, we present results for
enzymatic modifications of phenolic compounds occurring in multi-compound mixtures
(whole-plant extracts or extracts from parts of plants) as well as purified mono-component
phenolic extracts. The main group of phenolic derivatives via enzymatic lipophilization
are anthocyanins and other flavonoids.

2. Lipophilization of Extracts from Fruits

Extracts of fruits such as grapes, raspberries, cherries, blackberries, blueberries, apples
or rowan are characterized by a wide spectrum of antioxidant properties and contain many
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beneficial substances, especially polyphenols, which are one of the essential groups of
compounds in secondary metabolism.

Rowan (Sorbus aucuparia L.) is certainly an interesting source of phenolic compounds.
The ripe fruits of rowan are spherical with orange to red color and tart-bitter in taste. The
major constituent of rowan phenolic extract is chlorogenic acid, which is amounted to ap-
proximately 80% of phenolics. In smaller quantities, there are neochlorogenic and feruloylquinic
acids present, which are isomers and derivatives of chlorogenic acid, respectively [10].

Due to the poor lipophilic character of rowan phenolic extract, Aladedunye et al. [10]
changed its lipid solubility by lipase-catalyzed esterification of the carboxyl group of the
phenolic acid with aliphatic alcohol-octadecanol. In the enzymatic reaction octadecyl
chlorogenate (Figure 2a) was obtained and subsequently was evaluated as an antioxidant
agent in frying and storage tests.

Figure 2. Phenolic derivatives from lipophilized extracts of fruits: (a) octadecyl chlorogenate
derivative of chlorogenic acid-depside of caffeic acid and quinic acid [10]; (b) cyanidin-3-
O-(6""-dodecanoyl)galactoside derivative of anthocyanins (glycosides of anthocyanidins) [11];
(c) cyanidin-3-(6-salicyloyl)glucoside—derivative of anthocyanins (glycosides of anthocyanidins) [12];
(d) phloridzyl octadecenoate-derivative of dihydrochalcone glucoside [13]; (e) cyanidin-3-O-(4""'-
cinnamoyl)rutinoside derivative of anthocyanins (glycosides of anthocyanidins) [14].

The presence of chlorogenic acid in rowan phenolic extract, and more specifically a
catechol ring, resulted in an antioxidant activity and increasing the oxidative stability of
oils. In the storage test, both purified natural extract (°PNE) and its lipophilized form (LE)
inhibited the primary oxidation, which was observed by lower peroxide values compared
with the control (oil without addition of any compounds). Interestingly, there were no
significant differences between PNE and LE. On the contrary, the incorporation of the
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octadecyl chain to the structure of chlorogenic acid impacted on oil protection during the
deep frying of potato chips. Additionally, in comparison with the control and non-modified
rowan extract formation of polar components and di- or polymeric triacylglycerols was
remarkably inhibited. The abovementioned paper suggests the feasibility of developing
functional antioxidants with the use of wild/ornamental edible fruits [10].

Fruits can stand as a good source of anthocyanins, which are glycosides of anthocyani-
dins that are based on the flavylium cation with hydroxyl and methoxyl groups substituted
for its hydrogen atoms. The vast majority of anthocyanins are derived from six aglycones:
cyanidin, delphinidin, malvidin, pelargonidin, peonidin and petunidin [11]. Anthocyanins
are the main water-soluble class of flavonoids and occur in vegetables such as red onion,
red cabbage and sweet potatoes, as well as in fruits, e.g., strawberries, raspberries and
cranberries [15]. They are also present in flowers and can absorb visible light. Those natural
pigments are responsible for flower or other plants’ color with the range from red to blue,
which result in using them as described by the authors of [16]. The unique properties of
described compounds are attributed to their structures. They have shown diverse biological
activity such as antioxidant, antimicrobial and anti-inflammatory properties; moreover,
they have played a role in cardiovascular protection and obesity prevention, and are ca-
pable of decreasing serum triglyceride [11,14,15]. Nonetheless, the use of anthocyanins
is limited because their instability and hydrophilic properties restrict their application
in lipidic media. Mentioned compounds are sensitive to pH values, light, heat or ion
concentration. The physiological activity is also hindered due to the poor solubility in fat,
that they cannot pass through the lipid bilayer [17]. Anthocyanin stability can be improved,
for example, through esterification that can be achieved by chemical or enzymatic methods.
Definitely, the latter is performed in mild conditions and with high selectivity, without
hazardous catalysts or appearing as by-products [14,16].

In the research by Yang et al. [11], anthocyanins isolated from alpine bearberry
(Arctostaphylos alpina) were enzymatically acylated through hydroxyl group in sugar moi-
ety with lauric, myristic, palmitic and stearic acids, respectively, with the use of C. antarctica
lipase B (CALB) as a catalyst. A saturated fatty acid with 12 carbons proved to be the best
acyl donor to synthesize ester of cyanidin-3-O-galactoside (Figure 2b) and the conversion
rate amounted to 73% when tert-butanol was a solvent, the temperature was 60 °C for 72 h
and the molar ratio of anthocyanin to lauric acid was 1:10.

Interestingly, the introduction of lauric acid into the cyanidin-3-O-galactoside structure
improved thermo-stability as well as lipophilicity by determining the octanol/water parti-
tion coefficient (logP). Comparison of antioxidant activity of cyanidin-3-O-galactoside and
its lauric ester assessed by DPPH: and FRAP assays revealed that acylation only slightly
affected the antioxidant capacity, and activity of lauric ester measured in the hydrophilic
system was largely retained [11].

Blackcurrant (Ribes nigrum L.) is plentiful in anthocyanins, which are natural colorants
and bioactive ingredients. Using them as fruit extracts has some barriers to being success-
fully applied in food, cosmetic and pharmaceutical industries because of the hydrophilic
nature of phenolic compounds. Cruz’s group [18] tried to improve the lipophilicity and
enlarge the application of blackcurrant anthocyanins by enzymatic acylation using Candida
antarctica lipase B. They extracted anthocyanins from waste blackcurrant (Ribes nigrum L.)
fruit skins which contained rutinosides and glucosides of cyanidin and delphinidin and
used them as a substrate in reaction with octanoic acid. The research showed that cyani-
din and delphinidin glucosides were acylated, whereas the rutinosides were not. This
was probably caused by the absence of a primary hydroxyl group in the disaccharide
moiety. The lipophilization method was proposed as a new technique to separate an-
thocyanins with different glycosylation patterns in mixtures otherwise difficult to sepa-
rate [18]. Furthermore, Yang et al. [19] enzymatically acylated anthocyanin-rich fractions
isolated from blackcurrant (Ribes nigrum L.) with lauric acid. They successfully monoacy-
lated delphinidin-3-O-glucoside, delphinidin-3-O-rutinoside, cyanidin-3-O-glucoside and
cyanidin-3-O-rutinoside showing that there is a possibility to acylate rutinose moieties of
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anthocyanins. In the case of rutinosides, esterification occurred at 4-OH of the rhamnose
unit. According to the authors, the discrepancy with the Cruz results comes from using dif-
ferent reaction conditions and acylating agents. Conducted reactions enhanced lipophilicity
and thermostability, as well as improved the inhibition of lipid peroxidation in a lipophilic
environment. Yang et al. [19] noticed also that more hydrophilic anthocyanin rutinosides
after esterification were more lipophilic than glucosides of the same anthocyanidins [19].

Raspberry (Rubus L.) belongs to the same group of fruit as blackcurrant so it is very
rich in anthocyanins. Therefore, Teng et al. [12] acylated anthocyanins present in an extract
from raspberry with methyl salicylate via lipase-catalyzed reaction under reduced pressure
and achieved a conversion rate of 84.26%. The product of the reaction was cyanidin-3-(6-
salicyloyl)glucoside, and the few analyses of it were obtained (Figure 2c). The researchers
found that enzymatic acylation could be a helpful way for developing the processing
stability of anthocyanins and also to maintain their powerful antioxidant capacity [12].

Stevenson et al. [20] chose a blueberry extract and apple extract. They used immobi-
lized Candida antarctica lipase B to acylate flavonoid glycosides from fruit with carboxylic
acids. Depending on the kind of acyl donors (palmitic, cinnamic and phenylpropionic
acids) the conversions ranged from ~25% to ~95%. The enzymatic lipophilization of tested
extracts, which were a good source of flavonoids, presented strong selectivity for acylation
of glucosides with a primary aliphatic hydroxyl group on the sugar moiety, such as phlo-
ridzin and anthocyanidin glucosides and galactosides. For compounds lacking a primary
aliphatic hydroxyl group, such as flavonoid aglycones, chlorogenic acid or anthocyanidin
arabinosides, no acylation was noticed. They observed that acylation, especially with
palmitic acid, enhanced lipophilicity and solubility in the reaction medium [20].

Aladedunye and Matthéus [13] also tried to take advantage of apple extract. They used
it for the study of Canadian crabapple and reported that the major polyphenolic component
of the extract was phloridzin, which includes seven hydroxyl functional groups, but only
the primary aliphatic group in glucose moiety was active. Enzymatic acylation was carried
out with octadecanoic acid by Candida antarctica lipase B. The phloridzyl octadecanoate
(Figure 2d) was a product of the reaction and after lipophilization was added to rapeseed
oil to assess the antioxidant activity of the modified extract during storage and frying.
Results showed that attachment of the octadecyl tail enhanced the antioxidant performance
of phloridzin in rapeseed oil during the frying of potato chips but had no relevant impact
on the oxidative stability of the oil under storage conditions [13].

The significant potential of grape seed was discovered by Chen and Yu [21]. Proan-
thocyanidins, which are major polyphenol components in grape seed, were modified
structurally to improve their lipophilicity using esterification catalyzed by immobilized
lipase Lipozyme TL IM with lauric acid. The outcome showed that the conversion rate was
84.1%. The presence of GSP (grape seed proanthocyanidin) derivatives was confirmed by
HPLC-MS-MS. It was found that GSP derivatives had higher lipophilicity than GSP and
gained the highest DPPH radical scavenging activity compared to GSP, BHT (butylated hy-
droxytoluene) and TBHQ (tert-butylhydroquinone). The researchers also proved that GSP
derivatives were nontoxic so this indicated its potential addition to food as an oil-soluble
antioxidant. It is worth underlining that the authors used Lipozyme TL IM as a biocatalyst
instead of the commonly used CALB. Moreover, it was unusual that there were esterified
hydroxyl groups present in the phenolic ring and despite the lower number of hydroxyl
groups in the modified compound, the antioxidant effectiveness was higher than GSP [21].

The work of Fernandez-Aulis et al. [14] showed a study on the preparation of a
series of acylated anthocyanins from five purified extracts from underutilized plants.
Among the series of reactions carried out, several of them clearly differ from the above-
cited papers. Cyanidin glycoside from trueno fruits (Ligustrum japonicum) was subjected
to transesterification with vinyl cinnamate and cyanidin-3-O-(4""-cinnamoyl)rutinoside
(Figure 2e) and was synthesized at a 45.5% conversion yield [14]. The usage of vinyl esters
in the enzymatic reactions is a well-known way to increase the conversion yield due to
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the shifting of the equilibrium state towards the formation of the product because of the
tautomerization of vinyl alcohol to acetaldehyde [22].

The fruits mentioned above are well known because of their attractive biofunctional
properties and high content of flavonoids and other polyphenols. However, other examples
that are not as popular as the berry fruit group, but share the same features, can be found
on the planet. In the first instance, jaboticaba (Myrciaria cauliflora) can be provided, which
easily grows in tropical regions of the planet, especially in Brazil, but also in Argentina,
Bolivia, Paraguay and Peru. De Castro et al. [23] extracted polyphenols from the skin
of jaboticaba fruits and then performed enzymatic acylation using palmitic acid as an
acyl donor and lipase B from Candida antarctica (CALB) as a biocatalyst. The researchers
analyzed antioxidant properties and content of the fraction of phenolic compounds. They
detected the presence of ellagic acid, quercetin, rutin, delphinidin-3-glucoside and cyanidin-
3-glucoside and confirmed that the activity of the jaboticaba peel extracts were at least as
high as those reported in the literature for several more known fruits. Due to enzymatic
modification, it was possible to obtain two anthocyanin derivatives, namely, delphinidin-
3-0-(6""-palmitoyl)glucoside and cyanidin-3-O-(6""-palmitoyl)glucoside [23]. The second
example can be jambolan (Syzygium cumini), a tropical, edible fruit with a deep purple peel
when ripe, native to the Indian subcontinent. It has an attractive color due to the presence
of anthocyanins (mainly delphinidin-3,5-diglucoside and petunidin-3,5-diglucoside [24],
especially in its peel part and is a novel source of natural colorants for the food system. For
this reason, Sari et al. [25] tried to acylate anthocyanins of jambolan fruit. They enzymati-
cally synthesized derivatives of phenolic compounds by lipase-catalyzed transesterification
reaction with cinnamic acid. The results showed that acylation with chosen acid gave
a change of color from red to purplish-red in the beverage model system, pH = 3 and
increased thermal and light stability of modified anthocyanins. Unfortunately, enzymatic
lipophilization partially declined antioxidant activity [25]. The data on the use of fruit
extracts in the synthesis of lipophilic antioxidants are summarized in Table 1.

Table 1. Plant extracts from fruits used in enzymatic modifications of phenolic compounds.

The Origin of the Main Components . i . Lo
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55-c o (Shlomgente,
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. T (a) Improved
Delph%mdl'n 3-0 60 °C, 72 h, tert-butanol Cyanidin-3-O-(6 . thermostability due to
rutinoside, as a solvent and the dodecanoyl)glucoside, the enzymatic acylation.
Cyanidin-3-O- i Delphinidin-3-O-(6""- 4 cy‘ation.
R , . molar ratio of . (b) Acylation
Blackcurrant rutinoside, Candida antarctica . . dodecanoyl)glucoside, . .
: ; R . anthocyanin to lauric L 3 ] significantly improved [19]
(Ribes nigrum L.) Delphinidin-3-O- lipase B acid was 1:10, 10 ¢ /L of Cyanidin-3-O-(6"'- inbitition of linid
glucoside, enzyme. mrolecilar dodecanoyDrutinoside, peroxidation irf the
Cyanidin-3-O- sieves ,(100 /L) Delphinidin-3-O-(6"'- {-carotene bleachin;
glucoside 8 dodecanoyl)rutinoside, &

method.
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Table 1. Cont.

The Origin of the
Plant Extract

Main Components
of the Extract

Used Enzyme

Reaction Conditions

The Obtained Ester(s)

Research Highlights

Reference

Trueno
(Ligustrum
japonicum) fruits

Raspberry
(Rubus L.)

Penglai apple
polyphenolic
extract

Blueberry extract

Canadian
crabapple

Grape seeds
(GSP)

Skin of jaboticaba
(Myrciaria
cauliflora) fruits

Jambolan
(Syzygium cumini)
fruits

Cyanidin-3-O-
rutinoside

Cyanidin-3-O-
glucoside

Phloridzin

Chlorogenic acid,
Quercetin-3-
glycosides,
Delphinidin,
cyanidin, petunidin
and malvidin
glycosides

Phloridzin

Epicatechin,
Procyanidin B1, and
other 9 phenolic
compounds

Delphinidin-3-O-
glucoside and
Cyanidin-3-O-

glucoside

Anthocyanins

Candida antarctica
lipase B

Novozym 435
(Candida antarctica
lipase B)

Novozym 435
(Candida antarctica
lipase B)

Novozym 435
(Candida antarctica
lipase B)

Candida antarctica
lipase B

Lipozyme TL IM
(immobilized lipase
from Thermomyces
lanuginosus)

Novozym 435
(Candida antarctica
lipase B)

Candida antarctica
lipase B

60 °C, 48 h, 300 rpm,
20 g/L of enzyme,
tert-butanol as a solvent,
a cyanidin:vinyl
cinnamate ratio of 1:250,
molecular sieves
(100 g/L)

40 °C, 24 h, pyridine
(10 mL), 0.9 KPa of
pressure (rotary
evaporator), 10 mg of
purified anthocyanins,
500 mg of methyl
salicylate, 200 mg of
Novozym 435

60 °C, 168 h, 20 mg of
fruit extract, acyl donor
substrate (2 molar
equivalents), 100 mg of
enzyme, 100 mg of
molecular sieves,
tert-butanol as a solvent
(1 mL, containing 0.2%
of BHT)

60 °C, 168 h, 20 mg of
fruit extract, acyl donor
substrate (2 molar
equivalents), 100 mg of
enzyme, 100 mg of
molecular sieves,
tert-butanol as a solvent
(1 mL, containing 0.2%
of BHT)

55 °C, 120 h, 250 rpm,
2-methyl-2-butanol
(10 mL) as a solvent,
1000 mg of enzyme,

molecular sieves
(1000 mg), phenolic
extract (750 mg),
octadecanoic acid (acyl
donor, 1500 mg)

45 °C, 22 h, a ratio of
lauric acid:grape seeds
extract of 1:1, enzyme
(2%), ethanol as a
solvent

50 °C, 48 h, 600 rpm,
200 mbar, 20 g/L of
enzyme, 20 mg of
jaboticaba extract,
palmitic acid as an acyl
donor (2 molar
equivalents),
2-methyl-2-butanol as a
solvent (5 mL)

40 °C, 48 h, acetone with

10% of DMSO as
solvents, vinyl
cinnamate as an acyl
donor

Cyanidin-3-O-(4""'-
cinnamoyl)rutinoside

Cyanidin-3-(6-
salicyloyl)glucoside

Phloridzyl palmitate,
Phloridzyl 4-

hydroxyphenylpropionate,

Phloridzyl 2-

hydroxyphenylpropionate,

Phloridzyl 3,4-

dihydroxyphenylpropionate,

phloridzyl cinnamate,
Phloridzyl
3-phenylpropionate

3-phenylpropionate
esters of quercetin,
isoquercetin, and
delphinidin, cyanidin,
petunidin and malvidin
glycosides

Phloridzyl
octadecanoate

Lauroyl epicatechin,
Tri-lauroyl epicatechin
gallate, Lauroyl catechin

Delphinidin-3-O-(6"'-
palmitoyl)glucoside,
Cyanidin-3-O-(6"-
palmitoyl)glucoside

Cinnamate esters of
anthocyanins

(a) Optimized synthesis
methodology with 45.5%
conversion yield.

(a) Acylation improved
thermostability and
stability in the light and
oxidation environments.

(a) Acylation improved
the solubility of the
obtained derivatives in
the reaction solvent.

(a) Novozym 435
showed selectivity for a
primary aliphatic
hydroxyl group of the
sugar moiety in the
acylation of different
groups of polyphenols.

(a) Improved stability of
the rapeseed oil during
potato chip frying
(inhibition of
polymerization of
triacylglycerols and
polar components
formation).

(b) Higher amount of

tocopherols presented in

deep fried potato chips
in the oil with the
addition of phloridzyl
octadecanoate.

(a) GSP derivatives had
the highest DPPH-
scavenging activity

compared to GSP, BHT

(butylated
hydroxytoluene) and
TBHQ

(tert-butylhydroquinone)

(a) Acylation increased
the hydrophobicity of
anthocyanins.

(a) Higher thermal and
light stability in the
acylated anthocyanins
compared to the native
anthocyanins.

[14]

[12]

[20]

[20]

[21]

[23]

3. Enzyme-Assisted Derivatization of Phenolics Present in Flower Extracts

Flower extracts are also a natural source of bioactive compounds providing, for
example, antioxidant or anti-inflammatory properties, but focus on them has been as
natural dyes, widely used to produce natural cosmetics and foods. Plant pigments are
classified into four main categories: chlorophylls, anthocyanins, carotenoids and betalains.
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Among them, anthocyanins are of particular interest and colored anthocyanin pigments
have been traditionally used as natural food colorants. Unfortunately, as mentioned in the
case of fruit anthocyanins, the color and stability of these pigments are influenced by pH,
light, temperature and structure. In acidic conditions, anthocyanins appear red but turn
blue when the pH increases. Therefore, both solubility and resistance to changes under
acid pH are important [26,27].

The possibility of increasing the lipophilicity of anthocyanins derived from flower
extracts was studied by Marquez-Rodriguez et al. [16]. Delphinidin 3-O-sambubioside was
extracted and purified from Hibiscus sabdariffa flowers, and then was subjected to enzymatic
acylation with octanoic acid. Due to the hydrolysis occurring in the disaccharide residue,
the reaction conditions had to be optimized. Two solvents, the ratio of substrates, enzyme
concentrations and three different counter-ions, were evaluated. The highest conversion
yield (15%) with no observed hydrolysis was achieved when 2-methyl-2-butanol was a
solvent, and delphinidin 3-O-sambubioside was applied with formate as counter-ions.

The physicochemical characterization of the new synthesized lipophilic pigment, such
as partition coefficient and color properties, were investigated. Acylation of delphinidin
3-O-sambubioside improved the lipophilicity of the obtained compound, as well as im-
proved the stability by hydration resistance and presented a stabilization of the quinoidal
base, one of the equilibrium forms of flavylium cation, responsible for blue color at a neutral
or moderate alkaline pH. The presented results show the possibility of synthesizing and
the potential use of natural-based lipophilic pigments in different industries [16].

Marathe et al. [15] observed that flower petal waste is generated in tremendous
quantities in places of worship, and such waste is usually disposed of in wastelands. Rose
petals occurred more often. Roses are definitely a good source of anthocyanins, and due to
their low stability and sensitivity to different conditions, the authors proposed carrying out
esterification reactions as an idea to partially reduce the formation of organic waste and
improve the physicochemical properties and biological activity of flavonoid compounds
present in rose petals.

Similar to other authors, lauric acid was used as an acyl donor, and molar conversion
of 63% of anthocyanins to laurate esters was reached when the temperature of 40 °C, ace-
tonitrile, a molar ratio of 1:100 (cyanidin to a fatty acid), C. antarctica lipase, and molecular
sieves were used. Isolated anthocyanins and their lauric acid esters were compared in the
DPPH®, ABTS** and FRAP assays to assess their antioxidant activity. Three mentioned
tests revealed that antioxidant activity of acylated anthocyanins was significantly reduced
in comparison with anthocyanins that were not subjected to esterification, but it can be
linked to the higher lipophilic character of the obtained esters as well as partial degradation
of anthocyanins during the reaction. The use of anthocyanin lauric acid esters was studied
as a colorant in cupcakes and in filling cream to sandwich biscuits as well as a pre-extrusion
colorant in puffed rice extrudates. Likewise, to their precursors, the color of laurate esters
of anthocyanins was pH-dependent, which was confirmed at varying pH using a colorime-
ter and in the color of cupcakes. Better thermo-stability of biscuit cream filling was also
observed when the products of esterification were used compared to native anthocyanins
and synthetic colorants. Similar observations were provided by the authors in extrusion
experiments, and the laurate esters exhibited higher color stability in thermal processing.
Enzymatic esterification of anthocyanins from rose petals and confirmation of their better
thermal stability and other properties may in the near future affect their consideration as
natural-based colorants in the food industry [15].

Fernandez-Aulis et al. [14] acquired cyanidin glycosides from bottlebrush (Callisternon
citrinus) flowers from trees growing in the streets of Mexico City, which are also used
in traditional medicine. It may be that the content of isolated anthocyanins was not
very high, namely 6.15 + 0.39 g/g DW for bottlebrush flower, but cyanidin-3-O-(6"'-
cinnamoyl)glucoside-5-O-glucoside was obtained (Figure 3a). In the enzymatic reactions,
vinyl cinnamate and cinnamic, dihydrocinnamic, dihydroferulic and dihydrosinapic acids
were used as acyl donors, and some new acylated derivatives were obtained with improved
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antioxidant activity and thermostability, in comparison to the cyanidin-3-glucoside [14].
Enzyme-assisted derivatizations of phenolics present in flower extracts are summarized in
Table 2.

OH

HO

HO

(e) ()

Figure 3. Phenolic derivatives from lipophilized plant extracts other than fruits extracts: (a) cyanidin-

3-O-(6""-cinnamoyl)glucoside-5-O-glucoside-derivative of anthocyanins (glycosides of anthocyani-
dins) [14]; (b) isoorientin-6''-laurate/isovitexin-6''-laurate-derivative of flavonoid C-glycosides [28],
isoorientin: R = OH, isovitexin: R = H; (c) laurate ester of chrysoeriol-7-O-3-D-(3"’-E-p-coumaroyl)-
glucopyranoside-derivative of monosaccharidic flavone [29]; (d) laurate ester of chrysoeriol-7-[6'"'-
O-acetyl-3-D-allosyl-(1—2)-p-D-glucopyranoside]-derivative of disaccharidic flavone [29]; (e) pro-
cyanidin and prorobinetinidin heteroduplex esterified with palmitic acid—-derivative of proantho-
cyanidin [17]; (f) geranyl chlorogenate—derivative of chlorogenic acid [30].
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Table 2. Plant extracts from flowers and leaves used in enzymatic modifications of phenolic compounds.
Th;l?rftlg];;;fc:he Main COIE&?:;MS of the Used Enzyme Reaction Conditions The Obtained Ester(s) Research Highlights Reference
60 °C, 48 h, 20 g/L of enzyme, Octanoi id ester of
Hibiscus sabdariffa Delphinidin Candida antarctica lipase B 2-methyl-2-butanol as a solvent, molecular ¢ dirlloﬁcir?fciin?;-g-o (a) Stable quinoidal base with blue [16]
flowers 3-O-sambubioside P sieves (100 g/L), a anthocyanin:octanoic P bubiosid color at a wide range of pH.
acid ratio of 1:250 sambubloside
Bottlebrush 60 °C, 48 h, 300 rpm, 20 g/L of enzyme, Cyanidin-3-O-(6""-
. o ‘s . . . I tert-butanol as a solvent, a cyanidin:vinyl yan (a) Optimized synthesis methodology ,
(Callistemon citrinus) ~ Cyanidin-3,5-O-diglucoside Candida antarctica lipase B . . . cinnamoyl) . o . . [14]
f cinnamate ratio of 1:250, molecular sieves . . with 85.7% conversion yield.
owers (100 g/L) glucoside-5-O-glucoside
Fermase CALB™10000 40 °C, 24 h, acetonitrile as a solvent, (@) Eg?;?:si?n?zrrizzbel}:& t:rl\ai::rmal
Rose petals Cyanidin-3,5-O-diglucoside (llpage B from C.a.ndzdu 2.0 mg/mL Of. enzyme cyamdm:la.urlc Lz?u.ryl monoesters Of. (b) The use of esterified anthocyanins [15]
antarctica immobilized on acid molar ratio of 1:100, molecular sieves  cyanidin-3,5-O-diglucoside ) ti " d
polyacrylate beads) (100 mg/mL) gs a colorantin cuprakes and as a
filling in sandwich biscuit cream.
65 °C, 48 h, molecular sieves (100 mg/mL), (a) The lipophilicity was improved
S o . I 10 g/L of enzyme, 2-methyl-2-butanol as a Isoorientin-6"'-laurate, due to the acylation, and
Bamboo leaves Isoorientin and Isovitexin Candida antarctica lipase B solvent, the acyl donor/flavonoid molar Isovitexin-6''-laurate simultaneously, reduction in the 28]
ratio of 5:1 or 10:1 antioxidant activity was observed.
60 °C, 48 h, 210 rpm, molecular sieves . . . o
(140 mg,/mL) }; 2 ¢ /L of enzyme (a) High yield of the acylation (90%).
- Novozym 435 (Candida &/ ML), 128 yme, o, . (b) Acylation improved lipophilicity,
Bamboo leaves Isoorientin . 2-methyl-2-butanol as a solvent, the acyl Isoorientin-6"-palmitate o . [31]
antarctica lipase B) donor/flavonoid molar ratio but the antioxidant activity of the
reached of 12:1 obtained derivative was lower.
65 °C, 48 h, 2-methyl-2-butanol as a ..
solvent (100 mL), bamboo leaves extract Orientin-6"'-laurate, barrfli)o?Tgiizesdir?r;ﬁ:z;iaciﬁtgﬁilgn of
I I . . o
Bamboo leaves Orientin, Isoorientin, Novozym 435 (Candida (2.5 g—4.5 mM of falvonoids), 4.51 g of Vitexin-6"'-laurate, 0.05% and 0.1% inhibited the [32]

Vitexin, and Isovitexin

antarctica lipase B)

lauric acid (22.5 mM), a ratio of
acid:extract of 5:1, 10 g of enzyme,
100 mg/mL of molecular sieves

Isoorientin-6"’-laurate,

Isovitexin-6''-laurate

formation of acrylamide during potato
chip frying.
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4. Lipophilization of Extracts from Plant Leaves

Enzymatic acylation was applied to improve solubility in lipidic matrices or lipophilic
media of flavonoids present in the bamboo-leaf extract. Ma et al. [28] focused on the
enzymatic acylation of two flavonoids from bamboo-leaf extract-isoorientin and isovitexin,
with three fatty acids as acyl donors (lauric C12, myristic C14 and palmitic C16 acids).
The acylation in the presence of CALB occurred at the primary hydroxyl group of glucose
moiety and only monoesters were detected. The highest conversion yields exceeding 75%
were achieved when lauric acid was used in tert-amyl-alcohol as the reaction medium. The
partition coefficients of acylated derivatives, which are attributable to their lipophilicity,
increased with elongation of the acyl chain length [28]. Palmitoyl isoorientin ester was
also synthesized via lipase-catalyzed esterification, whereby the product was isolated in
a high purity (>95%) and conversion yield of 90% in a system containing dried tert-amyl
alcohol. Several factors were investigated in depth, with the effect on the performance of
the acylation reaction. The optimal conditions seemed to be a lipase amount of 12 g/L, a
temperature of 60 °C and molecular sieves of 4 A, which amounted to 166 g/L [31].

Ma'’s group continued their work on bamboo-leaf flavonoid lipophilization in order to
enhance glycosylated flavonoids’ inhibitory activity toward the formation of acrylamide
in a lipidic food system. In China, the antioxidant of bamboo leaves as a natural food
additive was approved in 2007; it has also been reported that it can effectively reduce
acrylamide formation in model food systems. The antioxidant extract from bamboo-leaves,
which consist of 80% (w/w) flavonoids (two pairs of position isomers-13% orientin, 39%
isoorientin, 5% vitexin and 22% isovitexin), was enzymatically acylated with lauric acid
(Figure 3b). Results showed that 0.05% and 0.1% solution of acylated antioxidant extract
significantly reduced the content of acrylamide in potato crisps by 44.5%, and 46.9%,
respectively and this extract was more efficient for inhibiting acrylamide formation than the
non-modified. According to the authors, bamboo-leaf flavonoid esters scavenged reactive
carbonyls formed via Maillard reactions responsible for acrylamide formation in foods [32].

Moreover, it should be pointed out that Ma et al. [32] did not show significant
concentration- and anti-concentration-dependent relationships in different ranges of treat-
ments [32]. This phenomenon was described as an example of the “polar paradox” which
had been first reported in 1989. The lipophilic antioxidants tend to be more effective in the
emulsion or liposome system and less effective in bulk dry oils. The reverse is generally
true for the more polar antioxidants (or amphiphiles with higher hydrophile-lipophile
balance). Thus, in the members of a homologous series, a reciprocal relationship has been
shown. The lower (less alkylated) members tend to be more active in dry oils and the
higher members more active in emulsions [33]. Leaves of polyphenolic extracts used for
their lipophilization are summarized in Table 2.

5. Acylation of Other Plant Derived Matrices Rich in Phenolic Compounds

In the flowering plant family, Lamiaceae, which includes widely used culinary and
medicinal herbs, Stachys is one of the largest genera. Two Greek endemic plants, Stachys
swainsonii ssp. argolica (Boiss.) Phitos and Damboldt and St. swainsonii ssp. Swain-
sonii, were used by Mellou et al. [29] for the preparation of lipophilic antioxidant agents.
Flavonoid glycosides, namely, chrysoeriol-7-O-B-D-(3"'-E-p-coumaroyl)-glucopyranoside
and chrysoeriol-7-[6'"-O-acetyl-B-D-allosyl-(1—2)-B-D-glucopyranoside] (Figure 3c,d),
were isolated from the purified methanol extracts of the aerial parts of two mentioned
Greek plants and were acylated with vinyl laurate as acylation agent with immobilized
Candida antarctica lipase B as a biocatalyst [29].

Based on the model reaction, acylation of naringin, the influence of the molar ratio
of the flavonoid to acyl donor, its nature (in the form of lauric acid or its vinyl ester) and
the reaction solvent (acetone or fert-butanol), were evaluated. Vinyl laurate, acetone and
10-fold excess of acyl donor proved to be the right choice to achieve a high conversion yield.
Moreover, the used lipase showed regiospecificity for the primary alcohol of the glucose
residue of tested flavonoid glycosides. Purified flavonoid esters and their precursors



Antioxidants 2022, 11, 1528

12 of 16

were compared in their ability to impact on the resistance of isolated LDL (low-density
lipoprotein) and total serum to copper-induced oxidation. In line with the predictions,
the use of the more lipophilic compounds caused higher prolongation of LDL and serum
resistance to oxidation. Despite that, LDL oxidation is a complex process and has not yet
been fully understood; the provided research definitely exhibited the antioxidant capacity
of esterified flavonoids [29].

Proanthocyanidins, which are oligomeric flavonoids, have also become the subject of
research on the possibility of lipophilization of polyphenols. A dimeric compound (PA)
used in the study of Xiao et al. [17] was isolated from the bark of Acacia mearnsii and was
a heteroduplex composed of procyanidin and prorobinetinidin linked by a single C4-C8
bond. The reaction conditions for the acylation of PA with palmitic acid (Figure 3e) were
optimized by choosing temperature, reaction time, amount of enzyme, the molar ratio of
substrates and solvent together with the initial water content.

A conversion of 97% was achieved with the following conditions: 10-fold excess of
palmitic acid, tert-amyl alcohol with 5% of water at 60 °C for 12 h with 30 g/L of CALB.
As in the earlier quoted papers, the incorporation of fatty acid into a hydrophilic molecule
resulted in a significant improvement in lipophilicity. The partition coefficient of mono-
acylated PA was about 2.4 times higher in comparison with the non-esterified precursor.
Furthermore, the antioxidant activity of the obtained compound, its precursor and vitamin
E (as a control) were compared in the DPPH radical method, where half-maximal inhibitory
concentrations (ICs) were determined. Surprisingly, ICsq values for PA and its acylated
derivative were 8.20 umol/L and 5.20 umol/L, respectively. The authors suggested that the
provided research may be a way to obtain lipophilic antioxidants for possible application
in the food and cosmetic industries, due to the abundance of procyanidin-prorobinetinidin
heterodimers in A. mearnsii bark and the ease of their enzymatic acylation [17].

Coffee pulp is rich in chlorogenic acid (5-cafeoylquinic acid, 5-CGA), which has been
found to be its major constituent (31-42%) [30]. The functionalization of chlorogenic acid
has been proposed by enzymatic esterification of the carboxylic acid moiety of quinic acid
with fatty alcohol in order to lipophilize the molecule [34]. An alternative and more efficient
chemo-enzymatic strategy has also been proposed, where 5-CGA was first chemically
esterified with methanol and then transesterified with fatty alcohols [35]. The lipase-
catalyzed esterification of 5-CGA present in coffee pulp with 1-heptanol/pentanol/geraniol
(Figure 3f) in supercritical carbon dioxide/t-butanol has been optimized, reaching an
85/82/77% conversion yield [30].

The main purpose of anthocyanins acylation is to improve their antioxidant activ-
ity and thermostability. It has been shown that acylation with aromatic acids has a
particular impact on the stability of the obtained compounds due to the intramolecu-
lar co-pigmentation caused by 77 interactions [14]. In this study, the novel acylated
cyanidin glycoside derivatives were obtained through the enzymatic synthesis in tert-
butanol. Cyanidin-3-glucoside, cyanidin-3-rutinoside, and cyanidin-3,5-diglucoside were
successfully extracted from underutilized plant sources including purple corn (Zea mays),
tiliapo (Sideroxylon palmeri) and plum (Prunus domestica) husks. Acylated anthocyanins
were synthesized, but only cyanidin-3-(6"-dihydroferuloyl)glucoside and cyanidin-3-(6"'-
dihydrosinapoyl)glucoside exhibited better thermostability than cyanidin-3-glucoside, and
its antioxidant activity was improved with dihydrosinapoyl and cinnamoyl residues [14].
Similarly, Yan et al. [36] acylated anthocyanin from black rice with aromatic acid methyl
ester of benzoic acid as acyl donors and CALB presence. Cyanidin 3-(6""-benzoyl)-glucoside,
cyanidin 3-(6""-salicyloyl)-glucoside and cyanidin 3-(6"-cinnamoyl)-glucoside were suc-
cessfully synthesized and their thermostability and light-resistivity were improved [36].

6. Other Unconventional Uses of Polyphenols Lipophilization

Both examples relate to the use of acylation reactions to simultaneously purify and
increase the durability of camellia seed oil.
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Tea is one of the most popular beverages consumed around the globe and prepared
from the leaves of Camellia sinensis. The beneficial effect of tea on human health is primarily
due to its high antioxidant activity, which results mainly from the presence of tannins and
catechins (epicatechin, epigallocatechin), as well as their derivatives (epicatechin gallate
and epigallocatechin gallate) [37-39]. Seeds are another product in addition to the leaves
of the tea plant; they are the source of vegetable oil, an important plant oil due to its
high content of unsaturated fatty acids, especially essential linoleic acid. However, crude
camellia seed oil contains some free fatty acids, which must be removed to obtain an oil
of acceptable quality. In crude camellia seed oil, the main free fatty acids were found to
be oleic acid (C18:1), palmitic acid (C16:0), stearic acid (C18:0) and linoleic acid (C18:2).
Chen et al. [39] reduced the free fatty acid content by lipophilization of epicatechin with
these free fatty acids catalyzed by Candida antarctica lipase B (Novozym 435). Epicatechin
fatty acid esters were thus formed and the presence of these compounds enhanced the
oxidative stability of the oil at the same time [39].

Similarly, Luo et al. [40] used anthocyanins found in blueberry extract to add to crude
camellia seed oil and lipophilized with free fatty acids in the oil through an enzymatic
process catalyzed by Candida antarctica lipase B. Lipophilized anthocyanin derivatives were
synthesized, which improved the oxidative stability of the oil under high-temperature
treatment and observed that content of free fatty acids of the crude camellia seed oil was
decreased [40]. The extracts mentioned in both Sections 5 and 6 are collated in Table 3.

Table 3. Other plant extracts used in enzymatic modifications of phenolic compounds.

Thsl?;tlgEl;&fczhe Ma;?t(ﬁgrgzgg;nts Used Enzyme Reaction Conditions The Obtained Ester(s) Research Highlights Reference
Aerials parts of two . Laurate ester of
Greek endemic  ME0ETIOL O 50°C,96h, 240 tpm,  chrysoeriob7-0-pD-3"- (L
plants, i.e., Stachys coumaro P ) acetone as a solvent E-p-coumaroyl)- esters caused higher
swainsonii ssp. 1 u N ny id Novozym 435 (10 mL), glucopyranoside and roloneati un fLI%L nd
argolica (Boiss.) & ECCO}I? yranos l_e7_ (Candida antarctica flavonoids—0.2 mmol, laurate ester of prolongatio .Ot ta [29]
Phitos and ?g}, I O-;Z:?ell:lf(s) D- lipase B) vinyl laurate as an acyl chrysoeriol-7-[6"""-O- Se;sm ;1?-5111? ;&C:d °
Damboldt and St. % donor (2 mmol, ratio acetyl-{3-D-allosyl- Pper-in
. - allosyl-(1—2)-p3-D- oxidation.
swainsonii ssp. lucopyranoside] 1:10), 100 mg of enzyme (1—-2)-p-D-
swainsonii giucopy glucopyranoside]
Cyanidin-3-O-(6'"-
cinnamoyl)
60 °C, 48 h, 300 rpm, glucoside, Cyanidin-3-O-
Purple corn (Zea 20 g/L of enzyme, (6"'-dihydro (a) Cyanidin-3-O-(6"'-
P s 1 . . tert-butanol as a solvent, cinnamoyl)glucoside, dihydrosinapoyl)
mays) or tiliapo Cyanidin-3-O- Candida antarctica S o 1 . )
(Sideroxylon palmeri) lucoside lipase B a cyanidin:vinyl Cyanidin-3-O-(6"'- glucoside had the [14]
hyusksp & p cinnamate ratio of 1:250, dihydro highest antioxidant
molecular sieves feruloyl)glucoside, activity in DPPH?® assay.
(100 g/L) Cyanidin-3-O-(6"'-
dihydro
sinapoyl)glucoside
60 °C, 48 h, 300 rpm,
20 g/L of enzyme,
Plum (Prunus Cyanidin-3-O- Candida antarctica ~ 'erf"Putancl as a solvent, Cyanidin-3-O-(4""- (a) Optimized synthesis
domestica) husk A tinosid i B a cyanidin:vinyl e I)rutinosid methodology with a [14]
nestica) us rutinoside 1pase cinnamate ratio of 1:250, clnnamoyyrutinoside 45.5% conversion yield.
molecular sieves
(100 g/L)
(a) Enzymatic acylation
40°C, 48 h, 30 rpm, Cyanidin-3-O-(6""- ti‘rﬁ‘};rofvegt;he harlfi'rlllsfein
900 mbar (vacuum benzoate) tﬁ i). ;t ¢ ocz/a t
Black rice (Oryza Cvanidin-3-O- Novozym 435 pump), 0.5 g of black glucoside, Cyanidin-3-O- e( dlagrk {Jez\&; ;?fin S
sativa L. subsp. 4 lucoside (Candida antarctica  rice anthocyanins, 10 mL (6'"-salicylate) ﬂuoéescent) [36]
Japonica) & lipase B) of acyl donor, pyridine glucoside, Cyanidin-3-O- (b) Im roved
(5mL)asasolvent, 1g (6"-cinnamate) h 15‘1' d
of enzyme glucoside thermostability due to
the enzymatic acylation
was observed.
Heteroduplex 60°C,12h, 30 g/L of (2) The antioxidant
composed of enzyme, Procyanidin and activities of PA dimers
procyanidin and Novozym 435 2-methyl-2-butanol ror()),bine tinidin and obtained palmitate
Acacia mearnsii bark prorobinetinidin (Candida antarctica (with 5% of water) as a p o paim [17]
- : . . heteroduplex esterified ester were much higher
linked by a single lipase B) solvent, a ratio of 10:1 ith palmitic acid than the activity of
C4-C8 bond (PA (palmitic acid:PA with paimitic ac an the activity o
- . vitamin E.
dimers) dimers)
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Table 3. Cont.

The Origin of the

Main Components

Plant Extract of the Extract Used Enzyme Reaction Conditions The Obtained Ester(s) Research Highlights Reference
Cell volume of 50 mL,
150 mbar of supercritical
carbon dioxide (sCO»), .
55 °C, 25 h, tert-butanol (al)) Th;s upsrcrltlcal d
Novozym 435 as a solvent (10% v/v), cartoogle ulsexfluleig rtﬁze
Coffee pulp Chlorogenic acid (Candida antarctica 10% (v/v) of acyl donor Heptyl chlorogenate . N [30]
lipase B) (1-heptanol or lipophilization of
p P . chlorogenic acid from
1-pentanol or geraniol),
20 mg/mL of enzyme, the coffee pulp.
20 mg/mL of molecular
sieves
(a) Reduced content of
50 °C, 36 h, 14 mg of the free fatty acids as a
epicatechin (dissolved in result of the reaction of
Novozym 435 polyoxyethylene . . . blueberry anthocyanins
Tea leaves Epicatechin (Candida antarctica  stearate, 1:1 (m/m)), 10 g Ep}:zlc?techm_palmltate, with components of the [39]
. . picatechin oleate . .
lipase B) of crude camellia seed crude camellia seed oil.
oil, 10 mg of enzyme, 2 g (b) The oxidative
of molecular sieves stability of the oil was
improved.
Malvidin-3-0- 50 °C, 36 h, 200 rpm, (a) Reduced content of
nglrilfé?ig?é_ 36 mg of the blueberry the free fatty acids as a
Y . anthocyanin solution Cyanidin-3-O-(6"- result of the reaction of
galactoside, Novozym 435 (dissolved in oleoyl) blueberry anthocyanins
Blueberry Delphinidin-3-O- ozy . oeoyl) . y Y
. . (Candida antarctica polyoxyethylene galactoside, Cyanidin-3- with components of the [40]
anthocyanin extract galactoside, . A m N A .
g lipase B) stearate, 1:2 (m/m)), 10 g O-(6"'-palmitoyl) crude camellia seed oil.
Malvidin-3-O- of crude camellia seed alactoside (b) The oxidative
glucoside, and . 8 o X
Cvanidi oil, 10 mg of enzyme, 2 g stability of the oil was
yanidin-3-O- . .
of molecular sieves improved.
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7. Conclusions

Different plants have the potential to be important sources of phenolic compounds
which can be used as additives in food products. It should be outlined that the majority
of studies focused on anthocyanins and other flavonoids. Presented studies pointed out
that modified derivatives of polyphenols were more lipophilic than the native compounds
and exhibited good antioxidant properties, and often higher thermal and light stability.
Some acylated phenolics improved the stability of edible oils. This fact caused a positive
impact on products that were fried in modified oils by increasing their nutrient values
or decreasing the content of hazardous acrylamide. In the future, lipophilic compounds
can be used as a possible alternative for synthetic antioxidants such as butylated hydroxy-
toluene (BHT), butylated hydroxyanisole (BHA) and tert-butylhydroquinone (TBHQ). Still,
toxicological and functional research is needed to confirm that the derivatives of phenolics
are safe for human health. Moreover, the outstanding issue remains, the impact of the
lipophilization reaction on antioxidant properties of many esterified phenolics compared
to non-modified compounds, which could be double. The reason for those observations
is still unknown, and it should be explained in the future with the use of computational
studies and in-depth experiments.
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Abstract: To improve enzyme stability, the immobilization process is often applied. The choice of a
support on which the enzymes are adsorbed plays a major role in enhancing biocatalysts” properties.
In this study, bio-based (i.e., chitosan, coffee grounds) and synthetic (i.e., Lewatit VP OC 1600)
supports were used in the immobilization of lipases of various microbial origins (yeast (Yarrowia
lipolytica) and mold (Aspergillus oryzae)). The results confirmed that the enzyme proteins had been
adsorbed on the surface of the selected carriers, but not all of them revealed comparably high catalytic
activity. Immobilized CALB (Novozym 435) was used as a commercial reference biocatalyst. The best
hydrolytic activity (higher than that of CALB) was observed for Novozym 51032 (lipase solution of
A. oryzae) immobilized on Lewatit VP OC 1600. In terms of synthetic activity, there were only slight
differences between the applied carriers for A. oryzae lipase, and the highest measures were obtained
for coffee grounds. All of the biocatalysts had significantly lower activity in the synthesis reactions
than the reference catalyst.

Keywords: immobilization; lipase; synthetic activity; Lewatit; chitosan; coffee grounds

1. Introduction

Some of the most widely industrially applied enzymes are lipases (triacylglycerol
hydrolases, EC 3.1.1.3). These enzymes can be sourced from microorganisms, animals,
and plants. Microbial lipases are of great interest due to their high stability in catalytic
performance and broad tolerance of environmental factors (e.g., pH, temperature, and
organic solvents). They can catalyze various reactions, such as hydrolysis, esterification,
and transesterification, in both hydrophilic and hydrophobic media. A particular advantage
of these biocatalysts is their specificity (stereo- and enantioselectivity), which is key to both
the classification of lipases and their application. These special features allow lipases to be
used in almost every field of biotechnology, including food chemistry, biodiesel production,
and synthesis of biopolymers and pharmaceuticals [1-5].

Most lipase preparations are solutions with various degrees of concentration and
purification, or preparations in solid form. In many studies, researchers apply commercial
lipases such as CALB (immobilized lipase B from Candida antarctica), Lipozyme RMIM
(from Rhizomucor miehei), and Lipozyme TLIM (from Thermomyces lanuginosus) [6].

To improve the stability of enzymes, the immobilization technique is often used. There
are two main ways in which biocatalysts can be linked to special supports: the first is
based on physical techniques such as adsorption, entrapment, and encapsulation, while the
second includes chemical bonding processes such as covalent bonding and crosslinking [1].
Due to its reversibility and simplicity, the most favored method is physical adsorption. Its
advantage is that there are no significant changes in the enzymes’ native conformation and
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it does not cause a loss of catalytic activity. In this single-step process, biocatalysts can be
adsorbed at both porous and non-porous supports [7].

Carriers for enzyme immobilization are classified into four groups: inorganic materi-
als, polymers, MOFs (metal-organic frameworks), and DNA origami. The most popular
inorganic matrices are mica, silica, zeolites, activated carbon and, for polymers, agarose,
chitin, chitosan, cellulose, lignin, starch, or gelatin (natural polymers), and polyethylene
glycol, polyacrylamide, polyaniline, nylon, and epoxy-activated polymers (synthetic poly-
mers) [2,8-12].

In recent years, research efforts have been focused on boosting the catalytic reaction to
achieve more ecological and economical processes. The search for more biodegradable, bio-
compatible, and non-toxic supports is still necessary. The present study examined various
supports for enzyme immobilization, including the synthetic, commercial matrix Lewatit
VP OC 1600 as a reference, the natural biopolymer chitosan, and spent coffee grounds.
The aim of this study was to compare the activity of lipase preparations immobilized on
different supports—namely, lipases obtained in a wild-type strain of Yarrowia lipolytica
yeast culture, and commercial lipase solution Novozym 51032 from Aspergillus oryzae. The
investigations focused on the usability of spent coffee grounds in lipase immobilization in
comparison to other carriers. This paper focuses on the examination of the hydrolytic and
synthetic activity of the obtained preparations.

2. Results and Discussion
2.1. Morphology of Native Matrices and Immobilized Preparations

Lewatit VP OC 1600 is a synthetic matrix based on a macroporous resin of poly(methyl
methacrylate) that is widely used for the physical immobilization of Candida antarctica
lipase B (CALB) and commercially available as Novozym® 435 [13,14]. In this study,
the synthetic support was applied for the immobilization of a crude enzyme solution of
Y. lipolytica extracellular lipases and the liquid lipase Novozym 51032. The carrier was in
the form of beads, as also shown in Figure 1. It was noticeable that the native Lewatit had a
regular and smooth surface in comparison with the immobilized preparations (Figure 1A,B).
Scanning electron microphotographs confirmed that both used enzymes were adsorbed on
the surface of the support. Significant differences were observed. The carrier with lipase
Novozym 51032 had a greater number of visibly adsorbed enzymes on the surface, which
merged in some places to form agglomerates (Figure 1E,F). Otherwise, it looked for support
with crude lipase solution from Y. lipolytica (Figure 1C,D). It was noticeable that the shape
of both immobilized enzymes varied. Presumably, these differences resulted from the
purification of the adsorbed lipases. The supernatant was separated from the yeast biomass
by centrifugation and, despite the extracellular lipases, could contain some salts, sugars,
other proteins or products of the yeast metabolism, and culture medium ingredients [15].
Novozym 51032, as a commercial biocatalyst, included only purified lipase proteins.

Chitosan is a natural polysaccharide that can be sourced from the walls of the shells of
shellfish (mainly from shrimps, crabs, or lobsters). This derivative of chitin is characterized
by biocompatibility, environmental friendliness, non-toxicity, and high stability [7,16]. In
this research, the abovementioned biopolymer was used as a matrix for the immobilization
of Novozym 51032. The form of the support was a powder. In Figure 2, the structure of the
native chitosan and immobilized enzyme on the carrier can be observed. In comparison
with commercial supports such as Lewatit, the visibility of lipases on the surface of the
chitosan is scarce. Due to the more complex structure of this biopolymer, enzymes could
adsorb on different elements, which might be less noticeable, or the presence of the protein
could depend on the type of lipases used. Foresti et al. [17] used chitosan to carry out
immobilization of different microbial lipases, such as C. rugosa AY lipase, Pseudomonas
fluorescens AK lipase, and native lipase B from C. antarctica. Scanning electron micropho-
tographs showed that agglomerates of C. antarctica B were clearly seen on the supports,
while with P. fluorescens lipase proteins were barely visible.
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N D99 x100 1 mm N D98 x200 500um

N D98 x100 1 mm D38 x200 500 um

N D93 x100 1 mm N D93 x200 500um

Figure 1. Scanning electron microphotographs of (A,B) beads of Lewatit VP OC 1600 (x100, x200),
(C,D) crude solution of Y. lipolytica enzymes immobilized on Lewatit VP OC 1600 (x 100, x200), and
(E,F) liquid lipase Novozym 51032 immobilized on Lewatit VP OC 1600 (%100, x200).

Spent coffee grounds (SCGs) are lignocellulosic wastes obtained from the preparation
of coffee. Due to the popularity of this beverage, the amount of residues around the world
is continually growing. For this reason, the interest in reusing their waste is increasing, and
spent coffee grounds have become a new source with potential application as a support
for the immobilization of enzymes. This kind of biomaterial is characterized by biodegrad-
ability, non-toxicity, and wide availability and consists of organic compounds such as fatty
acids, cellulose, hemicellulose, lignin, protein, minerals, and total sugars [18-21]. Food
waste also has various interesting properties, such as high porosity—which can be observed
for coffee grounds in the presence of different chemical groups—and high surface area. It
is worth highlighting that using the material can have a positive effect in reducing waste
disposal problems [19]. Analyzing scanning electron microphotographs (Figure 3), it was
found that the immobilization process was successful and the lipase Novozym 51032 was
adsorbed on the coffee grounds support. Some of the enzyme molecules settled on the
surface of the carrier, while others were adsorbed inside the pores, in the channels. The
structure of the coffee grounds was porous, with visible flat leaf shapes, similar to that
shown by Osorio-Arias et al. [22] and Ballesteros et al. [23].
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N D11.1x200 500 um

N D10.0x400 200 um N  D11.1x400 200 um

Figure 2. Scanning electron microphotographs of (A,C) liquid lipase Novozym 51032 immobilized
on chitosan powder (%200, x400) and (B,D) chitosan powder (x200, x400).

D98 x100 1mm D98 x100 1mm

N D10.0x200 500 um N D98 x200 5C0um

Figure 3. Scanning electron microphotographs of (A,C) liquid lipase Novozym 51032 immobilized
on coffee grounds (x 100, x200) and (B,D) coffee grounds (x100, x200).
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2.2. Influence of the Lipase Source and Type of Support Used in Immobilization on the Hydrolytic
and Synthetic Activity of the Enzyme Preparation

Immobilized biocatalysts were employed in the hydrolysis of p-nitrophenyl laurate
and the transesterification between vinyl acetate and n-butanol. The obtained results are
shown in Figures 4 and 5. The highest hydrolytic activity (0.0059 U/mg) was obtained for
the preparation with immobilized lipase Novozym 51032 from Aspergillus on Lewatit VP OC
1600 (Figure 4). The results were greater than for the reference CALB when commercially
immobilized on the same support. On the other hand, in Figure 5, it can be observed that
the immobilized CALB had the best outcomes for synthetic activity. These differences
confirm that the selection of the perfect support for immobilization had to be specific to
the used enzymes. The commercial CALB supplied by Novozym is widely known in the
industry, and the support on which it was immobilized was relatively hydrophobic [24].
This combination resulted in receiving a biocatalyst with great potential in many types
of reactions, as also verified by the experiments in this study. Some laboratories have
tried to repeat the success of Novozym 435 and immobilized other lipases on Lewatit
VP OC 1600—for example, from Rhizopus arrhizus [25], R. oryzae and Carica papaya [26],
or Penicillium sp. [27]—but the conclusion was often that the achievement of combining
Lewatit VP OC 1600 with CALB cannot be extrapolated to other lipases. This paper
showed that in some cases, e.g., catalyzing hydrolysis reactions, our own laboratory-made
biocatalysts could be better than commercially available enzymes.

0.007
0.0059 a
0.006
0.005 0.0047 b
B 0.004
&
S 0003 0.0024 ¢
g‘ 0.002 0.0015d
S 0.001
< 0.0004 ¢ 0f  0.0001 ef '
0.000 - —
NO+L NO+C NO+ PLip+L S+CHI S+L  CALB
CHI
Immobilized preparations

Figure 4. The hydrolytic activity of immobilized preparations: S + CHI: crude enzyme solution of Y.
lipolytica immobilized on chitosan powder; S + L: crude enzyme solution of Y. lipolytica immobilized
on Lewatit VP OC 1600; PLip + L: purified lipase from the supernatant of Y. lipolytica immobilized
on Lewatit VP OC 1600; NO + L: liquid lipase Novozym 51032 immobilized on Lewatit VP OC
1600; NO + C: liquid lipase Novozym 51032 immobilized on coffee grounds; NO + CHI: liquid
lipase Novozym 51032 immobilized on chitosan powder; CALB: immobilized lipase B from Candida
antarctica as a reference. Means with the same capital letter (a, b, ¢, d, e, f) did not differ significantly
(x=0.05).
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1.0
05 0.1748 Bb

NO+L NO+C NO+ PLip+L S+CHI S+L CALB
CHI

Activity [U/mg]

0.3951 Ab
0.2298 Bb ND ND ND

Immobilized preparations

Figure 5. The synthetic activity of immobilized preparations: S + CHI: crude enzyme solution of Y.
lipolytica immobilized chitosan powder; S + L: crude enzyme solution of Y. lipolytica immobilized
on Lewatit VP OC 1600; PLip + L: purified lipase from Y. lipolytica immobilized on Lewatit VP OC
1600; NO + L: liquid lipase Novozym 51032 immobilized on Lewatit VP OC 1600; NO + C: liquid
lipase Novozym 51032 immobilized on coffee grounds; NO + CHI: liquid lipase Novozym 51032
immobilized on chitosan powder; CALB: immobilized lipase B from C. antarctica as a reference; ND:
not detected. Means with the same capital letter A or B in the case of liquid lipase Novozym 51032
immobilized on different supports (and a or b in the case of all biocatalysts) did not differ significantly
(x=0.05).

The next carriers used in the experiments with lipase Novozym 51032 were chitosan
and coffee grounds. Higher results for hydrolytic activity were achieved for samples with
chitosan (0.0024 U/mg) than with coffee grounds (0.0004 U/mg), but for synthetic activity
the outcomes were the opposite—a slightly higher score was obtained for coffee grounds
(0.3951 U/mg). Chitosan had reactive functional groups such as amino- or hydroxyl groups,
which can affect the immobilization process. Sometimes, modified functional groups in
the carrier may influence the non-specific binding of the enzyme to the support, which can
cause the loss of catalytic activity. There are some instances when blocking the remaining
reactive groups in the carrier is necessary [7]. Due to this fact, chitosan as a support can
behave in different ways in hydrolysis or synthesis because of the possibility of reacting
with substrates or products of the reaction. In comparison with the literature, plenty of
studies have tried to immobilize different types of lipase by physical adsorption on chitosan
powder—for instance, from A. niger [28], C. rugosa [29], or Burkholderia cepacia [30]. Sanchez
et al. [29] found that Burkholderia cepacia lipase immobilized on chitosan showed high
activity in the sn-2 esterification of 1,3-dicaprin with palmitic acid. On the other hand,
Kaja et al. [30] found that lipase from C. rugosa immobilized on chitosan had low activity
values because of its lower porosity than other supports, e.g., Sephadex G-25 or Celite-545.
Foresti et al. [17] obtained promising results in terms of hydrolytic and synthetic activity
for chitosan-immobilized lipases from C. rugosa, P. fluorescens, and C. antarctica B.

Few studies are currently being conducted on coffee grounds as a carrier in the immo-
bilization process. Lira et al. [31] made an attempt to immobilize lipase from Thermomyces
lanuginosus (Lipozyme TL100L-Novozymes®) on spent coffee grounds. The obtained bio-
catalyst showed high hydrolytic activity (1715 U/g) but, surprisingly, did not present any
esterification activity. Girelli et al. [20] prepared two types of biocatalyst—Candida rugose
lipase immobilized on spent coffee grounds—by using physical adsorption and covalent
methods. They obtained a preparation that could possibly be used in the hydrolysis of
milk fat. In the present study, the results of enzyme activity showed that lipase Novozym
51032 immobilized on SCG can be a biocatalyst suitable for both hydrolysis and synthesis
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reactions, but improvements in the values of catalytic activity are needed in future. The
generally low catalytic activity of the enzyme linked to this porous support may have been
due to the limitations on diffusion induced by the interaction between the biomass and the
enzyme, or because of contaminants that may be present in the waste and not removed
during the pretreatment [31,32].

In this study, we attempted to immobilize crude enzyme solutions of Y. lipolytica
extracellular lipases on Lewatit VP OC 1600 and chitosan. These two supports were chosen
based on the best results that were obtained for commercial lipase. Despite the fact that the
crude solution of yeast lipase was a non-purified extract, it was possible to acquire an active
preparation on synthetic supports that had slightly lower hydrolytic activity (0.0015 U/mg)
than immobilized lipase Novozym 51032 on chitosan. Unfortunately, immobilization on
chitosan was no longer as effective. It was also undertaken to carry out a laboratory
experiment with self-purified lipase from lyophilized crude enzyme solution of Y. lipolytica
extracellular lipases. However, the obtained results did not meet our expectations, and these
preparations had the lowest hydrolytic activity. The process of self-purification of lipase
has proven to be inefficient and needs to be refined in the future. For the measurement of
synthetic activity, the method was not sensitive enough for such low activities, so the level
of activity was not detected.

For preparations with detected synthetic activity, the percentage of conversion of vinyl
acetate into acetaldehyde was determined, as presented in Figure 6. The highest result
was obtained for commercial immobilized CALB, which Zheng et al. [33] also confirmed
in their study. The best of our own laboratory-made biocatalysts was Novozym 51032
immobilized on coffee grounds. The significantly lower conversion enabled the biocatalyst
to be adsorbed on chitosan.

40 30.8 a

25 19.7 Ab
14.3 Bbc

15 9.4 Cc
10 -

NO+L NO+C NO + CHI CALB

Conversion [%]
N
(@]

[ RNe) |

Immobilized preparations

Figure 6. Conversion of vinyl acetate into acetaldehyde based on the colorimetric assay method with
the immobilized preparations: NO + L: liquid lipase Novozym 51032 immobilized on Lewatit VP OC
1600; NO + C: liquid lipase Novozym 51032 immobilized on coffee grounds; NO + CHI: liquid lipase
Novozym 51032 immobilized on chitosan powder; CALB: immobilized lipase B from C. antarctica
as a reference. Means with the same capital letter A, B, or C in the case of liquid lipase Novozym
51032 immobilized on different supports, and a, b, or c in the case of all biocatalysts, did not differ
significantly (x = 0.05).

2.3. Protein Content and Specific Activity of Selected Immobilized Preparations in Comparison to
the Native Forms of the Enzymes

The protein content and the specific hydrolytic and synthetic activity were determined
for free lipase and for preparations with lipase Novozym 51032 immobilized on different
supports (i.e., Lewatit VP OC 1600, chitosan, coffee grounds). Results were presented
in Table 1. For each prepared biocatalyst, it was confirmed that the lipase had been well
adsorbed, and the percentage of protein immobilization for the samples was 93.68%, 92.75%,
and 88.26%, respectively. The scanning electron microphotographs presented earlier in
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Section 2.1 also confirmed the presence of enzymes on the surface of the carriers. In
comparison to free lipase, all of the biocatalysts had a higher catalytic activity, proving that
physical adsorption is a proper method of immobilization for improving the hydrolytic and
synthetic properties of enzymes. Yielding more active and selective biocatalysts—especially
when used to catalyze complex reactions such as regioselective hydrolysis or synthesis—
can be possible if physical adsorption takes place on hydrophobic supports, because it
results in the lipase being mainly in its “open” form [7]. The physiological role of lipase is
to catalyze the hydrolysis reaction, and this study showed that the best specific hydrolytic
activity was that of the biocatalyst immobilized on the synthetic support Lewatit VP OC
1600 (0.314 U/mg protein), while for specific synthetic activity better results were obtained
for lipase immobilized on biomaterials. There was only a slight difference between enzymes
immobilized on chitosan (24.61 U/mg protein) and coffee grounds (22.23 U/mg protein).
This may have been because the enzymes were located inside the pores of the support,
protecting them against medium alterations and enabling transesterification reactions to
take place under hydrophobic medium conditions [1]. The low specific synthetic activity
of the biocatalyst immobilized on Lewatit VP OC 1600 may have been caused by lipase’s
formation of dimers or aggregates, as shown in Figure 1EF, which may have negatively
affected the immobilization [7].

Table 1. The protein content, specific hydrolytic activity, and specific synthetic activity of various
free and immobilized lipases: NO + L: liquid lipase Novozym 51032 immobilized on Lewatit VP OC
1600; NO + C: liquid lipase Novozym 51032 immobilized on coffee grounds; NO + CHI: liquid lipase
Novozym 51032 immobilized on chitosan powder.

Specific Specific
Protein Content (mg/mL) Hydrolytic Activity Synthetic Activity
(U/mg Protein) (U/mg Protein)
. Free Fﬂtrat.e.afh?r % Protein Free Immobilized Free Immobilized
Preparations . Immobilization e . . . . .

Lipase Process Immobilization Lipase Preparations Lipase Preparations

NO+L 1.27 £+ 0.80 93.68 0.314 £ 0.013 9.27 £ 0.68
NO + CHI 20.13 +£2.84 1.46 + 0.69 92.75 0.022 + 0.002 0.259 £ 0.011 520 £0.14 24.61 £2.51
NO+C 2.36 £0.71 88.26 0.021 £ 0.001 22.23 £2.48

3. Materials and Methods
3.1. Materials and Biocatalysts

In the present study, as a support for lipase immobilization, the following materials
were used: chitosan (Glentham Life Sciences, Corsham, UK), Lewatit VP OC 1600 (Lanxess,
Cologne, Germany), and coffee grounds (household waste). Chemical reagents were
purchased from Sigma-Aldrich (Poznafi, Poland) and Avantor Performance Materials
Poland S.A. (Gliwice, Poland). Immobilized lipase B from Candida antarctica (CALB) (Sigma-
Aldrich, Poznan, Poland), liquid lipase Novozym 51032 from Aspergillus oryzae (Novozymes,
Basgvaerd, Denmark), and supernatant from Yarrowia lipolytica were used as biocatalysts.
The supports Lewatit VP OC 1600 and commercial lipase Novozym 51032 were kindly
gifted by the companies Novozymes and Lanxess, respectively. The yeast strain Yarrowia
lipolytica KKP 379 was purchased from the Collection of Industrial Microorganisms at the
Prof. Wactaw Dabrowski Institute of Agricultural and Food Biotechnology State Research
Institute in Warsaw, Poland. Furthermore, culture media and their components were
acquired from BTL Sp. z o.0. (L6dz, Poland).

3.2. Culture Media and Yeast Cultivation

For yeast cultivation, YPO medium (2% peptone, 2% olive oil, 1% yeast extract) pH 5.0
was used, with 0.1% Tween 80 as an emulsifier. Inoculation was conducted by adding
0.1% (v/v) of a 24-h Yarrowia lipolytica KKP 379 inoculum in YPD medium (2% peptone,
2% glucose, 1% yeast extract) to 200 mL of sterile medium in flat-bottomed flasks, which
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were then cultured on a rotary shaker (140 rpm) for 48 h. The obtained yeast culture
was centrifuged, and the crude enzyme solution of Y. lipolytica extracellular lipases was
separated from biomass.

3.3. Freeze-Drying and Purification of Yeast Lipase

The obtained supernatant of Y. lipolytica KKP 379 was divided and poured into Petri
dishes and then lyophilized. The samples were frozen in an Irinox freezer (Corbanese, Italy)
at —40 °C and then freeze-dried in the Christ Gamma 1-16 apparatus (Osterode am Harz,
Germany). The materials were stored on shelves at a temperature of 0 °C. The lyophilized
supernatant was purified by using ion-exchange chromatography (elution with a linear
gradient with 0.7 M NaCl + 15 mM Tris-HCI, pH = 6.8, TRIS buffer) and molecular sieves
(50 mM phosphate buffer, pH = 7.0). The obtained active fractions were concentrated in a
centrifuge (4.000x g, 10 min) on a VIVASPIN Centrifugal Concentrator Membrane 10.000
MWCO PES (Sartorius, Gottingen, Germany).

3.4. Lipase Immobilization
3.4.1. Immobilization on Lewatit VP OC 1600

Immobilization on Lewatit was carried out according to the methodology described by
Barrera-Rivera and Martinez-Richa [34], with slight modifications. Firstly, the beads were
activated with ethanol at a ratio of 1:10 (beads:ethanol) for 5 h, and then they were filtered
with distilled water and, finally, dried under vacuum at room temperature for 24 h. After
that, 1 g of beads was added to 15 mL of different lipase solutions. For immobilization,
15 mL of supernatant from Yarrowia lipolytica, 1 mL of purified lipase from supernatant from
Yarrowia lipolytica, and 1 mL of lipase Novozym 51032 were used. The lipase solutions and
beads were shaken in a rotatory shaker at 4 °C for 14 h. After incubation, the immobilized
beads were filtered off with distilled water and dried under vacuum at room temperature
for 24 h.

3.4.2. Immobilization on Chitosan

Based on the methodology described by Pereira et al. [35], with slight changes, lipase
was immobilized on chitosan by physical adsorption. Before immobilization, the chitosan
(2 g) was soaked in 30 mL of hexane and agitated for 1 h. After that, the hexane was
removed by filtration under a vacuum, and the chitosan was washed with distilled water.
The volume of lipase solution used was 20 mL of supernatant from Yarrowia lipolytica and
1 mL of lipase Novozym 51032 (14 mL of distilled water). The lipase solution and chitosan
were mixed together for 3 h at room temperature in an Erlenmeyer flask, and then for an
additional period of 18 h they were moved under static conditions at 4 °C. At the end, the
immobilized preparations were filtered under vacuum, washed with distilled water, and
dried at room temperature.

3.4.3. Immobilization on Coffee Grounds

Firstly, it was necessary to purify the coffee grounds before beginning the immobiliza-
tion. Briefly, spent coffee grounds were subjected to extraction processes with the Soxhlet
apparatus, and a 1:15 (w/v) ratio of coffee grounds to solvent was used. First of all, water
was used as a solvent, and the extraction lasted about 4 h. Subsequently, n-hexane and
then ethanol were used, where the solvents overflowed the Soxhlet chamber 12 times.
The multistep extractions allowed for the removal of proteins, polyphenols, terpenes, and
oils [36]. The immobilization procedure on coffee grounds was based on the methodology
presented by Buntic et al. [18], with slight modifications. Lipase solution (1 mL of Novozym
51032 and 14 mL of distilled water) was agitated with 1 g of the prepared supports for
2 h. After that, the immobilized lipase was filtered under a vacuum, washed with distilled
water, and dried at room temperature.
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3.5. Lipase Activity Assay
3.5.1. Hydrolytic Activity

Measurement of hydrolytic activity was carried out via a spectrophotometric method
based on the hydrolysis of p-nitrophenyl laurate. The reaction was carried out in Eppendorf
test tubes. The 100 pL of free liquid lipase or 25 mg of immobilized biocatalyst in 100 uL of
distilled water was stirred at 37 °C with 25 pL of 0.3 mmol p-nitrophenyl laurate dissolved
in 2 mL of heptane. After 15 min of incubation, absorbance was measured at 410 nm with a
UV-Vis spectrophotometer. The unit of lipase enzymatic activity was 1 U, i.e., the amount
of enzyme that released 1 umol p-nitrophenol per minute under the assay conditions.

3.5.2. Synthetic Activity

The synthetic activity of the immobilized lipase was checked using the colorimetric
method developed by Zheng et al. [33], with some modifications. The measurement was
based on transesterification between vinyl acetate and n-butanol. MBTH (3-methyl-2-
benzothialinone) reacts with released acetaldehyde to produce the appropriate aldazine,
which is converted to a blue-colored TAPMC (tetraaza-pentamethincyanine). The reaction
was conducted in an Eppendorf tube and included 100 mM vinyl acetate and 100 mM
n-butanol in 1 mL of hexane. To induce transesterification, 5 uL of free liquid lipase
or 5 mg of immobilized lipase was added. Incubation was carried out for 5 min, at
30 °C, with agitation. The control experiment was conducted without the addition of an
enzyme. After that, diluted samples (200 times, or in accordance with the requirements) for
spectrophotometric measurement were prepared in test tubes. The assay began by adding
1 mL of 0.1% (m/v) MBTH solution to each sample and mixing for 10 min at 30 °C. Then,
0.4 mL of 1% (m/v) HyFeNO4S,-12H,0 solution (in 0.1 M HCI) was added and agitated for
another 30 min at 30 °C. The analytical wavelength was determined based on the UV-Vis
spectrum for derivatives of acetaldehyde (Figure 7). Colorimetric measurements were
carried out at 595 nm in a spectrophotometer. The standard curve was prepared by using
different concentrations of acetaldehyde (Figure 8). The unit of lipase synthetic activity was
1U, i.e., the amount of enzyme that converted 0.1 mmol vinyl acetate into acetaldehyde
per minute under the assay conditions.
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Figure 7. UV-Vis spectrum for derivatives of acetaldehyde.
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Figure 8. Standard curve of acetaldehyde by MBTH derivatization against absorbance at 595 nm.

3.6. Protein Content

The protein concentration in free lipase and in filtrates after immobilization was
indicated spectrophotometrically using Lowry’s method [37]. This process is based on the
reaction between peptide bonds and aromatic amino acids with Folin—Ciocalteu phenol
reagent. For measurement, 1 mL of each tested solution was used. Fiftyfold dilutions of
the samples were also prepared. The reaction was carried out in probes, to which 5 mL of
copper reagent (2% NapCO3 in 0.1 M NaOH, 1% CuSOy, and 2% potassium sodium tartrate
at a ratio of 100:1:1) was added. After 10 min, 0.5 mL of Folin—Ciocalteu phenol reagent was
added. The incubation lasted 30 min, and then the measurements were taken at 750 nm
with a Rayleigh UV-1601 spectrophotometer (BRAIC, Beijing, China). A calibrated curve
obtained with albumin as a standard was used to calculate the protein content. The amount
of adsorbed protein on the particles was estimated based on differences between free lipase
and the enzyme solution after immobilization.

3.7. Scanning Electron Microscopy (SEM)

The surface and morphology of the supports and immobilized preparations were
studied using an electron microscope (HITACHI TM 3000, Ramsey, New Jersey, USA).
Before observation, the samples were dried under a vacuum and coated with a layer of
gold (Cressington Sputter Coater 108 auto, Cressington Scientific Instruments, Watford,
UK). Microphotographs were taken at a magnification of 100, 200, and 400x.

3.8. Statistical Analysis

The obtained results of the conducted studies were analyzed by statistical methods,
using the STATISTICA 13 program (StatSoft, Krakow, Poland). The Shapiro-Wilk test was
used to verify the statistical hypothesis of normality of the distribution of the experimental
data, while Levene’s test and the Brown-Forsythe test were used to check the hypothesis
of homogeneity of variance. The significance of the grouping variables was assessed by
conducting an analysis of variance (ANOVA). Homogeneous groups for the experimental
data that met the assumption of normal distribution were separated using Tukey’s test.
Values of p < 0.05 were considered to be statistically significant.
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4. Conclusions

In this study, we investigated the process of immobilization of various microbial lipases
on different supports. The obtained results proved the diverse influence of the used carriers
(i.e., chitosan, coffee grounds, and synthetic Lewatit VP OC 1600) on the catalytic activity of
the immobilized biocatalysts. The most promising results were achieved for coffee grounds
and chitosan, which have potential in enzyme catalysis due to their biological origins,
biodegradability, and susceptibility to chemical and/or physical modifications. Reusing
food waste can provide more sustainable supports for enzyme immobilization. To the best
of the authors’ knowledge, this is one of the first papers to take into account immobilization
on spent coffee grounds and chitosan liquid lipase Novozym 51032 from Aspergillus niger,
opening new prospects for future researches. Moreover, it was found that, depending
on the enzyme’s biocatalytic properties, it is necessary to choose a specific support for
the immobilization. Lipases are versatile catalysts with many contrasting activities, e.g.,
hydrolysis, esterification, transesterification, and aminolysis. It is crucial to indicate the
types of reactions in which the prepared biocatalyst will be used, because of the differences
in hydrolytic and synthetic activity observed in this study.
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Coffee waste can be reused as matrices for enzyme immobilization, as it contains various organic
compounds able to adsorb catalytic proteins. In this study, spent coffee grounds were used as a
support in the immobilization process in their native form and after being pretreated with
hexane, ethanol, and sulphuric acid solution, respectively. Microbial lipases from Aspergillus
oryzae, Thermomyces lanuginosus, and Rhizomucor miehei were adsorbed on the carrier, and as a
reference, the abovementioned lipases were also immobilized on a synthetic matrix - Lewatit VP
OC 1600. The research investigated the impact of the purification step on the immobilization
process and the full characteristics of the obtained biocatalysts. The hydrolytic and synthetic ac-
tivities of the immobilized enzyme preparations were tested, as well as substrate specificity, re-
covery, and temperature and pH activity profiles. SEM and FTIR analyses were also performed.
The results showed that the chemical composition of coffee waste influenced the activity of the
obtained biocatalysts, and the lack of hemicellulose caused a reduction in lipolytic activity. The
study reveals that spent coffee grounds can be a potential support for enzyme immobilization,
and lipases adsorbed on them have improved properties such as hydrolytic or synthetic activity,
and stability in pH.

1. Introduction

The still-growing amount of agro-industrial waste constitutes an enormous challenge in its management. The Food Waste Index
Report 2021 states that around 1.3 billion tons of produced food is lost and only some of it is being recycled into fertilizer (Food Waste
Index Report, 2021). Reusing food waste is profitable from a bio-economic standpoint because of the greenhouse gas emission reduc-
tion, lowering processing costs, and carbon footprint issues. Agricultural and food materials have great potential due to the plentiful-
ness of bioactive compounds and high availability. The presence of different chemical groups (hydroxyl, amino, carboxyl, and phos-
phate groups), their surface, and porosity make such materials a possible carrier for enzyme immobilization (Girelli et al., 2020; Bilal
and Igbal, 2019; N4jera-Martinez et al., 2022).

Due to environmental aspects, developing new biocatalysts can be beneficial, because of bio-based carriers on which enzymes can
be adsorbed and desirable properties compared to chemical catalysts such as higher substrate and reaction specificity, and lower en-
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ergy requirements. In addition, the immobilization of enzymes enables their separation from the reaction mixture after ending the
process, and thus their recovery and reusing. It also improves their stability and allows them to be used in extreme pH or temperature
conditions (Franssen et al., 2013; Budzaki et al., 2022). Moreover, the chemical stability of immobilized enzymes and therefore their
resistance to the substances, both substrates and products or by-products present in the reaction mixture, are also widely discussed in
the literature (Ismail and Baek, 2020).

The numerous industries that use enzymes are dominated by three groups of such proteins: carbohydrases, proteases, and lipases.
Despite the latter accounting for less than 10% market share, they are irreplaceable in the food, animal feed, detergent, and pharma-
ceutical sectors (Guerrand, 2017; Mokhtar et al., 2020; Ittrat et al., 2014). The Future Market Insights study shows that in the next ten
years, i.e. by 2033, the value of the lipase market will increase to US$ 1631.2 million, and a CAGR (compound annual growth rate) of
10.3% during the projected period is expected. The physiological role of the lipases (EC 3.1.1.3) is to catalyze the hydrolysis of
triglycerides to diacylglycerols, monoacylglycerols, free fatty acids, and glycerol and these are enzymes that commonly occur in na-
ture, e.g., in seeds and vegetative organs of plants, microorganisms, human and animals. Apart from hydrolysis occurring in an aque-
ous environment, a special advantage of lipases is their synthetic activity in organic solvents. Within such conditions, the opposite
phenomenon of hydrolysis is observed, where Zaks and Klibanov (1985) described that lipases took part in esterification, as well as
amidation, thioesterification, and transesterification - interesterification, acidolysis, and alcoholysis.

Recently, a trend has emerged in the use of lignocellulosic materials, often regarded as waste, for enzyme immobilization, includ-
ing lipases. The examples of carriers given in the following sentences can be used as the so-called low-cost immobilization supports.
So far, by using an adsorption method several materials have been applied as carriers, including bamboo (K de S Lira et al., 2021; G.
Palma et al., 2021), cashew apple bagasse (Serpa et al., 2021), coconut waste (Oliveira-Ribeiro et al., 2019), corn cob (Ittrat et al.,
2014; K de S Lira et al., 2021; Costa-Silva et al., 2016), rice husk (Ittrat et al., 2014; Costa-Silva et al., 2016; Srisaipet et al., 2005;
Santos et al., 2021) and sugarcane bagasse (K de S Lira et al., 2021; Costa-Silva et al., 2016; Mittersteiner et al., 2018).

Spent coffee grounds (SCG) are generated in tremendous amounts with an annual generation of 6 million tons worldwide and rep-
resenting up to 60% of the processed coffee beans. Global coffee consumption is still growing, hence annual coffee production is pro-
gressive continuously. That is why, the amount of generated SCG waste will increase. This lignocellulosic waste is a very affordable
and renewable feedstock that possesses specific characteristics required for excellent enzyme support, including physical strength, in-
ertness, and stability due to its composition. The abundance of organic compounds like fatty acids, lignin, cellulose, hemicellulose,
and other polysaccharides makes spent coffee grounds valuable matrices for enzyme immobilization. (Campos-Vega et al., 2015; Mak
et al., 2023; Atabani et al., 2022; Srinivasan et al., 2023; Colantoni et al., 2021). Despite its well-known characteristics, it is rarely
used as an enzyme support. The literature only reports its use for immobilization of lipase (Girelli et al., 2023; K de S Lira et al., 2021),
B-glucosidase (Chen et al., 2013), and cellulase (Buntic et al., 2018). It also emphasizes the importance of selecting an appropriate en-
zyme immobilization protocol, as various factors can influence the activities and properties of biocatalysts. Therefore, the area of re-
search within the reuse of SCG as a matrix for immobilization process is still undiscovered and represents great potential. This article
is another one that wants to expand the knowledge on this topic.

The main aim of this research was to obtain an active low-cost biocatalyst immobilized on lignocellulosic food waste. For the first
time, three lipases of microbial origin from Aspergillus oryzae, Thermomyces lanuginosus, and Rhizomucor miehei were immobilized by
the adsorption method on spent coffee grounds. The establishment of the study was to verify how different pretreatments of coffee
waste and their chemical composition impact the immobilization process and how this translates into enzyme activity. Moreover, this
research answers the question of which SCG ingredients are crucial in the adsorption process between the enzyme and the carrier. The
study contained a full characterization of obtained biocatalysts, including the most important properties such as the ability to catalyze
both hydrolysis and synthesis reactions. Moreover, the protein content on the carrier's surface, the stability in different conditions
such as pH and temperature, and the possibility of recovery were tested. Additionally, the specificity of lipases against various sub-
strates was carried out. In this study, the above-mentioned microbial-derived lipases were immobilized also on a synthetic carrier -
macroporous acrylic resin to compare the properties with biocatalysts adsorbed on biodegradable support.

2. Materials and methods

2.1. Materials and biocatalysts

In the present research the following liquid lipases, which were kindly gifted from Novozymes (Basgvaerd, Denmark), were ap-
plied as biocatalysts: Lipozyme TL (from Thermomyces lanuginosus), Novozym 51032 (from Aspergillus oryzae) and Palatase 20000L
(from Rhizomucor miehei). The supports for the immobilization of enzymes were four types of spent coffee grounds with varying de-
grees of purification which were received from EcoBean (Warsaw, Poland). As a reference for lignocellulosic support, the synthetic
carrier — Lewatit VP OC 1600 was used (Lanxess, Cologne, Germany). The results of the lipase activity assay were compared with com-
mercial Candida antarctica lipase B (CALB). All chemical reagents and solvents were purchased from Sigma-Aldrich (Poznas, Poland).

2.2. Pretreatment of spent coffee grounds

The research conducted raw materials taken at various stages of the company's continuous technological process described in
patent application no. WIPO ST 10/C PL447416. The following pretreatment of each sample is described below:

SCG1 - spent coffee grounds were collected from Warsaw cafe. After transportation, SCG were dried to a moisture content of
approximately 5%.



K. Jasiriska et al. Biocatalysis and Agricultural Biotechnology 59 (2024) 103255

SCG2 - SCG1 were boiled with hexane in a reactor under pressure for 30 min, and filtrated in a filter drier to separate the solid
phase from hexane and coffee oil.

SCG3 - To obtain SCG3 extraction 40-50% ethanol solution was required. Extraction was carried out in the reactor for 2 h at
a ratio SCG: solvent (1:10). The necessary step was filtration and drying analogous to the preparation of SCG2.

SCG4 - SCG4 are the most purified grounds. SCG3 waste was hydrolyzed in a reactor with 2,5% aqueous sulphuric acid solution
at radio 1:9, for - 3 h and temperature 100 °C. SCG4 was separated from the liquid and dried grounds.

2.3. Determination of fiber of spent coffee grounds

The fiber fraction was determined in the Fibertec™C 8000 system (Foss Analytics, Warsaw, Poland). The percentage of crude fiber
was carried out by the method PN-ISO 5498 (1996). The content of acid detergent fiber (ADF) and acid detergent lignin (ADL) was de-
termined according to PN-EN ISO 13906 (2009). Meanwhile, determining neutral detergent fiber (NDF) content after amylase treat-
ment was carried out according to PN-EN ISO 16472 (2007). Cellulose concentration was calculated as the difference between ADF
and ADL, and hemicellulose concentration as the difference between NDF and ADF.

2.4. Lipase immobilization procedures

2.4.1. Immobilization on Lewatit VP OC 1600

Three liquid lipases were immobilized by adsorption on Lewatit according to the methodology described by Jasiriska et al. (2023)
in preliminary studies. Before the process, synthetic beads were activated in ethanol. For immobilization, 1 g of support and 15 mL of
lipase solution were used. Each reaction contained 1 mL of lipase (Lipozyme TL, Novozym 51032, Palatase, 20000L) in the solution.
All components were shaken in flasks in a rotatory shaker for 14 h, at 4 °C. Then, immobilized beads were separated from the mixture
by filtration, washed with distilled water, and dried under vacuum for 24 h, at room temperature. Three repetitions of each prepara-
tion were performed.

2.4.2. Lipase immobilization on spent coffee grounds

Lipases were immobilized by adsorption on different samples of spent coffee grounds (SCG) delivered by EcoBean. There were
four fractions: the native one without any pretreatment (SCG1), spent coffee grounds after hexane treatment (SCG2), spent coffee
grounds after ethanol treatment (SCG3), and spent coffee grounds after sulphuric acid treatment (SCG4). The immobilization proce-
dure was based on the methodology included in the study by Jasinska et al. (2023). Lipase solutions — 1 mL of liquid lipase and 14 mL
of distilled water were added to a flask with 1 g of support and then agitated for 2 h. After this time, the obtained enzyme prepara-
tions were filtered, washed with distilled water, and dried at room temperature.

2.5. Lipase activity assay

2.5.1. Hydrolytic activity

The measurements were based on the spectrophotometric method. The reaction — hydrolysis of p-nitrophenyl laurate was carried
out at 37 °C. 100 pl of free liquid lipase or 25 mg of immobilized enzyme preparation in 100 pl of distilled water and 25 pl p-
nitrophenyl laurate solution (0.3 mmol dissolved in 2 ml of heptane) were added to Eppendorf test tubes and stirred for 15 min. After
this time, the absorbance was measured immediately at 410 nm by a UV-Vis spectrophotometer. The unit of lipase enzymatic activity
was 1U, i.e., the amount of enzyme that released 1 pmol of p-nitrophenol per minute under the assay conditions.

2.5.2. Synthetic activity

The synthetic activity of free and immobilized lipases was checked based on the methodology described in Jasinska et al. (2023)
study. The transesterification reaction was carried out in an Eppendorf tube and contained 100 mM vinyl acetate and 100 mM n-
butanol in 1 mL of n-hexane. To the mixture, 10 pL of free liquid lipase or 5 mg of immobilized lipase were added. After 5 min of incu-
bation, diluted samples were prepared in test tubes. To each one 1 mL of 0.1% (m/v) MBTH (3-methyl-2-benzothiazolinone hydra-
zone hydrochloride hydrate) solution was added and agitated for 10 min at 30 °C. After that time 0.4 mL of 1% (m/v)
H4FeNO,4S,-12H,0 solution (in 0.1M HCI) was added and mixed for 30 min at 30 °C. Then, the content of released acetaldehyde con-
verted to a blue-colored tetraaza-pentamethincyanine (TAPMC) was measured by spectrophotometric assay at 595 nm.

2.5.3. Substrate specificity

A spectrophotometric method based on hydrolysis reaction (section 2.5.1.) was used to determine how specifically lipases act
against different substrates. The following substrates were used for the study: p-nitrophenyl butyrate (C4:0), p-nitrophenyl caprylate
(C8:0), p-nitrophenyl laurate (C12:0), p-nitrophenyl palmitate (C16:0), p-nitrophenyl stearate (C18:0), and p-nitrophenyl oleate
(C18:1).

2.5.4. Recovery

The study aimed to evaluate the reusability of particular biocatalysts using the hydrolytic activity measurement method outlined
in section 2.5.1. The hydrolysis reaction of p-nitrophenyl laurate was conducted at a temperature of 37 °C and at a pH of 7 for 15 min.
Afterward, the absorbance was measured by a spectrophotometer. The immobilized enzyme was separated from the reaction mixture,
washed twice with hexane and phosphate buffer (pH 7), and then reused to catalyze the same reaction. The biocatalysts were used for
five cycles.
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2.5.5. Profile of pH activity

To determine the influence of different pH on immobilized enzyme preparations, the method of assessing the hydrolytic activity
with hydrolysis of p-nitrophenyl laurate (section 2.5.1.) was used. The reaction was carried out in phosphate buffer (10 mM) at pH 5,
6, 7, and 8 instead of water. The temperature for each reaction was constant and reached 37 °C.

2.5.6. Profile of temperature activity

To assess the impact of temperature on the biocatalysts, measurements of hydrolytic activity were conducted while keeping all
conditions constant except for the temperature range. The reaction was carried out at temperatures ranging from 30 °C to 70 °C and
the hydrolytic activity was monitored as described in section 2.5.1.

2.6. Protein content

The analysis of protein content in free lipase and filtrates after the immobilization process was provided by Lowry's method fully
described in Jasifiska et al. (2023) work. The samples were diluted 50 times. 1 mL of each solution and 5 mL of copper reagent were
incubated for 10 min. After that time the Folin—Ciocélteu phenol reagent was added. After 30 min of incubation, spectrophotometric
measurements were carried out at 750 nm in a Rayleigh UV-1601 spectrophotometer (BRAIC, Bejing, China). The percentage of ad-
sorbed proteins on a carrier was calculated based on the difference between the protein content of free lipase solutions and in filtrates
after immobilization.

2.7. Hydrolytic and synthetic specific activity

Based on the obtained results of hydrolytic and synthetic activity and protein content, the specific activities of immobilized biocat-
alysts and free lipase were calculated according to the equations:

1. Liquid, free lipase

hydrolytic or synthetic activity [m%]

Specific activity [2] =
m

mg protein
ml

protein content in liquid, free lipase [
2. Immobilized lipase

hydrolytic or synthetic activity [mlg]

Specific activity [E] = -
m mg protein ]

pr otein immobilized on support [mg sapport

2.8. Scanning electron microscopy (SEM)

The native supports and immobilized enzyme preparations were analyzed in terms of the surface structure by an electron micro-
scope (HITACHI TM 3000, Ramsey, New Jersey, USA). The samples were dried under vacuum and coated with layers of gold (Cessing-
ton Sputter Coater 108 auto, Cressington Scientific Instruments, Watford, UK) and then observed. Microphotographs were taken at a
magnification of 400x.

2.9. FTIR spectroscopy

The FTIR spectra of all preparations were recorded on a Nicolet iS5 ATR Thermo Scientific spectrometer equipped with a diamond
crystal iD7 ATR sampling component (Thermo Fisher Scientific, Waltham, USA). The measurement was taken in the range
4000-600 cm ™.

2.10. Statistical analysis

The obtained results were statistically analyzed using the STATISTICA 13.3 software (StatSoft, Krakow, Poland). The following
methods were used: Shapiro-Wilk test to verify the statistical hypothesis of normality of the distribution of the experimental data,
Levene's and Brown-Forsythe tests for checking the hypothesis of homogeneity of variance, analysis of variance (ANOVA), and post-
hoc Tukey's test. Values of p < 0.05 were considered to be statistically significant. For cluster analysis, the obtained data for the pre-
pared biocatalysts (n = 15), i.e., adsorbed protein content, hydrolytic activity, synthetic activity, specific hydrolytic activity, and
specific synthetic activity were standardized. Ward's method was applied and the distances between clusters were estimated with the
Euclidean distance.

3. Results and discussion

3.1. Characterization of the support material — spent coffee grounds

3.1.1. Chemical composition of SCG - cellulose, hemicellulose and lignin

Spent coffee grounds are a waste product obtained after the coffee brewing process and in the production of instant coffee. They
are abundant in sugars polymerized into cellulose and hemicellulose structures, which constitute about half of the dry material (Table
1). The content of these two organic compounds in native spent coffee grounds (SCG1) was comparable to others reported in the liter-
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Table 1

Cellulose, hemicellulose, and lignin content of SCG1 — native spent coffee grounds, SCG2 - spent coffee grounds after hexane treatment, SCG3 — spent coffee
grounds after ethanol treatment, and SCG4 - spent coffee grounds after sulphuric acid treatment. CF — crude fiber, NDF — neutral detergent fiber, CEL — cellulose,
HEM - hemicellulose, ADF - acid detergent fiber, ADL — acid detergent lignin, DM — dry mass.

PARAMETER UNIT SCG1 SCG2 SCG3 SCG4

CF %DM 28.09 * 0.56 30.57 = 0.40 33.53 = 0.04 23.37 = 0.04
NDF %DM 61.61 = 0.90 67.38 = 1.11 74.90 + 0.98 48.24 + 0.04
ADF %DM 37.92 = 0.07 40.86 + 0.03 44.69 = 0.03 47.81 = 0.19
CELLULOSE (ADF-ADL) %DM 21.06 + 0.41 23.12 = 0.57 25.11 = 0.07 28.90 + 0.05
HEMICELLULOSE (NDF-ADF) %DM 23.69 * 0.97 26.52 * 1.09 30.21 = 1.00 0.43 = 0.22
TOTAL (CEL AND HEM) %DM 44.75 + 1.38 49.63 = 0.52 55.31 = 0.94 29.33 £ 0.17
LIGNIN (ADL) %DM 16.87 + 0.48 17.75 = 0.60 19.59 * 0.04 18.91 = 0.14

ature for SCG (Ballesteros et al., 2014; Mussatto et al., 2011). The total amount of cellulose and hemicellulose changed depending on
the stage of waste pretreatment. With the removal of fats and then polyphenols the content was increasing (SCG2 and SCG3), but for
the samples that were purified the most (SCG4), the results showed that they consisted mainly of cellulose and traces of hemicellu-
lose. Moreover, the fraction SCG4 included the lowest amount of NDF-neutral detergent fiber in comparison to other samples. It con-
firmed that the pretreatment with acids (such as sulphuric acid) impacts the hemicellulose and breaks glycosidic bonds (Néjera-
Martinez et al., 2022), resulting in its removal from the fraction.

Lignin is a natural polymer that is also present in spent coffee grounds. Its content was similar in each sample (SCG1 - 16.87%,
SCG2 - 17.75%, SCG3 — 19.59%, and SCG4 — 18.91%), but the values were slightly lower than shown in other studies - Ballesteros et
al. (2014) - 23.90%, Karmee (2018) — 25%, respectively. These minor differences could be attributed to the diversity of spent coffee
ground sources.

3.1.2. SCG morphology by SEM

The morphological structures of SCGs (Fig. 1) were analyzed using a Scanning Electron Microscope. The modification of the car-
rier affected its porosity. The structure of native coffee waste (SCG1) was finer and more compact with itself. After pretreatment, in
the microphotographs of SCG2 (Fig. 1B), SCG3 (Fig. 1C), and SCG4 (Fig. 1D) the irregular shape and numerous macropores. In accor-
dance with the literature (Buntic et al., 2018; Girelli et al., 2023) the removal of different functional groups from coffee waste support
probably affected the structure of the material and caused uprising channels with various sizes.

3.1.3. SCG analysis by FTIR spectroscopy

The FTIR technique was employed to investigate the functional groups of the native and modified spent coffee grounds. The re-
ceived FTIR spectra showed similar attitudes but with different peak heights (Fig. 2). The obtained results revealed a broad peak be-
tween 3600 and 3200 cm™! specific to O-H bond vibration, and two visible sharp peaks at 2920 and 2851 cm™! which are character-
istic of C-H bond in aliphatic chains and confirmed the presence of methyl and methylene groups, as well as, the peak at 1741 cm™!
connected to C=0 bonds, peak at 1647 cm™! related to C=C bonds (aromatic) and two peaks at 1374 and 1025 cm™" specific to C-O
bonds (Ballesteros et al., 2014; Buntic et al., 2018; Cruz-Lopes et al., 2017; Bejenari et al., 2021). The main presence of cellulose and
lignin in this coffee material likely caused the intensification of peaks that are characteristic of the aforementioned compounds. Espe-
cially, higher results were noticed at 1025 cm™ which might be specific for cellulose C-O—C pyranose ring vibration, at 1519 cm™
which can be connected to lignin aromatic rings C=C bonds (Girelli et al., 2023; Cruz-Lopes et al., 2017) and at 2920 cm~! which
probably corresponds to the stretching vibration of C-H band in CH,, CH3 and OCHj3 groups of lignin structures (Liu et al., 2014).

3.2. Characterization of immobilized biocatalysts

3.2.1. Lipase activity assay

The physiological role of lipases is to hydrolyze triglycerides into fatty acids and glycerol. However, they can be also applied to
catalyze esterification, transesterification, and interesterification, which are widely used in biotechnology (Ismail and Baek, 2020).
The activity of three different lipases (Lipozyme TL - L, Novozym 51032 - N, and Palatase, 20000L - P) immobilized on biodegradable
support — spent coffee grounds and synthetic carrier — Lewatit VP OC 1600 was compared with commercial lipase B from Candida
antarctica (Figs. 3 and 4). All of the received biocatalysts were capable of catalyzing hydrolysis of p-nitrophenyl laurate but it was no-
ticed that pretreatment of spent coffee grounds influences their activity. The lowest values were reached for the enzyme preparations
which were immobilized on the most purified coffee waste, respectively NSCG4 - 0.0018 U/mg, LSCG4 - 0.0002 U/mg, and PSCG4 —
0.0014 U/mg (Fig. 3). This may indicate that absence of hemicellulose in the support and mainly the presence of cellulose as well as
lignin had an impact on the decrease of hydrolytic activity of the analyzed lipases from Th. lanuginosus, A. oryzae and R.miehei. Some
authors found that lignin may limit the interaction between the support and the enzyme. Moreover, they also reported that there are
differences in the fundamental mechanism of the enzyme's adsorption onto lignin from various lignocellulosic biomass, due to the di-
verse composition and structural features of the compound (Buntic¢ et al., 2018; Baig, 2020; Rodriguez-Restrepo and Orrego, 2020).
For all of the investigated lipases (Lipozyme TL, Novozym 51032, and Palatase, 20000L) there were only slight differences in the hy-
drolytic activity of enzymes adsorbed between native (SCG1) and defatted (SCG2) or defatted and free of polyphenols (SCG3) forms
of the carrier. Removal of the selected functional groups on the carrier did not highly affect the effectiveness of catalyzing the hydrol-
ysis reaction by the adsorbed enzyme.
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Fig. 1. Scanning electron microphotographs (x600) of A — native spent coffee grounds (SCG1), B — spent coffee grounds after hexane treatment (SCG2), C — spent
coffee grounds after ethanol treatment (SCG3), D — — spent coffee grounds after sulphuric acid treatment (SCG4).

The study assumed also a comparison between biodegradable biocatalysts, those immobilized on synthetic carriers, and commer-
cial CALB. In the case of immobilization of lipase Lipozyme TL and Palatase it succeeded in obtaining more active biocatalysts ad-
sorbed on spent coffee grounds (SCG1, SCG2, SCG3) than on Lewatit VP OC 1600 — macroporous acrylic resin, the same on which li-
pase B from Candida antarctica is immobilized (Ortiz et al., 2019). A similar tendency was observed with the hydrolytic activity of the
commercial enzyme preparation. Still, for lipase, Novozym 51032 immobilized on the native spent coffee grounds the activity was al-
most equal for the biocatalysts with Lewatit as support.

The results of the synthetic activity of designed biocatalysts are shown in Fig. 4. Inmobilized lipases were tested for their ability to
catalyze the synthesis reaction of vinyl acetate and n-butanol with n-hexane as a solvent. The best activity (3.76 U/mg) was presented
by commercially available immobilized lipase — CALB. Under study microbial lipases did not receive such successful results and
reached respectively NL - 0.17 U/mg, LL — 0.05 U/mg, and PL — 0.21 U/mg. These three biocatalysts were immobilized on the same
synthetic support as well as CALB but gained much lower activity. The combination of Lewatit VP OC 1600 with CALB cannot be ex-
trapolated to other lipases. Despite the general preference of lipases to be immobilized on hydrophobic support, it was shown that not
all of them revealed the same affinity for a given support (Rodriguez-Restrepo and Orrego, 2020). Among the biocatalysts adsorbed
on spent coffee grounds, the leading one was lipase Novozym 51032 immobilized on SCG1 - native form. Along with the degree of pu-
rification, the synthetic activity of this enzyme decreased. For the preparation of lipase Lipozyme TL and Palatase, the activity on
SCG1, SCG2, and SCG3 was similar. Biocatalysts immobilized on the most pretreated carrier did not show the activity, which con-
firmed that the lack of hemicellulose and increased participation of lignin in support negatively influence the synthetic activity of all
studied lipases.

One of the advantages of the immobilization process is improving the catalytic properties of enzymes, which was also tested in this
research. In Figs. 5-7, it was shown, how the physical adsorption of three microbial lipases onto different supports influences lipolytic
activity in comparison with the non-immobilized enzymes. The results of the hydrolytic and synthetic activities were calculated based
on concentrations of proteins adsorbed on the carrier and presented as a specific activity. For lipase — Novozym 51032 all immobi-
lized enzyme preparations had significantly higher specific hydrolytic activity than the free lipase. Two biocatalysts - NSCG1 and
NSCG2 reached also better results in specific synthetic activity compared to the non-immobilized lipase. A similar tendency was ob-
served for other lipases. The immobilization process improved hydrolytic activity for all biocatalysts of lipase Palatase and most of li-
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Fig. 2. FTIR spectra of SCG1 — native spent coffee grounds, SCG2 — spent coffee grounds after hexane treatment, SCG3 — spent coffee grounds after ethanol treatment,
and SCG4 - spent coffee grounds after sulphuric acid treatment.
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Fig. 3. The hydrolytic activity of immobilized lipases (N — Novozym 51032, L — Lipozyme TL 100L. P — Palatase, 20000L) on spent coffee grounds (SCG1, SCG2,
SCG3, SCG4) and on L — Lewatit VP OC 1600. As reference CALB - lipase B of Candida antarctica. Means with the same letter (a—g) did not differ significantly
(a = 0.05).

pase Lipozyme TL. The ability to catalyze synthesis reaction was higher for preparations LSCG2, LSCG3, PSCG1, PSCG2, and PSCG3 in
comparison with the free lipase. This proved that the immobilized lipases can boost their lipolytic activity and it showed how it is im-
portant to select a proper support for this process as not all matrices gave the same effect.

In Figs. 5-7 the percentage of protein content on support was also presented. Biocatalysts immobilized on spent coffee grounds
reached content of adsorbed proteins between 68% and 80% for lipase Novozym 51032, 83%-92% for lipase Lipozyme TL, and
55%-90% for Palatase, which were lower than for synthetic carrier respectively. Despite this observation, the specific activity — hy-
drolytic and synthetic of biocatalysts immobilized on SCG1, SCG2, and SCG3 was significant. It suggests that spent coffee grounds
may be a better support for those lipases and the quality of how proteins are immobilized on matrices is more important than the
quantity of molecules. Probably in this configuration adsorbed lipases on spent coffee grounds still had an open active center. What is
more, it was noticeable for microbial lipases immobilized on Lewatit VP OC 1600 that the high results of adsorbed proteins did not
correlate with the high activity of biocatalysts. Despite the ability of lipases to adsorb on hydrophobic surfaces and the high content of
proteins immobilized on macroporous acrylic polymer resin, both hydrolytic and synthetic specific activities were low. The general
rule is that a more hydrophobic carrier can immobilize more lipases than a less hydrophobic one. However, lipases tend to form li-
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Fig. 4. The synthetic activity of immobilized lipases (N — Novozym 51032, L — Lipozyme TL 100L. P — Palatase, 20000L) on spent coffee grounds (SCG1, SCG2, SCG3,
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Fig. 5. Specific hydrolytic and synthetic activities of free (N) and immobilized lipase Novozym 51032 on different carriers (NSCG1, NSCG2, NCSG3, NCG4, NL) and
level of adsorbed proteins on support after immobilization process. ND — not detected. The means compared within one parameter (specific hydrolytic or synthetic ac-
tivity), marked with different lowercase letters, are statistically different (« = 0.05).

pase-lipase dimers containing the open form of each of the lipase molecules. It may cause problems with handling enzymes because
the features of monomers and dimers can be very different. Dimer formation can result in the creation of enzyme aggregation on the
support's surface, which can affect the open form and hinder lipase immobilization by interfacial activation on the hydrophobic car-
rier (Rodriguez-Restrepo and Orrego, 2020).

3.2.2. Profile of pH activity of tested biocatalysts

The pH influence on the enzyme activity has been monitored. The concentration of hydrogen ions may impact the ability of lipases
to catalyze different reactions, thus the hydrolytic activity in various pH, from 5 to 8, was studied (Fig. 8). The majority of immobi-
lized enzyme preparations were stable in a whole range of pH and the activity did not differ significantly. It suggested that lipases ad-
sorbed on the investigated SCG supports have a more stable configuration and can be easily used as biocatalysts in reactions that re-
quire varied pH conditions. Similar properties were examined by Girelli et al. (2023). The researchers tested the pH stability in the
range 6-8 of the immobilized form of lipase Candida rugosa on spent coffee grounds. They gained the maximum activity at pH 7, but

8
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Fig. 7. Specific hydrolytic and synthetic activities of free (P) and immobilized lipase Palatase 20000L on different carriers (PSCG1, PSCG2, PCSG3, PCG4, PL) and
level of adsorbed proteins on support after immobilization process. ND — not detected. The means compared within one parameter (specific hydrolytic or synthetic ac-
tivity), marked with different lowercase letters, are statistically different (« = 0.05).

the results in the whole spectrum were higher than for the free lipase, which also highlights the advantages of the immobilization
process.

3.2.3. Selection of the best immobilized biocatalyst

To select the best biocatalysts a cluster analysis was performed (Fig. 9). The following data were tested: adsorbed protein content,
hydrolytic and synthetic activities, and specific hydrolytic and synthetic activities. The received results were divided into proper
groups. The first cluster including the immobilized enzyme preparations such as NSCG3, LSCG1, LSCG2, LSCG3, and NL have reached
the highest value of the adsorbed protein content. The second with biocatalysts — NSG1 and NSG2 have shown the best synthetic and
specific hydrolytic activities. Within the third cluster with PSCG1, PSCG2, and PSCG3 the highest specific synthetic activity, even
though they had the lowest adsorbed protein content on the support was noted. The least active hydrolytically and synthetically
preparations, i.e., NSCG4, LSCG4, PSCG4, LL, and PL were found in the fourth cluster. For further tests, one biocatalyst of each micro-
bial lipase — NSCG1 (Novozym 51032), PSCG1 (Palatase, 20000L), and LSG1 (Lipozyme TL 100L) immobilized on native spent coffee
grounds were chosen. The selection was mainly based on the activity of immobilized enzyme preparation. The level of waste pretreat-
ment was also an important criterion. Immobilized preparations on a native carrier were chosen, which is economically advanta-
geous. The aim for the further part of the study was to focus on the analysis of lipases adsorbed on the spent coffee grounds as an alter-
native to synthetic carriers and to test their other features, like substrate specificity, temperature activity profile and the ability to
reuse the biocatalysts in reaction.
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Fig. 9. Clustering tree diagram for the obtained biocatalysts according to Ward's method for Euclidean distances.

3.2.4. Substrate specificity of immobilized lipases

Substrate specificity was determined for three biocatalysts — LSCG1, PSCG1 and NSCG1 (Fig. 10). Six esters of p-nitrophenyl and
fatty acids of varying carbon chain lengths were used in this experiment, in the presence of which the hydrolytic activity of microbial
lipases was measured. From the obtained results, it can be observed that the highest lipolytic activities were achieved against the sub-
strate p-nitrophenyl butyrate (C4:0) for LSCG1 (0.0079 U/mg); p-nitrophenyl butyrate (C4:0), p-nitrophenyl caprylate (C8:0) and p-
nitrophenyl laurate (C12:0) for PSCG1 (0.0074 U/mg, 0.0071 U/mg, and 0.0076 U/mg); p-nitrophenyl butyrate (C4:0) and p-
nitrophenyl caprylate (C8:0) for NSCG1 (0.0103 U/mg and 0.0102 U/mg). Lipases belong to the class of hydrolases and what distin-
guishes them from other enzymes, such as esterases is that they are mainly active toward water-insoluble substrates like triglycerides
(Lopes et al., 2011). They can catalyze both hydrolysis of butyrate and long-chain esters which was confirmed in this study. A similar
observation was described by Song et al. (2008), where they tested nine microbial lipases against 15 substrates with different carbon
chain lengths and found that several lipases presented strong selectivity for short-chain esters, some for medium-chain or long-chain
fatty acid esters. It pointed out that analysis of substrate specificities of microbial lipases is important for predicting the catalytic ac-
tivity of enzymes and is helpful for researchers to select proper lipases for catalyzing characteristic reactions.

3.2.5. Temperature activity profile of immobilized biocatalysts

The study investigated the hydrolytic activity of immobilized lipases - LSCG1, PSCG1, and NSCG1 with respect to temperature, to
understand the protective effect of the matrix on the immobilized enzyme in relation to thermal denaturation (Fig. 11). The tempera-
ture range of 30-70 °C was considered while measuring the enzyme activity. The study found that lipase Lipozyme TL showed the
highest activity at 50 °C, while lipase Palatase 20000L had the highest activity at 60 °C, and lipase Novozym 51032 performed best at
70 °C. The results demonstrate that spent coffee grounds used as a support for immobilization can protect lipases at high tempera-
tures, with only slight differences observed across the temperature range. Additionally, the study found that the origin of the lipase

10
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may have an influence on its maximum activity. Similar results were obtained by Girelli et al. (2023), who immobilized lipase type
VII from Candida rugosa (CRL) on SCG and for the immobilized enzyme, the maximum activity was obtained at 60 °C.

3.2.6. The recovery of immobilized biocatalysts

Another advantage of the immobilization of enzymes is the possible recovery of biocatalysts. Adsorption is a reversible method
based on weak non-specific forces like van der Waals, hydrophobic interaction, hydrogen bonds, and ionic bonding. This simple pro-
cedure allows to reuse of the biocatalyst in multiple process cycles (Najera-Martinez et al., 2022; Ittrat et al., 2014). In this study, mi-
crobial lipases immobilized on spent coffee grounds were tested in 5 cycles (Fig. 12). It is noticeable that in the second cycle, the rela-
tive activity was more than half lower, and after four cycles the activity dropped almost to zero. Despite the decreasing tendency of all
biocatalyst activities, it was successful that immobilized enzyme preparations were still capable of catalyzing the hydrolysis reaction
till 3rd cycle. The electrostatic and hydrophobic interactions can be influenced by several immobilization factors such as pH, quantity
and quality of reagents, type of enzyme, surface area, chemical structure of the support, and ionic strength. Despite the potential of
lignocellulosic waste as a support due to the presence of specific functional groups on their surface which can establish a bond with li-
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Fig. 12. Analyzing the recovery of immobilized lipases - PSCG1, LSCG1 and NSCG1. The highest hydrolytic activities of all biocatalysts were defined as 100%.

pase and their high porosity, lipases may be leached out from support (Ismail and Baek, 2020; Girelli and Chiappini, 2023). This may
cause a loss of activity through the next process cycles.

4. Conclusion

In this research lipase from Th. lanuginosus (Lipozyme TL), A. oryzae (Novozym 51032), and R. miehei (Palatase, 20000L) were im-
mobilized on various supports derived from spent coffee grounds and synthetic macroporous acrylic resin (Lewatit VP OC 1600) used
as a reference to investigate the possibility of receiving efficient biocatalysts. The SCG were pretreated differently to optimize the
process of immobilization. It was verified that the chemical composition of coffee waste has an influence on the activity of obtained
biocatalysts and the lack of hemicellulose caused the reduction of lipolytic activity. As part of the conducted study, it was possible to
gain immobilized enzyme preparations on biodegradable support which were hydrolytically and synthetically active and stable in dif-
ferent pH conditions. One of the received biocatalysts (lipase Novozym 51032) adsorbed on spent coffee grounds, primarily native
and defatted form, revealed especially beneficial results compared to the commercial reference enzyme immobilized on the synthetic
carrier (CALB). Although the preparations contained different protein content on the surface of the carrier, the higher amount of en-
zyme adsorbed on the carrier did not directly translate into their activity.

The study has confirmed that spent coffee grounds can be a potential support for enzyme immobilization. Reusing lignocellulosic
waste can be a proper direction in the industry to ensure a circular economy and contribute to the reduction of the already existing
waste. Lipases adsorbed on coffee waste have improved their properties such as hydrolytic or synthetic activities and stability in pH.
Each microbial enzyme had various specificities and reached different results, which indicates the importance of selecting a properly
prepared carrier. More detailed studies are still needed to characterize the biocatalysts adsorbed on spent coffee grounds. It would
also be crucial to optimize the immobilization process, which will allow obtaining an enzyme preparation that can be reused in reac-
tions multiple times and will not decrease its activity.
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Abstract: In the modern world, the principles of the bioeconomy are becoming increasingly important.
Recycling and reusability play a crucial role in sustainable development. Green chemistry is based on
enzymes, but immobilized biocatalysts are still often designed with synthetic polymers. Insoluble
carriers for immobilized biocatalysts, particularly those derived from agro-industrial waste such
as mesoporous lignocellulosic materials, offer a promising alternative. By using waste materials as
support for enzymes, we can reduce the environmental impact of waste disposal and contribute
to the development of efficient bioprocessing technologies. The current study aimed to assess the
possibility of using apple and chokeberry pomace as carriers for the immobilization of Palatase 20000L
(lipase from Rhizomucor miehei). The analysis of lignocellulosic materials revealed that chokeberry
pomace has a higher neutral detergent fiber (NDF) and lignin contents than apple pomace. Moreover,
Scanning Electron Microscopy (SEM) observations indicated similar compact structures in both
pomaces. The lipase activity assays demonstrated that immobilization of lipase from R. miehei onto
apple and chokeberry pomace improves their properties, especially the synthetic activity. The findings
highlight the potential of utilizing fruit pomaces not only as a source of bioactive compounds but
also in enhancing enzyme stability for industrial applications.

Keywords: lipase; immobilization; apple pomace; chokeberry pomace

1. Introduction

Climate change and environmental degradation pose a serious threat to East European
countries and the world as a whole. Waste processing and landfilling are contributing
factors. The global food supply chain is one of the most complex and interconnected
systems worldwide and one of the least sustainable [1]. The European Union, as part of
the European Green Deal, aims to achieve zero emissions and maintain clean soils and
waters to mitigate climate change. Therefore, it is crucial to explore new green and cost-
effective solutions. One approach that aligns with these objectives is upcycling, which
involves repurposing discarded materials to increase their value [2]. In fruit and vegetable
processing, a significant problem is the disposal of products that are not used in the
technological process. Pomace accounts for 10 to 35% of processed raw materials [3]. This
problem is particularly relevant for countries such as Poland, one of the leading producers
of fruits such as apples, pears, and chokeberries, which are used to produce juices, jams,
or concentrates. According to the Central Statistical Office in Poland, in the 2018/2019
season, only 3150 thousand tons of apples were used to produce concentrated juice [4].
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In numerous countries, apple pomace (AP) is one of the most frequently produced types
of agri-food waste, with about 4 million tons being produced each year worldwide [5].
According to Poland’s Agricultural Market Agency, the area of chokeberry fields in Poland
increased from 5000 hectares to 8000 hectares between 2004 and 2013, with the yield rising
from 38,000 to 58,000 metric tons [6].

The growing interest in sustainable practices has led to increased efforts in finding
effective ways to repurpose lignocellulosic materials, including apple and chokeberry
waste, from juice and jam manufacturing. Waste materials from the fruit and vegetable
industry with adequate porosity, surface charge, and inertness to the product can serve as
effective carriers in the immobilization process [7,8]. Over the years, scientists have tested
many waste products as suitable carriers, i.e., spent grain after beer production, spent
coffee grounds, cashew apple and sugarcane bagasse, and coconut waste, some of which
have translated into providing better yields of the enzyme used [9-13].

Many types of enzymes are used in biotechnology and industry, such as hydrolases,
lipases, and peptidases. Lipases, also known as triacylglycerol acylhydrolases (EC 3.1.1.3.),
are a group of enzymes that can act on insoluble substrates emulsified in water and
catalyze the hydrolysis of long-chain fatty acids in triacylglycerides. Lipases differ from
esterases, which act on water-soluble substrates like simple esters with short-chain fatty
acids. Furthermore, they are the third largest family of digestive enzymes, following
proteases and carbohydrates, and the main group of biocatalysts in the biotechnology
industry. In addition to their hydrolytic activity on triacylglycerides, lipases catalyze
reverse reactions in non-aqueous media, such as esterification and transesterification [14].

The lipase from Rhizomucor miehei (RML) is a commercially available enzyme in free
and immobilized forms [15]. An important issue from an industrial perspective is the
insufficient activity and stability of free enzymes [16]. Researchers have discovered that
immobilization is an effective solution to these challenges. The functions and properties of
the immobilized enzyme depend on the type of protein used, as well as the immobilization
technique and the material used as a carrier [17]. An ideal immobilization method should
not only provide high activity and stability for the enzyme but also maintain a good
balance between performance and price, which is particularly important in large-scale
production [18]. The method of enzyme immobilization can be based on chemical reactions
or physical adsorption. Adsorption relies on the physical interactions between the carrier
and enzyme, such as van der Waals forces, ionic interactions, and hydrogen bonding. These
interactions are relatively weak and, importantly, typically do not alter the native structure
of the enzyme. This helps to maintain the enzyme’s active sites and allows it to retain its
activity [19].

In the current study, the main goal was to answer whether chokeberry and apple
pomace could be effective carriers for enzyme immobilization. The purpose of the work
was also to see if this opens up new avenues for the use of food waste in the field of
biotechnology with simultaneous recycling and finding new methods of environmental
protection and whether this will allow a change in the approach to enzyme immobilization,
combining new ecological outputs and saving finances spent on immobilization. So far,
several studies have examined food waste as carriers for immobilizing lipolytic enzymes,
such as eggshells, spent coffee grounds, or brown onion skins [20]. Therefore, to the authors’
knowledge, fruit pomaces have never been utilized in the immobilization process.

2. Materials and Methods
2.1. Materials and Biocatalyst

The present study used apple and chokeberry pomaces (Greenherb Company, Wysoka,
Poland) as a support for lipase immobilization. Liquid lipase Palatase 20000L (from
Rhizomucor miehei), kindly gifted from Novozymes (Basgvaerd, Denmark), was used as
a biocatalyst. All chemical reagents and solvents were purchased from Sigma-Aldrich
(Poznan, Poland).
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2.2. Pretreatment of Apple and Chokeberry Pomace

Three different types of matrices were used for lipase immobilization. The first was a
native carrier without any pretreatment, the second involved pretreatment through hexane
extraction of pomace, and the third used a hexane-ethanol extraction pretreatment of
pomace. The obtained apple and chokeberry pomaces were purified of polyphenols, lipids,
and other polar and non-polar substances using a Soxhlet apparatus, with a pomace-to-
solvent ratio of 1:15 (w/v). The solvents employed for this process were n-hexane and
ethanol, and the extraction was performed until each solvent had cycled through the system
12 times.

2.3. Determination of Fiber of Apple and Chokeberry Pomace

The fiber content was analyzed using the FibertecMC 8000 system (Foss Analytics,
Warsaw, Poland). The percentage of crude fiber was measured using the PN-ISO 5498 [21]
method. The content of acid detergent fiber (ADF) and acid detergent lignin (ADL) was
assessed according to the PN-EN ISO 13906 standards [22]. The neutral detergent fiber
(NDF) content, following amylase treatment, was determined based on PN-EN ISO 16472
standards. [23]. The concentration of cellulose was calculated as the difference between
ADF and ADL, while the concentration of hemicellulose was calculated as the difference
between NDF and ADEF.

2.4. Lipase Immobilization Procedure

Based on the methodology described by Jasinska et al. [24], lipase was immobilized
by the adsorption method onto native and pretreated apple and chokeberry pomace. Then,
1 mL of lipase (Palatase 20000L) was dissolved in 14 mL of distilled water, added to
1 g of support in a flask, and stirred for two hours. After this time, the biocatalyst was
filtered using a vacuum, washed with distilled water, and dried under room conditions.
After immobilizing the lipase onto the carrier, the material was stored in vials at room
temperature and used for further analyses.

2.5. Lipase Activity Assay
2.5.1. Hydrolytic Activity

The measurements were conducted using a spectrophotometric technique based on
the hydrolysis of p-nitrophenyl laurate. The reaction was executed in Eppendorf test tubes.
A total of 100 uL of free liquid lipase or 25 mg of immobilized lipase in 100 pL of distilled
water was mixed at 37 °C with 25 uL of 0.3 mmol p-nitrophenyl laurate dissolved in 2 mL
of heptane. After an incubation period of 15 min, the absorbance was promptly measured
at 410 nm using a UV-Vis spectrophotometer. The enzymatic activity of lipase was defined
as 1 U, meaning the quantity of enzyme that produced 1 umol of p-nitrophenol per minute
under the specified assay conditions.

2.5.2. Synthetic Activity

The colorimetric method outlined by Jasiniska et al. [24] was used to assess the syn-
thetic activity of free and immobilized lipase. The transesterification process occurred in
Eppendorf test tubes filled with 100 mM vinyl acetate, 100 mM n-butanol, and 1 mL of
n-hexane. Subsequently, 10 uL of free liquid lipase or 5 mg of immobilized lipase was
introduced. After incubating for 5 min, diluted samples were prepared in test tubes. To
each of these samples, 1 mL of a 0.1% (m/v) MBTH (3-methyl-2-benzothiazolinone hy-
drazone) solution was added and stirred for 10 min at 30 °C. Then, 0.4 mL of a 1% (m/v)
H4FeNO4S; x 12H,0 solution was incorporated and mixed for 30 min at 30 °C. Ultimately,
the analysis of released acetaldehyde, which was converted into a blue-colored tetraaza-
pentamethincyanine (TAPMC), was performed using spectrophotometric measurement at
a wavelength of 595 nm.
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2.6. Substrate Specificity

A spectrophotometric method (described in Section 2.5.1) was used to test the enzyme’s
substrate specificity. Four esters were used as substrates: p-nitrophenyl butyrate (C4:0),
p-nitrophenyl laurate (C12:0), p-nitrophenyl palmitate (C16:0), and p-nitrophenyl oleate
(C18:1).

2.7. Immobilized Lipases Recovery

An evaluation of the biocatalyst’s ability to be reused was performed using a spec-
trophotometric technique focused on the hydrolytic activity of the samples (as described
in Section 2.5.1). A single sample was utilized to hydrolyze p-nitrophenyl laurate in five
separate instances. Following each cycle, the biocatalyst was extracted from the reaction
mixture and rinsed with n-hexane and subsequently phosphate buffer (pH = 7). The
prepared biocatalyst was then employed for the subsequent hydrolysis cycle.

2.8. Profile of pH Activity

To assess the stability of the enzyme used in the study under different pH conditions,
spectrophotometric measurements of the p-nitrophenyl laurate hydrolysis reaction in of
various solutions were conducted. Four phosphate buffers (10 mM) were prepared at pH
levels 5.8, 6, 7, and 8. Solutions of pH 5 (buffer pH was lowered with hydrochloric acid), 6,
7, and 8 were used for analysis.

2.9. Protein Content

The concentration of protein in free liquid lipase and the filtrates following immobi-
lization was determined using Lowry’s method [25], which involves a reaction between
peptide bonds and aromatic amino acids with the Folin—-Ciocalteu phenol reagent. In this
study, each examined solution comprised 1 mL, and samples were diluted fiftyfold. The
reaction was conducted in test tubes by adding 5 mL of copper reagent (composed of 2%
NayCOs in 0.1 M NaOH, 1% CuSOy, and 2% potassium sodium tartrate in a 100:1:1 ratio).
After 10 min, 0.5 mL of the Folin—Ciocalteu phenol reagent was incorporated. The mixture
was incubated for 30 min, after which measurements were performed at 750 nm using a
Rayleigh UV-1601 spectrophotometer (BRAIC, Beijing, China). A calibration curve created
with albumin as a standard was employed to determine the protein content.

2.10. Hydrolytic and Synthetic Specific Activity

Based on the obtained results of hydrolytic and synthetic activity and protein content,
the specific activities of immobilized biocatalysts and free lipase were calculated using the
provided equations:

1. Liquid, free lipase:

o Tu hydrolytic or synthetic activity %}
Specific activity | — | = - (1)

mg1  protein content in liquid, free lipase w}

mL

2. Immobilized lipase:

hydrolytic or synthetic activity u ]

s . lu mg
Specific activity [] = 'mgt ‘ (2)
mg1  protein immobilized on support {%}

2.11. Scanning Electron Microscopy (SEM)

The native supports and immobilized enzyme preparations were examined for their
surface structure using an electron microscope (HITACHI TM 3000, Ramsey, NJ, USA).
The samples were dried in a vacuum, coated with gold layers (Cressington Sputter Coater
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108 auto, Cressington Scientific Instruments, Watford, UK), and subsequently observed.
Microphotographs were captured at magnifications of 200x and 600x.

2.12. Statistical Analysis

The outcomes were examined using the STATISTICA 13.3 software (StatSoft, Krakow,
Poland). The analysis involved the following methods: the Shapiro-Wilk test to assess
the normality of the data, Levene’s and Brown-Forsythe tests to evaluate the equality of
variances, analysis of variance (ANOVA), and the post hoc Tukey’s test. A p-value of <0.05
was considered statistically significant.

3. Results and Discussion
3.1. Characterization of Support for Immobilization

After the juice extraction and cider production process, approximately a quarter of
the fresh fruit weight is left as apple pomace. This pomace comprises residual flesh, peels,
seeds, and stems from various apple cultivars. Despite being naturally considered waste,
these residual materials are rich in carbohydrates, proteins, vitamins, and minerals. They
also serve as a valuable source of natural antioxidants and pectins [26,27]. Chokeberry
pomace is also distinguished by its composition. The residue from juice production contains
significant amounts of dietary fiber, polyphenols, anthocyanins, and pectins [28].

Quantifying the amount of lignocellulosic material in carrier samples is essential due to
its potential impact on immobilization. The neutral detergent fiber (NDF) was used to mea-
sure all components of plant cell walls, such as cellulose, hemicellulose, and lignin. Based
on the obtained results (Table 1) for native apple and chokeberry pomace, the differences
between those two sources were noticeable. The NDF value for native chokeberry residuals
(55.16%) was higher than for apple waste matrices (36.32%). Chokeberry pomace had lignin,
cellulose, and hemicellulose contents of 32.76%, 18.87%, and 3.53%, respectively, which
were lower in comparison to data presented by Nawirska and Kwasniewska [29], whereas
cellulose (34.6%) and hemicellulose (33.5%) occurred in the most significant amounts while
lignin content (24.1%) was lower. In apple pomace, lignin, cellulose, and hemicellulose
contents were obtained at 9.46%, 20.99%, and 5.87%. At the same time, other researchers
found lignin, cellulose, and hemicellulose contents of 18.92%, 11.56%, and 10.0% [27], or
8.87%, 16.44%, and 4.09% observed by Wang and Thomas [30], as well as 20.4%, 43.6%,
and 24.4% [29], while in the study of Gullon et al. [31], these values were in the ranges
13.8-17.1%, 20.2-26.4%, and 20.0-29.9%, respectively, when nine samples of apple pomace
were compared. The fruit pomace lignocellulosic content analysis yielded varying results
compared to prior studies, suggesting the heterogeneous nature and diversity of apple and
chokeberry byproducts.

Table 1. Cellulose, hemicellulose, and lignin content of supports—native apple and chokeberry pomaces.

Parameter Unit Native Apple Pomace = Native Chokeberry Pomace
CF—crude fiber 21.72 £0.21 2445 +1.12
NDF 36.32 £ 0.06 55.16 £ 4.80
ADF 30.45 £ 0.13 51.63 £ 0.40
Cellulose (ADF-ADL) %DM 20.99 £ 0.07 18.87 £ 0.32
Hemicellulose (NDF-ADF) 5.87 £ 0.97 3.53 £1.30
Total (CEL and HEM) 26.86 £0.13 2240 +£4.73
Lignin (ADL) 9.46 + 0.20 32.76 = 0.08

Abbreviations: CF—crude fiber, NDF—neutral detergent fiber, CEL—cellulose, HEM—hemicellulose, ADF—acid
detergent fiber, ADL—acid detergent lignin, DM—dry mass.

The morphological structures of native carriers were analyzed using a Scanning
Electron Microscope (Figure 1). It was observed that the surface of both waste matrices
is similar and forms a compact structure, flattened with some visible gaps in between.
Both carriers were not highly porous and did not contain loose spaces in the structure. In
the case of apple pomace, fibers were more visible and arranged in layers. This structure
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increases the likelihood of the enzyme adsorbing onto the surface of the carrier rather than
entering the matrix.

NL D6.8 x200 500 um NL D6.8 x600 100 um

c NL D65 x200 500 um - . NL D6.5 x600 100
Figure 1. Scanning electron microphotographs (%200 and x600) of (A,B)—native chokeberry pomace
and (C,D)—native apple pomace.

3.2. Evaluation of Lipase Activity

RML (Lipase from R. miehei) is a type of lipase initially applied and primarily manu-
factured to modify oils and fats. Its use in the industry is attributed mainly to the enzyme’s
high stability in anhydrous systems, which provides advantages compared to other lipases.
These advantages are further supported by its high esterification activity in anhydrous
environments. Consequently, RML is often the preferred lipase for esterification reac-
tions or any process involving esterification in the initial stages (such as acidolysis and
interesterification) [15].

The primary function of lipases is to break down oils and fats through hydrolysis.
Triglycerides are molecules that are not very soluble in water. However, lipases can carry
out this function, which sets them apart from standard esterases. Lipases are considered
interfacial enzymes [32]. The current research analyzed the ability of lipases to catalyze
hydrolysis and transesterification reactions under appropriate conditions. The lipolytic
activities of lipase immobilized onto chokeberry and apple pomace after different pre-
treatment methods (Figures 2 and 3) were compared. Additionally, the effect of storage on
both activities was investigated.

The highest hydrolytic activity was obtained for biocatalysts immobilized onto na-
tive chokeberry pomace (12.07 U/g), but after 6 months of storage, it sharply decreased
(2.15 U/g). However, after storage, lipases immobilized onto chokeberry pomace pretreated
with ethanol and hexane did not significantly change their activity. The hydrolytic activity
of enzymes immobilized onto native apple pomace and carriers after solvent pretreatments
showed no statistically significant differences between preparations and after storage. It
was also noticed that the immobilization process onto apple pomace, regardless of pretreat-
ment of the carrier, positively affects the stability of lipase hydrolytic activity over time. The
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same conclusion can be made for biocatalysts immobilized onto chokeberry pomace after
hexane and ethanol pretreatment. This indicates that although the highest hydrolytic activ-
ity was achieved by the enzyme preparation immobilized onto native chokeberry pomace,
unfortunately, this result did not persist after storage. It may seem that the compounds in
the native waste had an inhibitory effect on the enzyme activity during storage, which was
no longer observed for the purified pomace [33].

14
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Activity (U/g)
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HB mE af eh eR mf

ChoP_Native ChoP_Hexane ChoP_Ethanol AP_Native AP_Hexane  AP_Ethanol

Immobilized lipase preparations
B INITIAL ACTIVITY O ACTIVITY AFTER 6 MONTHS OF STORAGE

Figure 2. The hydrolytic activities of immobilized lipase onto chokeberry pomace—ChoP (native, after
hexane and ethanol treatment) and apple pomace—AP (native, after hexane and ethanol treatment,
measured initially (dark magenta bars) and after 6 months of storage (violet bars). Means with
the same letter a or b for initial activity and A for activity after 6 months of storage did not differ
significantly (« = 0.05). Means with * within one immobilized lipase preparation differ significantly
(o =0.05).
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Figure 3. The synthetic activities of immobilized lipase onto chokeberry pomace—ChoP (native, after
hexane and ethanol treatment) and apple pomace—AP (native, after hexane and ethanol treatment,
measured initially (dark magenta bars) and after 6 months of storage (violet bars). Means with the
same letter (a—e) or (A-D) did not differ significantly. Means with * within one immobilized lipase
preparation differ significantly (o« = 0.05).
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However, different observations were made regarding the synthetic activity of the
biocatalysts. Enzyme preparations immobilized onto native apple and chokeberry pomace
received the highest synthetic activities, i.e., 461 and 370 U/g, respectively. It was also
observed that synthetic activity decreased with the degree of fruit waste pretreatment.
Comparing the two carriers with each other, the biocatalyst immobilized onto native apple
pomace had higher synthetic activity than that immobilized onto native chokeberry pomace.
After 6 months of storage, lipase preparations immobilized onto chokeberry pomace after
hexane and ethanol modification and onto native apple pomace after hexane pretreatment
were still equally active. The only notable differences were in the biocatalyst adsorbed on
native chokeberry pomace and apple pomace following ethanol pretreatment. The results
indicate that the immobilization process generally ensures the stability of most biocatalysts
after storage, except for the two variants mentioned earlier.

In another study, where researchers were using spent coffee grounds as carriers for the
immobilization process of lipases, there was a conclusion that lipolytic enzyme preparations
demonstrated the highest synthetic activity immobilized onto native spent coffee grounds,
while the purification process using hexane or ethanol resulted in lower enzyme activity.
The research indicated minimal variations in the hydrolytic activity of enzymes that were
adsorbed on native compared to defatted forms or between defatted forms and those free
of polyphenols [34].

The process of immobilization enhances the catalytic features of enzymes, a concept
that was also explored in this study. Figures 4 and 5 illustrate the effect of physically
adsorbed microbial lipase on various supports regarding lipolytic activity when compared
to non-immobilized enzymes. The results for both hydrolytic and synthetic activities were
determined based on the protein concentrations adsorbed onto the carrier and presented
as a specific activity. The free enzyme showed the lowest specific hydrolytic—0.075 U/g
protein and synthetic—9.999 U/g protein activities compared to immobilized biocatalysts.
The enzyme immobilized onto untreated chokeberry pomace showed the highest specific
hydrolytic activity (2.538 U/g protein). As the degree of purification of the pomace in-
creased successively with hexane and ethanol, the activity of chokeberry pomace decreased.
In contrast, apple pomace remained at a constant, small level, a level that is not significantly
different from free lipase. Unprocessed apple pomace showed lower specific hydrolytic
activity compared to chokeberry waste. This may be due to differences in the chemical
composition and surface structure of the two types of carriers. Studies showed that chemi-
cal treatment of the carriers can alter their surface properties, affecting the enzyme activity.
Hexane extraction can remove some lipids from the surface of the carriers, changing their
properties and affecting enzyme-—carrier interactions. In the case of chokeberry waste, hex-
ane extraction lowered the specific activity, but it was still higher than for the free enzyme.
Ethanol extraction, especially conducted in the Soxhlet apparatus, can remove various
organic compounds (e.g., phenolics, sugars), which can change the surface properties of
the carrier more dramatically, explaining the much lower enzyme activity after ethanol
extraction [35]. The study by Girelli et al. [10] also showed better results than free lipase,
demonstrating the importance of the immobilization process.

In the specific synthetic activity, the highest result was achieved for enzyme prepara-
tion immobilized onto native apple pomace (115 U/g protein) and was slightly lower in
chokeberry pomace (77 U/g protein). Purification of the pomace led to a decrease in activity,
as in the previous results. Perhaps the chemical surface area of the pomace influences the
catalytic activity [36]. In the case of unprocessed carriers, natural components (e.g., lipids,
polyphenols, sugars) can stabilize the enzyme structure, which is particularly important
for enzymatic processes [37,38].
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Figure 4. The specific hydrolytic activities of Palatase 20000L in the free form (PAL) and immobilized
onto different carrier forms. Means with the same letter (a—c) did not differ significantly ( = 0.05).
Abbreviations: ChoP—chokeberry pomace, AP—apple pomace.
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Figure 5. The specific synthetic activities of Palatase 20000L in the free form (PAL) and immobilized
onto different carrier forms. Means with the same letter (a—f) did not differ significantly (« = 0.05).
Abbreviations: ChoP—chokeberry pomace, AP—apple pomace.

3.3. Substrate Specificity of Immobilized Lipases

Substrate specificity was analyzed for all the obtained biocatalysts (Figure 6). The four
following esters were used in this experiment: p-nitrophenyl butyrate (C4:0), p-nitrophenyl
laurate (C12:0), p-nitrophenyl palmitate (C16:0), and p-nitrophenyl oleate (C18:1). The
results showed that the highest lipolytic activities were achieved against the substrate
p-nitrophenyl butyrate (C4:0), where it was up to 7 U/g for lipase immobilized onto
apple carrier purified with ethanol. The obtained biocatalysts also catalyzed reactions of
other substrates (p-nitrophenyl laurate, palmitate, and oleate) but with lower activities.
Similar observations were made by Druteika et al. [39], where a parental Geobacillus lipase
GD-95 had the highest lipolytic activity with p-NP butyrate (C4:0) as a substrate. The
lipase from R. miehei (RML) is known as a sn-1,3-specific lipase, whose natural function
is the hydrolysis of triglycerides. Therefore, it is possible for them to catalyze hydrolysis
reactions of both short-chain and long-chain fatty acid esters [15]. Our results confirmed
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that lipases immobilized onto apple and chokeberry pomaces are able to catalyze the
hydrolysis reactions of p-nitrophenyl esters specifically.
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Figure 6. Comparison of hydrolytic activity of biocatalysts for the following substrates: p-nitrophenyl
butyrate (C4:0), p-nitrophenyl laurate (C12:0), p-nitrophenyl palmitate (C16:0), and p-nitrophenyl oleate
(C18:1). The means compared within one enzyme preparation, marked with different lowercase letters,
are statistically different (o« = 0.05). Abbreviations: ChoP—chokeberry pomace, AP—apple pomace.

3.4. Profile of pH Activity of Immobilized Lipase

The impact of pH on the activity of lipase was also evaluated. Hydrogen ion concen-
tration can affect the ability of lipases to catalyze various reactions, so hydrolytic activity
was studied at pH in the range of 5 to 8 (Figure 7). Most of the biocatalysts immobilized
onto chokeberry pomace were stable over the entire pH range, and their activities did
not vary significantly. The exception is hexane-purified chokeberry preparations. In this
case, the highest activity—4.4 U/g—was obtained for pH 5, and it was significantly higher
compared to pH 7, where an activity of 2.5 U/g was obtained. The result suggests that
lipases adsorbed on chokeberries had a more stable configuration and could be easily
used as biocatalysts in reactions requiring varying pH conditions. Similar properties were
investigated by Girelli et al. [10] and Jasinska et al. [34]. The researchers conducted a
study on used coffee grounds in identical pH ranges and observed no clear differences
between the study groups. Significantly different results were obtained for preparations
immobilized onto apple pomace. In these groups, each purification method indicated
independent groups that were significantly different depending on the pH value. In each
group, the highest activity was obtained for tests with pH 8, which indicates that these are
the proper conditions for biocatalysts immobilized onto apple pomace.

Tako et al. [40] reported that isolated and purified R. miehei lipase NRRL 5282 had a
optimum pH between 6.8 and 7.4. The pH stability tests revealed that the purified lipase
demonstrated significant stability, retaining over 70% of its activity within a pH range
of 7.0 to 8.0. This indicates its classification as an alkaline-tolerant enzyme. Fé et al. [41]
also found that free lipase RML (Palatase) showed the highest activity at pH 7. However,
Zhang et al. [42] observed that pH 8 is optimum for RML immobilized onto the surface
of Saccharomyces cerevisiae using whole-cell biocatalyst techniques. With this information
and the data shown in the present paper, perhaps chokeberry pomace used as a support
maintains the protective effect of the material, ensuring lipase stability in a wider range
of pH compared with free enzymes. In contrast, apple pomace leads to higher activity of
lipases in the alkaline zone.
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Figure 7. The effect of pH (ranging from 5 to 8) on the hydrolytic activity of the produced biocatalyst.
The averages compared within a single enzyme preparation across the examined pH range, indicated
by distinct lowercase letters, are significantly different (o« = 0.05). Abbreviations: ChoP—chokeberry
pomace, AP—apple pomace.

3.5. The Recovery of Immobilized Biocatalysts

Another important advantage of enzyme immobilization from an industrial standpoint
is the ability to recover biocatalysts. Adsorption is a reversible method based on weak bonds,
including van der Waals forces, hydrogen bonds, or hydrophobic interactions [8,34,43]. In the
current research, lipase from R. miehei immobilized onto chokeberry and apple pomace
was tested in five cycles. After each reaction, biocatalysts were retrieved, washed, and
recycled (Figures 8 and 9). Figure 8 describes the reusability of biocatalysts adsorbed
on chokeberry pomace. It can be seen that the highest activity in each cycle, except
for the third cycle, was for ethanol-treated chokeberry, while the lowest was for native
chokeberry. The activity in the second cycle for hexane- and ethanol-treated chokeberries
was lower by only 40 and 30%, respectively. Also, even in the fifth cycle, 5-10% activity
was shown. These are promising observations considering that in the study presented
by Karra-Chaabouni et al. [44], where lipases were immobilized onto a cellulose carrier,
Rhizopus oryzae lipase immobilized onto modified cellulose fibers yielded only 25% of its
initial esterification activity after just three cycles. Activities of enzymes immobilized onto
spent coffee grounds analyzed by Jasinska et al. [34] dropped by half as early as the second
cycle, and after the fourth cycle, they were practically inactive. Similar observations to
the abovementioned study were shown for apple pomaces, where the highest activity
in the second cycle was observed for hexane-treated apple pomace, but it was less than
40%. Similarly, after the fourth cycle, the activities for all test groups ranged from 5-12%.
The hydrophobic and electrostatic interactions can be affected by various immobilization
factors, including pH levels, the amount and quality of reagents used, the type of enzyme,
surface area, the chemical composition of the support, and ionic strength. Lignocellulosic
waste shows promise as a support material due to the specific functional groups on its
surface that can bond with lipases, as well as its considerable porosity. However, there is
a risk of lipases leaching from the carrier, which may result in decreased activity during
subsequent processing cycles [17,45].
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Figure 8. Recovery analysis of lipase immobilized onto chokeberry pomace. The highest hydrolytic
activities of all biocatalysts were defined as 100%. Abbreviation: ChoP—chokeberry pomace.
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Figure 9. Recovery analysis of lipase immobilized onto apple pomace. The highest hydrolytic
activities of all biocatalysts were defined as 100%. Abbreviation: AP—apple pomace.

4. Conclusions

This study examined reusing fruit waste as potential support for enzyme immobiliza-
tion. The biocatalyst was microbial lipase from R. michei, which was adsorbed on apple and
chokeberry pomace, which are various and heterogeneous materials with different contents
of cell walls. Their simple structure allowed lipase adsorption on the surface, resulting
in the obtaining of lipolytic biocatalysts. The obtained immobilized enzyme preparations
could catalyze the hydrolytic and synthetic reactions. It was observed that pretreating
the fruit pomace before the immobilization process had a greater impact on the synthetic
activity of biocatalysts than on hydrolytic activity, leading to a decrease in activity for
samples with more purified pomaces (with removed lipids and polyphenols fractions).

The study showed how important is to choose the right carrier for lipase immobiliza-
tion, as it can affect the properties of the biocatalyst. Although the lipase immobilized on
native pomace had the highest synthetic activity, from an economic and environmental
point of view, it is very beneficial since the waste obtained can be directly managed without
purification. Further experiments showed that compounds contained in native pomace can
potentially inhibit the activity of lipases. Moreover, higher activity in different pH ranges
and the possibility of recovery in subsequent reaction cycles had biocatalysts immobilized
on purified pomace (defatted and with removed polyphenols).



Biomolecules 2024, 14, 1564 13 of 14

Author Contributions: Conceptualization, K.J.; methodology, K.J.; formal analysis, K.J., M.N., A.P,,
AB. and S.D,; investigation, K.J., M.N., A.P, A.B. and S.D.; resources, K.J., B.Z. and A.F,; data curation,
KJ., M.N,, AP, AB. and S.D.; writing—original draft preparation, K.J., M.N., A.P,, A.B. and S.D.;
writing—review and editing, K.J., B.Z. and A.F,; visualization, K.J.; supervision, B.Z. and A.F. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors (K.J. and B.Z.).

Acknowledgments: The lipase from Rhizomucor miehei (Palatase 20000L) was kindly gifted from
Novozymes (Bagsvaerd, Denmark).

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

References

1.  Govindan, K. Sustainable consumption and production in the food supply chain: A conceptual framework. Int. J. Prod. Econ.
2018, 195, 419-431. [CrossRef]

2. Singh, S.; Marwah, R. Politics of Climate Change: Crises, Conventions and Cooperation; World Scientific Publishing Co.: Singapore,
2023.

3.  Tarko, T; Duda-Chodak, A.; Bebak, A. Aktywno$é biologiczna wybranych wyttokéw owocowych oraz warzywnych. Zywnosé
Nauka Technologia Jakos¢ 2012, 19, 55-65.

4. Plocharski, W.; Mieszczakowska-Frac, M.; Rutkowski, K.; Konopacka, D. Tradycyjne i Innowacyjne Kierunki Zagospodaro-wania
Jabtek w Polsce. Available online: https://www.inhort.pl/files/program_wieloletni/PW_2015_2020_IO/spr_2019/Broszura_
Plocharski_2019_Tradycyjne_zad.3.5.pdf (accessed on 7 October 2024).

5. Gotebiewska, E.; Kalinowska, M.; Yildiz, G. Sustainable Use of Apple Pomace (AP) in Different Industrial Sectors. Materials 2022,
15, 1788. [CrossRef]

6.  Platonova, E.Y.; Shaposhnikov, M.V,; Lee, H.-Y,; Lee, J.-H.; Min, K.-J.; Moskalev, A. Black chokeberry (Aronia melanocarpa) extracts
in terms of geroprotector criteria. Trends Food Sci. Technol. 2021, 114, 570-584. [CrossRef]

7. Bilal, M.; Igbal, H.M. Sustainable bioconversion of food waste into high-value products by immobilized enzymes to meet
bio-economy challenges and opportunities—A review. Food Res. Int. 2019, 123, 226-240. [CrossRef] [PubMed]

8. Néjera-Martinez, E.F; Melchor-Martinez, E.M.; Sosa-Hernandez, J.E.; Levin, L.N.; Parra-Saldivar, R.; Igbal, H.M. Lignocellulosic
residues as supports for enzyme immobilization, and biocatalysts with potential applications. Int. J. Biol. Macromol. 2022, 208,
748-759. [CrossRef] [PubMed]

9.  Pospiskova, K; Safarik, I. Low-cost, easy-to-prepare magnetic chitosan microparticles for enzymes immobilization. Carbohydr.
Polym. 2013, 96, 545-548. [CrossRef]

10.  Girelli, A.M.; Chiappini, V.; Amadoro, P. Immobilization of lipase on spent coffee grounds by physical and covalent methods: A
comparison study. Biochem. Eng. J. 2023, 192, 108827. [CrossRef]

11. Lira, RK.d.S,; Zardini, R.T.; de Carvalho, M.C.C.; Wojcieszak, R.; Leite, S.G.F; Itabaiana, I. Agroindustrial Wastes as a Support for
the Immobilization of Lipase from Thermomyces lanuginosus: Synthesis of Hexyl Laurate. Biomolecules 2021, 11, 445. [CrossRef]

12.  Serpa, ].d.F; AB Matias, G.; Fechine, PB.A.; da Costa, V.M.; Freire, RM.; Denardin, J.C.; Gongalves, L.R.B.; de Macedo, A.C,;
Rocha, M.V.P. New nanocomposite made of cashew apple bagasse lignin and Fe3O, for immobilizing of lipase B from Candida
antarctica aiming at esterification. J. Chem. Technol. Biotechnol. 2021, 96, 2472-2487. [CrossRef]

13.  Oliveira-Ribeiro, L.M.; Meili, L.; Silva-Belo-Gois, G.N.; Rosas-Garcia-Almeida, R.M.; da Silva-Duarte, ].L. Immobilization of lipase
in biochar obtained from Manihot esculenta Crantz. Rev. ION 2019, 32, 7-13. [CrossRef]

14. Demera, L.L.; Barahona, P.P; Barriga, E.J.C. Production, Extraction and Characterization of Lipases from the Antarctic Yeast
Guehomyces pullulans. Am. ]. Biochem. Biotechnol. 2019, 15, 75-82. [CrossRef]

15. Rodrigues, R.C.; Fernandez-Lafuente, R. Lipase from Rhizomucor miehei as a biocatalyst in fats and oils modification. J. Mol.
Catal. B Enzym. 2010, 66, 15-32. [CrossRef]

16. Agyei, D.; He, L. Evaluation of cross-linked enzyme aggregates of Lactobacillus cell-envelope proteinases, for protein degradation.
Food Bioprod. Process. 2015, 94, 59-69. [CrossRef]

17. Ismail, A.R.; Baek, K.-H. Lipase immobilization with support materials, preparation techniques, and applications: Present and
future aspects. Int. J. Biol. Macromol. 2020, 163, 1624-1639. [CrossRef]

18. Miladi, B.; El Marjou, A.; Boeuf, G.; Bouallagui, H.; Dufour, E; Di Martino, P.; EIm’Selmi, A. Oriented immobilization of the
tobacco etch virus protease for the cleavage of fusion proteins. J. Biotechnol. 2012, 158, 97-103. [CrossRef]

19. Jesionowski, T.; Zdarta, J.; Krajewska, B. Enzyme immobilization by adsorption: A review. Adsorption 2014, 20, 801-821. [CrossRef]


https://doi.org/10.1016/j.ijpe.2017.03.003
https://www.inhort.pl/files/program_wieloletni/PW_2015_2020_IO/spr_2019/Broszura_Plocharski_2019_Tradycyjne_zad.3.5.pdf
https://www.inhort.pl/files/program_wieloletni/PW_2015_2020_IO/spr_2019/Broszura_Plocharski_2019_Tradycyjne_zad.3.5.pdf
https://doi.org/10.3390/ma15051788
https://doi.org/10.1016/j.tifs.2021.06.020
https://doi.org/10.1016/j.foodres.2019.04.066
https://www.ncbi.nlm.nih.gov/pubmed/31284972
https://doi.org/10.1016/j.ijbiomac.2022.03.180
https://www.ncbi.nlm.nih.gov/pubmed/35364201
https://doi.org/10.1016/j.carbpol.2013.04.014
https://doi.org/10.1016/j.bej.2023.108827
https://doi.org/10.3390/biom11030445
https://doi.org/10.1002/jctb.6770
https://doi.org/10.18273/revion.v32n2-2019001
https://doi.org/10.3844/ajbbsp.2019.75.82
https://doi.org/10.1016/j.molcatb.2010.03.008
https://doi.org/10.1016/j.fbp.2015.01.004
https://doi.org/10.1016/j.ijbiomac.2020.09.021
https://doi.org/10.1016/j.jbiotec.2012.01.010
https://doi.org/10.1007/s10450-014-9623-y

Biomolecules 2024, 14, 1564 14 of 14

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Budzaki, S.; Veli¢, N.; Ostojc¢i¢, M.; Stjepanovi¢, M.; Rajs, B.B.; Seres, Z.; Maravi¢, N.; Stanojev, J.; Hessel, V.; Strelec, 1. Waste
Management in the Agri-Food Industry: The Conversion of Eggshells, Spent Coffee Grounds, and Brown Onion Skins into
Carriers for Lipase Immobilization. Foods 2022, 11, 409. [CrossRef] [PubMed]

PN ISO 5498:1996; Agricultural Food Products—Determination of Crude Fibre Content—General Method. Polish Committee for
Standardization: Warsaw, Poland, 1996.

PN-EN ISO 13906:2009; Animal Feeding Stuffs—Determination of Acid Detergent Fibre (ADF) and Acid Detergent Lignin (ADL)
Contents. Polish Committee for Standardization: Warsaw, Poland, 2009.

PN-EN ISO 16472:2007; Animal Feeding Stuffs—Determination of Amylase-Treated Neutral Detergent Fibre Content (ANDF).
Polish Committee for Standardization: Warsaw, Poland, 2007.

Jasinska, K.; Zieniuk, B.; Jankiewicz, U.; Fabiszewska, A. Bio-Based Materials versus Synthetic Polymers as a Support in Lipase
Immobilization: Impact on Versatile Enzyme Activity. Catalysts 2023, 13, 395. [CrossRef]

Toczko, M.; Grzeliiska, A. Materiaty do Cwiczen z Biochemii; Wydawnictwo SGGW: Warsaw, Poland, 2001.

Arraibi, A.A.; Liberal, A.; Dias, M.L; Alves, M.].; Ferreira, LC.ER.; Barros, L.; Barreira, ].C.M. Chemical and Bioactive Characteri-
zation of Spanish and Belgian Apple Pomace for Its Potential Use as a Novel Dermocosmetic Formulation. Foods 2021, 10, 1949.
[CrossRef]

Gowman, A.C.; Picard, M.C.; Rodriguez-Uribe, A.; Misra, M.; Khalil, H.; Thimmanagari, M.; Mohanty, A.K. Physicochemical
analysis of apple and grape pomaces. BioResources 2019, 14, 3210-3230. [CrossRef]

Schmid, V,; Steck, J.; Mayer-Miebach, E.; Behsnilian, D.; Briviba, K.; Bunzel, M.; Karbstein, H.P.; Emin, M.A. Impact of defined
thermomechanical treatment on the structure and content of dietary fiber and the stability and bioaccessibility of polyphenols of
chokeberry (Aronia melanocarpa) pomace. Food Res. Int. 2020, 134, 109232. [CrossRef] [PubMed]

Nawirska, A.; Kwasniewska, M. Dietary fibre fractions from fruit and vegetable processing waste. Food Chem. 2004, 91, 221-225.
[CrossRef]

Wang, H.J.; Thomas, R.L. Direct Use of Apple Pomace in Bakery Products. J. Food Sci. 1989, 54, 618-620. [CrossRef]

Gullén, B. Evaluation of Apple Pomace as a Raw Material for Alternative Applications in Food Industries. Food Technol. Biotechnol.
2007, 45, 426-433.

Rodriguez-Restrepo, Y.A.; Orrego, C.E. Immobilization of enzymes and cells on lignocellulosic materials. Environ. Chem. Lett.
2020, 18, 787-806. [CrossRef]

Buchholz, T.; Melzig, M.F. Polyphenolic Compounds as Pancreatic Lipase Inhibitors. Planta Medica 2015, 81, 771-783. [CrossRef]
Jasiniska, K.; Zieniuk, B.; Piasek, A.M.; Wysocki, L.; Sobiepanek, A.; Fabiszewska, A. Obtaining a biodegradable biocatalyst—Study
on lipase immobilization on spent coffee grounds as potential carriers. Biocatal. Agric. Biotechnol. 2024, 59, 103255. [CrossRef]
Chella, N.; Shastri, N.R. Lipid Carriers: Role and Applications in Nano Drug Delivery. In Particulate Technology for Delivery of
Therapeutics; Springer: Singapore, 2017; pp. 253-289. ISBN 9789811036460.

Zaharia, C.; Musteret, C.-P.; Afrasinei, M.-A. The Use of Coagulation-Flocculation for Industrial Colored Wastewater
Treatment—(I) The Application of Hybrid Materials. Appl. Sci. 2024, 14, 2184. [CrossRef]

Jurendi¢, T,; S¢etar, M. Aronia melanocarpa Products and By-Products for Health and Nutrition: A Review. Antioxidants 2021, 10,
1052. [CrossRef]

Skinner, R.C.; Gigliotti, J.C.; Ku, K.-M.; Tou, J.C. A comprehensive analysis of the composition, health benefits, and safety of apple
pomace. Nutr. Rev. 2018, 76, 893-909. [CrossRef] [PubMed]

Druteika, G.; Sadauskas, M.; Malunavicius, V.; Lastauskiene, E.; Statkeviciute, R.; Savickaite, A.; Gudiukaite, R. New engineered
Geobacillus lipase GD-95RM for industry focusing on the cleaner production of fatty esters and household washing product
formulations. World ]. Microbiol. Biotechnol. 2020, 36, 41. [CrossRef] [PubMed]

Tako, M.; Kotogan, A.; Papp, T.; Kadaikunnan, S.; Alharbi, N.S.; Vagvolgyi, C. Purification and Properties of Extracellular Lipases
with Transesterification Activity and 1,3-Regioselectivity from Rhizomucor miehei and Rhizopus oryzae. . Microbiol. Biotechnol.
2017, 27, 277-288. [CrossRef]

Fé, L.X.; dos Santos, M.M.; Costa, C.S.; Pinto, M.C.; de Oliveira, R.A.; Cipolatti, E.P; Pinto, ].C.; Langone, M.A.; Dellamora-Ortiz,
G.M.; Manoel, E.A. Lipase from Rhizomucor miehei onto home-made hydrophobic polymers: Stable and efficient biocatalysts.
Process. Biochem. 2024, 142, 136-148. [CrossRef]

Zhang, W.-G.; Han, S.-Y,; Wei, D.; Lin, Y.; Wang, X.-N. Functional Display of Rhizomucor miehei Lipase on Surface of Saccha-romyces
cerevisiae with Higher Activity and Its Practical Properties. J. Chem. Technol. Biotechnol. 2008, 83, 329-335. [CrossRef]

Ittrat, P.; Chacho, T.; Pholprayoon, J.; Suttiwarayanon, N.; Charoenpanich, J. Application of agriculture waste as a support for
lipase immobilization. Biocatal. Agric. Biotechnol. 2014, 3, 77-82. [CrossRef]

Karra-Chaabouni, M.; Bouaziz, I.; Boufi, S.; Botelho do Rego, A.M.; Gargouri, Y. Physical immobilization of Rhizopus oryzae
lipase onto cellulose substrate: Activity and stability studies. Colloids Surf. B Biointerfaces 2008, 66, 168-177. [CrossRef]

Girelli, A.M.; Chiappini, V. Renewable, sustainable, and natural lignocellulosic carriers for lipase immobilization: A review.
J. Biotechnol. 2023, 365, 29-47. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/foods11030409
https://www.ncbi.nlm.nih.gov/pubmed/35159559
https://doi.org/10.3390/catal13020395
https://doi.org/10.3390/foods10081949
https://doi.org/10.15376/biores.14.2.3210-3230
https://doi.org/10.1016/j.foodres.2020.109232
https://www.ncbi.nlm.nih.gov/pubmed/32517902
https://doi.org/10.1016/j.foodchem.2003.10.005
https://doi.org/10.1111/j.1365-2621.1989.tb04665.x
https://doi.org/10.1007/s10311-020-00988-w
https://doi.org/10.1055/s-0035-1546173
https://doi.org/10.1016/j.bcab.2024.103255
https://doi.org/10.3390/app14052184
https://doi.org/10.3390/antiox10071052
https://doi.org/10.1093/nutrit/nuy033
https://www.ncbi.nlm.nih.gov/pubmed/30085116
https://doi.org/10.1007/s11274-020-02816-3
https://www.ncbi.nlm.nih.gov/pubmed/32107645
https://doi.org/10.4014/jmb.1608.08005
https://doi.org/10.1016/j.procbio.2024.04.008
https://doi.org/10.1002/jctb.1814
https://doi.org/10.1016/j.bcab.2014.02.002
https://doi.org/10.1016/j.colsurfb.2008.06.010
https://doi.org/10.1016/j.jbiotec.2023.02.003

International Journal of

K

Molecular Sciences

Article

The Double Life of Plant-Based Food Waste: A Source of
Phenolic Acids and a Carrier for Immobilization of Lipases
Capable of Their Lipophilization

Karina Jasifiska 1'*(%, Barttomiej Zieniuk 17, Marcin Bryla 2, Daria Padewska 2, Rita Brzezifiska !,

Bartosz Kruszewski 3, Dorota Nowak 4

check for

updates
Received: 31 October 2025
Revised: 20 November 2025
Accepted: 21 November 2025
Published: 25 November 2025

Citation: Jasiniska, K.; Zieniuk, B.;
Bryta, M.; Padewska, D.; Brzezinska,
R.; Kruszewski, B.; Nowak, D.;
Fabiszewska, A. The Double Life of
Plant-Based Food Waste: A Source of
Phenolic Acids and a Carrier for
Immobilization of Lipases Capable of
Their Lipophilization. Int. ]. Mol. Sci.
2025, 26, 11400. https://doi.org/
10.3390/1jms262311400

Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

and Agata Fabiszewska 1*

1 Department of Chemistry, Institute of Food Sciences, Warsaw University of Life Sciences (WULS-SGGW),
159¢ Nowoursynowska Street, 02-776 Warsaw, Poland; bartlomiej_zieniuk@sggw.edu.pl (B.Z.);
rita_glowacka@sggw.edu.pl (R.B.)

Department of Food Safety and Chemical Analysis, Waclaw Dabrowski Institute of Agricultural and Food
Biotechnology—State Research Institute, Rakowiecka 36, 02-532 Warsaw, Poland;

marcin.bryla@ibprs.pl (M.B.); daria.padewska@ibprs.pl (D.P.)

Department of Food Technology and Assessment, Institute of Food Sciences, Warsaw University of Life
Sciences (WULS-SGGW), 159¢ Nowoursynowska Street, 02-776 Warsaw, Poland;
bartosz_kruszewski@sggw.edu.pl

Department of Food Engineering and Process Management, Institute of Food Sciences, Warsaw University of
Life Sciences (WULS-SGGW), 159c Nowoursynowska Street, 02-776 Warsaw, Poland;
dorota_nowak@sggw.edu.pl

Correspondence: karina_jasinska@sggw.edu.pl (K.]J.); agata_fabiszewska@sggw.edu.pl (A.F.)

Abstract

Addressing global food waste challenges, this study investigated plant-based byproducts,
spent coffee grounds, apple, and chokeberry pomaces, as sources of phenolic acids and
biodegradable carriers for lipase immobilization. The goal was to enhance the lipophilicity
and functionality of natural phenolics by enzymatic lipophilization. Microbial lipase from
A. oryzae was immobilized on these materials, with native spent coffee grounds (NSCG)
showing the highest activity (6.0 U/g hydrolytic; 1036 U/g synthetic). Chlorogenic acid
(CGA), predominant in extracts, served as a model substrate. Using response-surface
methodology, optimal conditions for butyl-CGA synthesis were determined. This is the
first report of CGA lipophilization using food-waste-immobilized biocatalysts, where reac-
tion yield for NSCG increased with alcohol chain length, peaking with dodecanol (34.06%).
Among synthesized esters, butyl chlorogenate displayed the highest antioxidant activity,
comparable to free CGA and BHT, and increased lipophilicity, though a “cut-off” effect
appeared for longer chains. Medium-chain esters (C6, C8) showed selective antimicrobial
activity against Gram-positive bacteria. While lipophilization of chokeberry pomace and
spent coffee grounds extracts reduced antioxidant activity, short-chain esters (C4-C6) im-
proved rapeseed oil stability. The findings highlight food waste as a sustainable source for
developing biocatalysts and value-added bioactives with enhanced functional properties.

Keywords: food waste; lipase immobilization; chlorogenic acid; enzymatic lipophilization;
bioactive compounds

1. Introduction

Food waste is a significant global issue that affects environmental, social, and economic
concerns. According to the Food Waste Index Report [1], approximately 931 million tons of
food waste were generated in 2019. Of this total, 61% originated from households, 26% from
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the food service sector, and 13% from retail. This suggests that approximately 17% of the
total global food production may be wasted. A study conducted by Poore and Nemecek [2]
revealed that nearly one-quarter (24%) of the emissions associated with food production
result from losses in supply chains or waste generated by consumers. Specifically, 15% of
these emissions are attributed to issues in the supply chain, including inadequate storage,
improper handling methods, insufficient refrigeration, and spoilage during transportation
and processing. The remaining 9% stems from food discarded by retailers and consumers.
Consequently, food waste accounts for approximately 6% of the total global greenhouse
gas emissions. The two main groups based on food loss are roots, tubers, and oil-bearing
crops (26%) and fruits and vegetables (22%). These include peels, stems, seeds, shells, bran,
germs, culls, pomace, pulp, and other residues from processing [3]. These byproducts
represent significant sources of bioactive molecules with a wide range of applications. Food
waste can be a source of polyphenols, dietary fiber, carbohydrates, and proteins. These
molecules have potential for use in functional foods, nutraceuticals, pharmaceuticals, and
beauty care products [4].

One of the groups of bioactive compounds of great interest is natural phenolics, which
are known for their antioxidant, antimicrobial, anti-inflammatory, and anticarcinogenic
properties [5]. However, their hydrophilic nature limits their biological functions. To
enhance their effectiveness, a lipophilic group can be added to their structure, resulting in
compounds known as lipo-phenolics. This modification changes the hydrophilic-lipophilic
balance, enabling the development of new functionalized bioactive molecules with im-
proved properties compared to traditional hydrophilic phenolics. In detail, lipophilization
increases the solubility of phenolics in nonpolar environments and alters the positioning
of these compounds within emulsions, thereby potentially enhancing their antioxidant
capabilities. In emulsified systems, lipo-phenolics typically position themselves at the
interface between the lipid and aqueous phases, providing better protection for fats and
oils. As a result, lipo-phenolics have demonstrated remarkable antioxidant properties
in both food and cosmetic applications [6-9]. There are two methods for carrying out
lipophilization: chemical and enzymatic. The chemical method is more complex due to
the thermal sensitivity and oxidation susceptibility of phenolic acids in alkaline media.
It involves multiple purification steps and generates waste. In contrast, the enzymatic
method is preferred, as it operates under milder conditions, making it an environmentally
friendly process that produces fewer byproducts [10-12].

Lipases, known as triacylglycerol hydrolases (EC 3.1.1.3), are effective biocatalysts for
modifying phenolic compounds. Their primary function is to catalyze the hydrolysis of
ester bonds at the interface between hydrophilic and hydrophobic environments. Under
specific conditions, particularly in the absence of water, lipases can also catalyze synthesis
reactions, such as esterification and transesterification [13,14]. These enzymes find broad
applications across various fields, including biotechnology, pharmacy, biodiesel production,
bioremediation, detergents, and the food industry, primarily due to their chemo-, regio-,
and stereoselectivity. Lipase can be obtained from various sources, including animal, plant,
or microbial origins. The last one started to show promise due to its low manufacturing
cost and greater availability compared to animal and plant lipases [15].

The use of free enzymes in industry presents several challenges, including low stability
under extreme conditions. To address these issues, the immobilization process can be
employed. This technique enhances the catalytic activity of enzymes, increases their
stability across a broad range of pH levels and temperatures, and facilitates easy recovery
and reuse from the reaction mixture [16]. Immobilization can be categorized into two
types of interactions: physical and chemical. Physical interactions include hydrogen
bonds, van der Waals forces, and hydrophobic interactions, while chemical interactions
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involve covalent bonding. The primary methods of immobilization include physical
adsorption, entrapment or encapsulation, covalent binding, and cross-linking. Various
materials serve as carriers for enzyme immobilization. Natural polymers such as gelatin,
cellulose, chitin, chitosan, and agarose, as well as nanostructured materials like metal—-
organic frameworks (MOFs), nanoparticles, carbon nanotubes, and graphene oxide, have
already been utilized [17-19].

One of the most recognized enzyme preparations is Novozym 435, which is a lipase
B from Candida antarctica (CALB) immobilized onto macroporous acrylic polymer resin—
Lewatit VP OC 1600. This enzyme performs exceptionally well in organic synthesis and
biocatalysis [15,20]. Nowadays, new, more biodegradable carriers for enzyme immobi-
lization are being searched for, which would be as effective biocatalysts as the Lewatit
adsorbed one. The increasing interest in sustainable practices has heightened efforts to
develop effective strategies for repurposing lignocellulosic materials, including apple and
chokeberry waste generated during the production of juice and jam. Waste materials from
the fruit and vegetable industry, which possess appropriate porosity, surface charge, and
chemical inertness, can serve as efficient carriers in enzyme immobilization processes. Over
the years, various by-products have been evaluated as potential supports for immobiliza-
tion, such as brewer’s spent grain, spent coffee grounds, cashew apple waste, sugarcane
bagasse, and coconut residues [21-28]. Several of these materials have shown improved
enzyme yields. Notably, spent coffee grounds (SCG) have received significant attention,
as their global annual generation reaches approximately 6 million tons, accounting for up
to 60% of processed coffee beans. With the continuous rise in global coffee consumption,
the volume of SCG waste is expected to increase further. SCGs are an inexpensive, renew-
able lignocellulosic feedstock with desirable properties for enzyme immobilization, such
as mechanical strength, chemical inertness, and structural stability. Their composition,
rich in organic compounds such as fatty acids, lignin, cellulose, hemicellulose, and other
polysaccharides, makes them a valuable matrix for biocatalyst support [29-31]. Despite
these well-documented characteristics, SCG has rarely been employed as an enzyme carrier
in practice. Literature reports on their use have been limited to the immobilization of
lipase [24,32], B-glucosidase [33], and cellulase [34].

This study implements a dual-valorization approach for beverage-processing residues:
spent coffee grounds, apple pomace, and chokeberry pomace, by using them both as
(i) biodegradable supports for immobilizing a microbial lipase and (ii) sources of phenolic
acids. We initially developed a chlorogenic acid (CGA) model to optimize enzymatic
lipophilization (adjusting temperature, enzyme loading, alcohol: CGA ratio, and reaction
time), then applied the optimal conditions to non-purified, polyphenol-rich extracts. To
our knowledge, this is the first demonstration of CGA lipophilization with a biocatalyst
immobilized onto carriers derived from food waste. By modifying individual phenolics
and then whole extracts, we aimed to develop lipophilized preparations with improved
functional properties, particularly antioxidant activity, for potential use as clean-label
food additives.

2. Results
2.1. Activity Evaluation of Immobilized Lipase

In the first stage of the study, three different biocatalysts were prepared by immo-
bilizing microbial lipase from A. oryzae onto biodegradable carriers. Based on previous
observations [35,36] demonstrating that lipases adsorbed onto native residues from bever-
age production displayed the highest catalytic activity, three untreated agri-food residues
were selected as supports: chokeberry pomace, apple pomace, and spent coffee grounds.
The lipase was adsorbed directly onto these native supports, yielding three dry-form bio-
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catalysts. To confirm the success of the immobilization process, an elemental analysis was
conducted on the biocatalysts obtained, as well as on the raw material used as a support.
This analysis focused on the carbon, nitrogen, and sulfur content of the samples, as detailed
in Table 1. The samples of spent coffee grounds (SCG) exhibited a relatively high carbon
content of 48.41%, a low nitrogen content of 2.23%, and a negligible sulfur content of
0.12%. A similar pattern was observed in chokeberry pomace (ChoP), which contained
50.31% carbon, 1.87% nitrogen, and 0.09% sulfur. In contrast, apple pomace (AP) samples
showed lower values: 44.62% carbon, 0.99% nitrogen, and 0.07% sulfur. The results for
the elemental content align with existing literature for spent coffee grounds [37], apple
pomace [38], and berry pomace [39]. Notably, in all immobilized enzyme preparations, an
increase in nitrogen percentage was observed compared to the nitrogen content in the food
waste alone. This observation suggests a positive adsorption of proteins onto the carrier.

Table 1. Carbon, nitrogen and sulfur content of three supports and three immobilized lipases. The *
symbol indicates a significant difference between the results for each support and biocatalyst, which
is immobilized on this carrier.

Percentage Content (%)

Source
C N S
Spent coffee grounds (SCG) 48.41 +0.01 223 +0.01 0.12 +0.00
Novozym 51032® immobilized on spent . "

coffee grounds (NSCG) 50.07 £ 0.02 2.37 £0.00 0.12 £ 0.00
Chokeberry pomace (ChoP) 50.31 £ 0.01 1.87 £0.02 0.09 £ 0.00
Novozym 51032® immobilized on " ‘

chokeberry pomace (NChoP) 50.49 £ 0.42 2.17 £ 0.01 0.10 4 0.00
Apple pomace (AP) 44.62 £ 0.06 0.99 £ 0.02 0.07 £ 0.00

® . 1.
Novozym 51032 immobilised on 44.65 = 0.09 1.26 £ 0.01 * 0.07 £ 0.00

apple pomace (NAP)

The results with hydrolytic and synthetic activity are presented in Figure 1. Among
them, the biocatalyst immobilized on spent coffee grounds showed the highest enzymatic
activity, with a hydrolytic activity of 6.0 U/g and a synthetic activity of 1036.0 U/g. Sig-
nificantly outperforming the other two formulations: lipase immobilized on apple and
chokeberry pomace. Based on the obtained results, an immobilized biocatalyst onto native
spent coffee grounds was selected for further research.

(a) (b)

7 -
1 a 1200_ .
= __ 1000
Q 5- 14 ]
S S, 800+
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E 1 = 600-
S 34 S |
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O 24 b & 400+
< c < 7
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o &8 R 0 & K
9 O O o
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Figure 1. The hydrolytic (a) and synthetic (b) activities of immobilized lipase onto spent coffee
grounds (NSCG), chokeberry pomace (NChoP), and apple pomace (NAP). Means with the same
letter (a—c) did not differ significantly («x = 0.05).
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2.2. Content of Selected Phenolic Acids in Lyophilized Extracts

Lyophilized dry extracts obtained from spent coffee grounds, chokeberry pomace,
and apple pomace were analyzed for their content of selected phenolic acids using LC-MS
(Figure 2). The analysis included the following compounds: gallic acid, protocatechuic acid,
4-hydroxybenzoic acid, vanillic acid, caffeic acid, syringic acid, p-coumaric acid, salicylic
acid, chlorogenic acid, sinapic acid, ferulic acid, and cinnamic acid. Among the tested
samples, the extract derived from spent coffee grounds exhibited the highest dominance of
a single compound, with chlorogenic acid accounting for approximately 93% of the total
identified phenolic acids. The remaining 7% consisted primarily of protocatechuic, caffeic,
and ferulic acids. In the chokeberry pomace extract, chlorogenic acid also represented a
significant portion, accounting for approximately 50% of the total phenolic acid content.
Protocatechuic and caffeic acids were the next most abundant compounds. The extract
from apple pomace displayed a more diverse phenolic profile. In this case, protocatechuic
acid was the most prevalent (42%), while chlorogenic acid accounted for approximately
30% of the total, followed by 4-hydroxybenzoic acid as the third most abundant component.
Based on the obtained results, chlorogenic acid was selected as a model substrate for further
investigations, due to its presence in all three extracts and its relatively high proportion in
each sample.

gallic acid
protocatechuic acid
4-hydroxybenzoic acid
vanillic acid

caffeic acid
syringic acid
p-coumaric acid
salicylic acid
chlorogenic acid
sinapic acid

ferulic acid
cinnamic acid

\

CHOKEBERRY POMACE SPENT COFFEE GROUNDS

EXTRACT EXTRACT

Figure 2. Percentage contribution of selected phenolic acids in freeze-dried extracts from ap-
ple pomace, chokeberry pomace, and spent coffee grounds (expressed as % of total identified
phenolic acids).

2.3. Optimization of Synthesis Reaction

In the current study, a response surface methodology was utilized to optimize the
enzymatic synthesis of butyl chlorogenate via the direct esterification of chlorogenic acid
with 1-butanol using NSCG as a biocatalyst and Novozym 435 as a reference. A total of
15 runs (Table 2) were conducted to evaluate different temperatures (35-55 °C), substrate
molar ratios (alcohol to chlorogenic acid—2:1, 5:1, and 8:1), and enzyme concentration
(20-50%). The results, presented in the form of a Pareto chart and 3D response surface
plots, are shown in Figures 3 and 4. The response model evaluated in this study had a
coefficient of determination (R?) equal to 0.999 and an adjusted R? = 0.999 for reaction
catalyzed by NSCG and an R? of 0.988 and an adjusted R? = 0.913 for Novozym 435, with a
95% confidence level.
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Table 2. Experimental matrix for the three-variable Box-Behnken design with the yield of the butyl

chlorogenate synthesis catalyzed by lipase from A. oryzae immobilized onto spent coffee grounds

(NSCG) and Novozym 435.
B Tumpemture(O Ratio(hlcohol:  RestvetommeToul V0D vield o
’ Chlorogenic Acid) Mass of Substrates (%)
1 35 2:1 35 1.78 17.73
2 55 2:1 35 1.67 12.81
3 35 8:1 35 9.24 49.12
4 55 81 35 16.02 95.67
5 35 5:1 20 2.40 30.61
6 55 5:1 20 0.96 39.21
7 35 5:1 50 10.11 42.32
8 55 5:1 50 9.39 66.42
9 45 2:1 20 191 8.45
10 45 8:1 20 7.20 57.10
11 45 2:1 50 5.00 31.72
12 45 81 50 15.91 59.32
13 45 5:1 35 10.94 52.81
14 45 5:1 35 10.88 40.81
15 45 5:1 35 10.82 42.11
(@ [y (b)

(2)Molar ratio (Alcohol:Chlorogenic acid)(L)

Molar ratio (Alcohol:Chlorogenic acid)(Q)

(c)

AN

(3)Enzyme concentration (%)(L)
Temperature (°C)(Q)

Enzyme concentration (%)(Q)
1Lwz.2L

1Lwz.2Q

2Lwz.3L

(1)Temperature (°C)(L)

1Qwz.2L

1Qwz.3L

1Lwz.3L ]ién

SRORN

p=0.05

CRSXSAS
2299, ‘0‘0"“‘
RIS

25%%%% 06 %
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7555
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oY “
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(d)

NANGIN

Figure 3. Pareto chart (a) and 3D response surface plots showing the effects of the interaction

of enzyme concentration and temperature (b), enzyme concentration and substrate molar ratio

(c), and substrate molar ratio and temperature (d) on the production yield of butyl chlorogenate

catalyzed by NSCG. Explanations: 1—temperature; 2—substrate molar ratio (alcohol: chlorogenic

acid); 3—enzyme concentration; L—linear; Q—quadratic; 1Qwz.2L—the interaction between a

quadratic effect of temperature and a linear effect of substrate molar ratio in the statistical model, etc.
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Pareto Chart
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Figure 4. Novozym 435 Pareto chart (a) and 3D response surface plots showing the effects of the
interaction of enzyme concentration and temperature (b), enzyme concentration and substrate molar
ratio (c) and substrate molar ratio and temperature (d) on the production yield of butyl chlorogenate
catalyzed by Novozym 435. Explanations: 1—temperature; 2—substrate molar ratio (alcohol: chloro-
genic acid); 3—enzyme concentration; L—linear; Q—quadratic; 1Qwz.2L—the interaction between a
quadratic effect of temperature and a linear effect of substrate molar ratio in the statistical model, etc.

The structure of the obtained butyl chlorogenate was confirmed by ESI-MS and NMR
analysis. The fragmentation spectrum for the ester derivative of chlorogenic acid is shown
in Figure 5.

1: TOF MS ES+
1001 433.15 4.37x10*

434.15
P 449.12
42520 42819 | | 438.00

el AL
412 414 416 418 420 422 424 426 428 430 432 434 436 438 440 442 444 446 448 450 452 454 456

45216

Figure 5. The ESI-MS spectrum (in the selected m1/z range 412-456) for butyl chlorogenate.

Based on the Pareto chart for the synthesis of butyl chlorogenate using the NSCG
biocatalyst, it was observed that the most significant factors influencing the reaction yield
were the linear effect of the substrate molar ratio (1-butanol to chlorogenic acid) and the
enzyme concentration relative to the total amount of substrates. The third most influential
factor was the quadratic effect of temperature. The corresponding 3D response surface
plots confirmed that increasing the alcohol-to-acid ratio led to higher reaction yields.
Additionally, both elevated enzyme loading and higher temperatures had a positive impact
on the overall efficiency of the esterification process. In contrast, the Pareto chart for the
same reaction catalyzed by Novozym 435, used here as a commercial benchmark, showed
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that only the linear effect of the substrate molar ratio significantly affected the reaction yield;
higher alcohol content correlated with improved conversion. Other examined parameters,
such as enzyme concentration and temperature, were not statistically significant. This
comparison highlights a key distinction between the two biocatalysts: the immobilized
lipase on the food waste-derived support (NSCG) exhibited sensitivity to a broader range
of reaction conditions, whereas the commercial enzyme immobilized on a synthetic carrier
(Novozym 435) demonstrated high robustness and versatility across varying parameters.
Nevertheless, following a three-factor Box-Behnken analysis, optimal reaction conditions
were established and found to be consistent for both systems. Maximum yields were
achieved at 55 °C and at the highest substrate ratio tested, 8:1 (1-butanol: chlorogenic
acid). From an economic standpoint, an enzyme concentration of 35% (w/w relative to total
substrates) was selected for subsequent reactions to optimize the process while minimizing
biocatalyst usage without compromising efficiency.

Further investigations were conducted to examine the influence of reaction time under
the established optimal conditions (Figure 6a). For the NSCG biocatalyst, the maximum
yield (10.61%) was achieved after 7 days of reaction, whereas Novozym 435 reached its
highest yield (97%) after 9 days of reaction. Notably, the commercial immobilized lipase
exhibited high catalytic performance early in the process, reaching 90.86% yield after just
3 days, highlighting its superior efficiency in catalyzing this specific esterification. The
optimized reaction parameters described above were subsequently applied to lipophiliza-
tion reactions of chlorogenic acid using a series of fatty alcohols with varying carbon chain
lengths (C6, C8, C10, and C12), following the reaction scheme presented in Figure 7. It was
observed that for the NSCG biocatalyst, the reaction yield increased proportionally with the
length of the alcohol’s carbon chain (Figure 6b). The highest yield (34.06%) was obtained
in the reaction with dodecanol (C12), whereas the lowest (10.62%) was recorded with
butanol (C4). In contrast, the commercial biocatalyst Novozym 435 showed consistently
high yields across all tested alcohols, indicating that the previously optimized reaction
conditions were broadly effective for the synthesis of various chlorogenic acid esters using
this enzyme. Although the coffee waste-based biocatalyst (NSCG) demonstrated relatively
low overall yields, this study represents the first report showcasing its applicability in
the enzymatic lipophilization of chlorogenic acid. The results suggest that biodegradable
supports derived from food industry residues may serve as a promising, environmentally
friendly alternative to conventional immobilization materials in biocatalytic processes.

(a) (b)

100 B c D 100
4 J mm Novozym 435
80+ 2 80 = NSCG
60— 60
40+ 40+
20- X . d 20—-
a
0- =1 T O T I-I 0-
3 5 7 9

YIELD (%)
YIELD (%)

Cc4 Cé cs8 C10 Cc12
REACTION TIME (DAYS) CHLOROGENATE ESTERS

Figure 6. Yield of the reaction for obtaining chlorogenic acid butyl ester depending on the reaction
time (a) and yield of the reaction for obtaining chlorogenic acid esters with alcohols of varying carbon
chain lengths (b). The values with the same lowercase letter (a—e) or capital letter (A-D) did not differ
significantly (x = 0.05).
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Figure 7. Lipase-catalyzed esterification of chlorogenic acid with butyl, hexyl, octyl, decyl, and
dodecyl alcohol.

2.4. Extracts Lipophilization

The utilization of whole plant extracts containing diverse phenolic compounds, along
with the assessment of their potential synergistic effects, remains a relatively innovative
strategy. It is well recognized that extracts derived from different fruit types vary in their
phenolic profiles, which directly influence their antioxidant capacities. Consequently, the
lipophilization approach must be tailored to the specific composition of each extract [40].
Based on the optimization of butyl chlorogenate synthesis, lipophilization reactions were
planned using the obtained lyophilized extracts from food waste. Since chlorogenic acid
was identified in all three extracts, the reactions were conducted using the optimal parame-
ters established in the model system. To derivatize chlorogenic acid, 1-butanol was used,
with the extract added at a mass ratio of 1:8 (alcohol: extract). An attempt was also made
to employ a biodegradable biocatalyst and Novozym 435 as a reference to carry out the
lipophilization reaction. The presence of the main reaction product—butyl chlorogenate—
was analyzed in these samples to confirm the successful derivatization of chlorogenic
acid contained in the extracts. LC-MS analysis confirmed the presence of the chlorogenic
acid ester in all reaction mixtures after 7 days of incubation. The conversion rate of butyl
chlorogenate is presented in Table 3. The highest conversion rate of butyl chlorogenate was
recorded for the lipophilized extract from apple and chokeberry pomace, which reached up
to approx. 90%. The prepared NSCG biocatalyst catalyzed the derivatization of chlorogenic
acid contained in these extracts in a manner comparable to Novozym 435. Lower results
were obtained for the derivatized extract from spent coffee grounds. Here, a conversion
rate of 47.7% was achieved with Novozym 435 and 15.2% with the NSCG biocatalyst. It is
possible that because spent coffee grounds consist mainly of chlorogenic acid, as a represen-
tative of phenolic acids, more time is needed to hydrolyze the entire amount contained in
the extract. In the case of the other pomace extracts, these amounts are significantly lower.

Table 3. Conversion rate of butyl chlorogenate in the reaction mixture after lipophilization of food
waste extracts, catalyzed by Novozym 435 and NSCG.

Conversion Rate of Butyl Chlorogenate in Extracts After
Lipophilization (%)

Chokeberry Pomace Extract Apple Pomace Extract Spent Coffee Grounds Extract

Novozym 435

NSCG Novozym 435 NSCG Novozym 435 NSCG

90.9%

92.0% 91.5% 87.6% 47.7% 15.2%
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2.5. Properties of Obtained Esters of Chlorogenic Acid and Pre- and Postmodified Extracts

The derivatized extracts, along with individual chlorogenic acid esters (C4-C12), were
analyzed for various functional properties, including antioxidant activity, antimicrobial
effects, and the ability to enhance the oxidative stability of vegetable oil. The study aimed
to determine whether modifying the extracts through 1-butanol-based lipophilization could
improve their overall properties, particularly in the context of developing a food additive
with enhanced lipophilicity. The results for the first group of compounds—chlorogenic
acid, chlorogenic acid esters, and BHT (a synthetic antioxidant used as a reference) are
presented in Table 4. Among all synthesized esters, butyl chlorogenate exhibited the highest
antioxidant activity (ICsg = 0.34 mM; TEAC = 3.26). Its performance was comparable to
that of free chlorogenic acid (ICsg = 0.26 mM; TEAC = 3.49 and BHT (IC5¢ = 0.35 mM,;
TEAC = 3.14, while also displaying increased lipophilicity, as indicated by the logP value—
a partition coefficient between octanol and water that reflects a molecule’s hydrophilic or
hydrophobic character. It was also observed that as the carbon chain length of the alcohol
used as a substrate in the esterification reaction increased, the antioxidant activity of the
resulting esters decreased, regardless of the analytical method applied (CUPRAC or DPPH),
despite the corresponding increase in molecular lipophilicity.

Table 4. Selected properties—antioxidant activity by DPPH and CUPRAC methods, and lipophilicity
of chlorogenic acid and its esters, and BHT. The values with the same lowercase letter (a—d) within
the method did not differ significantly (x = 0.05).

Antioxidant Properties Lipophilicity
Compound CUPRAC— DPPH— loaP logS

TEAC ICsp (mM) 08 08
BHT 314 £0.22° 0.35+0.022P 4.964 —4.909
Chlorogenic acid 349 £0.32° 0.26 £0.00 2 0.415 —1.489
Butyl chlorogenate 3.26 £0.172 0.34 +£0.002P 2.076 —2.945
Hexyl chlorogenate 1.15+0.15" 0.40 £0.01° 2.960 —3.976
Octyl chlorogenate 0.80 +0.05° ¢ 0.58 £ 0.01 ¢ 3.844 —5.007
Decyl chlorogenate 0.64 £0.03 ¢ 0.57 £0.01¢ 4.728 —6.037
Dodecyl chlorogenate ~ 0.45 £ 0.02 € 0.91 +0.124 5.612 —7.067

The antioxidant properties and total content of phenolic compounds in selected food
waste extracts before and after lipophilization are presented in Table 5. The highest total
phenolic content was observed in the spent coffee grounds extract, as confirmed by LC-MS
analysis. This was followed by the chokeberry pomace extract, while the apple pomace
extract exhibited the lowest concentration of phenolic compounds. A similar trend was
noted in antioxidant activity, with extracts richer in phenolic content demonstrating greater
antioxidant potential. A noteworthy observation concerns the impact of lipophilization on
antioxidant activity. In the case of chokeberry pomace and spent coffee grounds extracts, a
significant decrease in antioxidant activity was observed after lipophilization, suggesting
that the process may negatively affect the overall antioxidant efficacy. This reduction
could be attributed to the modification or degradation of bioactive compounds during
derivatization. In contrast, only minimal changes were detected in the antioxidant activity
of the apple pomace extract. Although apple pomace is considered a relatively rich source
of polyphenolic compounds, over 50% of these are procyanidins, classified as flavan-3-ols.
The remaining compounds include quercetin glycosides, phenolic acids, and chalcones,
such as phloridzin and phloretin [41,42]. In the present study, LC-MS analysis showed
that the lyophilized apple pomace extract contained the lowest total phenolic acid content
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(422 ug/g), compared to the chokeberry pomace (10,442 pg/g) and spent coffee grounds
(15,723 pg/g) extracts.

Table 5. Antioxidant properties and total content of phenolic compounds in selected food waste
extracts before and after lipophilization process. Means with the same lowercase letter (a—c) or
capital letter (A—C) within the method did not differ significantly (« = 0.05). The * symbol indicates
a significant difference between the results for a given extract before and after the lipophilization
process. Abbreviation: n.a.—not analyzed.

. . Total
A;;:;;:iﬁzr: Content of Phenolic
Type of Extract Lipophilization Compounds
CUPRAC— ngH_ Average CGA Content
TEAC (mg /ZZL) (mg/mL)

Chokeberry BEFORE 2.00+0.17b 0.26 +0.022 0.26 + 0.03 P
pomace extract AFTER 0.854+0.078* 0904 0.02B8* na.

Apple pomace BEFORE 023+0.01° 455+ 597b 0.03+0.01°¢
extract AFTER 023 +0.01€ 597 +0.02€* na.

Spent coffee BEFORE 250+0.102 0.13+£0.092 0.36 = 0.00 2
grounds extract AFTER 1.60 £ 0.074* 042 +0.044* n.a.

The chlorogenic acid derivatives obtained in this study, along with extracts from food
processing by-products, were also assessed for their antimicrobial properties. Eight bacterial
strains, representing both Gram-positive and Gram-negative species, were tested. To each
sterile disc, 10 uL of the selected compounds and extracts, prepared at a concentration of
50 ng/mL, were added. The results are summarized in Tables 6 and 7.

Table 6. Comparison of the antimicrobial activity of chlorogenic acid, its esters and BHT as a reference.
The 6 mm indicates no growth inhibition. *—A diameter of an inhibition zone of 6 mm is considered
as no antimicrobial activity.

Inhibition Zone Diameter (mm)

B. L. E. E. S.
Compound cereufi’ M subtilis faeca lfs. PCM monocytogenes uureug.P M cloacae coli marcescens
PCM PCM PCM PCM PCM
482 486 2909 2191 2054 2848 2057 549
BHT 6* 6 6 6 6 6 6 6
Chlorogenic acid 6 6 6 6 6 6 6 6
Butyl 6 6 6 6 6 6 6
chlorogenate
Hexyl 10 8 10 6 12 6 6 6
chlorogenate
Octyl 10 8 6 6 10 6 6 6
chlorogenate
Decyl
chlorogenate 8 6 6 o ? 6 6 6
Dodecyl 7 6 6 7 6 6 6 6
chlorogenate

Interestingly, while butyl chlorogenate exhibited antioxidant activity comparable to
that of unmodified chlorogenic acid, it did not show any antimicrobial effects. Similarly, no
bacterial growth inhibition was observed for BHT or chlorogenic acid. In contrast, hexyl
and octyl chlorogenates demonstrated clear antimicrobial activity, particularly against
Gram-positive bacteria such as B. cereus, B. subtilis, E. faecalis, and S. aureus, with the
exception of E. faecalis in the case of octyl chlorogenate. Additionally, decyl and dodecyl
chlorogenates produced smaller inhibition zones against B. cereus, L. monocytogenes, and S.
aureus. Notably, all chlorogenic acid esters tested in this study showed selective activity
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only against Gram-positive bacteria, with no detectable effects on Gram-negative strains.
Among the derivatives, those with medium-length alkyl chains (C6 and C8) exhibited the
strongest antimicrobial activity, whereas shorter (C4) and longer chains (C10 and C12)
were significantly less effective. In contrast, none of the food waste extracts exhibited
antimicrobial activity against any of the tested bacterial strains.

Table 7. Comparison of the antimicrobial activity of spent coffee grounds, chokeberry and apple
pomace extracts before and after lipophilization. The 6 mm indicates no growth inhibition. *—A
diameter of an inhibition zone of 6 mm is considered as no antimicrobial activity.

Inhibition Zone Diameter (mm)

o B. B. E. s. E. E. s.
Type of Extract  Lipophilization 0.0, sybtilis faecalis L't aureus  cloacae coli marcescens
PCM  PCM PCM mf,’(’:‘;‘j[yz‘l’gi”es PCM PCM  PCM PCM
482 486 2909 2054 2848 2057 549

Chokeberry BEFORE 6* 6 6 6 6 6 6 6
pomace extract AFTER 6 6 6 6 6 6 6 6
Apple BEFORE 6 6 6 6 6 6 6 6
pomace extract AFTER 6 6 6 6 6 6 6 6
Spent coffee BEFORE 6 6 6 6 6 6 6 6
grounds extract AFTER 6 6 6 6 6 6 6 6

The oxidative stability of rapeseed oil with the addition of chlorogenic acid, its alkyl
esters (C4—-C12), BHT (as a reference compound), and food waste extracts was evaluated
both at the initial time point and after two months of storage. As shown in Figure 8, the
highest initial maximum oxidation time of vegetable oil was observed with the addition
of BHT (Tmax = 101.8 min), followed closely by the short-chain chlorogenates, particularly
the butyl (C4—Tmax = 98.3 min.) and hexyl (C6—Tmax = 95.9 min) esters. In contrast, oil
with native chlorogenic acid exhibited significantly lower stability (Tmax = 90.7 min), which
further declined after storage. This correlates with the results obtained, as the butyl and
hexyl esters of chlorogenic acid exhibited the strongest antioxidant activity among the
tested derivatives. Their enhanced lipophilicity relative to native chlorogenic acid likely
facilitated more effective dissolution within the lipid matrix, contributing to their improved
performance. After two months of storage, a slight but statistically significant reduction in
the stability of oil was observed for the addition of several esters, most notably in the case
of the butyl (C4—Tmax = 93.2 min) and decyl (C10—Tmax = 88.7 min) derivatives.

At the initial stage of the study, oils supplemented with SCGE (maximum oxidation
time = 91.0 min.) and ChoPE (maximum oxidation time = 90.4 min) extracts, both native
and lipophilized, exhibited oxidative stability levels comparable to the control oil without
additives, indicating no enhancement of oxidation resistance at the start of storage. In
contrast, the addition of apple pomace extract (APE), before (tmax = 87.7 min) and after
(Tmax = 80.7 min) lipohilization, led to a decrease in oxidative stability. After two months
of ambient storage, oils containing all tested extracts showed similar oxidative stability
levels, suggesting that while the extracts did not negatively impact stability, they also failed
to provide significant protection against oxidation during prolonged storage. Overall,
no significant differences in initial oxidative stability were observed among the oils with
various extracts, with APE demonstrating the least effect regardless of modification. The
marked decline in stability over time across most samples highlights the challenge of
maintaining antioxidant efficacy throughout storage.
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Figure 8. Oxidative stability of rapeseed oil with addition of chlorogenic acid (CGA), its esters with
alkyl chains of different lengths (C4-C12), BHT (used as a reference antioxidant), and food waste
extracts—chokeberry pomace extract (ChoPE), apple pomace extract (APE), and spent coffee grounds
extract (SCGE), before and after lipophilization measured at the initial stage and after two months
of storage. Values marked with the same lowercase (a—d) or uppercase (A-C) letters do not differ
significantly (o« = 0.05). The * symbol indicates a significant difference between the initial stadium of
oxidative stability and after 2 months of storage for a given compound or extract before and after the
lipophilization process. Abbreviations: ChoPE—Chokeberry Pomace Extract, APE—Apple Pomace
Extract and SCGE—Spent Coffee Grounds Extract.

3. Discussion
3.1. Activity of Biocatalysts Immobilized on Food Waste Materials

Lipases are enzymes that primarily catalyze the hydrolysis of triacylglycerols into
diglycerides, monoglycerides, free fatty acids, and glycerol. Beyond their hydrolytic activity,
lipases also exhibit broad catalytic versatility, participating in esterification, interesterifica-
tion (including acidolysis, alcoholysis, and transesterification), and aminolysis reactions.
These transformations can occur in both aqueous and organic media, provided that water
content is carefully regulated [15]. Given their dual ability to catalyse both hydrolysis and
synthesis reactions, depending on the reaction environment, this study aimed to assess the
hydrolytic and synthetic activities of selected lipase-based biocatalysts.

The high catalytic activity of the obtained immobilized preparations may be attributed
to several contributing factors. Adsorption, as one of the simplest and most commonly used
methods for enzyme immobilization, relies on weak physical interactions such as Van der
Waals forces, hydrophobic interactions, and hydrogen bonding. Consequently, the chemical
structure and surface functionality of the support material play a critical role in determining
immobilization efficiency and enzyme stability. The presence of specific functional groups,
such as hydroxyl, carboxyl, or phenyl moieties, on the support surface can facilitate non-
covalent interactions with the enzyme, thereby enabling the formation of stable biocatalyst
systems [43—45]. In the context of the examined agro-industrial waste materials, previous
studies have suggested that fiber composition, particularly hemicellulose content, may
significantly influence the adsorption capacity of the support [45,46]. Native spent coffee
grounds (SCG), in comparison to apple and chokeberry pomace, exhibit a markedly higher
hemicellulose content in their dry matter (Table 8). This higher polysaccharide content
could enhance the density of available binding sites on the surface, thereby improving
enzyme-support interactions and contributing to the stability of the immobilized system.
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Indeed, earlier research has demonstrated a positive correlation between hemicellulose
content and the synthetic activity of biocatalysts, which is also relevant to the present study.

Table 8. Cellulose, hemicellulose, and lignin content of supports—native apple and chokeberry
pomaces and spent coffee grounds. Abbreviations: ADF—acid detergent fiber, ADL—acid detergent
lignin, NDF—neutral detergent fiber, DM—dry mass.

. Cellulose Hemicellulose Lignin
Food Waste Unit (ADF-ADL) (NDF-ADF) (ADL)
Native Apple Pomace 20.99 £ 0.07 5.87 £0.97 9.46 £0.20 [35]
Native
Chokeberry %DM 18.87 £+ 0.32 3.53 +£1.30 32.76 + 0.08 [35]
Pomace
Native Spent Coffee Grounds 21.06 £ 0.41 23.69 £ 0.97 16.87 4+ 0.48 [36]

Moreover, the physical morphology of the support material is another key factor. Na-
tive SCGs possess a more porous structure relative to the other tested carriers, resulting in
an increased specific surface area. This enhanced surface availability likely facilitates more
effective adsorption of lipase molecules onto the carrier. Finally, the presence of residual
lipids in raw materials may contribute to the stabilization of lipases through hydrophobic
interactions that resemble the enzyme’s native environment. This is supported by the
lipid content analysis of the tested waste materials, where spent coffee grounds exhibited
the highest fat fraction (11%), compared to chokeberry pomace (0.3%) and apple pomace
(0.2%). Lipases are characterized by polypeptide chains containing both hydrophobic and
hydrophilic regions, with their active sites typically concealed by a hydrophobic lid in
the closed conformation [18]. Upon contact with hydrophobic interfaces such as substrate
droplets or hydrophobic supports, this lid undergoes a conformational change, exposing
the active site in a process known as interfacial activation. This structural rearrangement
enhances the enzyme’s catalytic efficiency and facilitates its adsorption onto hydropho-
bic surfaces, stabilizing the open monomeric form of the enzyme without the need for
additional activation steps [46]. Furthermore, the hydrophobicity and physicochemical
properties of the immobilization support significantly influence both the efficiency of lipase
binding and the resulting enzymatic activity [47]. While certain lipases exhibit preferences
for supports with moderate hydrophobicity, it is generally observed that more hydrophobic
surfaces enable greater immobilization yields and allow for the selective fractionation of
lipase mixtures based on their affinity to different supports [48]. Therefore, the higher
lipid content in spent coffee grounds likely promotes enhanced lipase stabilization through
such hydrophobic interactions, which is consistent with established mechanisms of lipase
interfacial activation and immobilization.

3.2. Enzymatic Modification of Chlorogenic Acid and Food Waste Extracts

Chlorogenic acid is a widely distributed plant-derived compound, found in significant
amounts in coffee beans, stone fruits, berries, and cruciferous vegetables. It is known for a
range of beneficial biological effects, including strong antioxidant properties, protection
of the intestinal and hepatic barriers, and demonstrated efficacy in the prevention and
treatment of obesity and type II diabetes. Due to its polar nature, chlorogenic acid has
limited solubility in lipid matrices, which restricts its applicability in the food, pharma-
ceutical, and cosmetic industries. Its hydrophobicity can be increased through chemical or
enzymatic lipophilization, which involves the esterification of the carboxyl group with a
fatty alcohol. The enzymatic approach is particularly favoured, as the use of biocatalysts
allows for milder reaction conditions, enhanced selectivity, and minimized formation of
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by-products. Moreover, enzymatic reactions are environmentally friendly, requiring less
energy and producing lower amounts of waste [40,49-51].

The optimization of the reaction parameters using the Box-Behnken design (tem-
perature, substrate molar ratio, and enzyme concentration) revealed that the yield of
chlorogenic acid esterification is especially sensitive to these factors when catalyzed by
the NSCG biocatalyst. This aligns with common trends in enzymatic esterification, where
increasing temperature and enzyme loading generally improve reaction efficiency, up to a
point beyond which thermal deactivation or substrate saturation may occur. Conversely,
the commercial immobilized biocatalyst Novozym 435 achieved high reaction yields that
remained largely unaffected by variations in reaction conditions, highlighting its opera-
tional robustness and substrate tolerance. The NSCG biocatalyst was found to be more
sensitive to different reaction conditions, necessitating more careful selection of parameters
in experimental planning and enzyme use. In contrast, Novozym 435 performs reliably,
making it a more suitable choice for large-scale and standardized production processes
where stability and predictability are vital.

The enzymatic modification of chlorogenic acid using lipases has been extensively
explored in prior studies, primarily using commercially available immobilized enzymes.
Lépez-Giraldo et al. [49] reported a two-step synthesis of chlorogenic acid esters: initial
chemical esterification to produce methyl chlorogenate, followed by enzymatic transesterifi-
cation with fatty alcohols (C4-C16) using Candida antarctica lipase B (CALB). The reactions,
conducted at 55 °C for 96 h with varying enzyme loadings (2.5-10%, w/w), achieved
conversion efficiencies ranging from 61% to 93%, depending on the alcohol chain length.
Similarly, Guyot et al. [52] employed the same enzyme for direct esterification with octanol,
dodecanol, and hexadecanol under milder enzyme concentrations (1.2-1.5%, w/w) and
longer reaction times (30 days), achieving yields ranging from 40% to 75%. In a comparative
study, Lorentz et al. [53] synthesized palmitoyl esters of chlorogenic acid using a panel
of commercial lipases, including Novozym® 435, Lipozyme RM-IM, TL-IM, Lipase A (A.
niger), Lipase M (M. javanicus), Lipase DF (R. oryzae), Lipase AY (C. rugosa), Lipase G (P.
camembertii), and Lipase PS (P. cepacia). Under standardized conditions (60 °C, 1000 rpm),
bioconversion efficiency varied from 14% to 60% after 7 days, depending primarily on the
substrate molar ratio of palmitic acid to chlorogenic acid (ranging from 10:1 to 80:1). Fur-
ther work by Wang et al. [50] applied Lipozyme RM to acylate chlorogenic acid with vinyl
esters (C2-C12) under similar thermal (55 °C) and agitation conditions (400 rpm), yielding
five distinct 4-O-acylated derivative, after 7 days. Zhu et al. [54] expanded also on this
approach by systematically optimizing multiple reaction parameters—including solvent
type, enzyme concentration and form, substrate ratio, and time—ultimately identifying
optimal conditions (55 °C, 1:10 substrate molar ratio, 400 rpm, 7 days) for efficient vinyl
ester synthesis.

Despite the widespread use of immobilized commercial lipases in these studies, a
significant gap remains concerning the employment of environmentally sustainable biocat-
alysts. To date, no reports have investigated the enzymatic lipophilization of chlorogenic
acid using enzymes immobilized on biodegradable, waste-derived supports such as spent
coffee grounds. This study addresses this gap by assessing the catalytic performance of a
novel NSCG biocatalyst and comparing it with a commercial reference, thereby offering
new insights into developing greener, cost-effective alternatives for modifying phenolic
compounds. It is the first study of its kind to use microbial lipase immobilized by adsorp-
tion on spent coffee grounds to derivatize chlorogenic acid contained in food waste extract.
Until now, this type of biocatalyst has only been utilized for the hydrolysis of milk fat. The
immobilized lipase from Candida rugosa onto spent coffee grounds was used to hydrolyze
bovine milk to evaluate operational stability within a real sample. This solid biocatalyst
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yielded nearly 60% conversion of milk fats into fatty acids after 18 h of reaction, maintaining
this level across three reuses [37]. An attempt was also made to immobilize lipase from
Thermomyces lanuginosus (TLL) onto spent coffee grounds, but during the research, it was
found that it did not display any enzymatic activity and was not chosen to catalyze the
synthesis of hexyl laurate [24].

This study shows that lipases are very effective in transforming specific food waste
extracts. Depending on the composition of the extract, either NSCG or Novozym
435 performed better as a biocatalyst. This highlights the need to choose the right immobi-
lized enzyme for specific reactions. The amount of product obtained can vary depending on
the amount of CGA used initially and the presence of competing phenolic acids, which can
block the enzyme’s active site. Other substances, such as anthocyanins, tannins, caffeine,
sugars, and pectins, can also bind to or inhibit enzymes, affecting the results [24,55-57].

3.3. Properties of Obtained Esters of Chlorogenic Acid and Pre- and Postmodified Extracts
3.3.1. Antioxidant Properties

When analyzing the antioxidant properties of chlorogenic acid (CGA) and its esters,
a phenomenon known as “cut-off effect” or a nonlinear relationship between antioxidant
activity and hydrophobicity is observed. It suggests that increasing the hydrophobicity of a
polyphenolic compound does not always result in a proportional enhancement of its antiox-
idant capacity; on the contrary, after reaching an optimal chain length, a drastic decline in
activity may occur [9,58-60]. Numerous studies have confirmed the nonlinear relationship
between alkyl chain length and the antioxidant properties of CGA esters. One study, which
included assays using the DPPH method, indicated that shorter-chain esters exhibited
the highest antioxidant activity. Lépez-Giraldo et al. [61] reported that C4 (butyl) and
C8 (octyl) CGA esters exhibited significantly higher DPPHe scavenging capacity than the
non-esterified 5-CQA. These esters also displayed higher reaction rate constants compared
to 5-CQA. Similarly, Laguerre et al. [59], using a fibroblast model with overproduction of
reactive oxygen species (ROS), observed optimal activity for the dodecyl ester (C12), with a
notable 45% decrease in antioxidant capacity when the chain was extended to 16 carbon
atoms, clearly illustrating the cut-off effect. Comparable results, with peak activity at C12,
were also found in oil-in-water emulsions using the Conjugated Autoxidizable Triene (CAT)
assay [9,62]. Conversely, a more recent study by Pappalardo et al. [63], also employing the
DPPH method, reported a continuous increase in antioxidant activity with growing chain
length, thus failing to confirm the classical cut-off pattern. However, it is important to note
that this work referred to a general increase in activity, without a detailed analysis of a peak
followed by a decline. In the context of ester synthesis, some studies [49,52] reported the
highest esterification yields for C12 and C16 alkyl chain lengths. These discrepancies in
optimal chain lengths (C4/C8 vs. C12) may arise from differences in the studied systems
(emulsions, cellular environments, homogeneous solutions), the types of antioxidant assays,
or experimental conditions.

Several mechanisms have been proposed to explain the cut-off effect. One of the
most frequently cited is the partitioning hypothesis. According to this theory, esters
with optimal chain lengths (e.g., butyl, octyl, dodecyl) are more effectively located at the
oil-water interface in emulsions or within cellular membranes, where radical generation
occurs [59,63]. In contrast, longer chains may embed too deeply in the lipid phase, thereby
limiting the accessibility of hydroxyl groups to reactive species [63,64]. For example,
dodecyl chlorogenate exhibited a greater partitioning capacity into the oil phase compared
to longer esters (C16, C18, C20), which is crucial for optimal activity [59]. A second
explanation involves steric effects: bulky alkyl chains may hinder interactions with free
radicals by restricting access to reactive sites. Lopez-Giraldo et al. [61] suggested that steric
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hindrance may also limit dimer formation in longer esters (e.g., dodecyl) compared to
shorter ones (e.g., butyl), thus affecting overall antioxidant potential. A third proposed
mechanism relates to self-assembly behaviour. In cellular studies, the superior activity
of dodecyl chlorogenate may be associated with its ability to self-organize in aqueous
environments, forming structures that better interact with cell membranes [59].

Accordingly, the effects of lipophilization may have been more pronounced in the
latter two by-products due to their higher content of phenolic acids, which are more
susceptible to chemical modification. Lipophilization of whole extracts carries the inherent
risk that the synergistic interactions among phenolic constituents may be altered, potentially
diminishing or enhancing antioxidant properties. In this study, butyl chlorogenate exhibited
the highest antioxidant activity among the derivatives tested. However, the antioxidant
potential of other phenolic acid derivatives formed during the process remains unknown,
and their identification and evaluation warrant further investigation.

3.3.2. Antimicrobial Properties

The obtained results are partially consistent with those of other studies. Sudrez-Quiroz
et al. [65] evaluated both native chlorogenic acid (CGA) and its dodecyl ester (DCGA)
derived from green coffee for their antimicrobial potential. While DCGA was active
against select Gram-positive bacteria (B. cereus, Clostridium sporogenes, Listeria innocua), it
showed no activity against Gram-negative strains such as E. coli, Pseudomonas fluorescens,
and Salmonella enterica. Interestingly, unmodified CGA exhibited a broader antimicrobial
spectrum, including activity against both Gram-positive and Gram-negative bacteria such
as P. fluorescens and S. aureus, although S. enterica was resistant to both forms. The authors
suggested that lipophilization through esterification may enhance antimicrobial efficacy in
certain contexts, although it has a narrower spectrum of activity in others.

Further support for the antimicrobial potential of CGA derivatives comes from Ma
et al. [66], who synthesized chlorogenic acid analogues with lipophilic chains containing
amino acid residues. Two of these compounds, featuring threonine moieties, showed
significantly enhanced antifungal activity, particularly against drug-resistant Candida krusei,
while also demonstrating reduced toxicity toward marine organisms.

These findings collectively support the notion that CGA and its derivatives possess
notable, although structure-dependent, antimicrobial properties. In light of the current
results, it appears that the antimicrobial efficacy of chlorogenic acid derivatives is strongly
influenced by the length and nature of the alkyl chain introduced during the esterifica-
tion process. Medium-chain esters such as hexyl and octyl chlorogenates offer the most
promising activity, particularly against Gram-positive pathogens, and may serve as poten-
tial candidates for further development as natural antimicrobial agents. However, their
selectivity and lack of effect on Gram-negative bacteria highlight the need for continued
structural optimization to broaden their spectrum of activity.

3.3.3. Oxidative Stability in Rapeseed Oil

Despite the high antioxidant activity of the extracts themselves, particularly those
derived from spent coffee grounds and chokeberry pomace, this effect was not reflected in
improved oxidative stability of the oil. It is possible that derivatization of the food waste
extracts with 1-butanol was insufficient to ensure adequate solubility in the oil matrix, and
the use of alcohols with longer alkyl chains may be required in future studies. For instance,
in the study by Aladedunye et al. [67], a polyphenolic extract from rowanberry (Sorbus
aucuparia) was developed with the aim of enriching o0il with the obtained compound. The
incorporation of an octadecyl chain significantly enhanced the antioxidant performance of
chlorogenic acid in rapeseed oil during deep-fat frying of French fries; however, it had no
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considerable effect on the oxidative stability of the oil under storage conditions. Compared
to the native compound, the lipophilized phenolic derivative showed better transfer into
the fried product, potentially improving the functional properties, nutritional quality, and
shelf life of the final food product. Similarly, in the study by Aladedunye and Matth&us [68],
a native phenolic extract from Canadian crabapple, composed primarily of phloridzin,
was enzymatically modified to obtain an octadecanoyl derivative. The introduction of an
octadecyl chain significantly improved the antioxidant capacity of phloridzin in rapeseed
oil during deep frying, although no significant effect was observed on oxidative stability
during storage. The addition of the modified phenolic extract to frying oil substantially
improved tocopherol retention in fried foods, thereby enhancing their nutritional value
and potentially extending their shelf life during storage.

4. Materials and Methods
4.1. Materials

In the present research, the liquid lipase of microbial origin—Novozym 51032 from
Aspergillus oryzae (current trade name Sustine 140)—was kindly provided by Novozymes
(Bagsvaerd, Denmark) and used as a biocatalyst. The food waste materials, which were
carriers for the enzyme immobilization process, were acquired from the coffee shops—
spent coffee grounds and juices production—apple and chokeberry pomaces (Greenherb
Company, Wysoka, Poland). The biocatalyst Novozym 435 was used as a reference. All
chemical reagents and solvents were purchased from Sigma-Aldrich (Poznari, Poland).

4.2. Preparation of Food Waste

A short diagram of the extract pre-treatment process is shown in Figure 9. Ten grams
of each food waste material was weighed, wrapped in filter paper, and placed in a Soxhlet
apparatus. Initially, extraction was performed using 150 mL of n-hexane, followed by
150 mL of ethanol. For each step, the extract was poured for 10 cycles of solvent transfer.
After that time, the residual solvent was evaporated. In the case of hexane extracts, the
solvent was evaporated, and the lipid contents in the food waste were calculated. The
amount of fat extracted was calculated by relating the weight of the extracted lipids to
the volume of food waste used in the process. The obtained ethanol extracts were put on
the plates and frozen at —42 °C in an Irinox freezer (Corbanese, Italy) for 1 h and then
moved for 24 h to the lyophilization process in the Christ Gamma 1-16 LSC apparatus
(Osterode am Harz, Germany). The applied conditions were: a temperature of 10 °C on the
shelves and a pressure of 63 Pa. The safety pressure was 103 Pa, protecting the material
from temperatures above —20 °C. The dry extracts were stored at room temperature.

-
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Figure 9. The scheme of the food waste material pretreatment process.
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4.3. Lipase Immobilization Procedure

Liquid lipase from A. oryzae was immobilized based on the procedure described in the
study by Jasifiska et al. [69]. Briefly, 1 g of food waste (native spent coffee grounds—SCG;
apple pomace—AP; or chokeberry pomace—ChoP) was added to a flask. Next, 1 mL of
liquid lipase and 14 mL of distilled water were added to the flask. The lipase solution and
the food waste carrier were agitated together for 2 h using a magnetic stirrer (140 rpm).
After this period, the resulting biocatalysts were filtered, washed with distilled water, and
dried at room temperature. The immobilization reactions were performed in triplicate for
each type of food waste material.

4.4. Lipase Activity Assay—Hydrolytic and Synthetic Activities

To determine the hydrolytic and synthetic activities of the immobilized enzyme prepa-
rations, two methods were employed as detailed in the research by Jasiriska et al. [69]. Both
methods relied on spectrophotometric measurements. Based on the results of the lipolytic
activities, a decision was made to select the most active biocatalyst for further testing.

The first method focused on the hydrolysis reaction of p-nitrophenyl laurate, which
was conducted for 15 min at 37 °C. In this procedure, 25 mg of the immobilized enzyme
preparation was combined with 100 pL of distilled water and 25 pL of p-nitrophenyl laurate
solution (0.3 mmol dissolved in 2 mL of heptane) in Eppendorf test tubes. The mixture was
stirred, and the absorbance was measured at 410 nm using a UV-Vis spectrophotometer.
The unit of lipase enzymatic activity was defined as 1 U, which is the amount of enzyme
that releases 1 pmol of p-nitrophenol per minute under the specified assay conditions.

The second method was based on the transesterification reaction, which occurred in
an Eppendorf tube containing 100 mM vinyl acetate and 100 mM 1-butanol in 1 mL of
n-hexane. To this mixture, 5 mg of immobilized lipase was added. After incubating for
5 min, diluted samples were prepared in test tubes. To each sample, 1 mL of a 0.1% (m/7v)
solution of MBTH (3-methyl-2-benzothiazolinone hydrazone hydrochloride hydrate) was
added and agitated for 10 min at 30 °C. Following this, 0.4 mL of a 1% (m/v) solution of
NH4Fe(SO4), 12H,0 (dissolved in 0.1M HCI) was added, and the mixture was mixed for
30 min at 30 °C. Spectrophotometric measurements were then carried out at 595 nm.

4.5. Elemental Compositions of Biocatalysts and Their Supports

Total C, N, and S contents of three biocatalysts and their supports were determined by
dry combustion (Vario MacroCube, Elementar, Langenselbold, Germany).

4.6. Optimization of Synthesis Reaction—Box—Behnken Design

A model reaction was performed for the lipophilization of chlorogenic acid with 1-
butanol (Figure 10) using biocatalyst—lipase from A. oryzae immobilized onto spent coffee
grounds (NSCG). The following three-factor, three-level experiment was designed using
Box-Behnken methodologies to optimize the reaction conditions (Table 9). The analyzed
factors included temperature (35, 45, and 55 °C), enzyme concentration (20%, 35%, and
50%), and substrate molar ratio (alcohol to chlorogenic acid—2:1, 5:1, and 8:1). The tert-
butyl methyl ether was used as a solvent (15 mL). The time duration of the reaction was
also optimized (3, 5, 7, and 9 days). The subsequent reactions involved the lipophilization
of chlorogenic acid with alcohols of varying carbon chain lengths (C6, C8, C10, C12), which
were carried out over 7 days. The optimized parameters are a part of the patent application
“Method for the preparation of chlorogenic acid esters and alcohols, by biocatalysis. WIPO
ST 10/C PL451973". Experiments were conducted using two biocatalysts: NSCG and
Novozym 435, which served as a reference. The reaction yield was calculated from the
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area under the substrate and product peaks on the chromatogram obtained using the
HPLC technique.
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Figure 10. Reaction scheme for the synthesis of chlorogenic acid with 1-butanol.

Table 9. Coded levels and decoded value of the Box-Behnken design.

Factors Name Units Low (1) Medium (0) High (+1)
1 Temperature °C 35 45 55
2 Substrat(-e Alcohol:chlorogemc 21 5 81
molar ratio acid
Enzyme % 20 35 50
concentration

4.7. Chromatographic Determination of Esterified Post-Reaction Mixtures

The process for preparing esterified post-reaction mixtures involved evaporating the
reaction solvent under nitrogen, diluting it with methanol, and then transferring the mixture
to 25 mL volumetric flasks. Subsequently, the prepared solutions of esterified post-reaction
mixtures were filtered using a PTFE syringe filter (0.45 pm) into chromatographic vials.

Chromatographic analysis of chlorogenic acid esters was performed using a modified
analytical procedure reported by Glowacka et al. [70]. HPLC analysis was conducted by
means of the high-performance liquid chromatography system from Shimadzu (Kyoto,
Japan), which consisted of a DGU-20A SR degassing unit, an LC-20AD pump, a SIL-20A
HT autosampler, a CTO-10AS VP column oven, and a SPD-M20A diode array detector. The
obtained samples were separated on the Supelco 5-pm SUPELCOSIL LC-18-S analytical
column (25 cm x 4.6 mm). The chromatographic separation of the obtained samples was
performed in gradient elution mode using a 0.1% aqueous formic acid solution (phase A)
and methanol (phase B) as mobile phases, at a flow rate of 0.8 mL/min. The composition of
the mobile phase was as follows: 0 min, 80% B; 12-15 min, 50% B; 28-45 min, 80% B. Data
were registered at a wavelength of 325 nm. In order to determine the degree of reaction,
the areas under the peaks of the analytes of interest were utilized.

4.8. Column Chromatography and NMR Analysis

Upon completion of the reaction, the mixture was filtered to separate the biocatalyst.
The solvent was then evaporated under reduced pressure, and the resulting residue was
subjected to column chromatography for the purification of chlorogenic acid esters. Silica
gel 60 (particle size: 0.040-0.063 mm; mesh size: 230-400) was used as the stationary phase,
while a chloroform: methanol mixture (1:1, v/v) served as the mobile phase. The presence
of target compounds was monitored by thin-layer chromatography (TLC) using silica
gel plates.

Fractions containing the desired product were pooled, the solvent was removed by
evaporation, and the esters were crystallized from heptane to obtain a purified compound.
Structural confirmation of the purified esters was performed by carbon-13 nuclear mag-
netic resonance spectroscopy (}3C NMR). Spectra were recorded using a Bruker AVANCE
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500 MHz spectrometer (Bruker, Billerica, MA, USA) with DMSO-d6 as the solvent. Chemi-
cal shifts (8) are reported in parts per million (ppm) and referenced to tetramethylsilane
(TMS) as the internal standard.

Butyl chlorogenate

13C NMR (126 MHz, DMSO-d6) & 173.19, 165.43, 148.61, 145.70, 145.17, 125.34, 121.34,
115.85, 114.55, 113.81, 73.12, 71.09, 69.40, 66.91, 64.12, 37.23, 35.09, 30.03, 18.54, 13.56.
Hexyl chlorogenate

13C NMR (126 MHz, DMSO-d6) & 173.16, 165.35, 148.54, 145.66, 145.15, 125.32, 121.27, 115.79,
114.55, 113.75, 73.01, 71.07, 69.27, 66.75, 64.37, 37.22, 34.97, 30.80, 27.88, 24.90, 21.97, 13.78.
Octyl chlorogenate

13C NMR (126 MHz, DMSO-d6) & 173.16, 165.35, 148.53, 145.65, 145.15, 125.31, 121.26,
115.77,114.53, 113.73, 73.01, 71.07, 69.28, 66.77, 64.36, 37.22, 34.99, 31.11, 28.57, 27.92, 25.24,
22.05,13.94.

Decyl chlorogenate

13C NMR (126 MHz, DMSO-d6) § 173.16, 165.36, 148.57, 145.67, 145.16, 125.29, 121.27,
115.77,114.51, 113.71, 73.04, 71.06, 69.29, 66.80, 64.37, 37.22, 35.03, 31.31, 29.12, 29.00, 28.97,
28.92, 28.85, 28.73, 22.10, 13.97.

Dodecyl chlorogenate

13C NMR (126 MHz, DMSO-d6) § 173.15, 165.35, 148.54, 145.65, 145.14, 125.30, 121.25,
115.76, 114.51, 113.73, 73.04, 71.05, 69.31, 66.80, 64.35, 37.21, 35.03, 31.30, 29.02, 28.99, 28.91,
28.89, 28.72, 28.60, 27.92, 25.24, 22.11, 13.97.

4.9. ESI- MS Experiments

High-resolution ESI-MS spectra of butyl chlorogenate were acquired using an ultra-
performance liquid chromatograph ACQUITY UPLC I-Class (Waters, Milford, MA, USA)
coupled with a Synapt G2-S HDMS (Waters, Milford, MA, USA) mass spectrometer
equipped with an electrospray ion source and q-TOF type mass analyser. The instru-
ment was controlled, and the recorded data were processed using the MassLynx V4.1
software package (Waters, Milford, MA, USA). The electrospray ionization—mass spectrom-
etry (ESI-MS) spectra were recorded in the positive and negative ion mode in the m/z range
50-3000.

4.10. Lipophilization Process

Based on the optimization of the synthesis of chlorogenic acid derivatives, parameters
were selected to carry out the lipophilization of extracts. Reactions were maintained in
conical flasks at 55 °C, stirring continuously (150 rpm). Into the reaction mixture, 1-butanol
and dried extracts from food waste were added in a 8:1 (w/w) ratio, along with 15 mL
of tert-butyl methyl ether. The reaction was catalyzed by immobilized onto spent coffee
grounds lipase from A. oryzae and Novozym 435, as a reference, for 7 days. The biocatalysts
were removed from the reaction mixture by filtration. The extracts, after evaporating the
remaining solvent, were analyzed by chromatographic techniques.

4.11. LC-MS Assay of the Obtained Extracts

The comparison of the content of selected phenolic acids and their derivatives in
prepared extracts before and after the lipophilization process was determined by Liquid
Chromatography-Mass Spectrometry.

Each lyophilized extract was accurately weighed (10 mg) and dissolved in 1 mL
of methanol. The suspensions were sonicated in an ultrasonic bath for 30 min at room
temperature. Subsequently, the samples were filtered through 0.22 um syringe filters (PTFE
membrane). Based on these stock solutions, three concentration levels of analytes were
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prepared: 10, 1, and 0.1 mg/mL. To achieve this, the stock solutions were evaporated
to dryness under a stream of nitrogen at room temperature, and the residues were then
dissolved in a 30% methanol solution (v/v) to obtain the desired concentrations. The
contents of the compounds were expressed on a dry weight basis (per gram of dry extract).

To determine the content of phenolic acids in the derivatized extracts, aliquots were
taken from the reaction mixture and processed to dryness under a stream of nitrogen. The
residues were reconstituted in 30% methanol (v/v), and the final volume was adjusted
to ensure comparability between samples. In most cases, this meant restoring the same
concentration as in the original extract; in some instances, the volume was increased to
introduce an additional dilution when required by the limited amount of material available.
The prepared samples were then subjected to LC-MS analysis. The content of compounds
was expressed per liter of derivatized extracts.

4.12. Total Polyphenol Content

The total polyphenolic content in extracts (1 mg/mL in methanol) before the
lipophilization process was determined using the Folin-Ciocalteu method. 0.18 mL of
extract was placed in glass tubes and diluted with 4.92 mL of distilled water. Afterwards,
0.3 mL of Folin—Ciocalteu reagent was added and mixed. After 3 min, the pH of the solution
was adjusted by adding and mixing 0.6 mL of a supersaturated sodium carbonate solution.
The incubation was carried out in the darkness at 25 °C for an hour. The absorbance of
the solutions was measured using a Rayleigh UV-1601 spectrophotometer (BRAIC, Beijing,
China) at a wavelength of 750 nm against a blank sample. The content of polyphenols was
calculated as chlorogenic acid equivalents (mg CGA equivalents/ g extract). The analysis
was conducted in triplicate.

4.13. Evaluation of Antioxidant Properties
4.13.1. The DPPH Assay

The DPPH assay was performed according to the protocol outlined by Zanetti et al. [71],
with some minor adjustments made to assess the antioxidant properties of the obtained
compounds and extracts. Briefly, 0.004% solutions of DPPH, 1 mM of isolated chlorogenic
esters, and 1 mg/mL of the obtained extracts in methanol were prepared. The antioxidant
activities of the tested compounds were measured using a Rayleigh UV-1601 spectropho-
tometer (BRAIC, Beijing, China) at 517 nm. Based on the results of four different dilutions
of tested solutions, the ICsy parameters, i.e., the concentration required for a 50% reduc-
tion of the DPPH- radical, were calculated. Butylated hydroxytoluene (BHT) was used as
a reference.

4.13.2. CUPRAC Method

The CUPRAC (cupric ion reducing antioxidant capacity) assay was utilized as a
supplementary method to evaluate the antioxidant activities of the substances under
investigation. This analysis was conducted following the approach outlined by Ozyiirek
et al. [72]. In this method, the absorbance of the complex formed between neocuproine
(2,9-dimethyl-1,10-phenanthroline) and the Cu(I) ion is assessed spectrophotometrically
at 450 nm, with antioxidant compounds acting as electron donors. The Trolox Equivalent
Antioxidant Capacities (TEAC) were calculated for the chlorogenic esters and extracts being
tested based on the absorbance readings of these compounds compared to Trolox, which
served as a standard reference. Butylated hydroxytoluene (BHT) was used as a reference.

4.14. Evaluation of Antimicrobial Properties

The antimicrobial activity was evaluated using the disc diffusion assay. Esters and
extracts were first dissolved in ethanol to achieve a concentration of 50 mg/mL. Then, 10 puL
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of each compound and extracts were applied onto sterile 6 mm diameter discs. Bacterial
suspensions adjusted to a 0.5 McFarland standard (1.5 x 108 CFU/mL) were evenly spread
onto Mueller-Hinton agar plates. The discs impregnated with the selected esters and
extracts were then placed onto the inoculated agar surface. Plates were incubated at 37 °C
for 16-18 h. After incubation, the diameters of the inhibition zones around the discs were
measured to assess antibacterial efficacy. The following bacteria, purchased from the Polish
Collection of Microorganisms (PCM) of the Institute of Immunology and Experimental
Therapy, Polish Academy of Sciences (Wroctaw, Poland), were used for analysis: Bacillus
cereus PCM 482, Bacillus subtilis PCM 486, Enterobacter cloacae PCM 2848, Enterococcus faecalis
PCM 2909, Escherichia coli PCM 2057, Listeria monocytogenes PCM 2191, Serratia marcescens
PCM 549, and Staphylococcus aureus PCM 2054.

4.15. PDSC Measurements

The maximum oxidation time (Tmax) for rapeseed oils without (control sample) and
with additives was determined using a pressure differential scanning calorimetry (PDSC)
assay. Into 30 g of rapeseed oil in Falcon tubes, the ethanolic extracts were added (3 mg
of compound/extract in 30 uL EtOH), resulting in a 0.01% concentration of the com-
pound/extract in oil. The measurement was conducted immediately after the additives
were applied and after a 2-month storage period had elapsed. An oil sample of 34 mg
was placed in an open aluminum pan, with an empty reference pan next to it, within the
pressure chamber of a DSC Q20 apparatus (TA Instruments, New Castle, DE, USA). The
Tmax Was recorded at a constant temperature of 120 °C and an initial pressure of 1400 kPa,
all within a pure oxygen environment. The Tmax, measured in minutes, was derived by
analyzing the heat flow over time with the help of TA Software (version 4.5A). All tested
compounds were added at a concentration of 0.01% (m/m) in alignment with the maximum
BHT addition to fats and oils designated for the production of heat-treated foods or frying
oils and fats, in accordance with EU Regulation [73].

4.16. Lipophilicity Analysis
To determine the lipophilicity of the obtained chlorogenic acid esters, the oc-
tanol/water partition coefficient (logP) and aqueous solubility (logS) were calculated

in MOE Software (MOE 2015.10, Molecular Operating Environment, Chemical Computing
Group, Montreal, QC, Canada).

4.17. Statistical Analysis

The results were statistically analyzed using the STATISTICA 13.3 software (TIBCO
Software Inc., Palo Alto, CA, USA). The following methods were applied: the Shapiro—
Wilk test to assess the statistical hypothesis regarding the normality of the distribution
of the experimental data, Levene’s and Brown-Forsythe tests to evaluate the hypothesis
of variance homogeneity, analysis of variance (ANOVA), post-hoc Tukey’s test, and the
Box-Behnken design for optimizing the synthesis reaction. A significance level of p < 0.05
was deemed statistically significant.

5. Conclusions

This study successfully demonstrates the dual potential of plant-based food processing
by-products from beverage production as valuable sources of phenolic acids and sustain-
able supports for lipase immobilization. Microbial lipase from A. oryzae was successfully
immobilized on three biodegradable carriers: spent coffee grounds (NSCG), chokeberry
pomace (NChoP), and apple pomace (NAP). Among these, the biocatalyst immobilized on
native spent coffee grounds (NSCG) exhibited the highest enzymatic activity, substantially
surpassing the other preparations. This enhanced performance of NSCG may be attributed
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to its higher hemicellulose content, more porous structure, and elevated lipid fraction
(11%), which favour interfacial activation of lipase and stabilization of the enzyme through
hydrophobic interactions. Chlorogenic acid (CGA), abundant in all extracts, was enzymat-
ically lipophilized to enhance its compatibility with lipid matrices. The lipophilization
yield increased with the length of the alcohol’s carbon chain using the biocatalyst—NSCG,
while the commercial enzyme showed consistent performance regardless of chain length.
This is the first report of using a food waste-immobilized biocatalyst for chlorogenic
acid lipophilization.

Characterization of the synthesized derivatives and modified extracts revealed diverse
effects of structural modification. Butyl chlorogenate exhibited the highest antioxidant
activity among all synthesized esters, comparable to that of free CGA and BHT, while also
offering improved lipophilicity. A clear “cut-off effect” was observed, where longer alkyl
chains led to decreased antioxidant activity, likely due to suboptimal orientation at the
lipid—water interface or steric hindrance. Regarding antimicrobial activity, medium-chain
chlorogenates (C6 and C8) showed the strongest antibacterial effects, particularly against
Gram-positive bacteria. In contrast, free CGA, BHT, butyl chlorogenate (C4), and longer
esters (C10 and C12) did not exhibit such activity. For the extracts, lipophilization of
chokeberry pomace and spent coffee grounds extracts resulted in a significant decrease
in antioxidant activity, suggesting that the process may have disrupted the stability of
active components. Importantly, none of the tested extracts, either native or lipophilized,
demonstrated antibacterial activity. In terms of oxidative stability of rapeseed oil, short-
chain chlorogenates (C4 and C6) exhibited the highest initial stability, likely due to better
solubility in the lipid matrix compared to free CGA. However, the extracts themselves,
even those rich in polyphenols, did not significantly improve the oxidative stability of
the oil. This indicates the need for further research to optimize their solubility in lipid
environments, possibly through the use of alcohols with longer alkyl chains during the
lipophilization process.

In conclusion, food processing by-products represent a promising, environmentally
friendly, and sustainable material for enzyme immobilization in biocatalytic processes,
enabling the production of valuable bioactive compounds. While the yield and functionality
of the resulting derivatives depend on extract composition and alkyl chain length, this study
opens new perspectives for utilizing food waste as a raw material for the development
of innovative food additives with enhanced lipophilicity and potential antioxidant and
antibacterial properties. Further investigations should focus on detailed identification of
the derivatives formed during extract lipophilization and on optimizing reaction conditions
to maximize desired properties for specific applications.

6. Patents

Karina Jasifiska, Agata Fabiszewska and Bartlomiej Zieniuk have a patent application:
“Method for the preparation of chlorogenic acid esters and alcohols, by biocatalysis.” WIPO
ST 10/C PL451973.
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Abbreviations

The following abbreviations are used in this manuscript:

AP Apple pomace

NAP Lipase from A.oryzae (Novozym 51032) immobilized on apple pomace

CGA Chlorogenic acid

ChoP Chokeberry pomace

NChoP Lipase from A.oryzae (Novozym 51032) immobilized on chokeberry pomace
NSCG  Lipase from A.oryzae (Novozym 51032) immobilized on spent coffee grounds
SCG Spent coffee grounds
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