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Lista skrotow i symboli

3H3P - 3-hydroksy-3-fenylopropanonitryl

API - substancja farmaceutycznie aktywna (ang. active pharmaceutical ingredient)

AM - akrylamid

[BMIM]C] - chlorek 1-butylo-3-metyloimidazoliowy

[BMIM]PFs - heksafluorofosforan 1-butylo-3-metyloimidazoliowy

CA - octan choliny

CC - chlorek choliny

CLEAs - usieciowane agregaty enzymow (ang. cross linked enzyme aggregates)

CLSM - konfokalna laserowa mikroskopia skaningowa (ang. confocal laser scanning
microscopy)

DKR - dynamiczny rozdziat kinetyczn (ang. dynamic kinetic resolution)

ee - stopien czysto$ci enancjomerycznej (ang. enantiomeric excess)

FTIR - spektroskopia w podczerwieni z transformacja Fouriera

GC-MS - chromatografia gazowa sprzezona ze spektrometria mas (ang. gas
chromatography with mass spectrometry)

HLES - ang. high-loaded enzyme system

IF - wspotczynnik oddziatywania (ang. Impact Factor, IF)

IL - ciecz jonowa (ang. ionic liquid)

KR - rozdziat kinetyczn (ang. kinetic resolution)

KSM - kluczowe wyjsciowe zwiazki (ang. key starting materials)

LC-MS - chromatografia cieczowa sprzgzona ze spektrometria mas (ang. liquid
chromatography with mass spectrometry)

LLES - ang. low-loaded enzyme system

MOF - metaloorganiczne struktury szkieletowe, ang. metal-organic frameworks

M-CLEAs - magnetyczne usieciowane agregaty enzymow (ang. magnetic cross linked
enzyme aggregates)

NSAID - niesteroidowy lek przeciwzapalny (ang. nonsteroidal antiinflammatory drug)

PVC - poli(chlorek winylu)

PAM - poli(akrylamid)

PIL - poli(ciecz jonowa)

STY - wydajno$¢ przestrzenno-czasowa (ang. space-time yield)

SEM - skaningowy mikroskop elektronowy ang. scanning electron microscope)

SSRI - selektywne inhibitory wychwytu zwrotnego serotoniny (ang. selective

serotonin reuptake inhibitors)
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1. Streszczenie

Wspotczesne biokatalityczne metody syntezy substancji farmaceutycznie
aktywnych (API, ang. active pharmaceutical ingredients) w duzej mierze opierajg si¢ na
wykorzystaniu wolnych enzyméw. Cho¢ sg one wysoce selektywne i pozwalaja
prowadzi¢ reakcje w lagodnych warunkach, ich zastosowanie wigze si¢ z szeregiem
ograniczen praktycznych. Wolne enzymy trudno jest bowiem odzyska¢ i ponownie
wykorzysta¢, co zwigksza koszty procesu, a dodatkowo moga one powodowaé
zanieczyszczenie produktow reakcji. W celu usprawnienia procesOw syntezy API,
jednym z gtownych kierunkéw badan jest opracowanie uktadow biokatalitycznych
opartych o immobilizowane enzymy, co umozliwia wielokrotne uzycie biomolekut,
zapewnia poprawg¢ ich stabilno$ci oraz zwigkszenie wydajnos$ci i czystosci mieszaniny
poreakcyjne;.

Podstawa przedstawionej dysertacji bylo opracowanie oraz charakterystyka
uktadow biokatalitycznych ztozonych z enzyméw immobilizowanych na no$nikach
nieorganicznych i organicznych. W ramach badan przetestowano enzymy pozyskane
z roznych zrodet oraz materiaty no$ne o odmiennej charakterystyce fizykochemicznej
1 morfologicznej w celu uzyskania najbardziej efektywnego systemu. Nosniki poddano
modyfikacjom chemicznym majacym na celu zwigkszenie liczby i r6znorodnosci grup
funkcyjnych na ich powierzchni, co umozliwito skuteczniejsze i trwalsze zwigzanie
enzymow zaréwno poprzez adsorpcje, jak i na drodze wigzan kowalencyjnych. Nastepnie
powstate systemy biokatalityczne szczegdétowo scharakteryzowano pod katem
potwierdzenia efektywnosci immobilizacji, a ich stabilno$¢ 1 aktywno$¢ monitorowano
metodami spektrofotometrycznymi.

Istotnym aspektem projektu bylo rowniez zastosowanie cieczy jonowych,
zarowno jako modyfikatoréw nos$nikow jak i jako srodowiska reakcji syntezy API. Ciecze
jonowe, ze wzgledu na swoje unikalne wilasciwosci fizykochemiczne - m.in. niska
lotnos¢, wysoka stabilno$¢ termiczng i zdolno$¢ do stabilizacji struktury bialek -
pozytywnie wptywaty na aktywno$¢ i trwato§¢ immobilizowanych enzymow. Dodatkowo
w potaczeniu z odpowiednio dobranym no$nikiem stanowity one obiecujace narzedzie do
opracowania wysoce wydajnych i przyjaznych srodowisku systemoéw biokatalitycznych.
Otrzymane biokatalizatory wykorzystano finalnie w syntezie i rozdziale enancjomerow

API nalezacych do rdéznych grup farmaceutykow, takich jak niesteroidowe leki
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przeciwzapalne (NSAIDs ang. nonsteroidal antiinflamatory drugs), leki psychotropowe
czy przeciwnowotworowe. Produkty reakcji analizowano za pomoca technik
chromatografii cieczowej sprz¢zonej ze spektrometria mas (LC-MS, ang. liquid
chromatography with mass spectrometry) oraz chromatografii gazowej sprz¢zonej ze
spektrometrig mas (GC-MS, ang. gas chromatography with mass spectrometry) w celu
potwierdzenia ich struktury chemicznej, okreslenia wydajnos$ci reakcji i stopnia czystosci
enancjomerycznej (ee, ang. emantiomeric excess). W testach tych immobilizowane
enzymy wykazywaty znacznie wyzsza stabilno$§¢ w zmiennych warunkach procesowych
(temperatura, pH, rodzaj rozpuszczalnika) niz ich wolne odpowiedniki, co przektadato si¢
na uzyskanie wysokich wydajnosci i selektywnosci procesow.

W pierwszym z opracowanych uktadow wykorzystano lipaze Aspergillus niger
immobilizowang na no$nikach krzemionkowych metoda adsorpcji fizycznej, oparta na
aktywacji miedzyfazowej. System ten zastosowano w procesie rozdzialu racemicznego
ketoprofenu, uzyskujac ok 90-proc. aktywno$¢ katalityczng w szerokim zakresie pH
1 temperatur oraz 99,85% nadmiaru enancjomerycznego dla (S)-ketoprofenu. W drugiej
publikacji  przetestowano lipaz¢  Pseudomonas  fluorescens  unieruchomiong
kowalencyjnie na funkcjonalizowanych nanoczastkach krzemionki, z dodatkiem
imidazoliowych cieczy jonowych ([BMIM]CI i [BMIM][NTf;]). System ten
wykorzystano do rozdzialu 3H3P (3-hydroksy-3-fenylopropanonitryl), bedacego
kluczowym zwiazkiem przejsciowym w syntezie fluoksetyny, osiagajac 97,4% konwersji
oraz 79,5% ee (S)-enancjomeru. Ciecze jonowe stabilizowaty strukture enzymu, tworzac
mikrosrodowisko hydrofobowe, co zapewnialo wysokg stabilno$¢ w $rodowisku
niewodnym i poszerzato zakres operacyjny immobilizowanej lipazy. W publikacji trzeciej
natomiast przedstawiono opracowanie nowych hydrozelowych biokatalizatorow
z unieruchomiong lipaza, stabilizowanych cieczami jonowymi. Optymalizowano czas
immobilizacji 1 stosunek substratow, aby uzyskaé jak najbardziej stabilny i1 aktywny
biokatalizator. Analiza fizykochemiczna potwierdzita prawidlowa syntez¢ hydrozelu oraz
skuteczne osadzenie enzymu. Hydrozele z dodatkiem 5% mas. cieczy jonowej 1 po
8-godzinnej immobilizacji osiagnety najwyzsza zachowang aktywnos¢ wynoszaca 62%.
Po 10 cyklach reakcji aktywno$¢ wciaz przekraczata 60%, a wptyw pH i temperatury na
immobilizowang lipaz¢ byt znacznie mniejszy niz w przypadku enzymu wolnego.

W procesie dynamicznego kinetycznego rozdziatu w izooktanie uzyskano wysokie ee



oraz wydajnos¢ reakcji rozdziatu (S)-ibuprofenu na poziomie 95%. W czwartej
publikacji, zaprojektowany hydrozel PIL-PAM (poli(akrylamid)-poli(ciecz jonowa))
wykorzystano w rozdziale atenololu, uzyskujac 55-proc. konwersje oraz 100% ee (S)-
atenololu, przy czym pelna enancjoselektywno$¢ dowodzila poprawnego ulozenia
1 stabilizacji struktury enzymu wewnatrz matrycy. Hydrozele zapewniaty kontrolowana
dyfuzje substratu i chronity enzym przed wyptukiwaniem, co przetozylo si¢ na wysoka
powtarzalno$¢ procesu. Ostatnia z publikacji prezentuje najbardziej zaawansowany uktad
- elektroprzedzong membrang MOF-PVC (metaloorganiczne struktury szkieletowe, ang.
metal-organic frameworks) zawierajaca strukture UiO-66-NH, oraz ciecz jonowa na
bazie choliny. System ten zastosowano do syntezy (S)-citalopramu, osiggajac 96-proc.
konwersj¢ oraz 93-proc. ee, a takze utrzymanie ponad 80-proc. aktywnosci po 30 dniach
przechowywania. Porowata struktura MOF, elastyczno$¢ matrycy PVC oraz stabilizujacy
wplyw cieczy jonowej dzialaly synergicznie, minimalizujgc ograniczenia dyfuzyjne
i chronigc enzym przed dezaktywacja.

Analiza pordownawcza wszystkich systemow wykazata, Zze immobilizacja istotnie
zwigksza odporno$¢ lipaz na zmiany pH, temperatury i rodzaj $rodowiska reakcji,
a zastosowanie cieczy jonowych w kazdym przypadku zwigkszato stabilno§¢ enzymow,
bezposrednio przektadajac si¢ na ich zachowang wysoka aktywno$¢ katalityczng.
Najwyzsze wartosci ee odnotowano dla (S)-ketoprofenu (99,85%) oraz (S)-atenololu
(100%), natomiast najwyzsze konwersje uzyskano dla 3H3P (97,4%) oraz (S)-
citalopramu (96%). Wyniki jednoznacznie potwierdzity, ze wlasciwie zaprojektowane
mikrosrodowisko enzymu umozliwiato efektywna i selektywng synteze API. Stabilno$¢
1 mozliwos¢ wielokrotnego wykorzystania uzyskanych biokatalizatorow wskazuje na ich
duzy potencjal wdrozeniowy, a rozwdj technik koimmobilizacji oraz integracji
z reaktorami przeplywowymi otwiera nowe perspektywy dla zastosowan biokatalizy

w zielonej chemii farmaceutyczne;j.
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2. Abstract

Modern biocatalytic methods for synthesizing active pharmaceutical ingredients
(APIs) largely rely on the use of free enzymes. Although these enzymes are highly
selective and allow reactions to be carried out under mild conditions, their use entails
several practical limitations. Free enzymes are difficult to recover and reuse, which
increases process costs, and they may also contaminate reaction products. To improve
API synthesis processes, one of the main research directions involves developing
biocatalytic systems based on immobilized enzymes. Such systems enable repeated
enzyme use, improve enzyme stability, and increase both the efficiency and purity of post-
reaction mixtures.

The foundation of this dissertation was the development and characterization of
biocatalytic systems composed of enzymes immobilized on inorganic and organic
supports. The study involved testing enzymes from different sources as well as carrier
materials with diverse characteristics to obtain the most efficient system. The supports
were chemically modified to increase the number and variety of functional groups on their
surface, which enabled more effective and durable enzyme attachment through both
adsorption and covalent bonding. The resulting biocatalytic systems were then thoroughly
characterized to confirm immobilization efficiency, while their stability and activity were
monitored using spectrophotometric methods. An important aspect of the project was also
the use of ionic liquids, both as modifiers of the supports and as reaction media for API
synthesis. Owing to their unique physicochemical properties - such as low volatility, high
thermal stability, and the ability to stabilize protein structures - ionic liquids had a positive
effect on the activity and durability of immobilized enzymes. Combined with
appropriately selected carriers, they formed a promising tool for developing highly
efficient and environmentally friendly biocatalytic systems. The obtained biocatalysts
were used for the synthesis and enantiomeric separation of APIs belonging to various
pharmaceutical groups, including nonsteroidal anti-inflammatory drugs (NSAIDs),
psychotropic drugs, and anticancer agents. Reaction products were analyzed using liquid
chromatography-mass spectrometry (LC-MS) and gas chromatography-mass
spectrometry (GC-MS) to confirm their chemical structure, determine reaction yields, and

assess enantiomeric excess (ee). Immobilized enzymes exhibited substantially higher
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stability under varying process conditions (temperature, pH, solvent type) compared to
free enzymes, which translated into high process yields and selectivity.

In the first system developed, Aspergillus niger lipase immobilized on silica
supports by physical adsorption based on interfacial activation was used. This system was
applied to the kinetic resolution of racemic ketoprofen, yielding 80-90% catalytic activity
across a wide pH and temperature range and 99.85% enantiomeric excess (ee) for (S)-
ketoprofen. The second publication presented Pseudomonas fluorescens lipase covalently
immobilized on functionalized silica nanoparticles with the addition of imidazolium ionic
liquids ([BMIM]CI and [BMIM][NTf:]). This system was used to resolve 3H3P
(3-hydroxy-3-phenylpropanenitrile), a key intermediate in fluoxetine synthesis, achieving
97.4% conversion and 79.5% ee of the (S)-enantiomer. The ionic liquids stabilized the
enzyme structure by forming a hydrophobic microenvironment, providing high stability
in non-aqueous media and broadening the operational range of the immobilized lipase.
The third publication presented the development of new hydrogel-based biocatalysts with
immobilized lipase stabilized by ionic liquids. Immobilization time and substrate ratios
were optimized to obtain the most stable and active biocatalyst. Physicochemical analysis
confirmed proper hydrogel formation and effective enzyme entrapment. Hydrogels
containing 5 wt% ionic liquid and an 8-hour immobilization time achieved the highest
activity (62%). After 10 reaction cycles, activity remained above 60%, and the influence
of pH and temperature on the immobilized lipase was significantly reduced compared to
the free enzyme. In the dynamic kinetic resolution process carried out in isooctane, high
ee and reaction yield were achieved for (S)-ibuprofen, reaching 95%. In the fourth
publication, an innovatively designed PIL-PAM hydrogel was used for atenolol
resolution, yielding 55% conversion and 100% ee of (S)-atenolol. Complete
enantioselectivity confirmed proper orientation and stabilization of the enzyme within the
matrix. The hydrogels ensured controlled substrate diffusion and protected the enzyme
from leaching, resulting in high process reproducibility. The final publication presented
the most advanced system - an electrospun MOF-PVC membrane containing UiO-66-
NH> and a choline-based ionic liquid. This system was applied to the synthesis of (S)-
citalopram, achieving 96% conversion, 93% ee, and retaining more than 80% activity

after 30 days of storage. The porous MOF structure, PVC matrix flexibility, and the
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stabilizing effect of the ionic liquid acted synergistically, reducing diffusion limitations
and protecting the enzyme from deactivation.

Comparative analysis of all systems demonstrated that immobilization
significantly increases lipase resistance to changes in pH, temperature, and reaction
medium, and that the use of ionic liquids consistently enhanced enzyme stability, directly
contributing to the preservation of high catalytic activity. The highest ee values were
recorded for (S)-ketoprofen (99.85%) and (S)-atenolol (100%), while the highest
conversions were obtained for 3H3P (97.4%) and (S)-citalopram (96%). The results
clearly confirmed that a properly designed enzyme microenvironment - whether
inorganic, polymeric, or hybrid-enables efficient and selective API synthesis. The stability
and reusability of the developed biocatalysts indicate strong implementation potential,
while advances in co-immobilization and integration with flow reactors open new
perspectives for biocatalysis in green pharmaceutical chemistry.

The developed systems represent environmentally friendly solutions that help
reduce production costs and energy consumption while enabling the preparation of pure
enantiomers of pharmaceutically active substances. The results may significantly
influence the development of biotechnology, pharmacy, and the chemical industry,
contributing to the wider adoption of biocatalysis as an efficient and sustainable

alternative to traditional chemical synthesis methods.
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3. Wprowadzenie teoretyczne

3.1. Hydrolazy - podstawowe informacje, mechanizm dzialania, katalizowane

reakcje, przyklady i zastosowanie

3.1.1. Hydrolazy - charakterystyka i podstawowe wtasciwosci

Bedac najwigksza 1 najbardziej zroznicowang klasa enzymow, hydrolazy (EC 3)
oferuja réznorodno$¢ konformacyjng, ktéra stanowi podstawe ich zroéznicowanych
funkcji biologicznych [1]. Hydrolazy sa trzecig grupa wedlug klasyfikacji EC i posiadaja
wspolng ceche katalizowania rozszczepiania réznorodnych wigzan chemicznych przy
udziale czasteczki wody. Mechanizm reakcji polega na tym, Zze grupa hydroksylowa
(-OH) z czasteczki H.O przytacza si¢ do jednej czgdci rozszczepianego wigzania,
natomiast atom wodoru (-H) do drugiej, prowadzac do powstania dwdch produktow
reakcji [2]. Dzigki tej uniwersalnej reakcji, enzymy hydrolityczne maja nie tylko istotne
znaczenie dla prawidlowego funkcjonowania organizméw zywych, odgrywajac wazna
role w wielu procesach komoérkowych, ale maja réwniez niezliczone zastosowania
komercyjne [3]. Znaczenie praktyczne hydrolaz przewyzsza znaczenie innych klas
enzymow, co powoduje, ze enzymy z grupy EC 3 stanowig najwigkszy odsetek enzymow
wykorzystywanych w przemys$le [4], bowiem prawie 75% wszystkich enzyméw
przemystowych to enzymy hydrolityczne. Maja one szerokie zastosowanie w przemys§le
zarowno kosmetycznym, sg wykorzystywane w $rodkach pioragcych w celu usuwania
zabrudzen, a takze w przemysle papierniczym w bieleniu papieru czy produkcji biopaliw,
co powoduje, ze wiele sektorow przemyshu, takich jak przemyst detergentow, skorzany,
tekstylny, celulozowo-papierniczy, spozywczy i paszowy, mleczarski, biopaliwowy
1 gospodarki odpadami, jest zaleznych od hydrolaz [2,5]. Co wigcej, karbohydrazy, a takze
proteazy i lipazy, dominujag na rynku enzymoOw, stanowigc ponad 70% catkowitej
komercyjnej sprzedazy enzymow. Proteazy w przemysle detergentéw i mleczarskim
pozostaja dominujagcym typem enzymoéw ze wzgledu na ich szerokie zastosowanie.
Z kolei karbohydrazy, gtownie amylazy i celulazy, wykorzystywane sa w przemysle
skrobiowym, tekstylnym, produkcji detergentéw i piekarniczym [6].

Pod wzgledem strukturalnym hydrolazy, podobnie jak inne enzymy, zbudowane
sa glownie z biatek globularnych. Charakteryzuje je obecnos¢ centrum aktywnego, czyli

wyspecjalizowanego fragmentu czasteczki enzymu, w ktérym zachodzi wlasciwa reakcja
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katalityczna. [7]. Czgsto w centrum aktywnym obecne sg specyficzne triady katalityczne
(np. w proteazach serynowych: seryna, histydyna i kwas asparaginowy), ktore
odpowiadaja za obnizenie energii aktywacji i ulatwienie ataku nukleofilowego np.
czasteczki wody na wigzanie w substracie. Budowa centrum aktywnego decyduje
o wysokiej specyficzno$ci substratowej hydrolaz - kazda z nich rozpoznaje tylko
okreslony rodzaj wigzania chemicznego (np. wigzania estrowe, peptydowe, glikozydowe,
tioestrowe) [8]. Hydrolazy moga mie¢ dodatkowo domeny regulatorowe i strukturalne,
ktére stabilizujg ich konformacje, umozliwiajac dzialanie w okreslonych warunkach
srodowiskowych (pH, temperatura) oraz wplywajac na aktywno$¢ katalityczna.
Podstawowym etapem aktu katalitycznego hydrolaz jest przylaczenie substratu do
centrum aktywnego poprzez oddzialywania niekowalencyjne (wigzania wodorowe, sily
van der Waalsa, oddzialywania elektrostatyczne). Nastgpnie enzym stabilizuje stan
przejSciowy substratu, co obniza energi¢ aktywacji reakcji. Wprowadzona czasteczka
wody atakuje wigzanie chemiczne, prowadzac do jego rozszczepienia i powstania
produktow reakcji. Enzym po zakonczeniu cyklu katalitycznego pozostaje niezmieniony
i moze przeprowadza¢ kolejne reakcje. Nalezy dodaé, ze hydrolazy sa niezwykle
efektywne bowiem jedna czasteczka enzymu potrafi przeprowadzi¢ nawet kilkadziesiat
tysigcy reakcji w ciagu sekundy [9].

Hydrolazy, jak wcze$niej wspomniano, stanowig nieodtgczny i kluczowy element
przemystu, natomiast co rownie istotne, sg wszechobecne w organizmach zywych
i odpowiadaja za szereg procesOw metabolicznych, takich jak:

o trawienie (proteazy rozktadaja biatka, lipazy thuszcze, amylazy

1 inne karbohydrazy polisacharydy),

o procesy naprawcze i degradacyjne (np. nukleazy rozktadajace
kwasy nukleinowe, fosfatazy usuwajace grupy fosforanowe),

o kontrola cyklu komorkowego i apoptozy (hydrolazy lizosomalne
uczestniczg w degradacji makroczasteczek wewnatrzkomorkowych).

Dzigki tak szerokiemu spektrum dziatania hydrolazy peilnig kluczowa rolg
zarOwno Ww utrzymaniu homeostazy organizmu, jak 1 w regulacji proceséw
fizjologicznych [10]. Ich znaczenie biologiczne obejmuje réwniez fundamentalne
procesy zyciowe organizmOw, a zastosowania przemyslowe czynig je kluczowym

elementem wspotczesnej Dbiotechnologii [11]. Dzigki wysokiej specyficznosci
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substratowej enzymy te stanowig nie tylko przedmiot intensywnych badan naukowych,
ale rowniez podstawe innowacyjnych technologii w przemysle spozywczym,
chemicznym, farmaceutycznym, energetycznym i ochronie $rodowiska, rozszerzajac

mozliwo$ci 1 zmieniajac punkt widzenia na przyszte innowacje biokatalityczne [12].

3.1.2. Lipazy - charakterystyka

Lipazy (EC 3.1.1.) to rozpuszczalne w wodzie enzymy, ktoére hydrolizuja
nierozpuszczalne w wodzie czasteczki lipidow, takie jak triglicerydy, fosfolipidy
i galaktolipidy [13]. Lipazy wystepuja powszechnie w organizmach zwierzat i ludzi,
a takze ro$lin, grzybow oraz w mikroorganizmach i stanowig jeden z najlepszych
przyktadow enzyméw o wyjatkowej selektywno$ci substratowej [14-16]. Chociaz
definicja lipaz odrdzniajaca te enzymy od innych esteraz jest nadal niejednoznaczna
1 kontrowersyjna, lipazy sa zazwyczaj definiowane jako karboksyloesterazy, ktére moga
katalizowaé rozszczepienie lub tworzenie nierozpuszczalnych w wodzie zwiazkow
acylowych (R-C=0), takich jak mono-, di- i triacyloglicerole zawierajace estry kwasow
thuszczowych o stosunkowo dtugim tancuchu (powyzej C6) [17].

Jedna z kluczowych cech charakterystycznych dla lipaz jest zjawisko aktywacji
mi¢dzyfazowej (ang. interfacial activation) [18]. Struktura wigkszosci lipaz zawiera tzw.
wieczko (ang. /id), czyli fragment biatka zbudowany z jednej lub kilku helis a, ktory
w stanie zamknigtym zaslania centrum aktywne enzymu, co zostalo przedstawione na
Rysunku 1. Dopiero po kontakcie z hydrofobowa powierzchnig substratu lipidowego
nastepuje zmiana konformacyjna enzymu i otwarcie wieczka [19]. W efekcie odstaniane
jest hydrofobowe centrum aktywne, zdolne do wigzania niepolarnych czasteczek
lipidowych [20]. Zjawisko aktywacji migdzyfazowej jest unikatowe dla lipaz i odrdéznia
je od innych hydrolaz, takich jak proteazy czy glikozydazy, ktére katalizuja reakcje

substratow rozpuszczalnych w wodzie [21].
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Rysunek 1. Mechanizm otwarcia i zamknigcia wieczka w lipazie: nalozenie
konformacji zamknigtej (zielona, kod PDB: 1DT3) i otwartej (niebieska, kod PDB:
1EIN) lipazy z Thermomyces lanuginosus. Zamknigte i otwarte wieczko oraz triady
katalityczne zostaty wyrdznione odpowiednio kolorami rézowym, pomaranczowym

1 niebieskim, na podstawie [22].

Jednak co najwazniejsze, kluczowa cechg lipaz, jest wspomniana juz wczesniej
selektywno$¢ substratowa, ktorg dzieli si¢ na: typoselektywno$¢ (tj. preferencje dla
okreslonych rodzajow kwasow tluszczowych), regioselektywnos$¢ (tj. numeracja
stereospecyficzna, z ang. stereospecific numbering (sn), np. sn-1 1 sn-2) oraz
stereoselektywnos$¢ (tj. rozrdznianie pozycji enancjomerycznych; enancjoselektywnos¢)
[23]. W przeciwienstwie do innych typowych wlasciwosci lipaz, kazda lipaza
o zmienionej strukturze biatkowej wykazuje, w mniejszym lub wickszym stopniu,
odmienng od swojego pierwowzoru selektywnos¢. Gtowna reakcja katalizowang przez
lipazy jest hydroliza wigzan estrowych w triacyloglicerolach, w ktorej czasteczka wody
atakuje wigzanie pomiedzy reszta kwasu tluszczowego a glicerolem, prowadzac do
powstania mono- i diacylogliceroli oraz wolnych kwasow thuszczowych [24]. Wykazuja
rowniez zdolnos$¢ do katalizowania reakcji odwrotnych, takich jak synteza estrow oraz
procesy transestryfikacji. Zjawisko to jest szczeg6lnie intensywne w srodowisku o niskiej
aktywnos$ci wody, ktore sprzyja przesunigciu rownowagi reakcji w kierunku tworzenia

wigzan estrowych. W takich warunkach lipazy zachowuja wysoka aktywno$¢
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1 selektywno$¢ katalityczng, co wyrdznia je na tle wielu innych enzyméw wymagajacych
obecnosci wody do zachowania strukturalnej integralnosci. Wtasnie ta dwufunkcyjnosé
lipaz - mozliwo$¢ katalizowania zaro6wno reakcji hydrolizy, jak i syntezy - czyni je
wyjatkowo  atrakcyjnymi  biokatalizatorami w  roznorodnych  zastosowaniach
przemystowych. W procesie produkcji biodiesla lipazy umozliwiaja enzymatyczng
transestryfikacje olejow roslinnych lub tluszczéw zwierzgcych z alkoholami, co pozwala
na prowadzenie procesu w tagodnych warunkach, ograniczenie powstawania produktéw
ubocznych oraz latwiejsza separacj¢ faz reakcyjnych. Z kolei w przemysle
farmaceutycznym lipazy wykorzystywane sg do stereoselektywnej syntezy ztozonych
estrow 1 innych zwiazkéw o wysokiej wartosci dodanej, gdzie precyzyjna kontrola
konfiguracji przestrzennej produktu koncowego ma kluczowe znaczenie. Zastosowanie
lipaz w takich procesach wpisuje si¢ w zatozenia zielonej chemii (ang. green chemistry),
oferujac mozliwo$¢ redukcji zuzycia rozpuszczalnikow organicznych, obnizenia
energochtonnosci oraz zwigkszenia efektywnos$ci reakcji poprzez wykorzystanie
biodegradowalnych i nietoksycznych biokatalizatorow [25].

Chociaz lipazy wykazuja do$¢ zréznicowane zachowanie niezaleznie od dlugosci
1 nasycenia tancucha weglowego w czasteczce substratu to kazda z nich moze
preferencyjnie hydrolizowaé okreslone typy estrow kwasow tluszczowych [26,27].
Ta zdolno$¢ lipaz nazywana jest typoselektywnoscia (przedrostek ,,typo-"" odnosi si¢ do
ksztattu, figury lub formy) lub specyficznoscig kwasow thuszczowych i jest to najbardziej
podstawowa wilasciwos¢ lipaz. Istnieje wiele doniesien na temat typoselektywnosci lipaz
w réznych warunkach reakcji (Rys. 2) [28]. Lipaza B z Candida antarctica 1 lipaza
z Thermomyces lanuginosus faworyzuja estry kwasow tluszczowych o $redniej dlugosci
tancucha [29]. Wiadmo jest rowniez, ze lipaza z trzustki $wini, lipaza z Candida rugosa
1 lipaza z Bacillus licheniformis preferuja triacyloglicerole o krotkich tancuchach nad
tymi o dtuzszych tancuchach. Z kolei lipaza z Rhizomucor miehei wykazuje maksymalna
aktywno$¢ wobec tancucha zawierajacego 8 atomoéw wegla i niska aktywno$¢ wobec
nienasyconych triacylogliceroli, natomiast lipaza z Geotrichum candidum jest wysoce

selektywna wobec dtugotancuchowych i nienasyconych triacylogliceroli [30].
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Typoselektywnos¢

Rysunek 2. Typoselektywno$¢ lipaz wzgledem: a) sredniej dlugosci tancuchéw,
b) krétkich tancuchéw, c) dhugich, rozbudowanych tancuchéow estrow kwasow

thuszczowych.

Co wigcej, wigkszo$¢ lipaz jest znana z preferencyjnego lub wylacznego
hydrolizowania grup estrowych w pozycjach zewnetrznych (sn-1 i sn-3) w stosunku do
pozycji wewnetrznych (sn-2) [31]. Ta zdolnos$¢ lipaz do rozrdézniania pozycji sn-1 i sn-2
triacylogliceroli nazywana jest regioselektywnoscia (przedrostek ,,regio-"" odnosi si¢ do
regionu W czasteczce substratu) lub specyficzno$cia pozycyjnag. W poréwnaniu
z typoselektywnoscia, ktdra jest stosunkowo niejednoznaczng cecha, regioselektywnosé
lipaz jest $ci$le wykazywana podczas katalizy [32]. Dlatego lipazy rozrdzniajg nie tylko
to, jakie kwasy thuszczowe sa przylaczone, ale réwniez, gdzie sg przytaczone do

triacylogliceroli (Rys. 3).
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Rysunek 3. Regioselektywno$¢ lipaz wzgledem rzgdowos$ci atomu wegla.

W  projekcji  Fischera czasteczki triacyloglicerolu zauwazalne jest, ze
drugorzedowy atom wegla acylowego (sn-2) zwigzku moze stanowi¢ centrum asymetrii
(zwane roéwniez centrum chiralnym), wskazujac, ze triacyloglicerole z r6znymi
fragmentami kwasow tluszczowych w pierwszorzgdowych pozycjach acylowych (sn-1
1 sn-3) sa zwigzkami chiralnymi [33]. Podczas gdy inne hydrolazy, takie jak proteazy,
fosfolipazy, glikozydazy i nukleazy, reaguja wylacznie z jednym z enancjomerow, lipazy
moga oddziatywaé ze wszystkimi enancjomerami chiralnych acylogliceroli, a takze
prochiralnymi triacyloglicerolami. Hydroliza triacylogliceroli katalizowana lipaza ma
tendencje do kinetycznego podazania okreslong $ciezka enancjomeryczng. Odkrycia, ze
wigkszos$¢ lipaz jest stereoselektywna w kierunku jednego enancjoimeru w stosunku do
drugiego, sugeruja, ze lipazy potrafia rozréznia¢ pozycje enancjomeryczne
w acyloglicerolach [34]. Ta zdolno$¢ lipaz nazywana jest stercoselektywnoscia

b

(przedrostek ,,stereo-” odnosi si¢ do trojwymiarowos$ci), co stanowi najwazniejsza

selektywno$¢ substratowa lipaz (Rys. 4). To wlasnie ta cecha warunkuje ich kluczowa
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role w przemysle farmaceutycznym, umozliwiajagc otrzymywanie enancjomerycznie

czystych produktow [35].

Stereoselektywnos¢

&
o

:%/
=+

\ '3
H,C. A
o
H o

o
s ~
==z
y &
o

%‘

\
o
%/:
3

Rysunek 4. Stereoselektywnos¢ lipaz wzgledem enancjomerdéw (R)- i (S)- zwigzkow

chiralnych.

Lipazy to jedne z najlepiej poznanych i najszerzej stosowanych hydrolaz. Dzigki
unikalnemu mechanizmowi aktywacji mig¢dzyfazowej oraz wysokiej selektywno$¢
stanowig niezwykle cenne narzedzia w biotechnologii. Szczegélnie istotna jest ich
zdolno$¢ do katalizowania reakcji stereoselektywnych, co czyni je enzymami pierwszego

wyboru w przemysle farmaceutycznym, chemicznym i spozywczym.

3.1.3. Zastosowanie lipaz w nauce i przemysle

Lipazy naleza do najbardziej zréznicowanej i jednej z najliczniejszych grup
enzymow, gltéwnie ze wzgledu na ich unikalng selektywno$cig substratows.
Ta wlasciwo$¢ jest szeroko wykorzystana w wielu nowatorskich reakcjach

i zastosowaniach praktycznych, obejmujacych produkcje m.in. $rodkow czystosci,
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kosmetykow, zywnosci, biopaliw oraz farmaceutykéw (Rysunek 5) [36]. Na rynku
dostepnych jest juz kilka skomercjalizowanych lipaz, takich jak Lipozyme®
(Novozymes), ktore staty si¢ kluczowymi narzgdziami zar6wno w badaniach naukowych,
jak 1w procesach przemystowych. Mimo to wcigz istnieje potrzeba opracowania nowych,
bardziej zaawansowanych lipaz o precyzyjnie ukierunkowanej selektywnos$ci
substratowej, co umozliwi prowadzenie jeszcze bardziej specyficznych reakcji
biokatalitycznych.

Jak juz wspomniano, lipazy stanowia niezwykle wazng grupe biokatalizatorow,
odgrywajacych kluczowa rolg zwlaszcza w przemysle farmaceutycznym. Ich wyjatkowa
specyficzno$¢ sprawia, ze s3 idealnymi narzedziami do syntezy substancji
farmaceutycznie aktywnych [37]. Procesy enzymatyczne z udziatem lipaz cechujg si¢
wysoka selektywno$cia, ograniczonym powstawaniem produktow ubocznych, mniejsza
iloscig odpadow chemicznych oraz wigksza wydajnoscia, w poréwnaniu z klasycznymi
procesami katalitycznymi. Dzigki temu wykorzystanie tych enzymow pozwala na
prowadzenie proceséw produkcyjnych w sposob bardziej ekologiczny i ekonomiczny
1 co rébwnie istotne, w petni zgodny z ideg zielonej chemii, ktéra zaklada minimalizacje
negatywnego wplywu przemystu na srodowisko [38].

Lipazy, dzigki swoim unikalnym wlasciwo$ciom katalitycznym, znalazty szerokie
zastosowanie w roznych sektorach przemystu [39]. W przemysle spozywczym
wykorzystywane sg m.in. do hydrolizy thuszczow mlecznych, poprawy smaku produktow
oraz lipolizy thuszczow maslanych [40]. Z kolei w produkcji serow enzymy te
wykorzystywane sg do przyspieszania dojrzewania i ksztattowania profilu smakowego.
Dodanie lipaz (czgsto w parze z proteazami) powoduje hydrolize¢ ttuszczu mlecznego
i uwalnianie wolnych kwasow ttuszczowych, ktore stanowig prekursory dla reakcji
prowadzacych do powstawania zwigzkow aromatycznych, a wige ketondow i laktonow
odpowiedzialnych za charakterystyczny smak i zapach seréw dojrzewajacych [41-43].
Lipazy wykorzystuje si¢ réwniez do modyfikacji ttuszczoOw w produktach mlecznych, np.
w celu poprawy ich tekstury i wlasciwos$ci sensorycznych, przy czym procesy te musza
by¢ starannie kontrolowane, by uniknag¢ nadmiernego powstawania zwigzkow
o niepozadanym, zjelczatym aromacie [44]. Dodatkowo lipazy moga przyczynia¢ si¢ do
wydhuzenia trwatosci produktéw, poprawy smaku i konsystencji sokoéw, soséw, zup,

serow czy wypiekow. Lipazy stosuje si¢ takze do modyfikacji thuszczoéw i olejow poprzez
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zmiang potozenia fancuchow kwasow tluszczowych w czasteczee glicerolu, co umozliwia
wytwarzanie thuszczow o wyzszej wartos$ci rynkowej z surowcoéw tanszych i mniej
pozadanych, a czesto odpadowych [45,46]. Dzigki zdolnosci do dziatania w okreslonych
pozycjach czasteczki glicerolu (np. w pozycjach 1 i 3) lipazy moga selektywnie
wymienia¢ kwasy tluszczowe w thuszczach, co pozwala na tworzenie tzw. tluszczéw
strukturalnych. W technologii zywno$ci wykorzystywane sa do produkcji thuszczow
specjalistycznych o kontrolowanej temperaturze topnienia, takich jak margaryny, ttuszcze
cukiernicze czy komponenty do czekolad i1 polew, gdzie istotne jest uzyskanie
odpowiedniej tekstury, plastycznosci oraz stabilno$ci temperaturowej. Ponadto tlhuszcze
strukturalne maja znaczenie w przemysle farmaceutycznym i kosmetycznym, gdzie
stosuje si¢ je jako nos$niki substancji aktywnych, emolienty o okreslonej stabilnosci
oksydacyjnej lub sktadniki formulacji o kontrolowanej biodostepnosci [47].

Znaczacg role lipazy odgrywaja rowniez w przemysle detergentéw i $rodkéw
czystosci, ktory jest jednym z najwigkszych odbiorcéw enzyméw na Swiecie [48].
Sktadniki chemiczne detergentéw powoduja zanieczyszczenie S$rodowiska 1 s3
niebezpieczne dla fauny i flory, dlatego lipazy sa stosowane jako substytut szkodliwych
substancji [49]. Obecnie niemal polowa dostgpnych detergentéw, zwlaszcza tych
przeznaczonych do prania, zawiera enzymy takie jak lipazy, celulazy, proteazy czy
amylazy, przy czym zdecydowanie dominujacy udzial przypada lipazom [50,51].
Zastosowanie enzymoOw pozwala zwigkszy¢ skuteczno$¢ usuwania plam, a jednoczesnie
ograniczy¢ uzycie substancji chemicznych szkodliwych dla srodowiska, bowiem lipazy
dzialajace w temperaturze otoczenia skutecznie rozktadajg thuszcze obecne na tkaninach

nie powodujac przy tym ich uszkodzenia [52].
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Rysunek 5. Przyktady zastosowania lipaz w r6znych gateziach przemystu.

Innym obszarem zastosowan lipaz jest bioremediacja, czyli proces oczyszczania
srodowiska z zanieczyszczen z wykorzystaniem substancji biologicznych. Enzymy te
moga by¢ uzywane do usuwania odpadéw ropopochodnych z wod i gleb, przywracajac
rownowage ekosystemow [53]. Niektore szczepy drobnoustrojow, takie jak Aspergillus
niger czy Aspergillus terreus, produkuja lipazy zdolne do degradacji folii z poli(chlorku
winylu) i/lub zanieczyszczen ropopochodnych. Wykazano, ze lipaza pochodzaca
z Aspergillus niger potrafi rozkltada¢ weglowodory poliaromatyczne zawarte w ropie
naftowej, nawet w 100% [54,55]. Lipazy znajduja réwniez zastosowanie w produkcji
biodiesla, gdzie katalizuja reakcje transestryfikacji kwasow ttuszczowych z alkoholami,
prowadzac do powstawania estrow, ktore sa gldéwnym skladnikiem biopaliwa [56].
Enzymatyczna produkcja biodiesla jest procesem przyjaznym dla $rodowiska,
ekonomicznym i umozliwia wykorzystanie odpadow, takich jak zuzyte oleje roslinne. Do
najczesciej stosowanych lipaz w tym procesie naleza enzymy pochodzace z Aspergillus

niger, Candida rugosa, Candida antarctica, Rhizopus oryzae, Rhizomucor miehei oraz
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Thermomyces lanuginosus, charakteryzujace si¢ wysoka stabilno$cig termiczng
1 odpornoscig na dziatanie alkoholi krdtkotancuchowych [57]. Z kolei w przemysle
kosmetycznym, dzigki zdolnosci do katalizowania reakcji estryfikacji w tagodnych
warunkach, lipazy umozliwiaja syntez¢ estrow wykorzystywanych jako sktadniki
kreméw, olejkow, balsamow i perfum [58]. Typowym przykladem jest wytwarzanie
estrow izopropylowych kwasow tluszczowych, takich jak palmitynian izopropylu czy
mirystynian izopropylu, ktore pelnig funkcj¢ emolientéw, a wigc zmigkczajg skore
1 poprawiaja rozprowadzanie kosmetyku. Ciekawym przykladem moze by¢, poczatkowo
uwazany za ,drogi” proces enzymatyczny, synteza estrOw zmigkczajacych (np.
mirystynianu mirystylu lub estréw oleju kokosowego) [59]. Opracowana przez firme
Goldschmidt (obecnie Evonik) synteza enzymatyczna zastapila ,,prosta i tanig” reakcje
chemiczng. Pomimo zastosowania relatywnie drogiego enzymu (immobilizowanej lipazy
B z Candida antarctica) biokatalizator ten jest wielokrotnie poddawany recyklingowi
w celu obnizenia catkowitych kosztow procesu. Co wigcej, uwzgledniajac caly proces,
a nie tylko etap syntezy estru, konwersja enzymatyczna okazala si¢ oplacalna ze wzgledu
na kilka kluczowych aspektow. Proces chemiczny wymagat temperatur powyzej 180°C,
co zwigkszato koszty energii i prowadzito do powstawania zabarwionych, nieprzyjemnie
pachnacych produktow ubocznych, wymagajacych dodatkowych etapéw oczyszczania,
takich jak deodoryzacja i wybielanie. Metoda enzymatyczna jest znacznie korzystniejsza,
poniewaz przebiega w nizszej temperaturze (60-80°C), bez agresywnych reagentow
1z minimalng ilo$cig produktow ubocznych [60]. W produkcji perfum lipazy sg natomiast
wykorzystywane do transestryfikacji alkoholi i kwasow thuszczowych, co pozwala
uzyska¢ delikatne, naturalnie pachnace estry np. o nutach owocowych [61].

Mozna zatem podsumowaé, ze lipazy stanowig niezwykle wszechstronne
narzedzia w przemys$le, nauce i ochronie $rodowiska [62]. Dzigki swojej wysokiej
specyficznosci, zdolnosci do dzialania w tagodnych warunkach oraz mozliwosci
kontrolowania reakcji chemicznych, enzymy te umozliwiaja prowadzenie procesOw
bardziej efektywnie, w sposob bezpieczniejszy 1 przyjazny dla $rodowiska.
Ich zastosowanie w przemysle jasno pokazuje, ze te hydrolazy nie tylko przyczyniaja si¢
do rozwoju technologii, ale rowniez wspieraja ide¢ zrownowazonego rozwoju i zielonej

chemii. W perspektywie przysztosci, dalsze badania nad nowymi, bardziej selektywnymi
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i stabilnymi biokatalizatorami otwieraja szerokie mozliwosci dla innowacyjnych

1 ekologicznych rozwigzan w wielu dziedzinach przemystu [63,64].

3.2. Immobilizacja enzymoéw - podstawowe informacje i charakterystyka

procesu

3.2.1. Rodzaje immobilizacji

Pomimo wcze$niej wspomnianych licznych zalet hydrolaz, gléwnym czynnikiem
ograniczajacym ich szersze zastosowanie w przemyS$le jest obnizona wydajnosé
katalityczna, wynikajaca glownie z wrazliwosci na warunki reakcji. W zwigzku z tym
jednym z priorytetdw jest opracowanie rozwigzan poprawiajacych wydajnos¢ enzymow
oraz wydhizajacych mozliwo$¢ ich stosowania w trudnych warunkach przemystowych
[65]. Wsrdd potencjalnych strategii szczegodlng uwage poswigca si¢ immobilizacji
enzym6éw. Umozliwia ona nie tylko poprawe ich stabilnosci, ale takze wielokrotne
wykorzystanie, przyczyniajac si¢ do obnizenia kosztow produkcji catego procesu
technologicznego [66]. Zastosowanie odpowiedniego nosnika dodatkowo moze mie¢
dziatanie stabilizujace strukture biatka, przyczyniajac si¢ do zachowania a czasem nawet
zwigkszenia aktywnosci katalitycznej poprzez utworzenie stabilnego kompleksu enzym-
substrat [67,68]. Proces immobilizacji polega na unieruchamianiu biokatalizatora poprzez
jego zwigzanie z odpowiednim no$nikiem lub umieszczenie w strukturze ograniczajacej
mobilno$¢ biomolekul. Wyré6znia si¢ trzy podstawowe typy immobilizacji: immobilizacje
bez udziatu no$nika, immobilizacj¢ wewnatrz no$nika oraz immobilizacj¢ na powierzchni
no$nika, ktore zostaly opisane obszerniej w dalszej czesci pracy. Podziat moze by¢
rowniez wedlug metod immobilizacji odwracalnej 1 nieodwracalnej, ktore zostaty
przedstawione na grafice ponizej (Rysunek 6) [69,70].

Immobilizacja bez udzialu no$nika, nazywana rdéwniez sieciowaniem lub
flokulacja, polega na tworzeniu agregatow z enzymow lub mikroorganizméw przy uzyciu
zwigzkow wielofunkcyjnych [71]. W procesie tym zachodzg interakcje chemiczne lub
fizyczne pomigdzy grupami funkcyjnymi enzyméw i reagentami sieciujgcymi, co
prowadzi do powstania trwalych polaczen, a duza zaleta tej metody jest uzyskanie

wysokiego stezenia biomasy [72].
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Rysunek 6. Rodzaje immobilizacji odwracalnej 1 nieodwracalne;.

Istotnym atutem jest réwniez brak wymywania enzymu z uktadu. Wadg natomiast
moze by¢ czgsciowa utrata aktywnos$ci katalitycznej wynikajaca z uzycia toksycznych
substancji podczas sieciowania oraz z mozliwych zmian w strukturze przestrzennej
enzymu [73]. Drugim typem jest immobilizacja wewnatrz nosnika, ktéra obejmuje trzy
podstawowe metody: enkapsulacja, putapkowanie oraz unieruchomienie miedzy
membranami. We wszystkich tych technikach stosuje si¢ polprzepuszczalne materiaty,
ktore umozliwiaja swobodng dyfuzje reagentdw, przy jednoczesnej ochronie enzymu
wewnatrz nosnika [74]. Enkapsulacja polega na tworzeniu kapsutek zbudowanych
z rdzenia (fazy statej, cieklej lub gazowej) oraz poélprzepuszczalnej otoczki wykonanej
z polimeru lub zelu. W wyniku tego powstaja mikroskopijne kulki o S$rednicy
kilkudziesigciu mikrometrow. Metoda ta pozwala na tatwe oddzielenie enzymu od

srodowiska reakcji, a zarazem chroni go przed zanieczyszczeniami i utratg aktywnosci,
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co znaczaco wydluza jego trwato§¢ [75,76]. Podczas pulapkowania enzym zostaje
uwieziony w matrycy zelowej (naturalnej lub syntetycznej), w ktérej nastepnie zachodzi
proces sieciowania. Enzym wigze si¢ z matryca poprzez stabe oddziatywania fizyczne, co
moze prowadzi¢ do jego czgsciowego wymywania i utraty aktywnosci. Wada tej metody
sg takze duze opory dyfuzyjne ograniczajace szybkos¢ reakcji [77]. Unieruchomienie
migdzy membranami polega natomiast na zamknigciu enzymu pomig¢dzy dwiema
poiprzepuszczalnymi membranami, co umozliwia przeptyw substratow i produktow, przy
jednoczesnym zatrzymaniu biokatalizatora wewnatrz uktadu [78].

Trzecim sposobem jest immobilizacja na powierzchni nosnika, ktéra polega na
wytworzeniu odpowiedniego powinowactwa migedzy enzymem a materiatem no$nym.
Wyrdznia si¢ dwa gtdéwne mechanizmy: wigzanie kowalencyjne oraz adsorpcj¢. Wigzanie
kowalencyjne polega na tworzeniu trwatlych polaczen chemicznych miedzy grupami
funkcyjnymi enzymu a no$nikiem [79]. Uzyskany w ten sposob uktad charakteryzuje si¢
wysokg stabilno$cig 1 odpornoscig na wymywanie biokatalizatora. Wada tej metody jest
konieczno$¢ stosowania czegsto toksycznych reagentow oraz ryzyko obnizenia
aktywnos$ci enzymu w wyniku zmian jego konformacji po wytworzeniu wigzan
chemicznych. [80]. Z kolei adsorpcja jest metoda prosta, tanig i szeroko stosowang.
Enzym wigze si¢ z powierzchnia no$nika za pomoca nietrwatych oddzialywan
fizycznych, takich jak sity van der Waalsa, oddziatywania elektrostatyczne, hydrofobowe
czy wodorowe. Wada tej techniki jest wrazliwo$¢ wigzan na zmiany pH i temperatury, co
moze prowadzi¢ do desorpcji enzymu i obnizenia efektywnosci katalityczne;.
W przypadku wigzania jonowego enzym laczy si¢ z powierzchniag nos$nika
o zdefiniowanym tadunku poprzez oddziatywania elektrostatyczne migdzy przeciwnie
natadowanymi grupami. Ostatnig odwracalng metodg jest ,,affinity bonding” polegajacy
na wigzaniu enzymu z nosnikiem poprzez specyficzne interakcje ligand-enzym, np.

biotyna-awidyna, antygen-przeciwcialo, substrat-enzym [81,82].

3.2.2. Nosniki w immobilizacji enzymow
Immobilizacja umozliwia nie tylko poprawe stabilnosci, ale takze wielokrotne
wykorzystanie enzymdw, przyczyniajac si¢ do obnizenia kosztow przemian
biokatalitycznych. Istotnym aspektem wyptywajacym na skuteczno$¢ wytworzenia

nowego systemu biokatalitycznego oraz osiagniecie jego maksymalnej aktywnosci
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katalitycznej jest dobor nie tylko odpowiedniego typu immobilizacji, ale rowniez dobor
wiasciwego nosnika (w przypadku immobilizacji uwzgledniajacej jego dodatek) [83].

Nie opracowano dotad uniwersalnego no$nika, ktory bylby odpowiedni dla
wszystkich rodzajéw enzymoéw. Kazdy biokatalizator ma inne wymagania dotyczace
srodowiska pracy, dlatego powierzchnie nos$nikdw czesto poddaje si¢ réznorodnym
modyfikacjom chemicznym i/lub fizycznym, majacym na celu poprawg ich wtasciwosci
sorpcyjnych, zwigkszenie liczby aktywnych miejsc wigzania enzymu oraz stuzacych
podniesieniu stabilnosci catego uktadu [83]. Skuteczno$¢ immobilizacji w duzej mierze
zalezy od kompatybilnosci grup funkcyjnych obecnych na powierzchni nos$nika i enzymu,
bowiem ich zgodno$¢ chemiczna umozliwia powstanie trwalego i efektywnego
polaczenia. Odpowiedni nos$nik powinien charakteryzowaé si¢ takze wysoka
biokompatybilnoscia, czyli brakiem toksycznego oddziatywania na enzymy. Istotne sa
rowniez takie cechy, jak duza powierzchnia wlasciwa, stabilno$¢ chemiczna
1 mechaniczna, odporno$¢ na dzialanie rozpuszczalnikow oraz mozliwo$¢ tatwej
regeneracji i ponownego uzycia [84]. Dodatkowo korzystne jest, jezeli nosnik jest tani w
produkcji, tatwo dostepny i odporny na degradacje w warunkach reakcji, w ktorych
pracuje enzym.

Nosniki wykorzystywane w procesach immobilizacji dzieli si¢ na dwie gtéwne
grupy: organiczne i nieorganiczne. Do no$nikdw organicznych zalicza si¢ przede
wszystkim biopolimery naturalne, takie jak agar, chitozan, alginiany czy celuloza i jej
pochodne. Substancje te czesto moga tworzy¢ porowate struktury sprzyjajace
unieruchamianiu enzymow. Biopolimery te s3a biodegradowalne, biokompatybilne
1 stosunkowo tanie, co czyni je atrakcyjnymi w kontekscie zastosowan przemystowych
oraz biotechnologicznych. Ich wada jest jednak ograniczona stabilno$¢ w szerszym
zakresie pH, wrazliwo$¢ na niektére rozpuszczalniki organiczne oraz niska odpornosé
mikrobiologiczna, co utrudnia ich wykorzystanie w dlugotrwatych procesach [85].
W celu zwigkszenia trwalosci i odpornosci nosnikéw organicznych, prowadzi si¢ ich
modyfikacje strukturalne, na przyklad poprzez sieciowanie chemiczne, tworzenie
kopolimerow lub materiatéw  hybrydowych, 1laczacych rézne wlasciwosci
fizykochemiczne. Coraz wigkszg popularnos¢ wsrod materiatéw organicznych
zdobywaja rowniez polimery syntetyczne, takie jak poliamidy, poliuretany, polistyren,

poli(chlorek winylu) czy zywice epoksydowe. Ich budowe¢ chemiczng, porowatosc,
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wielkos$¢ czastek 1 rozmieszczenie grup funkcyjnych mozna precyzyjnie kontrolowacé juz
na etapie syntezy, co umozliwia projektowanie materiatow dopasowanych do
konkretnych enzymow. Hydrozele polimerowe stanowig natomiast inng obiecujaca grupe
materiatéw do immobilizacji enzymow, poniewaz ich trojwymiarowa, wysoce uwodniona
struktura sprzyja zachowaniu naturalnej konformacji biatek. Dzigki mozliwosci
precyzyjnego doboru monomerow i stopnia usieciowania moga one tworzy¢ srodowisko
o kontrolowanej porowatosci i dostgpnosci substratow, co wspiera wysoka aktywno$é¢
katalityczng. Dodatkowo hydrozele sg czesto biokompatybilne i oboj¢tne chemicznie, co
minimalizuje ryzyko dezaktywacji enzyméw podczas immobilizacji oraz pozwala na
zastosowanie wytworzonych ukladow w procesach prowadzonych zaréwno
w roztworach wodnych, jak i w $rodowiskach o ograniczonej zawartosci wody. [86].
Wada syntetycznych polimerdow jest jednak brak biodegradowalno$ci oraz potencjalna
szkodliwos¢ procesu ich sieciowania dla §rodowiska. Ich duza zaleta natomiast moze by¢
szeroki zakres technik stuzacy ich wytwarzaniu, np. w procesach elektroprzedzenia, ktory
umozliwia wytworzenie wldkien polimerowych. Morfologia witokien zalezna jest od
stezenia polimeru, nat¢zenia pradu podczas procesu przedzenia, wilgotnosci, masy
polimeru czy dodatkéw uzytych podczas procesu. Elektroprzedzenie zapewnia
otrzymanie mat o duzej powierzchni wlasciwej, umozliwiajac wigksze
prawdopodobienstwo przytaczenia enzymu. Co wigcej, wytworzone maty biokatalityczne
moga zosta¢ wykorzystane jako membrany w reaktorach przeplywowych, skutkujac
zastosowaniem biokatalizatorow w enzymatycznych reaktorach membranowych [87].
Istotna jest rowniez grupa no$nikéw nieorganicznych ktéra obejmuje gtownie
tlenki metali (takie jak TiO2, ZrO>, Al,O; czy magnetyt), krzemionkg, ceramike, zeolity
oraz porowate szkta. Materiaty te cechuja si¢ wysoka odpornoscig chemiczng, termiczng
1 mechaniczng, a takze obojetnoscia wobec wigkszosci reagentow chemicznych, dzigki
czemu doskonale sprawdzaja si¢ w procesach prowadzonych w trudnych warunkach
srodowiskowych [88]. Kolejng znaczng zaleta no$nikdw nieorganicznych jest ich duza
powierzchnia wilasciwa wynikajaca z dobrze rozwinigtej struktury porowate;j,
pozwalajaca na efektywne unieruchomianie enzymoéw. Co wigcej, synteza tych
materiatdéw z reguly jest nieskomplikowana i stosunkowo tania, a otrzymane materiaty

cechuja si¢ znaczng powtarzalnoscig parametrow fizykochemicznych [89].
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W ostatnich latach duzym zainteresowaniem ciesza si¢ takze nanomateriaty
nieorganiczne, takie jak nanoczastki magnetyczne, nanorurki weglowe czy nanowtokna
krzemionkowe, ktore dzigki swoim rozmiarom i znacznemu stosunkowi powierzchni
wiasciwej do objetosci, umozliwiajg bardzo efektywne wigzanie enzymow i utatwiaja ich
separacj¢ z mieszaniny reakcyjnej przy uzyciu np. klasycznych metod filtracyjnych.
Dzigki temu mozliwe jest uzyskanie ukladow o wysokiej aktywno$ci katalitycznej
i selektywnosci [90,91]. Zastosowanie nanoczastek niesie jednak takze pewne
ograniczenia. Czg¢sto majg one tendencj¢ do aglomeracji, co utrudnia ich rownomierne
rozmieszczenie w mieszaninie reakcyjnej 1 ogranicza zastosowanie na wigkszg skale.
Problem ten mozna rozwigza¢ poprzez modyfikacj¢ powierzchni, np. pokrycie czastek
warstwg magnetytu, co utatwia ich separacj¢ z roztworu reakcyjnego przy uzyciu pola
magnetycznego [92,93]. Immobilizacja enzymdéw na nanoczastkach moze przebiegaé
poprzez adsorpcje (np. wymiane¢ jonowa, adsorpcj¢ hydrofobowa), wigzanie
kowalencyjne (poprzez aktywacj¢ chemiczng lub przytaczenie migdzyfazowe) badz przez
uwigzienie enzymu w strukturze no$nika. Zastosowanie nanono$nikéw pozwala uzyskac
systemy enzymatyczne o zwickszonej stabilnosci termicznej, wigkszej odpornosci na
denaturacj¢ oraz odznaczajacych si¢ tatwiejszym procesie separacji produktéw reakcji
[94].

W praktyce jednak coraz cze$ciej stosuje si¢ materialy kompozytowe
1 hybrydowe, taczace zalety no$nikéw organicznych i nieorganicznych. Dzigki temu
mozna uzyska¢ uklady, ktore tacza wysoka trwatos¢ 1 odporno$¢ chemiczng
z elastyczno$cig oraz biozgodnoscia, cechami, ktore sa niezbgdne dla aktywnosci
enzymow. Dobdr wlasciwego nosnika stanowi kluczowy etap procesu immobilizacji,
gdyz decyduje o wydajnosci, stabilnosci i dlugowiecznos$ci enzymu [95]. Na efektywnosé
catego uktadu wplywaja m.in. rodzaj zastosowanego materiatu, sposob jego modyfikacji,
wielko$¢ porow, stopien hydrofobowosci oraz rodzaj oddziatywan pomig¢dzy enzymem
ano$nikiem. Odpowiednio zaprojektowany no$nik pozwala zachowac naturalng strukture
przestrzenng biatka, minimalizujac ryzyko jego denaturacji i utraty aktywnoS$ci
katalitycznej. Wspotczesne kierunki badan nad no$nikami skupiaja si¢ na opracowywaniu
inteligentnych materialow, ktore reaguja na zmiany srodowiska (np. pH, temperatury czy
pola magnetycznego), a takze na wykorzystaniu nanotechnologii i biomateriatow

funkcjonalnych. Ich celem jest stworzenie systemoéw umozliwiajacych precyzyjne
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sterowanie aktywnos$ciag enzymow, zwigkszenie wydajnosci reakcji oraz utatwienie
regeneracji i ponownego uzycia biokatalizatoréw [96].

Na skutecznos$¢ immobilizacji wplywa rowniez porowato$¢ materiatu. Zbyt mate
lub zanieczyszczone pory moga utrudnia¢ kontakt enzymu z substratem, co obniza
aktywno$¢ biokatalizatora. Istotnym czynnikiem jest takze odpowiednia orientacja
enzymu na powierzchni nosnika, pozwalajagca na zachowanie dost¢pnosci centrum
aktywnego [97].

Coraz wigksze zainteresowanie nanomateriatami, kompozytami czy hydrozelami
$wiadczy o kierunku rozwoju wspoélczesnej biokatalizy, ukierunkowanej na zwigkszenie
efektywnosci reakcji i ograniczenie negatywnego wpltywu proceséw przemystowych na
srodowisko.  Immobilizowane  biokatalizatory, dzigki swoim  wyjatkowym
wlasciwosciom, stanowig obecnie jeden z najbardziej perspektywicznych obszaréw

badan w dziedzinie enzymatycznych proceséw technologicznych i zielonej chemii.

3.2.3. Wplyw immobilizacji na wtasciwosci enzymow

Immobilizacja enzymow, rozumiana jako proces trwatego lub pottrwatego
unieruchomienia czasteczek enzymatycznych na nosnikach statych, ma istotny wptyw na
ich wilasciwosci katalityczne, stabilno§¢ oraz selektywnos¢ [98]. Oddziatywanie
pomiedzy enzymem a no$nikiem moze prowadzi¢ zarowno do korzystnych, jak
1 niekorzystnych zmian w strukturze i funkcji biokatalizatora. Charakter tych zmian
zalezy w duzej mierze od zastosowanej metody immobilizacji, rodzaju uzytego no$nika
oraz warunkow §rodowiskowych procesu immobilizacji [99].

Jednym z gléwnych efektow immobilizacji jest zwiekszenie stabilno$ci enzymu.
Unieruchomienie biokatalizatora na powierzchni no$nika czesto prowadzi do
usztywnienia jego struktury przestrzennej, co ogranicza niekorzystne zmiany
konformacyjne i chroni przed denaturacja termiczng, chemiczng lub mechaniczna,
zwlaszcza gdy czasteczka jest unieruchamiana wielopunktowo, co zapewnia wicksza
sztywno$¢ struktury. W efekcie enzym moze zachowa¢ aktywno$¢ przez dtuzszy czas,
nawet w warunkach, ktore dla formy rozpuszczonej (wolnej) bytyby niekorzystne [100].
Dodatkowym atutem jest mozliwos¢ wielokrotnego wykorzystania immobilizowanego
enzymu oraz tatwiejsza separacja produktu reakcji od biokatalizatora, co czyni caly

proces bardziej ekonomicznym i przyjaznym technologicznie. Immobilizacja utatwia
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réwniez prowadzenie reakcji w uktadach przeptywowych, umozliwiajac automatyzacje
procesow i lepsza kontrolg parametrow reakcyjnych.

Z drugiej strony, proces immobilizacji moze prowadzi¢ do pewnych
niekorzystnych zmian w aktywnos$ci katalitycznej enzymu. W wielu przypadkach
obserwuje si¢ spadek aktywnos$ci biokatalizatorow po immobilizacji wzglgdem wolnych
odpowiednikow, ktory moze wynikac z ograniczenia swobody ruchu czasteczki enzymu
lub utrudnionego dostepu substratu do centrum aktywnego [101]. Wigzanie enzymu
z no$nikiem moze takze powodowac¢ lokalne zmiany w mikrosrodowisku biokatalizatora,
takie jak modyfikacja pH czy polarnosci otoczenia, co wptywa na szybko$¢ reakcji
enzymatycznej. Nie bez znaczenia pozostaje rowniez ryzyko czg¢sciowej denaturacji
biatka w trakcie samego procesu immobilizacji, zwlaszcza w przypadku metod
chemicznych, ktére wymagaja uzycia reagentdéw sieciujagcych lub warunkow
odbiegajacych od optymalnych dla danego enzymu. W takich sytuacjach dochodzi do
trwalej utraty aktywnosci katalitycznej. Ponadto, wtasciwie przeprowadzony proces
immobilizacji moze regulowac selektywnos$¢, specyficznos¢ i aktywnos$¢ enzymu, dzigki
pozadanym zmianom konformacyjnym zachodzacym w czasteczce bialka. Zmiana
mikrosrodowiska oraz ograniczenie ruchliwo$ci enzymu moga prowadzi¢ takze do
modyfikacji orientacji substratu w centrum aktywnym, a tym samym wplywaé na
przebieg reakcji oraz produkty, ktore powstaja [102]. Dodatkowo, jezeli po immobilizacji
powstaje korzystne mikrosrodowisko wokol enzymu, jego aktywnos$¢ i trwatos¢ moga
ulec dalszemu zwickszeniu, co czyni taki uklad szczegdlnie warto§ciowym
w zastosowaniach przemystowych.

Istotnym aspektem wplywajacym na aktywno$¢ immobilizowanych enzymow sa
réwniez zjawiska dyfuzyjne. W przypadku, gdy substrat musi przenikna¢ przez porowata
strukture nosnika lub warstwe zelu, moze dojs¢ do spowolnienia transportu substratu
1 produktow reakcji [98]. Tak zwany efekt dyfuzji wewnetrznej prowadzi wowczas do
pozornego obnizenia aktywno$ci enzymu, mimo ze jego wilasciwosci katalityczne na
poziomie molekularnym pozostaja niezmienione. Zjawisko to jest szczegOlnie istotne
przy stosowaniu gestych matryc lub duzych czasteczek substratow [103]. Niekorzystnym
zjawiskiem towarzyszacym immobilizacji jest rowniez mozliwo$¢ zakrycia centrum
aktywnego przez powierzchni¢ no$nika, co skutkuje utrudnionym dostgpem substratu

i spadkiem aktywnos$ci enzymu. Problem ten mozna ograniczy¢é poprzez stosowanie
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metod ukierunkowanej immobilizacji, w ktérych enzym jest przylaczany w okreslonej
orientacji, z zachowaniem dostepnosci miejsca katalitycznego. Co wigcej, moze to
réwniez wplywaé¢ na selektywno$¢ substratowa osadzonego enzymu [104].
Unieruchomienie na odpowiednio dobranym no$niku moze stabilizowa¢ okreslong
konformacje enzymu, ktéra w przypadku wolnego enzymu wystepuje jedynie
przejsciowo lub jest podatna na dezaktywacje. Stabilizacja takiej ,,formy hiperaktywnej”
lipaz immobilizowanych na hydrofobowych powierzchniach wzmaga mechanizm
aktywacji mi¢dzyfazowej, powodujac trwale utrzymanie otwartej konformacji domeny
,wieczka”, co zwigksza dostep substratu do centrum aktywnego i znaczaco zwigksza jego
stereoselektywnos¢ [105]. Immobilizacja zmienia mikrosrodowisko enzymu. No$niki
o okreslonej polarnosci, hydrofobowosci, tadunku powierzchniowym lub obecnosci grup
funkcyjnych moga wptywaé na sposob oddziatywania enzymu z substratem. Zmienione
pH w bezposrednim otoczeniu enzymu czy obecno$¢ oddziatywan elektrostatycznych
moga dodatkowo wptywac na energi¢ aktywacji, a tym samym na selektywno$¢ produktu
[87]. Zrozumienie tych mechanizméw stanowi kluczowy element projektowania wysoko
selektywnych biokatalizatorow, szczegolnie istotnych w procesach enancjoselektywnej
syntezy API, gdzie precyzyjna kontrola stereochemii reakcji jest warunkiem koniecznym

Podsumowujac, immobilizacja enzymow stanowi skuteczne narzgdzie
zwigkszajace ich stabilno$¢, trwato$¢ i uzyteczno$¢ w procesach biotechnologicznych,
jednak wplywa takze na szereg wlasciwosci katalitycznych, w tym aktywno$¢
i selektywnos¢. Efekt ten moze by¢ zard6wno pozytywny, jak i negatywny, w zaleznosci
od warunkow procesu oraz rodzaju zastosowanego no$nika. Odpowiednie
zaprojektowanie systemu immobilizacji, obejmujgce wybdr metody wigzania, charakter
no$nika 1 warunki reakcji, jest kluczowe dla zachowania wysokiej efektywnos$ci
katalitycznej enzymu oraz jego stabilno$ci strukturalnej. W praktyce przemystowej
immobilizowane enzymy odgrywaja coraz wigksza rol¢ w biokatalizie, zwlaszcza
w produkcji farmaceutykow, biopaliw, Zywnos$ci i biopolimerow. Dzigki zwigkszonej
odporno$ci na warunki procesowe, a takze mozliwo$ci pracy w ukladach ciaglych,
biokatalizatory tego typu staja si¢ nie tylko bardziej wydajne, lecz rowniez ekonomicznie
uzasadnione. Rozw6] mnowoczesnych metod immobilizacji, uwzgledniajacych

projektowanie no$nikéw o kontrolowanej strukturze porow 1 wlasciwosciach
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chemicznych, pozwala coraz skuteczniej laczy¢é wysoka stabilno$¢ enzymow

z zachowaniem ich petnej aktywnosci 1 selektywnosci.

3.3. Asymetryczne API - znaczenie oraz nowoczesne, zrownowazone metody

syntezy

3.3.1. Znaczenie chiralnosci w projektowaniu lekow

W ciagu ostatnich kilku lat biokataliza zyskala znaczne zainteresowanie jako
alternatywa dla tradycyjnej syntezy organicznej, szczegdlnie w przemysle
farmaceutycznym, w syntezie substancji farmaceutycznie aktywnych [106]. Co istotne,
biokataliza zaspokaja rosngce zapotrzebowanie na zroéwnowazony, ekologiczny
1 bezpieczny przemyst oraz jest zgodna z zasadami zielonej chemii. Przyktadowo,
enzymy utatwiaja i przyspieszaja reakcje biochemiczne, eliminujac potrzebe podnoszenia
temperatury reakcji, a tym samym zwigkszajac efektywno$¢ energetyczng tych przemian
[107]. Ich chemo-, regio- i stereoselektywno§¢ umozliwiaja ograniczenie liczby etapow
reakcji, zmniejszajac zuzycie energii i ograniczajac powstawanie produktow ubocznych.
Ta cecha sprawia, Ze biokataliza jest procesem przyjaznym dla Srodowiska i coraz czgsciej
zastgpuje tradycyjne metody syntezy organicznej w przemyS$le farmaceutycznym
[108,109]. Biokataliza oferuje rowniez szereg mozliwos$ci asymetrycznej syntezy
substancji farmaceutycznie aktywnych, poniewaz wiele lekéw zawiera chiralne
substancje farmaceutycznie aktywne. Zwigzki chiralne to takie, ktére wystepuja w dwoch
odmianach - enancjomerach (oznaczanych zwykle jako R i S) [110]. Cho¢ maja
identyczny wzor chemiczny i1 taka sama budowe wigzan, réznig si¢ przestrzennym
rozmieszczeniem atoméw [111]. Enancjomery moga mie¢ catkowicie odmienne
wlasciwos$ci biologiczne i farmaceutyczne. Klasycznym przyktadem jest ibuprofen,
ktérego (S)-enancjomer jest okoto 160 razy bardziej aktywny farmaceutycznie niz forma
(R)-. Rdznice te wynikaja z odmiennego powinowactwa enancjomerow do enzymow
i receptorOw w organizmie, co prowadzi do zréznicowanego dziatania tego leku [112].

Chiralno$¢ odgrywa kluczowa role w dwoéch podstawowych obszarach dziatania
lekow: farmakodynamice i farmakokinetyce. Farmakodynamika opisuje mechanizm
dziatania leku, czyli to, jak lek oddziatuje na organizm. Z kolei farmakokinetyka dotyczy

procesow, ktorym lek podlega w organizmie, a wigc jego wchtaniania, dystrybucji,
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metabolizmu 1 wydalania. W kontek$cie farmakodynamiki, chiralno$¢ decyduje o tym,
czy czasteczka leku jest w stanie skutecznie potaczy¢ sie z odpowiednim receptorem lub
enzymem. Struktury biologicznych makroczasteczek - takich jak biatka, w tym enzymy
i receptory - s3 z natury chiralne, dlatego czesto tylko jeden z enancjomerow pasuje do
miejsca aktywnego biokatalizatora. Drugi enancjomer moze by¢ catkowicie nieaktywny,
stabszy farmakologicznie, a w skrajnych przypadkach nawet toksyczny. Przykladem
dramatycznych konsekwencji zignorowania istoty chiralnosci jest talidomid, stosowany
w latach 50. XX wieku jako $rodek uspokajajacy i przeciwwymiotny dla kobiet w cigzy.
Okazalo sig, ze tylko (R)-enancjomer wykazywal dziatanie terapeutyczne, natomiast (S)-
enancjomer mial dzialanie silnie teratogenne, prowadzac do cigzkich wad rozwojowych
ptodéw [113]. Tragiczne skutki stosowania mieszaniny racemicznej talidomidu
doprowadzily do wprowadzenia znacznie bardziej rygorystycznych regulacji
dotyczacych testowania lekow pod katem chiralno$ci i oceny wplywu tego parametru na
bezpieczenstwo stosowanie lekéw [114]. Innym przykltadem jest propranolol, stosowany
w leczeniu nadci$nienia tg¢tniczego i choréb serca. Tylko (S)-enancjomer wykazuje
aktywnos$¢ biologiczna, wiazac si¢ z receptorami B-adrenergicznymi, natomiast forma (R)
nie posiada tego dzialania [115]. Podobne r6znice obserwuje si¢ w przypadku metadonu,
w ktorym (R)-enancjomer dziala przeciwbolowo, a (S)-forma wykazuje dziatanie
antyarytmiczne, co moze prowadzi¢ do ztozonych efektéw terapeutycznych lub
ubocznych [116].

Z kolei z punktu widzenia farmakokinetyki rézne enancjomery mogg rézni¢ si¢
szybkoscig wchlaniania, dystrybucji w tkankach oraz metabolizmem i wydalaniem.
Na przyktad cytochromy P450, odpowiedzialne za utlenianie lekow w watrobie, sa
enzymami chiralnymi i preferencyjnie metabolizuja tylko jeden z enancjomerdw.
To moze prowadzi¢ do rdéznic w czasie dzialania i st¢zeniu terapeutycznym leku.
Doskonatym przyktadem jest warfaryna, lek przeciwzakrzepowy w ktorym (S)-
enancjomer jest 3-5 razy bardziej aktywny niz (R)-forma, ale tez szybciej
metabolizowany przez enzym CYP2C9. Oznacza to, ze nawet niewielkie rdznice
genetyczne miedzy pacjentami moga wplywac na skuteczno$¢ i bezpieczenstwo leczenia
ta substancjg [117]. Podobnie citalopram, lek przeciwdepresyjny z grupy SSRI (ang.
selective serotonin reuptake inhibitors), w swojej (S)-formie (escitalopram) wykazuje

znacznie wigksze powinowactwo do transportera serotoniny, co pozwala na stosowanie
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nizszych dawek 1 redukuje ryzyko dzialan niepozadanych [118]. Tego rodzaju
modyfikacje stanowia przyklad tzw. ,chiral switch” - strategii polegajacej na
opracowaniu i wprowadzeniu na rynek enancjomerycznie czystej wersji leku, ktora jest
bardziej skuteczna i bezpieczniejsza niz pierwotna mieszanina racemiczna [119].
Zrozumienie wplywu chiralnosci na dziatanie i metabolizm lekéw sprawito, ze
w przemys$le farmaceutycznym coraz wigksza wage przyklada si¢ do syntezy
enancjomerycznie czystych substancji aktywnych. Tradycyjne metody chemiczne czg¢sto
prowadza do powstania mieszanin racemicznych, w ktorych oddzielenie enancjomerow
bywa kosztowne i czasochtonne [120]. Wtasnie dlatego coraz czesciej w syntezie API
stosuje si¢ biokatalize [121]. Strategia ta pozwala na otrzymywanie produktow o wysokiej
czysto$ci enancjomerycznej bez konieczno$ci stosowania skomplikowanych metod
rozdziatu. Na przyktad lipazy moga by¢ wykorzystywane do enancjoselektywnej
hydrolizy estrow, w ktorej tylko jeden enancjomer reaguje, a drugi pozostaje
niezmieniony. Z kolei dehydrogenazy czy transaminazy pozwalaja na stereoselektywna
redukcje ketonéw lub aminacje aldehydow, prowadzac do uzyskania chiralnych alkoholi
i amin, ktére stanowig platforme dla wielu lekéw [122]. Chiralno$¢ jest jednym
z najistotniejszych czynnikéw wplywajacych na dzialanie i bezpieczenstwo lekow.
Zarowno w aspekcie farmakodynamicznym, jak i farmakokinetycznym, a réznice mi¢dzy
enancjomerami mogg prowadzi¢ do odmiennych efektow terapeutycznych, toksycznosci
czy interakcji z innymi lekami [123]. Wspotczesna farmacja coraz czesciej wykorzystuje
wiedz¢ o stereochemii do projektowania enancjomerycznie czystych substancji
czynnych, a kluczowym narzedziem w ich wytwarzaniu staje si¢ biokataliza [124]. Dzieki
enancjoselektywnym wlasciwosciom enzymoéw mozliwe jest prowadzenie reakcji
chemicznych w sposob selektywny, efektywny energetycznie i przyjazny $rodowisku.
Zatem biokataliza nie tylko umozliwia uzyskiwanie czystych enancjomerow, ale takze

wpisuje si¢ w globalne trendy zrownowazonej produkcji chemicznej [125].

3.3.2. Immobilizowane enzymy w syntezie zwigzkow chiralnych - przewaga nad

klasycznymi katalizatorami

Wspomniana w poprzednim podrozdziale chiralno$¢ ma zasadnicze znaczenie dla
aktywno$ci biologicznej wielu substancji, zwlaszcza farmaceutykéw, $rodkow

agrochemicznych czy substancji zapachowych. Enancjomery tych samych zwiazkow
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moga wykazywaé zupelnie odmienne dziatanie biologiczne, bowiem jeden moze by¢
aktywnym lekiem, drugi za$ toksyczny lub nieaktywny. Dlatego precyzyjna kontrola
konfiguracji przestrzennej produktéw reakcji jest jednym z gldéwnych celéw wspolczesnej
chemii syntetycznej [126].

Tradycyjne metody syntezy chiralnej opieraja si¢ na klasycznych katalizatorach
metalicznych (np. kompleksy rutenu, palladu, niklu, irydu) lub kwasowych (np. kwasy
Lewisa, kompleksy BF3, TiCls, AICI3) [127]. Cho¢ katalizatory te czgsto cechujg sie
wysoka aktywnoscig, ich uzycie wigze si¢ z powaznymi ograniczeniami, w tym
toksyczno$cig, trudnoscia w separacji produktow, kosztownym odzyskiem metalu,
ograniczong selektywnos$cig chiralng oraz generowaniem odpadéw niebezpiecznych dla

srodowiska (Rysunek 7).

TRADYCYJNE KWASOWE LUB ENZYMY
METALICZNE KATALIZATORY

Toksyczne i niebezpieczne katalizatory Biodegradowalne i bezpieczne katalizatory

Konieczno$¢ stosowania ztozonej
i specjalistycznej aparatury

w p

o
E Prosta aparatura

ﬂ Problemy z wydzieleniem katalizatora, jego tatwa separacja biokatalizatora i zawrét do
regeneracja i zawrotem - WYSOKIE KOSZTY kolejnego cyklu reakcyjnego

A Konlg?zpolsc stosowania wysokich temperatur g Lagodne warunki procesowe
lub cisnien

‘ Generowanie duzej ilosci niebezpiecznych Wysoka czysto$¢ produktéw - redukcja ilosci
i tatwopalnych odpadéw generowanych odpadéw

"é Niskie bezpieczenstwo procesowe @ Bezpieczne warunki procesowe

Py p p p p

<@P< Nieprzyjazne dla Srodowiska Proces przyjazny dla $rodowiska

Rysunek 7. Porownanie wtasciwosci tradycyjnych katalizatoréw z biokatalizatorami.

Wspomniang juz wcze$niej alternatywa dla klasycznych katalizatorow,
0 rosnacym znaczeniu, s3 enzymy immobilizowane, ktore tacza zalety biokatalizy
(wysoka selektywno$¢, fagodne warunki reakcji) z cechami typowymi dla katalizatorow
heterogenicznych (mozliwos¢ wielokrotnego uzycia, tatwa separacja od mieszaniny
reakcyjnej) [128,129]. Jak przedstawiono w Tabeli 1 tradycyjne katalizatory metaliczne
1 kwasowe, mimo swojej wysokiej aktywnos$ci, maja szereg wad ograniczajacych ich

praktyczne zastosowanie w syntezie zwigzkéw biologicznie czynnych.
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Tabela 1. Charakterystyka katalizatorow wykorzystywanych w przemysle

farmaceutycznym.
Parametr Katalizator Katalizator =~ Enzym natywny Enzym
metaliczny kwasowy immobilizowany
Typ katalizy Chemiczna, Chemiczna, Biokataliza Biokataliza
czgsto kwasowo- (heterogeniczna)
homogeniczna zasadowa
Warunki T>100°C, Kwasne pH, Lagodne, 25- Lagodne lub
reakcji rozp. wysokie T 40°C, pH umiarkowane
organiczne neutralne)
Selektywnos¢ Srednia Niska- Bardzo wysoka Bardzo wysoka
chiralna (zalezna od umiarkowana
liganda)
Aktywno$é Wysoka, ale Wysoka Umiarkowana Utrzymana wysoka
katalityczna ograniczona (wrazliwos¢ na dzigki
stabilnoscia warunki) immobilizacji
Stabilnosé Wrazliwe na Degradacja Ograniczona Wysoka stabilnos¢
powietrze, katalizatora w (denaturacja) strukturalna i
wilgoc dhuzszym termiczna
czasie
Mozliwosé Trudna, czgsto ~ Ograniczona Brak Wysoka - do wielu
ponownego niemozliwa cykli
uzycia
Toksyczno$s¢i  Wysoka (metale Umiarkowana Niska Bardzo niska,
wplyw na cigzkie, odpady (korozja, proces ,,zielony”
srodowisko toksyczne) odpady
kwasowe)
Separacja Trudna Czesto Niemozliwa Relatywnie tatwa
katalizatora od (konieczna niemozliwa (rozpuszczony
produktu filtracja i/lub enzym)
ekstrakcji)
Koszty Wysokie Umiarkowane Umiarkowane- Nizsze przy
procesu (metal, wysokie dhlugotrwatym
oczyszczanie) uzyciu
Bezpieczenstw Ryzyko Ryzyko zrace Bezpieczny Bardzo bezpieczny
0 procesu toksycznosci i i emis;ji toks.
korozji gazow
Zastosowanie Ograniczone Ograniczone Wysokie Bardzo wysokie
w ,,zielonej
chemii”
Przyklady Redukcja Kataliza Racemizacja Enancjoselektywne
zastosowan asymetryczna Friedela- aminokwasow, redukcje,
(Rh, Ru), Craftsa, hydroliza estrow estryfikacje,
hydrogenacja acylacja transaminacje

W przeciwienstwie do

procesdéw z uzyciem metali cigzkich czy kwasow

wymaga stosowania agresywnych reagentéw ani

mineralnych, biokataliza nie

rozpuszczalnikéw toksycznych. Reakcje prowadzone sa w tagodnych warunkach
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(temperatura pokojowa, neutralne pH), co minimalizuje ryzyko powstawania produktow
ubocznych i redukuje ilo$¢ energii potrzebnej do procesu. Enzymy natywne (w postaci
rozpuszczonej) charakteryzuja si¢ co prawda doskonatg selektywnoscia, lecz sa wrazliwe
na warunki reakcji i trudne do odzyskania. Dopiero enzymy immobilizowane tacza
w sobie najlepsze cechy pozostatych grup katalizatoréw - sg aktywne, trwale, selektywne,
a przy tym bezpieczne i przyjazne dla Srodowiska [130]. Jednak to biokataliza
enzymatyczna, zwlaszcza z wykorzystaniem enzymow immobilizowanych, stanowi
jedno z najczystszych, najbezpieczniejszych i najbardziej zréwnowazonych rozwigzan
w procesach syntezy chemicznej. Dodatkowo enzymy immobilizowane moga by¢
wielokrotnie uzywane bez wigkszej utraty aktywnos$ci, co znacznie zmniejsza koszty
i wplyw procesu przemystowego na sSrodowisko. Wysoka enancjoselektywnosé
i regioselektywno$¢ biokatalizatoréw pozwala uzyskiwa¢ produkty o czystosci
enancjomerycznej przekraczajacej 99%, co ma kluczowe znaczenie dla farmacji
1 biotechnologii [131]. Biokataliza w uj¢ciu przemystowym doskonale wpisuje si¢ wigc

w ideg zielonej chemii, realizujac jej glowne zalozenia.

3.3.3. Wykorzystanie lipaz w syntezie substancji farmaceutycznie aktywnych

Jak wczesniej przyblizono, lipazy to enzymy hydrolizujace estry i triglicerydy,
ktére wykazuja duzg aktywnos¢ katalityczng - poza hydrolizg skutecznie katalizuja tez
transestryfikacje, estryfikacje i acylotransfery. W skali przemystowej enzymy takie jak
lipaza typu B z Candida antarctica moga by¢ stosowane w syntezie chiralnych alkoholi
lub amin. Jest to podyktowane przede wszystkim profilem farmakologicznym
poszczegolnych form zwigzkow terapeutycznych, poniewaz gtownym celem jest
osiggnigcie jak najkorzystniejszej biodostgpnosci przy jednoczesnym ograniczeniu
dziatan niepozadanych [132]. Enzymy, a zwlaszcza hydrolazy, moga by¢ z powodzeniem
stosowane w syntezie API ze wzgledu na swoje wlasciwosci, poniewaz stereo-, regio-
i chemoselektywnos$¢ biokatalizatorow odgrywa kluczowa rolg w tego typu syntezie.

W przemys$le chemicznym czy farmaceutycznym, ze wzgledu na swoje
wlasciwos$ci 1 preferencje katalityczne, najlepiej znany jest komercyjny biokatalizator
Novozym 435 (oznaczany tez N435, wyprodukowany przez firm¢ Novozymes) -
zbudowany z immobilizowanej lipazy B z Candida antarctica (CALB) zaadsorbowanej

na makroporowatym nosniku zywicznym (Lewatit VP OC 1600) [133]. Katalizator ten
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jest szeroko stosowany zarowno w badaniach akademickich, jak 1 w aplikacjach
przemystowych z uwagi na wysoka aktywno$¢, szeroka tolerancj¢ rozpuszczalnikow
organicznych, znaczng dostepno$¢ oraz mozliwo$¢ recyklingu enzymu. Jednym
z najczeScie] opisywanych zastosowan immobilizowanych lipaz w literaturze sa
kinetyczne rozdziaty (KR) oraz dynamiczne kinetyczne rozdzialy (DKR) racemicznych
substratow - takich jak alkohole, aminy lub estry, ktore stanowig kluczowe wyjsciowe
zwiazki (ang. key starting materials, KSM) lub same mieszaniny racemiczne API [134].
Przyktadowo, Foresti i in. wykorzystali Novozym 435 oraz Lipozyme RM IM (lipaza
Rhizomucor miehei immobilizowana na makroporowatej zywicy jonowymiennej) do
syntezy S-ibuprofenu, uzyskujac odpowiednio 54% 1 63% nadmiaru enancjomerycznego
[135]. Z kolei Wang i in. zastosowali Novozym 435 do syntezy (S)-citalopramu -
selektywnego inhibitora wychwytu zwrotnego serotoniny, osiggajac 91% nadmiaru
enancjomerycznego i 98% wydajnosci reakcji [136].

Istotnym aspektem wartym podkreslenia jest zwigkszenie w ostatnich latach ilosci
doniesien naukowych poruszajacych procesy ciagte w syntezie API, z wykorzystaniem
immobilizowanych enzyméw, co stanowi znaczny krok w strong silnego rozwoju
przemystu farmaceutycznego (Tabela 2). Wykorzystanie immobilizowanych lipaz
w syntezie API jest nie tylko mozliwe, lecz coraz bardziej praktykowane szczegolnie
w reakcjach wymagajacych wysokiej selektywnosci lub modyfikacji struktury leku.
W wielu przypadkach immobilizacja stanowi wazny krok umozliwiajacy wdrozenie
enzymatycznych proceséw w skali operacyjnej zapewniajac stabilno$¢, ponowne uzycie

katalizatora i mozliwos$¢ pracy w heterogenicznym uktadzie.
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Tabela 2. Zastosowanie immobilizowanych lipaz w syntezie asymetrycznej zwigzkéw farmaceutycznych.

Lp. Biokatalizator (enzym + nos$nik)  Ilos¢ Uklad reakcyjny Typ racemicznego Asymetryczny Czas reakeji  Konwersja / ee [%] Ref.
biokatalizatora substratu produkt wydajnosé
[%]

1 Novozym 435 - lipaza B z 160 mg 1 mL EtOH (reagent = Racemiczny ibuprofen Ester etylowy (R)- 72hw45°C,  62-63% 54% ee (S- [135]
Candida antarctica i rozpuszczalnik) + ibuprofenu, a w 200 obr./min konwersji ibuprofenu,
immobilizowana na 4,8% v/vH20,0,5 g mieszaninie pozostaje ibuprofenu do
polimetakrylanie (PMMA) ibuprofenu (S)-ibuprofen etylowego

estru

2 Lipazy wolne ze szczepow 20%, 40% 1 Stosunek w/w Racemiczny ketoprofen (S)-alkilowy ester 60 h; 250 Ester: 47%; 99% ee (ester [142]

Candida rugosa, Mucor 60% masy w substratu do ketoprofenu (ee 99%),  obr./min koncowy (S)-  ikwas)
Javanicus, lipaza trzustkowa oraz ~ stosunku do alkoholu i nastepnie (S)- ketoprofen:
immobilizowana lipaza B z calkowitej masy  cykloheksanu jako ketoprofen po 98,5%

Candida antarctica (Novozym odczynnikéw rozp. 1:1, Smmol hydrolizie konwersji
435) ketoprofenu

3 Lipaza Candida rugosa w formie ~ 20 mg/mL Izooktan z Racemiczny ester (S)-naproksen Do 28-36 h 100% 100% dla [143]
CLEAs i magnetycznych CLEAs rozpuszczonym metylowy naproksenu (CLEAs vs CLEAs
(M-CLEAs) racemicznym EMN M-CLEAs)

(10 mg/mL) 37°C,
pH 7.5,
300 obr./min

4 Lipaza Candida rugosa 320-800 U/mL Dwufazowy uktad 5 Racemiczny ester (S)-naproksen 45°C, pH 6, 49% Brak; [144]
immobilizowana na Amberlite mLwoda, 10 mL metylowy naproksenu 180 h E= 1742
XAD 7 izooktan, 10 mg/mL (enantiomeric

racematu ratio)

5 Lipaza B z Candida antarctica 1. MeCN (40 ml), Racemiczna chlorohydry 1. (R)-chlorohydryna 30°C, 200 9,9% (S)- >99% ee [145]
(CALB) immobilizowana na chlorohydryna (0,56  na 4-(3-chloro-2- (99% ee), dalej obr./min atenololu (produkt
makroporowatej zywicy g), butanonian hydroksypropoksy) przeksztalcona do 2. koncowy (S)-

winylu (1,43 g), benzeneacetamidu (S)-atenololu atenolol)

CALB (0,71 g).
2.0,9 g (R)-2-(4-(3-
chloro-2
hydroxypropoxy)ph
enyl)acetamidu, i-
PrNH: (3 mL), H.O
(1 mL)

(prekursor atenololu)
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Lp. Biokatalizator (enzym + nos$nik)  Ilos¢ Uklad reakcyjny Typ racemicznego Asymetryczny Czas reakeji  Konwersja / ee [%] Ref.
biokatalizatora substratu produkt wydajnosé
[%]

6 Lipaza z Burkholderia cepacia b.d. Alkohol racemiczny ~ Racemiczny 1-chloro-3- (S)-1-chloro-3-(4-(2- 30°C, 200 Konwersja eep =97,0% [146]
immobilizowana kowalencyjnie (20 mM), octan (4-(2- methoxyethyl)phenoxy  obr./min,24h  47,8% dla produktu
na funkcjonalizowanych winylu (100 uL) w methoxyethyl)phenoxy)p  )propan-2-ol
nanowloknach weglowych toluenie (900 pL) ropan-2-ol - kluczowy

prekursor atenololu

7 Lipazy Candida rugosa (OF i 50 mg 10 mLmieszaniny: Racemiczny atenolol Octan (S)-atenololu Do 240 h Dla eep = 93,22%, [147]
MY) immobilizowane biokatalizatora toluen + racemiczny (produkt), pozostajacy najlepszego ees =70,21%,
kowalencyjnie na magnetycznych  na reakcje atenolol (3,0 mg, (R)-atenolol (substrat) uktadu (CRL E=60
nanoczastkach Fe;Oas-chitosan- 0,01 mmol) + OF/Fes0s-

Et(NH2). / Et(NHz)s izopropenylowy CS-
ester Et(NH2)s):
konwersja
42,96%

8 Lipaza B z Candida antarctica b.d. Propranolol (0,1- Racemiczny propranolol  Estry propranololu o 25°C, 58% E=57; [148]
(CALB) immobilizowana na 0,08 mmol)i0,3 (1-isopropylamino-3-(1- ~ wzbogaconym jednym 200 obr./min, ees= 96%
nosniku Eupergit C mmol octanu winylu  naftoksy)-2-propanol) enancjomerze 3h

rozpuszczono w 3 (prekursor
ml toluenu enancjomerycznie
czystego propranololu)

9 Novozym 435 - lipaza B z 1000 do 2000 U Racemiczny Racemiczny metoprolol Octan (S)-metoprololu ~ 40°C, 18 h 52% ees=062% oraz  [149]
Candida antarctica metoprolol (7,52 do eer =59%
immobilizowana na 18,80 mM), octan
polimetakrylanie (PMMA) winylu (3,03 do 67

mM)

10 Lipaza z Pseudomonas cepacia 40 mmol/L 02g Racemiczny ester (S)-ibuprofen 45°C, 200 DKR: 86% DKR: 99.4% [150]
(Amberlite XAD 7) unieruchomione;j ibuprofenu obr./min, konwersji; ee (produkt S-

lipazy i rozne 120 h zwykta KR: ibuprofen);
stgzenia estru (R,S)- 42% KR: 93% ee

ibuprofenu (zakres
od 20 do 50 mM)
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W celu przyblizenia opisywanych zagadnien, ponizej przedstawiono kilka
przyktadow zwigzanych z zastosowaniem enzymoéw w syntezie API. Zespot Pfizera
opracowal drugiej generacji proces syntezy pregabaliny, oparty na rozdziale
katalizowanym lipaza [137]. Wykorzystano komercyjnag lipazg Thermomyces lanuginosus
Lipolase (TLL), ktéora wykazala bardzo wysoka enancjoselektywno$¢ w kierunku

enancjomeru (S)- podczas hydrolizy diestru (1) (Rysunek 8).

NH
i TLL eN e Sk
COEL " e )\/\/COZH

CO,Et Reg (s)-2 CO3Et ‘
1 % N Pregabalina, 3
CN
)\/'\'/COZEt

CO,Et
(R)-1

Rysunek 8. Schemat przedstawiajacy rozdzial kinetyczny katalizowany lipazg TLL,
w celu syntezy kwasu (S)-2-karboksyetylo-3-cyjano-5-metyloheksanowego (2)
wykorzystywanego w produkcji pregabaliny (3), na podstawie [137].

Pomimo, iz przedstawiany uklad biokatalityczny charakteryzowat si¢
zastosowaniem wolnej lipazy, w zoptymalizowanych warunkach zwigzek (1) zostat
zhydrolizowany przez TLL, dajac (S)-2 z wydajnoscig 47,5% w ciagu 24 godzin przy
czystosci 99,5% 1 99,75% ee. Proces zostat nastepnie skalowany do produkcji probnej na
poziomie 3,5 tony w reaktorze o pojemnosci 8000 L, otrzymujac obiecujace rezultaty,
wskazujace na wysokg mozliwos¢ implementacji w przysziosci. Natomiast, w ostatnich
latach zespot Zheng i wspoipracownikow przeprowadzit modyfikacje genetyczna,
uzyskujac enzym TLL(S58L/S83T), ktory charakteryzuje si¢ 5,5-krotnie wyzsza
aktywnos$cig wlasciwa niz typ dziki enzymu. Zastosowanie catych komorek E. coli (5%
w/v) umozliwiajacych ekspresje modyfikowanego enzymu pozwolito na hydrolize
zwigzku 1 do (S)-2 o czystosci enancjomerycznej wynoszacej 96% ee i konwersji na
poziomie 45% po 24 godzinach [138].

Pomimo, iz prezentowany rozdzial dotyczy wylacznie lipaz, warto krotko
wspomnie¢ o proteazie, a wigc enzymie rowniez z rodziny hydrolaz. Zespét USB Pharma
opracowal proces biokatalityczny z wykorzystaniem proteazy do syntezy pochodnej

kwasu (R)-bursztynowego ((R)-5), bedacej kluczowym potproduktem w wytwarzaniu
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Brivaracetamu (Rysunek 9). Zastosowano proteaze C pochodzaca z Bacillus subtilis do
enancjoselektywnej hydrolizy racemicznego estru (4). Reakcj¢ prowadzono z uzyciem
1 kg substratu 78 oraz 10% (w/w) enzymu w 4,5 L wody, uzyskujac po 19 godzinach (R)-

5 o czystosci enancjomerycznej 97% 1 z wydajnoscig 42% [139].

EtOZC\/\/ Proteaza HOzC\/\/ > >

° -

3 :

CO,Bu ~Co,Bu &

4 (R)-5 N“O

+ NN
EtO,C CONH,
Bivaracetam, 6
CO,tBu
(S)-4

Rysunek 9. Proces kinetycznego rozdziatu katalizowany hydrolaza w celu syntezy
pochodnej kwasu (R)-bursztynowego (5) potrzebnej do produkeji Brivaracetamu (6),

na podstawie [138].

W innych badaniach, lipaz¢ B z Candida antarctica (CALB), wykorzystano do
rozdzielania cis-dimetylo-1-acetylopiperydyno-2,3-dikarboksylanu (cis-7) w procesie
syntezy moksyfloksacyny (8) (Rysunek 10). Zastosowana lipaza charakteryzowala si¢
bardzo wysoka aktywnoscig i zachowata doskonata enancjoselektywno$¢ w hydrolizie
cis-7. W warunkach reakcyjnych, przy uzyciu 0,1 g/L. enzymu, hydroliza 1 M cis-7 (243
g/L) przebiegata z konwersja 49,9% w ciggu 5 godzin [140].

o o O
¥ e Y F COo:H
ENIc:one N_ .CO,Me | ?
o~
cO,Me Q “CO,Me HN— | N
cis-7 (S, 3R)-7 O OMeA
+
OY OY Moksyfloksacyna, 8
LNJ:cozrwe ENj:COzH
CO,H CO,Me

Rysunek 10. Proces kinetycznego rozdziatu oparty na lipazie w syntezie (2S, 3R)-

dimetylo-1-acetylopiperydyno-2,3-dikarboksylanu (81) w celu produkcji
moksyfloksacyny (82), na podstawie [140].
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Szczegdlnie istotnym etapem opracowanego procesu byto unieruchomienie lipazy
na zywicy aminowej aktywowanej aldehydem glutarowym 1 jej wykorzystanie
w systemach reaktorowych. W reaktorze zbiornikowym z mieszadtem enzym zachowat
aktywnos$¢ przez 50 cykli, osiagajac $rednig wydajno$¢ przestrzenno-czasowa (STY, ang.
space-time yield) 50 g/L-h. Podobng stabilno$¢ i efektywno$¢ odnotowano roéwniez
w reaktorze przeplywowym z obiegiem zamknig¢tym, co potwierdza wysoki potencjat
tego rozwigzania dla zastosowan przemystowych [141].

Przedstawione zagadnienia znaczaco podkreslaja kluczowa rolg lipaz jako
wszechstronnych biokatalizatoréw zdolnych do prowadzenia roéznorodnych reakcji,
takich jak hydroliza, transestryfikacja, czy estryfikacja. W konteks$cie syntezy zwigzkoéw
chiralnych, szczegdlnie istotnych w farmakologii, enzymatyczne metody oparte na
lipazach  umozliwiaja  otrzymywanie  produktéw o  wysokiej  stereo-
i chemoselektywnosci, co stanowi istotng przewage nad wieloma klasycznymi metodami
chemicznymi.  Szczegbélnie = waznym  elementem  nowoczesnych  procesow
biokatalitycznych jest immobilizacja enzyméw. Immobilizowane lipazy wyr6zniajg si¢
nie tylko wysoka aktywnoscia, ale przede wszystkim doskonalg stabilnoscig operacyjna,
mozliwoscia wielokrotnego uzycia oraz kompatybilno$cia z szeroka gama
rozpuszczalnikow. Te cechy sprawiaja, ze sa one wyjatkowo efektywne i niezawodne
w procesach przemystowych, umozliwiajac prowadzenie reakcji w ukladach
heterogenicznych oraz znacznie ulatwiajac wdrazanie technologii ciggtych.

Zastosowanie immobilizowanych lipaz w syntezie API, w tym w kinetycznych
1 dynamicznych kinetycznych rozdzialach racemicznych substratow, stanowi obecnie
jedno z najbardziej obiecujacych narzedzi wspotczesnej chemii farmaceutycznej. Coraz
liczniejsze doniesienia naukowe oraz udane implementacje przemystowe jednoznacznie
wskazuja, ze immobilizacja jest kluczowym czynnikiem umozliwiajacym efektywne,
skalowalne i1 zrownowazone wykorzystanie biokatalizy w produkcji nowoczesnych

lekow.
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4. Motywacja i hipotezy badawcze oraz cel pracy

W przemysle chemicznym, ze wzglgdu na stale rosnacy nacisk na realizacje
procesOw w sposob zréwnowazony, stale poszukuje si¢ nowych rozwigzan
umozliwiajacych otrzymywanie produktéw w sposdb bardziej ekologiczny i przyjazny
dla $rodowiska. Na chwil¢ obecng w przemysle farmaceutycznym na duza skalg wcigz
wykorzystywane sa klasyczne kwasowe 1 metaliczne katalizatory, a sam proces
technologiczny cz¢sto ma wiele punktow newralgicznych 1 generuje sporo toksycznych
produktow ubocznych, a reakcje te prowadzone sa zazwyczaj w wysokich temperaturach.
Natomiast stosowane dotad katalizatory, cho¢ umozliwiaja zajScie reakcji, to nie
warunkuja dostatecznej enancjoselektywnosci, ktoéra w przemysle farmaceutycznym jest
tak bardzo poszukiwana. Czgsto rowniez odzysk katalizatora, jego oczyszczanie
1 zawracanie do mieszaniny reakcyjnej wiaza si¢ z wieloma dodatkowymi operacjami
jednostkowymi na linii przemyslowej, wptywajac negatywnie na wydajno$¢ samego
procesu oraz jego bezpieczenstwo i ekologie ze wzgledu na konieczno$¢ stosowania
silnych rozpuszczalnikow. Jednym z rozwigzan moze by¢ zastosowanie enzymow jako
katalizatorow w reakcjach syntezy/konwersji substancji farmaceutycznie aktywnych,
ktorych czysto$¢ enancjomeryczna jest kluczowa. Dodatkowo, w celu podniesienia
stabilno$ci 1 mozliwos$ci ponownego wykorzystania, enzymy moga zosta¢ poddane
procesowi immobilizacji, warunkujac wyzsza czystos$¢ i konwersj¢ substratu.

Wspdlczesnie enzymy znajduja coraz szersze zastosowanie w procesach
biotechnologicznych i chemicznych, co potwierdza zar6wno literatura przedmiotu, jak
i informacje zawarte w cz¢$ci teoretycznej niniejszej pracy. Mimo postepu w ich
wykorzystaniu, technologie oparte na biokatalizatorach wciaz napotykaja istotne
ograniczenia, ktdre utrudniaja ich pelne wdrozenie na skale przemystowa. Jednym
z kluczowych problemoéw pozostaje stosunkowo niewielka liczba enzyméw dostepnych
w formie immobilizowanej, cho¢ wlasnie immobilizacja stanowi podstawe stabilnych
uktadow biokatalitycznych. Wiele enzymow nadal nie posiada zoptymalizowanych
metod unieruchamiania, a te istniejace nie zawsze gwarantuja odpowiednig aktywnos$¢,
odporno$¢ na warunki procesowe czy mozliwos$¢ integracji z nowoczesnymi platformami
przeptywowymi. Istotng luka badawcza jest rowniez ograniczona liczba szczegoétowych

danych dotyczacych reaktorow, w ktorych stosuje si¢ immobilizowane enzymy,
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zwlaszcza tych pracujacych w trybie przeplywowym czy wsadowym. Chociaz reaktory
przeplywowe stanowig jedng z najbardziej obiecujacych technologii umozliwiajacych
przeniesienie biokatalizy na wyzszy poziom wydajnos$ci, ich praktyczne wykorzystanie
wcigz jest rzadkie, a charakterystyka procesowa stabo udokumentowana. Brakuje
systematycznych badan opisujacych zachowanie enzyméw immobilizowanych
w warunkach przeptywu, definiujacych stabilno$¢ uktadéw w dtuzszym okresie, a takze
brak dostatecznych danych nt. parametréw pozwalajacych na skalowalne, ekonomicznie
1 uzasadnione projektowanie takich instalacji. W konsekwencji rozwoj biokatalizy nadal
pozostawia szerokie pole do doskonalenia istniejacych rozwigzan. Dotyczy to zar6wno
uproszczenia konstrukcji reaktorow i zwigkszenia ich kompatybilno$ci z réznymi typami
systemOow biokatalitycznych, jak i opracowania bardziej przyjaznych uzytkownikowi,
mniej ztozonych systemow reakcyjnych.

Biorac pod uwage obecne ograniczenia i na podstawie dost¢pnej wiedzy oraz
aktualnych doniesien literaturowych sformutowano gtéwne zalozenia pracy doktorskiej,
ktore opieraty si¢ na hipotezach badawczych, ze immobilizowane enzymy posiadaja
zdolnos$¢ syntezy/konwersji substancji farmaceutycznie aktywnych, oraz ze odpowiednia
kontrola warunkoéw procesu i $rodowiska reakcji wplywa na wydajno$¢ konwersji
1 czystos¢ uzyskanych produktéw. Najwazniejszymi problemami badawczymi byto zatem
wytworzenie aktywnych uktadow immobilizowanych enzyméw oraz opracowanie
zatozen dotyczacych zastosowania proponowanych uktadow w syntezie aktywnych
zwigzkow farmaceutycznych prowadzonej w reaktorach, a takze dobodr korzystnych
warunkow procesu zapewniajacych uzyskanie pozadanych produktow z oczekiwang
wydajnos$cig i czystoscia.

W celu rozwigzania postawionych problemow badawczych oraz aby
zweryfikowaé stuszno$¢ postawionych hipotez zdefiniowano gltéwne cele pracy
doktorskiej traktujace o syntezie nowych uktadow biokatalitycznych opartych
o immobilizowane enzymy, zaawansowanej charakterystyce tych systemow, a nastgpnie
zdefiniowaniu najkorzystniejszych warunkéw immobilizacji w celu uzyskania uktadéw
o najwyzszej aktywnosci katalitycznej. Ostatecznym celem badan byta implementacja
otrzymanych uktadow biokatalitycznych w syntezie API w zmiennych warunkach
procesowych, aby zwiekszy¢ wydajno$¢ procesu i czystos¢ enancjomeryczng koncowych

zwigzkow. Realizacja zalozonych celéw powinna ostatecznie pozwoli¢ na
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zaproponowanie alternatywnych drog syntezy wybranych API lub ich produktow
posrednich.

Podczas badan duzy nacisk potozono na rozwdj innowacyjnych biokatalizatoréw
opartych o immobilizowane enzymy, a szczegétowy koncept prac zaprezentowano na
Rys. 11. Przeprowadzano syntez¢ innowacyjnych nos$nikow o zdefiniowanych
wiasciwosciach odpowiednio dostosowanych do potrzeb enzymu oraz przysziego
procesu syntezy substancji farmaceutycznie aktywnej. No$niki dobierane byty pod katem
maksymalnego zwigkszenia aktywnosci i stabilnos$ci enzymu w konkretnych warunkach
procesowych dodatkowo zapewniajac efekt ochronny i stabilizujacy dla biokatalizatora.
Podczas produkcji uktadow biokatalitycznych zwrocono szczegdlng uwage na
odpowiedni dobor oraz optymalizacje warunkow immobilizacji, a takze weryfikacje
efektywnosci przeprowadzanych dziatan. Kolejnym istotnym punktem byto zastosowanie
immobilizowanych ukladow w procesach asymetrycznej syntezy substancji
farmaceutycznie aktywnych i/lub ich zwigzkow posrednich wykorzystywanych do
syntezy produktu koncowego. Skuteczno$¢ przeprowadzanych proceséw okreslana byta
na podstawie stopnia konwersji substratu oraz czysto$ci otrzymywanych produktéw

(nadmiar enancjomeryczny ee, ang. enantiomeric excess).
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Dobér odpowiedniego Immobilizacja i Wykorzystanie Weryfikacja otrzymanych
nosnika i enzymu charakterystyka biokatalizatora w produktéw reakcji z
wytworzonych uktadéw syntezie API wykorzystaniem technik

biokatalitycznych
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Rysunek 11. Poszczegolne etapy realizacji zalozen pracy doktorskie;j.

Relative abundance
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5. Opis i dyskusja osiagnie¢ badawczych

Odnoszac si¢ do hipotezy badawczej, ze wlasciwie zaprojektowane
immobilizowane enzymy posiadaja zdolnosci katalizowania reakcji syntezy substancji
farmaceutycznie aktywnych, przeprowadzono prace, ktérych rezultaty zaprezentowano
w Publikacjach 1-5, ktore stanowig spdjng tematycznie podstawe niniejszej dysertacji
i skupione sg na zaprojektowaniu biokatalizatora, jego syntezie i charakterystyce oraz
zastosowaniu w syntezie API.

Rozwdj immobilizowanych biokatalizatoréw w ramach serii badanych systemow
(Publikacje 1-5) koncentrowatl si¢ na projektowaniu uktadow enzym-nos$nik pod katem
uzyskania jak najwyzszej aktywnosci katalitycznej, jak 1 stabilno$ci operacyjnej
w syntezie i rozdzielaniu chiralnych potproduktow farmaceutycznych. Publikacje nalezy
traktowaé holistycznie, natomiast na potrzeb¢ przedstawionej dysertacji podzielono
otrzymane wyniki wedlug trzech etapdéw: rozwoju i charakterystyki strukturalno-
morfologicznej systemow biokatalitycznych, ocena ich aktywnoS$ci oraz zastosowanie

w syntezie substancji farmaceutycznie aktywnych.

5.1. Rozwdj i charakterystyka strukturalno-morfologiczna systemow

biokatalitycznych

W pierwszym etapie badan, opisanym w Publikacji 1, lipaza z Aspergillus niger
zostala zimmobilizowana na nanoczastkach krzemionki poprzez adsorpcje fizyczna
1 czeSciowa aktywacje miedzyfazowa (na niezmodyfikowanej krzemionce) oraz przez
aktywacje¢ miedzyfazowa 1 wymiang¢ jonowa (na krzemionce modyfikowane;j
(3-aminopropylo)trietoksysilanem (APTES)), w celu poréwnania efektywnosci
immobilizacji oraz aktywnos$ci ukladow otrzymanych réznymi metodami. W celu
scharakteryzowania biokatalizatorow wykonano szereg analiz takich jak rozklad
wielkosci czastek (w celu poréwnania jednorodnosci uktadow), spektroskopie
w podczerwieni z transformacja Fouriera (FTIR) (otrzymane widma umozliwity
weryfikacje pomys$lnej immobilizacji), czy tez spektroskopia UV-Vis w celu oceny
aktywnosci biokatalizatora.

Analiza widm FTIR (Rys. 12) wykazata obecno$¢ charakterystycznych pasm

pochodzacych od drgan grup funkcyjnych zarowno w krzemionce (Si02), jak i w lipazie,
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co umozliwito identyfikacje grup uczestniczacych w procesie immobilizacji enzymu.
W widmie krzemionki przy warto$ciach liczby falowej 900-500 cm™! zaobserwowano
sygnaty typowe dla wigzan Si-O oraz potwierdzajacych obecnos$¢ grup hydroksylowych
(3400 cm™), ktore odpowiadaja za wigzanie enzymu z powierzchnig nosnika. Widmo
wolnej lipazy wskazuje na obecnos¢ licznych grup funkcyjnych, w tym amidowych, przy
warto$ciach liczby falowej 1250 ecm™!, 1545 em™! i 1650 cm™! charakterystycznych
warto$ci drgan rozciggajacych pasm amidowych I, II 1 III rzedu, zdolnych do tworzenia
wigzan z nos$nikiem. Widma krzemionki z unieruchomiong lipazg wykazaty obecnos¢
pasm charakterystycznych zarowno dla krzemionki, jak i enzymu, co potwierdza
skuteczng immobilizacj¢. Niewielkie przesunigcia pasm amidowych w kierunku nizszych
wartosci (ok. 10 cm™) wskazuja na efektywne powstanie oddziatywan pomiedzy

krzemionka a lipaza, ktore oparte sg gtoéwnie o oddziatywania adsorpcyjne.

Intensywnos¢ [-]

Lipaza z Aspergillus niger

Niemodyfikowana SiO, + lipaza

Modyfikowana SiO, + lipaza

=== Nanoczgstki krzemionki

Liczba falowa [cm™]
Rysunek 12. Widma FTIR nanokrzemionki (niebieska linia), lipazy z Aspergillus niger
(zotta linia) poprzez adsorpcje fizyczng (szara linia) i aktywacje miedzyfazowa

(pomaranczowa linia).

W  celu dodatkowego potwierdzenia unieruchomienia enzymu oraz
scharakteryzowania wielkosci otrzymanych czastek biokatalizatorow lub potencjalnego
tworzenia aglomeratow wykonano takze analiz¢ rozkladu wielkosci czastek, ktora

pozwala §ledzi¢ zmiany wlasciwosci nosnika po immobilizacji lipazy (Tabela 3). Czysta
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krzemionka wykazuje rozmiary typowe dla nanomaterialow (59-220 nm) i niski PdI,
natomiast po fizycznej immobilizacji czastki powigkszaja si¢ do 91-1106 nm.
W przypadku immobilizacji mieszanej, obejmujacej aktywacje migdzyfazowa i wymiang
jonowa, obserwuje si¢ jeszcze wicksze aglomeraty o rozmiarach 1484-6439 nm. Znaczny
wzrost wielkosci czastek potwierdza skuteczng immobilizacj¢ oraz wptyw modyfikatora

powierzchniowego na formowanie biokatalizatora.

Tabela 3. Wielko$¢ czastek czystej krzemionki i biokatalizatora z lipaza
unieruchomiong przez adsorpcje oraz aktywacje migdzyfazowa na nanoczastkach
krzemionki. Przedstawione wyniki zaprezentowano jako wartos¢ srednia, dla ktorej

odchylenie standardowe (warto$¢ btedu) nie przekracza 5%.

Préobka PdI Zakres wielkoSci
Nanoczastki krzemionki 0,225 59-220 nm
Immobilizowana lipaza (niemodyfikowana) 0,805 91-1106 nm
Immobilizowana lipaza (modyfikowana) 0,935 1484-6439 nm

Testy wymywania enzymu dodatkowo potwierdzily, Zze rodzaj oddziatywan
mi¢dzy enzymem a no$nikiem zalezy od sposobu immobilizacji i modyfikacji
powierzchni. Najmniejsze ubytki aktywnosci enzymu zaobserwowano po zastosowaniu
Triton X-100 jako eluentu, natomiast najwieksze po uzyciu roztworu NaCl, co sugeruje
znaczny udzial wymiany jonowej w procesie desorpcji i zdecydowang przewaga
oddzialywan adsorpcyjnych jako sit wigzacych lipaze z no$nikiem. Modyfikacja
powierzchni krzemionki (np. poprzez wprowadzenie grup aminowych) zwickszyla
stabilno$¢ uktadu enzym-nos$nik, umozliwiajac silniejsze zwigzanie enzymu zaréwno
przez oddziatywania adsorpcyjne, jak i aktywacje mi¢dzyfazowa.

Mozna wigc podsumowac, ze modyfikacja chemiczna powierzchni krzemionki
znaczaco poprawia stabilno$¢ immobilizowanej lipazy, umozliwiajac tworzenie
trwalszych 1 bardziej efektywnych oddziatywan enzym-no$nik, co przeklada si¢ na
wyzszg aktywnos$¢ 1 odpornos$¢ biokatalizatora.

W  przypadku Publikacji 2, do unieruchomienia lipazy pozyskanej
z Pseudomonas fluorescens zastosowano nosnik na bazie nanometrycznej krzemionki.
Powierzchni¢ = krzemionki zmodyfikowano za  pomoca  organosilanow:
(3-(aminopropylo)trietoksysilanu,  trietoksy(oktylo)silanu,  winylotrimetoksysilanu
1 3-(merkaptopropylo)trimetoksysilanu w celu wprowadzenia reaktywnych grup
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funkcyjnych promujacych wytworzenie wigzania kowalencyjnego w celu silniejszego
zwigzania enzymu z no$nikiem.

W celu zdefiniowania najwlasciwszego modyfikatora no$nika, glownym
badanym parametrem byla zachowana aktywno$¢ katalityczna (Tabela 4). Najwyzsza
aktywno$¢ immobilizowanej lipazy uzyskano dla no$nika modyfikowanego APTES,
gdzie uzyskano aktywnos$¢ na poziomie 93% wzglgdem wolnej lipazy. Wynik ten moze
by¢ zwigzany z obecno$cig na powierzchni modyfikowanej krzemionki grup aminowych
(-NH2), ktére sa najbardziej kompatybilne z grupami powierzchniowymi enzymu,
tworzac stabilne wigzania chemiczne mig¢dzy nosnikiem a lipazag. W przypadku
pozostatych modyfikowanych materiatéw aktywno$¢ katalityczna bylta nizsza i wynosita

okoto 90%.

Tabela 4. Odzyskiwanie aktywno$ci katalitycznej lipazy unieruchomionej na
modyfikowanych nanoczgstkach krzemionki. Przedstawione wyniki zaprezentowano
jako warto$¢ §rednia, dla ktorej odchylenie standardowe (warto$¢ btedu)

nie przekracza 5%.

Aktywno$é I10$¢ unieruchomionego
Modyfikator katalityczna [%] enzymu [mg/g] j
(3-aminopropylo)trietoksysilan 93% 105
(3-merkaptopropylo)trimetoksysilan 91% 98
trietoksy(octylo)silan 88% 94
vinylotrimetoksysilan 89% 97

W Publikacji 3 zastosowano alternatywne podejscie do immobilizacji.

W badaniach tych lipaza z Candida rugosa zostata uwigziona w polimerycznych
hydrozelach modyfikowanych dodatkowo cieczami jonowymi (ILs) w celu zwigkszenia
wydajnosci immobilizacji i stabilno$ci osadzonych enzyméw. Hydrozele zsyntetyzowano
przy uzyciu akrylamidu (AM) 1 czynnikow sieciujacych, takich jak
N,N'-metylenobisakrylamid (MBAm), z nadsiarczanem amonu jako inicjatorem. Ciecze
jonowe ([BMIM]CI i [BMIM]PFs) dodano w réznych proporcjach w celu kontrolowania
porowato$ci 1 hydrofilowosci hydrozelowych nos$nikow. Powstate hydrozele
charakteryzowaly si¢ porowatg strukturg trojwymiarowa, co potwierdzono zdj¢ciami
SEM (skaningowy mikroskop elektronowy, ang. scanning electron microscope) i CLSM
(konfokalna laserowa mikroskopia skaningowa, ang. confocal laser scanning
microscopy) (Rysunek 13). Co wigcej, na zdjeciach CLSM materiatu hydrozelowego po
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immobilizacji, wyraznie widoczne sg czastki enzymu (biate inkluzje), a najistotniejszym
aspektem jest ich rownomierne roztozenie na materiale, §wiadczace o pozadanym

rozproszeniu enzymu w matrycy.

Rysunek 13. Zdjecia SEM: (a) czystego materialu hydrozelowego, (b) hydrozelu
z osadzonymi enzymami. Fotogratie CLSM (c) czystego materiatu hydrozelowego oraz
(d) hydrozelu z osadzonymi enzymami w trybie odbicia (po lewej) i fluorescencji
(po prawej). Zotte strzalki wskazuja osadzone enzymy. Na wszystkich zdjeciach
przedstawiono hydrozele PAM (poli(akrylamid) o stosunku AM do MBAm
wynoszacym 9:1 (15% wag.).

Analiza FTIR (Rysunek 14) wykazata obecno$¢ na widmie hydrozelu

z unieruchomiong lipaza, oproécz pasm charakterystycznych dla hydrozelu
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poliakrylamidowego, intensywne pasmo absorpcji przy okoto 1100 cm, bedace
nastepstwem drgan rozciggajacych mostka C—O—C, charakterystycznego dla struktury
lipazy. Dodatkowo, efektywno$¢ unieruchomienia potwierdzaja pasma pochodzace od
drgan deformacyjnych z maksimum przy 844 cm?!, 752 cm! i 619 cm’l,
charakterystyczne dla biatek bogatych w wigzania amidowe, ktére nie byly widoczne

w widmie czystego hydrozelu [152].

Transmitancja

— czysty hydrozel

w——  hydrozel+lipaza+IL

1537 cm*!

3500 2500 1500 500

Liczba falowa [cm™]

Rysunek 14. Widma FTIR czystego hydrozelu i hydrozelu z unieruchomiong lipaza
z dodatkiem [BMIM]PFg IL.

Wyniki badan wskazaly, ze najbardziej aktywnym 1 stabilnym systemem okazat
si¢ by¢ uklad zawierajacy 5% wag. [BMIM]PFs, ktory osiagnat 62-proc. aktywno$é
katalityczng po 8 godzinach immobilizacji, co wskazuje na wyrazng korelacj¢ migdzy
stezeniem IL a integralno$cig strukturalng matrycy hydrozelowej. Dodatek tej IL
wzmocnit takze hydrofobowe mikrosrodowisko wokot enzymu dodatkowo stabilizujac
strukture trzeciorzedows lipazy zapobiegajac denaturacji podczas powtarzajacych si¢ po
sobie cykli katalitycznych.

Obiecujace wyniki prac zwigzanych z zastosowaniem hydrozeli spowodowaty, ze
w Publikacji 4 skupiono si¢ na hybrydowych hydrozelach poli(ciecz jonowa) -
poli(akrylamid) (PIL-PAM) jako matrycy do putapokowania lipazy z Pseudomonas
fluorescens. Spektroskopia weglowego magnetycznego rezonansu jagdrowego (*C NMR)

potwierdzita polimeryzacj¢ poprzez =zanik charakterystycznych sygnatéw grup
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winylowych (6 = 5,5-6,5 ppm). W przypadku PIL stopien polimeryzacji wzrasta z 44,1%
w temperaturze 30°C do 63,5% w temperaturze 70°C, a w przypadku PAM z 60,1% do
90,9% w tym samym zakresie temperatur (Tabela 5). Te tendencje sugeruja, ze wyzsze
temperatury sprzyjaja polimeryzacji obu materialow, przy czym PAM wykazuje
wyrazniejszy wzrost. Analiza procesu polimeryzacji wykazala, ze najkorzystniejsza
struktur¢ przestrzenng uzyskano poprzez ogrzewanie mieszaniny reakcyjnej
w temperaturze 70°C przez 30 minut, 0siggajac stopien polimeryzacji na poziomie 63,5%

dla PIL 1 90,9% dla PAM.

Tabela 5. Wplyw temperatury i czasu na polimeryzacj¢ IL do PIL i AA do PAM.
Przedstawione wyniki zaprezentowano jako warto$¢ $rednig, dla ktorej odchylenie

standardowe (wartos¢ bledu) nie przekracza 5%.

Stopien polimeryzacji [%o]

Préobka

IL monomer PIL AA PAM
30°C, 30 min 55,9 44,1 39,9 60,1
30°C, 60 min 50,8 492 26,0 74,0
40°C, 30 min 494 50,6 259 74,1
40°C, 60 min 51,3 48,7 27,7 72,3
50°C, 30 min 54,0 46,0 29,6 70,3
50°C, 60 min 52,6 474 25,5 74,5
60°C, 30 min 55,3 447 35,4 64,6
60°C, 60 min 48,7 51,3 19,2 80,8
70°C, 30 min 36,5 63,5 9,1 90,9

System biokatalityczny oparty o polimerowe matryce opracowano takze
w Publikacji 5, przy czym w tych badaniach skonstruowano elektroprzedzony system
nanowtokien domieszkowanych szkieletem metalo-organicznym (MOF, ang. metal-
organic frameworks), ktory wykorzystano do immobilizacji lipazy Candida sp.
Nanowtdkna wytworzono z roztworéw poli(chlorku winylu) (PVC) o réznych masach
czasteczkowych (niskiej (LOW PVC) i wysokiej (HIGH PVC)) domieszkowanych
cyrkonowym MOF UiO-66-NH; oraz cieczami jonowymi na bazie choliny. Dodatek
MOF miat za zadanie zwickszenie powierzchni wlasciwej i1 ilosci grup funkcyjnych
zdolnych do wigzania enzymu na powierzchni materialu (zwigkszajac wydajnosé
immobilizacji), a ciecze jonowe dodatkowo tworzyty mikrosrodowisko sprzyjajace
wysokiej aktywnos$ci katalitycznej i stabilno$ci immobilizowanej lipazy. Parametry
elektroprzgdzenia, w tym stezenie polimeru, przylozone napigcie i czas przedzenia
zoptymalizowano w celu uzyskania wldkien o $redniej $rednicy w zakresie 300-500 nm.
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Zastosowanie MOF-6w znaczaco zwigkszylo nie tylko powierzchni¢ wtasciwg ale takze
wytrzymato§¢ mechaniczng nanowtokien dodatkowo wprowadzajac centra aktywne
zdolne do zwigzania enzymu, co znacznie poprawilo wydajno$¢ adsorpcji lipazy
1 zagwarantowalo rownomierny rozklad czastek MOF i lipazy wzdhuz wtokien, co

potwierdzaja obrazy CLSM (Rys. 15).

Rysunek 15. Zdjecia CLSM mat elektroprzedzonych wytworzonych z PVC o mate;j

masie czasteczkowej (LOW PVC): (a), (b) w stanie nienaruszonym i (c), (d)
z dodatkiem MOF; oraz z PVC o duzej masie czasteczkowej (HIGH PVC): (a), (b)
w stanie nienaruszonym i (c), (d) z dodatkiem MOF; zdjecia wykonane w trybie

materialowym (a), (c), (e), (g) 1 trybie fluorescencyjnym (b), (d), (f), (h).

Analiza poréwnawcza wszystkich immobilizowanych uktadéw podkresla odrgbne
zalety kazdej z zastosowanych metody immobilizacji oraz testowanych no$nikow.
Adsorpcja fizyczna (Publikacja 1) zapewnila prostote i wysoka aktywno$¢ katalityczna
podczas gdy metody kowalencyjne i oparte na pulapkowaniu enzymu (Publikacje 2-4)
zapewnity lepsza stabilno$¢ strukturalng i mozliwo$¢ ponownego wykorzystania. Z kolei
material hybrydowy MOF-nanowtokna (Publikacja 5) zapewnil najlepszy balans miedzy
wydajnoscig katalityczng a dlugoterminowa stabilnos$cig dzigki synergistycznemu
efektowi architektury nanowtdkien i mikrosrodowiska biokatalizatora wspomaganego
ciecza jonowa. We wszystkich badanych ukladach zaobserwowano pozadang morfologi¢

wytworzonych no$nikéw oraz efektywng immobilizacje, jednak dopiero poglebione
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analizy charakterystyki i funkcjonalno$ci umozliwia pelng oceng¢ ich potencjalnej

przydatnosci aplikacyjne;j.

5.2. Ocena stabilnosci wytworzonych ukladow

Stabilno$¢ operacyjna i mozliwo$¢ ponownego wykorzystania to kluczowe
parametry stuzace ocenie praktycznos$ci i optacalnosci stosowania immobilizowanych
uktadow enzymatycznych. Parametry te pozwalaja zrozumieé, jak strategie
immobilizacji, rodzaj no$nika, charakter oddziatywan oraz czynniki $rodowiskowe
wptywaja na dlugoterminowa wydajnos¢ 1 trwalo§¢ enzymoéw w warunkach
wielokrotnego lub dtugotrwatego uzytkowania.

Srodowisko reakcji ma kluczowe znaczenie dla aktywnosci enzymow, ktore sa
wrazliwe na zmiany temperatury i pH. W badaniach okre§lono wplyw tych parametréw
na aktywnos$¢ lipazy immobilizowanej roznymi metodami na powierzchni krzemionki
(Publikacja 1) (Rys. 16). W szerokim zakresie temperatur (30-80°C) wyzszg aktywnos¢
uzyskano dla lipazy immobilizowanej na modyfikowanej krzemionce (aktywacja
mi¢dzyfazowa i wymiana jonowa), a jedynie w 20°C 1 40°C lipaza unieruchomiona przez
adsorpcje i czgsciowa aktywacje miedzyfazowa wykazywata wyzsza aktywno$¢.
Dodatkowo oba immobilizowane systemy wykazywaly ponad 80-proc. aktywnos$¢
w zakresie temperatur 10-50°C, co potwierdza ich wysoka stabilno$¢ termiczna
wynikajacg z ochronnego dziatania no$nika.

Wartym odnotowania jest, ze optymalne pH dla lipazy immobilizowanej przez
adsorpcje i czgsciowa aktywacje miedzyfazowa wynosito 7, natomiast dla lipazy
immobilizowanej metoda mieszang bylo to pH 8 co wskazuje na wigksze zmiany
w mikrosrodowisku enzymu na skutek unieruchomienia drugg z tych metod. Co wigcej,
w zakresie pH 7-10 aktywnos$¢ obu biokatalizatorow utrzymywata si¢ powyzej 85%, co
wskazuje na poprawg stabilno$ci enzymu po immobilizacji. W przypadku wolnej lipazy
obserwowano gwattowny spadek aktywno$ci przy odchyleniach od optymalnych
warunkow, ktorymi byty pH 7 i temperatura 30°C.

Z kolei testy stabilno$ci termicznej wytworzonych uktadéow wykazaty, ze
najwyzsza aktywno$¢ w 30°C oraz utrzymanie okoto 80% aktywnosci nawet w 80°C,
dzigki ochronnemu dziataniu no$nika krzemionkowego. W badaniach mozliwosci

wielokrotnego wykorzystania, po o§miu cyklach reakcji biokatalizator immobilizowany
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metoda mieszang zachowat ponad 80-proc. aktywnos$¢, a uktad otrzymany na drodze
adsorpcji zachowal ponad 60-proc. aktywnos$¢. Spadek aktywnosci po wielu cyklach
wigze si¢ z czg¢$ciowg dezaktywacjg enzymu lub jego wymywaniem z no$nika. Uzyskane
wyniki potwierdzaja jednak, ze immobilizacja znaczaco zwigksza stabilnos$¢ i trwalo$é

lipazy, umozliwiajac jej praktyczne zastosowanie.
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B immobilizacja (niemodyfikowana) B Immobilizacja (niemodyfikowana)
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Rysunek 16. Porownanie wptywu temperatury (a) i pH (b) na aktywno$¢ enzymu
immobilizowanego na modyfikowanej i niemodyfikowanej nanokrzemionce.
Przedstawione wyniki zaprezentowano jako warto$¢ $rednig, dla ktorej odchylenie

standardowe (wartos¢ biedu) nie przekracza 5%.

W Publikacji 2 réwniez dowiedziono, ze unieruchomienie enzymu zwigksza jego
stabilno$¢ w zmiennych warunkach temperaturowych. Wolna lipaza wykazywata spadek
aktywnos$ci ponizej 70%, wzgledem poczatkowej wartosci w 70°C (100% w 30°C).
Natomiast enzymy unieruchomione zachowaty wysoka aktywnos¢, osiggajac maksimum
aktywnos$ci w 40°C. Z kolei w badaniu wptywu pH na aktywnos¢ katalityczng, wszystkie
biokatalizatory w tym wolna lipaza, miaty najwyzszg aktywno$¢ przy pH 7, co potwierdza
brak istotnych zmian strukturalnych po immobilizacji. Enzymy unieruchomione
wykazywaty jednak znacznie wigksza tolerancj¢ na zmiany pH utrzymujac aktywno$é
powyzej 90% w szerokim zakresie pH, podczas gdy wolna lipaza byla znacznie bardziej
wrazliwa na zmiany tego parametru.

Testy mozliwo$ci ponownego wykorzystania wykazaty, ze aktywnos$¢ enzymow

immobilizowanych stopniowo spadata wraz z kolejnym cyklem reakcyjnym, jednakze
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biokatalizator osadzony na nos$niku modyfikowanym APTES zachowat ponad 80%
aktywnosci po dziesieciu cyklach (Rys. 17). Dzieje si¢ tak dlatego, ze unieruchomienie
stabilizuje struktur¢ enzymu, bowiem przylaczenie lipazy do no$nika ogranicza jej
swobode konformacyjng, dzigki czemu biatko mniej podatne jest na denaturacje¢ oraz
utrate prawidlowej konformacji centrum aktywnego. Dodatkowo no$nik chroni enzym
przed niekorzystnymi warunkami reakcji oraz ulatwia jego separacje, co zapobiega
mechanicznym lub chemicznym stratom aktywnos$ci. Wolna lipaza nie nadawata si¢ do
ponownego wykorzystania, ze wzgledu na ograniczone metody separacji z medium
reakcyjnego oraz potencjalng utrate aktywnosci katalitycznej. Enzym w formie wolnej
nie jest w zaden sposob stabilizowany, dlatego szybciej ulega denaturacji, agregacji oraz

dziataniu czynnikéw srodowiskowych, co prowadzi do wyraznego spadku aktywnosci.
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Rysunek 17. Charakterystyka wolnej lipazy i lipazy unieruchomionej na

modyfikowanych no$nikach nanokrzemionki obrazujace wptyw: (a) temperatury,

(b) pH; (c) mozliwo$¢ ponownego uzycia oraz (d) stabilno$¢ termiczng. Przedstawione

wyniki zaprezentowano jako warto$¢ $rednig, dla ktorej odchylenie standardowe

(warto$¢ bledu) nie przekracza 5%.
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Badania stabilnosci termicznej takze potwierdzity, ze unieruchomione enzymy
utrzymywaly wysoka aktywno§¢ w zmiennych temperaturach, podczas gdy aktywno$¢
wolnej lipazy gwaltownie malata, szczegdlnie w temperaturze 70°C (spadek o ponad
40%). Mozna zatem stwierdzi¢, ze immobilizacja na modyfikowanych nos$nikach
krzemionkowych znacznie poprawia stabilno$¢ i trwalo$¢ lipazy dzigki ochronnemu
dzialaniu nos$nika i stabilnym wigzaniom enzym-no$nik, ktére ograniczaja denaturacje
enzymu. Sposrod analizowanych probek najlepsze wlasciwosci wykazat biokatalizator
z lipaza unieruchomiong na krzemionce modyfikowanej APTES, dlatego zostal wybrany
do dalszego wykorzystania w procesie konwersji 3H3P, gwarantujac najwyzsza
wydajnos¢ syntezy API.

Z kolei w Publikacji 3 silny nacisk potozono na zdefiniowanie wptywu cieczy
jonowej na stabilno$¢ i wydajno$¢ enzymu oraz odpowiedni dobor IL ([BMIM]CI
i [BMIM]PF¢) pod katem przysztego zastosowania. Proby te wykonano ze wzgledu na
fakt, ze ILs moga stabilizowa¢ struktur¢ enzymu i pozytywnie wptywacé na jej aktywno$¢.
Na wstepie zbadano wplyw IL na efektywnos¢ immobilizacji, uzyskujac jednoznaczne
wyniki, iz prawidlowo dobrana ciecz jonowa potrafi wielokrotnie zwigkszy¢ ilo$é
unieruchomionego enzymu oraz podnies¢ wydajnos¢ immobilizacji (Tabela 6). Korzys$ci
te wynikajg z wlasciwosci fizykochemicznych zastosowanych ILs. Ciecze jonowe na
bazie imidazoli wykazuja zdolno§¢ do stabilizacji struktury trzeciorzedowej lipazy,
ograniczajac jej niekorzystng denaturacj¢ podczas kontaktu z powierzchnig no$nika.
Dodatkowo moga one modyfikowa¢ mikrosrodowisko enzymu, zmniejszajac napigcie
mi¢dzyfazowe i poprawiajac zwilzalnos¢ nosnika, co utatwia jego réwnomierne pokrycie
biatkiem. [BMIM]CI jako hydrofilowa IL sprzyja utrzymaniu ,,otwartej” konformacji
lipazy, zwigkszajac dostepnos¢ centrum aktywnego, natomiast bardziej hydrofobowa
[BMIM]PFs ogranicza agregacje czasteczek enzymu 1 stabilizuje je poprzez
oddziatywania hydrofobowe. W efekcie obecnos¢ IL nie tylko zwigksza ilo$¢ efektywnie
zimmobilizowanej lipazy, ale takze poprawia jej aktywno$¢ katalityczng oraz odpornosé
na warunki reakcyjne.

Na podstawie uzyskanych rezultatow, w dalszych dziataniach wykorzystano ciecz
jonowa [BMIM]PF¢ 1 dla ukladu z zastosowaniem tej cieczy przeprowadzono
szczegblowa oceng jego stabilno$ci w roéznych temperaturach i pH, a takze oceniono

mozliwo$¢ ponownego wykorzystania oraz stabilno$¢ termiczna.
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Tabela 6. Ilo$¢ enzymu unieruchomionego na hydrozelach PAM z dodatkiem i bez
dodatku ILs. Przedstawione wyniki zaprezentowano jako warto$¢ $rednia, dla ktorej

odchylenie standardowe (warto$¢ btedu) nie przekracza 5%.

Typ biokatalizatora Ilo$¢ unieruchomionego enzymu  Wydajnos¢ immobilizacji

[mg/g] [Yo]

Z [BMIM]CI 215 86
Z | BMIM]PF, 217 87
Bez IL 79 32

Najwyzsza aktywnos$¢ unieruchomiona lipaza wykazywata w temperaturze 40°C,
co wynika ze specyfiki lipazy pozyskanej z grzybow, a czego potwierdzeniem jest fakt,
ze natywna forma tego enzymu rdwniez osigga maksymalng aktywnos$¢ w tej
temperaturze (Rys. 18). Lipaza ta bowiem, nalezy do grupy lipaz o umiarkowanej
termostabilnosci 1 jest znana z wysokiej aktywno$ci w zakresie temperatur 35-45°C, co
zwigzane jest z jej naturalnym pochodzeniem. W podanym zakresie temperatur struktura
biatka zachowuje optymalng elastycznos$¢, umozliwiajac prawidtowa ekspozycje centrum
aktywnego 1 skuteczng katalize¢ reakcji hydrolizy lub syntezy estrow. Z tego wzgledu
w prezentowanych badaniach, w nizszych temperaturach wolny enzym ulega
dezaktywacji, a w wyzszych denaturacji, zachowujac ok. 30% aktywnosci w 60°C.
Z kolei analizujac wptyw pH mozna odnotowac, ze najwigksza aktywnos$¢ natywna lipaza
wykazuje w pH 7, natomiast biokatalizator unieruchomiony charakteryzuje si¢ wigksza
stabilno$cig 1 szerszym zakresem dziatania z wysoka aktywno$cia w rdéznych
temperaturach i pH. Katalizator hydrozelowy osiaga wyzsza aktywno$¢ w $rodowisku
zasadowym, co moze wynika¢ ze zmian konformacji enzymu po unieruchomieniu.
W przypadku hydrozelu poliakrylamidowego (PAM) zasadowe $rodowisko moze
dodatkowo wptywacé na jego wlasciwosci fizykochemiczne. Cho¢ PAM sam w sobie nie
ulega znaczacej jonizacji, w pH zasadowym moze dochodzi¢ do cze$ciowej hydrolizy
grup amidowych do karboksylanow. Powstawanie natadowanych ujemnie grup
karboksylowych zwigksza zdolno$¢ hydrozelu do wigzania wody, prowadzac do jego
intensywniejszego pecznienia. Rozszerzenie sieci polimerowej poprawia dyfuzje
substratow 1 utatwia dost¢gp do unieruchomionej lipazy. Jednocze$nie zmieniajacy si¢
tadunek hydrozelu moze redukowac zbyt silne oddzialywania pomig¢dzy matryca
a enzymem, co sprzyja zachowaniu bardziej aktywnej konformacji biatka. W efekcie
zarowno poprawiona dyfuzja, jak i korzystniejsze mikrosrodowisko w obrgbie hydrozelu
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poliakrylamidowego moga dodatkowo wzmacnia¢ aktywno$¢ katalizatora w warunkach

zasadowych.
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Rysunek 18. Wzgledna aktywno$¢ biokatalizatora w zalezno$ci od: (a) temperatury
1 (b) pH; (c) stabilno$¢ termiczna; oraz (d) mozliwo$¢ ponownego wykorzystania lipazy
unieruchomionej na materiale hydrozelowym z dodatkiem [BMIM]PFs. Przedstawione
wyniki zaprezentowano jako warto$¢ $rednig, dla ktorej odchylenie standardowe

(warto$¢ bledu) nie przekracza 5%.

Profil stabilnosci termicznej unieruchomionej lipazy potwierdzil wczesniejsze
obserwacje. Wykazano bowiem, ze po 2 godzinach inkubacji w wysokiej temperaturze
enzym unieruchomiony zachowuje 70-90% aktywnos$ci dzigki ochronnemu dziataniu
no$nika i IL oraz usztywnieniu struktury biokatalizatora. W testach obrazujacych
mozliwos¢ wielokrotnego wykorzystania system wykazal duza trwalo$¢, utrzymujac
ponad 60-proc. aktywno$¢ nawet po dziesiatym cyklu. Kompatybilno$¢ nosnika i cieczy
jonowej z lipaza odpowiada za wysoka stabilno$¢ biokatalizatora, ktéry dodatkowo
mozna tatwo oddzieli¢ od mieszaniny reakcyjnej dzigki zwartej strukturze hydrozelu.

Dla otrzymanych z dodatkiem IL systemo6w biokatalitycznych zdefiniowano takze
parametry kinetyczne, a wigc stata Michaelisa (Km) 1 maksymalng szybkos$¢ reakcji
(Vmax), celem okreslenia w jaki sposéb zmianie ulega kinetyka lipazy po dodatku IL.
Rezultaty wykonanych badan wykazaly, ze obecno$¢ [BMIM]PFs w systemie po
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immobilizacji znaczaco poprawia powinowactwo lipazy do substratu i szybko$¢ reakcji.
W pordéwnaniu z wolnym enzymem, uktad z dodatkiem IL charakteryzowat si¢ bowiem
nizszg warto$cig Ky (0,475+0,014) 1 wyzszg warto$cia Vmax (1,519£0,068), co $wiadczy
o poprawionych wtasciwos$ciach katalitycznych. Wynika to prawdopodobnie z bardziej
hydrofobowego $rodowiska wokot centrum aktywnego oraz lepszej rozpuszczalno$ci
substratéw i1 mniejszych ograniczen dyfuzyjnych. Z kolei enzym unieruchomiony bez
stabilizatora w postaci IL wykazuje spadek powinowactwa do substratu z powodu zmian
konformacyjnych i barier dyfuzyjnych.

W Publikacji 4 poréwnano wilasciwosci katalityczne i stabilno$¢ systeméw
biokatalitycznych po immobilizacji enzymu lipaza z Pseudomonas fluorescens technika
pulapkowania w matrycy hydrozelowej poli(akrylamid)-poli(ciecz jonowa) (PAM-PIL)
z enzymem w formie natywne;.

Wytworzono dwa uktady biokatalityczne: HLES (ang. high-loaded enzyme
system) z 120 mg enzymu w uktadzie i LLES (ang. low-loaded enzyme system) z 50 mg
enzymu w uktadzie. W pracy badaniom poddano wplyw ilo$ci immobilizowanego
enzymu na aktywno$¢ katalityczng, poniewaz jego nadmiar moze prowadzi¢ do
wysycenia nos$nika i wystepowania ograniczen w dyfuzji substratu, a zarazem obnizenia
aktywnosci. System HLES wykazal 107% odzysku aktywnos$ci w poréwnaniu
z enzymem natywnym, co wskazuje, ze zastosowane warunki immobilizacji oraz no$nik
z cieczg jonowa korzystnie wplynety na aktywno$¢ enzymu. Dane zaprezentowane
na Rys. 16. jasno wskazuja, ze immobilizacja zwigkszyta odporno$¢ enzymu na dziatanie
temperatury 1 pH. Enzym w formie immobilizowanej (szczegdlnie HLES) zachowat
wysoka aktywno$¢ w szerokim zakresie temperatur (30-70°C) 1 pH (5-9),
w przeciwienstwie do wolnej lipazy, ktorej aktywno$§¢ znacznie spadala w wyzszych
temperaturach i ekstremalnych warunkach pH (Rys. 19). Oznacza to, ze immobilizacja
zwigksza sztywno$¢ strukturalng enzymu i chroni go przed denaturacja. Zwigkszona
stabilno$¢ termiczna i pH oraz mozliwo$¢ wielokrotnego wykorzystania wskazuja, ze
immobilizowany enzym jest tez odporniejszy na degradacj¢ 1 utrat¢ aktywnosci w czasie.
System HLES utrzymywat ok. 80-proc. aktywno$¢ po 7 cyklach reakcji i 60-proc. po 10
cyklach.
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Rysunek 19. Wptyw a) temperatury, b) pH na wzglgdng aktywnos¢, ¢) mozliwos¢
ponownego wykorzystania i d) stabilno$¢ termiczng wytworzonych uktadow
biokatalitycznych. Przedstawione wyniki zaprezentowano jako warto$¢ §rednia, dla

ktoérej odchylenie standardowe (warto$¢ btedu) nie przekracza 5%.

Dodatkowo, zastosowanie cieczy jonowej VBIMBTr poprawito dyspersj¢ enzymu
w matrycy polimerowej i wptyneto korzystnie na jego konformacje, chroniac biatko przed
degradacja i wzmacniajac jego aktywnos¢ katalityczng. Testy wymywania potwierdzity
wysoka stabilno$¢ systemu i znikoma elucje lipazy, poniewaz po 24 godzinach w buforze
PBS o pH 7 ubytek enzymu wyniost zaledwie 1,26%, co wskazuje na skuteczng i trwala
immobilizacje.

W celu dalszego zbadania wplywu rodzaju nos$nika na aktywno$¢ enzymu,
biokatalizator z elektroprzedzonych nanowtdkien z dodatkiem MOF (Publikacja 5)
zostat poddany analizie i wykazal najwyzsza dlugoterminowg stabilno$¢ sposrod
wszystkich badanych uktadow (Rys. 20). Jak juz wspomniano wcze$niej wyprodukowano
cztery rodzaje mat elektroprzedzonych, ktore wykorzystano jako no$nik organiczny

w procesie immobilizacji oraz poddano dalszej analizie aktywnos$ci, wykonanych
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z (i) roztworu poli(chlorku winylu) o malej masie czasteczkowej (LOW PVC),
(i1) roztworu poli(chlorku winylu) o matej masie czasteczkowej z dodatkiem UiO-66-NH»
(LOW PVC MOF), (iii) roztworu poli(chlorku winylu) o duzej masie czasteczkowej
(HIGH PVC) oraz (iv) roztworu poli(chlorku winylu) o duzej masie czasteczkowej
z dodatkiem MOF UiO-66-NH, (HIGH PVC MOF). W obrebie kazdego nos$nika
testowano 2 systemy: PVC-lip oraz PVC-lip-CA (dodatek octanu choliny; CA).
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Rysunek 20. (a) Zalezno$¢ wzglednej aktywnosci wytworzonych biokatalizatoréw
podczas ponownego uzycia; (b) zachowanie aktywnosci katalitycznej podczas dlugiego
przechowywania. Przedstawione wyniki zaprezentowano jako wartos$¢ $rednia, dla

ktorej odchylenie standardowe (warto$¢ btedu) nie przekracza 5%.
Struktura kompozytowa, ztozona z wtokien PVC o duzej masie czasteczkowej
domieszkowanych MOF UiO-66-NH: i stabilizowana octanem choliny pozwolita na

zachowanie ok. 80% poczatkowej aktywnos$ci katalitycznej (wolna forma enzymu

66



wykazywata zaledwie ~3%) po 30 dniach przechowywania w temperaturze otoczenia
1 ponad 90% aktywnos$ci po dziesigciu cyklach katalitycznych. Potaczenie sztywnych
nieorganicznych domen MOF z elastycznymi widknami polimerowymi PVC zapewnito
zarowno trwato$§¢ mechaniczng, jak i wydajne kanaty dyfuzji substratu. Ponadto ciecz
jonowa petnita funkcje $rodka stabilizujacego, utrzymujac strukture przestrzenng lipazy
Candida sp. Z uzyskanych danych wynika tez, ze dodatek octanu choliny znacznie
zwigkszatl aktywno$¢ enzymatyczna w porownaniu do ukladu bez IL. Wynika to
zarownoz wyzszej efektywnosci unieruchomienia lipazy w obecno$ci octanu choliny, jak
1 z bardziej korzystnego pH, jakie ten zwigzek zapewnia (pH lekko zasadowe, w ktérym
lipaza wykazuje najwyzsza aktywno$¢). Chlorek choliny, bedacy bardziej kwasny,

prowadzit do nizszej aktywnosci enzymu.

5.3.  Zastosowanie immobilizowanych enzymow w syntezie asymetrycznej API

Gléwnym celem badan zrealizowanych w ramach rozprawy doktorskiej bylo
jednak  enzymatyczne rozdzielenie i/lub asymetryczna synteza substancji
farmaceutycznie aktywnych lub ich polproduktow. Kazdy immobilizowany uktad
opracowany w ramach pigciu etapéw prac zostat specjalnie dostosowany do potrzeb
procesu oraz docelowego substratu, a warunki reakcji zoptymalizowano w celu
maksymalizacji  konwersji, enancjoselektywnosci 1 stabilnosci  katalityczne;.
W ponizszym rozdziale przedstawiono szczeg6lowa analiz¢ wydajno$ci enzymatycznej
wszystkich pigciu badanych uktadow, podkreslajac synergistyczny wptyw immobilizacji,
chemii no$nika i modyfikacji cieczy jonowej na wyniki reakcji syntezy API.

W celu weryfikacji hipotezy badawczej w Publikacji 1 do enancjoselektywnej
hydrolizy (R)-ketoprofenu z racemicznej mieszaniny estru etylowego (R,S)-ketoprofenu
wykorzystano wolng i unieruchomiong na krzemionce lipaze z Aspergillus niger
(Tabela 7). Enzym ten wykazuje wigksza specyficznos¢ wobec formy (R)- niz (S)-, co
byto pozadane i co potwierdzity uzyskane wyniki. Najwyzsza wydajnos¢ reakcji (51,1%)
uzyskano dla lipazy unieruchomionej fizycznie poprzez adsorpcj¢ i cz¢$ciowg aktywacje
mi¢dzyfazowa w buforze PBS o pH 7, przy zastosowaniu 20 mg enzymu i czasie reakcji
96 h. Zblizona wydajnos¢ (46,3%) otrzymano takze przy mniejszej ilosci biokatalizatora
(15 mg). Okoto 45-proc. wydajnos¢ uzyskano takze dla lipazy unieruchomionej metoda

mieszang (aktywacja mi¢dzyfazowa i wymiana jonowa).
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Tabela 7. Wydajno$¢ procesu po enzymatycznej konwersji estru metylowego
ketoprofenu oraz nadmiar enancjomeryczny (ee) (R)-ketoprofenu w stosunku do
(S)-ketoprofenu po 24 h 1 96 h prowadzenia reakcji. Przedstawione wyniki
zaprezentowano jako warto$¢ $rednia, dla ktorej odchylenie standardowe (warto$¢

btedu) nie przekracza 5%.

Hos¢ e
Typ immobilizacji enzymu Rozpuszczalnik Czas Wydf Jnose (R)-ket(:)profen
[mg] [h] [%0] ee (%)
Wolna lipaza 50 PBS 7 96 21,7 99,7
Niemodyfikowany 10 PBS 7 96 27,4 99,7
nosnik
Niemodyfikowany 15 PBS 7 96 46,3 99,9
nosnik
Niemodyfikowany 20 PBS 7 96 51,1 97,1
nosnik
Modyfikowany no$nik 10 PBS 7 96 21,7 98,6
Modyfikowany no$nik 15 PBS 7 96 32,3 100,0
Modyfikowany no$nik 20 PBS 7 96 44,1 100,0
Niemodyfikowany 10 PBS 7 24 23,3 99,5
nosnik
Niemodyfikowany 15 PBS 7 24 38,0 99,7
nosnik
Niemodyfikowany 20 PBS 7 24 454 98,8
nosnik
Modyfikowany no$nik 10 PBS 7 24 20,2 100,0
Modyfikowany no$nik 15 PBS 7 24 29,7 99,8
Modyfikowany no$nik 20 PBS 7 24 40,3 98,1
Niemodyfikowany 10 heksan 24 46,0 98,9
nosnik
Modyfikowany no$nik 10 heksan 24 6,6 95,4
Nlemody’ﬁkowany 10 ) eter 24 19.8 08.8
nosnik diizopropylowy
Modyfikowany no$nik 10 | cter 24 9,9 96,9
diizopropylowy
Nlemody’ﬁkowany 10 izopropanol 24 12,4 98,6
nosnik
Modyfikowany no$nik 10 izopropanol 24 6,5 100,0

Dodatkowo wydhuzenie czasu reakcji z 24 do 96 godzin nie spowodowato
istotnego wzrostu wydajnosci, dlatego z ekonomicznego punktu widzenia korzystniejszy
jest proces trwajacy 24 godziny. W $rodowisku czysto organicznym wydajnosci byty
nizsze, a wyjatkiem byl proces prowadzony w heksanie (wydajno$¢ 46%), gdyz
rozpuszczalniki organiczne moga zaburza¢ struktur¢ centrum aktywnego enzymu.
Co wigcej, prowadzenie procesu w $rodowisku wodnego buforu wpisuje sie¢
w paradygmat zrownowazonej 1 zielonej chemii, umozliwiajac eliminacje
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rozpuszczalnikdw organicznych i redukcje obcigzenia srodowiskowego. We wszystkich
przypadkach uzyskano za to bardzo wysoka enancjomeryczng czysto$¢ produktu
(ee > 98%). Wyniki potwierdzaja, ze wydajnosc¢ i enancjoselektywno$¢ zalezg od rodzaju
zastosowanej lipazy, ktérej wlasciwosci (np. optimum pH, temperatura, specyficzno$c)
r6znig si¢ w zalezno$ci od zrodta enzymu.

W Publikacji 2, po ocenie wlasciwos$ci otrzymanych uktadow, zastosowano je do
rozdzielenia racemicznej mieszaniny 3H3P (bedacej kluczowym zwigzkiem posrednim
w procesie syntezy fluoksetyny) w roznych rozpuszczalnikach i przy udziale réznych
cieczy jonowych (ILs), ktore miaty na celu poprawe stabilnosci i aktywnosci enzymu
(Tabela 8). Wyniki wskazuja, ze lipaza wykazywala wysoka aktywno$¢ w srodowisku
organicznym, natomiast w buforze PBS wydajno$¢ reakcji transestryfikacji byta niska
1 wyniosta maksymalnie 31,6%. Wysoka zawarto$¢ wody moze przesuwac¢ rOwnowage

w stron¢ hydrolizy oraz ogranicza¢ efektywno$¢ transestryfikacji.

Tabela 8. Wplyw rodzaju rozpuszczalnika oraz rodzaju i st¢zenia cieczy jonowej na
nadmiar enancjomeryczny i wydajno$¢ rozdzialu mieszaniny racemicznej 3H3P.
Przedstawione wyniki zaprezentowano jako warto$¢ $rednig, dla ktorej odchylenie

standardowe (wartos¢ biedu) nie przekracza 5%.

Typ IL Hos¢ IL Typ Wydajnos¢ ee [%]
[%o, W/V] rozpuszczalnika [%] S-alkoholu
[BMIM]CI 1 heksan 97,4 79,5
[BMIM]CI 5 heksan 75,6 64,3
[BMIM]CI 10 heksan 72,4 52,0
[BMIM]NTHY, 1 heksan 82,5 61,2
[BMIM|NTTf, 5 heksan 56,0 74,1
[BMIM|NTTf, 10 heksan 52,0 73,3
[BMIM]CI 1 PBS 12,7 68,5
[BMIM]CI 5 PBS 3,9 27,9
[BMIM]CI 10 PBS 3,9 26,4
[BMIM|NTTf, 1 PBS 31,6 58,2
[BMIM]NTHY, 5 PBS 26,3 74,1
[BMIM|NTTf, 10 PBS 14,5 83,0
[BMIM]Cl/wolny enzym 1 heksan 91,2 78,1
[BMIM]Cl/wolny enzym 1 PBS 22,7 32,7
[BMIMINT®:/wolny 1 heksan 77,1 68,3
enzym
[BMIM]NTf/wolny . PBS 254 437
enzym
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Najlepsze rezultaty uzyskano w heksanie przy dodatku 1% (w/v) [BMIM]C] w
ktorych to warunkach osiggnigto wydajnos¢ 97,4% i ee rowny 79,5%. W przypadku IL z
anionem Cl” wzrost st¢zenia cieczy jonowej powodowat spadek zardwno wydajnosci, jak
1 nadmiaru enancjomerycznego pozadanego zwigzku, niezaleznie od rozpuszczalnika.
Odwrotng zalezno$¢ zaobserwowano dla IL z anionem NTf>", gdzie ee wzrastal wraz ze
stezeniem IL (do 73,3% w heksanie), cho¢ ogdlna wydajno$¢ malata. Spadek wydajnosci
przy wyzszych stezeniach IL przypisano zwigkszonej sile jonowe;j i lepkosci srodowiska
reakcji, ktore ograniczaja aktywno$¢ enzymu. W przypadku wolnej lipazy najlepsze
wyniki (91,2% wydajnosci, ee wynoszacy 78,1%) uzyskano rowniez w heksanie
z dodatkiem [BMIM]CI. Korzystniejsze dziatanie biokatalizatoréw w obecnosci IL
wynika z aktywacji miedzyfazowej lipazy oraz stabilizujacego, hydrofobowego wplywu
cieczy jonowych, ktére pomagaja utrzyma¢ odpowiednig konformacje¢ enzymu i moga
peti¢ jednoczesnie role $rodowiska reakcyjnego oraz modyfikatora stosowanego do
immobilizacji no$nika.

W badaniach zaprezentowanych w Publikacji 3 przeprowadzono enzymatyczne
rozdzielanie racemicznego estru metylowego ibuprofenu z wykorzystaniem lipazy
z Candida rugosa (immobilizowanej na hydrozelu poli(akrylamidowym)). Proces polegat
na enancjoselektywnej hydrolizie prowadzacej do powstania (S)-ibuprofenu i (R)-estru
metylowego ibuprofenu. Badania wykonano w reaktorze okresowym w dwoch trybach,
ktérymi byt rozdziat kinetyczny oraz dynamiczny rozdziat kinetyczny. W klasycznym
rozdziale kinetycznym reakcj¢ prowadzono w §rodowisku o nizszym pH 1 bez dodatku
DMSO, natomiast w rozdziale dynamicznym proces prowadzono w S$rodowisku
zasadowym z dodatkiem DMSO, ktéry zwigkszat racemizacj¢ niepozadanego
enancjomeru (R), co skutkowalo wyzsza konwersja 1 wigkszg efektywnoscia
otrzymywania (S)-ibuprofenu (Tabela 9). Zastosowanie enzymoéw immobilizowanych
z dodatkiem cieczy jonowej [BMIM]PFs zwigkszyto aktywnos$¢ 1 stabilno$¢
biokatalizatora, bowiem bez dodatku IL uzyskano niskie wartosci konwersji (<35%)
1 czystoSci enancjomerycznej (<60%). W procesach prowadzonych w buforze
fosforanowym o pH 7 z dodatkiem izooktanu i heksanu uzyskano konwersje wynoszaca
odpowiednio 48% 1 36% po 144 godzinach procesu co odpowiada warto$ciom
granicznym dla rozdziatu kinetycznego. Z kolei kinetyczny rozdzial dynamiczny

w S$rodowisku zasadowym pozwolitl osiaggnaé znacznie wyzsze wydajnosci, ktore
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wyniosty 83% (z dodatkiem izooktanu) i 59% (z dodatkiem heksanu), a po dodaniu
DMSO odpowiednio nawet 95% 1 71%.

Tabela 9. Nadmiar enancjomeryczny i wydajno$¢ reakcji otrzymywania estru
metylowego (S)-ibuprofenu po enzymatycznej asymetrycznej hydrolizie racemicznego
estru metylowego ibuprofenu z zastosowaniem uktadéw biokatalitycznych z dodatkiem

[BMIM|PFg. Przedstawione wyniki zaprezentowano jako warto$¢ $rednia, dla ktorej

odchylenie standardowe (warto$¢ btedu) nie przekracza 5%.

. . .. Wydajno$¢ reakceji Nadmiar
Medium reakcyjne Czas reakcji [h] (%] enancjomeryczny [%]
48 27 89
[zooktan/PBS pH 7 96 35 95
144 48 96
Izooktan/Bufor 48 37 97
NaHCO3-NaOH pH 96 68 98
9,5 144 83 99
Izooktan/Bufor 48 54 98
NaHCOs-NaOH pH 96 77 98
9,5/DMSO 144 95 98
Helsan/PB 48 24 88
cksan/PBS 9% 26 94
pH7
144 36 94
Heksan/Bufor 48 35 95
NaHCOs-NaOH pH 96 43 96
9,5 144 59 97
Heksan/Bufor 48 33 96
NaHCOs-NaOH pH 96 45 97
9,5/DMSO 144 71 98

Izooktan okazat si¢ korzystniejszym rozpuszczalnikiem niz heksan, a wydajnosé
reakcji rosta wraz z czasem trwania procesu. Wysoka czysto$¢ enancjomeryczng
(powyzej 90%) uzyskano niezaleznie od zastosowanych warunkow, co potwierdza
wysoka stereospecyficznos¢ lipazy z Candida rugosa.

W Publikacji 4 natomiast przeprowadzono reakcje syntezy estru atenololu
w reaktorach przeptywowym oraz wsadowym, co stanowito przejscie do bardziej
zaawansowanych prac i probg opracowania reaktora do syntez API katalizowanych

immobilizowanymi enzymami. Ze wzgledu na niska rozpuszczalnos¢ atenololu
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przeprowadzono doboér odpowiedniego rozpuszczalnika reakcyjnego. Sposréd wielu
rozpuszczalnikéw organicznych (toluen, heksan, DMF, DMSO, izooktan) jedynie DMF
okazatl si¢ odpowiedni i zapewniat dobra rozpuszczalno$¢ substratu i dostateczng
stabilno$¢ katalizatora. Roztwor atenololu w DMF wprowadzano do reaktora wsadowego
wraz z octanem winylu, petnigcym rol¢ donora grupy acylowej, oraz biokatalizatorem
odpowiedzialnym za kataliz¢ reakcji transestryfikacji. Proces prowadzono przez 48
godzin, aby okresli¢ wptyw czasu reakcji na stopien konwersji substratu.

Wyniki wykazaty, ze immobilizowany enzym znacznie przewyzsza aktywnos$cia
enzym wolny, osiaggni¢to bowiem ponad czterokrotny wzrost wydajnosci konwersji
w obecno$ci uktadow po immobilizacji (55,48% wobec 13,99% po 48 h), przy
zachowaniu pelnej enancjomerycznej czystosci produktu (ee=100%). Wysoka
selektywno$¢ wynika z zastosowania lipazy pochodzacej z Pseudomonas fluorescens,
ktora katalizuje syntezg (S)-estru atenololu (Rys. 21). Pomimo ze DMF nie jest typowym
srodowiskiem dla biokatalizy, odpowiedni dobdr no$nika hydrozelowego umozliwit
skuteczng immobilizacje enzymu, zwigkszajac zarazem stabilno$¢ 1 aktywnos$é
w rozpuszczalniku organicznym. Uzyty materiat hydrozelowy (po uprzedniej liofilizacji)
ograniczal ilos¢ wody w uktadzie, ktorej tylko niewielkie iloSci sa niezbedne do
wykazania aktywnosci lipaz na granicy faz, gdzie zachodzi akt katalityczny. Zjawisko
aktywacji migdzyfazowej w srodowisku hydrofobowym powoduje otwieranie ,,pokrywy”
nad miejscem aktywnym lipazy i zarazem zwigksza jego aktywno$¢. Dodatkowo
kontrolowana zawarto$¢ wody mogta wspomaga¢ powstawanie dimetyloaminy z DMF,
podnoszac pH 1 sprzyjajac dynamicznemu rozdziatowi kinetycznemu (DKR), co
ttumaczy ee na poziomie 100%.

Obecno$¢ nosnika opartego na imidazoliowych cieczach jonowych mogta
dodatkowo wspiera¢ proces racemizacji, co thumaczy wyraznie wyzsza konwersj¢ po
procesie z udzialem immobilizowanego uktadu enzymatycznego. Stala warto$¢ ee
(100%) wskazuje, ze enzym zachowat selektywno$¢, mimo czg¢sciowej dezaktywacji.
Dodatkowo wysokie pH sprzyjalo racemizacji wolniej reagujacego enancjomeru,
zapewniajac ciagly doptyw preferowanego izomeru do reakcji. Spadek konwersji
przypisano mozliwej dezaktywacji enzymu, jego wymyciu z no$nika, a takze zmianom

strukturalnym lub inhibicji biokatalizatora przez produkty reakcji.
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Rysunek 21. Chromatogram (a) racemicznego substratu atenololu, (b) mieszaniny po

reakcji z octanem S-atenololu (po lewej) i racemicznym atenololem (po prawe;j).

W warunkach reakcji w reaktorze wsadowym zaobserwowano wyrazne roznice

w aktywnosci pomigedzy wolnym a immobilizowanym enzymem. Wolna lipaza

wykazywata niska konwersje, osiagajac jedynie 13,99% po 48 godzinach, przy statym,

maksymalnym nadmiarze enancjomerycznym produktu (100% ee) (Tabela 10).

Tabela 10. Konwersja i nadmiar enancjomeryczny reakcji enzymatycznej rozdzialu

racemicznego atenololu. Przedstawione wyniki zaprezentowano jako wartos¢ $rednia,

dla ktorej odchylenie standardowe (warto$¢ btedu) nie przekracza 5%.

Wolny enzym (120 mg)

Nadmiar enancjomeryczny [%]

Czas reakcji [h] Konwersja [%)]
12 7,75
24 8,58
36 10,35
48 13,99

100
100
100
100

Immobilizowany enzym (enkapsulacja 120 mg)

Czas reakcji [h]

Konwersja [%)]

Nadmiar enancjomeryczny [%]

12 28,93
24 46,89
36 54,49
48 55,48

100
100
100
100
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Immobilizacja enzymu istotnie zwigkszala jego efektywno$¢ katalityczng - juz po
12 godzinach konwersja wynosita 28,93%, a po 48 godzinach osiagneta 55,48%, rowniez
przy zachowaniu pelnej enancjoselektywnosci reakcji. Wyniki te potwierdzaja, ze
enkapsulacja znaczaco poprawia wydajnos¢ procesu transestryfikacji racemicznego
atenololu. Po ocenie reakcji w reaktorze wsadowym proces przeniesiono do reaktora
przeplywowego w celu zwigkszenia skali i oceny mozliwosci ciaglego i wielokrotnego
wykorzystania biokatalizatora. Ze wzglgdu na niska aktywno$¢ enzymu wolnego badano
wylacznie uktad po immobilizacji. W pierwszym cyklu uzyskano konwersj¢ 56,08%, co
potwierdza wysoka aktywnos$¢ poczatkowa enzymu. Przejscie z reaktora wsadowego do

uktadu przeptywowego pozwolito na dalsza poprawe wydajnosci procesu (Tabela 11).

Tabela 11. Wielokrotne wykorzystanie biokatalizatora w procesie przeptywowym
enzymatycznego rozdziatu racemicznego atenololu. Przedstawione wyniki
zaprezentowano jako warto$¢ $rednia, dla ktorej odchylenie standardowe (warto$¢

btedu) nie przekracza 5%.

Numer cyklu Konwersja [%] Nadmiar enancjomeryczny [%]
1 56,08 100
2 40,41 100
3 38,53 100
4 34,49 100
5 31,34 100
6 24,48 100

W pierwszym cyklu pracy reaktora przeplywowego uzyskano konwersje 56,08%,
porownywalng z maksymalng warto$cia osiggang w reakcji wsadowej
z immobilizowanym enzymem. Jednocze$nie we wszystkich cyklach niezmiennie
utrzymywal si¢ nadmiar enancjomeryczny (S)-atenololu réwny 100%, co $wiadczy
o wysokiej stabilnosci 1 utrzymaniu enancjoselektywnos$ci biokatalizatora. W kolejnych
cyklach pracy reaktora przeptywowego odnotowano stopniowy spadek konwersji - od
40,41% w drugim cyklu do 24,48% w szdéstym cyklu. Spadek ten mozna wigzaé
z czgsciowa dezaktywacja biokatalizatora podczas dlugotrwatej pracy w warunkach
przeplywowych. Niemniej jednak enancjoselektywno$¢ pozostala niezmienna, co
wskazuje, ze proces degradacji enzymu wplywa gtownie na jego aktywnos¢, a nie na

stereochemiczny przebieg reakcji.
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W Publikacji 5, po wnikliwej charakterystyce, do dalszych badan w reaktorze
membranowym pracujagcym w trybie ciaglym, wybrano jeden uklad biokatalityczny,
ktérym, ze wzgledu na wysoka aktywnos$¢ oraz znaczng stabilno$¢, byt system HIGH
PVC MOF-lip-CC. Celem prac bylo okreslenie jego aktywnosci katalitycznej w reakcji
rozdzielania racemicznego citalopramu w celu uzyskania enancjomerycznie czystego
produktu, a wiec estru S-citalopramu. W wyniku reakcji enzymatycznej uzyskano

oczekiwany produkt, co potwierdzono analizg chromatograficzng (Rysunek 22).
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Rysunek 22. Chromatogram wygenerowany po analizie HPLC mieszaniny racemicznej
citalopramu i produktu estru S-citalopramu. Kolory na chromatogramie odpowiadaja
poszczegolnym probkom pobranym po okreslonym czasie (liczac od gory): czerwony -

0 h, granatowy - 1 h, fioletowy - 8 h, zielony - 12 h, jasnoniebieski - 24 h.

Wraz z postgpem reakcji obserwowano spadek st¢zenia S-citalopramu i wzrost
stezenia S-estru, co dowodzi skutecznej konwersji substratu w produkt. Chromatogramy
wykazaly takze, ze po 1 h konwersja S-citalopramu wynosita 19%, po 8 h 50%, a po
12 h 76%. Po 24 h osiaggnigto 96-proc. konwersj¢ S-citalopramu i nadmiar
enancjomeryczny S-estru powyzej 93%. Jednoczesnie konwersja R-citalopramu nie
przekroczyta 8%, co potwierdza wysoka enancjo- i stereoselektywnos$¢ zastosowanego
systemu biokatalitycznego (Tabela 12). Oceniono réwniez stabilno$¢ enzymu w trybie

ciggtego przepltywu i wykazano, ze immobilizowana lipaza zachowala wysoka
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aktywno$¢, tracac jedynie ok. 8% aktywnos$ci poczatkowej. Wynik ten potwierdza,
Ze enzym pozostaje stabilny mimo obcigzen mechanicznych i dyfuzyjnych typowych dla
reaktor6w membranowych. Uzyskana trwato$§¢ wskazuje na skuteczng immobilizacje
i korzystne oddziatywania z no$nikiem, co stanowi kluczowy czynnik dla przysztych
zastosowan przemystowych, zapewniajac powtarzalnos$¢, optacalno$¢

1 dlugotrwatg stabilno$¢ pracy uktadu biokatalitycznego.

Tabela 12. Konwersja racemicznego citalopramu w czasie prowadzaca do otrzymania
pozadanego (S)-estru citalopramu. Przedstawione wyniki zaprezentowano jako warto$¢

srednia, dla ktorej odchylenie standardowe (warto$¢ btedu) nie przekracza 5%.

Konwersja [%)]

Czas [h]
R-citalopram  S-citalopram
1 3 19
7 50
12 8 76
24 8 96

Enzymatyczna konwersja racemicznego citalopramu w reaktorze membranowym
prowadzita do powstawania pozadanego produktu, a wigc S-estru citalopramu.
Jak pokazuje chromatogram, stezenie S-citalopramu malato, podczas gdy stezenie S-estru
wzrastalo, co potwierdza skuteczng konwersj¢ substratu. Istotnym spostrzezeniem byta
takze niewielka utrata R-citalopramu oraz $ladowa ilo§¢ R-estru w probce koncowej,
co s$wiadczy o wysokiej enancjo- i stereoselektywno$ci zastosowanego uktadu

biokatalitycznego.
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6. Podsumowanie, wnioski i przyszle badania

Rezultaty zebrane w trakcie realizacji dysertacji doktorskiej jasno pokazuja,
ze racjonalne projektowanie systeméw immobilizowanych lipaz, w potaczeniu
z zastosowaniem cieczy jonowych jako stabilizatorow/aktywatorow enzymow, moze
znaczaco poprawi¢ wydajnos¢ katalityczng, enancjoselektywno$s¢ 1 mozliwosé
ponownego wykorzystania enzymow w syntezie/rozdziale substancji farmaceutycznie
aktywnych. Wszystkie otrzymane i analizowane systemy biokatalityczne obejmujace
nos$niki  nieorganiczne, hybrydowe hydrozele polimerowe 1 zaawansowane
nanokompozyty MOF-polimer, pozwolity na poprawe aktywnosci enzymow, polepszenie
ich odpornosci  strukturalnej oraz  wydajnosci  katalizowanych  procesow
w zréznicowanych warunkach syntezy. Niniejsza dyskusja integruje i interpretuje te
odkrycia, umieszczajac je w szerszych ramach inzynierii enzymow i zrownowazonej
biokatalizy.

Sukces immobilizacji polega przede wszystkim na jej zdolnosci do modyfikacji
lokalnego mikrosrodowiska enzymu przy jednoczesnym zachowaniu, a nawet
wzmocnieniu funkcji katalitycznej. Na przyktad, lipaza z Aspergillus niger
immobilizowana na nos$nikach krzemionkowych wykazata zachowanie znacznej
aktywnosci katalitycznej 1 enancjoselektywnos$ci w rozdziale racemicznego ketoprofenu.
Mechanizm adsorpcji fizycznej 1 aktywacji miedzyfazowej wykorzystywal naturalne
zjawisko otwierania si¢ pokrywy centrum aktywnego lipazy, co odstaniato hydrofobowa
kieszen i1 zwigkszalo dostepnos$¢ miejsca aktywnego dla substratow. Proces ten nie tylko
stabilizowal konformacj¢ enzymu, ale takze zmniejszat prawdopodobienstwo dysocjacji
struktury enzymu pod wplywem stresu termicznego lub wywotanego dziataniem
rozpuszczalnika. Te obserwacje odzwierciedlaja fundamentalng zasade stabilizacji
enzymow, ze sztywno$¢ strukturalna nadana poprzez immobilizacj¢ moze thumié
fluktuacje konformacyjne enzymu prowadzace do dezaktywacji, bez nadmiernego
uszczerbku elastyczno$ci biatka niezbgdnej do prawidtowego przeprowadzenia katalizy.
Dobrym przyktadem ilustrujacym opisywane zjawisko sg przedstawione wyniki (P1)
uzyskane przy uzyciu biokatalizatora na bazie krzemionki i lipazy, ktory zachowat
aktywno$¢ katalityczng na poziomie 80-90% w szerokim zakresie pH i temperatur,

w potaczeniu z poand 99-proc. nadmiarem enancjomerycznym (S)-ketoprofenu.
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Dla poréwnania, kowalencyjna immobilizacja lipazy z Pseudomonas fluorescens
na nanoczgstkach krzemionki funkcjonalizowanych np. grupami aminowymi pozwolita
uzyska¢ uktad o wyzszej stabilnosci w $rodowisku niewodnym. Dodatkowe
wprowadzenie imidazoliowych cieczy jonowych podczas immobilizacji zapewnilo
mikrosrodowisko sprzyjajace faldowaniu enzymoéw i ochronie triady katalitycznej
w centrum aktywnym. Ciecze jonowe, takie jak [BMIM]CI i [BMIM]NTf,, tworzyty
domeny hydrofobowe, ktore nasladowaty naturalne oddziatywania miedzyfazowe,
promujac w ten sposob aktywacje miedzyfazowa nawet w rozpuszczalnikach
organicznych. Powstaty system osiagnat 97,4% konwersji przy 79,5-proc. ee pozadanego
(S)- produktu, co stanowi unikalny wynik w przypadku reakcji prowadzonej
w §rodowisku niewodnym, jasno pokazujac, jak znacznie IL rozszerzaja okno operacyjne
immobilizowanych lipaz m.in. poprzez zachowanie powtoki hydrofobowej. Odkrycie to
jest zgodne z doniesieniami literaturowymi sugerujacymi, ze IL mogg obnizaé entropi¢
konformacyjng enzymoéw 1 redukowaé agregacje, utrzymujac w ten sposdb poziom
katalityczny nawet w warunkach wysokich temperatur lub niskiej zawarto$ci wody
[153,154].

Z kolei systemy oparte na hydrozelach, zaprojektowane do syntezy
(S)-ibuprofenu 1 (S)-atenololu, uwydatniaja uzupetniajace si¢ zalety techniki
pulapkowania enzymow. W przeciwienstwie do adsorpcji lub wigzania kowalencyjnego,
uwiezienie biokatalizatora wewnatrz struktury enzymu zapewnia uwodniong i elastyczng
matryceg, ktéra pozwala na ograniczong mobilnos¢ enzymu zapobiegajac jednoczesnie
jego wyplukiwaniu. Hydrozel przygotowany z kopolimeréw poli(akrylamidu)
i poli(cieczy jonowej) (PIL-PAM) nie tylko zachowal integralno$¢ strukturalna, ale takze
umozliwil zachowanie wysokiej aktywnos$ci po kilku cyklach katalitycznych.
W przypadku hydrozelu PAM w szczegoélno$ci, dodatek 5% wag. cieczy jonowej
[BMIM|Pfs, zwigkszyt zarowno procent osadzenia enzymu podczas jego immobilizacji,
jak 1 jego stabilno$¢ strukturalng, prowadzac do 95-proc. konwersji i >98-proc. ee
w syntezie (S)-ibuprofenu. Ciecze jonowe dziataly jako plastyfikatory, moderujac
polarno$¢ matrycy polimerowej i utatwiajac dyfuzje substratu. Jednoczes$nie hydrozel
PIL-PAM z unieruchomionym enzymem wykorzystany w rozdziale atenololu zapewnit
strukture przestrzenng, ktora promowata prawidlowe osadzenie enzymu, skutkujac

uzyskaniem 55-proc. konwersji i 100-proc. ee w syntezie tego zwigzku. Obserwacje te
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podkreslaja, ze skutecznos¢ systemow pulapkowych zalezy od osiagnigcia optymalnej
rébwnowagi mig¢dzy sztywno$cig matrycy a wystgpowaniem oporéow dyfuzyjnych.
Nadmierne usieciowane hydrozelu moze bowiem utrudnia¢ transport substratu,
a niewystarczajgca sztywno$¢ moze powodowac wyciek enzymu lub jego denaturacje.

Membrana elektroprzedzona MOF-PVC zawierajaca MOF typu UiO-66-NH: i IL
na bazie choliny reprezentuje najbardziej zaawansowany nosnik stosowany w badaniach.
System ten umozliwit osiagnigcie konwersji rzedu 96% 1 93% ee dla (S)-citalopramu.
Aktywnos$¢ uktadu mozna przypisa¢ potaczeniu porowatosci w skali nano, regulowanej
hydrofilowosci 1 stabilno$ci mechanicznej. Metalo-organiczna struktura stanowila
rusztowanie o duzej powierzchni do przylaczania enzymow, a elektroprzedzona matryca
polimerowa zapewniala spr¢zysto$¢ 1 przepuszczalno$¢ strukturalng. Synergiczne
wlaczenie cieczy jonowych dodatkowo poprawito dyspersje i stabilno$¢ enzymu, o czym
$wiadczy zachowanie ponad 80-proc. aktywnosci katalitycznej nawet po 30 dniach
przechowywania. Mechanistycznie, ta konfiguracja minimalizowala zar6éwno
ograniczenia dyfuzyjne, jak 1 dezaktywacj¢ enzymu poprzez rownomierne
rozmieszczenie miejsc katalitycznych w calej sieci wtokien. Ciecz jonowa stabilizowata
oddziatywania wigzan wodorowych miedzy resztami enzymu a grupami MOF,
utrzymujac niezmieniong strukture przestrzenng lipazy podczas powtarzajacych si¢ cykli
katalitycznych. Taka hybrydyzacja sktadnikéw nieorganicznych, organicznych i cieczy
jonowych stanowi przyktad projektowania biokatalizatorow nowej generacji, w ktorym
ztozonos¢ strukturalna przektada si¢ bezposrednio na wszechstronno$¢ funkcjonalna.

Z punktu widzenia porownawczego, ocena wszystkich pigciu systemow lacznie
ujawnia kilka kluczowych zaleznosci. Po pierwsze, immobilizacja powszechnie
zmniejszata podatno$¢ enzymow na zmiany pH i1 temperatury, odzwierciedlajac ochronng
role no$nikow w buforowaniu zmian mikrosrodowiska. Po drugie, rodzaj immobilizacji
silnie determinowal zachowanie katalityczne i tak np. no$niki nieorganiczne sprzyjaly
dlugotrwatej stabilno$ci. Po trzecie, wprowadzenie cieczy jonowych konsekwentnie
zwigkszato zar6wno poczatkowa aktywnos$¢, jak i trwato$¢ biokatalizatorow, niezaleznie
od techniki immobilizacji. Wyniki te potwierdzaja, ze ILs dzialaja nie tylko jako
rozpuszczalniki, ale takze jako integralne modyfikatory strukturalne, ktdre posrednicza
w interakcjach enzym-no$nik na poziomie molekularnym, a immobilizowane enzymy

zachowuja wysoka aktywno$¢ katalityczng, gorujac nad wolnymi enzymami.
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Immobilizacja ogranicza rdwniez zmiany konformacyjne enzymow na duzg skale,
podczas gdy IL zachowuja lokalng elastyczno$¢ i hydratacje biokatalizatorow. Ten
podwdjny mechanizm stabilizacji pozwala enzymom na wydajne dzialanie
w $rodowiskach, ktore w przeciwnym razie indukowalyby denaturacje, takich jak
rozpuszczalniki organiczne lub podwyzszone temperatury. Wyniki niniejszego badania
potwierdzaja zatem stuszno$¢ ram koncepcyjnych inzynierii mikrosrodowiska
otrzymywanego biokatalizatora, w ktdrych wydajno$¢ enzymow jest determinowana nie
tylko przez medium reakcyjne, ale takze przez odziatywania no$nika z enzymem.

Z perspektywy przemystowej, wykazana w niniejszej pracy stabilno$¢ operacyjna
1 mozliwo$¢ wielokrotnego wykorzystania majg istotne implikacje dla biokatalityczne;j
produkcji API na duzg skale. Zdolno$¢ unieruchomionych enzymoéw do zachowania ok.
80-proc. aktywnosci po wielu cyklach reakcyjnych przektada si¢ na znaczne oszcze¢dnosci
kosztow poprzez zmniejszenie zuzycia enzymoOw. Ponadto wysokie warto$ci
enancjoselektywnosci (>95% ee w wigkszosci testowanych systemow) spelniaja
rygorystyczne wymagania dotyczace czystosci dla poiproduktow farmaceutycznych
i API, zmniejszajac potrzebe¢ zawracania produktéw reakcji czy dalszej separacji
chiralnej. Stabilno$¢ wytworzonych biokatalizatorow umozliwia rowniez ciagla lub
poiciagla prace w reaktorach ze zlozem statym lub w reaktorze membranowym, gdzie
stabilno$¢ w warunkach przeptywu jest niezbedna. Wérod badanych systemow, kompozyt
MOF-PVC jest szczeg6lnie obiecujacy w zastosowaniach z przeplywem cigglym ze
wzgledu na swoja trwalo$¢ mechaniczng i minimalne wymywanie enzymow.

Przedstawione wyniki toruja drogg kilku obiecujagcym kierunkom badan, ktore
powinny by¢ intensywnie rozwijane w przysztosci. Jednym z nich jest koimmobilizacja
wielu enzymow na jednym no$niku w celu utatwienia reakcji kaskadowych, umozliwiajac
bezposrednia, wieloetapowa syntez¢ chiralnych lekow z wykorzystaniem jednego
systemu biokatalitycznego. Innym rozwigzaniem jest integracja opracowanych
biokatalizatorow z mikroreaktorami przeptywowymi, w ktérych immobilizowane
enzymy moga pracowaé przy SciSle kontrolowanych czasach retencji i stezeniach
substratu. Zastosowanie bardziej ekologicznych, tanich cieczy jonowych pochodzacych
ze zrodet naturalnych, takich jak ciecze jonowe na bazie choliny zaprezentowane
w Publikacji 5, mogloby dodatkowo zwigkszy¢ zgodno$¢ prowadzonych procesow

z normami S$rodowiskowymi. Wreszcie, potaczenie optymalizacji eksperymentalnej
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z metodami obliczeniowymi, takimi jak predykcja interakcji enzym-no$nik, otwiera
drog¢ do racjonalnego projektowania wysoce wydajnych biokatalizatorow
dostosowanych do konkretnych procesow przemystowych.

Podsumowujac, niniejsze badania dowodza, ze strategiczne potaczenie
immobilizacji enzymow 1 stabilizacji za pomoca cieczy jonowych stanowi skuteczne
i wszechstronne podej$cie do poprawy wydajnosci biokatalitycznej wielu procesow
przemystowych, w tym syntezy API. Systemy opracowane w ramach niniejszego cyklu
badan osiggnely wysoka wydajnos¢ katalityczna, wysoka stabilno$¢ oraz
satysfakcjonujgca enancjoselektywno$¢ w odniesieniu do szeregu substratow.
Przeprowadzone prace i ich rezultaty jednoznacznie potwierdzity i zweryfikowaty
postawione hipotezy badawcze, zgodnie z ktéorymi immobilizowane enzymy,
w szczeg6lnosci lipazy, wykazuja zdolno$¢ do katalizowania reakcji syntezy i konwersji
substancji farmaceutycznie aktywnych (API).

Wykazano, ze wlasciwosci 1 efektywno$¢ uzyskanych uktadéw zaleza w duzej
mierze od rodzaju no$nika, metody immobilizacji oraz od warunkéw srodowiska reakcji.
Odpowiedni dobdr parametréw procesu takich jak temperatura, pH, rodzaj
rozpuszczalnika, obecnos¢ cieczy jonowych czy stopien uwodnienia uktadu ma kluczowy
wplyw na wydajno$¢ konwersji, aktywno$¢ enzymatyczng oraz enancjomeryczng
czysto$§¢ otrzymywanych produktéw. Kontrola mikrosrodowiska biokatalizatora
umozliwia ponadto zachowanie natywnej konformacji enzymu i ograniczenie jego
denaturacji, co przektada si¢ na wysoka aktywno$¢ i dhlugoterminowsa stabilno$¢.
Osiagniete wysokie warto$ci konwersji i nadmiaru enancjomerycznego potwierdzaja, ze
wlasciwe zaprojektowanie Srodowiska reakcji oraz systemu enzymatycznego pozwala na
pelne wykorzystanie potencjatu katalitycznego lipaz.

Najwazniejszymi zagadnieniami badawczymi, ktdre rozwigzano w toku tych prac
byto opracowanie aktywnych uktadéow immobilizowanych enzyméw o zachowanej
aktywnosci 1 stabilnosci, ustalenie zasad ich praktycznego wykorzystania w syntezie
farmaceutycznie aktywnych zwigzkéw chiralnych oraz okreslenie korzystnych
warunkow procesowych zapewniajacych uzyskanie pozadanych produktéw o wysokiej
czystosci enancjomerycznej (Tabela 13). Opracowane systemy biokatalityczne wykazaly,
ze integracja enzyméw z odpowiednio zaprojektowanymi no$nikami, zaréwno

nieorganicznymi, polimerowymi, jak i hybrydowymi umozliwia uzyskanie trwalych
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i wydajnych biokatalizatorow, zdolnych do pracy w szerokim zakresie warunkow

procesowych.

Tabela 13. Wytworzone w trakcie badan uklady biokatalityczne oraz ich
zastosowanie w reakcjach rozdziatu mieszanin racemicznych substancji farmaceutycznie

aktywnych, realizowane w ramach cyklu prac rozprawy doktorskie;j.

o . . Aktywnos¢ Konwersja ee
Publikacja Biokatalizator (%] Produkt (%] (%]
Immobilizowana lipaza (S)-
P1 z Aspergillus niger na 100 (40°C) K 51 99,85
: etoprofen
nanokrzemionce
Lipaza P, fluorescens
immobilizowana
kowalencyjnie na
P2 funkcjonalizowanej 100 (40°C) (S)-3H3P 97,4 79,5
krzemionce + IL
([BMIM]CI,
[BMIM]NT)
Hydrozel PAM + 5%
P3 IL [BMIM]PFs z 100 (40°c)y ~ Octan (S)- 95 >98
. o . ibuprofenu
immobilizowang lipaza
P4 Hydrozel PIL—PAM z 107 (50°C) Octan (S)- 55 100
pulapkowana lipaza atenololu
Membrana MOF-PVC
P5 (U10—§6—NH% + IL na 100 (50°C) Qctan (S)- 96 93
bazie choliny) z citalopramu

immobilizowang lipaza

Wyjasniajac zalezno$ci miedzy strukturg materialu, zachowaniem enzymoéw
i efektami katalitycznymi, niniejszy cykl prac przyczynit si¢ nie tylko do rozwoju
biokatalizy, ale rowniez do poglgbienia wiedzy o jej zastosowaniach w syntezie API.
Wyniki te maja istotne znaczenie dla przyszitych aplikacji biokatalizy w syntezie
zwigzkow farmaceutycznych, wpisujac si¢ w szersze dazenie do zréwnowazonej,
bezpiecznej 1 przyjaznej S$rodowisku syntezy chemicznej. Ostatecznie uzyskane
zalezno$ci podkres$laja, ze przyszto$¢ biokatalizy przemystowej lezy w projektowaniu
uktadow, w ktérych enzymy sa nie tylko wspomagane, ale synergicznie integrowane
z funkcjonalnymi materiatami, co pozwala w petni uwolni¢ ich potencjat katalityczny

i nada¢ nowy wymiar zielonej chemii w przemysle farmaceutycznym.

82



7. Bibliografia

[1] S.M. Jung, H.-J. Zhu, Regulation of Human Hydrolases and Its Implications in
Pharmacokinetics and Pharmacodynamics, Drug Metab Dispos 52 (2024) 1139-1151.
https://doi.org/10.1124/dmd.123.001609.

[2] E. Shukla, A.D. Bendre, S.M. Gaikwad, E. Shukla, A.D. Bendre, S.M. Gaikwad,
Hydrolases: The Most Diverse Class of Enzymes, in: Hydrolases, IntechOpen, 2022.
https://doi.org/10.5772/intechopen.102350.

[3]  F. Ozhelvaci, K. Steczkiewicz, o/ Hydrolases: Toward Unraveling Entangled
Classification, Proteins 93 (2025) 855-870. https://doi.org/10.1002/prot.26776.

[4] M. Farhan, .W. Hasani, D.S.R. Khafaga, W.M. Ragab, R.N. Ahmed Kazi, M.
Aatif, G. Muteeb, Y.A. Fahim, Enzymes as Catalysts in Industrial Biocatalysis: Advances
in Engineering, Applications, and Sustainable Integration, Catalysts 15 (2025) 891.
https://doi.org/10.3390/catal15090891.

[5] D. Sutay Kocabas, J. Lyne, Z. Ustunol, Hydrolytic enzymes in the dairy industry:
Applications, market and future perspectives, Trends in Food Science & Technology 119
(2022) 467-475. https://doi.org/10.1016/j.tifs.2021.12.013.

[6] X. Liu, C. Kokare, Chapter 11 - Microbial Enzymes of Use in Industry, in: G.
Brahmachari (Ed.), Biotechnology of Microbial Enzymes, Academic Press, 2017: pp.
267-298. https://doi.org/10.1016/B978-0-12-803725-6.00011-X.

[7] J.J. Garrido-Gonzalez, E. Sanchez-Santos, A. Habib, A.V. Cuevas Ferreras, F.
Sanz, J.R. Moran, A.L. Fuentes de Arriba, Transesterification of Non-Activated Esters
Promoted by Small Molecules Mimicking the Active Site of Hydrolases, Angewandte
Chemie 134 (2022) €202206072. https://doi.org/10.1002/ange.202206072.

[8] L. Porto de Souza Vandenberghe, S.G. Karp, M.G. Binder Pagnoncelli, M. von
Linsingen Tavares, N. Libardi Junior, K. Valladares Diestra, J.A. Viesser, C.R. Soccol,
Chapter 2 - Classification of enzymes and catalytic properties, in: S.P. Singh, A. Pandey,
R.R. Singhania, C. Larroche, Z. Li (Eds.), Biomass, Biofuels, Biochemicals, Elsevier,
(2020) pp. 11-30. https://doi.org/10.1016/B978-0-12-819820-9.00002-8.

[9] H. Treichel, D. de Oliveira, M.A. Mazutti, M. Di Luccio, J.V. Oliveira, A Review
on Microbial Lipases Production, Food Bioprocess Technol 3 (2010) 182-196.
https://doi.org/10.1007/s11947-009-0202-2.

[10] K. Geoffry, R.N. Achur, Screening and production of lipase from fungal
organisms, Biocatalysis and Agricultural Biotechnology 14 (2018) 241-253.
https://doi.org/10.1016/j.bcab.2018.03.009.

[11] F. Hasan, A.A. Shah, A. Hameed, Industrial applications of microbial lipases,
Enzyme and Microbial Technology 39 (2006) 235-251.
https://doi.org/10.1016/j.enzmictec.2005.10.016.

[12] S.Javed, F. Azeem, S. Hussain, I. Rasul, M.H. Siddique, M. Riaz, M. Afzal, A.
Kouser, H. Nadeem, Bacterial lipases: A review on purification and characterization, Prog
Biophys Mol Biol 132 (2018) 23-34. https://doi.org/10.1016/j.pbiomolbio.2017.07.014.
[13] S. Verma, R.N. Choudhary, A.P. Kanadje, U.C. Banerjee, Diversifying Arena of
Drug Synthesis: In the Realm of Lipase Mediated Waves of Biocatalysis, Catalysts 11
(2021) 1328. https://doi.org/10.3390/catal11111328.

[14] J.-Y.Park, K.-M. Park, Lipase and Its Unique Selectivity: A Mini-Review, Journal
of Chemistry 2022 (2022) 7609019. https://doi.org/10.1155/2022/7609019.

[15] Santos L., Trends in the Use of Lipases: A Systematic Review and Bibliometric
Analysis, (2023), 12(16), 3058 https://doi.org/10.3390/foods12163058.

83



[16] S. Seth, An insight into plant lipase research - Challenges encountered, Protein
Expression and Purification (2014) 95. https://doi.org/10.1016/j.pep.2013.11.006

[17] H. Chahinian, L. Sarda, Distinction between esterases and lipases: comparative
biochemical properties of sequence-related carboxylesterases, Protein Pept Lett 16 (2009)
1149-1161. https://doi.org/10.2174/092986609789071333.

[18] J. Zhang, Amphiphilic Nanointerface: Inducing the Interfacial Activation for
Lipase, Applied Materials & Interfaces, (2022). https://doi.org/10.1021/acsami.2¢11500.
[19] S. Arana-Pefia, N.S. Rios, D. Carballares, L.R.B. Gongalves, R. Fernandez-
Lafuente, Immobilization of lipases via interfacial activation on hydrophobic supports:
Production of biocatalysts libraries by altering the immobilization conditions, Catalysis
Today 362 (2021) 130-140. https://doi.org/10.1016/j.cattod.2020.03.059.

[20] C. Cheng, T. Jiang, Y. Wu, L. Cui, S. Qin, B. He, Elucidation of lid open and
orientation of lipase activated in interfacial activation by amphiphilic environment,
International Journal of Biological Macromolecules 119 (2018) 1211-1217.
https://doi.org/10.1016/j.ijbiomac.2018.07.158.

[21] C. Ortiz, M.L. Ferreira, O. Barbosa, J.C.S. dos Santos, R.C. Rodrigues, A.
Berenguer-Murcia, L.E. Briand, R. Fernandez-Lafuente, Novozym 435: the “perfect”
lipase immobilized biocatalyst?, Catal. Sci. Technol. 9 (2019) 2380-2420.
https://doi.org/10.1039/CO9CY00415G.

[22] F.I. Khan, D. Lan, R. Durrani, W. Huan, Z. Zhao, Y. Wang, The Lid Domain in
Lipases: Structural and Functional Determinant of Enzymatic Properties, Front. Bioeng.
Biotechnol. 5 (2017). https://doi.org/10.3389/fbioe.2017.00016.

[23] M. Qiu, S. Dong, Q. Cui, Y. Feng, J. Xuan, Recent Progress in the Mechanism
and Engineering of /B Hydrolases for Chiral Chemical Production, Catalysts 13 (2023)
288. https://doi.org/10.3390/catal13020288.

[24] P. Villeneuve, N. Barouh, B. Baréa, G. Piombo, M.C. Figueroa-Espinoza, F.
Turon, M. Pina, R. Lago, Chemoenzymatic synthesis of structured triacylglycerols with
conjugated linoleic acids (CLA) in central position, Food Chemistry 100 (2007) 1443-
1452. https://doi.org/10.1016/j.foodchem.2005.12.018.

[25] Y.H. Chew, L.S. Chua, K.K. Cheng, M.R. Sarmidi, R.A. Aziz, C.T. Lee, Kinetic
study on the hydrolysis of palm olein using immobilized lipase, Biochemical Engineering
Journal 39 (2008) 516-520. https://doi.org/10.1016/j.bej.2007.10.019.

[26] V. Dubois, S. Breton, M. Linder, J. Fanni, M. Parmentier, Fatty acid profiles of
80 vegetable oils with regard to their nutritional potential, European Journal of Lipid
Science and Technology 109 (2007) 710-732. https://doi.org/10.1002/¢j1t.200700040.
[27] C.F. Moffat, A.S. McGill, Variability of the composition of fish oils: significance
for the diet, Proceedings of the Nutrition Society 52 (1993) 441-456.
https://doi.org/10.1079/PNS19930085.

[28] M. Kapoor, M.N. Gupta, Lipase promiscuity and its biochemical applications,
Process Biochemistry 47 (2012) 555-569. https://doi.org/10.1016/j.procbio.2012.01.011.
[29] L. Vaysse, A. Ly, G. Moulin, E. Dubreucq, Chain-length selectivity of various
lipases during hydrolysis, esterification and alcoholysis in biphasic aqueous medium,
Enzyme and Microbial Technology 31 (2002) 648-655. https://doi.org/10.1016/S0141-
0229(02)00166-7.

[30] M. Berger, M.P. Schneider, Lipases in organic solvents: The fatty acid chain
length profile, Biotechnol Lett 13 (1991) 641-645. https://doi.org/10.1007/BF01086319.
[31] M. Buchgraber, F. Ulberth, H. Emons, E. Anklam, Triacylglycerol profiling by
using chromatographic techniques, European Journal of Lipid Science and Technology

84



106 (2004) 621-648. https://doi.org/10.1002/ej1t.200400986.

[32] The Nomenclature of Lipids, European Journal of Biochemistry 79 (1977) 11-21.
https://doi.org/10.1111/5.1432-1033.1977.tb11778 x.

[33] R.D. Schmid, R. Verger, Lipases: Interfacial Enzymes with Attractive
Applications, Angewandte Chemie International Edition 37 (1998) 1608-1633.
https://doi.org/10.1002/(SICI)1521-3773(19980703)37:12<1608:: AID-
ANIE1608>3.0.CO;2-V.

[34] Y. Choi, P.-S. Chang, Kinetic modeling of lipase-catalysed hydrolysis of
triacylglycerol in a reverse micelle system for the determination of integral
stereoselectivity, Catal. Sci. Technol. 12 (2022) 2819-2828.
https://doi.org/10.1039/D1CY02182F.

[35] J.A.Rodriguez, L.D. Mendoza, F. Pezzotti, N. Vanthuyne, J. Leclaire, R. Verger,
G. Buono, F. Carriere, F. Fotiadu, Novel chromatographic resolution of chiral
diacylglycerols and analysis of the stereoselective hydrolysis of triacylglycerols by
lipases, Analytical Biochemistry 375 (2008) 196-208.
https://doi.org/10.1016/j.ab.2007.11.036.

[36] P. Chandra, Enespa, R. Singh, P.K. Arora, Microbial lipases and their industrial
applications: a comprehensive review, Microbial Cell Factories 19 (2020) 169.
https://doi.org/10.1186/s12934-020-01428-8.

[37] M.J. Droge, R. Bos, H.J. Woerdenbag, W.J. Quax, Chiral gas chromatography for
the determination of 1,2-O-isopropylidene-sn-glycerol stereoisomers, Journal of
Separation Science 26 (2003) 771-776. https://doi.org/10.1002/jssc.200301509.

[38] K.N. Ingenbosch, A. Rousek, D.S. Wunschik, K. Hoffmann-Jacobsen, A
fluorescence-based activity assay for immobilized lipases in non-native media, Analytical
Biochemistry 569 (2019) 22-27. https://doi.org/10.1016/j.ab.2019.01.005.

[39] P. Borowiecki, D. Paprocki, M. Dranka, First chemoenzymatic stereodivergent
synthesis of both enantiomers of promethazine and ethopropazine, Beilstein J. Org.
Chem. 10 (2014) 3038-3055. https://doi.org/10.3762/bjoc.10.322.

[40] P. Choudhury, Industrial application of lipase: a review, BioPharm 1 (2015) 41-
47.

https://www.researchgate.net/profile/Payel Choudhury nit Agartala/publication/29313
3846 Industrial application of lipase a review/links/6049blefa6fdcc4d3e560781/Indu
strial-application-of-lipase-a-review.pdf

[41] A.L.Reyes-Reyes, F. Valero Barranco, G. Sandoval, Recent Advances in Lipases
and Their Applications in the Food and Nutraceutical Industry, Catalysts 12 (2022) 960.
https://doi.org/10.3390/catal12090960.

[42] LV.Wolf, C.A. Meinardi, C.A. Zalazar, Production of Flavour Compounds from
Fat During Cheese Ripening by Action of Lipases and Esterases, Protein and Peptide
Letters 16 (2009) 1235-1243. https://doi.org/10.2174/092986609789071289.

[43] W. Alkhalaf, J.-C. Piard, M. El Soda, J.-C. Gripon, M. Desmazeaud, L. Vassal,
Liposomes as Proteinase Carriers for the Accelerated Ripening of Saint-Paulin Type
Cheese, Journal of Food Science 53 (1988) 1674-1679. https://doi.org/10.1111/j.1365-
2621.1988.tb07813.x.

[44] S.Li, X. Yang, S. Yang, M. Zhu, X. Wang, Technology prospecting on enzymes:
application, marketing and engineering, Computational and Structural Biotechnology
Journal 2 (2012) ¢201209017. https://doi.org/10.5936/csbj.201209017.

[45] G.G. Haraldsson, P.A. Hoskuldsson, S.Th. Sigurdsson, F. Thorsteinsson, S.
Gudbjarnason, The preparation of triglycerides highly enriched with ®-3 polyunsaturated

85



fatty acids via lipase catalyzed interesterification, Tetrahedron Letters 30 (1989) 1671-
1674. https://doi.org/10.1016/S0040-4039(00)99550-9.

[46] J.D. Floros, R. Newsome, W. Fisher, G.V. Barbosa-Canovas, H. Chen, C.P.
Dunne, J.B. German, R.L. Hall, D.R. Heldman, M.V. Karwe, S.J. Knabel, T.P. Labuza,
D.B. Lund, M. Newell-McGloughlin, J.L. Robinson, J.G. Sebranek, R.L. Shewfelt, W.F.
Tracy, C.M. Weaver, G.R. Ziegler, Feeding the World Today and Tomorrow: The
Importance of Food Science and Technology, Comprehensive Reviews in Food Science
and Food Safety 9 (2010) 572-599. https://doi.org/10.1111/1.1541-4337.2010.00127 .
[47] M. Khodadadi, Optimization of Lipase-catalyzed Synthesis of Flaxseed Oil-Based
Structured Lipids in  Non-Conventional —Media -  ProQuest, (2012).
https://www.proquest.com/openview/4810a7a5e8132081b2b833cd0954¢7c0/17pq-
origsite=gscholar&cbl=18750 (accessed November 1, 2025).

[48] A. Pettersson, M. Adamsson, G. Dave, Toxicity and detoxification of Swedish
detergents and softener products, Chemosphere 41 (2000) 1611-1620.
https://doi.org/10.1016/S0045-6535(00)00035-7.

[49] V.P. Lailaja, M. Chandrasekaran, Detergent compatible alkaline lipase produced
by marine Bacillus smithii BTMS 11, World J Microbiol Biotechnol 29 (2013) 1349-
1360. https://doi.org/10.1007/s11274-013-1298-0.

[50] N.E. Ibrahim, K. Ma, Industrial Applications of Thermostable Enzymes from
Extremophilic Microorganisms, Current Biochemical Engineering (Discontinued) 4
(2017) 75-98. https://doi.org/10.2174/2212711904666170405123414.

[51] H.G. Hauthal, Types and Typical Ingredients of Detergents, in: Handbook Of
Detergents, Part C, CRC Press, 2004.

[52] A. Ben Bacha, A. Al-Assaf, N.M.S. Moubayed, I. Abid, Evaluation of a novel
thermo-alkaline Staphylococcus aureus lipase for application in detergent formulations,
Saudi Journal of Biological Sciences 25 (2018) 409-417.
https://doi.org/10.1016/j.sjbs.2016.10.006.

[53] E. Vanleeuw, S. Winderickx, K. Thevissen, B. Lagrain, M. Dusselier, B.P.A.
Cammue, B.F. Sels, Substrate-Specificity of Candida rugosa Lipase and Its Industrial
Application, ACS  Sustainable Chem. Eng. 7 (2019) 15828-15844.
https://doi.org/10.1021/acssuschemeng.9b03257.

[54] T.L. Volke-Sepulveda, M. Gutiérrez-Rojas, E. Favela-Torres, Biodegradation of
hexadecane in liquid and solid-state fermentations by Aspergillus niger, Bioresource
Technology 87 (2003) 81-86. https://doi.org/10.1016/S0960-8524(02)00207-9.

[55] A.B. Al-Hawash, M.A. Dragh, S. Li, A. Alhujaily, H.A. Abbood, X. Zhang, F.
Ma, Principles of microbial degradation of petroleum hydrocarbons in the environment,
Egyptian Journal of Aquatic Research 44 (2018) 71-76.
https://doi.org/10.1016/j.ejar.2018.06.001.

[56] K.C. Badgujar, B.M. Bhanage, Lipase immobilization on hyroxypropyl methyl
cellulose support and its applications for chemo-selective synthesis of -amino ester
compounds, Process Biochemistry 51 (2016) 1420-1433.
https://doi.org/10.1016/j.procbio.2016.07.008.

[57] A. Sadaf, J. Grewal, 1. Jain, A. Kumari, S.K. Khare, Stability and structure of
Penicillium chrysogenum lipase in the presence of organic solvents, Preparative
Biochemistry & Biotechnology 48 (2018) 977-982.
https://doi.org/10.1080/10826068.2018.1525566.

[58] M.M. Fiume, B.A. Heldreth, W.F. Bergfeld, D.V. Belsito, R.A. Hill, C.D.
Klaassen, D.C. Liebler, J.G. MarksJr, R.C. Shank, T.J. Slaga, P.W. Snyder, F.A.

86



Andersen, Safety Assessment of Alkyl Esters as Used in Cosmetics, Int J Toxicol 34
(2015) 5S-698S. https://doi.org/10.1177/1091581815594027.

[59] R.N. Vadgama, A.A. Odaneth, A.M. Lali, Green synthesis of isopropyl myristate
in novel single phase medium Part I: Batch optimization studies, Biotechnology Reports
8 (2015) 133-137. https://doi.org/10.1016/j.btre.2015.10.006.

[60] O. Thum, Enzymatic Production of Care Specialties Based on Fatty Acid Esters,
Tenside Surfactants Detergents 41 (2004) 287-290. https://doi.org/10.3139/113.100235.
[61] E.M. Anderson, K.M. Larsson, O. Kirk, One Biocatalyst-Many Applications: The
Use of Candida Antarctica B-Lipase in Organic Synthesis, Biocatalysis and
Biotransformation 16 (1998) 181-204. https://doi.org/10.3109/10242429809003198.
[62] A. Mehta, S. Guleria, R. Sharma, R. Gupta, 6 - The lipases and their applications
with emphasis on food industry, in: R.C. Ray (Ed.), Microbial Biotechnology in Food and
Health, Academic Press, 2021: pp. 143-164. https://doi.org/10.1016/B978-0-12-819813-
1.00006-2.

[63] B.H. Kim, J. Hwang, C.C. Akoh, Liquid microbial lipase — recent applications
and expanded use through immobilization, Current Opinion in Food Science 50 (2023)
100987. https://doi.org/10.1016/j.cofs.2023.100987.

[64] Y.A. Fahim, A.M. El-Khawaga, R.M. Sallam, M.A. Elsayed, M.F.A. Assar, A
Review on Lipases: Sources, Assays, Immobilization Techniques on Nanomaterials and
Applications, BioNanoSci. 14 (2024) 1780-1797. https://doi.org/10.1007/s12668-024-
01319-x.

[65] W. Shuai, A review on the important aspects of lipase immobilization on
nanomaterials, Biotechnology and Applied Biochemistry, (2016).
https://doi.org/10.1002/bab.1515.

[66] Y.R. Maghraby, R.M. El-Shabasy, A.H. Ibrahim, H.M.E.-S. Azzazy, Enzyme
Immobilization Technologies and Industrial Applications, ACS Omega 8 (2023) 5184-
5196. https://doi.org/10.1021/acsomega.2c07560.

[67] D. Brady, J. Jordaan, Advances in enzyme immobilisation, Biotechnol Lett 31
(2009) 1639-1650. https://doi.org/10.1007/s10529-009-0076-4.

[68] B.D.Ribeiro, A.M. de Castro, M.A.Z. Coelho, D.M.G. Freire, Production and Use
of Lipases in Bioenergy: A Review from the Feedstocks to Biodiesel Production, Enzyme
Research 2011 (2011) 615803. https://doi.org/10.4061/2011/615803.

[69] M. Razzaghi, A. Homaei, F. Vianello, T. Azad, T. Sharma, A.K. Nadda, R.
Stevanato, M. Bilal, H.M.N. Igbal, Industrial applications of immobilized nano-
biocatalysts, Bioprocess Biosyst Eng 45 (2022) 237-256. https://doi.org/10.1007/s00449-
021-02647-y.

[70] A.A. Homaei, R. Sariri, F. Vianello, R. Stevanato, Enzyme immobilization: an
update, J Chem Biol 6 (2013) 185-205. https://doi.org/10.1007/s12154-013-0102-9.

[71] S. Gao, Y. Wang, X. Diao, G. Luo, Y. Dai, Effect of pore diameter and cross-
linking method on the immobilization efficiency of Candida rugosa lipase in SBA-15,
Bioresource Technology 101 (2010) 3830-3837.
https://doi.org/10.1016/j.biortech.2010.01.023.

[72] V. Chauhan, D. Kaushal, V.K. Dhiman, S.S. Kanwar, D. Singh, V.K. Dhiman, H.
Pandey, An Insight in Developing Carrier-Free Immobilized Enzymes, Front. Bioeng.
Biotechnol. 10 (2022). https://doi.org/10.3389/fbioe.2022.794411.

[73] J.Qian, A. Huang, H. Zhu, J. Ding, W. Zhang, Y. Chen, Immobilization of lipase
on silica nanoparticles by adsorption followed by glutaraldehyde -cross-linking,
Bioprocess Biosyst Eng 46 (2023) 25-38. https://doi.org/10.1007/s00449-022-02810-z.

87



[74] N.R. Mohamad, N.H.C. Marzuki, N.A. Buang, F. Huyop, R.A. Wahab, An
overview of technologies for immobilization of enzymes and surface analysis techniques
for immobilized enzymes, Biotechnology & Biotechnological Equipment 29 (2015) 205-
220. https://doi.org/10.1080/13102818.2015.1008192.

[75] E. Kurzbaum, Y. Raizner, M.E. Kuc, A. Kulikov, B. Hakimi, L.I. Kruh, O.
Menashe, Phenol biodegradation by bacterial cultures encapsulated in 3D microfiltration-
membrane  capsules, Environmental Technology 41  (2020) 2875-2883.
https://doi.org/10.1080/09593330.2019.1587005.

[76] H.Hu, W. Lu, S. Li, X. Zhou, C. Zhu, X. Wang, H. Dai, H. Geng, Hydrogel-based
materials for microbial/enzyme immobilization: Advanced applications in wastewater
treatment, Chemical Engineering Journal 511 (2025) 161878.
https://doi.org/10.1016/j.cej.2025.161878.

[77] C. Rother, B. Nidetzky, Enzyme Immobilization by Microencapsulation:
Methods, Materials, and Technological Applications, in: Encyclopedia of Industrial
Biotechnology, John  Wiley & Sons, Ltd, 2014: pp- 1-21.
https://doi.org/10.1002/9780470054581.eib275.

[78] Y.-K. Cen, Y.-X. Liu, Y.-P. Xue, Y.-G. Zheng, Immobilization of Enzymes in/on
Membranes and their Applications, Advanced Synthesis & Catalysis 361 (2019) 5500-
5515. https://doi.org/10.1002/adsc.201900439.

[79] M.S. Robescu, T. Bavaro, A Comprehensive Guide to Enzyme Immobilization:
All You Need to Know, Molecules 30 (2025) 939.
https://doi.org/10.3390/molecules30040939.

[80] J.M. Guisan, New Opportunities for Immobilization of Enzymes, in: J.M. Guisan
(Ed.), Immobilization of Enzymes and Cells: Third Edition, Humana Press, Totowa, NJ,
2013: pp. 1-13. https://doi.org/10.1007/978-1-62703-550-7 1.

[81] T. Jesionowski, J. Zdarta, B. Krajewska, Enzyme immobilization by adsorption: a
review, Adsorption 20 (2014) 801-821. https://doi.org/10.1007/s10450-014-9623-y.

[82] S.N.H. Ishak, A.H.M. Saad, W. Latip, R.N.Z.R.A. Rahman, A.B. Salleh, N.H.A.
Kamarudin, A.T.C. Leow, M.S.M. Ali, Enhancing industrial biocatalyst performance and
cost-efficiency through adsorption-based enzyme immobilization: A review, Int J Biol
Macromol 316 (2025) 144278. https://doi.org/10.1016/j.ijbiomac.2025.144278.

[83] Q. Hanniet, C. Mateos, L. Onillon, A. Maccow, T. Gefflaut, M. Hall, T. Reiter,
M. Bordeaux, N. Brun, J. Drone, Innovative carrier materials for advancing enzyme
immobilization in industrial biocatalysis, Comptes Rendus. Chimie 28 (2025) 543-559.
https://doi.org/10.5802/crchim.397.

[84] F.L.C. Almeida, A.S. Prata, M.B.S. Forte, Enzyme immobilization: what have we
learned in the past five years?, Biofuels, Bioproducts and Biorefining 16 (2022) 587-608.
https://doi.org/10.1002/bbb.2313.

[85] A.M. Girelli, M.L. Astolfi, F.R. Scuto, Agro-industrial wastes as potential carriers
for enzyme immobilization: A review, Chemosphere 244 (2020) 125368.
https://doi.org/10.1016/j.chemosphere.2019.125368.

[86] G. Modi, D. Gupta, Polymer-Based Strategies for Enzyme Immobilization: A
Comprehensive Review, Tuijin Jishu/Journal of Propulsion Technology 44 (2023) 792-
802.

[87] A.H. Rather, R.S. Khan, T.U. Wani, M.A. Beigh, F.A. Sheikh, Overview on
immobilization of enzymes on synthetic polymeric nanofibers fabricated by
electrospinning,  Biotechnology = and  Bioengineering 119  (2022)  9-33.
https://doi.org/10.1002/bit.27963.

88



[88] S.B. Sigurdardottir, J. Lehmann, S. Ovtar, J.-C. Grivel, M.D. Negra, A. Kaiser,
M. Pinelo, Enzyme Immobilization on Inorganic Surfaces for Membrane Reactor
Applications: Mass Transfer Challenges, Enzyme Leakage and Reuse of Materials,
Advanced Synthesis & Catalysis 360 (2018) 2578-2607.
https://doi.org/10.1002/adsc.201800307.

[89] J. Kujawa, M. Glodek, G. Li, S. Al-Gharabli, K. Knozowska, W. Kujawski,
Highly effective enzymes immobilization on ceramics: Requirements for supports and
enzymes, Science of The Total Environment 801 (2021) 149647.
https://doi.org/10.1016/j.scitotenv.2021.149647.

[90] W.Tang, H. Li, W. Zhang, T. Ma, J. Zhuang, P. Wang, C. Chen, Site-Specific and
Covalent Immobilization of Lipase on Natural Polyphenol-Modified Magnetic
Nanoparticles for Effective Biodiesel Production, ACS Sustainable Chem. Eng. 10 (2022)
5384-5395. https://doi.org/10.1021/acssuschemeng.1c07881.

[91] A. Costantini, V. Califano, Lipase Immobilization in Mesoporous Silica
Nanoparticles for  Biofuel  Production, Catalysts 11 (2021) 629.
https://doi.org/10.3390/catal11050629.

[92] O. Degorska, J. Zdarta, K. Synoradzki, A. Zgota-Grzeskowiak, F. Ciesielczyk, T.
Jesionowski, From core-shell like structured zirconia/magnetite hybrid towards novel
biocatalytic systems for tetracycline removal: Synthesis, enzyme immobilization,
degradation and toxicity study, Journal of Environmental Chemical Engineering 9 (2021)
105701. https://doi.org/10.1016/j.jece.2021.105701.

[93] Y.A. Fahim, A.M. El-Khawaga, R.M. Sallam, M.A. Elsayed, M.F.A. Assar,
Immobilized lipase enzyme on green synthesized magnetic nanoparticles using Psidium
guava leaves for dye degradation and antimicrobial activities, Sci Rep 14 (2024) 8820.
https://doi.org/10.1038/s41598-024-58840-y.

[94] M.V. Ratnam, S. Narasimha Reddy, K. Senthil Kumar, K. Nagamalleswara Rao,
N. Rajpal, Exploring the potential of magnetic nanoparticles in lipase immobilization for
enhanced biodiesel production: a comprehensive review, Biofuels 0 (n.d.) 1-23.
https://doi.org/10.1080/17597269.2025.2528320.

[95] A. Badoei-dalfard, A. Shahba, F. Zaare, G. Sargazi, B. Seyedalipour, Z. Karami,
Lipase immobilization on a novel class of Zr-MOF/electrospun nanofibrous polymers:
Biochemical characterization and efficient biodiesel production, International Journal of
Biological Macromolecules 192 (2021) 1292-1303.
https://doi.org/10.1016/j.ijbiomac.2021.10.106.

[96] H. Suo, H. Geng, L. Zhang, G. Liu, H. Yan, R. Cao, J. Zhu, Y. Hu, L. Xu, Covalent
immobilization of lipase on an ionic liquid-functionalized magnetic Cu-based metal-
organic framework with boosted catalytic performance in flavor ester synthesis, Journal
of Materials Chemistry B 11 (2023) 1302-1311. https://doi.org/10.1039/D2TB02246].
[97] V.G. Matveeva, L.M. Bronstein, Magnetic Nanoparticle-Containing Supports as
Carriers of Immobilized Enzymes: Key Factors Influencing the Biocatalyst Performance,
Nanomaterials 11 (2021) 2257. https://doi.org/10.3390/nano11092257.

[98] 1. Bié, B. Sepodes, P.C.B. Fernandes, M.H.L. Ribeiro, Enzyme Immobilization
and Co-Immobilization: Main Framework, Advances and Some Applications, Processes
10 (2022) 494. https://doi.org/10.3390/pr10030494.

[99] N.A. Mohidem, M. Mohamad, M.U. Rashid, M.N. Norizan, F. Hamzah, H. bin
Mat, Recent Advances in Enzyme Immobilisation Strategies: An Overview of Techniques
and Composite Carriers, Journal of Composites Science 7 (2023) 488.
https://doi.org/10.3390/jcs7120488.

89



[100] M. Chalella Mazzocato, J.-C. Jacquier, Recent Advances and Perspectives on
Food-Grade Immobilisation Systems for Enzymes, Foods 13 (2024) 2127.
https://doi.org/10.3390/foods13132127.

[101] L. Ji, M. Chen, W. Zhang, B. Nian, Y. Hu, Comprehensive applications of ionic
liquids in enzyme immobilization: Current status and prospects, Molecular Catalysis 552
(2024) 113675. https://doi.org/10.1016/j.mcat.2023.113675.

[102] M. Tadesse, Y. Liu, Recent Advances in Enzyme Immobilization: The Role of
Artificial Intelligence, Novel Nanomaterials, and Dynamic Carrier Systems, Catalysts 15
(2025) 571. https://doi.org/10.3390/catal15060571.

[103] J.M. Bolivar, J.M. Woodley, R. Fernandez-Lafuente, Is enzyme immobilization a
mature discipline? Some critical considerations to capitalize on the benefits of
immobilization, Chem. Soc. Rev. 51 (2022) 6251-6290.
https://doi.org/10.1039/D2CS00083K.

[104] J. Boudrant, J.M. Woodley, R. Fernandez-Lafuente, Parameters necessary to
define an immobilized enzyme preparation, Process Biochemistry 90 (2020) 66-80.
https://doi.org/10.1016/j.procbio.2019.11.026.

[105] D.S. Rajendran, S. Venkataraman, P.S. Kumar, G. Rangasamy, T. Bhattacharya,
D.-V. Nguyen Vo, V.K. Vaithyanathan, H. Cabana, V.V. Kumar, Coimmobilized
enzymes as versatile biocatalytic tools for biomass valorization and remediation of
environmental contaminants - A review, Environmental Research 214 (2022) 114012.
https://doi.org/10.1016/j.envres.2022.114012.

[106] E.L.Bell, W. Finnigan, S.P. France, A.P. Green, M.A. Hayes, L.J. Hepworth, S.L.
Lovelock, H. Niikura, S. Osuna, E. Romero, K.S. Ryan, N.J. Turner, S.L. Flitsch,
Biocatalysis, Nat Rev Methods Primers 1 (2021) 46. https://doi.org/10.1038/s43586-021-
00044-z.

[107] A. Kinner, P. Nerke, R. Siedentop, T. Steinmetz, T. Classen, K. Rosenthal, M.
Nett, J. Pietruszka, S. Liitz, Recent Advances in Biocatalysis for Drug Synthesis,
Biomedicines 10 (2022) 964. https://doi.org/10.3390/biomedicines10050964.

[108] N. Zhang, P. Dominguez de Maria, S. Kara, Biocatalysis for the Synthesis of
Active Pharmaceutical Ingredients in Deep Eutectic Solvents: State-of-the-Art and
Prospects, Catalysts 14 (2024) 84. https://doi.org/10.3390/catal14010084.

[109] R. Buller, S. Lutz, R.J. Kazlauskas, R. Snajdrova, J.C. Moore, U.T. Bornscheuer,
From nature to industry: Harnessing enzymes for biocatalysis, Science 382 (2023)
eadh8615. https://doi.org/10.1126/science.adh8615.

[110] J.M. Woodley, New Horizons for Biocatalytic Science, Front. Catal. 2 (2022).
https://doi.org/10.3389/fctls.2022.883161.

[111] The Role of Chirality in Drug Design and Delivery: A Comprehensive Review -
Acta Pharma Reports | Journal |, (n.d.). https://pharma.researchfloor.org/the-role-of-
chirality-in-drug-design-and-delivery-a-comprehensive-review/ (accessed October 31,
2025).

[112] S.Peng,Y.Zhu, C. Luo, P. Zhang, F. Wang, R. Li, G. Lin, J. Zhang, Chiral drugs:
Sources, absolute configuration identification, pharmacological applications, and future
research trends, LabMed Discovery 1 (2024) 100008.
https://doi.org/10.1016/j.1md.2024.100008.

[113] A.D. Woolf, Chapter 2.4 - Thalidomide tragedy, 1950s, in: A.D. Woolf (Ed.),
History of Modern Clinical Toxicology, Academic Press, 2022: pp. 165-175.
https://doi.org/10.1016/B978-0-12-822218-8.00058-2.

[114] P. Beninger, Thalidomide: Following Tragedy, a Repurposed Molecule With

90



Continuing Opportunities for Clinical Benefit, Clinical Therapeutics 47 (2025) 249-251.
https://doi.org/10.1016/j.clinthera.2025.01.011.

[115] A. Witczynska, L. Fijalkowski, D. Mirowska-Guzel, K. Blecharz-Klin, A.
Nowaczyk, Structural and Pharmacological Insights into Propranolol: An Integrated
Crystallographic Perspective, International Journal of Molecular Sciences 26 (2025)
10080. https://doi.org/10.3390/ijms262010080.

[116] J. Liu, K.E. Smith, R.R. Riker, W.Y. Craig, D.J. McKelvy, H.D. Kemp, S.D.
Nichols, G.L. Fraser, Methadone bioavailability and dose conversion implications with
intravenous and enteral administration: A scoping review, Am J Health Syst Pharm 78
(2021) 1395-1401. https://doi.org/10.1093/ajhp/zxab166.

[117] S. Mahaboob, G.N.K. Ganesh, K.P. Arun, S.D. Rajendran, Various Factors
Influencing the Enantiomers of Warfarin Pharmacokinetics: A Systematic Review of
Population Pharmacokinetics, Journal of Pharmacology and Pharmacotherapeutics 14
(2023) 178-186. https://doi.org/10.1177/0976500X231211401.

[118] V.K. Vashistha, S. Sethi, I. Tyagi, D.K. Das, Chirality of antidepressive drugs: an
overview of  stereoselectivity, = Asian Biomedicine 16  (2022)  55-69.
https://doi.org/10.2478/abm-2022-0008.

[119] A. Calcaterra, I. D’Acquarica, The market of chiral drugs: Chiral switches versus
de novo enantiomerically pure compounds, Journal of Pharmaceutical and Biomedical
Analysis 147 (2018) 323-340. https://doi.org/10.1016/.jpba.2017.07.008.

[120] A. Gaucherand, E. Yen-Pon, A. Domain, A. Bourhis, J. Rodriguez, D. Bonne,
Enantioselective synthesis of molecules with multiple stereogenic elements, Chemical
Society Reviews 53 (2024) 11165-11206. https://doi.org/10.1039/D3CS00238A.

[121] F.Hollmann, D.J. Opperman, C.E. Paul, Biocatalytic Reduction Reactions from a
Chemist’s Perspective, Angewandte Chemie International Edition 60 (2021) 5644-5665.
https://doi.org/10.1002/anie.202001876.

[122] C.K. Winkler, J.H. Schrittwieser, W. Kroutil, Power of Biocatalysis for Organic
Synthesis, ACS Cent Sci 7 (2021) 55-71. https://doi.org/10.1021/acscentsci.0c01496.
[123] Y. Ding, Redesigning Enzymes for Biocatalysis: Exploiting Structural
Understanding for Improved Selectivity, (2022).
https://doi.org/10.3389/fmolb.2022.908285.

[124] R. Mu, Application of Enzymes in Regioselective and Stereoselective Organic
Reactions, (2020). https://doi.org/10.3390/catal10080832.

[125] D. Yi, T. Bayer, C.P. S.Badenhorst, S. Wu, M. Doerr, M. Hoéhne, U.
T. Bornscheuer, Recent trends in biocatalysis, Chemical Society Reviews 50 (2021)
8003-8049. https://doi.org/10.1039/DOCS015751J.

[126] R.A. Sheldon, D. Brady, Green Chemistry, Biocatalysis, and the Chemical
Industry of the Future, ChemSusChem 15 (2022).
https://doi.org/10.1002/cssc.202102628.

[127] A. Cabre, Recent Advances in the Enantioselective Synthesis of Chiral Amines
via Transition Metal-Catalyzed Asymmetric Hydrogenation, Chemical Reviews, (2021).
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00496.

[128] S. Mao, J. Jiang, K. Xiong, Y. Chen, Y. Yao, L. Liu, H. Liu, X. Li, Enzyme
Engineering: Performance Optimization, Novel Sources, and Applications in the Food
Industry, Foods 13 (2024) 3846. https://doi.org/10.3390/foods13233846.

[129] A. Sen,J. Oswalia, S. Yadav, M. Vachher, A. Nigam, Recent trends in nanozyme
research and their potential therapeutic applications, Current Research in Biotechnology
7 (2024) 100205. https://doi.org/10.1016/j.crbiot.2024.100205.

91



[130] G. Rossino, M.S. Robescu, E. Licastro, C. Tedesco, I. Martello, L. Maffei, G.
Vincenti, T. Bavaro, S. Collina, Biocatalysis: A smart and green tool for the preparation
of chiral drugs, Chirality 34 (2022) 1403-1418. https://doi.org/10.1002/chir.23498.

[131] X.-E. Guan, R.-P. Miao, X. Hua, X. Jin, G.-Z. Deng, B.-D. Cui, W.-Y. Han, N.-
W. Wan, Y.-Z. Chen, Biocatalytic Enantioselective Synthesis of Chiral B-Hydroxy
Nitriles Using Cyanohydrins as Cyano Sources, ACS Catal. 13 (2023) 13597-13606.
https://doi.org/10.1021/acscatal.3c03173.

[132] G. de Gonzalo, A.R. Alcéantara, P. Dominguez de Maria, J.M. Sdnchez-Montero,
Biocatalysis for the asymmetric synthesis of Active Pharmaceutical Ingredients (APIs):
this time is for real, Expert Opinion on Drug Discovery 17 (2022) 1159-1171.
https://doi.org/10.1080/17460441.2022.2114453.

[133] F.M.W.G. Silva, J. Szemes, A. Mustashev, O. Takacs, A.O. Imarah, L. Poppe,
Immobilization of Lipase B from Candida antarctica on Magnetic Nanoparticles
Enhances Its Selectivity in Kinetic Resolutions of Chiral Amines with Several Acylating
Agents, Life 13 (2023) 1560. https://doi.org/10.3390/1ife13071560.

[134] O. Verho, J.-E. Bickvall, Chemoenzymatic Dynamic Kinetic Resolution: A
Powerful Tool for the Preparation of Enantiomerically Pure Alcohols and Amines, J] Am
Chem Soc 137 (2015) 3996-4009. https://doi.org/10.1021/jacs.5b01031.

[135] M.L. Foresti, M. Galle, M.L. Ferreira, L.E. Briand, Enantioselective esterification
of ibuprofen with ethanol as reactant and solvent catalyzed by immobilized lipase:
experimental and molecular modeling aspects, Journal of Chemical Technology &
Biotechnology 84 (2009) 1461-1473. https://doi.org/10.1002/jctb.2200.

[136] S.-Z. Wang, J.-P. Wu, G. Xu, L.-R. Yang, Chemo-enzymatic asymmetric
synthesis of S-citalopram by lipase-catalyzed cyclic resolution and stereoinversion of
quaternary stereogenic center, Bioprocess Biosyst Eng 36 (2013) 1031-1037.
https://doi.org/10.1007/s00449-012-0855-5.

[137] C.A. Martinez, S. Hu, Y. Dumond, J. Tao, P. Kelleher, L. Tully, Development of
a Chemoenzymatic Manufacturing Process for Pregabalin, Org. Process Res. Dev. 12
(2008) 392-398. https://doi.org/10.1021/0p7002248.

[138] R.-C. Zheng, L.-T. Ruan, H.-Y. Ma, X.-L. Tang, Y.-G. Zheng, Enhanced activity
of Thermomyces lanuginosus lipase by site-saturation mutagenesis for efficient
biosynthesis of chiral intermediate of pregabalin, Biochemical Engineering Journal 113
(2016) 12-18. https://doi.org/10.1016/j.bej.2016.05.007.

[139] A. Schiil¢, A. Merschaert, C. Szczepaniak, C. Maréchal, N. Carly, J. O’Rourke,
C. Ates, A Biocatalytic Route to the Novel Antiepileptic Drug Brivaracetam, Org. Process
Res. Dev. 20 (2016) 1566-1575. https://doi.org/10.1021/acs.oprd.6b00094.

[140] J.-W. Shen, J.-M. Qi, X.-J. Zhang, Z.-Q. Liu, Y.-G. Zheng, Significantly increased
catalytic activity of Candida antarctica lipase B for the resolution of cis-(+)-dimethyl 1-
acetylpiperidine-2,3-dicarboxylate, Catal. Sci. Technol. 8 (2018) 4718-4725.
https://doi.org/10.1039/C8CY01340C.

[141] J.-W. Shen, J.-M. Qi, X.-J. Zhang, Z.-Q. Liu, Y.-G. Zheng, Efficient Resolution
of cis-(+)-Dimethyl 1-Acetylpiperidine-2,3-dicarboxylate by Covalently Immobilized
Mutant Candida antarctica Lipase B in Batch and Semicontinuous Modes, Org. Process
Res. Dev. 23 (2019) 1017-1025. https://doi.org/10.1021/acs.oprd.9b00066.

[142] D. Estrada-Valenzuela, V.H. Ramos-Sanchez, G. Zaragoza-Galan, J.C. Espinoza-
Hicks, A. Bugarin, D. Chavez-Flores, Lipase Assisted (S)-Ketoprofen Resolution from
Commercially Available Racemic Mixture, Pharmaceuticals 14 (2021) 996.
https://doi.org/10.3390/ph14100996.

92



[143] S. Salgin, M. Cakal, U. Salgin, Kinetic resolution of racemic naproxen methyl
ester by magnetic and non-magnetic cross-linked lipase aggregates, Preparative
Biochemistry & Biotechnology 50 (2020) 148-155.
https://doi.org/10.1080/10826068.2019.1679178.

[144] S. Takag, M. Bakkal, Impressive effect of immobilization conditions on the
catalytic activity and enantioselectivity of Candida rugosa lipase toward S-Naproxen
production, Process Biochemistry 42 (2007) 1021-1027.
https://doi.org/10.1016/j.procbio.2007.03.013.

[145] M.B. Hansen, A.L. Tennfjord, F.H. Blindheim, L.H.Y. Bocquin, E.E. Jacobsen,
Synthesis of Enantiopure (S)-Atenolol by Utilization of Lipase-Catalyzed Kinetic
Resolution of a Key Intermediate, International Journal of Molecular Sciences 25 (2024)
3497. https://doi.org/10.3390/ijms25063497.

[146] S. Soni, B.P. Dwivedee, U.C. Banerjee, Facile fabrication of a recyclable
nanobiocatalyst: immobilization of Burkholderia cepacia lipase on carbon nanofibers for
the kinetic resolution of a racemic atenolol intermediate, RSC Adv. 8 (2018) 27763-
27774. https://doi.org/10.1039/C8RA05463K.

[147] A. Sikora, D. Chetminiak-Dudkiewicz, M. Ziegler-Borowska, M.P. Marszal,
Enantioseparation of (RS)-atenolol with the use of lipases immobilized onto new-
synthesized magnetic nanoparticles, Tetrahedron: Asymmetry 28 (2017) 374-380.
https://doi.org/10.1016/j.tetasy.2017.01.012.

[148] O. Barbosa, C. Ariza, C. Ortiz, R. Torres, Kinetic resolution of (R/S)-propranolol
(1-isopropylamino-3-(1-naphtoxy)-2-propanolol) catalyzed by immobilized preparations
of Candida antarctica lipase B (CAL-B), New Biotechnology 27 (2010) 844-850.
https://doi.org/10.1016/j.nbt.2010.07.015.

[149] M. Rajin, A. Zulkifli, S. Abang, S.M. Annissuzzaman, A.H. Kamaruddin, Effect
of Reaction Parameters on the Lipase-Catalyzed Kinetic Resolution of (RS )-Metoprolol,
ASEAN Journal of Chemical Engineering (2020) 20-30.

[150] H. Fazlena, A.H. Kamaruddin, M.M.D. Zulkali, Dynamic kinetic resolution:
alternative approach in optimizing S-ibuprofen production, Bioprocess Biosyst Eng 28
(2006) 227-233. https://doi.org/10.1007/s00449-005-0024-1.

[151] N. Binhayeeding, T. Yunu, N. Pichid, S. Klomklao, K. Sangkharak,
Immobilisation of Candida rugosa lipase on polyhydroxybutyrate via a combination of
adsorption and cross-linking agents to enhance acylglycerol production, Process
Biochemistry 95 (2020) 174-185. https://doi.org/10.1016/j.procbio.2020.02.007.

[152] A.A. Khachatrian, T.A. Mukhametzyanov, R.Z. Salikhov, A.E. Klimova, D.G.
Yakhvarov, B.F. Garifullin, O.S. Terenteva, P.L. Padnya, I.I. Stoikov, B.N. Solomonov,
Cholinium-Based Ionic Liquids Modulate Protein Stability: A Comparative Study of
Enzymes and Albumins, Molecules 30 (2025) 1574.
https://doi.org/10.3390/molecules30071574.

[153] T.E. Harrar, B. Frieg, M.D. Davari, K.-E. Jaeger, U. Schwaneberg, H. Gohlke,
Aqueous ionic liquids redistribute local enzyme stability via long-range perturbation
pathways, Computational and Structural Biotechnology Journal 19 (2021) 4248-4264.
https://doi.org/10.1016/j.csbj.2021.07.001.

93



8. Opis osiagnie¢ naukowych

Efektem realizacji studiow doktoranckich jest dorobek naukowy obejmujacy
14 artykutow naukowych opublikowanych w renomowanych czasopismach
mi¢dzynarodowych (laczny IF: 84,9) oraz 13 wystgpien konferencyjnych na
konferencjach krajowych i zagranicznych. Publikacje obejmowaty zar6wno zagadnienia
bezposrednio zwigzane z tematyka pracy doktorskiej, jak i projekty realizowane poza jej
zakresem, ale w bezposrednim konteks$cie tematyki doktoratu. Badania koncentrowaly si¢
na zastosowaniu biokatalizatorow w syntezie farmaceutycznie aktywnych substancji,
procesach  $rodowiskowych oraz opracowywaniu innowacyjnych materiatow
nos$nikowych dla enzyméw. Efektem tych dziatan sa artykuty naukowe opublikowane
w czasopismach takich jak International Journal of Biological Macromolecules,
Computational and Structural Biotechnology Journal, Pharmaceutics, Journal of
Environmental Chemical Engineering, Molecules czy International Journal of Molecular
Sciences.

Wyniki zrealizowanych badan zostaly takze szeroko zaprezentowane na
konferencjach naukowych o zasiggu krajowym 1 miedzynarodowym. Autorka
prezentowala swoje osiggnigcia m.in. podczas Green Technology for Sustainable
Environment, 6th Symposium on Biotransformations for Pharmaceutical and Cosmetic
Industry (Krakéw, 2024), 7th International Conference on Ionic Liquid-Based
Materials (Porto, 2023), International Caparica Conference on Pollutant Toxic Ions and
Molecules (Lizbona, 2021), a takze na licznych konferencjach krajowych, takich jak
Enzymos, BioOrg, czy PUTChemikon. Prezentacje, zardbwno ustne, jak i posterowe,
dotyczyly zagadnien biokatalizy, stabilizacji enzymdw, syntezy substancji leczniczych
oraz nowoczesnych technologii sSrodowiskowych.

Do$wiadczenie badawcze zostalo wzbogacone poprzez udziat w licznych stazach
naukowych w kraju i za granica. W ramach programéw Erasmus+, ORBIS i NAWA STER
odbyto m.in. staze na University of Ljubljana (Stowenia) (facznie 6 miesigcy), University
of Technology Sydney (Australia) (3 miesigce) oraz w firmie farmaceutycznej APC Ltd
w Dublinie (Irlandia) (2,5 miesiagca), gdzie realizowano projekty zwigzane
z opracowywaniem biokatalizatorow 1 synteza substancji czynnych farmaceutycznie.

Dodatkowe do$wiadczenie zdobyto rowniez na Poznanskim Uniwersytecie Medycznym
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(1 miesigc), pracujac nad nowoczesnymi systemami dostarczania lekow, w tym
z zastosowaniem druku 3D oraz modeli biologicznych.

Aktywnos¢ naukowa obejmowata takze udziat w projektach badawczych
finansowanych przez Narodowe Centrum Nauki, takich jak SONATA 15 (,,Biodegradacja
estrogenéw z wykorzystaniem zaawansowanych systemoéw biokatalitycznych opartych
o immobilizowane oksydoreduktazy”) oraz PRELUDIUM 22 (,,Synteza substancji
farmaceutycznie aktywnych z uzyciem biokatalizatoréw wspomaganych cieczami
jonowymi”). Uczestnictwo w projekcie POLS (,,Designing of peroxidases-based
biocatalytic system for a bio-mitigation of emerging contaminants”), dotyczacym
opracowania systemow biokatalitycznych opartych na peroksydazach do remediacji
zanieczyszczen $rodowiskowych, pozwolito dodatkowo rozwina¢ kompetencje
w zakresie innowacyjnych technologii biokatalitycznych.

Na catkowity dorobek naukowy sklada si¢ tez wspotautorstwo dwadch rozdziatow
w  ksigzkach  wydanych  przez  Elsevier, poswigconych  wykorzystaniu
nanobiokatalizatoréw w remediacji zanieczyszczen srodowiskowych.

Za dziatalno$¢ naukowa i innowacyjne podejscie do badan przyznano liczne
wyrdznienia, w tym 2. miejsce w konkursie BASF Drive Innovation (Warszawa, 2024)
za prezentacj¢ ,.Biomaterialy dla zielonych technologii. Biokataliza. Aktywno$¢.
Stabilnos¢. Funkcjonalnos¢”. Wystapienie to koncentrowato si¢ na przedstawieniu
wszechstronnosci enzymoéw oraz korzysci plynagcych z ich zastosowania jako
biokatalizatorow w roéznych gateziach przemyshu, podkreslajac ich znaczenie w rozwoju
zrdbwnowazonych technologii. Kolejne wyrdznienie dotyczyto 1. miejsca w europejskim
hackathonie EU Sparks for Climate jako cztonkini zespolu Allium. Projekt zespotu
dotyczyl globalnego problemu generowania odpaddéw zywnosci oraz nadmiernego
wykorzystywania tworzyw sztucznych. Zaproponowane innowacyjne rozwigzanie
polegato na przetwarzaniu odpadéw z obierek cebuli w biodegradowalne materiaty
opakowaniowe, ktére moglyby przyczyni¢ si¢ do ograniczenia stosowania plastikowych
opakowan i zmniejszenia ich negatywnego wplywu na $rodowisko. Cato$¢ osiggnieé
naukowych potwierdza interdyscyplinarny charakter prowadzonych badan, faczacych
chemig, biotechnologi¢ i inzynieri¢ materiatowa w duchu zréwnowazonego rozwoju

1 zielonej chemii.
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Aktywnos¢ naukowa

Publikacje:
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2)

3)

4)

)

6)

7)

8)

Degoérska O, Zasada N, Badzinska W, Fu Q, Jesionowski T, Zdarta Z, Targeted
biocatalyst design for asymmetric citalopram conversion in a membrane reactor
(2025), Pharmaceutics, 17, 1497. IF: 5,5.

Degorska O, Zasada N, Jesionowski T, Zdarta Z. Immobilized lipase in the
resolution of racemic atenolol - a possible key to sustainable pharmaceuticals
synthesis (2025), International Journal of Biological Macromolecules, 318, 3.
IF: 8.5.
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water by horseradish peroxidase encapsulated into poly(vinyl chloride)
electrospun fibers (2022), International Journal of Molecular Sciences, 23(1), 272.
IF: 4.9.

9) Degorska O, Zdarta J, Synoradzki K, Zgota-Grzeskowiak A, Ciesielczyk F,
Jesionowski T. From core-shell like structured zirconia/magnetite hybrid towards
novel biocatalytic systems for tetracycline removal: Synthesis, enzyme
immobilization, degradation and toxicity study (2021), Journal of Environmental
Chemical Engineering, 9(4), 105701. IF: 7,2.

10) Zdarta J, Jankowska K, Bachosz K, Degorska O, Kazmierczak K, Nguyen L.N.,
Nghiem L.D., Jesionowski T. Enhanced wastewater treatment by immobilized
enzymes (2021), Current Pollution Reports, 7, 167-179. IF: §,1.

11) Zdarta J, Machatowski T, Degorska O, Bachosz K, Fursov A, Ehrlich H,
Jesionowski T. 3D chitin scaffolds from the marine demosponge Aplysina archeri
as a support for laccase immobilization and its use in the removal of
pharmaceuticals (2020), Biomolecules, 10(4), 646. IF: 4,9.

12) Zdarta J, Staszak M, Jankowska K, Kazmierczak K, Degérska O, Nguyen L.N.,
Kijenska-Gawronska E., Pinelo M., Jesionowski T. The response surface
methodology for optimization of tyrosinase immobilization onto electrospun
polycaprolactone-chitosan fibers for use in bisphenol A removal (2020),
International Journal of Biological Macromolecules, 165, 2049-2059. IF: 8,5.

13) Jankowska K, Zdarta J, Grzywaczyk A, Degoérska O, Kijenska-Gawronska E,
Pinelo M, Jesionowski T. Horseradish peroxidase immobilised onto electrospun
fibres and its application in decolourisation of dyes from model sea water (2020),
Process Biochemistry, 102, 10-21. IF: 4,2.

14) Zdarta J, Bachosz K, Degérska O, Zdarta A, Kaczorek E, Pinelo M, Meyer AS,
Jesionowski T. Co-immobilization of glucose dehydrogenase and xylose
dehydrogenase as a new approach for simultaneous production of gluconic and

xylonic acid (2019), Materials, 12(19), 3167. IF: 3,0.
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Rozdzialy w ksiazkach:

1y

2)

Rybarczyk A, Szada D, Badzinska W, Degorska O, Jesionowski T, Zdarta J.
Nanobiocatalysts as efficient tools for wastewater pollutants remediation,
Advances in Chemical Pollution, Environmental Management and Protection,
Elsevier, Volume 10, 2024, s. 57-82

Zdarta J, Kazmierczak K, Jankowska K, Bachosz K, Degérska O, Bilal M, Igbal
HMN, Nguyen LN, Nghiem LD, Jesionowski T. Nanobiocatalysts for wastewater
remediation and redefining of pollutants, Nano-Bioremediation: Fundamentals

and Applications, Micro and Nano Technologies, Elsevier, 2022, s. 313-336.

Konferencje:

1y

2)

3)

4)

)

6)

7)

8)

Fourth Forum for the EU Mission on Adaptation to Climate Change, Wroctaw,
19/05/2025 - poster, zespot Allium (Burlaga N, Degorska O, Grzywaczyk A,
Trudi¢ B)

Green Technology for Sustainable Environment 2024, Poznan, 23/09/2024 -
wystapienie ustne (,,Green approach of active pharmaceutical ingredients
synthesis”)

Eunice Conference, Catania, 03/07/2024 - poster (,,Enzymatic membrane reactor
supported with ionic liquid as an efficient platform for removal of estrogens”)
6th Symposium on Biotransformations for Pharmaceutical and Cosmetic Industry,
Krakow, 06/2024 - poster (,,Unconventional API synthesis - Biocatalytic
processes in flow reactors”)

IT Ogolnopolska Konferencja Naukowa PUTChemikon, Poznan, 05/2024 - poster
(,,Zastosowanie  biokatalizatoréw  stabilizowanych cieczami  jonowymi
w produkeji kluczowych substancji leczniczych”)

7th International Conference on Ionic Liquid-Based Materials, Porto, 11/2023 -
wystapienie ustne (,,Immobilization of lipases with hydrophobic ionic liquids...””)
7th International Conference on Ionic Liquid-Based Materials, Porto, 11/2023 -
poster (,,Removal of estrogens in an enzymatic membrane reactor using ionic
liquids...”)

ORBIS Final Conference, Poznan, 07/2023 - poster (,,The binary mixture of

ritonavir and ketoprofen as a co-amorphous system for enhanced solubility”)
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9) BioOrg IV Ogoélnopolskie Sympozjum Chemii Bioorganicznej, Organicznej i
Biomaterialéw, Poznan, 12/2022 - poster (,,Zastosowanie lipaz w rozdziale
racemicznym estrow ketoprofenu”)

10) VIII Konferencja Naukowa Enzymos, 09/2022 - wystapienie ustne
(,,Jmmobilizowane lipazy w rozdziale enancjomeréw ketoprofenu”)

11) 5th Symposium on Biotransformations for Pharmaceutical and Cosmetic Industry,
Kroczyce, 06/2022 - wystgpienie ustne (,,Application of hydrolases during
synthesis of active pharmaceutical ingredients”)

12) VII Konferencja Naukowa Enzymos, 02/2022 - wystgpienie ustne (,,Zastosowanie
immobilizowanych hydrolaz w syntezie substancji farmaceutycznie aktywnych’)

13) International Caparica Conference on Pollutant Toxic Ions and Molecules (PTIM
2021), Lizbona, 11/2021 - wystapienie ustne (,,Simultaneous adsorption and

enzymatic conversion of pharmaceuticals using inorganic oxide systems”).

Staze naukowe:

1) 05/2025 - 09/2025: Staz naukowy - University of Ljubljana, Wydziat Farmacji,
badania nad innowacyjnymi doustnymi systemami dostarczania lekéw

2) 04/2025: Staz naukowy - Uniwersytet Medyczny w Poznaniu; rozwdj systemow
dostarczania lekow, praca z komérkami ludzkimi i zarodkami kurzymi

3) 01/07/2024 - 05/07/2025: EU Erasmus+ Szkota letnia, Katania, Wlochy

4) 02/2024 - 03/2024: Staz naukowy - University of Ljubljana, Wydzial Farmac;ji,
Stowenia; badania nad nanomateriatami elektroprzedzonymi (Erasmus+)

5) 04/2023 - 06/2023: Staz przemystowy - APC Ltd, Dublin, Irlandia; prace nad
syntezg substancji farmaceutycznie aktywnych (projekt ORBIS)

6) 08/2022 - 11/2022: Staz naukowy - University of Technology Sydney, Faculty of
Engineering and IT, Australia; rozw6j nowych biokatalizatoroéw (NAWA, STER).

Projekty badawcze:
1) Projekt PRELUDIUM 22: Synteza substancji farmaceutycznie aktywnych z
uzyciem biokatalizatorow wspomaganych cieczami jonowymi (NCN, kierownik

projektu)
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2) Projekt POLS: Designing of peroxidases-based biocatalytic system for a bio-
mitigation of emerging contaminants (2023), (NCN, wykonawca)

3) Projekt SONATA 15: Biodegradacja estrogendbw 2z wykorzystaniem
zaawansowanych systeméw biokatalitycznych opartych o immobilizowane

oksydoreduktazy (2020-2023), (NCN, wykonawca).

Nagrody, wyroznienia i pozostale aktywnosci:

1) EU Sparks for Climate - 1. miejsce w europejskim hackathonie (zespot Allium:
Burlaga N, Degérska O, Grzywaczyk A, Trudi¢ B)

2) BASF Drive Innovation - 2. miejsce w konkursie przemyslowym, prezentacja:
,Biomateriaty dla zielonych technologii. Biokataliza. Aktywnos$¢. Stabilno$¢.
Funkcjonalno$¢” (Warszawa, 03/2024)

3) Stypendium naukowe Rektora Politechniki Poznanskiej dla wyrdzniajacych si¢
doktorantow (2021-2025)

4) Stypendium naukowe z Wlasnego Funduszu Stypendialnego Politechniki
Poznanskiej (2024)

5) Udzial w komitecie organizacyjnym mi¢dzynarodowej konferencji GTSE24
(Green Technology for Sustainable Environment 2024), (Poznan, 22-26.09.2024)

6) Medal ,,Wyrdzniajagcemu si¢ Absolwentowi Politechniki Poznanskiej” (2021).
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Abstract: In this study, lipase from Aspergillus niger immobilized by physical immobilization by the
adsorption interactions and partially interfacial activation and mixed physical immobilization via
interfacial activation and ion exchange was used in the kinetic resolution of the ketoprofen racemic
mixture. The FTIR spectra of samples after immobilization of enzyme-characteristic signals can be
seen, and an increase in particle size diameters upon immobilization is observed, indicating efficient
immobilization. The immobilization yield was on the level of 93% and 86% for immobilization
unmodified and modified support, respectively, whereas activity recovery reached around 90%
for both systems. The highest activity of immobilized biocatalysts was observed at pH 7 and
temperature 40 °C and pH 8 and 20 °C for lipase immobilized by physical immobilization by the
adsorption interactions and partially interfacial activation and mixed physical immobilization via
interfacial activation and ion exchange, respectively. It was also shown that over a wide range
of pH (from 7 to 10) and temperature (from 20 to 60 °C) both immobilized lipases retained over
80% of their relative activity, indicating improvement of enzyme stability. The best solvent during
kinetic resolution of enantiomers was found to be phosphate buffer at pH 7, which obtained the
highest efficiency of racemic ketoprofen methyl ester resolution at the level of over 51%, followed by
enantiomeric excess 99.85% in the presence of biocatalyst obtained by physical immobilization by the
adsorption interactions and partially interfacial activation.

Keywords: biocatalysis; ketoprofen; lipase; enzyme immobilization; active pharmaceutical ingredients

1. Introduction

A significant number of active pharmaceutical ingredients (APIs) are chiral molecules.
It often happens that different enantiomeric forms of a given compound exhibit various
pharmacological properties and effects. A common reason for the use of racemic mixtures
is mostly the cost of separation of the enantiomers, which exceeds the advantages of a
possible increase in the activity [1]. There are substances where one of the enantiomers
exerts a healing effect and the second one is toxic to the body [2]. The turning point of
increasing the amount of toxicity tests before releasing the drug on the market was after
a well-known tragedy that occurred in the late 1950s and early 1960s, where thalidomide
was used for treatment of nausea during pregnancy. Use of this medication by pregnant
women led to the deformation of the fetus, causing, among other effects, malformation
of the correct limbs, heart disease, and malformations of inner and outer ear, due to the
teratogenic liability of the drug. This resulted in the aggravation of toxicity tests and
increased the systematicity of testing pharmaceutical active substances before they are
approved for sale [3].
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One of the groups of API containing drugs composed of chiral substances are non-
steroidal anti-inflammatory drugs (NSAIDs) [4]. NSAIDs are the most commonly used group
of drugs for inflammation and pain relief. One of them is ketoprofen (2-(3-benzoylphenyl)-
propionic acid), which has an analgesic and anti-inflammatory effect and is still sold as
a racemic mixture, even though both enantiomers show different activities. Enantiomer
(S)- shows an anti-inflammatory effect, whereas (R)- enantiomer can prevent periodontal
disease but also is analgesic and antipyretic [5,6].

Due to the increase in the importance of the synthesis of API in enantiomerically pure
form, new ways of asymmetric synthesis are being sought [7]. At present, considering the
published scientific papers, biocatalysis is a promising technique that allows the obtain-
ment of enantiomerically pure products. On an industrial scale, enzymes such as Candida
antarctica lipase type B can be used in the synthesis of chiral alcohols or amines [8]. This
is dictated primarily by the pharmacological profile of individual forms of therapeutic
compounds, as the main aim is to achieve the most favorable bioavailability while reducing
side effects. Enzymes, especially hydrolases, can be successfully used during the synthesis
of APIs, due to their properties, because stereo-, regio-, and chemoselectivity of the bio-
catalysts play the key role in this type of synthesis [7,9]. Additionally, enzymes are also
non-toxic and fit into the assumptions of green chemistry, due to the lack of toxic solvents
and mild process conditions [10]. Among other biocatalysts, hydrolases are readily used
in asymmetric synthesis, mainly due to their availability and relatively low costs of their
production. It is also important that the hydrolases do not require the presence of a cofactor
to maintain high activity [11]. Among hydrolases, lipases are enzymes that are of particular
importance because they show activity both in water and in organic solvents due to a
feature characteristic of lipases, called interfacial activation. For lipases, the change of lid
conformation during inhibition of helical lid, which rolls back from the active side, exposes
a large hydrophobic surface, expanding the surface around active side [12]. This non polar
surface is stabilized by the lipid environment, which is called interfacial activation. The
interfacial activation occurs in the hydrophobic medium. Due to the presence of interfacial
activation, lipases show high efficiency in the hydrolysis of particles containing carboxylic
ester groups and which are aggregated in water [13,14]. Furthermore, lipases can not only
carry out hydrolysis reactions in aqueous solvents but are also able to catalyze reactions
such as acylation or esterification in nonaqueous conditions [15,16]. Due to these features,
lipases are often used to obtain enantiomerically pure API[17,18]. The lipases most widely
used for esterification of NSAIDs are lipases from Candida rugosa and Rhizomucor michei,
which catalyze the esterification of, for example, S-ibuprofen [19,20]. By contrast, lipase B
from Candida antarctica, which catalyzes the reaction with a preference for (R)-enantiomer
can be also used for the production of (S)-enantiomer, because it allows the direct synthesis
of the (S)-enantiomer as an unreacted substrate of the enzymatic esterification [21]. Piacen-
tini et al. used a multiphase reactor with lipase from Candida rugosa for kinetic resolution
of (S,R)-naproxen methyl ester to obtain (S)-naproxen acid. The membrane emulsification
technology was used for the production of a microstructured emulsion bioreactor using li-
pase as a catalyst and as a surfactant simultaneously. Enzyme loaded at the stable emulsion
interface showed 100% of enantioselectivity and conversion rate, whereas during the classic
stirring method the conversion was lower, reaching around 40-60%, and the enantiomeric
excess fluctuated around 75% to 96% [22].

Despite having many advantages, enzymes are susceptible to the influence of the
external environment, which can significantly interfere with their activity. Depending on
the type of the enzyme, extreme operational conditions, which differ significantly from the
optimal one, may change the biocatalyst structure, leading to its inhibition or inactivation.
Hence, the immobilization process is widely used to stabilize the enzyme particle and
extend the spectrum of its activity under various conditions [23]. Thanks to immobilization,
the enzyme can also be removed more easily from the reaction medium, making it possible
to skip the process of purifying the product from catalyst residues and enhancing the
reusability of the catalyst [24]. Due to the fact that different immobilization techniques can



Pharmaceutics 2022, 14, 1443

30f18

be distinguished, the immobilization process should be chosen carefully to directly meet
the process needs, because random immobilization processes can even cause a decrease of
enzyme activity. Moreover, during immobilization, proper process conditions should be
selected, such as pH, temperature, solvent, inhibitors, or different protein protectors, as
these factors also influence enzymatic activity and stability [25]. Immobilization improves
enzyme stabilization and limits diffusional limitations in different reaction media. In
organic medium, insoluble enzymes tend to agglomerate and form clusters, whereas, due
to the immobilization process, enzymes that are dispersed on the support surface are
unable to agglomerate, creating active biocatalyst. Enzymes can be purified due to the
immobilization process [26,27]. Additionally, proper immobilization process can tune
enzyme selectivity, specificity, and activity, due to the conformational changes taking
place in the enzyme molecule [28]. Finally, immobilization results in significant enzyme
stabilization, especially when the enzyme is multipointly immobilized, as well as when a
favorable environment for the enzyme is generated upon immobilization [29].

A very important part of preparing the immobilization process is choosing the right
support. The use of nanoparticles has many advantages but it also has some boundaries.
Nanoparticles have high specific surface area, nanometric particle size, and a large amount
of space for the enzyme to attach. Nanoparticles tend to agglomerate and are hard to use
on a large scale, so they need to be modified with, for example, magnetite to separate
them easily from the reaction medium. Immobilization also depends on the porosity of the
material. If the material is porous, pores can be contaminated with solid particles and the
enzyme immobilized inside the pores will be unable to meet the substrates during reaction,
creating biocatalyst of low activity. In choosing the support it is important to pay attention
to obtaining a suitable enzyme orientation and high activity [30]. It should also be added
that immobilization can be successfully performed on nanoparticles via adsorption (ionic
exchange, hydrophobic adsorption, and affinity adsorption), covalent binding (via cova-
lent attachment, anionic exchange, and interfacial activation), or entrapment, improving
enzymes stability, its selectivity, and simplicity of mixture purifying after reaction [31]. Ad-
ditionally immobilized enzymes usually show greater thermal stability than the native form,
due to the protective effect of the support [32]. For instance, Foresti et al. used the commer-
cial product Novozym 435 (Candida antarctica lipase B immobilized on the acrylic resin) and
Lipozyme RM IM (Rhizomucor miehei lipase immobilized on a macroporous ion-exchange
resin) for the synthesis of S-ibuprofen and obtained an enantiomeric excess of 54% and 63%,
respectively. They investigated the addition of water to the ethanol during the reaction
and the most suitable water content, which was a compromise between good efficiency
and enantiomeric excess, was found to be 4.8% v/v [33]. Further, Wang et al. obtained
(S)-citalopram, which is a selective serotonin reuptake inhibitor for treating depression,
anxiety, and panic disorder. During the chemoenzymatic reaction, supported by Novozym
435, they conducted the kinetic and cyclic resolution of racemic diol. An enantiomeric
excess of 98% was obtained and the efficiency of the reaction reached 97.8% [34].

In this study, a novel attempt has been made concerning the use lipase from As-
pergillus niger immobilized onto silica surface in the synthesis of enantiomerically pure
(R)-ketoprofen in aqueous medium from a racemic mixture of ketoprofen. The most suit-
able process parameters including temperature or pH for the highest enzyme activity have
been examined, as well as the effect of storage time, thermal stability, and reusability. To
verify the possible practical application of the produced biosystems, tests were performed
in buffer solution and organic solvents using various amounts of biocatalyst to examine
the efficiency of kinetic resolution of the ketoprofen racemic mixture. The obtained results
of the enantiomeric excess and the efficiency of the process indicate the high application
potential of the biocatalysts produced during the separation reaction of the racemic mixture
of ketoprofen. The reaction path conducted during this research is presented in Scheme 1
below. However, future research is still required to further increase the yield of the reaction
and improvement of process control.
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(R,S)-Ketoprofen (R,S)-Ketoprofen methyl ester

Lipase from Aspergillus niger

OH

(R)-Ketoprofen (S)-Ketoprofen methyl ester

Scheme 1. Reaction path of chemical synthesis and enzymatic enantioselective resolution of ketopro-
fen methyl ester.

2. Materials and Methods
2.1. Chemicals and Materials

Lipase from Aspergillus niger, racemic ketoprofen, para-nitrophenyl palmitate, p-
nitrophenol (pNPP), (3-aminopropyl)triethoxysilane (APTES), Bradford reagent used for ex-
amination of the quantity of immobilized enzyme, N,O-Bis(trimethylsilyl)trifluoroacetamide
(BSTFA), phosphate, acetate and TRIS buffers at various pH, and silica nanoparticles were
acquired from Sigma-Aldrich (Saint Louis, MO, USA). Hexane, sodium carbonate, sodium
hydrogencarbonate, and methanol were purchased from Chempur, whereas chloroform
was acquired from POCH.

2.2. Lipase Immobilization by Physical Immobilization by the Adsorption Interactions and Partially
Interfacial Activation and Mixed Physical Immobilization via Interfacial Activation and
Ion Exchange

The first stage of the research was lipase physical immobilization by the adsorption
interactions and partially interfacial activation and mixed physical immobilization via
interfacial activation and ion exchange. In the physical immobilization by the adsorption
interactions and partially interfacial activation, the lipase enzyme was immobilized on the
support without its modification. Immobilization was performed in a 100 mL flat bottom
flask closed with parafilm. For immobilization, 2 g of silica was weighed into the flask,
to which 45 mL of 5 mg/mL lipase solution in 100 mM phosphate buffer at pH 7 was
added. The sealed system was then shaken at 30 °C, 200 rpm, for 1 h and 24 h in a shaking
incubator (IKA KS 4000i Control, Warsaw, Poland). To further separate the carrier with
immobilized lipase from the reaction medium, the sample was transferred to a conical tube
and centrifuged for 15 min at 4000 x g rpm in a centrifuge (Eppendorf Centrifuge 5810 R,
Hamburg, Germany). The immobilized enzyme was separated from the remainder of the
mixture and left to dry in the open air. The solutions obtained after centrifugation were
kept for further analysis.

In the mixed physical immobilization via interfacial activation and ion exchange, prior
to immobilization, the support was modified with APTES solution. For this reason, 0.6 g
of APTES was diluted in 20 mL of the solution of methanol/water (4/1 v/v). Then, 2 g
of the carrier was moistened with a sprayer that contained APTES solution. Afterwards
the support was dried in an oven in temperature of 80 °C for 6 h. The next step was the
immobilization process. For immobilization, 2 g of modified silica was weighed into the
flask, to which 45 mL of 5 mg/mL lipase solution in 100 mM phosphate buffer at pH 7
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was added. The sealed system was then shaken at 30 °C, 200 rpm, for 1 hand 24 hin a
shaking incubator (IKA KS 4000i Control). After immobilization, samples were centrifuged
for 15 min at 4000x g rpm in a centrifuge (Eppendorf Centrifuge 5810 R). The immobilized
enzyme was separated from the remainder of the mixture and left to dry in the open air.
The solutions obtained after centrifugation were kept for further analysis.

2.3. Effect of Reaction Parameters (pH, T), Storage Stability, Thermal Stability, and Reusability

In order to select the suitable process parameters for the immobilized lipase, the
influence of temperature and pH on the activity of the produced biocatalytic systems
prepared by immobilization by physical immobilization by the adsorption interactions and
partially interfacial activation and mixed physical immobilization via interfacial activation
and ion exchange was examined. For pH investigation, 2 mL of buffer at specific pH
was added to Eppendorf tubes containing 50 mg of biocatalyst, followed by addition of
1 mL of para-nitrophenyl palmitate solution at the concentration of 15 mM and reacted
for 5 min at pH values: 4, 5, 6, 7, 8, 9, and 10 in an Eppendorf ThermoMixer C (Hamburg,
Germany). For the specific pH value different buffers were used: acetate buffer for pH 4
and 5, phosphate buffer for pH from 6 to 8, and TRIS buffer to reach pH 9 and 10. Reactions
were conducted in the temperature of 30 °C.

For the hydrolysis of p-nitrophenyl palmitate at varying temperatures, 50 mg of the im-
mobilized enzyme prepared by physical immobilization by the adsorption interactions and
partially interfacial activation and mixed physical immobilization via interfacial activation
and ion exchange methods was placed in Eppendorf tubes and the 2 mL of phosphate buffer
at pH 7 was added to the tubes containing 50 mg of biocatalyst, followed by addition of
1 mL of 15 mM para-nitrophenyl palmitate solution, and reacted for 5 min at temperatures:
10, 20, 30, 40, 50, 60 °C. For both analyzed parameters the reactions were terminated with
1 mL of Nap,COj3 solution at the concentration 0.5 M and centrifuged afterwards.

The thermal stability was investigated to determine the activity of the biocatalysts
prepared by physical immobilization by the adsorption interactions and partially interfacial
activation and mixed physical immobilization via interfacial activation and ion exchange,
under heat stress. Briefly, 50 mg of biocatalyst with 2 mL of buffer phosphate at pH 7 was
incubated for 2 h in 6 different temperatures: 30, 40, 50, 60, 70, and 80 °C. Likewise in
the previous steps, after this time to each Eppendorf tube 1 mL of 15 mM p-nitrophenyl
palmitate was added and the reaction was conducted for 5 min. Afterwards the termination
of reaction was performed with 1 mL of 0.5 M NayCOjs solution and centrifuged.

For the reusability study, 10 reaction cycles were performed at the temperature of
30 °C. Then, 2 mL of phosphate buffer at pH 7, 1 mL of 15 mM para-nitrophenyl palmitate
and 50 mg of biocatalyst was added to the Eppendorf tube and the reaction was conducted
for 5 min in Eppendorf ThermoMixer C. After this time, samples were centrifuged in
a centrifuge (Eppendorf Centrifuge 5810 R) for 15 min at 4000x g rpm and obtained
precipitate was washed several times by phosphate buffer and was used in the next reaction.
In these experiments, initial enzyme activity was defined as 100% activity.

Storage stability of free lipase and biocatalysts after immobilization were examined
based on above-described model reaction of para-nitrophenyl palmitate hydrolysis over
30 days of storage at 4 °C in phosphate buffer at pH 7. The relative activity was measured
every day. In these experiments, initial enzyme activity was defined as 100% activity.

All of the experiments performed with immobilized enzymes were also performed
using free lipase, for comparison. The solutions obtained after the processes were ex-
amined using UV-vis spectroscopy in order to check the efficiency of para-nitrophenyl
palmitate conversion at particular temperatures and pH values as well as over study.
The increase in absorbance was measured at 410 nm and is caused by the release of
p-nitrophenol during enzymatic hydrolysis. A standard curve prepared based on solutions
of p-nitrophenol of known concentration was used to determine the final concentration of
the substrate/product in the solution. One unit of the enzyme activity was defined as the re-
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lease of 1 mmol of pNP per one minute under the measurement conditions. In tests on effect
of pH and temperature, the highest noticed activity was defined as 100% relative activity.

2.4. Immobilization Yield, Amount of Immobilized Enzyme, and Specific Activity

The amount of the immobilized enzyme was calculated based on the spectrophotomet-
ric measurements using the Bradford method [35]. In a quartz cuvette, 4 mL of the Bradford
reagent was mixed with 800 uL of the analyzed protein solution and 100 pL water, and the
analysis was performed 10 min after the preparation of the mixture. UV /vis measurements
were made at wavelength 595 nm, using a JASCO V650 spectrophotometer (Jasco, Tokyo,
Japan). The amount of immobilized enzyme (mg/g) was determined as the difference
between the initial amount of lipase and the final enzyme amount in the mixture after
immobilization, relative to the mass of the silica nanoparticles. Immobilization yield (%)
was calculated following Equation (1), whereas activity recovery was calculated using
Equation (2):

e Aj— Ay
mmobilization yield (%) = — % 100% 1)
1

A
Activity recovery (%) = Xt x 100% 2)
1

where A; denotes the initial activity of lipase added to the immobilization medium,
Ay denotes the total activity of the enzyme in the supernatant and washing solution after
the immobilization, and A; denotes the activity of the immobilized lipase.

To determine specific activity and relative activity of free and immobilized lipase,
spectrophotometric measurements were performed, based on a model pNP reaction. The
reaction was carried out for 5 min at 30 °C. Using the standard calibration curve for pNP,
the specific activity of the free and immobilized enzyme (U/mg) was calculated as the
initial enzyme activity retained per unit mass of enzyme and per unit mass of enzyme and
support. The activity retention (%) of immobilized lipase is presented as the percentage
activity of the immobilized lipase, relative to the catalytic activity of the free enzyme.

2.5. Synthesis of Racemic Ketoprofen Methyl Ester

For racemic ketoprofen methyl ester production, 1 g of racemic ketoprofen was diluted
in the mixture of 30 mL of methanol and 300 mL of chloroform with addition of a few
drops of sulfuric acid(VI) as catalyst of the reaction. The mixture was heated and refluxed
in 60 °C for 3 h in the bathwater. The obtained product was washed three times alternately
with 1 M NaHCOj; and distilled water. Afterwards, the obtained product was left to dry in
ambient conditions and used in further reactions.

2.6. Enzymatic Resolution of Racemic Ketoprofen Methyl Ester

The hydrolysis reactions were performed in phosphate buffer at pH 7 but also in hex-
ane and isopropyl alcohol in batch reaction system. The amount of 10.7 mg of ketoprofen
methyl ester and 10 mg of free enzyme or amount of biocatalytic systems produced that con-
tains 10 mg of immobilized lipase was placed in the Eppendorf tubes and 2 mL of the buffer
or organic solvent was added. For comparison, 15 mg and 20 mg of immobilized lipase
was tested. The processes were performed for 24 h and 96 h for each sample, regardless
of the type of solvent or biocatalyst and its amount. To confirm the effective obtaining of
ketoprofen enantiomers, racemic resolution and determination of the enantiomeric excess
and the efficiency of the enzymatic conversion, gas chromatography coupled with mass-
spectrometry (GC-MS) was used. Initially, the samples were concentrated to evaporate the
solvent. Afterwards, the samples were derivatized by adding 300 nL of BSTFA and heated
at 60 °C for 2 h. Subsequently, samples were subjected to GC-MS analysis (Pegasus 4D from
Leco, Vouersweg, The Netherlands). Quantitative analysis was performed with a Capillary
GC Column Cydex-B, GC Column 0.22 mm ID 0.25 um Film 25 mL, Ea from Phenomenex.
The analysis was performed with the oven temperature programmed as follows: 40 °C for
one minute, increased to 120 °C with a rate 5 °C/min, then 120 °C for 50 min.
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2.7. Physicochemical Characterisation

The particle size distribution was obtained on a Zetasizer Nano ZS instrument (Malvern
Instruments Ltd., Malvern, UK). The analyzer measures particle sizes in the range 0.6-6000 nm
and operates based on the non-invasive backscattering (NIBS) technique. For sample prepa-
ration, the material was dispersed in isopropanol in a Sonic-3 ultrasonic bath (Polsonic,
Warsaw, Poland) for 15 min.

The FTIR spectroscopy was used to identify functional groups present in the resulting
systems. The obtained samples were analyzed by FTIR-ATR technique. The ATR (At-
tenuated Total Reflectance) technique uses the phenomenon of weakened total infrared
radiation. The adapter is equipped with a diamond, which is responsible for the multiple
reflection of infrared radiation. The analysis of the obtained materials was carried out using
the Vertex 70 device from Bruker with a resolution of 0.4 cm 1.

The effect of Triton X-100 1%, NaCl solutions at different concentrations (0.1 and
0.5 M) and mixture of TX-100 1% + NaCl 0.1 M on the relative activity and amount of
immobilized lipase from Aspergillus niger was evaluated for 6 h. During this experiment, the
immobilized enzyme was dispersed in sodium chloride, Triton X-100 or mixture solution.
After each hour, the relative activity of the immobilized enzyme was evaluated based on
the hydrolysis reaction of the enzyme substrate, whereas the amount of immobilized lipase
retained on the support was determined using Bradford method.

2.8. Efficiency and Enantiomeric Excess of the Kinetic Resolution Process of the Racemic Mixture

In order to determine the efficiency of the enzymatic conversion of the ketoprofen
methyl ester racemate to (S)- and (R)-ketoprofen, Equation (3) was used:

W= Cr x 100% (©)]
Cpr
where W denotes efficiency of the enzymatic conversion process of the racemic mixture
of ketoprofen methyl ester, Cp is concentration of products obtained in the sample after
enzymatic conversion (mg/mL), and Cpr is concentration of products obtained as a result
of enzymatic conversion resulting from the stoichiometry of the reaction (mg/mL).
To determine the enantiomeric excess (ee, %) of (R)-ketoprofen over (S)-ketoprofen,
Equation (4) was used:
~ R-5S
" R+S

where S represents concentration of enantiomer (S)-ketoprofen (mg/mL) and R denotes
concentration of enantiomer (R)-ketoprofen (mg/mL).

ee

x 100% 4)

3. Results and Discussion
3.1. Characterisation of the Produced Biocatalytic Systems

The process performed as well as the resulting biocatalytic systems were characterized
in terms of the process yield and the activity of the immobilized enzymes. From Table 1
it can be seen that after 24 h of lipase physical immobilization by adsorption interactions
and partially interfacial activation (immobilization with nonmodified support) and mixed
physical immobilization via interfacial activation and ion exchange (immobilization with
modified support), relatively high immobilization yields of 93% and 86%, respectively, were
achieved, resulting in a high amount of immobilized lipase of 205 mg/g and 187 mg/g.
These data suggest that immobilization on nonmodified support could be partially multi-
layered which explains the higher amount of immobilized lipase. It is also evident from
the data that 90% and 87% activity was retained by the lipase immobilized on nonmodified
and modified support respectively, as its specific activity was 53 and 49 U/mg, compared
with 57 U/mg for the free enzyme. Lower activity retention for the mixed physical immobi-
lization via interfacial activation and ion exchange may be related to the interference in the
structure of the enzyme and changes in enzyme structure upon immobilization related to
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the formation of chemical bonds between the enzyme and the carrier, which could reduce
its activity and partially block the enzyme active sites due to spontaneous and uncontrolled
immobilization [36].

Table 1. Enzyme characteristic before and after immobilization process.

Analyzed Parameter Free Immobilization Immobilization
Enzyme (Nonmodified) (Modified)
Immobilization yield (%) - 93 86
Amount of immobilized enzyme (mg/g) - 205 187
Specific activity (U/mg) 57 53 49
Activity recovery (%) 100 90 87

These results prove the successful immobilization of the enzyme and suggest the
high activity of the produced biocatalysts. In another study, it was reported that lipase
from Rhizopus oryzae immobilized on the silica aerogel by adsorption results in 95% of
immobilization yield, mainly due to the presence of numerous hydroxyl groups on the
aerogel surface [37].

Particle size distribution is an analysis that enables the changes in the support proper-
ties upon immobilization to be followed (Table 2). The obtained data show that the pure
silica nanoparticles are in the size range typical for nanomaterials, from 59 to 220 nm and
the PdI value is low (0.225), which indicates the uniformity of the support. For the samples
after lipase physical immobilization by adsorption interactions and partially interfacial
activation, particle size ranges from 91 to 1106 nm with maximum volume contributions
of 31.4% and 25.4% coming from diameters of 164 nm and 141 nm, respectively. Particle
sizes from 1484 nm to 6439 nm were noticed for silica with lipase immobilized by mixed
physical immobilization via interfacial activation and ion exchange, whereas the maximum
volume contributions of 18% and 18.5% for particles at diameters of 3580 and 4145 nm were
noticed. A significant increase in the particle size diameters after immobilization indicates
that the immobilization processes were conducted successfully and lipase molecules were
deposited onto the silica surface. Further, this increase might be due to the fact that enzyme
particles are bigger and may create clusters with silica support [38]. Nevertheless, signifi-
cantly higher particle size after mixed physical immobilization via interfacial activation
and ion exchange indicates that the presence of surface modifier affects the size of the
formed biocatalyst. To additionally confirm the effective immobilization of the lipase
from Aspergillus niger and to characterize the individual functional groups in the analyzed
materials, FTIR spectroscopy was used (Figure 1).

Table 2. Particle size distribution of the pure silica and biocatalyst with lipase immobilized by
physical immobilization by the adsorption interactions and partially interfacial activation and mixed
physical immobilization via interfacial activation and ion exchange on silica nanoparticles.

Type of Sample PdI Particle Size Range
Silica nanoparticles 0.225 59-220 nm
Immobilized lipase 0.805 91-1106 nm
(nonmodified)
Immobilized lipase (modified) 0.935 1484-6439 nm

Figure 1 shows the FTIR spectra with bands characteristic of vibrations of different
functional moieties assigned to the silica and lipase functional groups (grey and red lines).
In the FTIR spectrum of SiO,, in the wavenumber range 900-500 cm ™!, signals characteristic
of the asymmetric and symmetric bending and stretching vibrations of Si-O groups are
visible. At 1100 cm~! band of the stretching, vibrations of Si-O-S5i groups occur, whereas at
a wavenumber of around 1630 cm ™! the signal assigned to the stretching vibrations of H,O
occurs, indicating the presence of physically adsorbed water. At a wavelength of approx.
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3400 cm ™!, a wide band of stretching vibrations of hydroxyl groups occurs, proving the
presence of these groups on the silica surface and suggesting that mainly these moieties are
responsible for enzyme binding.

Intensity a.u.

Lipase from Aspergillus niger
Silica nonmodified + lipase

Silica modified + lipase
= Silica nanoparticles

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure 1. FTIR spectra of nanosilica (blue line), lipase from Aspergillus niger (yellow line), and
nanosilica with immobilized lipase by physical immobilization by the adsorption interactions and
partially interfacial activation and mixed physical immobilization via interfacial activation and

ion exchange.

The FTIR spectrum of free lipase (yellow line) below 1000 cm~! shows a few signals
assigned to the stretching and bending vibrations of C-C bonds that form the enzyme
skeleton [39]. The signal of stretching vibrations of C—O bonds appears in the spectrum at
1020 cm~!. The signals at 1250 cm ™!, 1545 cm ™!, and 1650 cm ! are characteristic of the
stretching vibrations of amide I, amide II, and amide III bands, respectively. The band at
around 2900 cm ™! is assigned to the stretching C-H vibrations. Finally, a band between
3600 and 3200 cm ! also occurs, which might be assigned to the stretching vibrations of
—-OH and -NH groups. Analysis of the FTIR spectrum of the lipase confirmed the presence
of a number of functional groups in the enzyme structure, which can be employed for
binding the enzyme to the support.

Both spectra of silica with immobilized lipase show signals from silica and enzyme,
which confirms successful enzyme immobilization. The most important are signals gen-
erated by the amide I, II, and III bands observed in FTIR spectra upon immobilization at
1640 cm ™1, 1540 cm ™!, and 1250 em™1. A slight shift in wavenumber maxima of these
signals (of around 10 cm~1), as compared to the free enzyme, indicates successful immo-
bilization and changes in the chemical environment of the enzyme after its deposition
onto the silica surface and suggests the creation of interactions between nanosilica and the
enzyme [40,41]. These changes are more visible for the silica with lipase immobilized by
mixed physical immobilization via interfacial activation and ion exchange, because this
type of immobilization tends to create more changes in the enzyme structure, due to the
formation of chemical bonds between enzyme and support.

To verify type of enzyme-support interaction, elution tests were performed using
various eluents. Figure 2 shows the correlation that the relative activity of the immobilized
lipase treated with 1% Triton X-100 (TX-100), NaCl solutions at different molar concentra-
tions, and combination of TX-100 and NaCl declined gradually during the 6 h treatment,
which suggests elution of the enzyme from the matrix. However, partial inactivation of
the immobilized enzyme by the eluent could not be excluded as both compounds might
negatively affect lipase activity. The lowest drop of relative activity, for both biocatalysts
produced, were obtained for TX-100, indicating that surfactant has the lowest effect on
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enzyme elution. After incubation in NaCl solutions, a more significant drop of activity was
observed. This might be due to the ion exchange that occurs between enzyme immobilized
by ion exchange and sodium chloride ions. Higher relative activities occurring for immobi-
lization with modified support may be related to the fact that introduction of amine groups
in modification process leads to formation of stronger interactions between enzyme and
the support and immobilization, not only via interfacial activation by also via ion exchange.
Furthermore, in Table 3 the amount of immobilized enzyme that remained after 6 h of
desorption tests on the surface of support is presented. These data show a gradual drop of
the amount of immobilized lipase on both supports; however, a more pronounced decrease
was noticed for samples obtained using unmodified support. These results correspond with
the data on relative activity after desorption experiments. The highest amount of lipase
retained on the support (around 52 mg/g) was obtained for modified support after leaching
using TX-100, which corresponds to the relative activity of around 30%. By contrast, more
than 75% of the enzyme (over 150 mg of the lipase from 1 g of the support) was eluted
from nonmodified silica after 0.5 M NaCl treatment. The collected results clearly show
that support modification provides more stable enzyme-support interactions, mainly via
interfacial activation and ion exchange.
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Figure 2. Effect of Triton X-100 and NaCl solution on the relative activity of immobilized enzyme:
(a) by the adsorption interactions and partially interfacial activation (b) by mixed physical immobi-
lization via interfacial activation and ion exchange. All experiments were performed in duplicate and
the results presented in each of the graphs are shown as a mean value, for which standard deviation
(error value) does not exceed 5%.

Table 3. Amount of the immobilized lipase by two different methods remaining after desorption
process, at different conditions, after 6 h. All experiments were performed in duplicate and the results
presented in each of the graphs are shown as a mean value, for which standard deviation (error value)
does not exceed 5%.

Amount of Immobilized Enzyme (mg/g)

Type of Eluent
Nonmodified Support Modified Support
Triton X-100 42.3 51.9
NaCl0.1M 29.7 32.4
Triton X-100 1% + NaCl 0.1 M 17.3 20.7
NaCl0.5M 8.3 10.1

3.2. Parameters Affecting Enzymes Activity

The reaction environment is very important for enzymes to obtain the highest possible
activity. Due to their nature, enzymes are sensitive to pH and temperature and these
parameters stimulate the enzyme’s inhibition and inactivation. Taking into account the
aforementioned dependencies, the temperature and pH were tested over a wide scale to
select the most suitable process conditions for immobilized lipase.
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The effect of temperature was determined during p-nitrophenyl palmitate conversion
over a wide temperature range from 30 °C to 80 °C (Figure 3). The highest activity for the
performed reaction was obtained for lipase immobilized by mixed physical immobilization
via interfacial activation and ion exchange with maximum activity at 20 °C. By contrast,
for the temperature of 40 °C, the maximum relative activity of the enzyme immobilized
by the adsorption interactions and partially interfacial activation method was obtained.
Additionally, high activities, of around 85% were noticed for both samples at the tempera-
ture of 50 °C. Nevertheless, over the temperature range from 10 °C to 50 °C, the activity
of both types of biocatalysts exceeded 80%, which indicates considerable thermal stability
of both immobilized lipases. This is related to the protective effect of the support on the
enzyme structure [42]. Additionally, it is not possible to unequivocally determine which of
the biocatalysts is the most stable in the analyzed temperature range. This is due to many
dependencies, including the shift of the optimum temperature of the enzyme operation
and changes in the enzyme structure. Nevertheless, taking into account the obtained re-
sults, both techniques are effective in improving the stability of the enzyme to temperature
exposure. Immobilization is a way of improving enzymes properties; an examples is found
in a study by Pinheiro et al. They immobilized lipase B from Candida antarctica on the
chitosan-divinyl sulfone and also obtained high relative activity in a wide range of pH and
temperature [43].

100 100
H=7 —30°
90 P 90 T=30°C
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Z 70 > 70
2 2
B 60 s 60
§ 50 g 50
% 40 2 40
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g 30 E 30
20 20
10 10
0 0
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@ Immobilization (modified) W Immobilization (modified)
@ Immobilization (nonmodified) @ Immobilization (nonmodified)
(a) (b)

Figure 3. Effect of (a) temperature and (b) pH on immobilized lipase activity. All experiments
were performed in duplicate and the results presented in each of the graphs are shown as a mean
value, for which standard deviation (error value) does not exceed 5%. During investigation in
varying temperature, reactions were performed in 100 mM phosphate buffer at pH 7, while reactions
conducted in different pH were performed in the temperature of 30 °C.

To determine the optimum pH, the tests were performed in the pH range of 4-10
using a 15 mM substrate solution in buffer at specific pH, at the temperature of 30 °C
(Figure 3b). It can be seen that the highest activity of immobilized lipase is observed at pH
7 for enzyme deposited on the SiO, by immobilization by the adsorption interactions and
partially interfacial activation, whereas for mixed physical immobilization via interfacial
activation and ion exchange the highest relative activity of the enzyme was noticed at pH 8.
After that pH value, the relative activity for both biocatalysts slightly decreased, but the
drop in activity was not greater than 20%. The shift of the pH maximum in the case of the
sample obtained as a result of mixed physical immobilization via interfacial activation and
ion exchange was associated with the formation of interactions between the carrier and the
enzyme, which affects lipase structure and results in shifting of pH optima. Nevertheless,
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both of the biocatalysts obtained show high relative activity over a broad range of pH from
7 to 10, where the activity was at a level above 85%. This strictly indicates the improvement
of the stability of the enzyme after immobilization at different pH, which is caused by
rigidization of the enzyme structure upon immobilization [44].

For the native form of the enzyme (data not presented), even the smallest changes in
process parameters determine a rapid drop in relative activity. The highest activity was
observed at pH 7 and temperature 30 °C, which are optimum work parameters for lipase
from Aspergillus niger [45]. When changing the process parameters, the activity of free lipase
decreases sharply and is even lower than 30% at pH ranges from 4 to 5 and from 9 to 10.
Similar values were obtained for the temperatures 10, 50, and 60 °C, where the relative
activity fluctuated from 20 to 50%. Low relative activity is related to the enzyme’s sensitivity
to external factors, which can significantly inhibit its activity or even irreversibly degrade its
structure [46]. Zdarta et al. investigated immobilization processes of lipase B from Candida
antarctica (CALB) on the 3D spongin-based scaffolds from Hippospongia communis marine
demosponge. The obtained data also confirmed a significant improvement in the stability
of the enzyme over a wide range of temperatures and pH. During the tests performed over
a wide temperature range, the obtained biocatalysts retained over 80% of activity over
temperature from 30 °C to 60 °C and pH from 6 to 9 [47].

The thermal stability of the biocatalyst was also one of the key analyses in this study.
It was examined after a 2 h incubation of immobilized lipases at the desired temperature
ranging from 30 °C to 80 °C (Figure 4).
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Residual activity (%)
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B Immobilization (modified)

@ Immobilization (nonmodified)

Figure 4. Thermal stability of lipase immobilized by two physical techniques: by the adsorption
interactions and partially interfacial activation and mixed physical immobilization via interfacial
activation and ion exchange. All experiments were performed in duplicate and the results presented
in each of the graphs are presented as a mean value with standard deviation (error value). The thermal
stability test was performed in the 100 mM phosphate buffer at pH 7 in different temperatures.

The highest thermal stability of the biocatalyst was noticed at the lowest temperature
of 30 °C, where both immobilized lipases showed the highest residual activity. Above that
temperature, the residual activities for both samples varied but were lower as compared to
30 °C due to partial lipase inactivation. At the temperature of 50 °C, the relative activities
were at the level of around 88% for the sample performed with nonmodified support and
81% for the modified support immobilization one. However, even at the temperature of
80 °C, both types of biocatalysts retained about 80% of their relative activity. At the high
temperature, silica support acts as a heat absorber and provides a protective effect for
immobilized enzymes. This results in significant thermal stability of biocatalyst supported
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by the stabilization of the enzyme structure, and its protection against denaturation and
defragmentation [48].

One of the most crucial parameters for practical application of produced biocatalysts is
the possibility of biocatalyst reuse, which is why during this research a series of replications
of the reactions were performed (Figure 5). Reusability is an important aspect of enzymes
used in a practical way that reduces the costs of their exploitation. After the first cycle,
the biocatalyst’s activities were at the level of 100%, and after that, the activity slightly
decreased. For the sample prepared by immobilization with modified support, the activity
was higher, in all reaction cycles, than in the case of immobilization with nonmodified
support. The rapid drop in activity was visible after the 9th cycle, where the relative activity
of the biocatalyst prepared by the physical immobilization by adsorption interactions was
at the level of 26% and the one by mixed physical immobilization was at the level of 38%.
Nevertheless, over eight repeated cycles, more than 60% of relative activity was retained
by the lipase immobilized on nonmodified support, whereas over 80% of activity was
preserved by the biocatalyst made by the mixed physical immobilization method. The
greater decrease in the activity of biocatalysts immobilized on nonmodified support may
be related to the greater inhibition of the enzyme by the substrates and reaction products.
Beyond inhibition, the observed decrease may also be related to enzyme deactivation and
its partial washing out. During immobilization on modified support, the enzyme is strongly
attached to the support’s surface by chemical bonds, whereas the enzyme immobilized on
nonmodified support is attached with the use of weak hydrogen bonds and van der Waals
forces, leading to faster enzyme elution. Nevertheless. preservation of high activity over
the following catalytic cycles indicates a stable binding of the enzyme to the support.

100
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Biocatalyst activity (%)

1 2 3 4 5 6 7 8 9 10

Cycle number (-)
@ Immobilization (modified)

B Immobilization (nonmodified)

Figure 5. Reusability of the biocatalyst obtained by physical immobilization by the adsorption
interactions and partially interfacial activation and mixed physical immobilization via interfacial
activation and ion exchange. All experiments were performed in duplicate and the results presented
in each of the graphs are presented as a mean value, for which standard deviation (error value) does
not exceed 5%. The reusability tests were performed in the temperature of 30 °C and in phosphate
buffer at pH 7.

Storage stability was also investigated for native and immobilized forms of lipase
during performing of storage stability. Obtained biocatalysts were stored in PBS 7, at the
temperature of 4 °C for 35 days (Figure 6). It is noticeable that for native enzyme relative
activity decreased from the first day of storage and after 35 days showed less than 12%
of its activity. On the other hand, for enzymes immobilized by physical immobilization
by the adsorption interactions and partially interfacial activation and mixed physical
immobilization via interfacial activation and ion exchange, the relative activity was very
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high even at the end of the storage test. After 35 days both immobilized biocatalysts
remained highly active with relative activity above 90%. Slightly higher activity for lipase
immobilized by mixed physical immobilization via interfacial activation and ion exchange
is related to the higher stabilization of enzyme structure due to stronger chemical bonds and
limited enzyme leaching. Thus, enzyme immobilization determines the greater stabilization
of the enzyme structure, thanks to which the enzyme maintains high activity even after
a long incubation time. High activity and stability under various process conditions of
the biocatalysts, which consist of lipase immobilized enzymes on a silica support, are
important because during API synthesis the process conditions are variable. Often a higher
temperature is needed during the process to successfully obtain an intermediate or final
product with therapeutic properties. Therefore, it is important to improve the stability
of immobilized biocatalysts, so they can preserve higher catalytic properties than free
biocatalysts under changing conditions.

100
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20
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0 I
0 5 10 15 20 25 30 35
Storage time (days)
—+—|mmobilization (nonmodified)

—s— |mmobilization (modified)
Free lipase

Relative activity (%)

Figure 6. Storage stability of the native enzyme and lipase immobilized by physical immobilization
by the adsorption interactions and partially interfacial activation (immobilization nonmodified) and
mixed physical immobilization via interfacial activation and ion exchange (immobilization modified).
All experiments were performed in duplicate and the results presented in each of the graphs are
shown as a mean value, for which standard deviation (error value) does not exceed 5%.

It might also be concluded that the biocatalytic systems obtained in this study should
be considered promising for resolution of racemic mixture of ketoprofen methyl ester to
obtain needed (R)-enantiomer of ketoprofen.

3.3. Enzymatic Resolution of Racemic Ketoprofen

To verify the above-stated hypothesis, the free and immobilized fungi lipase from
Aspergillus niger was used for enzymatic conversion to catalyze enantioselective hydrolysis
of (R)-ketoprofen from (R, S)-ketoprofen ethyl ester racemic mixture (Table 4). This type
of lipase is more specific towards (R)- form than (S)- and it is related to the origin of
the enzyme [49]. This is reflected in the obtained data. The highest efficiency of the
reaction (51.1%) was obtained for the lipase immobilized by physical immobilization by
the adsorption interactions and partially interfacial activation in PBS 7 and the process
was conducted for 4 days, whereas 20 mg of immobilized enzyme was used. Similar
results were obtained for a lower amount of the biocatalyst, where the efficiency equaled
46.3%. Around 45% process efficiency was reached using 20 mg of lipase mixed physical
immobilization via interfacial activation and ion exchange.
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Table 4. The efficiency of the process after enzymatic conversion of ketoprofen methyl ester and
enantiomeric excess (ee%) of (R)-ketoprofen over (S)-ketoprofen after 24 h and 96 h.

Immobilization Type EAmount of Solvent Time (h) Efficiency (%) (R)-Ket(lprofen ee
nzyme (mg) (%)
Free lipase 50 PBS 7 96 21.7 99.7
Nonmodified support 10 PBS7 96 274 99.7
Nonmodified support 15 PBS7 96 46.3 99.9
Nonmodified support 20 PBS7 96 51.1 97.1
Modified support 10 PBS7 96 21.7 98.6
Modified support 15 PBS7 96 32.3 100.0
Modified support 20 PBS 7 96 441 100.0
Nonmodified support 10 PBS7 24 23.3 99.5
Nonmodified support 15 PBS7 24 38.0 99.7
Nonmodified support 20 PBS7 24 454 98.8
Modified support 10 PBS7 24 20.2 100.0
Modified support 15 PBS7 24 29.7 99.8
Modified support 20 PBS 7 24 40.3 98.1
Nonmodified support 10 hexane 24 46.0 98.9
Modified support 10 hexane 24 6.6 95.4
Nonmodified support 10 diisopropyl ether 24 19.8 98.8
Modified support 10 diisopropyl ether 24 9.9 96.9
Nonmodified support 10 isopropanol 24 124 98.6
Modified support 10 isopropanol 24 6.5 100.0

These data correspond to the values of activity retention, which showed that lipase
immobilized by physical immobilization by the adsorption interactions and partially in-
terfacial activation retained higher activity than lipase mixed physical immobilization via
interfacial activation and ion exchange. Interestingly, only a slight increase in process
yield, as compared to 24 h of process time, was observed when the reaction duration was
prolonged to 96 h. From an economical perspective, the 24 h process is more suitable
for this reaction due to the fact that the efficiencies for most of the performed reactions
are higher and take a shorter time. Thus, the next tests were performed for 24 h. In the
pure organic solvent, efficiencies were relatively low: for lipase immobilized by physical
immobilization by the adsorption interactions and partially interfacial activation, where
the process was conducted for 24 h in hexane as a solvent, the efficiency was at the level of
46%. For most of the samples conducted in organic solvents, the drop in efficiency is visible,
because the organic solvent interferes with the enzyme active site resulting in lower values
of process efficiency. For all processes, the enantiomeric excess was very high and mostly
exceeded 98% and more. As shown in the literature, the efficiencies but also enantiomeric
excess is very much related to the type of enzyme used in the process. Lipases may differ
from each other with the parameters like optimal temperature range, pH, or specificity in
synthesis processes.

Lipase from Candida antarctica (CALB) has the same enantioselectivity toward (R)-
ketoprofen, exactly like lipase from Aspergillus niger. These properties, on the other hand,
can be used in an unconventional way to obtain (S)-ketoprofen. For example, Ong et al. used
lipase in the esterification of the racemic mixture of ketoprofen in order to obtain a pure (S)-
enantiomer [50]. They obtained enantiomeric excess of the product at the level of 66.4%. In
another study, Xiang et al. used lipase from Burkholderia cepacia immobilized on polymeric
resin for ketoprofen resolution. Due to the enantioselectivity of the enzyme toward the
(R)-enantiomer, during the esterification process mainly the (R)-ketoprofen ester was
obtained; however, traces of (S)-ketoprofen were also detected. Enantioselectivity varied
from 1.06 to 1.91, depending on the type of alcohol used in the esterification reaction [51].
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4. Conclusions

In the presented study, lipase was immobilized using silica nanoparticles to catalyze
the process of kinetic resolution of ketoprofen methyl ester. During this research two
biocatalytic systems were obtained, with the use of physical immobilization by the adsorp-
tion interactions and partially interfacial activation and mixed physical immobilization
via interfacial activation and ion exchange. Lipase from Aspergillus niger immobilization
resulted in production of highly stable and active biocatalysts that retained over 80% of
their activity over a wide range of process conditions, mainly due to the protecting effect of
the support material and irrespective of the immobilization approach used. The highest
activity of lipase physical immobilization by the adsorption interactions and partially inter-
facial activation was observed at temperature of 40 °C and pH 7, whereas for the second
used technique the most suitable reactions conditions were 20 °C and pH 8. These results
indicate the obtainment of biocatalysts suitable for application in API synthesis due to
their great stability. Taking into account the obtained results of enantiomeric excess, it is
noticeable that lipase from Aspergillus niger has a preference over directing the reaction
towards creation of (R)-ketoprofen. The efficiencies and enantiomeric excess obtained
during biocatalytic reactions were at the level of around 46% and above 98%, respectively,
irrespective of the type of the immobilized lipase and solvent use, suggesting that selected
lipase is effective in this type of reaction and can be successfully used during production
of (R)-enantiomer of ketoprofen. The highest process efficiency and enantiomeric excess
were obtained for the biocatalyst obtained by physical immobilization by the adsorption
interactions and partially interfacial activation, where 51.1% and 97.1% were obtained,
respectively. The presented biocatalytic approach can significantly reduce the use of or-
ganic solvents by allowing reactions to be carried out using only aqueous solutions such as
buffers. Furthermore, thanks to the use of immobilized enzymes, it is possible to obtain
the desired product, omitting a number of additional chemical reactions and harmful
reagents. The conducted research proves the advantages of immobilized lipase in practice
and makes it possible to obtain the desired products in a simple way. In the future, the
presented systems might be used at the stage of ketoprofen ester production in order to
obtain pure (S)-enantiomer.
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Due to the growing importance of synthesizing active pharmaceutical ingredients (APIs) in en-
antiomerically pure form, new methods of asymmetric synthesis are being sought. Biocatalysis is a pro-
mising technique that can lead to enantiomerically pure products. In this study, lipase from Pseudomonas
fluorescens, immobilized on modified silica nanoparticles, was used for the kinetic resolution (via trans-
esterification) of a racemic mixture of 3-hydroxy-3-phenylpropanonitrile (3H3P), where the obtaining of a
pure (S)-enantiomer of 3H3P is a crucial step in the fluoxetine synthesis pathway. For additional stabili-
zation of the enzyme and enhanced process efficiency, ionic liquids (ILs) were used. It was found that the
most suitable IL was [BMIM]|CI; a process efficiency of 97.4 % and an enantiomeric excess (ee%) of 79.5 %
were obtained when 1 % (w/v) of that IL in hexane was applied and the process was catalyzed by lipase
immobilized on amine-modified silica.

© 2023 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Biocatalysis has become increasingly important as an alternative
to conventional methods of organic synthesis, providing processes
that are sustainable and in line with the principles of Green
Chemistry [1]. Today, the rapidly growing pharmaceutical industry is
becoming the main area in which enzymes are used. Enzymes are
suitable candidates for catalyzing the synthesis of active pharma-
ceutical ingredients (APIs) and their key intermediates [2]. The most
important features of enzymes are high stereoselectivity, regios-
electivity and chemoselectivity. These are particularly important for
the synthesis of chiral APIs, which represent most commercially
available drugs (e.g., fluoxetine, naproxen) [3,4|. They have many
advantages over classic chemical synthesis, due to the high en-
antioselectivity that is required in pharmaceutical industry. More-
over, using biocatalysts, also costs reduction is possible.

Despite the many benefits of enzyme catalysis, there are certain
limitations relevant to the use of their free forms, as enzymes in
native form have limited stability under harsh reaction conditions

* Corresponding authors.
E-mail addresses: oliwia.degorska@doctorate.put.poznan.pl (0. Degérska),
jakub.zdarta@put.poznan.pl (J. Zdarta).

https://doi.org/10.1016/j.csbj.2023.02.026

[5]. To improve the properties of free enzymes, immobilization - the
binding of an enzyme to a solid carrier - is frequently used [6]. The
use of immobilized enzymes facilitates the separation of the bioca-
talyst from the product, improves downstream processing and re-
duces enzyme losses, and improves the stability (a solid carrier often
has a protective effect on the enzyme) and reusability of the im-
mobilized enzymes, which is economically advantageous [7].
Among many groups of enzymes, lipases are the most widely
applied in the synthesis of APIs. A common example is the en-
antioselective synthesis of (S)-propranolol, a drug used to treat high
blood pressure [8]. Duloxetine, sertraline, fluoxetine (anti-
depressants) and pregabalin (antipsychotic agent) are significant
examples of substances successfully synthesized via an enzymatic
approach [9,10]. One of the most important APIs in psychiatry is
fluoxetine, a drug with antidepressant and anxiety-reducing prop-
erties. Fluoxetine (Prozac) is commercially available as a racemic
mixture of (R)-fluoxetine and (S)-fluoxetine, as both enantiomers
have a similar effect on serotonin reuptake inhibition, which is re-
flected in the pharmacological effect [11]. However, the metabolites
of (S)-fluoxetine and (R)-fluoxetine - (S)-norfluoxetine and (R)-
norfluoxetine, respectively - exhibit striking discrepancy in activity;
indeed, (S)-norfluoxetine has an approximately 20-fold higher ca-
pacity to inhibit serotonin reuptake than (R)-norfluoxetine [12].

2001-0370/© 2023 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and Structural Biotechnology. This is an open access article under the
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Fig. 1. Enzymatic resolution of 3H3P with the use of immobilized lipase.

In this study, lipase from Pseudomonas fluorescens, immobilized
on modified silica nanoparticles, was used for the kinetic resolution
of a racemic mixture of 3-hydroxy-3-phenylpropanonitrile (3H3P) to
obtain a pure (S)-enantiomer of 3H3P. Transesterifications were
carried out with the use of a novel approach based on the applica-
tion of imidazolium ionic liquids with ClI~ and NTf, anions to stabi-
lize the enzymes and to increase their activity and stereoselectivity.
A detailed analysis of enzyme stability and the results of tests of
reaction performance indicate that this is a promising approach in
fluoxetine synthesis.

2. Experimental

2.1. Support modification, enzyme immobilization and biocatalyst
characterization

The silica support was modified according to the methodology
presented previously [13] using 3-(aminopropyl)triethoxysilane
(APTES), 3-(mercaptopropyl)trimethoxysilane, triethoxy(octyl)silane
and vinyltrimethoxysilane. Modification has been conducted with
use of 2 g of silica, which was placed in the crystallizer. Then, so-
lution consisting of 40 mL of methanol:water (4:1) mixture was
prepared in volumetric flasks, to which 0.6 g of the appropriate
modifier was added. The next step was to evenly wet the silica
weighing with a specific modifier solution, which was sprayed over
the material using an atomizer. The final step in the modification
process was to dry the obtained samples at 80 °C for 24 h. The dried
material was transferred to falcons and stored at room temperature.
Next, lipase from Pseudomonas fluorescens was immobilized (5 mg/
mL, pH 7, T =30 °C, t = 24 h) on the surface of the modified supports.

The resulting biocatalysts were characterized with the use of a
15 mM solution of para-nitrophenyl palmitate (pNPP) according to the
methodology reported previously [14], to determine the relative ac-
tivity of the immobilized enzymes. Biocatalysts were tested in appro-
priate buffer solution over a range of pH values (5-10) and
temperatures (30-70 °C), and reusability (10 cycles) and thermal sta-
bility (3 h incubation at 30-70 °C) were also determined [15]. To each
of the reaction system 25 mg of free lipase or corresponding amount of
the system after immobilization containing 25 mg of the biocatalyst
was used. The biocatalysts activities is presented as relative activity,
where 100 % relative activity is defined as the highest optimal activity
for tests showing effect of pH, temperature and thermal stability,
whereas for reusability test, 100 % relative activity is defined as the
initial value of enzyme activity at the beginning of the test.

Table 1

Catalytic activity recovery of lipase immobilized on modified silica nanoparticles.

2.2. Racemic mixture resolution: biocatalysts with the addition of ILs

The produced biocatalysts were used in the resolution of two
enantiomers of 3H3P that were obtained according to a previously
published method [16]. Kinetic resolution of 3H3P (Fig. 1) was
conducted with the addition of two ionic liquids separately,
[BMIM]CI and [BMIM]NTTf5, to test how the amount and type of ILs
affect the enzymes’ activity and process efficiency. At this stage, a
proper amount of freshly prepared biocatalyst with APTES-modified
support containing 25 mg of the immobilized lipase was added to
the mixture containing 0.1 g of 3H3P racemic mixture, 0.26 g of vinyl
acetate, 1%, 5 % and 10 % (w/v, relative to the solvent) of each ionic
liquid separately, and 10 mL of phosphate buffer at pH 7 or 10 mL of
hexane, for comparison. Each process was continued for 7 days
(168 h) at a temperature of 40 °C. All samples were analyzed using
High Performance Liquid Chromatography Mass Spectrometry
(HPLC-MS) according to the methodology presented in the Supple-
mentary materials.

3. Results and discussion
3.1. Characterization of the biocatalyst

Surface modifiers with various functional groups were tested to
determine their effect on the activity and stability of the im-
mobilized biocatalysts over a wide range of process conditions. The
effect of temperature and pH, thermal stability, and reusability were
evaluated for all of the obtained systems, and for free lipase as a
control. The tests were performed to evaluate which biocatalyst had
the highest tolerance to the process conditions to be used in API
synthesis.

3.1.1. Catalytic activity recovery

The main parameter tested was catalytic activity recovery (Table 1).
The highest catalytic activity recovery of immobilized lipase was ob-
tained for the support modified with APTES, where 93 % of catalytic
activity was retained. This result may be related to the presence of the
most suitable functional groups on the surface of modified silica
(-NH,), which are most compatible with enzyme surface groups,
creating stable bonds between the material and the lipase. For the
other modified materials, the catalytic activity was lower, at around
90 %. Additionally, the amount of immobilized enzyme was also in-
vestigated. As it's been shown in the table the amount of immobilized
enzyme corresponds with the activity recovery for each biocatalyst.

Activity recovery (%)

Amount of immobilized enzyme (mg/g)

Modifier

3-(aminopropyl)triethoxysilane 93
3-(mercaptopropyl)trimethoxysilane 91
triethoxy(octyl)silane 88
vinyltrimethoxysilane 89
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Fig. 2. Characterization of free lipase and lipase immobilized on modified silica supports effect of: (a) temperature, (b) pH.

The great amount of deposited enzyme on the silica surface did not
lead to creation of the diffusional limitations resulting in high relative
activity of the developed biocatalyst.

3.1.2. Effect of pH and temperature

It was found that immobilization increased the enzyme’s stability
under varying temperature. The native enzyme was characterized by
decreased relative activity in harsh conditions, exhibiting less than
70 % activity at 70 °C, whereas all immobilized enzymes showed over
90% relative activity at the same conditions (Fig. 2a). Further, at
40 °C, where all immobilized enzymes achieved their highest ac-
tivity, the free enzyme retained around 85 % relative activity.

The highest relative activity for all biocatalysts, including free
lipase, was obtained at pH 7 (Fig. 2b). This is related to the optimal
conditions for the strain of lipase used and suggests that no sig-
nificant changes in enzyme structure occurred during immobiliza-
tion [20]. However, all immobilized samples showed improved pH
tolerance and retained higher activity over a wide pH range. For the
enzyme immobilized on a support modified with APTES, the highest
relative activity was observed at 40 °C and pH 7; nevertheless, at
different temperatures and pH values the relative activity remained
higher than 90 %. In the case of native lipase, the highest activity was
observed at a temperature of 30 °C and pH 7, but the relative ac-
tivities were much lower (65-90 %) when broad ranges of process
parameters were applied. This confirms the stabilizing effect of the
support on the enzyme’s structure; the free enzyme is directly ex-
posed to the process conditions and is more sensitive to them, as the
results clearly show.

3.1.3. Reusability and thermal stability

Tests of reusability showed that the relative activity dropped
continuously with repeated use (Fig. 3a). The best performance was
recorded for the biocatalyst on a support modified with APTES,
where after the 10th cycle the relative activity was above 80 %. By
contrast, the reuse of free lipase is impossible. Further, a study of
thermal stability (Fig. 3b) showed that for all immobilized biocata-
lysts the relative activity was similar over a range of temperatures,
but the activity of the native enzyme fell significantly at higher
temperatures. For example, a decrease in activity by more than 40 %
was observed at 70 °C.

The results show that immobilization significantly increases the
enzyme'’s stability and durability in changing process conditions, due
to the protective effect of the support on the enzyme’s structure, and
the formation of stable enzyme-support interactions that rigidize
the enzyme structure and limit its denaturation in harsh conditions
and with repeated use [17].

1595

Based on the collected data, the biocatalyst obtained by im-
mobilizing lipase on silica modified with APTES was selected for use
in the process of 3H3P conversion, as it exhibited the highest relative
activity and durability, which were expected to result in the highest
possible efficiency of API synthesis [18].

3.2. Resolution of racemic mixture

After evaluation of their properties, the system based on
APTES-modified silica was applied in the resolution of a racemic
mixture of 3H3P in various solvents and in the presence of various
ionic liquids. The latter served to improve the enzyme’s stability
and activity, due to the protective and activation effect of ILs on
the enzyme structure (Table 2). The addition of ionic liquids to the
reaction medium supports enzyme recovery and allows the in-
terfacial activation to occur. Because of the hydrophobic property
of the IL, enzyme is more stable and its performance in terms of
efficiency and enantiomeric excess is increased [19]. Nevertheless,
in synthesis of various compounds, the high viscosity of ILs might
be a problem when they are used as main solvents, that’s why only
an addition of ionic liquids that did not exceed 10% w/v, was
performed in our study [20].

Different reaction media were used to test the enzyme’s per-
formance in aqueous and aprotic solvents. As predicted, in the
presence of organic solvent the lipase catalyzed the transester-
ification reaction required in the tested process, whereas in the
buffer medium low efficiencies of transesterification were ob-
tained (the highest efficiency did not exceed 31.6 %). For reactions
conducted in hexane the highest efficiency (97.4 %) and an ee% of
79.5% were obtained when 1% (w/v) of [BMIM]CI was added to
the reaction medium. It was found that for the IL with a chlorine
anion, with an increase in the concentration of the IL the effi-
ciency and ee% decreased by more than 20%, irrespective of
whether the reaction was performed in aquatic or organic solvent.
The enantiomeric excess followed an opposite trend with the
addition of an IL with the NTf, anion, where the ee% increased
with increasing concentrations of the ionic liquid, reaching 73.3 %
for reactions conducted in hexane. Further, significant differences
in process efficiency were observed when increasing amounts of
ILs, irrespectively by the type, were added to the system: with
higher amounts of ILs the efficiencies were lower.

This may be related to the increased ionic strength and viscosity
of the reaction medium, which reduce enzyme activity. By contrast,
in the tests with free lipase the best performance was obtained using
the IL with the CI” anion and hexane as solvent; in this case the
efficiency and ee% were 91.2% and 78.1 %, respectively. In case of
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Fig. 3. Characterization of free lipase and lipase immobilized on modified silica nanoparticle supports: (a) reusability, (b) thermal stability.

Table 2
Effect of type of solvent and type and concentration of ionic liquid on the enantiomeric excess and efficiency of resolution of a racemic mixture of 3H3P.
Type of IL Amount of IL (%, w/v) Type of solvent Efficiency (%) ee (%) of S-alcohol
[BMIM]Cl/immobilized enzyme 1 hexane 97.4 79.5
[BMIM]Cl/immobilized enzyme hexane 75.6 64.3
[BMIM]Cl/immobilized enzyme 10 hexane 724 52.0
[BMIM]NTf,/immobilized enzyme 1 hexane 82.5 61.2
[BMIM]NTf,/immobilized enzyme 5 hexane 56.0 741
[BMIM]NTf,/immobilized enzyme 10 hexane 52.0 733
[BMIM]Cl/immobilized enzyme 1 PBS 12.7 68.5
[BMIM]Cl/immobilized enzyme 5 PBS 3.9 279
[BMIM]Cl/immobilized enzyme 10 PBS 39 26.4
[BMIM]NTf,/immobilized enzyme 1 PBS 31.6 58.2
[BMIM]NTf,/immobilized enzyme 5 PBS 26.3 741
[BMIM]NTf,/immobilized enzyme 10 PBS 14.5 83.0
[BMIM]Cl/free enzyme 1 hexane 91.2 78.1
[BMIM]Cl/free enzyme 1 PBS 22.7 327
[BMIM]NTf,/free enzyme 1 hexane 771 68.3
[BMIM]NTf,/free enzyme 1 PBS 254 437
- - hexane 68.2 53.7
- - PBS 213 414

samples without ILs addition, lower efficiency and ee% were reached.
The better performance of the biocatalysts in the presence of ILs is
related to the interfacial activation of lipases occurring at the
boundary of two phases (aprotic-aqueous). Ionic liquids also
strongly influence enzyme activity due to their over-stabilizing

Table 3

action. This is related to the protective effect and hydrophobic en-
vironment that promote activity [21]. Using ILs it is possible to
maintain the enzyme’s conformation in the ionic net, and the ad-
dition of ionic liquid can be considered as providing both a reaction
medium and an immobilization support.

Comparison of chemical synthesis and biocatalysis in the synthesis/resolution of 3-hydroxy-3-phenylpropanonitrile.

Type of reaction Catalyst

Reaction medium Time (h) S-alcohol R-acetate Ref.

Yield (%) ee (%) Yield (%) ee (%)

Chemical synthesis  RuCl[(S,S)-N-(p-toluenesulfonyl)-1,2-
diphenylethylenediamine](p-cymene)
RuCl[(S,S)-N-(p-toluenesulfonyl)-1,2-
diphenylethylenediamine](p-cymene)
RuCl[(S,S)-N-(p-toluenesulfonyl)-1,2-
diphenylethylenediamine](p-cymene

Free lipase Lipase from Pseudomonas cepacia
Lipase from Pseudomonas cepacia
Candida rugosa lipase

Immobilized lipase Pseudomonas sp. lipase immobilized on Hyflo Super-Cel
Pseudomonas cepacia lipase immobilized on modified
ceramic particles
Pseudomonas cepacia lipase immobilized on diatomite

This study Lipase from Pseudomonas fluorescens immobilized on
modified silica nanoparticles

formic acid/ 24 100 98 - - [21]
triethylamine (3.1:2.6)

2-propanol 24 <1 - - - [21]
water 18 <3 - - - [22]
diisopropyl ether 67 53 61 39 73 [23]
diisopropyl ether 180 46 >99 44 >99 [24]
diisopropyl ether 139 65 33 28 78 [24]
diisopropyl ether 19 42 >99 45 >99  [23]
diisopropyl ether 13 46 >99 46 >99  [24]
diisopropyl ether 75 45 >99 46 >99  [24]
hexane [BMIM]CI 168 97.4 79.5 - - -
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4. Conclusions

It has been demonstrated that immobilized enzymes can be
successfully used in the kinetic resolution of 3H3P. The influence of
ionic liquids on the stabilization and improvement of lipase activity
in this process has been proved for the first time. It was shown that
the most suitable IL was [BMIM]CI; in this case a process efficiency
of 97.4 % and an ee% of 79.5 % were obtained when 1% (w/v) of IL in
organic solvent was used and the process was catalyzed by lipase
immobilized on APTES-modified silica. Studies without addition of
ILs show that enzymes’ activity is improved only in the presence of
ionic liquids. These studies confirm the highly important role that
enzymes can play in the pharmaceutical industry, due to high effi-
ciency and enantioselectivity and the reduction of reaction steps.
Nevertheless, the use of ionic liquids with immobilized enzymes for
the resolution of APIs or their intermediates is still a novel and on-
going field of research, and further tests are very much needed.
Below (Table 3) we also present the comparison of three different
techniques applied for the synthesis/resolution of 3-hydroxy-3-
phenylpropanonitrile. It is clear that enzymatic conversion allows
the synthesis of specific enantiomers, without the need of using
harmful catalysts. What is more yield of reaction after biocatalysis is
relatively high comparing to chemical synthesis, showing key ben-
efits of using enzymes. In our study, reactions conducted in hexane
with the addition of ionic liquids proves the great advantage of
immobilized lipases in enzymatic resolutions, by not only the high
yield (above 97 %) of reaction but also high enantiomeric excess
(almost 80 %). It is worth mentioning that comparing to the chemical
synthesis enzymes are much safer for the environment and pro-
cesses can be designed to obtain specific enantiomer.

CRediT authorship contribution statement

Oliwia Degorska: Conceptualization, Investigation, Visualization,
Writing - original draft. Daria Szada: Investigation, Formal analysis,
Visualization. Teofil Jesionowski: Writing - review & editing,
Supervision. Jakub Zdarta: Conceptualization, Writing - review &
editing, Supervision, Project administration.

Declaration of Competing Interest
The authors declare that they have no known competing fi-

nancial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgements

This work was supported by the National Science Centre, Poland,
under research Grant no. 2019/35/D/ST8/02087.

Appendix A. Supporting information

Supplementary data associated with this article can be found in
the online version at doi:10.1016/j.csbj.2023.02.026.

1597

Computational and Structural Biotechnology Journal 21 (2023) 1593-1597

References

[1] Abdelraheem EMM, Busch H, Hanefeld U, Tonin F. Biocatalysis explained: from
pharmaceutical to bulk chemical production. React Chem Eng 2019;4:18781894.
Singu B, Annapure U. Role of enzymes in pharmaceutical and biotechnology
industries. In: Kuddus M, editor. Enzymes in food technology. Singapore:
Springer; 2018. p. 167-85.

Meghwanshi GK, Kaur N, Verma S, Dabi NK, Vashishtha A, Charan PD, et al.
Enzymes for pharmaceutical and therapeutic applications. Biotechnol Appl
Biochem 2020;67:586-601.

Dev A, Srivastava AK, Karmakar S. New generation hybrid nanobiocatalysts: the
catalysis redefined. In: Hussain CM, editor. Handbook of nanomaterials for in-
dustrial applications. New Jersey: Elsevier; 2018. p. 217-31.

Hassan ME, Yang Q, Xiao Z, Liu L, Wang N, Cui X, et al. Impact of immobilization
technology in industrial and pharmaceutical applications. Biotech
2019;3(9):440.

Sharma T, Xia C, Sharma A, Raizada P, Singh P, Sharma S, et al. Mechano-che-
mical and biological energetics of immobilized enzymes onto functionalized
polymers and their applications. Bioengineered 2022;13:10518-39.

Shen ], Zhang S, Fang X, Salmon S. Advances in 3D gel printing for enzyme
immobilization. Gels 2022;8:460.

Burke AJ, Marques CS, Tuner N, Hermann GJ. Active pharmaceutical ingredients
in synthesis: catalytic processes in research and development. Weinheim:
Wiley-VCH; 2018. p. 20-4.

Grunwald P. Chemoenzymatic synthesis of active pharmaceutical ingredients.
Singapore: Jenny Stanford Publishing; 2020. p. 143-67.

Marx L, Rios-Lombardia N, Siiss P, Hohne M, Moris F, Gonzalez-Sabin ], et al.
Chemoenzymatic synthesis of sertraline. Eur ] Org Chem 2019;2020:510-3.
Carvalho PS, Diniz LF, Mazon Cardoso TF, Silva CCP, Ellena J. Spontaneous re-
solution of RS-fluoxetine to a racemic conglomerate upon salt formation with
oxalic acid. Cryst Growth Des 2022;22:5966-73.

Wang ZR, Hsieh MM. Ultrasound-assisted dispersive liquid-liquid microextrac-
tion coupled with field-amplified capillary electrophoresis for sensitive and
quantitative determination of fluoxetine and norfluoxetine enantiomers in bio-
logical fluids. Anal Bioanal Chem 2020;412:5113-23.

Degoérska O, Szada D, Zdarta A, Smutek W, Jesionowski T, Zdarta J. Immobilized
lipase in resolution of ketoprofen enantiomers: examination of biocatalysts
properties and process characterization. Pharmaceutics 2022;14:1443.

Alagoz D, Toprak A, Yildirim D, Tiikel SS, Fernandez-Lafuente R. Modified sili-
cates and carbon nanotubes for immobilization of lipase from Rhizomucor
miehei: effect of support and immobilization technique on the catalytic per-
formance of the immobilized biocatalysts. Enzym Microb Technol
2021;144:109739.

Bastida A, Sabuquillo P, Armisen P, Fernandez-Lafuente R, Huguet ], Guisan JM. A
single step purification, immobilization, and hyperactivation of lipases via in-
terfacial adsorption on strongly hydrophobic supports. Biotechnol Bioeng
1998;58(5):486-93.

Zdarta ], Meyer AS, Jesionowski T, Pinelo M. Developments in support materials
for immobilization of oxidoreductases: a comprehensive review. Adv Colloid
Interface Sci 2018;258:1-20.

Kaar JL, Jesionowski AM, Berberich JA, Moulton R, Russell AJ. Impact of ionic
liquid physical properties on lipase activity and stability. ] Am Chem Soc
2003;125(14):4125-31.

Zhang YT, Zhi TT, Zhang L, Huang H, Chen H. Immobilization of carbonic anhy-
drase by embedding and covalent coupling into nanocomposite hydrogel con-
taining hydrotalcite. Polymer 2009;50:5693-700.

Elgharbawy AA, Riyadi FA, Alam MZ, Moniruzzaman M. Ionic liquids as a po-
tential solvent for lipase-catalysed reactions: a review. ] Mol Liq
2018;251:150-66.

Basso A, Cantone S, Linda P, Ebert C. Stability and activity of immobilised pe-
nicillin G amidase in ionic liquids at controlled aw. Green Chem 2005;7(9):671.
Watanabe M, Murata K, Ikariya T. Practical synthesis of optically active amino
alcohols via asymmetric transfer hydrogenation of functionalized aromatic ke-
tones. ] Org Chem 2002;67:1712-5.

Wang W, Li Z, Mu W, Su L, Wang Q. Highly efficient asymmetric transfer hy-
drogenation of ketones in emulsions. Catal Commun 2010;11:480-4830.

Sakai T, Takayama T, Ohkawa T, Yoshio O, Ema T, Utaka M. Lipase-catalyzed
efficient kinetic resolution of 3-hydroxy-3-(pentafluorophenyl)propionitrile.
Tetrahedron Lett 1997;38:1987-90.

Kamal A, Ramesh Khanna GB, Ramu R. Chemoenzymatic synthesis of both en-
antiomers of fluoxetine, tomoxetine and nisoxetine: lipase-catalyzed resolution
of 3-aryl-3-hydroxypropanenitriles. Tetrahedron Asymmetry 2002;13:2039-51.

[2

3]

[4

[5

[6

17

[8

[9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]


https://doi.org/10.1016/j.csbj.2023.02.026
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref1
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref1
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref2
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref2
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref2
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref3
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref3
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref3
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref4
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref4
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref4
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref5
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref5
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref5
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref6
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref6
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref6
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref7
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref7
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref8
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref8
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref8
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref9
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref9
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref10
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref10
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref11
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref11
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref11
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref12
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref12
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref12
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref12
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref13
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref13
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref13
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref14
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref14
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref14
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref14
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref14
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref15
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref15
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref15
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref15
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref16
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref16
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref16
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref17
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref17
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref17
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref18
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref18
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref18
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref19
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref19
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref19
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref20
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref20
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref21
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref21
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref21
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref22
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref22
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref23
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref23
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref23
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref24
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref24
http://refhub.elsevier.com/S2001-0370(23)00073-9/sbref24

A biocatalytic approach for resolution of 3-hydroxy-3-phenylpropanonitrile with the use

of immobilized enzymes stabilized with ionic liquids

Oliwia Degérska'*, Daria Szada!, Teofil Jesionowski!, Jakub Zdarta'*
! Faculty of Chemical Technology, Institute of Chemical Technology and Engineering,
Poznan University of Technology, Berdychowo 4, 60965 Poznan, Poland
*oliwia.degorska@doctorate.put.poznan.pl; jakub.zdarta@put.poznan.pl

Supplementary materials

Chemicals and Materials

Lipase from Pseudomonas fluorescens, para-nitrophenyl palmitate (pNPP),
(3-aminopropyl)triethoxysilane (APTES), 3-(mercaptopropyl)trimethoxysilane,
triethoxy(octyl)silane, vinyltrimethoxysilane, phosphate, acetate and TRIS buffers at various
pH, [BMIM]CI, [BMIM]|NTf;, high purity methanol (hypergrade for LC-MS LiChrosolv),
acetic acid (for LC-MS LiChropur) and silica nanoparticles were acquired from Sigma-Aldrich.
Acetonitryle, sodium carbonate, sodiumhydrogen carbonate, were purchased from Chempur.
Water with a resistivity of 18.2 MQ was collected from an ELGA PureLab Classic UV

purification system.

Racemic mixture resolution: biocatalysts with the addition of ILs

After the reaction was completed, the samples were centrifuged to separate the products
from the biocatalyst and diluted five times with methanol, then filtered through 0.2 um pore-
size filters and tested with the use of High Performance Liquid Chromatography with Mass
Spectrometry (HPLC-MS) for enantiomer estimation. The chiral HPLC-MS analysis was
performed using an Agilent Technologies 1290 Infinity II chromatography system, equipped
with diode array detector. The mobile phase was composed of methanol and water, both
containing 0.1% acetic acid. Separation was performed with the InfinityLab Poroshell 120
Chiral-V (2.7 pm, 2.1 x 150 mm) column maintained at 35°C. Chromatographic separation of
analytes was achieved in gradient mode (from 5% to 100% of methanol in 12 min), with the
flow rate set to 0.2 ml/min and the injection volume at 0.5 pl. Detection of analytes was carried

out at a wavelength of 254 nm.



Calculation of efficiency of racemic mixture resolution
After performed HPLC-MS analysis in order to determine the efficiency of the process
of enzymatic conversion of 3-hydroxy-3-phenylpropanonenitrile racemate to (S)-3-hydroxy-3-
phenylpropanenitrile equation (1) was used:
Cp

W (%) = -2+ 100% (1)

Cpr

W (%) denotes efficiency of the enzymatic conversion of the racemic mixture of 3-hydroxy-3-
phenylpropanenitrile, C, denotes concentration of products obtained in the sample after
enzymatic conversion (mg/mL) and C,- denotes concentration of products obtained as a result

of enzymatic conversion resulting from the stoichiometry of the reaction (mg/mL)

Characterization of 3-hydroxy-3-phenylpropanonitrile
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Fig. S1. H-NMR spectra of 3H3P
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Fig. S2. HPLC-MS chromatogram of 3H3P
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ARTICLE INFO ABSTRACT

Keywords:

Biocatalysis

API synthesis

Enzyme immobilization

Novel hydrogel biocatalysts with immobilized lipase, stabilized by ionic liquids (ILs) of different hydrophobicity,
were synthesized and evaluated. Variations of the time of immobilization and ratio of substrates during hydrogel
synthesis were considered to obtain the most stable biocatalyst with the highest activity. Physicochemical
characterization proved the success of the hydrogel synthesis and enzyme deposition on the surface of the

Hyd 1 c. . s e .
Li}l;azzge support. Nevertheless, the key objective was to produce a biocatalyst for further application in ibuprofen methyl
Tbuprofen ester resolution, with the aim of obtaining an enantiomerically pure product. The hydrogel biocatalysts obtained

in the presence of 5 wt% ILs after 8 h of immobilization achieved the highest activity recovery of 62 %. After 10
reaction cycles, enzymatic activity was still above 60 %, and the negative effect of pH and temperature on the
activity of immobilized lipase was much lower than in the case of the free enzyme. After application of the
catalyst in the resolution of ibuprofen methyl ester, the enantiomeric excess and conversion rate of the process
were obtained for the dynamic kinetic resolution in isooctane. A conversion rate of 95 % was achieved due to the
stabilization of the biocatalyst with IL and its resulting high catalytic activity. The study thus provides the

Ionic liquids

pharmaceutical industry with a new potential approach with a strong scientific foundation.

1. Introduction

Hydrogels are water-insoluble polymeric networks with hydrophilic
properties, and may be made from one or more monomer units, poly-
mers, or cross-linking agents. Hydrogels exhibit multiple unique fea-
tures, depending on the compounds used for their preparation. Their
important advantages include the possibility of designing the composi-
tion, pore size, or surface groups. Due to their three-dimensional
structure, they have the tendency to retain high amounts of fluid, such
as water. They offer the desired functionality, stability, and biocom-
patibility for a variety of applications in science and industry [1,2]. The
characteristics of hydrogels enable their use in the immobilization of
enzymes, to improve operational stability and reusability and to reduce
the cost of using enzymatic catalysts [3]. In the aqueous environment of
hydrogels, enzymes are protected from denaturation and their catalytic
activity is significantly enhanced. Additionally, hydrogel materials offer
an intelligent response to environmental factors such as temperature or
pH, allowing their physicochemical properties to be adjusted [4]. The

* Corresponding authors.

addition of appropriate chemical groups enables further improvement of
the properties of the hydrogel, such as the degree of swelling and stiff-
ness [5].

With a three-dimensional porous structure, hydrogels are permeable
to metabolites or small molecules forming as products of an enzymatic
reaction. Moreover, hydrogels can immobilize a variety of enzymes
using different methods (e.g. entrapment, absorption, covalent binding).
Hydrogels for immobilization are currently synthesized using a variety
of synthetic, semi-synthetic, and natural polymers [4]. Alginate and
chitosan are two natural polymers that are commonly used in the pro-
duction of hydrogels. Pirozzi et al. [6] immobilized lipase from Candia
rugosa on chitosan hydrogel by adsorption and entrapment, achieving
immobilization yields of 48 % and 65 %, respectively. In
polyacrylamide-based gels, on the one hand charges may form, while on
the other the side chains of the acrylamide units may react with the
environment to form acrylic acid, which is sufficient to produce ionized
carboxyl groups. It has been demonstrated that encapsulating an enzyme
in a structure that is strongly chemically charged enhances its activity
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[71.

Over the past few years, biocatalysis has gained increasing interest as
an alternative to traditional organic chemistry, particularly in the
pharmaceutical industry, for synthesizing active pharmaceutical in-
gredients (API). Notably, biocatalysis meets the growing demand for
sustainable, eco-friendly and safe industry [8,9], and aligns with the
principles of Green Chemistry [10]. For instance, enzymes facilitate and
accelerate biochemical reactions, eliminating the need to raise the re-
action temperature, thereby enhancing energy efficiency [11]. The
chemo-, regio- and stereoselectivity of enzymes enable the elimination
of certain reaction steps, reducing energy consumption and by-product
formation. This characteristic makes biocatalysis an environmentally
friendly process, highlighting its superiority over the traditional syn-
thesis methods of organic chemistry [12].

Biocatalysis also offers a range of possibilities for asymmetric syn-
thesis of pharmaceutically active compounds, since a large number of
drugs contain chiral active pharmaceutical ingredients. Chiral com-
pounds are those with two enantiomers (R- and S-) that are identical in
chemical formula but cannot be superimposed on each other. These
enantiomers often have different biological and pharmaceutical prop-
erties. For example, (S)-ibuprofen is 160 times more pharmaceutically
active than the (R)-enantiomer [13].

Ionic liquids are becoming increasingly popular as means of sup-
porting the immobilization of enzymes on hydrogels. Low volatility,
chemical stability, and biocompatibility are just a few of the many
features of ionic liquids. It is possible to improve enzyme-carrier
bonding by adding a suitable ionic liquid during enzyme immobiliza-
tion, due to the formation of bridges on the surface of the carrier.
Additionally, ionic liquids can be used as additives during the immo-
bilization process in order to extend enzyme life [14]. Moreover, hy-
drophobic ionic liquids facilitate modification of the conformation of the
enzyme's active center, by promoting the opening of the lipase lid via
interfacial activation to increase its activity [15]. A study by Cabrera-
Padill et al., who used various hydrophobic ionic liquids in the immo-
bilization of lipase from Candida rugosa, also confirmed improved
functional properties such as thermal stability and the retention of ac-
tivity for a longer period of time [16].

The main goal of the present study was to develop a novel biocatalyst
composed of lipase immobilized using polymeric hydrogels, supported
by ionic liquids characterized by different hydrophobicity to enhance
enzyme activity for the asymmetric synthesis of (S)-ibuprofen. The work
consisted of three major stages: synthesis of the hydrogel support plat-
form, production of biocatalysts through immobilization and their
characterization, and the resolution of racemic ibuprofen methyl ester.
Physicochemical analyses were carried out to provide a detailed char-
acterization of the materials and biocatalytic systems, and the products
were analyzed using HPLC to evaluate the enantioselectivity and con-
version rate under varying process conditions. This study had the aim of
determining novel protocols for the efficient, sustainable and eco-
friendly production of API compounds.

2. Materials and methods
2.1. Reagents and chemicals

Ibuprofen methyl ester was purchased from Chemat. Organic sol-
vents such as hexane and isooctane were supplied by POCH. Lipases
from Candida rugosa, the ionic liquids [BMIM]Cl and [BMIM]PFg,
ammonium persulfate (APS), acrylamide (AM), N,N,N,N-tetramethyle-
thylenediamine (TEMED), N,N'-methylenebisacrylamide (MBAm), para-
nitrophenyl palmitate (pNPP), sodium carbonate, and buffers (acetate,
phosphate and TRIS buffers at various pH and a molarity of 50 mM)
were purchased from Sigma Aldrich (Merck Group, Poland).
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2.2. Hydrogel synthesis

The first experimental stage included the synthesis of a poly-
acrylamide (PAM) hydrogel via free radical polymerization of acryl-
amide and the cross-linking reagent N,N-methylenebisacrylamide
(MBAm) (Fig. 1). PAM hydrogels with four different ratios of AM to
MBAm were obtained and examined: 8:1 (15 wt%), 8:1 (20 wt%), 9:1
(15 wt%), and 9:1 (20 wt%). Two solutions were prepared for this
purpose. For the 9:1 ratio (15 wt%), mixture A was prepared by mixing
38.84 mg of MBAm (crosslinking reagent) with 1.9 mL of water and
adding 161.16 mg of AM (monomer) and 0.01 mL of N,N,N,N'-tetra-
methylethylenediamine (TEMED), which acts as a catalyst for the
polymerization. Mixture B was prepared by adding 0.03 g of ammonium
persulfate (APS, radical initiator) to 0.1 mL of water and placing the
mixture in an ultrasonic bath for 30 s. Then mixture B was added to
mixture A with vigorous stirring for about 10 s. After a 10 min reaction
time, the resulting hydrogel was kept for 24 h at a temperature of
—20 °C. The water present in the hydrogel increases in volume when it
freezes, which favors the formation of a porous structure. The hydrogel
samples were then freeze-dried using a Martin Christ Alpha 1-2 LD Plus
freeze dryer to remove water residues.

2.3. Engyme immobilization

The next step involved immobilization of the enzyme on the
hydrogel support. Enzyme screening using different strains of lipase,
such as Pseudomonas cepacia, Aspergillus oryzae, Pseudomonas fluorescens
and Candida rugosa, was performed during preliminary studies. Because
lipase derived from Candida rugosa displayed the highest catalytic ac-
tivity, it was applied in the further experiments. An enzyme solution was
prepared for immobilization at a concentration of 5 mg/mL in 50 mM
phosphate buffer at pH 7. 5 mL of lipase solution. This was transferred to
falcons, and then a certain amount of ionic liquid, [BMIM]CI or [BMIM]
PF¢ (1, 5, 10 wt% calculated based on the volume of the enzyme solu-
tion) was added to each falcon to test the effect of the amount of IL on
immobilization performance and activity recovery. For comparison,
control samples without ILs were also produced. The last step was to add
approximately 30 mg of hydrogel to each falcon. The immobilization
process was carried out in an Eppendorf Thermomixer laboratory
incubator for 8 h at a temperature of 40 °C and a mixing speed of 200
rpm. The samples obtained were assayed using pNPP (see Section 2.4.1)
to determine the immobilization yield (Eq. (1)). The post-
immobilization filtrates were tested with Bradford reagent to calculate
the amount of immobilized enzyme, taking into account the amount of
the support material used.

Immobilization yield (%) = ‘%-100% 1

i

A; - initial activity of lipase added to the immobilization medium,
Ag — total activity of the enzyme in the supernatant and washing
solution after immobilization.

2.4. Characterization of the biocatalyst produced

2.4.1. Activity recovery, effect of process conditions and thermal stability
To select suitable process parameters for the immobilized lipase with
the addition of ILs (samples without addition of ILs were found to have
significantly lower activity recovery, hence were not analyzed in detail),
the effect of temperature and pH on the activity was investigated. For
specific pH values, different buffers were used: 50 mM acetate buffer for
pH 4 and 5, 50 mM phosphate buffer for pH from 6 to 8, and 50 mM TRIS
buffer for pH 9 and 10. For investigation of the effect of pH, 2 mL of
buffer at a specific pH was added to Eppendorf tubes containing 30 mg of
biocatalyst (mass of hydrogel with immobilized enzyme; the mass of
immobilized enzyme was 6.5 mg), followed by addition of 1 mL of pNPP
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Fig. 1. Scheme of polyacrylamide (PAM) hydrogel synthesis.

solution at a concentration of 15 mM and reaction for 5 min at pH values
4,5, 6,7, 8 and 9, in an Eppendorf ThermoMixer C (Hamburg, Ger-
many). Reactions were conducted at a temperature of 40 °C. To deter-
mine the influence of temperature on enzymatic activity, processes were
conducted as described previously, in a buffer solution at pH 7 in
varying temperatures: 30, 40, 50, 60 °C. Thermal stability was investi-
gated under heat stress. At first the samples were incubated at a specific
temperature (30, 40, 50, 60 °C) at pH 7 for 2 h. Afterwards the relative
activity was measured according to the model reaction described above.
After 5 min of model pNPP reaction, samples were subjected to UV-Vis
measurements at A = 410 nm and the concentration of the product was
determined based on the calibration curves of para-nitrophenol. Lipase
activity recovery was calculated according to Eq. (2).

A
Activity recovery (%) = A—t-IOO% 2)
i

A; - initial activity of lipase added to the immobilization medium,

A - activity of the immobilized lipase.

All measurements were repeated three times and the results are
presented as mean value + standard deviation.

2.4.2. Reusability

For the reusability study, 10 reaction cycles of pNPP hydrolysis were
performed at pH 7 and a temperature of 40 °C, where 30 mg of the
biocatalyst, 2 mL of 50 mM phosphate buffer at pH 7 and 1 mL of 15 mM
PNPP were added to an Eppendorf tube. The reaction was continued for
5 min in an Eppendorf ThermoMixer C; afterwards, the biocatalyst was
washed a few times with the use of phosphate buffer (pH 7) and used in
the next reaction. After the samples were collected, UV-Vis spectroscopy
was performed and absorbance was measured at A = 410 nm. Based on
the results, the activity was calculated. In these experiments, initial
enzyme activity was defined as 100 % activity. All measurements were
repeated three times, and the results are presented as mean value +
standard deviation.

2.4.3. Kinetic parameters

Kinetic parameters — the Michaelis-Menten constant (Ky) and
maximum reaction rate (Vy,x) — of the free lipase and lipase immobi-
lized with and without ILs were evaluated based on the hydrolysis re-
action of pNPP described in Section 2.4.1, by measuring the initial
reaction rates, using various concentrations of pNPP (0.1-1 mM). The
progress of the reaction was followed spectrophotometrically at A = 410
nm (Jasco V750, Jasco, Japan). The kinetic parameters were calculated
using Hanes-Woolf plots under optimum assay conditions. A double

reciprocal chart for all tested samples is given in the Supplementary
Materials as Fig. S2. All measurements were repeated three times and
the results are presented as mean value + standard deviation.

2.5. Analytical procedures

To characterize the hydrogel material before and after immobiliza-
tion, the FTIR (Fourier transform infrared spectroscopy) technique was
used in attenuated total reflectance (ATR) mode (Bruker, Vertex 70) in
the wavenumber range 400-4000 cm™'. The morphologies of the
hydrogels before and after lipase immobilization were evaluated based
on confocal laser scanning microscopy (CLSM) photographs (LSM710,
Zeiss, Germany), and SEM photographs were obtained using an EVO40
scanning electron microscope (SEM, Zeiss, Germany). During the char-
acterization of the products, the parameters of their porous structure
were also assessed. The specific surface area of the tested material was
determined using the BET (Brunauer-Emmett-Teller) algorithm (ASAP
2020 porosimetry analyzer, Micromeritics Instrument Co.), while the
pore volume and pore size were determined based on the BJH (Bare-
tt-Joyner-Halenda) algorithm. X-ray energy dispersion microanalysis
(EDS) was used to verify the effectiveness of the enzyme immobilization
and to characterize the biocatalytic systems before and after reaction;
this was done using the EDS analyzer in the scanning electron micro-
scope. Before the analysis, samples were attached to the base with a
carbon tape. A thermogravimetric analyzer (TGA) (Jupiter STA 449F3,
Netzsch, Germany) was used to investigate the thermal stability of
samples. The measurements were carried out under liquid nitrogen (10
mL/min) at a heating rate of 10 °C/min over a temperature range of
25-1000 °C, with an initial sample weight of approximately 5 mg.
Wetting angle was determined using a KRUSS DSA100 Drop Shape
Analyzer with a micropipette for applying droplets of constant volume
and a system for drop image analysis. The parameter was determined for
drops applied to the hydrogel surface using two liquids: polar (water —
®w) and dispersive (diiodomethane — @d). The determination of the
wetting angle was based on the average of ten successively recorded
values. Further, TLC was used to determine progress in the asymmetric
synthesis of (S)-ibuprofen, using silica gel plates with fluorescent indi-
cator (Sigma Aldrich) and a combination of toluene:ethyl acetate:acetic
acid (17:13:1) as a developing solvent. The chromatographic separation
process (HPLC) was carried out using the 1290 Infinity II LC System from
Agilent. To separate the enantiomers of ibuprofen, a chiral Poroshell 120
Chiral-T column with dimensions of 4.6 x 150 mm and a packing par-
ticle size of 2.7 pm was used. The separation of analytes was carried out
in a reversed phase system — the mobile phase was a 15 mM solution of
ammonium formate in water (A), adjusted to pH = 4 with formic acid,
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and methanol (B). The analysis was performed for 12 min in isocratic
conditions with a mobile phase composition of 40:60 (A:B) and a flow of
0.4 mL/min. The chromatographic column was maintained at 22 °C
during the analysis, and the injection volume was 0.25 pL. The detection
of analytes was enabled by a diode array detector (DAD) using a
wavelength of 220 nm. To determine the concentrations of ibuprofen
enantiomers and ibuprofen methyl ester racemate, standard curves were
prepared for each of these compounds. Three injections were made for
each test sample and for the standard solutions to evaluate the repeat-
ability of the results.

2.6. Resolution of ibuprofen — batch process

2.6.1. Kinetic enzymatic resolution of ibuprofen methyl ester

An appropriate amount of the prepared biocatalytic system consist-
ing of a hydrogel carrier and 5 mg or 25 mg of immobilized lipase was
introduced into a conical flask. Next, 5 mL of 50 mM phosphate buffer at
pH 7 and 5 mL of a solution of ibuprofen methyl ester in isooctane with a
concentration of 45.45 mM (10 mg/mL) were added to the system. To
determine the influence of the type of organic solvent on the process
conversion rate, additional hydrolysis reactions of ibuprofen ester were
carried out in the presence of hexane. The reaction medium formed two
phases — an organic phase containing an ibuprofen ester solution, and an
aqueous phase. The flask was tightly closed and then placed in the
Eppendorf Thermomixer laboratory incubator. The kinetic resolution
process was carried out for 144 h (6 days) at a temperature of 40 °C and
a mixing speed of 200 rpm. The hydrolysis reaction of ibuprofen methyl
ester took place only at the interface of the two phases. During the
process, 0.1 mL samples were taken from the organic phase at specified
intervals, and the course of the reaction was monitored using chiral
HPLC methods. Preparation of reaction samples for chromatographic
analysis involved evaporation of the organic solvents hexane and
isooctane. For this purpose, samples were placed in chromatographic
vials, and an Eppendorf concentrator (Concentrator plus/Vacufuge®-
plus) was used. The evaporation process was carried out at 30 °C and
under reduced pressure. Complete evaporation of hexane was achieved
after 3 h, while 6 h was needed for the evaporation of isooctane. After
evaporation of hexane and isooctane, 1 mL of methanol was added to the
chromatography vials to redissolve their contents, and then each solu-
tion was further diluted.

2.6.2. Dynamic kinetic enzymatic resolution of ibuprofen methyl ester

To increase the conversion rate of the process, an attempt was also
made to carry out dynamic kinetic separation of ibuprofen methyl ester,
in which the enantioselective hydrolysis of the (S)-ester occurs simul-
taneously with the racemization of the unreacted substrate (R)-ester. In
this process, the reaction medium was NaHCO3-NaOH buffer at pH 9.5
without any addition or with the addition of 3 mL of DMSO as an in situ
racemization agent and isooctane/hexane as an organic solvent. The
remaining process conditions, including the amount of immobilized
enzyme, were the same as in the case of kinetic enzymatic separation. A
list of the prepared samples with an indication of the process conditions
is given in Table S1 in the Supplementary Materials. Afterwards, the
samples were analyzed with HPLC to determine the conversion rate and
the enantiomeric excess of the conversion process. The degree of con-
version of the racemic mixture of ibuprofen methyl ester was deter-
mined based on the results of HPLC analysis using Eq. (3):

_1 B
¢ =1 5 100% ®)

c — degree of conversion of ibuprofen methyl ester (%),
[E1] - ibuprofen methyl ester concentration at t = 0 h (mg/mL),
[E2] — concentration of ibuprofen methyl ester after the reaction
(mg/mL).
The enantiomeric excess of the obtained (S)-ibuprofen over (R)-
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ibuprofen was calculated from Eq. (4):

_ISI=[RI] 1 1o
eefmloom 4)

ee — enantiomeric excess (%),
[S] — concentration of (S)-ibuprofen obtained (mg/mL),
[R] — concentration of (R)-ibuprofen obtained (mg/mL).

3. Results
3.1. Characterization of hydrogels and selection for further experiments

Prior to the synthesis of the biocatalyst, various hydrogel materials
underwent characterization. Initially, four different ratios of monomer
to cross-linker in PAM hydrogel were investigated: 8:1 (15 wt%), 8:1
(20 wt%), 9:1 (15 wt%), and 9:1 (20 wt%).

After the synthesis, platforms were lyophilized and their stabilities in
phosphate buffers were established. The evaluation of hydrogel stability
in PBS, with accompanying photographs, is given in the Supplementary
Materials (Fig. S1). Since the stability of the support material is crucial
for a successful immobilization process, the selection of a suitable
hydrogel was determined by this factor. The lyophilization process can
significantly change the material's structure and durability, hence all of
the hydrogels produced using different ratios were subjected to freeze-
drying. The most suitable hydrogel for further use in enzyme deposi-
tion was found to be the 9:1 (15 wt%) product, due to its stable structure
after lyophilization and lack of defragmentation during incubation. SEM
and CLSM photographs were taken to establish the structure and
possible deposition of the enzyme on the surface and in the materials'
pores (Figs. 2 and 3, respectively). From the images, it can be concluded
that the porous structure of the hydrogel material is well-developed,
which increases the likelihood of enzyme deposition because of the
larger surface area of the material. What is more, clusters of enzymes
adsorbed on the material are visible (Fig. 2b). Fig. 3b shows a cross-
section of hydrogel after immobilization, illustrating the deposition of
the lipase inside the hydrogel bulk. The biocatalysts' penetration
through the pores, deeper into the porous hydrogel, is visible in the
CLSM photographs taken in fluorescence mode (Fig. 3b), which confirm
the successful deposition of enzyme not only on the surface but also
inside the hydrogel's pores.

The prepared hydrogel materials are used as supports in the enzyme
immobilization process. Thus, following characterization of the mate-
rials, the influence of ionic liquids on the immobilization process and on
the properties of the materials themselves was investigated. The pro-
duced biocatalytic systems were tested for activity to determine the most
suitable anions and the amount of IL to be used. Table 1 contains values
of the activity recovery of the produced systems. It is seen that the
addition of 1 wt% IL during the immobilization process leads to no
significant difference in the activity of the enzyme compared with

200 pm 4 B 200 pm

Fig. 2. SEM photographs of: (a) pristine hydrogel material, (b) hydrogel with
deposited enzymes. Both images show PAM hydrogels at an AM to MBAm ratio
of 9:1 (15 wt%).



O. Degorska et al.

Fig. 3. CLSM photographs of (a) pristine hydrogel material and (b) hydrogel
with deposited enzymes in reflection mode (left) and fluorescence mode (right).
Yellow arrows indicate enzyme molecules. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of
this article.)

Table 1
Activity recovery of immobilized enzyme depending on immobilization time and
the type and dosage of IL.

Immobilization Activity Activity recovery Activity recovery

time (h) recovery with [BMIM]Cl with [BMIM]PFg
without IL (%) (%) (%)

1 wt% of IL

2 28 + 0.85 43+£1.6 47 £ 1.2

8 39+1.7 26 £ 1.2 45+ 0.9

16 35 + 0.05 32+0.7 18 £ 0.3

24 32+1.5 28 +£1.3 32+0.4

5 wt% of IL

2 28 +£1.1 43+ 0.1 49 +1

8 39+1.2 57 £ 0.4 62 + 0.3

16 35+ 0.8 34+0.3 43 +0.1

24 32+ 0.75 33+0.7 32+ 0.15

10 wt% of IL

2 28 + 0.12 34+1 36 + 0.05

8 39+14 39 +£0.1 45+ 1

16 35+ 0.7 35+1.4 41+ 0.9

24 32+0.3 33+0.3 27 £0.1

immobilization without IL. With the addition of greater amounts of IL,
the changes are more significant. The highest activity recovery (62 %)
was obtained for the system immobilized for 8 h with 5 wt% of [BMIM]
PF¢. Based on the presented data on immobilization efficiency and ac-
tivity recovery, this system was applied in further experiments. There
are several reasons why ILs may improve an enzyme's properties. First,
the proposed amount of IL may have a stabilizing effect on the bio-
catalyst's structure, resulting in increased activity recovery [17]. It is
notable that anions have a large impact on structure stability. Through
the use of two different ILs, hydrophobic [BMIM]PF¢ and hydrophilic
[BMIM]CI, we found that the PFg ~ anion is more favorable to lipase
activity, due to the hydrophobic environment it creates. [BMIM]CI also
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increases the amount of deposited enzyme on the hydrogel, but the
catalytic activity is inhibited [18]. What is more, a mechanism specific
to lipases is lid opening, called interfacial activation. This phenomenon
occurs in a less polar environment, for instance in the presence of hy-
drophobic ILs, and ensures easier access of the substrate to the active
enzyme center, which translates directly into a higher activity recovery.
The lipase structure contains a mobile polypeptide chain known as the
lid. When the lid is closed, it isolates the active center from the sur-
rounding medium. Movement of the lid exposes a large hydrophobic
pocket and the active center to the medium, causing strong adsorption
on any hydrophobic surface.

Consequently, lipases can target insoluble substrate droplets. This
type of catalytic process is referred to as interfacial activation, because
lipase activity generally increases as the substrate forms insoluble
droplets. Since [BMIM]PF¢ is much more hydrophobic, the interfacial
activation phenomenon may be intensified in comparison with the other
tested ionic liquid. The hydrophobic nature of the ILs can mimic the
lipid-water interface, promoting lid opening and thus increasing the
activity of the lipase, determined as the activity recovery of immobilized
lipase in a tested sample [19]. Moreover, in hydrophobic environments,
besides classic adsorption interactions, hydrophobic interactions were
also reported. This phenomenon, also observed in our study, is referred
to as immobilization via interfacial activations, and improves both the
catalytic activity of the immobilized lipase and its binding to the sup-
port. The applied immobilization conditions ensure strong interactions,
and the enzyme's relatively large lid leads to robust hydrophobic in-
teractions, resulting in the enzyme being embedded with an open lid and
maintaining high activity. On the other hand, in samples immobilized
with 10 wt% of IL, the viscosity of the additive may influence the free
transfer of a substrate to the active center of the enzyme, resulting in a
system with slightly lower activity [20].

The influence of ionic liquids was clearly visible for the deposited
enzyme (Table 2). The addition of the ionic liquid increased the amount
of immobilized enzyme almost threefold. Irrespective of the type of ionic
liquid added, the efficiency of enzyme immobilization is significantly
greater, at over 50 %, compared with the system without ILs. A possible
explanation is that the enzyme might be dissolved partially in the ionic
liquid, which additionally improves the efficiency of binding to the
material's surface [21].

In Fig. 4, a broad band with a maximum at a wavenumber of
approximately 3100-3500 cm ! corresponds to stretching vibrations
characteristic of the N—H group, indicating the presence of repeating
acrylamide units in the hydrogel. The chemical structure of the obtained
hydrogel is also confirmed by an intense band with a maximum at 1650
em™, resulting from the stretching vibrations of the C=0 moiety pre-
sent in the amide group of acrylamide. Moreover, the band at 1537 cm ™!
corresponding to N—H deformation vibrations is also characteristic of
the amide group. Further, a band of low intensity is observed, with a
maximum at 2930 cm™}, resulting from C—H stretching vibrations in
the aliphatic chain of the hydrogel. The effectiveness of the polymeri-
zation process is also confirmed by the presence of bands in the range
1410-1450 cm ™ resulting from deformation vibrations of C—N bonds.
The analyzed spectrum confirms the successful synthesis of a hydrogel
platform that possesses functional groups capable of forming bonds and
reacting with different compounds - for example, bonding with
enzymes.

Table 2
Amount of enzyme immobilized on PAM hydrogels with and without addition of
ILs.

Type of Amount of immobilized enzyme Immobilization yield
biocatalyst (mg/g) (%)

With [BMIM]CI 215+ 6 86 + 2.8

With [BMIM]PFg 217 £3 87 £1.2

Without IL 79+£3 32+38
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Fig. 4. FTIR spectra of pristine hydrogel and hydrogel with immobilized lipase
with the addition of [BMIM]PFg IL.

In the spectrum of hydrogel with immobilized lipase, in addition to
the bands characteristic of the polyacrylamide hydrogel, there is an
intense absorption band at approximately 1100 cm™?, resulting from
stretching vibrations of the C-O-C bridge, which is characteristic of the
lipase structure. Additionally, the success of immobilization is
confirmed by deformation bands with maxima at 844 cm™!, 752 cm™?
and 619 cm !, which are characteristic of proteins rich in amide bonds
and were not visible in the spectrum of the pure hydrogel [22]. The fact
that the hydrogel and lipase have common functional groups (e.g.,
C=0, N—H) results in similarity of the FTIR spectra of the hydrogel
before and after immobilization. Nevertheless, subtle but important
differences in shape, intensity and the maxima of the signals for C-O-C
bonds (peak maximum at 1100 cm™!) and a slight shift of the signal
characteristic for amide I bonds (from 1537 cm ™! in pristine hydrogel to
1546 cm ™! in the spectrum of the material after immobilization) allow
us to conclude that the lipase from Candida rugosa was immobilized
efficiently on the polymer hydrogel, as reported previously [23].

TGA (Fig. 5) and BET analyses were performed to understand better
the changes resulting from enzyme immobilization and the addition of
the ionic liquid. The measurements showed that the mass loss for all
tested samples exceeded 60 %, and the TGA curves of the hydrogel
before and after immobilization follow a similar trend. The 15 % mass
loss at around 100 °C is attributed to the evaporation of water present on
the surface and in the pores of the samples [24]. At higher temperatures,
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Fig. 5. TGA curves of pristine hydrogel and biocatalytic systems with the
addition of [BMIM]PFg ILs.
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the biocatalytic systems exhibit greater decomposition than the pristine
hydrogel due to the enzyme present within the material. In the range
300-450 °C there is a rapid mass loss related to the partial decomposi-
tion of the hydrogel material [25]. A slight reduction in mass above
850 °C is attributed to the breakdown of the enzyme's carbon structure
[26]. To investigate the structural properties of the prepared materials,
nitrogen physisorption analysis was used. For the pristine hydrogel, the
surface area is 3.98 m2/g with an average pore size of 15.04 nm.
Following immobilization of the enzyme, the surface area of the material
decreased to 2.22 m2/g, and the pore size fell to 12.78 nm. The lowest
surface area (1.61 rnz/g) was obtained for the material following
enzyme immobilization with an IL, which may indicate greater deposi-
tion of the enzyme on the surface and in the pores of the material [27].
The results show a close correlation with the amount of enzyme
deposited (Table 3). Enzyme deposition increased threefold with the
addition of IL, resulting in a decrease in pore size (10.58 nm) compared
with the pristine hydrogel and the biocatalyst obtained without IL
support.

EDS analysis provided information about the elemental composition
of the surfaces of the produced systems. Fig. 6a shows the spectrum
revealing the elemental composition of the PAM-based hydrogel. It is
characteristic of this type of carrier that the contents of carbon, oxygen
and nitrogen result from the functional groups of the substrates used in
the hydrogel synthesis process, indicating the successful synthesis of a
hydrogel material that should possess amino or carbonyl surface groups,
for example, capable of enzyme binding [28]. For the hydrogel after
enzyme immobilization (Fig. 6b) there were changes in the percentages
of elements on the surface. The carbon-to-nitrogen ratio decreased,
which provides confirmation of the success of the immobilization pro-
cess. What is more, successful immobilization is indicated by the in-
crease in the percentages of carbon and oxygen present in the sample, as
these are among the main components of the functional groups of the
enzyme [29]. Additionally, the immobilization of the enzyme on the
hydrogel surface is confirmed by the increase in the percentage of sulfur,
which results from the presence of cysteine bridges in the enzyme
structure. The elemental composition of the enzyme-hydrogel system
surface after the enzymatic process (Fig. 6¢) differs significantly from
the composition of the system before that process. The high oxygen
content may indicate the adsorption of substrates and/or products of the
enzymatic reaction of the racemic mixture of ibuprofen methyl ester.
Additionally, the high sulfur content is related to the use of DMSO in
selected process samples.

The wetting angle of the synthesized hydrogel and post-
immobilization materials was also tested. The results gave the contact
angle of all tested materials as 0°, which reflects the very high hydro-
philicity of the hydrogel material. This property is directly related to the
structure of the material. While the addition of ionic liquids has an
impact on lipase activity, increasing the catalytic properties, the support
itself retains the properties of the original material. It can be concluded
that the amounts of deposited enzyme and ionic liquid may be too small
to produce a significant change in the material's properties. Thus the
ionic liquid has a direct impact on the enzyme, while not significantly
altering the carrier material's surface.

3.2. Biocatalytic characterization

The resulting biocatalytic systems were analyzed to determine the

Table 3
Kinetic parameters of free enzymes and of enzymes immobilized without and
with the addition of [BMIM]PF.

Sample Ky (mM) Vmax (mMM/mg-min)
Free enzyme 0.572 + 0.029 0.927 + 0.032
Without IL 0.665 + 0.027 0.173 + 0.008
[BMIM]PF¢ 0.475 + 0.014 1.519 + 0.068
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Fig. 6. Elemental composition of the surface of: (a) hydrogel, (b) the enzyme-hydrogel system, and (c) the enzyme-hydrogel system post-reaction.

effect of the use of ionic liquid, the immobilization efficiency, and the
influence of process parameters on the enzyme's relative activity and
stability.

After immobilization, a thorough characterization of the biocatalyst
produced with the addition of [BMIM]PFg was performed to determine
relative activity at different temperatures and pH, as well as its reus-
ability and thermal stability. Fig. 7a shows that the most suitable tem-
perature was 40 °C, where the enzyme displayed 100 % relative activity
— this is linked to the properties of this strain of lipase, and similar results
are obtained for its native form. Nevertheless, at lower temperatures, the
free enzyme becomes inactive, and at higher temperatures it is more
susceptible to denaturation, retaining only around 30 % of its activity at
60 °C (data not shown). As regards the pH parameter (Fig. 7b), the
native form of the enzyme remains most active at pH 7. On the other
hand, immobilized biocatalysts can offer increased stability and pro-
longed activity over a broad temperature and pH range. The hydrogel-
based catalyst has higher relative activity at more basic pH values,
which may be related to the slight change in the conformation of the
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enzyme's structure upon immobilization [30]. The hydrophobic IL pro-
vides a suitable environment for the lid opening mechanism in the lipase
structure, leading to greater activity and easier access to the active
center of the enzyme over a wide pH range. What is more, the addition of
ionic liquids reduces the deteriorating effect of organic solvents on the
enzyme structure, resulting in increased catalytic performance. Qiu et al.
noticed a significant improvement in biocatalyst performance after
applying amino-functionalized ionic liquid as a surface modifier. In their
study, not only did the IL prevent magnetite particles from agglomer-
ating in aqueous systems, but more importantly, it enhanced the affinity
of the immobilized enzyme toward the substrate [31].

The thermal stability profiles obtained for the immobilized enzymes
are in agreement with the results on the effect of temperature on enzyme
activity (Fig. 7c). The native form of the enzyme becomes inactive at
higher temperatures after incubation for 2 h (data not shown) due to
thermal dissociation followed by denaturation. On the other hand,
immobilized enzymes remain active, with relative activity mostly above
70 % and sometimes up to 90 %, due to the protective influence of the
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Fig. 7. Relative activity of the biocatalyst at varying (a) temperature and (b) pH; (c) thermal stability; and (d) reusability of lipase immobilized on hydrogel material
with the addition of [BMIM]PFs. For pH and temperature effects 100 % relative activity is defined as the highest activity obtained during the tests; for thermal
stability 100 % activity is defined as the starting activity before incubation; for reusability, 100 % activity is defined as the activity of immobilized lipase in the first
cycle. The error bars represent the mean value + standard deviation from three measurements.
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support material and IL. In the tests of reusability, the system with
immobilized enzyme exhibited high durability, retaining over 60 %
relative activity after the 10th cycle. The protective effect and the
compatibility of the support and the ILs with the immobilized lipase
results in the observed high stability of the biocatalytic system
produced.

Interactions occurring between the material, the IL and the enzyme
might limit the elution and reduce the inactivation of the enzyme,
resulting in higher activity. Another advantage of the system produced is
the possibility of its fast and easy removal from the reaction medium.
Due to the solid one-piece structure of the hydrogel, it can be removed
by separation using, for example, simple filtration or centrifugation. In
another study, Quin et al. obtained comparable reusability for hydrogel
biocatalytic systems, recording around 60 % and 70 % relative activity
after the 10th cycle [32].

The Michaelis-Menten constant (Ky;) and maximum reaction rate
(Vmax) of the free lipase and enzymes immobilized with and without ILs
were determined and compared, as they reflect the substrate affinity and
its changes upon immobilization (Table 3). When comparing the kinetic
parameters of tested lipases, it is clear that the presence of ILs in the
system strongly improves lipase-substate affinity, also resulting in the
higher activity of this system when compared with free lipase or lipase
immobilized without ILs. For the system with the addition of 5 wt%
[BMIM]PF¢ during immobilization, Ky, is lower than in the case of the
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of lipase from Candida rugosa. The reaction products were (S)-ibuprofen
and (R)-ibuprofen methyl ester. The resolution of the racemic ester
mixture was conducted in two different modes in a batch reactor. To
increase the racemization of the sample, which is followed by a higher
conversion rate and a greater amount of (S)-ibuprofen as the final
product, the dynamic racemic resolution was performed with the addi-
tion of DMSO to increase the pH value for higher racemization of un-
desired (R)-ibuprofen methyl ester (Fig. 8b). Classic kinetic resolution
was performed at a lower pH, without the addition of DMSO (Fig. 8a).
The concentration of each sample according to HPLC analysis is pre-
sented in the Supplementary Material (Table S2).

Reactions using immobilized enzymes were conducted using bio-
catalysts produced with the addition of 5 wt% ionic liquid ([BMIM]PF),
but also without the addition of ILs, to investigate the IL's impact on the
stabilization and activity of the enzyme in real reactions. For the samples
with biocatalysts without added ionic liquid (data not shown), the
conversion rates and enantiomeric excesses were significantly lower and
did not exceed 35 % conversion (E) and 60 % enantiomeric excess (ee).

Table 4

Enantiomeric excess and conversion rate of the obtained (S)-ibuprofen methyl
ester after enzymatic asymmetric hydrolysis of racemic ibuprofen methyl ester
with the use of biocatalytic systems with the addition of [BMIM]PFe.

X . T . Sample designation Process Conversion Enantiomeric
native form of the enzyme, while Vy,« is higher, suggesting a greater duration (h) rate (%) excess (%)
fifﬁmty towgrq the substrate and 1mp‘roved reaction rate .[.33]. The Tsooctane/PBS pH 7 8 27 1 05 89 + 0.7
improved affinity may be related to the increased hydrophobicity of the % 35403 95+ 1
environment around the lipase's active center, increasing the catalytic 144 48 +0.1 96 +1
activity [20]. The introduction of ionic liquid into the system may also Isooctane/Buffer 48 37+£0.2 97 +£1.1
increase the solubility of the substrates, as well as reducing the proba- NaHCO;-NaOH pH 9.5 ?24 gz i 8.421 Zg i (1)‘35
bility of a reduction in diffusion resistance or limitations in accessing Isooctane/Buffer 48 5441 08 & 1
active sites. On the other hand, the performance of the system after NaHCO3-NaOH pH 9.5/ 96 77 + 0.4 98 + 1.3
immobilization without any stabilizers indicates a significant drop in DMSO 144 95+0.1 98 +1
enzyme affinity toward the substrate compared with the native enzyme, Hexane/PBS pH 7 ‘9‘2 22 i il 22 * 2.05

; - - +
which may be d1'1e t9 chan'ge's 1r'1 the conformation of the enzyme 144 36401 94495
structure and to diffusional limitations [34]. Hexane/Buffer NaHCO5- 48 354 0.7 95 + 0.9

NaOH pH 9.5 96 43+0.5 96 + 0.4

. . . . 144 59 +2.1 97 £0.3

3.3. Resolution/hydrolysis of racemic ibuprofen ester in batch reactor Hexane,/Buffer NaHCOy 48 3341 %6 1 0.6
NaOH pH 9.5/DMSO 96 45 £0.9 97 +1

The enzymatic resolution of ibuprofen methyl ester racemate 144 71+0.4 98 +1

included enantioselective hydrolysis of that compound in the presence
(a) CHy,  CH, =
0 lipase OH - OH
+H0
-+
—_—
0 o N
(R,S)- buproten methyl ester (S)- ibuprofen (R)- lbuproten
50% 50%
b CH H CH
(b) o on o X
racemisation (o} spase OH
0 ogravony +H,0 + _OH
—_— S H,C
Increased pH o) 0
o]
(S)- Ibuproten methyl ester (S)- Ibuprofen methanol

(R,S)- buproten methyl ester

100%

Fig. 8. Theoretical process of resolution of racemic ibuprofen methyl ester with the use of lipase as a catalyst: (a) kinetic resolution and (b) dynamic ki-

netic resolution.
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Table 4 shows that the use of the kinetic separation process (process
carried out in a phosphate buffer with pH 7) made it possible to obtain
48 % and 36 % conversion, respectively, for the reaction carried out in
isooctane and hexane after 144 h. Since the maximum conversion rate of
the kinetic separation process is 50 %, these values are satisfactory.
Higher yields of the enzymatic process were achieved with dynamic
kinetic enzymatic separation carried out in an alkaline environment. For
processes carried out in the NaHCO3-NaOH buffer without the addition
of DMSO, maximum yields of 83 % (in isooctane) and 59 % (in hexane)
were obtained after 144 h of the enzymatic conversion process. This
proves that the addition of a base to enable racemization of the
unreacted R-enantiomer can increase the degree of substrate conversion.
The use of a buffer with pH 9.5 and the addition of a small amount of
DMSO made it possible to obtain even higher conversion rates for the
process carried out in isooctane, at a level of 95 %, and for the process
with the addition of hexane, at a level of 71 %. This is due to the nature
of DMSO, which when added to the reaction medium increases the
alkalinity of the mixture, this being necessary for racemization. Suo
et al. also investigated the influence of IL on lipase performance and
proved the increased affinity between lipase and substrate immobilized
on the prepared supports [35]. In their studies, the specific activity of
the immobilized lipase system PPL-IL-MCMC was 1.43 and 2.81 times
higher than that of free PPL and PPL-MCMC, respectively. It should also
be added that in the study low DMSO concentration was applied,
resulting in negligible effect of this solvent on lipase activity (see
Table S3).

Analyzing the effect of the solvent, it should be noted that the re-
action carried out in isooctane leads to a higher degree of conversion
than when hexane is used as an organic solvent, and this is observed
regardless of the other process conditions. Analysis of control samples
after 48 h or 96 h and after the end of the process at 144 h confirms that
the time of the process affects the degree of conversion of ibuprofen
methyl ester. For all samples, the degree of conversion increased with
time. However, the most significant increase, between 48 h and 96 h,
was observed for the process carried out in isooctane and at pH 9.5, as
the conversion rate increased from 37 % to 83 %. In turn, between 96 h
and 144 h of the process, the highest increase in the degree of conversion
was obtained for the reaction sample with the addition of hexane, a
buffer at pH 9, and DMSO (an increase from 45 % to 71 %). These results
indicate that time is an important parameter that should be considered
when designing enzymatic processes.

Referring in turn to the enantiomeric excess of the obtained (S)-
ibuprofen (desired product) over (R)-ibuprofen in the tested samples, it
should be noted that the excess is high (in most cases >90 %) regardless
of the process variables used (organic solvent, buffer pH, presence of
DMSO, process time). This indicates the high stereospecificity of the
enzymatic separation process catalyzed by lipase obtained from Candida
rugosa, and confirms the validity of using enzymes in the separation
processes of racemic mixtures of pharmaceutically active substances. It
should also be highlighted that in all cases, the produced immobilized
lipase supported by the ILs showed robustness and should be considered
a promising alternative for future applications in the pharmaceutical
industry.

4. Conclusions

In this study, the obtained PAM hydrogel support materials and the
prepared biocatalyst were fully characterized. One of the main aims was
to evaluate the effect of ILs on the lipase's catalytic performance and
stability. The highest catalytic activity of the biocatalysts was obtained
at a temperature of 40 °C and pH 7. What is more, the biocatalysts were
catalytically effective and stable, and their activity remained above 60 %
even after 10 reaction cycles. Biocatalysts produced with or without ILs
were applied in the resolution of racemic methyl ibuprofen ester in two-
phase systems using different organic solvents and two aqueous phases
with different pH values. It was established that the highest conversion
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rate and enantiomeric excess were obtained for the system supported by
IL, in the presence of isooctane, NaHCO3-NaOH buffer at pH = 9.5 and
DMSO, resulting in a conversion rate of 95 % and an enantiomeric excess
of 98 %. The technologies proposed show good potential as a prospective
solution, although in their present state they require further scientific
testing and development. The results of the present research demon-
strate significant applicability and can serve as a solid base for future
studies. This study has confirmed that ionic liquids have a substantial
impact on enzyme activity, leading to a desired improvement in lipase's
catalytic performance.
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1. Hydrogels stability assessment in the phosphate buffer

Four different ratios of monomer to cross-linker of PAM hydrogel were obtained and examined:
8:1 (15 wt%), 8:1 (20 wt%), 9:1 (15 wt%), 9:1 (20 wt%).

To establish the appropriate ratio and optimal stability of synthesized hydrogels, each material
was at first lyophilized and further soaked in phosphate buffer for 12 hours. Based on performed
tests material with the ratio 9:1 (15 wt%) material was applied in the following tests and

processes.

15 wt% 8:1

~

Figure S1. Photos of fabricated hydrogels (different rations of monomer to cross-linker) after

lyophilization (upper row) and lyophilized hydrogels soaked in water (bottom row).



2. Dynamic kinetic enzymatic resolution of ibuprofen methyl ester
Table S1. List of samples and conditions of performed reactions of ibuprofen methyl ester
resolution with the use of biocatalyst without and with the addition of [BMIM]PFs during
immobilization process (for both system with and without ILs the applied conditions of

racemic mixture resolution were identical).

Li
Organic 'pase ILs DMSO
Water phase concentration .. . Process type
solvent additive  additive
(mg/mL)
Isooctane Phosphate buffer 50 No No Kmet.lc
pH=7 resolution
Isooctane Phosphate buffer 50 Ves No Kin et.1 c
pH=7 resolution
Hexane Phosphate buffer 50 No No Klnet.1 c
pH=7 resolution
Hexane Phosphate buffer 50 Ves No Klnet.1 c
pH=7 resolution
Isooctane Phosphate buffer 50 No Yes Kinetic
pH=7 resolution
Isooctane Phosphate buffer 50 Ves Ves Kin et.1 c
pH=7 resolution
Hexane Phosphate buffer 50 No Vs Klnet.1 c
pH=7 resolution
Hexane Phosphate buffer 50 Ves Vs Klnet.1 c
pH=7 resolution
Isooctane Buffer NaHCO;-NaOH 50 No No Dynamic l.<1net1c
pH =9.5 resolution
Isooctane Buffer NaHCO;-NaOH 50 Yes No Dynamic l.<1net1c
pH =9.5 resolution
Hexane Buffer NaHCO3-NaOH 50 No No Dynamic l.<1netlc
pH =9.5 resolution
Hexane Buffer NaHCO;-NaOH 50 Yes No Dynamic l.<1netlc
pH =9.5 resolution
Isooctane Buffer NaHCO3-NaOH 50 No Yes Dynamic l.<1net1c
pH =9.5 resolution
Isooctane Buffer NaHCO3-NaOH 50 Yes Yes Dynamic l.<1net1c
pH =9.5 resolution
Hexane Buffer NaHCO3-NaOH 50 No Yes Dynamic l.<1netlc
pH =9.5 resolution
Hexane Buffer NaHCO3-NaOH 50 Ves Ves Dynamic kinetic

pH=9.5

resolution




3. HPLC analysis results
Table S2. Concentration of each sample according to HPLC analysis after reaction with

applied biocatalytic system supported with ILs as a reaction catalyst.

Process . . Ibuprofen
Sample designation duration (S)[;:)l;ﬂfffen (R)[;:lbl;ll::z]f en methyl ester

[h] & . [mg/mL]
48 1,150 0,068 6,389
Isooctane/PBS pH =7 9% 2.612 0.072 5.733
144 3,936 0,079 4,582
Isooctane/Buffer NaHCO:3- 48 2,379 0,041 3,577
NaOH pH = 9.5 96 5,237 0,042 2,812
144 6,485 0,043 1,484
Isooctane/Buffer NaHCO:3- 48 3,771 0,032 4,067
NaOH pH = 9.5/DMSO 96 5,989 0,062 1,994
144 7,643 0,062 0,475
48 0,518 0,032 6,723
Hexane/PBS pH =7 96 1,426 0,045 6,484
144 1,794 0,060 5,618
Hexane/Buffer NaHCOs-NaOH 48 1,762 0,047 3,752
pH=09.5 96 2,643 0,055 5,027
144 4,450 0,059 3,566
Hexane/Buffer NaHCOs-NaOH 48 2,140 0,039 5,892
pH = 9.5/DMSO 96 3,162 0,050 4,864
144 5,615 0,052 2,577

4. Double reciprocal chart for Hanes-Woolf plot

10.0 4

9.0 y =5.783x+ 3.842

R2=0.983
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7.0 4
6.0 4
2 5.0
=
= 4.0 4
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R?=0.987
M y=0658x+ 0312
R?2=0.983
r T 0:6 T T ]
-1.00 -0.50 0.00 0.50 1.00 1.50

S (mM)
Figure S2. Double reciprocal chart for Hanes-Woolf plot for free lipase (blue line), lipase

without ILs (red line) and lipase with ILs (green line).



To establish the influence of DMSO on lipase activity, the stability tests in the presence of
DMSO were performed.

The experiment included 3 different biocatalytic systems, native enzyme, immobilized
enzyme and immobilized enzyme in the presence of IL (Tab. S3). Immobilization
parameters remained the same as for the preparation of biocatalytic systems used in this
research. The stability tests in DMSO were conducted in the chamber with rotary shaker,
under the temperature of 40°C (to imitate process conditions), where biocatalytic systems
were soaked in the mixture of buffer solution/isooctane (1:1) and buffer
solution/isooctane/DMSO (5:5:3), during 1 h and 24 h. After the set time, biocatalytic
systems activities were established based on a model reaction with the use of para-
nitrophenyl palmitate (lipase substrate). All the results were calculated based on the initial
activities of each of the biocatalytic systems, where initial activities were established as

100% of activity.

Table S3. Influence of DMSO on the activity of the biocatalyst and native form of enzyme.

Relative activity (%)

1h 24h
No Addition of No Addition of
Sample additive DMSO additive DMSO
immobilized enzyme 95+1 9343 92+1 81+2
iIIljSmOblhzed enzyme + 0841 ) 9741 9541

Native enzyme 9243 90+4 86+1 84+3
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This study focuses on the development of a biocatalytic system based on lipase from Pseudomonas fluorescens
immobilized on a poly(acrylamide)- and poly(ionic liquid)-based hydrogel. It was established that temperature
significantly impacts polymerization rate of the monomers used, leading to the application of 70 °C for 30 min
for the most suitable hydrogel structure. Under these conditions, the polymerization of PIL and PAM reached
63.5 % and 90.9 %, respectively. The produced hydrogel with immobilized lipase was characterized by improved
by around 30 % chemical and thermal stability as compared to native enzyme and provided a suitable envi-
ronment for successful lipase deposition, proven by elution of <2 % of the enzyme from the support. What is
more, it was established that a higher enzyme loading resulted in greater catalytic activity, providing over 30 %
higher performance after 10 reusability cycles. High enzymatic activity and enantioselectivity demonstrated by
the produced system was proved in dynamic kinetic resolution of atenolol reaching over 55 % reaction yield, that
was over 40 % higher as free counterpart, and attaining 100 % enantiomeric excess for the final (S)-atenolol
ester.

Nevertheless, despite the numerous benefits of hydrolases, the major
factor limiting their wider deployment in the pharmaceutical industry

1. Introduction

Nowadays, hydrolases represent one of the most diverse and largest
group of enzymes. Indeed, they are a key group of enzymes that play an
extremely crucial role in biocatalysis, particularly in the pharmaceutical
industry. One of the defining features that make hydrolases extremely
relevant and suitable for applications such as the production of phar-
maceutically active compounds is their remarkable specificity. Re-
actions with their participation are characterized by a high selectivity
towards the desired products, controlling and reducing undesired by-
products, minimizing chemical waste, as well as maximizing yields
[1]. The pharmaceutical industry is using hydrolases to produce phar-
maceuticals in a greener and more economical way [2]. Thus, the
employment of hydrolases not only offers the possibility of cleaner and
more efficient chemical synthesis, but also aligns with the concept of
green chemistry, through which the environmental impact of industrial
processes can be minimalized.

lies in their reduced catalytic performance deriving from their structure
and sensitivity to the conditions of the reaction. Consequently, one of
the main priorities is to develop solutions for improving the efficiency of
enzymes under harsh industrial conditions. Among potential strategies,
immobilization of enzymes attracts particular attention. Not only does it
enable the improvement of their stability, but also their multiple usage,
contributing to lower production costs. The implementation of a suitable
support further contributes to increased enzyme stability through a
stable enzyme-substrate complex formation [3,4]. However, immobili-
zation is not the only feasible pathway to improve the stability of hy-
drolases. Another alternative as well as highly promising method turns
out to be the introduction of ionic liquid into the reaction medium.
These unique solvents, characterized by variable properties such as
polarity, viscosity and density, are attracting more and more attention
and are increasingly being studied as enzyme-stabilizing additives [5].

Abbreviations: AA, acrylamide; API, active pharmaceutical ingredient; APS, ammonium persulfate; BET, Brunauer-Emmett-Teller; BJH, Barrett-Joyner-Halenda;
BSA, bovine serum albumin; CLSM, confocal microscopy; DMF, dimethylformamide; DMSO, dimethyl sulfoxide; HLES, high-loaded enzyme system; HPLC, high-
performance liquid chromatography; IL, ionic liquid; LLES, low-loaded enzyme system; NMR, nuclear magnetic resonance; PAM, poly(acrylamide); PBS, phosphate
buffer; PIL, poly(ionic liquid); p-NP, para-nitrophenol; p-NPP, para-nitrophenyl palmitate; PR, polymerization rate; PVA, poly(vinyl alcohol); TGA, thermogravi-
metric analysis; VBIMBr, 3-butyl-1-vinyl-1H-imidazol-3-ium bromide.
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Their introduction even in small amounts can significantly increase the
stability and activity of hydrolases, leading to higher process yields.
Moreover, their characteristic features, including low vapor pressure
and minimal volatility, make them safer and more environmentally
friendly alternatives to traditional organic solvents [6].

The application of hydrolases in the presence of ionic liquids in the
pharmaceutical industry for API synthesis represents a relatively novel
and rapidly expanding area of investigation. Researches that have been
conducted so far demonstrate an increase in reaction efficiency, sup-
porting a greener environmental perspective. Nonetheless, such studies
mainly focus on laboratory trials, while industrial-scale application of
such technology remains a grand challenge. This knowledge gap points
out the need for further investigations as well as serves as motivation for
developments that may contribute to the evolution of sustainable
pharmaceutical synthesis technologies.

An example of just such a compound, for which biocatalysis is a
promising alternative to classical chemical methods, is atenolol. This
widely used beta-blocker, essentially applied in the treatment of hy-
pertension and cardiovascular disorders, highlights the advantages of
enzyme-driven processes. Traditional synthesis of such compounds
typically relies on the use of toxic reactants, high quantities of organic
solvents and employment of high-temperature conditions, all of which
pose environmental and economic challenges [7,8]. By employing en-
zymes as catalysts, the need for harmful chemicals is reduced, allowing
for the reaction to proceed under more environmentally friendly con-
ditions. Moreover, incorporation of ionic liquids, enhances enzyme
stability, and thus increasing the efficiency of the process and achieving
a purer final product. This innovative approach not only addresses
environmental concerns but also reduces operational costs, aligning
with the broader goals of sustainable pharmaceutical development.
Furthermore, it paves the way for cleaner, more efficient and econom-
ically profitable drug manufacturing processes.

The aim of this work was to synthesize a biocatalytic system by
immobilizing Pseudomonas fluorescens lipase in a poly(ionic liquid)
hydrogel for resolution of racemic atenolol. The obtained biocatalytic
systems were subjected to physicochemical analyses to confirm the
effectiveness of support functionalization and enzyme immobilization,
prior to use as a catalyst in the resolution of an atenolol racemic mixture.
The novelty of this study lies in the successful synthesis of a biocatalytic
system using poly(ionic liquid) hydrogel as a support for Pseudomonas
fluorescens lipase immobilization, which provides an enhanced micro-
environment for enzyme activity and stability and its application in the
resolution of racemic atenolol. Samples after enzymatic resolution were
examined using high-performance liquid chromatography-mass spec-
trometry (HPLC-MS) to indicate the enantiomeric excess and efficiency
of conducted reactions.

2. Materials and methods
2.1. Reagents and chemicals

Acrylamide (AA), ammonium persulfate (APS) and poly(vinyl
alcohol) (PVA), lipase from Pseudomonas fluorescens, para-nitrophenyl
palmitate (p-NPP), organic solvents, such as isopropanol, hexane,
ethanol, methanol and isooctane and buffers (pH 5-9) were purchased
from Sigma Aldrich (Merck Group, Poland). 3-Butyl-1-vinyl-1H-imida-
zol-3-ium bromide (VBIMBr) was provided by BLD pharma. Racemic
atenolol was purchased from Chemat.

2.2. Analytical procedures for morphology evaluation

Nuclear magnetic resonance (NMR) spectroscopy was employed to
obtain detailed insights into the polymerization processes of AA and
ionic liquid. The NMR measurements were conducted using a VNMR-S
spectrometer (Varian) operating at 400 MHz. Deuterium oxide was
used for all samples as a solvent for NMR analysis. Confocal microscopy
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(CLSM) using a high-resolution confocal microscope was used to
investigate the morphological structure of the fabricated enzyme-
deposited material (LSM710, Zeiss, Germany), obtained using an
argon laser (488 nm). In material mode (reflected light), the laser
operated at 458 nm wavelength. In fluorescence mode, the laser oper-
ated at 488 nm and fluorescence was observed in the range 510-797 nm
[9]. During the characterization of the produced materials, the param-
eters of their porous structure were also assessed. The specific surface
area of the tested material was determined using the BET (Brunauer-
Emmett-Teller) algorithm, while the volume and pore size of the
analyzed material were determined based on the BJH (Barrett-Joyner-
Halenda) algorithm. Before the measurement, the sample was degassed
by placing it at 120 °C for 4 h in a vacuum chamber. The thermal sta-
bility of the analyzed materials was assessed using a thermogravimetric
analysis (TGA) Jupiter STA 449F3 device from Netzsch GmbH (Ger-
many). Measurements were conducted under flowing nitrogen (10 mL/
min) at a heating rate of 283 K/min over a temperature range of
298-1273 K, with an initial sample weight of approximately 5 mg.

2.3. Synthesis of the material and biocatalyst

The synthesis of the biocatalyst began with the preparation of the
initial mixture, referred to as mixture A. This mixture comprised 0.333 g
(1.44 mmol) of VBIMBI, 0.333 g (4.68 mmol) of acrylamide, 0.013 g
(0.06 mmol) of APS, and 1 g of deionized water. The components were
stirred until a clear and homogeneous solution was formed. This solution
was then maintained under a nitrogen atmosphere with continuous
stirring for 15 min. Next, solution B was prepared by dissolving 2 g of
PVA in 18 mL of deionized water. This solution was subjected to
vigorous stirring at 95 °C for 24 h until it became homogeneous.
Following this, after cooling to room temperature, mixture A and B were
combined, with addition of 50 mg (LLES, low-loaded enzyme system) and
120 mg (HLES, high-loaded enzyme system) of Pseudomonas fluorescens
lipase to the composition.

To ensure uniformity, the combined mixture was treated with ul-
trasound for 5 min in the water bath (Sonic-3 Polsonic), operated at
ambient temperature. The resulting solution was poured into a mold and
heated at varying conditions (temperature range 30-70 °C and time
30-60 min) to determine the optimum environment for the best prop-
erties and efficiency of the polymerization rate of AA and IL to form a
poly(ionic liquid) and poly(acrylamide). The polymerization rates (PR)
were calculated based on the obtained NMR spectra, where signals 9.1,
7.4-7.7, 6.2-6.4 and 1.9-2.4 ppm indicated IL, PIL, AM and PAM
respectively. PR were determined as the ratio between the integrated
areas under the peaks in 'H NMR spectra, which correspond to carbon in
the carbonyl groups in acrylamide and vinyl groups in the IL. Based on
the intensity of the signals after polymerization, in comparison to the
spectra of monomeric materials, rates of polymerization were calculated
(Eq. (1)). Error values for the obtained results can be estimated around 1
%.

Iy~ Iue  Io—Ine
PR = (M~ fwx | e 1
R ( e b ) &)

where:

PR - polymerization rate (%)

I — intensity of the signal in spectrum (average) of the monomer of a
specific compound

Ip — intensity of the signal in spectrum (average) of the polymerized
version of a specific compound

Inx — intensity of further signals in spectrum (average) of the
monomer of a specific compound

Ipx — intensity of further signals in spectrum (average) of the poly-
merized version of a specific compound
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Sm — number of signals related to the monomer of a specific
compound
Sp —number of signals related to the polymerized version of a specific
compound

Formed poly(ionic liquid) and PVA hydrogels material was subjected
to 5 cycles of freezing at —20 °C for 6 h and thawing at room temper-
ature for 2 h. The material was further freeze-dried for 2 h to obtain a
porous structure. Thus, the final biocatalytic systems were prepared and
ready for subsequent analysis.

Due to varying process conditions, the stabilities of biocatalytic
system were tested in different organic and inorganic solvents. HLES was
tested due to a higher enzyme loading and higher possibility of influ-
encing the stability of the hydrogel. The samples were cut into uniform
pieces, weighed on an analytical scale, and then placed for 24 h in 10 mL
of different solvents, such as water, phosphate buffer, DMF, alcohols,
vinyl acetate, isooctane and hexane. After this period, the hydrogels
were weighed again to determine the mass loss. All measurements were
repeated three times, and the results are presented as mean value +
standard deviation.

2.4. Characterization of obtained biocatalytic systems

To assess the catalytic activity of the developed biocatalytic systems,
as well as the subsequent comparison with the activity of free enzymes,
it was necessary to study the influence of parameters such as tempera-
ture and pH and to determine thermal stability and reusability. For this
purpose, the model reaction of the hydrolysis of p-nitrophenyl palmitate
(p-NPP) to para-nitrophenol (p-NP) was utilized. The 15 mM solution of
p-NPP in isopropanol was prepared by dissolving 0.56 g of p-NPP in 100
mL of the solvent. For these measurements, 50 mg and 120 mg of
Pseudomonas fluorescens lipase or an equivalent amount of the immobi-
lized enzyme consisting of a corresponding amount of the biocatalyst
was applied. Spectrophotometric measurements were carried out at A =
410 nm. All measurements were repeated three times, and the results are
presented as mean value + standard deviation.

2.4.1. Effect of reaction conditions

To study the effect of temperature, 10 mL of buffer (pH 7) was added
to tubes containing the test material, followed by 5 mL of p-NPP solu-
tion. Reactions were carried out for 15 min at different temperatures
(30, 40, 50, 60, 70 °C) using a shaker. To complete the reactions, 5 mL of
0.5 M NayCOj3 solution was added, followed by UV-Vis spectroscopy
analysis.

To study the effect of pH, the test materials were placed in tubes with
10 mL of buffer with different pH values (5, 6, 7, 8, 9), to which 5 mL of
p-NPP solution was then added. Reactions were carried out for 15 min at
30 °C in a shaker. The solutions were subsequently subjected to analysis
after the addition of 5 mL of NayCOs solution to terminate the reactions.

Thermal stability was assessed by incubating the test material for 2 h
at 30, 40, 50, 60 and 70 °C. After incubation, 10 mL of buffer (pH 7) and
5 mL of p-NPP solution were added and the reaction was continued for
15 min. The reaction was terminated by adding 5 mL of 0.5 M NayCOs3
solution, and thereafter the resulting sample solution was tested.

To assess reusability, 10 cycles of the model reaction were con-
ducted. Each cycle involved adding the produced biocatalytic system,
10 mL of phosphate buffer (pH 7), and 5 mL of 15 mM p-NPP to a re-
action vessel. The reactions were carried out for 15 min at 30 °C in a
shaker. After each reaction, 5 mL of 0.5 M Na;COj3 solution was added.
The solution was analyzed in a spectrophotometer. After each cycle, the
biocatalyst, after thorough rinsing, was placed in fresh substrate mixture
and the procedure described above was repeated.

2.4.2. Elution tests
Due to the type of immobilization (entrapment), elution of enzyme
was examined. A piece of hydrogel with known amount of enzyme was
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soaked in PBS 7 buffer for 24 h. Furtherly 0.5 mL of the post soaking
buffer was mixed with 0.5 mL of Bradford reagent and left for 5 min
reaction. The amount of eluted protein was examined under the spec-
troscopy UV-Vis using the 595 nm wavelength. The amount of the
eluted enzyme was calculated according to the absorbance measure-
ments using the BSA standard calibration curve.

2.5. Enzymatic conversion of atenolol

2.5.1. Screening of solvents for racemic atenolol conversion

Atenolol solubility is highly limited. Due to enzyme activity and
specificity of the reaction restrictions, available solvent possibilities are
also limited. Atenolol is highly soluble in methanol, nevertheless it
would have a negative impact on the reaction balance, competing with
the substrate, decreasing the efficiency of reaction and activity of the
enzyme. After taking into consideration multiple presented factors, five
organic solvents were tested: toluene, hexane, DMF, DMSO and isooc-
tane. 1 mg of the racemic atenolol was dissolved in a 1 mL of a particular
solvent and put in the ultrasonic bath for 5 min, operated at ambient
temperature. Furtherly solutions were taken under the optic microscope
for further check if no atenolol particles were left.

2.5.2. Characterization of the processes in batch and continuous flow
reactor

To determine the influence of process conditions on efficiency of the
final reaction, two models were introduced in this study: batch reactor
and continuous flow reactor. In the study with batch reactor the same
amounts of free and immobilized biocatalyst were used, whereas for
continuous reactor we scaled up the system tenfold to indicate possible
performance of the process at the larger scale. In batch reactor magnetic
stirring was applied to provide a uniform distribution of substrates
whereas for the continuous flow reactor biocatalyst was placed in a
porous basket to allow the continuous flow of reaction mixture through
the biocatalyst.

2.5.3. Asymmetric conversion of racemic atenolol to enantiopure atenolol
ester

The final step of the study involved the enzymatic conversion of R,S-
atenolol to S-atenolol ester. For the batch reactor 10 mL solution con-
taining 3.75 mM racemic atenolol, dissolved in DMF, was mixed with 2
pL of vinyl acetate. A piece of biocatalytic system (HLES) was introduced
to the reaction mixture to start the catalytic process. Equivalent amount
of the free enzyme was tested for activity comparison. Samples for
analysis were collected every 12 h to select a proper time of reaction for
further tests. After selecting a proper time of reaction, the upscaling
process to the continuous flow reactor was investigated.

In the continuous flow reactor 100 mL of 3.75 mM racemic atenolol
in DMF, 20 pL of vinyl acetate and biocatalytic system containing 1.2 g
of enzyme was treated for 48 h with the flow speed of 50 mL/min.

2.5.4. Reusability of the biocatalytic system in the conversion of atenolol
racemate

To evaluate the reusability of the biocatalytic systems beyond model
reactions, the biocatalytic system was submitted to 6 reaction cycles of
racemic atenolol conversion in a flow reactor. After each cycle, biocat-
alyst was thoroughly washed with DMF and applied to the next reaction
cycle. Postreaction samples were collected for further HPLC analysis to
estimate the biocatalyst's efficiency and enantioselectivity. Chromato-
graphic separation was performed using the 1290 Infinity II LC System
(Agilent Technologies, Santa Clara, USA). A chiral Poroshell 120 Chiral-
V 4.6 x 150 mm, 2.7 pm column (Agilent Technologies, Santa Clara,
USA) was used to separate the enantiomers of atenol and atenolol ester.
An isocratic flow was used with the mobile phase consisting of 100 %
methanol with 0.2 % acetic acid and 0.05 % ammonium hydroxide. The
mobile phase flow rate was 0.4 mL/min, the analysis time was 10 min,
the column was maintained at 22 °C, and 1 pL sample injection was
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used. Detection of compounds was performed using an infrared detector
(DAD) at a wavelength of 274 nm. Additionally, to confirm the presence
of atenolol ester, detection was performed using an Agilent Q-TOF 6546
mass spectrometer with a Dual AJS ESI source. The following mass
spectrometer ion source parameters were used: drying gas temperature
350 °C; drying gas flow, 12 L/min; nebulizer pressure: 50 psi; shielding
gas temperature: 350 °C; shielding gas flow: 11 L/min; capillary input
voltage 4000 V.

3. Results and discussion

3.1. Evaluation of the physicochemical parameters of the produced
systems

The polymerization rate plays a crucial role in determining the sta-
bility and performance of the resulting hydrogels. To investigate how
temperature and reaction time affect the polymerization of poly(ionic
liquid) (PIL) and polyacrylamide (PAM) hydrogel, the NMR analysis was
conducted to examine the polymerization rates (Table 1). The poly-
merization was performed at temperatures ranging from 30 °C to 70 °C,
with reaction times of 30 and 60 min.

NMR analysis highlights that temperature plays a critical role in the
polymerization of poly(ionic liquid) (PIL) and PAM hydrogel. As the
temperature rises, the polymerization of both PIL and PAM increases.

For PIL, the polymerization rate rises from 44.1 % at 30 °C to 63.5 %
at 70 °C. For PAM, the rate increases from 60.1 % to 90.9 % over the
same temperature range. These trends suggest that higher temperatures
promote the polymerization of both materials, with PAM demonstrating
a more pronounced enhancement [10].

The impact of reaction time on polymerization differs between PIL
and PAM. In the case of PIL formation, the polymerization shows vari-
ability with changes in temperature, and only minor improvements are
noted with longer reaction times. For example, at 30 °C, the polymeri-
zation efficiency increases from 44.1 % to 49.2 % when the reaction time
is extended from 30 to 60 min. In contrast, at 50 °C, the increase is
minimal, going from 46 % to 47.4 %. In contrast, PAM exhibits a more
consistent response to extended reaction time, with polymerization
increasing from 60.1 % to 74 % at 30 °C and from 64.6 % to 80.8 % at
60 °C. These findings suggest that while reaction time contributes to
polymerization, its effect is more pronounced for PAM than for PIL [11].

Altogether, temperature becomes the dominant factor affecting
polymerization performance, especially at higher temperatures, where it
significantly accelerates the process, reducing the need for longer re-
action times. While time is important, particularly for PAM, optimizing
temperature is key to maximizing the polymerization of both PIL and
PAM. Based on the evaluated data, incubation in 70 °C for 30 min ap-
pears to be the most suitable environment, offering high polymerization
efficiency while minimizing reaction time. This temperature provides
optimal polymerization rate for both PIL and PAM, making it the
preferred setting for efficient synthesis.

Table 2 illustrates the stability of the biocatalyst incubated in
different solvents, in context of various solvent used in atenolol

Table 1
Temperature and time effects on IL to PIL and AA to PAM polymerization.

Sample Polymerization rate (%)

IL monomer PIL AA PAM
30 °C, 30 min 55.9 44.1 39.9 60.1
30 °C, 60 min 50.8 49.2 26 74
40 °C, 30 min 49.4 50.6 25.9 74.1
40 °C, 60 min 51.3 48.7 27.7 72.3
50 °C, 30 min 54 46 29.6 70.3
50 °C, 60 min 52.6 47.4 25.5 74.5
60 °C, 30 min 55.3 44.7 35.4 64.6
60 °C, 60 min 48.7 51.3 19.2 80.8
70 °C, 30 min 36.5 63.5 9.1 90.9
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Table 2
Stability of biocatalyst in various solvents at different incubation temperatures.
Incubation Percentage mass loss (%) Solvent
50 °C 40+0.1 Water
74.0 £ 1 Isopropanol
20.3 £ 0.4 Isooctan
31.9+0.2 Hexan
31.5+0.1 PBS 7
85.4 + 2.1 Etanol
321+1.5 Vinyl acetate
3.4+0.1 DMF
60 °C 4.0 £0.15 Water
86.5 + 0.9 Isopropanol
3.7 £ 0.05 Isooctan
16.0+1 Hexan
329+0.8 PBS 7
87.6+3 Etanol
18.1 £1.5 Vinyl acetate
4.2 £0.15 DMF
70°C 1.1 +0.05 Water
87.9+1.2 Isopropanol
228 +1.1 Isooctan
25.6 £0.9 Hexan
20.1+1 PBS 7
72.8 +£ 0.6 Etanol
335+ 4 Vinyl acetate
85+03 DMF

synthesis, showing the initial weight, dry weight and percentage weight
loss for each solvent tested. The results demonstrate that the biocatalyst
shows the highest stability in water and DMF, with mass loss consis-
tently below 8.5 % among tested temperatures. Conversely, isopropanol
and ethanol cause the highest mass loss at all temperatures, indicating
that these solvents significantly interact with the biocatalyst. It might
have a relationship with the polarity of solvent, interchanging the water
for alcohol in the structure of hydrogel or possible solubility of PIL in
alcohols, which leads to its washing out from the hydrogel network and,
consequently, to the destabilization of the entire structure. Isooctane
and hexane show a moderate effect, with weight loss increasing with
temperature — the hydrogel remains insoluble under these conditions,
but interactions with the ionic liquid can lead to a gradual weakening of
the structure. PBS 7 and vinyl acetate similarly cause significant weight
loss but are less damaging compared to isopropanol and ethanol.

The stability of the biocatalyst in water is largely independent of the
incubation temperature, while other solvents show a marked suscepti-
bility to temperature changes. At elevated temperatures, for instance,
stability in isopropanol and ethanol decreases rapidly, with mass losses
reaching 87.9 % and 87.6 %, respectively.

Such findings highlight that the type of solvent has a more pro-
nounced effect on the stability of a biocatalyst than temperature over the
range tested. To maintain the stability of the biocatalyst, water is rec-
ommended as the most suitable solvent, while isopropanol and ethanol
should be avoided due to their significant negative effects.

Microscopic observations of the carrier were carried out to determine
the morphology of the tested material as well as its changes because of
the immobilization process. The figure shown (Fig. 1) contains images
obtained by confocal laser scanning microscopy (CLSM) of the hydrogel
before and after immobilization process.

In comparison to the material without enzyme in fluorescence mode
(Fig. 1b), image of the material after immobilization process reveals
numerous bright spots and clusters in fluorescence mode (Fig. 1d)
indicating the presence of enzyme in the material and suggesting ho-
mogeneous distribution of the enzyme. These bright clusters, which are
absent in pristine material clearly show the incorporation of the enzyme
into the material. This hydrogel features a dense and fibrous texture,
indicative of a complex and entangled structure. This structural feature
is particularly favorable for enzyme immobilization, as it offers signifi-
cant surface area and solid structural support, facilitating efficient
enzyme entrapment. Fig. 1a shows the hydrogel's physical morphology
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Fig. 1. CLSM photos depicting hydrogel: a), b): before immobilization; c), d): after immobilization; on the left in a material mode, on the right in the fluores-

cent mode.

before immobilization and Fig. lc after immobilization in material
mode. It is visible that the density seems higher for the material after
immobilization, due to the enzyme deposition. In the previous study
[12] a pure PAM hydrogel was applied for adsorption immobilization
processes, being characterized with high immobilization efficiency (87
%) but slightly lower activity recovery (62 %). What is worth
mentioning, in the present study the bright fluorescent areas indicate the
presence and more uniform distribution of the enzyme throughout the
hybrid hydrogel material. The even dispersion is essential for the func-
tionality of the hydrogel, ensuring that the immobilized enzyme can
interact effectively with substrates. It can be concluded that VBIMBr acts
as a compatibilizer, possibly improving dispersion between PVC and
PAM and tuning the hydrophilicity/hydrophobicity balance, allowing
the even dispersion in the hybrid hydrogel bulk. The observed effects
suggest that the enzyme has been effectively immobilized in the
hydrogel structure and that the matrix structure does not interfere with
the visibility and accessibility of the enzyme. Similar occurrence was
proved by Cestari et al. with the use of compatibilizers to improve the
mechanical properties of simulated marine environment plastic blends
for enhancing the mechanical properties and recyclability of marine
plastic waste by improving the compatibility of its mixed polymer
components. In their work they tested three compatibilizers: maleic

anhydride-grafted polyethylene, styrene-butadiene block copolymer,
and maleic anhydride-grafted polypropylene. The best results were
achieved with maleic anhydride-grafted polypropylene (10 wt%), which
significantly improved tensile strength by enhancing dispersion between
PP and PET phases, improving dispersion and interfacial adhesion in
immiscible plastic blends, making them more viable for recycling and
reuse in sustainable applications [13]. As in our study, the addition of
ionic liquid (VBIMBr) as compatibilizer improved the structural prop-
erties of the hydrogel and provides suitable microenvironment for en-
zymes, conditioning high activity retention of the biocatalytic system.
The CLSM images confirm that the hydrogel serves as an effective and
supportive environment for enzyme immobilization by entrapment,
maintaining both the structural integrity of the hydrogel and the func-
tional distribution of enzymes within it.

Thermogravimetric analysis (TGA) was performed to compare the
thermal stability of the free enzyme and the enzyme immobilized in the
support (HLES). The obtained curves show significant differences in the
course of thermal decomposition of both samples (Fig. 2). In the case of
the free enzyme (blue line), a rapid decrease in mass is observed in the
temperature range of 25-200 °C, which is mainly related to the loss of
water and low-molecular, volatile components. In the range of
200-400 °C, intensive decomposition of the protein structure, which is
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Fig. 2. Thermogravimetric analysis curves of a native enzyme and a bio-
catalytic system.

the main structure of the enzyme, occurs, resulting in a loss of over 70 %
of mass. Above 400 °C, the process stabilizes, and the residual mass
reaches a value of about 10-12 %, which may correspond to degraded
products. In turn, the sample containing the enzyme immobilized on the
HLES support (green line) shows significantly higher thermal resistance.
The decomposition process is slower and in a wider temperature range.
In the first stage (around 100-300 °C), a gradual loss of mass occurs,
mainly attributed to water evaporation and degradation of easily vola-
tile organic compounds. The second, more intensive stage of decompo-
sition is observed in the range of 300-600 °C, where both the enzyme
and the organic components present in the support structure decompose.
It is worth noting that the final mass of the HLES sample is higher (~20
%) compared to the free enzyme, which indicates the presence of a
thermally stable support material. The obtained results confirm that the
immobilization of the enzyme on the HLES support significantly in-
creases its thermal stability. Moreover, the support shows a clear pro-
tective effect on the enzyme structure, limiting its degradation in lower
temperature ranges. Thus, the enzyme structure remains more resistant
to elevated temperatures, which makes such a system advantageous in
industrial applications requiring higher biocatalyst stability.

Further confirmation of the effective enzyme trapping is provided by
the analysis of porous properties. These parameters were determined
based on nitrogen adsorption at low temperature using the BET (Bru-
nauer-Emmett-Teller) methods for specific surface area and the BJH
(Barrett-Joyner-Halenda) for pore size distribution. After the enzyme
trapping process, the specific surface area of the material decreased from
5.16 m?/g to 3.72 m2/g, while the average pore size decreased from
14.03 nm to 12.82 nm. Such changes indicate that the enzyme was
effectively trapped in the pore network of the material, which led to
their partial filling and a reduction of the available surface area. In
contrast to typical adsorption, where the enzyme is located mainly on
the surface of the material, here it was physically enclosed inside it,
which additionally helps to protect its structure and functional stability
[14].

3.2. Characterization of the biocatalytic systems

Post immobilization biocatalytic systems, HLES and LLES, were
thoroughly examined in terms of catalytic activities and stability
compared to the native form of enzyme. Checking two amounts of
immobilized enzyme allows us to assess the effect of its amount on
catalytic activity, because a larger amount of enzyme does not always
mean higher reaction efficiency — it can lead to saturation of the support
or limitation of substrate diffusion. Analysis of different amounts also
allows us to assess the efficiency of immobilization, checking whether a
larger amount of enzyme increases activity or leads to its loss or
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inefficient binding [14]. Additionally, it allows us to optimize the
enzyme to support ratio, which is crucial for obtaining maximum ac-
tivity with the lowest consumption of raw materials [15]. As well
known, immobilization can significantly improve the stability of the
enzyme due to the suitable conditions provided by the support. It is
important to check the stability of the enzyme, because its excess can
cause aggregation or destabilization, which reduces the efficiency of
catalysis. Thanks to this, it is possible to consciously design a bio-
catalysts, optimizing its efficiency and durability [16].

In this study activity recovery based on the activity of the native
enzyme indicated 107 % of activity recovery for the enzyme after
immobilization (HLES), pointing out that applied conditions and sup-
port material with ionic liquid included improved enzyme's perfor-
mance. What is more, a key factor in developing an effective catalytic
system after immobilization is ensuring that the immobilized protein
maintains high catalytic activity over varying process conditions. To
evaluate this, the hydrolysis of para-nitrophenol palmitate, catalyzed by
immobilized lipase, was used as a model reaction (Fig. 3). The study
examined the impact of several parameters on catalytic performance,
including temperature, pH, thermal stability, and reusability of the
biocatalyst.

The activity of free lipase remains consistently high across different
temperatures (30-50 °C), with relative activity values close to 85 %
(Fig. 3 a). However, at higher temperatures (60-70 °C), its activity
significantly decreases. Immobilization in a poly(ionic liquid) hydrogel
enhances thermal stability, particularly for HLES, which retains high
activity across the entire temperature spectrum, though with a slight
decline at 70 °C.

In contrast, LLES exhibits a more pronounced decrease, especially at
elevated temperatures. Similar observations were made by Su et al.,
where lipase immobilized in an alginate hydrogel retained over 85 % of
its activity at 60 °C, significantly outperforming free lipase, which lost
nearly half of its activity at this temperature [17]. This suggests that in
most high-loaded enzyme system (HLES) provides better structural
stability, reducing activity loss due to thermal denaturation. Neverthe-
less, it is important to remember that too high loading may cause the
enzyme steric hindrance, reducing the catalytic activity [18]. The effect
of pH (Fig. 3b) on enzyme activity was examined over a pH range from 5
to 9. Free lipase maintains high activity at pH 5 and 9 but shows a sig-
nificant decrease at other pHs. By contrast, HLES retains high activity
across the entire pH spectrum, though minor reductions occur at pH 9.
The LLES shows a more evident decrease of activity under these con-
ditions due to a lower enzyme loading. These findings indicate that the
amount of enzyme and its' immobilization enhanced structural rigidity
thus improving stability across varying pH levels. Chaudhary et al.
(2024) investigated the stability and catalytic efficiency of urease
immobilized in a poly(acrylamide)-co-poly(hydroxyethyl)methacrylate-
co-poly(cyclohexyl methacrylate) hydrogel. Their study demonstrated
that the immobilized enzyme retained high activity across a broad
temperature range, with significant stability even at 70 °C, out-
performing free urease. The enzyme also exhibited robust pH stability,
maintaining catalytic efficiency across various pH levels, which suggests
that immobilization preserved enzyme structure under diverse condi-
tions [19]. From this data it is clear that immobilization highly improved
pH and temperature tolerance of the lipase making it possible to perform
reaction under a wide range of process conditions due to microenvi-
ronmental effects within the hybrid hydrogel matrix but also by pro-
tecting effect of the material towards the catalyst [20].

Reusability (Fig. 3c), a key parameter allowing the higher possibility
for industrial applications, was assessed through 10 reaction cycles. The
HLES demonstrates excellent reusability, maintaining 80 % of its initial
activity after 7 cycles and retaining over 60 % by the 10th cycle. In
contrast, the 50 mg immobilized enzyme shows a steady decline, with
activity dropping below 40 % after 10 cycles. This suggests that higher
enzyme loading enhances stability, reducing enzyme leaching or
degradation during repeated use. Enzyme immobilization processes can
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Fig. 3. Effect of a) temperature, b) pH on the relative activity, c) reusability and d) thermal stability of produced biocatalytic systems.

lead to lower costs of their use in industry and contribute to the
increased use of environmentally friendly technologies.

While free lipase performs well at lower temperatures, its activity
significantly drops at 70 °C, indicating poor resistance to heat (Fig. 3d).
Similarly, the 50 mg immobilized enzyme loses more activity at 60 °C
and 70 °C, suggesting that a lower enzyme loading does not provide
sufficient structural support to maintain stability at higher tempera-
tures. It is possible that at higher enzyme loading, the enzymes form a
more stable structure with the carrier, allowing them to remain active
for longer at higher temperatures. It may also indicate that the system
has unique thermal properties that prevent enzyme activity loss due to
high temperatures [21]. In contrast, HLES retains approximately 90 % of
its activity even at 70 °C, proving that a higher enzyme loading enhances
heat resistance, likely due to better protection against denaturation and
structural degradation. These results reinforce the beneficial effects of
enzyme immobilization, providing thermal protection and extending
enzyme usability but also is crucial for applications where enzymes are
exposed to elevated temperatures for extended periods.

Overall, enzyme immobilization in a poly(ionic liquid) hydrogel
enhances stability and preserves high activity over multiple cycles. It
should be stated the porous and 3-D structure of the hydrogel used as a
support enhance the efficient transport of substrates and products to
immobilized catalysts, but on the other hand provide also protective
effect on the enzyme structure that improve its stability and prolonged
activity. Additionally, the addition of VBIMBr ionic liquid to the mixture
of PVC and PAM may have a beneficial effect on the enzyme in this
system for several reasons. One of them may be the fact that ionic lig-
uids, especially those of imidazolium character, can provide a favorable
environment for enzymes, stabilizing their structure and protecting
them from denaturation [22]. In particular, imidazolium ionic liquids

are known to be able to improve enzymatic activity by stabilizing the
secondary structure of proteins. VBIMBr by changing the polarity of the
enzyme environment affects its conformation and catalytic activity,
while reducing enzyme degradation in the presence of difficult-to-
process polymers [23]. As mentioned earlier, VBIMBr can also act as a
compatibilizer between hydrophobic PVC and hydrophilic PAM, leading
to better enzyme dispersion in the polymer matrix, which facilitates
access of the substrate to its active site and improves catalytic efficiency.
The degree of these benefits is influenced by the amount of immobilized
enzyme, with high-loaded enzyme system offering superior stability
compared to low-loaded enzyme system (50 mg), hence HLEC system
was used for the further investigation. Summarizing, the synergistic
effect of ILs used in the study and open structure and well developed
surface area facilitate activity recovery resulting in even higher activity
than free counterpart.

To further assess the stability of the biocatalyst, an elution test was
performed. The biocatalyst was immersed in a phosphate buffer solution
(PBS) at pH 7 and left for 24 h. After this time, absorbance measure-
ments were performed, allowing the determination of the degree of
enzyme elution. Calculations showed that the elution level was only
1.26 %, confirming the high stability of the obtained catalytic system.
Elution tests proved the effectiveness of the immobilization method
used. The obtained results indicate that the immobilized enzyme is well
embedded in the structure and is not released into the environment,
making it suitable for long-term used in biocatalytic processes.

3.3. Biocatalysis in the synthesis of atenolol ester in reactors

Due to a low solubility of atenolol screening of solvents as a reaction
medium were required to provide suitable environment for the process.
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Among many organic solvents, such as toluene, hexane, DMF, DMSO
and isooctane, only DMF was found suitable. Other solvents, even
though discussed in the literature, weren't found sufficient as solvents,
providing very low solubility of the substrate. For further reactions DMF
was used as a reaction medium, additionally providing a good catalyst's
stereoselectivity. Even though the activity of native enzymes in organic
solvents is moderate, the protective effect of support material after
immobilization on the structure of the enzyme shows a great improve-
ment in its' activity, as showed in our studies (conversion 4 times higher
for the immobilized system compared to a native form). What is worth
mentioning, atenolol is a poorly soluble compound, hence multiple
solvent screenings were performed to find a compromise between sol-
ubility of atenolol and the highest activity of the biocatalyst. DMF pro-
vided good solubility of the substrate, allowing suitable performance of
the enzyme, without impacting its' stereoselectivity [24,25].

Prepared atenolol solution was introduced to the batch reactor with
vinyl acetate and produced biocatalyst. Reactions were conducted on a
span of 48 h to investigate how time of the reaction influences the
conversion of substrate.

The obtained results of the racemic atenolol-vinyl acetate esterifi-
cation reaction (Table 3) clearly indicate a significant advantage of the
immobilized enzyme over the free enzyme in terms of conversion effi-
ciency, while maintaining full enantiomeric excess (100 %).

In the case of the native enzyme, after 12 h of reaction only 7.75 %
conversion was obtained, and after 48 h this value increased to 13.99 %.
For the reference, Sikora et al. [8] tried different strains of lipases and
solvents to achieve high conversion rate of S- atenolol enantiomer.
However, these solvents weren't suitable for our reaction as stated in the
text. During their studies their highest conversion rate with a good
enantioselectivity was at the level of 46.3 %, nevertheless due to the
application of a native form of enzyme, they were unable to reuse it. In
our studies on the other hand, for the immobilized enzyme, the con-
version after 12 h was already 28.93 %, and after 48 h it reached 55.48
%. This means a more than four-fold increase in catalytic efficiency
compared to the free enzyme. During the performed reaction enantio-
meric excess occurred to be 100 % on every step of the process. This is
due to the fact of use of Pseudomonas fluorescens strain of lipase shifts the
balance towards synthesis of the (S)-enantiomer of atenolol ester. Even
though DMF is not seen as a suitable environment for enzymatic re-
actions because it can influence the activity of the enzyme or question
its' selectivity, during our research the support material was thoroughly
sought and investigated to support the enzyme and its' selectivity [26].
As suggested earlier appropriate matching of the structure of polymer
hydrogels to the required enzyme fraction allows for their effective
immobilization, increased biocatalytic activity and exceptional stability
[27]. Hydrogel based material used as an entrapment matrix for the
enzyme was dehydrated via freeze-drying, decreasing significantly the
amount of water in the system. Nevertheless, very small amounts are
always needed for high activity of the lipase enzyme, due to its'
morphology and occurring reaction on the border of two phases. Hudson

Table 3
Conversion and enantiomeric excess of the enzymatic reaction of resolution of
racemic atenolol.

Reaction time (h) Conversion (%) Enantiomeric excess (%)

Native enzyme (120 mg)

12 7.75 £ 0.12 100 £ 0
24 8.58 + 0.31 100 + 0
36 10.35 £ 0.15 100 + 0
48 13.99 £ 0.05 100 £ 0
Immobilized enzyme (encapsulation of 120 mg)

12 28.93 + 0.36 100 £ 0
24 46.89 + 0.21 100 + 0
36 5449 +1 100 £ 0
48 55.48 + 0.10 100 £ 0
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et al. used freeze-dried poly(ethylene glycol) diacrylate (PEGDA)
hydrogels for encapsulating glucose oxidase (GOx), which maintained
enzyme activity when trehalose/raffinose were added to mitigate
dehydration damage. This highlights the importance of balance between
water reduction and enzyme preservation [28]. Hydrophobic organic
environment lets the interfacial activation mechanism to occur,
enhancing lipases catalytic activity. Lipases have a hydrophobic “lid”
over their active site that opens at oil-water interfaces, enabling sub-
strate access, where minimal water facilitates this lid displacement [29].
As proved in Wehtje et.al lipase activity (e.g., Pseudomonas sp.) increases
with controlled water activity in organic solvents. Excess water reduces
esterification efficiency, but small amounts stabilize the enzyme's active
conformation [30]. Additionally, small amounts of water may promote
hydrolysis of small DMF amounts, where obtained dimethylamine might
increase the pH of reaction mixture, factoring the dynamic kinetic res-
olution (DKR) of the substrate, resulting in the 100 % of enantiomeric
excess [31,32]. What is more, imidazole-based IL support material may
additionally support racemization, enhancing lipases' activity, what is
significantly visible while comparing conversion rates of immobilized
systems (55.48 %) and native enzyme (13.99 %).

3.4. Reusability of the biocatalytic system in flow reactor

After evaluation of batch reactor, the esterification reaction was
introduced to the continuous flow reactor for upscaling and estimation
of conversion rate and possible reusability of the biocatalyst. Due to lack
of possibility of easy reusability of the native enzyme and its' low initial
activity in the reaction mixture, only the produced biocatalytic system
was examined. The results presented in Table 4 indicate that in the first
cycle the conversion reached 56.08 % (Fig. 4), indicating high initial
activity of the enzyme in the immobilized form. What is worth
mentioning, process upscale and switch from batch to continuous flow
reactor resulted in a slightly higher conversion rate of the substrate.
Compared to batch reactors, continuous flow reactors provide superior
mixing and heat transfer. This ensures uniform reaction conditions,
avoiding local concentration or temperature gradients that can limit
reaction efficiency in batch systems [33]. However, in the second cycle a
decrease to 40.41 % was noted, and in the subsequent stages the con-
version efficiency gradually decreased, reaching 24.48 % in the sixth
cycle.

Despite a clear decrease in the degree of conversion in the subse-
quent cycles, the enantiomeric excess of the process remained at a
constant level of 100 %. This means that the enzyme did not lose the
ability to preferentially convert one enantiomer, which is crucial in
chiral processes. The elevated pH facilitates the racemization of the
slower-reacting enantiomer by promoting deprotonation or nucleophilic
attack mechanisms. This ensures that both enantiomers are continuously
interconverted, maintaining a steady supply of the preferred enantiomer
for enzymatic resolution [34]. The decrease in conversion efficiency
may, however, result from partial deactivation of the enzyme, its
washing out from the support, changes in the structure of the enzyme or
accumulation of products inhibiting the catalyst.

Table 4
Reusability of the biocatalyst in the flow process of enzymatic resolution of
racemic atenolol.

Number of the cycle Conversion (%) Enantiomeric excess (%)

1 56.08 £ 0.18 100 +0
2 40.41 £ 0.54 100 + 0
3 38.53 + 0.50 100 + 0
4 34.49 + 0.05 100 +0
5 31.34 £ 0.02 100 £ 0
6 24.48 +£0.47 100 £ 0
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reaction cycle.
4. Conclusions

The aim of the present research was to synthesize a poly(ionic liquid)
hydrogel support with simultaneous immobilization of the enzyme,
which in the subsequent steps served as a catalyst in the enzymatic
conversion processes of atenolol in a continuous flow reactor. An
important step in the development of this work was to perform a
physicochemical evaluation of the material produced in order to confirm
the successful execution and high activity of the immobilized bio-
catalysts. CLSM photos confirmed successful and well distributed
enzyme deposition, one of the key factors for maintaining high activity
after immobilization. Evaluation of the influence of process conditions
on enzymatic activity, showed that HLES exhibited 107 % activity
relative to the free enzyme. After a thorough examination, the synthe-
sized HLES was subsequently applied for the enzymatic conversion of
atenolol in batch and a continuous flow reactor, with provided condi-
tions resulting in a dynamic kinetic resolution and enantiomeric excess
of 100 %. It was established that immobilization process significantly
influenced efficiency of the process resulting in 4 times higher substrate
conversion (55.48 %) compared to a native form of lipase (13.99 %).
What is more, process upscaling from batch reactor to continuous flow
reactor gave higher substrate conversion (above 56 %), retaining 100 %
of product enantiomeric excess. Despite the advantages resulting from
immobilization, such as easier separation of the enzyme and its reuse,
the obtained results suggest the need for further optimization of the
system. Possible strategies to improve enzyme stability include modi-
fying the immobilization method, using appropriate reaction conditions
that limit enzyme deactivation or regenerating the biocatalyst between
cycles. The produced system could potentially be applied to the syn-
thesis of other pharmaceutical compounds, particularly those where the
(S)-enantiomer exhibits desired biological activity. Given the enantio-
selectivity of the strain used, it is especially promising for the production
of (S)-enantiomers of chiral intermediates or active pharmaceutical in-
gredients (APIs), where stereospecificity is critical for efficacy and
safety.
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Abstract

Objective: This study aimed to develop a stable and active biocatalytic system for en-
zyme immobilization, utilizing an electrospun support doped with a metal-organic frame-
work (MOF) and supplemented with an ionic liquid as a lipase stabilizer and activity
enhancer. Methodology: The system was applied for an efficient and enantioselective
resolution of racemic citalopram. Key parameters, including MOF concentration, electro-
spinning and immobilization conditions, ionic liquid selection, and reaction time, were
optimized to enhance biocatalyst performance. Results: The optimal immobilization
time was determined to be 24 h, achieving 52% immobilization efficiency and 100% ac-
tivity recovery. The resulting biocatalytic system HIGH PVC-MOF-lip-CA exhibited su-
perior storage stability, retaining 80% of its initial activity, a 75% improvement over the
free enzyme. In the resolution of citalopram, the system achieved 96% conversion of S-
citalopram within 24 h, with the enantiomeric excess of 93% in favor of the S-ester over the
R-ester. These findings demonstrate the system’s potential for efficient and stereoselective
biocatalytic applications.

Keywords: biocatalysis; enzyme immobilization; biocatalytic API resolution

1. Introduction

The increasing demand for sustainable and efficient chemical processes has driven
the development of innovative solutions to enhance productivity while minimizing
environmental impact. Among these advancements, hybrid materials, which syner-
gistically integrate organic and inorganic components, have emerged as a promising
approach due to their unique and tunable properties [1]. By combining the advantages
of different material classes, these systems offer tailored functionalities that can address
key challenges in catalysis, separation, and biocatalysis. Metal-organic frameworks
(MOFs) are characterized as porous structures made of metal ions or clusters connected
by organic ligands. Due to their unprecedented design flexibility at the molecular level,
it is possible to precisely adjust their properties by modifying both the metallic and
organic components. As a result, the materials obtained have controlled porosity, pore
size and shape, hydrophilicity, required functional groups, and other specific chemical
properties [2,3]. In addition, their optical, catalytic, as well as magnetic properties are
also attracting a great deal of attention from researchers [4,5]. For this reason, these
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unique properties offer benefits in the fields of catalysis, gas separation, environmental
purification, and analytical detection [6]. Nonetheless, the opportunity to utilize MOFs
in biocatalysis is particularly appealing. By immobilizing enzymes in their structures,
it is not only possible to improve the stability of catalytic proteins, but also to control
their activity through a suitably designed and controlled microenvironment [7].

Additional possibilities for optimizing catalytic properties and increasing the
efficiency and productivity of biocatalytic processes are offered by combining MOFs
with other components, such as ionic liquids (ILs). Referred to as ‘designer solvents’,
ionic liquids owe their name to their configurable chemical nature, which directly
affects the enhanced stability and performance of immobilized enzymes [8-10]. They
are distinguished by their negligible vapor pressure, high stability in both chemical
and thermal conditions, as well as high ionic conductivity. Because of these char-
acteristics, ionic liquids used in enzyme catalysis exhibit the ability to stabilize the
quaternary structure of enzymes, thereby contributing to their durability and resis-
tance to extreme pH and temperature conditions. Consequently, this makes it possible
to limit denaturation processes and allows reactions to proceed under conditions
that would be destructive to free enzymes [11]. The application of the components
aligns perfectly with the enzymatic synthesis of active pharmaceutical ingredients.
The use of enzymes for such reactions fits within the principles of green chemistry
and sustainable development goals, offering mild reaction conditions and low envi-
ronmental toxicity. An additional advantage is the high selectivity of these reactions,
which is crucial for obtaining specific enantiomers of active compounds, as exem-
plified by citalopram. To date, most biocatalytic processes rely predominantly on
the use of free enzymes, which, despite their effectiveness, suffer from several limi-
tations, including low stability, lack of reusability, and poor resistance to changing
environmental conditions.

To overcome limitations of free enzymes, immobilization is the most frequently
used solution. There have been studies and examples in the scientific literature
on the efficient use of such immobilized systems in the separation of racemic mix-
tures as well as the synthesis of APIs. In one of the presented research projects, a
Candida antarctica lipase immobilized in a MOF matrix was utilized, enabling efficient
separation of carprofen enantiomers, achieving high yields and good selectivity. In
addition, the produced system achieved better pH and temperature tolerance than the
free enzyme [12]. In the context of naproxen, it was shown that the addition of ionic lig-
uid as a reaction medium significantly improved the activity and enantioselectivity of
lipase in the separation of (R,S)-naproxen, enabling efficient and stable enzymatic sep-
aration of the enantiomers [13,14]. In the enantioselective esterification of ibuprofen,
Candida antarctica B lipase demonstrated remarkable efficiency when paired with the
ionic liquid [BMIM][BEF4], achieving high reaction yields and enhanced selectivity
compared to conventional organic solvent systems [15]. Such studies underscore the
potential of enzyme-mediated biocatalysis in the pharmaceutical industry, offering a
greener and more sustainable alternative to traditional chemical processes.

In this study, we developed a novel MOF-dopped electrospun nanofiber as a
support for the immobilization of lipase Candida sp., with ionic liquids incorporated
as activity enhancer factors. The resulting biocatalytic system was designed for the
enantioselective resolution of racemic citalopram, a key pharmaceutical intermediate.
By synergistically combining MOFs and ionic liquids, this approach aligns with green
chemistry principles, offering a sustainable alternative for enzymatic catalysis in
pharmaceutical synthesis, an area of growing research interest.



Pharmaceutics 2025, 17, 1497

30f18

2. Materials and Methods
2.1. Reagents and Chemicals

Poly(vinyl chloride) (PVC) with low (MW = 40 kDa) and high (MW = 125 kDa) molec-
ular weights, zirconium(IV) chloride (ZrCly), 2-aminoterephthalic acid (NH»-BDC), acetic
acid, N,N-dimethylformamide (DMF), dichloromethane (DCM), lipase from Candida sp.,
choline acetate, choline chloride, paranitrophenyl palmitate (pNPP), vinyl acetate, acetoni-
trile, and used buffer solutions were purchased from Sigma Aldrich (Darmstadt, Germany)
and used as received. Racemic mixture of citalopram was purchased from Angene
(Nanjing, China).

The MOF was prepared via a solvothermal reaction by dissolving zirconium
(IV) chloride (ZrCly) and 2-aminoterephthalic acid (NH,-BDC) (500 mg) in anhydrous
N,N-dimethylformamide (DMF) (30 mL) at a 1:1 molar ratio, with acetic acid (2 mL) added
as a crystallization modulator. The mixture was sonicated for homogeneity, transferred to a
Teflon-lined autoclave, and heated at 120 °C for 24 h. After cooling, the resulting yellow
crystalline product was isolated by centrifugation, washed sequentially with DMF and
ethanol to remove unreacted precursors and residual solvents, and finally vacuum-dried at
80 °C to yield activated UiO-66-NH; (with a zirconium-based metal-organic framework
with amino functional groups, enabling further interactions).

2.2. Analytical Methods for the Morphology Evaluation

For the confocal laser scanning microscopy, two modes were used in this study:
material mode, which recorded light reflection from the surface, and fluorescence
mode, which recorded light emission. A Zeiss LSM710 confocal microscope (ZEISS,
Oberkochen, Germany) was used for the analysis, built in an upright configuration on an
Axio Imager Z2m stand (ZEISS, Oberkochen, Germany). The objective lens used was an EC
Epiplan-Neofluar 20x/0.50 HD DIC (ZEISS, Oberkochen, Germany) with a working area of
0.424 x 0.424 mm. In material mode, laser light with a wavelength of 458 nm was used as
illumination, and 488 nm in the fluorescence mode. Luminance observation was set within
the wavelength range of 510-797 nm.

Thermogravimetry was used to visualize the change in sample mass caused by tem-
perature changes. The results of this analysis are presented in the form of a thermogram.
Measurements were conducted in nitrogen, air, argon, oxygen, or vacuum atmospheres,
and the sample mass typically decreased with increasing temperature. The thermal sta-
bility of the materials was assessed using a Jupiter STA 449 device from Netzsch GmbH
(Selb, Germany).

The electrokinetic properties of the fabricated membranes were examined over a pH
range of 3-11 using zeta potential measurements (Anton Parr SurPASS 3 zeta potential
analyzer, Warsaw, Poland). The measurements were evaluated at a 100 um gap height
using a 103 M KCl solution, and an average of 4 readings was taken and reported at each
pH value. Then, 0.05 M of HCI and NaOH solutions was used to adjust the pH of the
KCl solution.

To determine the activity of the obtained biocatalysts and to perform Bradford analysis,
the solutions were analyzed using UV-Vis spectroscopy. The study utilized the electro-
magnetic spectrum between 200 and 780 nm. Measurements for the Bradford analysis
were performed at a wavelength of 595 nm, while measurements for the biocatalyst ac-
tivity were carried out at a wavelength of 410 nm on a Jasco V-750 spectrophotometer
(Jasco, Tokyo, Japan).

To determine the progress of rac-citalopram resolution, HPLC analysis was conducted
using a high-performance liquid chromatograph 1290 Infinity II (Agilent Technologies,
Santa Clara, CA, USA) equipped with a diode array detector (DAD). Separation of the
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enantiomers of the substrate and enzymatic reaction products was performed using an
InfinityLab Poroshell 120 Chiral-V column, 2.7 pm, 4.6 x 150 mm (Agilent Technologies,
Santa Clara, CA, USA), maintained at a temperature of 15 °C. The mobile phase consisted
of a 2 mM ammonium acetate solution with 0.01% acetic acid in methanol. The flow rate
of the mobile phase was set at 0.4 mL/min. Detection of analytes was carried out at a
wavelength of 230 nm.

2.3. Fabrication of the Electrospun Nanofibers

Two solutions of low-molecular-weight poly(vinyl chloride) (LOW PVC) and high-
molecular-weight poly(vinyl chloride) (HIGH PVC) were prepared at a concentration of
15% (w/w) in a mixture of DCM:DMF (15 mL) (1:1 v/v). The solutions were placed in
glass vials for 24 h on a magnetic stirrer (IKA RH basic). Then, to one solution of each
type of PVC, MOF (UiO-66-NH;) grounded in a mortar was added, so that its percentage
in the solution was 3% (w/w) (relative to the dry mass of the polymer). The solutions
with the addition of MOF were again placed on a magnetic stirrer until the MOF was
completely dispersed in the polymer mixture. Then, each of the solutions was transferred
to 5 mL syringes, which were placed in a syringe pump, which was part of the Spinbox
electrospinning kit (Bioinica, Valencia, Spain), and the electrospinning process was started.
Four types of electrospun mats were produced, which were used as an organic carrier in
the immobilization process fabricated from (i) low-molecular-weight poly(vinyl chloride)
solution (LOW PVC), (ii) low-molecular-weight poly(vinyl chloride) solution with the
addition of UiO-66-NH, (LOW PVC MOF), (iii) high-molecular-weight poly(vinyl chloride)
solution (HIGH PVC), and (iv) high-molecular-weight poly(vinyl chloride) solution with
the addition of MOF UiO-66-NH, (HIGH PVC MOF).

The flow rates of the solutions during the electrospinning processes were controlled
by the syringe pump settings and were 0.25 mL/h for solutions with the addition of
MOF UiO-66-NH; and 0.5 mL/h for pure PVC solutions, while the current voltage dur-
ing electrospinning was 12 kV for solutions with the addition of MOF UiO-66-NH, and
13 kV for pure PVC solutions. The electrospinning duration of individual mats varied
from 15 to 30 min, depending also on the atmospheric conditions affecting the quality of
nanofiber formation, since humidity influences the conductivity of the used solution. The
variable values influencing the electrospinning process of mats were polymer flow rate
controlled using a syringe pump, electrical potential changed using the Spinbox device, and
electrospinning time.

2.4. Evaluation of MOF Incorporation in the Nanofiber Structure

To test the stability of MOF incorporation in the nanofiber structure, fabricated mats
were soaked in a buffer solution, followed by submission for thermogravimetric analysis
to estimate the changes in the material composition. A fragment of each mat weighing
10 mg was placed in a 1.5 mL Eppendorf tube, then each sample was flooded with 1 mL
of an aqueous solution of phosphate buffer at pH 7. The samples were left on an IKA KS
260 basic shaker for 24 h and then dried in the open air. For comparison, a fragment of
each mat weighing 10 mg was also cut out and analyzed without previously immersing it
in the buffer. The samples were tested on a Jupiter STA 449 device from Netzsch GmbH
(Selb, Germany).

2.5. Immobilization Procedure

Lipase from Candida sp. at a concentration of 5 mg/mL was placed in glass vials, mixed
with an aqueous solution of phosphate buffer at pH 7 in a ratio of 50:50 (2.5 mL:2.5 mL),
and then immobilized on carriers—4 types of electrospun mats both with the addition of
MOF (UiO-66-NH,) and without. The mats used had dimensions of 0.5 x 0.5 cm (the mass
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of this piece was 2.3 mg £ 0.3 mg). To investigate the effect of ionic liquids on the activity
of the obtained biocatalytic systems, 5% aqueous solutions of choline chloride and choline
acetate were prepared. They were then added separately to systems containing mat and
enzyme in the amount of 25 pL. The following systems were finally obtained: PVC-lip,
PVC-lip-CC (addition of choline chloride), and PVC-lip-CA (addition of choline acetate).

To examine the effect of immobilization conditions, the immobilization was per-
formed for 1 h and 24 h. Comparison of these two time points allows us to determine
whether extending the immobilization time increases the degree of immobilization and
enzyme stability, or whether the process reaches a plateau after a shorter incubation time.
Throughout the entire process, the samples were placed on a shaking platform (IKA RH
260 basic), which ensured their continuous mixing at 150 rpm. After a set time, the mats
were separated from the reaction mixture and tested for activity, reusability, stability, and
immobilization efficiency.

2.6. Immobilization Efficiency

In order to determine the immobilization efficiency, Bradford analysis was performed.
For this purpose, polymer mats were isolated from the solutions after the immobilization,
and the solutions were analyzed. Then, 0.5 mL of each of the 12 solutions was taken and
placed in plastic spectrophotometric cuvettes with a capacity of 1.5 mL, and then 0.5 mL of
Bradford reagent was added to them. The blank sample was 0.5 mL of phosphate buffer
solution at pH 7 and 0.5 mL of Bradford reagent. Analysis was also performed for the
enzyme solution, which constituted sample 0 and allowed for the calculation of the percent-
age efficiency. All solutions were left for 15 min, and then their absorbance was measured
on a Jasco V-750 spectrophotometer at a wavelength of 595 nm. The obtained absorbance
results, defining the initial amount of enzyme in the solution with a known volume and
mass of the carrier, allowed the calculation of the amount of enzyme immobilized in 1 g of
carrier, while obtaining the percentage efficiency.

2.7. Evaluation of Fabricated Biocatalysts” Activity

To estimate the activity and stability of fabricated biocatalysts and their optimal
conditions for the highest activity, each system was applied for several evaluations. Mats
after immobilization were transferred to glass vials with the addition of 1 mL of a 15 mM
paranitrophenyl palmitate (pNPP) solution in isopropanol and 2 mL of an aqueous solution
of phosphate buffer at a certain pH for the evaluation of the amount of formed product
(para-nitrophenol). The reactions took place on a rotational shaker (200 rpm) for 5 min at
an estimated temperature, then the reaction was stopped by adding 1 mL of 0.5 M Nay,COs
solution. After the reaction, all of the obtained solutions were centrifuged in an Eppendorf
Centrifuge 5810 R and filtered to separate the precipitate of the formed palmitic acid. After
such preparation, its absorbance was measured on a Jasco V-750 spectrophotometer at a
wavelength of 410 nm and the concentration of the product was determined based on the
calibration curves of para-nitrophenol.

Lipase activity recovery was calculated according to Equation (1):

o A
Activity recovery (%) = Kt - 100% (1)
i
Aj: the initial activity of lipase added to the immobilization medium,
Ay the activity of the immobilized lipase.
All the measurements were repeated three times, and the results are presented as a
mean value + standard deviation.
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2.8. Influence of Process Parameters on Activity of Produced Systems

To determine the pH influence, obtained biocatalysts were tested in different buffer
solutions according to the method discussed in Section 2.7. These buffers were phosphate
buffer with pH 7 and 8, acetate buffer with pH 5 and 6, and TRIS buffer with pH 9, which
were prepared before starting the tests. At each of the above pH values, a reaction was
carried out for each type of immobilized material with and without choline acetate (a total
of 8 samples) under 40 °C.

To test the influence of temperature on the activity of produced systems, biocatalysts
were tested as previously mentioned. The prepared samples were placed in an Eppendorf
ThermoMixer C incubator (Warsaw, Poland), which provided the appropriate temperature
for the process (20 °C, 30 °C, 40 °C, 50 °C, and 60 °C) at pH 7.

2.9. Storage Stability

To carry out the stability test, an electrospun mat was cut into 1 X 1 cm pieces
and lipase was immobilized with the addition of choline acetate. The immobilization
was carried out for 24 h. Then, each mat was transferred to a separate vial with 5 mL
of phosphate buffer at pH 7 and stored at 4 °C for 30 days. Every 3 days (including
day 0, the day of receiving the immobilized systems), mat activity tests were carried out
by carrying out the pNPP hydrolysis reaction (as described in Section 2.7). The activity
of the native enzyme at time 0 was taken as 100% of relative activity, becoming a base for
other calculations.

2.10. Reusability

To estimate the reusability of the biocatalytic systems, obtained catalysts were applied
for the reaction described in Section 2.7, under 40 °C and PBS pH 7. After the first cycle, the
mats were washed with the buffer solution at pH 7 and transferred to new vials, to which
the same amounts of fresh reagents were added, and the reaction was carried out under
the same conditions as before. A total of 5 consecutive cycles were carried out for each mat.
The activity of each tested biocatalyst after the first cycle was assumed as 100% of relative
activity, becoming a base for other cycles.

2.11. Enzymatic Resolution of Racemic Citalopram

Since citalopram’s highest psychotropic effect on the human body appears in the
S-form, we conducted an enzymatic, greener resolution of the racemic citalopram. The
reaction was carried out in a membrane reactor (Amicon 8010, Amicon, Warsaw, Poland),
with the use of the produced HIGH PVC MOF-lip-CA system as a catalyst (r = 2.5 cm). In
the recirculated batch reactor with stirring, 5 mL of 40 mM racemic citalopram dissolved in
acetonitrile and 1.66 mL of vinyl acetate as the acetyl donor were placed. The flow rate was
established and sustained at 1 mL/min by a peristaltic pump. Progress of the reaction was
monitored after 1, 8, 12, and 24 h by collecting the samples for HPLC analysis.

3. Results and Discussion
3.1. Physicochemical Characterization

The aim of using a confocal microscope was to determine the morphological structure
of the electrospun mat fibers. It also allowed for the assessment of the potential incor-
poration of MOF particles into the fiber structure during the electrospinning process of
LOW and HIGH PVC mats. In addition, the photos show the quality of the produced
fibers, the presence of possible imperfections (polymer drops in the structure), and confirm
the formation of a porous structure of the obtained mats that was crucial for use of the
electrospun mats as carriers in immobilization. Based on the presented CLSM photos
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(Figure 1), it can be concluded that high-quality fibers were created during electrospinning.
They are dense, creating a network, and especially in the photos of pristine HIGH PVC
material, the lack of imperfections in the form of drops is visible.

Figure 1. CLSM photos of the electrospun mats fabricated with low-molecular-weight PVC (LOW
PVC): (a,b) pristine and (c,d) with the addition of MOF, and with high-molecular-weight PVC (HIGH
PVC): (ef) pristine and (g,h) with the addition of MOF. Photos were taken in material mode (a,c,e,g)
and fluorescent mode (b,d,f,h).

Due to the fact that polymer molecular weight significantly affects electrospun fiber
morphology, low-molecular-weight polymer can lead to formation of imperfections of
electrospun fibers (Figure 1a), while higher molecular weight usually results in uniform,
smooth fibers due to the increased chain entanglement and solution viscosity [16]. The
photos of LOW PVC (Figure le) contain spherical areas (imperfections) that might result
from non-ideal electrospinning conditions, which caused formation of clusters. The above
photos also indicate the incorporation of MOF in the structure of the electrospun mats.
This conclusion can also be drawn by comparing photos taken in fluorescence mode for
mats spun from LOW PVC without and with MOF (Figure 1f,h) and from HIGH PVC
without and with MOF (Figure 1b,d). In the case of mats containing the UiO-66-NH,; MOF
additive, bright shapes can be seen in fluorescence mode, which are not present in the case
of mats spun without additives. In addition, photos in fluorescence mode of mats from
HIGH PVC contain more bright inclusions (MOF particles) than mats from LOW PVC. This
indicates more effective incorporation of MOF into the structure of a higher-molecular-
weight polymer. This is probably the result of the increase in polymer adhesiveness with
increasing molecular weight. What is worth mentioning is that even though the MOF
is successfully incorporated in the fiber’s structure, it does not change its morphology.
The fibers stay uniform and well spun. This is a surprising observation, as previously
it was reported by Hasheem et al. that pristine PVC fibers are smooth and continuous,
while MOF-loaded fibers display embedded MOF aggregates [17]. However, they noticed
that the presence of MOF aggregates is directly related to the specific MOF concentration,
because at higher MOF loadings (20%), bead-like structures appear, indicating instability
in the electrospinning jet and imperfections in the fiber network, due to the change of
conductivity and viscosity of the polymer solution. They concluded that MOFs are evenly
distributed at lower loadings but aggregate at higher concentrations.

Based on the CLSM images presented in this study, it might be assumed that the
performed electrospinning process allowed formation of the desired porous structure
composed of nanofibers, which provided a large surface area for enzyme immobilization.
Besides the structure, also the thermal stability of the material plays a key role during en-
zyme immobilization and further application, as it can significantly determine the enzyme’s
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survivability under unfavorable conditions, ensuring protection of the protein structure.
Thermogravimetric analysis (Figure 2) allowed us to determine which electrospun mat is
the most durable and to check whether the incorporation of MOF into electrospun fibers
is permanent and whether contact with an aqueous buffer solution will contribute to
its leaching.

100
90 ——LOW PVC
——LOW PVC post reaction
80 LOW PVC MOF
70 LOW PVC MOF post reaction
_60 ——HIGH PVC
N ——HIGH PVC post reaction
840 — HIGH PVC MOF
30 HIGH PVC MOF post reaction
20
10 —
0
0 200 400 600 800 1000

Temperature (°C)

Figure 2. Effect of additive loading (MOF) on the thermal stability of electrospun PVC mats.

It can be stated that thermally, the most stable material turned out to be the electrospun
mat made of HIGH PVC with the addition of UiO-66-NH, (Figure 2, maroon line). Further,
the influence of MOF on the thermal stability of the material was more visible in the case of
this PVC than for LOW PVC. This suggests again that the incorporation of MOF into the
organic carrier was more effective for HIGH PVC, so with the increase of the molecular
weight of this polymer, its adhesion capacity increased [18]. Moreover, the mat made of
HIGH PVC without the addition of MOF showed a slightly smaller weight loss than in
the case of the polymer with a lower molecular weight. Hence, it can be assumed that the
thermal stability of the carrier is also influenced by the molecular weight of the polymer,
because with its increase, the thermal resistance of the fibers increases [19]. Consequently,
MOF addition increases not only the thermal stability but also the stability of the material
in aqueous solutions, in agreement with previously published studies [17].

3.2. Immobilization Characterization

To determine how the addition and combination of the UiO-66-NH; MOF, choline
chloride (CC), and choline acetate (CA) ILs, as well as the time of the process, affect the
efficiency of the lipase immobilization process, its efficiency was examined (Table 1). The
obtained results showed that the highest immobilization efficiency, reaching 52%, was
obtained in the case of Candida sp. lipase immobilization on a HIGH PVC electrospun
material with the addition of MOF in the structure and choline acetate as a substance
supporting enzyme immobilization.

The incorporation of MOF in the structure of electrospun mats increased the enzyme
adsorption due to the UiO-66-NH; features, such as large surface area and the presence
of functional groups that increase the possibility of efficient enzyme attachment. Similar
observations were made by Molco et al. after the fabrication of electrospun polymer fibers
with in situ grown MOFs (HKUST-1 and ZIF-8) that possessed different functional groups.
The MOF crystals grown toward the fiber surface created exposed active sites that signifi-
cantly enhanced enzyme immobilization and catalytic performance, compared to fibers
without MOFs [20]. In our study, it was observed that the addition of ionic liquids affected
the immobilization efficiency, which resulted from the tendency of ionic liquids to stabilize
the enzymatic structure [21]. The ionic liquid also increased the enzyme affinity to the mat,



Pharmaceutics 2025, 17, 1497

90f18

creating a favorable microenvironment, which ultimately increased the immobilization effi-
ciency. It can also be seen that choline acetate increased the immobilization efficiency more
than the addition of choline chloride, which shows that lipase immobilization is dependent
on the pH of the solution (choline chloride is more acidic than choline acetate). The pH
also affected enzyme conformation and charge distribution, which in turn modulated the
enzyme’s affinity for the support surface [22].

Table 1. Immobilization efficiency influenced by time and addition of different ILs.

Immobilization Efficiency (%)

Without IL Choline Chloride Choline Acetate
1h
LOW 23+ 0.9 29+ 0.5 34+1.1
LOW MOF 24 +1 26 +0.9 37 £ 0.8
HIGH 21 +0.8 19+ 0.1 40 +0.8
HIGH MOF 25 +0.05 27 £ 0.1 38+0.2
24h
LOW 22 + 0.8 21+1 42+1.2
LOW MOF 28 +0.2 33+ 0.9 35+ 0.6
HIGH 27 +0.3 45+ 0.7 48 +0.2
HIGH MOF 47 +0.05 45+ 0.2 52 +0.1

Further, the results from Table 2 show that a longer immobilization time also had a
positive effect on the activity of biocatalytic systems, because the activity of each tested
system was higher in the case of 24 h immobilization than in the case of 1 h immobilization.
This is due to the fact that the immobilization efficiency also increased with time and,
therefore, with the increase in the number of enzyme particles immobilized on the support,
its biocatalytic activity increased [23].

Table 2. Comparison of the effect of immobilization time, type of support, and type of ILs added on
the catalytic activity of the produced systems.

Activity Recovery (%)

Without IL Choline Chloride Choline Acetate
1h
LOW 30 +1.1 37 +1 40 +0.9
LOW MOF 34+ 0.6 38+ 1.1 44 + 0.8
HIGH 32+1.1 44 + 0.5 52 4+1
HIGH MOF 59 + 0.2 60 + 0.9 74 + 0.1
24 h
LOW 37+ 04 39+ 0.8 49 +1
LOW MOF 45+0.2 44+ 04 57 +1
HIGH 51 +0.2 49+ 0.5 58 + 0.3
HIGH MOF 76 £0.2 77 £ 04 100 £ 0.1

What is worth mentioning is that the immobilization efficiency ranging from 40 to 60%
is sufficient, determining a suitable environment for the immobilized enzyme, without the
threat of the enzyme overloading, which could cause a significant decrease in the catalytic
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performance. Data also show that the addition of choline acetate increased the activity of
the systems more than the addition of choline chloride, which is not only associated with a
higher immobilization efficiency in the systems to which choline acetate was added but also
with a suitable pH provided by choline acetate in which lipase reached the highest relative
activity. Lipase showed higher activity at alkaline pH, while choline chloride was more
acidic than choline acetate, leading to lower lipase activity [24]. The highest activity was
obtained using a HIGH PVC mat with the addition of MOF and after adding choline acetate
in the immobilization process. Consequently, the use of the UiO-66-NH, additive during
the formation of electrospun mats as well as the addition of this IL in the immobilization
process had a positive effect on the enzymatic activity of the immobilized lipase.

Zeta potential was evaluated in terms of enzyme immobilization and the influence of
ILs on the process (Figure 3). At a pH between 5 and 10, the electrokinetic potential of all
fabricated membranes showed the same course with the zeta potential of the membranes
with an immobilized enzyme with negative values.
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Figure 3. Zeta potential over varying pH levels of the fabricated biocatalysts (based on HIGH PVC)
with and without the choline acetate. The data are presented as a mean value from three experiments,
and error bars represent the standard deviation.

Moreover, all systems were characterized by an isoelectric point (IEP) at a similar pH
between 5 and 6. However, the zeta potential of the HIGH PVC membrane ranged from 0
to &£ 30 mV, which indicates the electrokinetic instability of this system [25]. On the other
hand, the systems with an immobilized enzyme were characterized by good electrokinetic
stability (zeta potential below —30 mV) at alkaline pH. A slight deterioration in the stability
of the HIGH PVC-lip-CA system, compared to the HIGH PVC-lip system, could also be
observed. This behavior can be explained, for example, by the higher accessibility of the
unmodified fiber for the aqueous measurement solution. It should also be noted that the
HIGH PVC-MOF-lip and HIGH PVC-MOF-lip-CA systems were characterized by very
similar zeta potential values in the entire pH range studied, suggesting that both systems
had similar accessibility of the aqueous measurement solution. It is also worth noting that
the MOF-modified systems were characterized by electrokinetic stability in the widest pH
range from 7.5 to about 10. A similar result was observed by Wang et al., who showed
that the addition of MOF (UiO-66) improved the stability of ultrafiltration membranes [26].
Moreover, similarly to the presented studies, they observed a decrease in the zeta potential
value and an improvement in the stability of the modified membranes with increasing
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pH. The assumption that incorporation of an appropriately selected modifier to polymer
membrane improves its stability was also confirmed by studies conducted by EL Hady
et al., in which the membrane modified with CoFe,O4@SiO, core-shell nanoparticles was
characterized by better stability (zeta potential below 30 mV) than the pure PVC membrane
(zeta potential between 0 and =30 mV) [27]. Thus, based on the presented experimental and
literature data, it can be stated that modification with an appropriately selected compound,
for example, a metal-organic framework (MOF), affects the value of the zeta potential and
improves the electrokinetic stability of the systems.

The results obtained in the above study and data on immobilization efficiency led to
the rejection of further studies on the effect of choline chloride addition on the process.
Both the efficiency of the immobilization and the activity of the systems increased more
with the use of choline acetate. Moreover, it turned out that a longer process time (24 h)
increased its efficiency, and further studies were carried out on biocatalysts obtained as
a result of 24-h immobilization. The systems analyzed in subsequent studies were based
on a biocatalyst with immobilized lipase with and without the addition of choline acetate
(25 pL), for comparison.

3.3. Biocatalysts” Evaluation

Free enzymes are often sensitive to high temperatures, at which they denature. The
aim of the immobilization process was to increase their thermal stability so that they can
be used in industrial processes often carried out at elevated temperatures. In the study
on comparison of free and immobilized lipase, the concentration of the free enzyme was
maintained equal to that of the immobilized enzyme to ensure a reliable comparison of
their catalytic performance under identical conditions.

The most active biocatalyst turned out to be the system consisting of an enzyme
immobilized on an electrospun PVC mat of high molecular weight with MOF added
at 50 °C (Figure 4), but generally it was observed that lipase showed higher activity at
higher temperatures (50 °C and 60 °C) than at lower temperatures (20 °C, 30 °C, and
40 °C). Figure 5 also shows that immobilized lipase showed increased thermal tolerance,
resulting in the possibility of using it in processes occurring at higher temperatures. Higher
temperatures increased the movement of molecules moving in solution, which increased the
affinity of the enzyme for the substrate and, therefore, the reaction was more efficient [28].

100 - -
90 pH=7
80 A
70
60 A
50 A
40 A T
30 A
20 4
10 A
0 -

Relative activity (%)
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ELOWPVC mLOWPVCMOF mHIGHPVC mHIGHPVC MOF mfree lipase

Figure 4. The effect of the temperature on the relative activity of produced biocatalysts and free
lipase. The data are presented as a mean value from three experiments, and error bars represent the
standard deviation.
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Figure 5. The effect of the pH on the relative activity of produced biocatalysts (with and without
ionic liquid (IL)) and free lipase. The data are presented as a mean value from three experiments, and
error bars represent the standard deviation.

Moreover, materials containing MOF formed during immobilization with choline
acetate showed higher activity than free lipase at almost all temperatures. This indicates
that the hydrophobicity of IL creates a suitable microenvironment around the active site of
lipase, thereby increasing its catalytic activity [29]. As stated by Waggett et al., consciously
picked ionic liquids can help to maintain low water activity, which is crucial for lipase
activity in, e.g., non-aqueous systems. Lipases typically require a thin layer of water
for activity, but excess water can lead to hydrolysis of the desired product or enzyme
denaturation [30]. The interfacial activation mechanism, where the “lid” domain of lipases
undergoes conformational changes for activity, can be boosted with hydrophobic ILs, which
can stabilize the open conformation of the lipase lid, exposing the active site and promoting
substrate binding and increased relative activity [31,32]. As stated before, the pH of the
solution had a significant impact on the activity of the biocatalytic systems (Figure 5). The
most active biocatalyst was noticed at pH 8 and turned out to be the HIGH MOF system.

As described previously, immobilization enables simple separation of the biocatalyst
from the post-reaction mixture and, therefore, facilitates multiple uses. The conducted study
allowed us to determine not only the possibility of reuse but also whether the enzyme’s
action in subsequent cycles of use was effective. These features are especially important
at the time of potential use of biocatalytic systems on an industrial scale. The decrease in
biocatalyst activity with each cycle of use was greater for systems without ionic liquid than
for systems with choline acetate (Figure 6). This shows that adding ionic liquid during the
immobilization process increased the stability of the obtained systems by strengthening the
enzyme binding to the support [33]. This may also result in lower enzyme leaching during
each reaction in solution. Also, the activity of LOW PVC mats was lower compared to the
HIGH PVC mats in systems without ionic liquid and MOF addition, which shows that the
possibility of multiple uses is also influenced by the choice of the polymer itself, due to the
morphological and stability features of the produced support material [34]. The effect of
the UiO-66-NH, addition on the reusability was also visible—the activity of systems with
MOF addition had a smaller decrease in activity with each cycle of use. This dependency
might result from higher amounts of immobilized enzyme due to the higher surface area
and groups allowing a proper attachment of protein to the fiber [35]. The smallest decrease
in activity and, consequently, the highest reusability was demonstrated by the biocata-
lyst consisting of an enzyme immobilized on HIGH PVC with the addition of MOF and
choline acetate.
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Figure 6. The dependence of the relative activity of the produced biocatalysts (with and without ionic
liquid (IL)) during the reusability performance. The data are presented as a mean value from three
experiments, and error bars represent the standard deviation.

At slightly acidic pH, the addition of choline acetate increased the activity of the
immobilized enzyme more than the free enzyme. Consequently, the addition of this IL
did not increase the resistance of the free enzyme to low pH, where the protective effect
of the support material provided such resistance [36]. This may indicate that IL increases
the stability and activity of biocatalytic systems. The addition of choline acetate increased
the activity of biocatalytic systems in the entire pH range studied, which shows that
the immobilization of Candida sp. lipase with this IL is able to expand the range of its
possible applications. The type of immobilization applied in this study can be classified
as IL-assisted physical adsorption (physisorption/electrostatic adsorption). The mecha-
nism is based on non-covalent interactions between the enzyme, the ionic liquid, and the
MOFEF/PVC hybrid surface. The ionic liquid (IL) acts as a stabilizing and activating agent,
enhancing enzyme orientation and catalytic performance due to the interfacial activation
phenomenon that occurs in hydrophobic conditions, while also protecting the enzyme from
denaturation. Such IL-assisted physical immobilization on hybrid supports contributes to
maintaining the structural integrity of the enzyme and improving its thermal and opera-
tional stability. This may further explain the high activity and durability of the biocatalytic
systems observed under various pH conditions [37]. Finally, the immobilized systems were
also less active at acidic pH (5) than at alkaline pH (8 and 9), which is characteristic for
free lipase and confirms that no significant changes in the enzyme structures occurred
during immobilization.

Storage stability tests are essential to ensure the long-term integrity of the produced
biocatalytic systems. The fabricated systems were stored in a buffer solution at pH 7, which
meant that the storage environment was constantly interacting with them. This interaction
could cause the enzyme to wash out from the carrier material, which could have a direct
impact on the activity of the obtained systems. Based on the obtained results (Figure 7),
the system that lost its activity the slowest, and therefore was the most stable in the test,
was the one in which the carrier was high-molecular-weight PVC with the addition of
MOE. UiO-66-NH; as a metal-organic framework has a large surface area, which allowed
for immobilization of a larger amount of enzyme on mats containing it. In addition to
increasing the immobilization efficiency, it can also be stated that MOF hindered the enzyme
from being washed out of mats stored in aqueous solutions. However, not only the addition
of UiO-66-NH; had an impact on the stability of mats with immobilized enzyme, but also
the molecular weight of the polymer from which they were electrospun. Biocatalysts made
of HIGH PVC showed greater stability than those made of low-molecular-weight PVC,
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which shows that electrospun fibers made of HIGH PVC have greater strength and a greater
affinity to the enzyme. It is also directly related to the morphology of the electrospun fibers,
since the HIGH PVC ones were characterized with a smoother and more uniform structure,
compared to LOW PVC. For this reason, the enzyme may leak out more slowly from these
mats and, therefore, their catalytic activity will also decrease more slowly. The free CALB
rapidly lost its catalytic activity (remaining activity ~3%) mainly due to conformational
destabilization in aqueous solution. Storage in 50 mM sodium phosphate buffer (pH 7.0,
Na,HPO,4/NaH,PO,) without any stabilizing additives, such as polyols or proteins, likely
promoted gradual unfolding and aggregation. Moreover, phosphate ions can interact
with charged amino acid residues on the enzyme surface, subtly altering its electrostatic
balance and hydration shell, which may further contribute to conformational drift and loss
of the active form. The obtained results also show the advantages of the immobilization
process itself. The enzyme immobilized on the support had greater stability in each type
of electrospun mat than free lipase. The immobilization process helped in saving a higher
catalytical activity of the enzyme, due to the protective environment, which is not seen
with the native form of the enzyme, where the molecule is directly exposed to the process
environment. In another study in which lipase was encapsulated in a ZIF-8 structure, it
was shown that after 25 days of incubation in phosphate buffer, it retained as much as 90%
of its initial activity [38]. For comparison, in that study, free lipase and sonicated lipase
retained only 68% and 66% of activity, respectively. Such high stability was attributed to
the protective effect of MOF, which isolated the enzyme from the unfavorable effects of the
chemical environment and minimized deformations within the active site of the enzyme.
Presented results suggest that the immobilization method can significantly increase the
stability of enzymes but can also affect their activity and active center availability for
the possible substrate. It is worth emphasizing that after 30 days of storage stability, the
system immobilized on HIGH MOF with the addition of choline acetate IL maintained
80% of activity compared to 3% of the free enzyme, demonstrating significantly increased
enzyme protection.
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Figure 7. Storage stability of the free lipase and produced biocatalytic systems. The data are presented
as a mean value from three experiments, and error bars represent the standard deviation.

3.4. Enzymatic Resolution of Racemic Citalopram

After the characterization, one biocatalytic system was chosen for further application.
HIGH PVC MOF-lip-CA was applied for tests in the recirculated batch membrane reac-
tor to estimate its catalytic activity in the resolution of racemic citalopram to obtain the
enantiomerically pure product S-citalopram ester (see Figure 8).
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Figure 8. Chromatogram generated after HPLC analysis of rac-citalopram resolution and the product
S-citalopram ester. Colors on the chromatogram correspond to specific samples collected after certain
times (from the top): red—0 h, navy blue—1 h, purple—8 h, green—12 h, and light blue—24 h.

Enzymatic resolution of racemic citalopram in a membrane reactor yielded the de-
sired product, citalopram S-ester (see scheme of the reactor on Figure 9). As can be seen
in the chromatogram (Figure 8, right-hand peak), the concentration of S-citalopram de-
creased, while the concentration of S-ester increased, indicating successful conversion of
the substrate to the product. An even more important observation was the slight loss of
R-citalopram and minimal amount of R-ester in the final sample, demonstrating the high
enantioselectivity and stereoselectivity of the biocatalytic system applied in the membrane
reactor. Here, 1 h after starting the reaction, conversion of S-citalopram reached 19%, fol-
lowed by 50% after 8 h and 76% after 12 h. In addition, enzyme stability in the recirculated
batch membrane reactor was evaluated. The immobilized lipase maintained high catalytic
performance throughout the process, exhibiting only about 8% loss of its initial activity
after the reaction was completed. This result confirms that the enzyme remained stable
under reaction conditions, which often impose mechanical and diffusional stresses that can
lead to deactivation. The observed stability indicates strong enzyme-support interactions
and an effective immobilization strategy that preserves enzyme conformation and activity
over prolonged operation. Such robustness is a crucial factor for potential industrial appli-
cations, as it ensures reproducibility, cost efficiency, and long-term operational stability of
the biocatalytic system.

Figure 9. Scheme of the membrane bioreactor for the asymmetric resolution of racemic citalopram.
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As a result, an enantiomeric excess of S-ester over R-ester of >93% was obtained, with
95% conversion of S-citalopram after 24 h of reaction. Over the tested conversion time,
the conversion of R-citalopram did not exceed 8%, proving the validity of the biocatalytic
system used and the appropriate selection of the enzyme strain for the reaction. The ob-
tained results show a promising application possibility and a great upscaling potential.
Similar observations were made by Wang et al., where racemic (£)-1-phenylethanol, a
citalopram intermediate, was resolved using Candida antarctica lipase B immobilized on
silanized silica in an organic solvent with vinyl acetate. The process achieved around
50% conversion, >99% enantiomeric excess of (R)-1-phenylethanol, with high enantioselec-
tivity (E > 200) [39].

4. Conclusions

This study successfully developed a highly efficient and stable biocatalytic system by
integrating electrospun high-molecular-weight PVC mats with UiO-66-NH; and choline
acetate IL. The MOF incorporation significantly enhanced the surface area and functional
group density of the support, enabling high enzyme loading and minimized leaching,
while the IL created a stabilizing microenvironment that broadened the lipase’s operational
range across pH and temperature. Optimal immobilization (24 h) yielded an exceptional
52% efficiency and 100% activity recovery, with the biocatalyst demonstrating peak perfor-
mance under alkaline conditions (pH = 8-9) and elevated temperatures (50-60 °C). Notably,
the system exhibited superior storage stability and reusability, critical for industrial appli-
cations. A key achievement was the system’s application in a membrane reactor for the
enantioselective resolution of racemic citalopram, achieving 93% enantiomeric excess at
95% conversion of S-citalopram, a milestone for sustainable pharmaceutical synthesis. The
polymer’s molecular weight was identified as a critical factor, with higher weights improv-
ing the fiber durability and immobilization efficiency. By combining the MOF-enhanced
carrier design, IL-mediated enzyme stabilization, and membrane reactor technology, this
work advances green biocatalysis, offering a scalable, eco-friendly alternative to traditional
chemical processes in drug manufacturing.
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API Active pharmaceutical ingredient
CA Choline acetate

CcC Choline chloride

DCM  Dichloromethane

DMF  N,N-dimethylformamide

IL Ionic liquid

MOF  Metal-organic framework
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pNPP  Paranitrophenyl palmitate
pPvC Poly(vinyl chloride)
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